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Editorial on the Research Topic
 Allogeneic haematopoietic stem cell transplantation for children with acute lymphoblastic leukaemia in the era of immunotherapy





Introduction

Acute lymphoblastic leukaemia (ALL) is the most common paediatric cancer; ~60% of ALL cases occur in children and adolescents younger than 20 years (1). In the 1960s, it was first reported that childhood ALL was no longer incurable. Since then, outcomes for children and adolescents with ALL have improved remarkably thanks to new diagnostic technologies, effective administration of conventional chemotherapy, and provision of better supportive care (2). Allogeneic haematopoietic stem cell transplantation (HSCT) became the most commonly applied immunotherapy and the standard of care for children with ALL that was at high relapse risk or had relapsed. HSCT has supported more than 70% of patients in this high-risk group becoming long-term survivors (3). The most frequent cause of treatment failure is relapse; the risk of post-transplant relapse is influenced by conditioning regimen, remission status at transplantation, and donor type (4) (Figure 1).


[image: Figure 1]
FIGURE 1
 Tools and challenges to cure high-risk ALL.


Over the last decade, a new era of immunotherapy began. Innovative strategies incorporating immunotherapy became available as salvage therapies for the highest risk patients and possible additions to standard of care to further improve long-term leukaemia-free survival with fewer side effects (5). Further improvements have included a reduction of minimal residual disease (MRD) pre-transplant (6), the substitution of toxic chemotherapy with bispecific antibodies, replacement of HSCT with chimeric antigen receptor (CAR) T-cell therapy (7), improved transplant strategies for specific groups, including infants (8) and adolescents and young adults (AYA) (9), and innovative prophylaxis and treatments for acute and chronic graft-vs.-host disease (GvHD). Furthermore, therapeutic drug monitoring and dose adjustment (10) and novel radiation techniques might enable individualised therapies.

In this manuscript collection, more than 100 outstanding experts discuss the state of the art and the most promising tools for preventing relapse of paediatric ALL and reducing transplant-associated side effects without jeopardising efficacy.



Why allogeneic HSCT?

The review by Rozmus et al. addresses the question of whether it is possible to separate the graft-vs.-leukaemia (GvL) effect from GvHD. To control re-occurrence of malignant ALL-blasts, alloreactive donor-T-cells against recipient leukaemia need to mature and expand after HSCT. The mechanisms of GVL and acute and chronic GvHD are similar and thus limiting GvHD-associated inflammation is warranted. Graft manipulation, but also more specific cell therapies and pharmacological strategies in combination with myeloablative conditioning enable nowadays-powerful transplantation modalities to eradicate ALL with low risk for dangerous T-cell-reactions against healthy recipient tissues.



Who should undergo HSCT in 2022 and beyond?

To define current indications for allogeneic HSCT and possible alternative options, Truong et al. summarise the strategies of the major front-line study groups. For patients in first remission, genetic aberrations and response to induction and consolidation chemotherapy are the most powerful tools to identify early those patients at high relapse risk in need of an HSCT. In the relapsed setting, time and site of relapse and response to rescue chemotherapy drive the decision-making process. Patients with T-cell ALL almost invariably need consolidation with allogeneic HSCT. Specific algorithms are proposed for Philadelphia-chromosome (Ph)-positive patients, as detailed by Vettenranta et al. Patients who do not achieve morphological remission need novel (immune-) therapeutics for preparation to transplant.

Buechner et al. address the question of for whom CAR T-cell therapy might be an option to substitute allogeneic HSCT and in which situations it might be a bridge to HSCT. They describe the outcomes of CAR T-cell therapy in B-cell precursor (BCP) ALL and discuss factors associated with favourable outcome and limitations to this therapy. They identify knowledge gaps in the use of CAR T-cell therapy, especially the unknown late effects and long-term efficacy, as well as the lack of robust phase III studies comparing standard of care (including HSCT) to CAR T-cell therapy.



The best available donor and stem cell source

Historically, the best stem cell donor for allogeneic HSCT was considered a human leukocyte antigen (HLA)-identical sibling and the best stem cell source was considered bone marrow. However, for the last two decades, the outcome of HSCT from an HLA-compatible unrelated donor, with compatibility defined by high-resolution typing and after intensified GvHD prophylaxis, has been comparable to HSCT from an HLA-identical sibling. Furthermore, survival after HSCT using a graft from bone marrow vs. peripheral blood stem cells is comparable despite a controversial increase in GvHD.

Approximately 20% of the patients in need for an allograft are candidates for transplantation from donors who are partially HLA mismatched. Rahman et al. review the progressive experience with use of haploidentical family donors for the transplantation of children with ALL. Beside the benefits of HLA diversity, the available literature on donor selection within the family are summarised and recommendations are provided. Furthermore, the ethical considerations of using minors as stem cell donors are discussed.

Kleinschmidt et al. provide an in-depth review of the pros and cons of manipulation techniques for haploidentical grafts. Two main approaches to prevent graft rejection and life threatening GvHD are currently applied: ex vivo T-cell depletion (TCD) and in vivo T-cell suppression. Published data are mainly limited to single centres or single countries, especially for children with ALL.

The drawback of highly effective GvHD prophylaxis, with either in-vitro or in-vivo approaches, is a slower T-cell immune reconstitution, which leads to a higher infection risk. Keogh et al. review the available literature on the different serotherapeutic agents used for GvHD prophylaxis and provide perspectives on the optimization of dosing using therapeutic drug monitoring and population-based pharmacokinetic modelling.



Better transplant procedures for better outcomes

MRD prior to and after HSCT is a major factor for outcome, with high MRD burden negatively correlated with post-transplant survival. Merli et al. review and discuss quantification methods for MRD (polymerase chain reaction, fluorescence-activated cell sorting, and next-generation sequencing), the threshold of MRD, as well as possible pre- and post-transplant intervention strategies, including pre-transplant therapy intensification and post-transplant immunological interventions.

One of the most effective off-the-shelf immunotherapies is blinatumomab, a bispecific T-cell engager (BITE). Kallay et al. review blinatumomab alongside antibody–drug conjugates, such as inotuzumab ozogamicin, and monoclonal antibodies, such as daratumumab. The role of these novel agents in reducing pre-transplant MRD and their potential to reduce toxicity, compared with traditional chemotherapy, are described. Furthermore, their efficacy for post-transplant relapse and possible beneficial effect for vulnerable patient groups, such as infants and patients with trisomy 21, are discussed.

As recently shown in a large, prospective randomised trial (FORUM – For Omitting Radiation Under Majority age), total body irradiation (TBI) in combination with etoposide is superior to two different chemoconditioning regimens consisting of fludarabine and thiotepa in combination with either busulfan or treosulfan (4). The trial confirmed the TBI-based regimen as the gold standard myeloablative conditioning regimen for children ≥4 years and young adults with ALL. However, despite the reduction of transplant-associated acute complications, HSCT and TBI are still associated with long term complications, including hormonal impairment, infertility, cataracts and risk for secondary malignancies.

Hoeben et al. present the state of the art of TBI use, considering dose, fractionation, dose rate and set-up performance. Limitations and novel strategies for improvement are extensively discussed including the need for assessing the impact of innovative modalities and ultimately the harmonisation of irradiation techniques.

Despite the striking outcome of the FORUM trial, several late effects have to be kept in mind. Less toxic, irradiation-free, myeloablative conditioning regimens that are suitable alternatives to TBI-based regimens should be sought. Hassine et al. provide a comprehensive update on the use of targeted drug monitoring (TDM) to adjust the dosing and control of conditioning medicines, particularly busulfan, treosulfan, fludarabine and clofarabine to the individual patient. They also give insights into busulfan pharmacogenomics and discuss alternatives to the classical 4-day administration schedule. Especially for patients below the age of 4 years, treosulfan TDM and individualised dosing of immunosuppressants such as ATG might optimise chemotherapy-based conditioning therapies.



How to prevent, diagnose, and treat transplant-associated complications


Acute GvHD

Although the incidence of severe acute GvHD following HSCT is lower in children compared to adults, acute GvHD is still a driver for early complications. Woelfl et al. review current prophylaxis and treatment options for acute GvHD in children with ALL. Not only the pathophysiology of aGvHD is different, but also the incidence of comorbidities is lower in children. Due to better organ functions, side effects of drugs are better tolerated and the thymic function might allow better donor-T-cell recovery. The growing importance of specific biomarkers and the use for optimised prophylaxis and treatment of acute GvHD are proposed.



Chronic GvHD

Preventing and managing chronic GvHD is of the utmost importance for young patients because it is the most devastating complication of HSCT, not only leading to irreversible tissue damage but also dramatically affecting quality of life. Sobkowiak-Sobierajska et al. cover current treatment options for chronic GvHD, including topical and systemic treatments and immunomodulatory approaches, in the attempt to balance immune reconstitution, the risk of leukaemic relapse and risk of infection.

Lawitschka et al. present new data on the role of autoantibody expression in paediatric HSCT recipients. The data show that autoantibody profiles are not suitable biomarkers for diagnosing chronic GvHD in children or for predicting its severity, disease course and outcome. However, the study identified a significant immune dysbalance associated with active chronic GvHD in paediatric patients with ALL who underwent HSCT. This echoes results of adult studies and are in line with previous results (11–13).



Immune reconstitution and risk of infection

Delayed immune reconstitution is associated with an increased risk of serious infection. Yanir et al. discuss the pattern of immune reconstitution after HSCT.

Bacterial, fungal and viral infections are still a major cause of serious complications after HSCT, mainly in the first year post transplant and especially in patients with long-lasting chronic GvHD. Zajac-Spychala et al. review progress in the diagnosis, prophylaxis and treatment of infectious complications and recommendations for children with ALL after allogeneic HSCT. They also focus on vaccination policies post-transplant and on the development of individualised approaches to antimicrobial prophylaxis and empirical therapy.

Zubarovskaya et al. contribute to the topic of viral infections a case report of a patient with chronic GvHD and severe ARDS due to coronavirus 2 (SARS-CoV-2) infection. Surprisingly, despite severe lymphopaenia, the patient developed specific antibodies and cleared not only the infection but also survived the pulmonary complication without severe organ damage.



Late effects

Thanks to improved HLA-typing- and –matching techniques, better infection-prevention and prophylaxis and treatment of acute and chronic GVHD, many patients become long-term survivors after allogeneic HSCT. Thus, aftercare, especially for children who were transplanted at young age, becomes an essential part of stem cell transplantation protocols. Specialised teams have to support their patients and initiate timely diagnosis and treatment of organ dysfunction and consequences of irradiation, immunosuppression and drug toxicities.

Three manuscripts in this supplement focus on these important topics.

Diesch-Furlanetto et al. review late effects after allogeneic HSCT for paediatric AL. The authors give a comprehensive description of organ-specific late complications, psychosocial consequences and quality of life, and how to manage transition to adult services. Comprehensive reports of their individual disease and the given treatment alongside with checklists and recommendation for healthy lifestyle enable a safe transfer from paediatric to specialists for AYAs.

The majority of the literature on acute and long-term neurological complications is from studies performed in adults. Gabriel et al. reviewed data available for paediatric ALL. However, the risks of acute neurological symptoms, such as seizures or encephalopathy (including posterior reversible encephalopathy syndrome)—which can be associated with infections, methotrexate, busulfan and fludarabine use—and peripheral neuropathy—which can be associated with vincristine and calcineurin inhibitor use—are relatively high with estimates at 5 and 10%, respectively. In addition, the long term effects and late complications after cranial irradiation and especially myeloablative total body irradiation need special attention. For the quality of life of young patients, correction of hormonal dysbalance, neurocognitive impairment and the timely diagnosis of secondary brain tumours, are essential.

The third manuscript on the topic of late effects deals with thyroid complications after TBI for paediatric ALL. The toxic effect of TBI is known, yet data on the role of immunological dysregulation and chronic GvHD are scarce. Zubarovskaya et al. studied functional and structural thyroid disorders in 97 paediatric ALL patients after TBI-based conditioning for HSCT. They correlate their findings with basic characteristics of patients and donors and occurrence of chronic GVHD and found a high proportion of immunological dysregulation and thyroid complications with need for hormonal replacement and monitoring.




Special considerations for particular patient groups


Adolescents and young adults (AYAs)

It is well-known that young adult patients with ALL have better survival chances if they are treated according to paediatric protocols. Whether this is also true for the HSCT-setting was not proven in prospective trials.

Calvo et al. summarised the key findings of recent studies on treatment approach and outcomes in AYAs after HSCT. They describe the differences between paediatric and adult transplantation centres and the specific considerations for patients beyond 14 years of age. Especially the growing consequences of infertility and possible future solutions are addressed.



Infants and young children

Infants diagnosed with ALL have a poorer overall and event free survival with contemporary chemotherapy. Especially the group with KMT2A gene rearrangement, high leucocyte count at diagnosis and disease onset in the first 6 months of life have dismal outcome and allogeneic HSCT might be the best available treatment option. (REF) Balduzzi et al. review the contemporary strategies for HSCT in children <4 years, from conditioning regimens and additional immunological treatment modalities, including bispecific antibodies. The goal is to reduce pre-transplant toxicity and to lower the leukaemic load to increase event free survival, particularly in the youngest age group.




Summary

In conclusion, HSCT remains the most effective approach to treating ALL in children and adolescents at the highest risk of relapse. Whether innovative strategies will improve to the extent that they may substitute HSCT in most cases and so yield fewer and less-severe complications and sequelae remains to be assessed. Improvements in novel cell therapeutics are also a topic of future research.
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Minimal residual disease (MRD) assessment plays a central role in risk stratification and treatment guidance in paediatric patients with acute lymphoblastic leukaemia (ALL). As such, MRD prior to haematopoietic stem cell transplantation (HSCT) is a major factor that is independently correlated with outcome. High burden of MRD is negatively correlated with post-transplant survival, as both the risk of leukaemia recurrence and non-relapse mortality increase with greater levels of MRD. Despite growing evidence supporting these findings, controversies still exist. In particular, it is still not clear whether multiparameter flow cytometry and real-time quantitative polymerase chain reaction, which is used to recognise immunoglobulin and T-cell receptor gene rearrangements, can be employed interchangeably. Moreover, the higher sensitivity in MRD quantification offered by next-generation sequencing techniques may further refine the ability to stratify transplant-associated risks. While MRD quantification from bone marrow prior to HSCT remains the state of the art, heavily pre-treated patients may benefit from additional staging, such as using 18F-fluorodeoxyglucose positron emission tomography/computed tomography to detect focal residues of disease. Additionally, the timing of MRD detection (i.e., immediately before administration of the conditioning regimen or weeks before) is a matter of debate. Pre-transplant MRD negativity has previously been associated with superior outcomes; however, in the recent For Omitting Radiation Under Majority age (FORUM) study, pre-HSCT MRD positivity was associated with neither relapse risk nor survival. In this review, we discuss the level of MRD that may require pre-transplant therapy intensification, risking time delay and complications (as well as losing the window for HSCT if disease progression occurs), as opposed to an adapted post-transplant strategy to achieve long-term remission. Indeed, MRD monitoring may be a valuable tool to guide individualised treatment decisions, including tapering of immunosuppression, cellular therapies (such as donor lymphocyte infusions) or additional immunotherapy (such as bispecific T-cell engagers or chimeric antigen receptor T-cell therapy).
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INTRODUCTION

During the last decades, minimal (or measurable) residual disease (MRD) quantification has been proven as the leading assessment tool in the evaluation of treatment response and stratification of patient risk in acute lymphoblastic leukaemia (ALL) (1–6). Stratification based on MRD is now incorporated in almost all international protocols for front-line ALL treatment and the management of first relapse. Moreover, persistent or recurring positive MRD is one of the main indications for proceeding to allogeneic haematopoietic stem cell transplantation (HSCT), which is used as consolidation therapy in patients at high risk of relapse (7).

Noticeably, a recent study combining the results of 39 trials conducted in paediatric patients and adults using either multiparametric flow cytometry (MFC) or polymerase chain reaction (PCR)-based approaches to quantify MRD showed that persistence of MRD in non-HSCT trials was consistently associated with inferior prognosis regardless of trial approach and method of MRD detection (8). This finding highlights a need for interventions in MRD-positive patients and also suggests that MRD response could be used as an early endpoint to assess the effectiveness of different therapies.

Similarly to non-HSCT studies, evidence has been accumulated regarding the usefulness of MRD measurement immediately before and after HSCT for defining the risk of relapse and transplant-related mortality (TRM). Thus, MRD assessment may allow the adoption of personalised HSCT approaches (e.g., rapid tapering of post-HSCT immunosuppression in patients at high risk of relapse).

In this review, we focus on the prognostic role of MRD measurement in the setting of HSCT, discussing possible approaches to optimise patient management. The reader is also directed to a companion paper in this issue on indications for HSCT by Truong et al.



METHODS FOR MRD MEASUREMENT

MRD is the single most accurate predictor of event-free survival (EFS) in ALL. It is measured as the fraction of leukaemic cells in the bone marrow at pre-defined time points during the first months of therapy (9). Today, MRD is routinely measured by two sensitive methods: MFC and quantitative PCR (qPCR)-based analysis. Both techniques have strengths and pitfalls and there is a growing recognition of the need for both methods because they supplement each other in the management of B-cell precursor (BCP)-ALL and T-cell ALL, especially when aiming for correct stratification of virtually all patients (10–12). Droplet digital PCR (ddPCR) and next generation sequencing (NGS), especially, are promising technologies for MRD detection and are potentially useful as future methods for MRD monitoring, providing even higher sensitivity and accuracy than MFC and qPCR. However, standardisation of these methods is necessary before they can be applied in larger clinical series.

While ALL was previously considered a monoclonal disease, many studies have shown that—like other cancers—it may exhibit intra-tumoral heterogeneity, a common phenomenon in both BCP-ALL (13) and T-cell ALL (14). The clonal heterogeneity within individual patients may include therapy-resistant subclones which escape detection at the time of diagnosis (15, 16). Notably, heterogeneity is often, but not always, apparent when looking at the T-cell receptor (TCR) and B-cell receptor gene rearrangements; this has direct consequences for the sensitivity of MRD measurements based on Immunoglobulin H (IgH)/TCR markers (17–20). Correspondingly, intra-tumoral heterogeneity may be a challenge for defining stable and comprehensive leukaemia-associated immunophenotypes (LAIPs) useful for the measurement of MRD by MFC.


PCR-Based MRD Analyses

The gold standard for MRD measurement in ALL is a qPCR-based method that uses clone/patient-specific PCR primers to amplify clonal rearrangements in IgH and TCR genes. These clonal Ig/TCR gene rearrangement sequences are detected by an initial Ig/TCR gene rearrangement analysis performed on the diagnostic sample—an analysis that has been developed through extensive work by the EU-founded consortia BIOMED-1 and BIOMED-2 (20).

qPCR is the longest-standing technique for measuring MRD and has been implemented for primary treatment stratification in most European childhood ALL protocols. Guidelines for set up and interpretation have been developed and implemented by the EuroMRD consortium (21, 22). The qPCR-MRD method is based on a standard dilution made from DNA of the diagnostic sample; for each patient-specific qPCR system, a limit for reproducible MRD results [named the “quantitative range” (QR)] and non-reproducible MRD results (the sensitivity of the analysis) are defined based on the EuroMRD criteria. The MRD level in follow-up samples is quantified by relating the qPCR signals to that of the standard dilution curve from the diagnostic sample. The method is highly reproducible and, in most cases, has a QR in the order of 10−4 and a sensitivity of 10−5 (see Figure 1). However, in 8–12% of ALL patients, no useful clonal IgH/TCR rearrangements are found (21); moreover, in those patients for whom useful markers are initially found, only 70 and 90% of the rearrangements are preserved following relapse of BCP-ALL and T-cell ALL, respectively (22, 23). A major problem of qPCR-based MRD detection is that the analysis targets dominating Ig/TCR rearrangements present in the bulk of the leukaemic population at the time of diagnosis and, hence, therapy-resistant subclones may remain undetected if they comprised only a small subset at diagnosis that was below the limit of detection of the Ig/TCR gene rearrangement analysis.
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FIGURE 1. Schematic representation of minimal residual disease monitoring before and after haematopoietic stem cell transplantation. Trajectories of hypothetical patients with different prognoses are presented as examples.


The same patient-specific PCR systems can be used in another PCR-based analysis: digital droplet PCR (ddPCR) (24). In ddPCR, through microfluidics and proprietary surfactant chemistries, the PCR sample is divided into thousands of water-in-oil droplets; thus, PCR amplification of the template occurs in each individual droplet; finally, the acquisition of data is performed at reaction end point. Thus, ddPCR has the advantage over qPCR that MRD can be measured without the involvement of a standard dilution curve. ddPCR seems to be more precise because of the nature of the technique, with the number of MRD-positive and -negative targets counted in each sample. Moreover, studies indicate that qPCR has a higher rate of false-positive MRD results in cases with non-quantifiable MRD than ddPCR (24). It is therefore likely that, in future, ddPCR will be the technique of choice over qPCR. However, the ddPCR technique needs standardisation before wide clinical implementation can take place.



MFC-Based MRD Analyses

In MFC-based monitoring of MRD, leukaemic cells are distinguished from normal cells based on aberrant antigen expression, i.e., a LAIP (25). MFC-MRD is implemented and standardised as part of several international protocols for front-line ALL management [the Nordic Society of Paediatric Haematology and Oncology (NOPHO)-ALL2008, ALLTogether, and The Children's Oncology Group (COG) in North America] (6, 26, 27). MFC techniques have markedly improved: new fluorochromes for antibody conjugation have been developed leading to increased number of markers for investigation; moreover, MFC technologies (including hardware, software, and reagents) have been refined. Today, between 1 and 5 million cells in 8–10 colour/marker combinations are usually included in MFC-MRD, resulting in a lower limit of detection of at least 10−4 and a sensitivity of 10−5 in most cases depending on the number of cells in the sample, marker sensitivity (informative and stable LAIP), background signals (regeneration stage of bone marrow) and intra-tumoral heterogeneity.

MFC-MRD can be applied to most ALL patients (>90% of BCP-ALL cases have an informative LAIP), although it has been especially studied and implemented in BCP-ALL (11, 28, 29). MFC-MRD is also used successfully for treatment stratification in T-cell ALL (6, 10, 12, 30). In a NOPHO-ALL2008 study, it was shown that the MRD quantification by MFC was comparable to quantification by PCR and that MFC-MRD can be used in T-cell ALL in cases when no PCR-MRD marker is available. In MFC-MRD, the leukaemic cells are visualised directly and a result can be available within a few hours. In many cases, resistant subpopulations and marker modulation can be observed and followed (13). Another advantage of MFC-MRD is that the MRD value is calculated directly from the total number of cells in the sample; thus, increased sensitivity can be achieved by increasing the number of cells analysed, as employed in the recently initiated ALLTogether protocol. Noticeably, concordance between qPCR-MRD and MFC-MRD is directly correlated with the number of cells acquired; indeed, for those samples with >4 million cells, concordant results were obtained in 93% of samples (29). MFC-MRD is highly dependent on the presence of an immunophenotype (LAIP) that is informative (i.e., distinguishable from normal cells), a challenge that is particularly important during regeneration since haematogones resemble the blasts with regards to the majority of immunophenotypic markers investigated. Further, MFC-MRD is sensitive to marker modulation induced by particular therapeutic agents (i.e., downregulation or selection of mutated surface proteins following treatment with targeted immunotherapies) (31).



Next-Generation Sequencing as a Future MRD Method

Contrary to traditional Sanger sequencing, NGS technologies are capable of sequencing multiple DNA molecules in parallel (known as “high throughput sequencing”) as well as generating sequence reads of a particular genomic region multiple times (also referred to as “deep sequencing”) (32). Thus, NGS technologies can potentially be used for quantifying MRD, i.e., by comparing the number of sequence reads with the number of reads from a known amount of reference DNA included in the sample (e.g., spiked-in DNA) (33). Alternatively, NGS technologies can be used to elucidate and track the entire repertoire of sequences within a particular genomic region, thus providing a unique possibility to visualise intra-tumoral heterogeneity and follow multiple leukaemic subclones.

The Ig/TCR amplicons are obvious candidates targets for NGS-MRD. However, a selection of genes routinely analysed for mutations in ongoing treatment protocols, including NOTCH1, KMT2A, and IKAROS, are also good candidates. Recently, the EuroClonality consortium reported on a standardised NGS method for target identification with IgH and TCR genes (34, 35); it holds great promise as a replacement to the existing multiplex PCR-based IgH/TCR gene rearrangement analysis. However, only a few studies have addressed the applicability of NGS for MRD purposes. A recent study points to NGS as a more sensitive method capable of demonstrating MRD in samples misclassified as MRD negative by the MFC-MRD method (see below) (36). Thus, NGS has the potential to be more sensitive than existing MRD methods. Theoretically, NGS-based approaches should allow for MRD detection at levels below 10−5, with some studies claiming sensitivities down to 10−7, i.e., far below that achievable with current qPCR-MRD or MFC-MRD (Figure 1). However, to achieve this level of sensitivity, a high amount of input DNA (i.e., many cells) is needed, which may prove difficult in hypocellular post-treatment samples (33).

Furthermore, NGS may allow the simultaneous monitoring of several leukaemic subclones within the same patient (i.e., account for intra-leukaemic heterogeneity) and thus provide an alternative means to detect residual disease in patients where the leukaemia undergoes immunophenotypic marker modulation and escapes detection by established MRD methods.

Research into the use of NGS for MRD detection is still in its infancy. Amongst the unresolved issues is a reliable standardised method for converting sequence reads to MRD levels, which must be developed before NGS-MRD can be put to diagnostic use (33). Also unknown are the sensitivity and the predictive power of NGS compared to known MRD techniques in larger patient cohorts. At present, the most immediate problem is to make NGS quantifiable for MRD purposes.



MRD Measurement in Daily Practise

The method applied in HSCT centres may vary according to local practise and expertise. Currently, none of the available methods can be regarded as the sole gold standard; most centres use either qPCR or MFC but some may use both methods. For the purpose of assessing individual patients, it is important to identify the method that most likely reflects the true MRD level, taking possible subclones into consideration. Moreover, when interpreting results from studies, it is not always clear which level of MRD positivity was applied. Over the last 20 years, methods have been refined and so results from current studies may not be directly comparable with those from previous studies using less-sensitive techniques.




STUDIES OF MRD ASSESSMENT PRIOR TO HSCT

Studies investigating MRD measurement prior to HSCT are outlined below and summarised in Table 1 (30, 36–48). In the late 1990s, Knechtli et al. in Bristol, UK, provided the first demonstration of the predictive role of PCR-MRD assessed prior to transplant in a retrospective analysis of 64 paediatric patients planned for allogeneic HSCT (37). In this first report, MRD was measured through semi-quantitative PCR (i.e., PCR products were size resolved by polyacrylamide gel electrophoresis and probed with labelled leukaemia-specific oligonucleotides) (49). The cumulative incidence of relapse (CIR) was 100% for patients with high-level pre-HSCT MRD (10−2-10−3), 45% for low-level MRD (10−3-10−5) and 20% for MRD-negative patients. Two-year EFS was 0, 36, and 73%, respectively (see Table 1 and Figure 2).


Table 1. Studies of MRD measurement prior to HSCT.
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FIGURE 2. Relationship between minimal residual disease (MRD) before haematopoietic stem cell transplantation (HSCT) and cumulative incidence of relapse (CIR). Several studies (differing in population characteristics, method of MRD detection, transplant platform, etc., see also Table 1 for details) have been pooled together and interpolation has been performed. Thus, this can not be considered a methodologically solid analysis but an illustrative example of the increasing risk of relapse related to increases in pre-HSCT MRD.


This first observation was later confirmed by Bader et al. using the same method in 41 children undergoing HSCT in first complete remission (CR1) or second complete remission (CR2) (39). Notably, as for the aforementioned study, multivariable analysis confirmed the independent prognostic significance of pre-HSCT MRD status.

The first study to evaluate qPCR for MRD measurement prior to HSCT (within a month before transplant) was conducted by van der Velden et al. in a small cohort of 17 paediatric patients who were classified as MRD negative or positive. The CIR was 20 and 67% for MRD negative and positive patients, respectively (38). Sramkova et al. reported similar results in a cohort of 25 patients with qPCR-MRD evaluable before HSCT. Remarkably, only one patient with positive (quantifiable) pre-HSCT MRD (about 10−2) did not relapse after HSCT; however, he died of infection 2 months after HSCT. Thus, in this small cohort, overall survival (OS) and leukaemia-free survival (LFS) of MRD-positive patients was 0% (40).

These initial findings were confirmed and further built upon through a trial conducted by the ALL-REZ Berlin-Frankfurt-Münster (BFM) Study Group in 91 children with relapsed ALL in whom MRD was assessed through qPCR (41). While the previous studies were performed retrospectively and included heterogeneous patient cohorts who received HSCT in different disease states (from CR1 to CR3) and who received different frontline and conditioning regimens, the ALL-REZ BFM study by Bader et al. was prospective and blinded. Among the 45 children with pre-HSCT PCR-MRD ≥10−4 the CIR was 57%, while in the 46 patients with PCR-MRD <10−4 the CIR was 13%. MRD proved to be the most important predictor for subsequent relapse and survival after transplantation in univariate and multivariate analysis.

MFC-MRD has been used by several study groups (e.g., COG, NOPHO, and ALLTogether), showing similar results in terms of prognostic value. In a cohort of 122 children with very-high-risk acute leukaemia, including 64 patients with ALL, Leung et al. showed that the 5-year cumulative incidence of relapse after HSCT was 6% in those with undetectable MRD, 16% among those with low levels of MRD (0.01 to <0.1% in ALL) and 40% in the patients with high levels of MRD (≥0.1% in ALL), as measured by MFC (42). Additionally, Pulsipher et al. investigated, in a COG/Paediatric Bone Marrow Transplant Consortium (PBMTC) multicentre Phase III trial, the addition of sirolimus to standard graft-versus-host disease (GvHD) prophylaxis in children with ALL, prospectively studying pre-HSCT MRD by MFC. Patients with MRD ≥0.1% had a higher CIR (60%) as compared to subjects who were MRD negative (25%) or had MRD <0.1% (35%) (30).

Balduzzi et al. reported their single-centre experience on the prognostic role of qPCR-MRD before and after allogeneic HSCT in 82 consecutive patients with ALL in CR (CR1–CR3) (43). They demonstrated that MRD status before transplantation had the strongest impact on outcome as compared to other prognostic factors, remaining highly relevant also after adjusting for post-transplant MRD pattern. Indeed, patients with qPCR-MRD <10−4 and ≥10−4 had a CIR of 11.4 and 61.5%, respectively. Noticeably, in contrast two other studies, the investigators were aware of the results of MRD testing; thus, they were able to rapidly intervene to reduce the risk of relapse. Indeed, of the 34 patients who had MRD levels ≥10−4 immediately before HSCT, 13 received treatment intensification with liposomal daunorubicin, fludarabine, and cytarabine (while the remaining 21 proceeded directly to HSCT). Eight out of 13 responded to intensification, with MRD levels reduced below 10−4; all eight were in CR after HSCT without further interventions, while the three out of five patients who did not respond to intensification relapsed after HSCT.

Lovisa et al. retrospectively studied the impact of pre-transplant and post-transplant (see below) qPCR-MRD in 119 consecutive patients aged between 1 and 18 years affected by ALL in CR1, CR2 or subsequent morphological CR given allogeneic HSCT using one of the Associazione Italiana di Ematologia e Oncologia Pediatrica (AIEOP) protocols (46). Details are reported in Table 1. One of the main findings was that pre-HSCT MRD had a different impact on outcome based on the disease status of the patient. Indeed, for patients transplanted in CR1, the EFS probability was similar if pre-HSCT MRD was negative or low (i.e., <10−3), while for patients transplanted in CR2, any MRD positivity was associated with a poor prognosis. Furthermore, the authors showed a strong correlation between disease phase and pre-transplant MRD level; in fact, pre-transplant MRD negativity was observed more frequently in patients transplanted in CR1 and in those transplanted in CR2 and belonging to the BFM S1–S2 risk groups. Also in this study, clinically significant (i.e., grade II–IV) acute GvHD demonstrated a protective effect against relapse, especially in patients with pre-transplant low-level MRD positivity.

Recently, different cooperative groups from Europe, North America, and Australia (i.e., the COG, PBMTC, Australian Transplantation Group, International BFM Study Group, Paediatric Diseases Working Party of the European Society for Blood and Marrow Transplantation, and all members of the Westhafen Intercontinental Group) created an international database of 616 paediatric patients to allow a more precise and detailed statistical analysis of the predictive power of MRD in the context of other independent risk factors through risk modelling (48). Moreover, the database gave insight on: (1) the relationship between different methods of MRD quantification; (2) when in the course of the HSCT process MRD measures matter the most; (3) what are the implications of serial positivity of MRD; and (4) what clinical factors post HSCT can modify the course of patients who are MRD positive either before or after the HSCT. This analysis included two standardised approaches for MRD measurement, namely the EuroMRD qPCR approach used in Europe and Australia and the COG MFC method used in North America.

In line with previous studies, the collaboration found that detectable pre- and post-HSCT MRD was strongly associated with both relapse and EFS, with higher MRD predicting higher CIR and inferior EFS (Table 1). Notably, the authors analysed the relative impact of pre- and post-transplant MRD positivity on outcome; this was assessed through bivariate analysis and by computing the proportion of explainable log-likelihood by each variable minus its degree of freedom. They found that pre-HSCT MRD positivity was less important than post-HSCT positivity, accounting for 7% and 57% of explainable risk of relapse, respectively. Compared to MFC, qPCR showed increased sensitivity; however, because HSCT outcomes for patients with lower-level MRD vs. undetectable MRD did not differ, it remains to be clarified the clinical relevance of undetected low-level MRD in the MFC cohort; furthermore, the patients were analysed by one method only, thus direct comparison between the methods was not possible. Additionally, the authors used a multivariable Fine-Grey regression model to assess the impact of risk factors on relapse; they found that besides MRD positivity before HSCT, other independent pre-HSCT risk factors for relapse were disease status (i.e., CR2 or ≥CR3 remission status) and use of non-TBI-based conditioning regimens. Thus, combining these factors they created and validated a risk score model able to classify patients in three groups, with good, intermediate, and poor prognosis.

Several groups have shown the value of NGS technologies for MRD detection (36, 50). When NGS-MRD was compared with MFC-MRD in 56 paediatric patients with B-cell ALL enrolled in the ASCT0431 COG study, NGS-MRD predicted relapse and survival more accurately than did MFC-MRD. Indeed, the 2-year relapse probabilities were 53 and 0% among NGS-MRD positive and negative patients, compared with 46 and 16% among MFC-MRD positive and negative patients, respectively (36). Despite being obtained in a relatively small cohort, the finding that patients with pre-transplant negative NGS-MRD did not relapse is particularly interesting, indicating that increasing the sensitivity of detection may identify patients at low/very-low risk of relapse. The PBTMC EndRAD trial is currently studying whether patients with negative NGS-MRD before HSCT can be treated with a radiation-free conditioning protocol (Clinicaltrials.gov identifier: NCT03509961). Moreover, it has to be noted that, in patients with positive pre-HSCT NGS-MRD, there was no trend in relapse rates by quantity of residual leukaemia, with relapse occurring frequently even at the lowest levels of detection (i.e., 10−6). Finally, as subsequently confirmed by other authors, clinically significant acute GvHD was associated with a reduced incidence of relapse in patients with positive pre-HSCT NGS-MRD.

The NOPHO cooperative group reported the impact of pre-HSCT MRD for patients treated with the ALL2008 protocol (47). Notably, all patients were in CR1 at time of transplant and were homogeneously treated according to the same protocol (in which risk stratification was based only on MRD). They confirmed that patients with negative MRD prior to transplantation had a very low risk of relapse (i.e., 5.1%). In the multivariable analysis, MRD positivity ≥10−4 was the only variable significantly associated with relapse, with a hazard ratio of 9.1.

In the case of other genetic markers being available for qPCR-MRD monitoring (e.g., BCR-ABL1), it is not clear whether MRD measurement using these would be more informative than using MFC or Ig/TCR qPCR. In a childhood ALL study, Cazzaniga and co-authors evaluated both BCR-ABL1 qPCR and Ig/TCR qPCR at different time points; concordance between the two methods was only 69%, with Ig/TCR-based MRD levels appearing the more reliable predictor of outcome following standard therapy consisting of chemotherapy and Imatinib (51). However, similar data are not available in the HSCT setting.

To summarise, from these different studies it can be argued that the lower the level of pre-HSCT MRD, the lower the risk of relapse and, finally, the better the outcome. However, it is still unclear: (1) whether levels of MRD analysed by qPCR and MFC are interchangeable; and (2) what is the best approach to treatment in case of MRD positivity (see also below).



STUDIES OF MRD ASSESSMENT AFTER HSCT

From the data available, it is clear that MRD assessment before transplantation cannot effectively identify all individuals with impending post-transplantation relapse who might benefit from pre-emptive intervention. For this reason, the predictive role of post-transplant MRD has been investigated by several groups (36, 43, 46, 48, 52, 53) (Table 2).


Table 2. Studies of MRD measurement after HSCT.

[image: Table 2]

In a seminal BFM study of 113 paediatric patients transplanted for relapsed ALL, the level of PCR-MRD was inversely correlated with EFS and positively correlated with CIR at all time points after transplant. In a multivariable analysis, an MRD ≥10−4 was consistently correlated with inferior EFS (52). Although high levels of post-transplant MRD were strongly predictive of disease recurrence, low-level MRD positivity after transplantation was not invariably associated with relapse, especially if detected early after HSCT. However, this and several other studies have shown that the greater the time that has lapsed since HSCT was performed, the more likely that even low levels of MRD will predict poor prognosis (43, 46, 52, 53). Indeed, in the study by Balduzzi et al. (43), MRD positivity after transplantation was associated with a 2.5-fold higher risk of treatment failure when detected early (in the first 100 days after HSCT) yet a 7.8-fold higher risk when detected subsequently (i.e., at 6, 9 or 12 months post HSCT). However, it has to be noted that qPCR-MRD levels <10−4 (i.e., those defined as “positive not quantifiable” at best of technical requirements according to EuroMRD rules) may represent “false positives,” due to unspecific binding of patient-specific primers at the time of intense B-cell regeneration (54). These findings support the assumption that low levels of residual leukaemia cells could be controlled by an immunologic graft-versus-leukaemia effect in the early post-transplant period before the graft becomes tolerant toward the recipient.

In the aforementioned study by Lovisa and co-authors (46), patients with positive MRD <10−3 or ≥10−3 1 month after HSCT had an EFS probability of 30 and 25%, respectively; for the same levels at 3 months after HSCT, the EFS probability was 44 and 0%, respectively. Moreover, this study confirmed the data by Bader et al. (52) showing that MRD evaluation is a dynamic process and that variations of MRD over time are important (Figure 1). This concept was further supported by the Westhafen Intercontinental Group study led by Bader et al. (48). As already outlined above, post-HSCT positivity had a high prognostic value, accounting for more than 50% of the risk of relapse. Indeed, the authors underlined that although high-risk patients could be identified before HSCT, a significant percentage of relapses occurred in patients who had low MRD positivity or were MRD negative prior to HSCT, once more indicating that these relapses might be identified early by frequent post-HSCT MRD monitoring. Additionally, they defined very-high-risk groups that may benefit from more frequent MRD assessment (e.g., those patients with MRD positivity before transplantation, those in CR ≥2, those not receiving TBI in the conditioning regimen, and those not developing acute GvHD by day +90). Indeed, in that study, which had sufficient statistical power to analyse several risk factors for relapse, both MRD negative and positive patients had an approximately 3-fold decrease in relapse risk if they developed acute GvHD. Patients who had positive MRD after HSCT and developed acute GvHD had relapse rates similar to those who were MRD negative and did not develop aGvHD.

The beneficial effect of acute GvHD on relapse risk and survival of children with ALL has been documented by other reports. In a COG/PBMTC study, patients with pre-HSCT MFC-MRD ≥0.1% who did not develop acute GvHD compared with those with MFC-MRD <0.1% who developed acute GvHD had much worse 2-year disease-free survival (DFS) (18 vs. 71%, respectively). Patients with pre-HSCT MRD <0.1% who did not experience acute GvHD had higher rates of relapse than did those who developed acute GvHD (40 vs. 13%, respectively) (53). In patients with B-cell ALL, post-HSCT MRD positivity detected by NGS was more predictive of relapse than that detected by MFC, especially early after HSCT: at day +30, the relapse rate was 67 vs. 35% in NGS-MRD positive patients vs. MFC-MRD positive patients, respectively, and 25 vs. 30% for NGS-MRD negative patients vs. MFC-MRD negative patients. Any post-HSCT NGS-MRD positivity resulted in an increase in relapse risk in the multivariate analysis (HR 7.7) (36). The improved predictive ability of NGS-MRD was primarily attributed to the higher sensitivity of this methodology. Among 11 patients who were NGS-MRD positive but MFC-MRD negative post HSCT, seven relapsed. On the contrary, none of the patients positive by MFC-MRD but negative by NGS-MRD relapsed.

In summary, available data suggest that: (1) post-transplant MRD positivity is not invariably associated with relapse and can be modified by the presence of acute GvHD; (2) as expected, higher post-HSCT MRD levels are associated with higher risk of relapse (up to 80–100% for MRD >10−3); (3) the later the MRD positivity occurrence, the higher the risk of relapse; (4) serial and tight monitoring of post-HSCT MRD is more predictive of relapse risk compared to pre-HSCT positivity and can guide risk-adapted intervention as well as the evaluation of response to such therapies (see also below); and (5) NGS-MRD analyses both pre and post HSCT might provide a more sensitive tool to predict relapse, but current data need further confirmation and validation in additional cohorts.



OTHER TECHNIQUES TO EVALUATE RESIDUAL DISEASE


18F-FDG-PET/CT

18F-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG-PET/CT) is an established tool for the diagnosis and follow-up of lymphoma. For the initial diagnosis of leukaemia, it is not used as information from blood and bone marrow is sufficient to establish the disease status. At time of imminent or overt relapse, 18F-FDG-PET/CT can contribute to the discovery of focal disease, sometimes early on, providing subsidiary information that standard MRD quantitation might not reveal.

Zhao et al. retrospectively analysed findings from 18F-FDG-PET/CT performed before and/or after HSCT for acute leukaemia in 72 patients (55). The study included various types of leukaemia and evaluated bone marrow, lymph nodes, spleen and extramedullary disease. Notably, extramedullary disease as detected by 18F-FDG-PET/CT was significantly associated with disease status and OS, especially when assessed post transplantation. While extramedullary disease is considered a more frequent event in acute myeloid leukaemia (AML) than in ALL, its impact on prognosis is being debated (56–58). For ALL, extramedullary disease is systemically monitored by assessing central nervous system (CNS) disease and testicular involvement, whereas lesions in the bone may only be detected when causing symptoms. Furthermore, localised relapse in the bone or bone marrow has been observed in patients without systemic involvement (59–61).

To properly evaluate the specificity of 18F-FDG-PET/CT, analysis will need to focus on different organs separately because infection, inflammation (e.g., due to GvHD), and haematological regeneration may have an impact on measurements. These data on specificity are needed to avoid unnecessary follow-up exams (such as biopsies) due to false-positive results. Moreover, it has to be considered that, globally, the sensitivity of 18F-FDG-PET/CT is lower than that of MFC or PCR. However, especially in the relapse setting and in the context of HSCT and immunotherapy, one may not necessarily rely on the assumption that bone marrow assessment alone is sufficient to track focal disease.

In conclusion, 18F-FDG-PET/CT is not needed at diagnosis of ALL and current data are insufficient for a general recommendation to use 18F-FDG-PET/CT in the relapsed-disease setting as an additional diagnostic tool. In singular cases, and at specific time points (e.g., prior to HSCT), it may add valuable information.



Chimerism

In the post-transplant setting, although less sensitive than MFC-MRD and qPCR-MRD, close chimerism monitoring of peripheral blood has proven useful for the early detection of impending relapse in ALL (62, 63). In seminal work by Bader and co-authors, serial analysis of chimerism by fluorescent-based short-tandem-repeat PCR was performed in 163 children with ALL undergoing HSCT. Patients were classified as having complete chimerism/low-level mixed chimerism (n = 101), increasing mixed chimerism (n = 46), or decreasing mixed chimerism (m = 16). The highest incidence of relapse was found in patients with increasing mixed chimerism, with 26 out of 46 patients experiencing disease recurrence. Notably, no relapse was reported in the decreasing mixed chimerism group, highlighting once more the importance of serial evaluations and dynamic risk stratification (63).

Chimerism analysis can be coupled with other techniques to increase the sensitivity and specificity of the method. Semchenkova et al. isolated by flow cell sorting questionable cell populations identified with MFC-MRD monitoring and analysed them for chimerism by qPCR (64). The analysis was successful in 50 out of 52 patients in whom low-level MRD positivity was suspected; in 62% of cases the analysis confirmed the recipient origin of the cells, while in the remaining 38% of cases all cells were of donor origin, thus excluding MRD relapse.

Using qPCR, increased sensitivity has been achieved, allowing for earlier detection of impending relapse in adult (65) as well as in paediatric series (66). In both studies repeated measurement of increasing mixed chimerism in peripheral blood was significantly correlated with relapse, thus adding to the number of tools for assessment of relapse risk. The method is yet not validated in larger series, but may be a promising tool to spare selected patients from MRD-assessment in bone marrow in general anaesthesia (e.g., patients who are MRD-negative at day 30 or 60).




DATA FROM RECENT CLINICAL TRIALS

In the international, multicentre, prospective, Phase 3 FORUM study, the question of MRD was prospectively evaluated as a risk factor for outcome. Pre-HSCT MRD was assessed at a maximum of 14 days prior to start of conditioning. The protocol suggested, but did not mandate, that MRD was tested post HSCT at day +30, +60, and +100 as well as at 6, 9, 12, 15, and 18 months. MRD was defined as positive if MFC-MRD was >10−3 or PCR-MRD was >10−4, both analyses due to be performed in laboratories participating in the European Scientific Foundation of Laboratory Hemato-Oncology. In the published cohort, only pre-HSCT MRD was analysed as a risk factor, and with data completeness of 81%. Pre-HSCT MRD was positive per study definitions in 144 patients (132 by PCR and 12 by MFC), whereas 192 patients were MRD negative, thus the positive fraction comprised 42% (67). Surprisingly, positive pre-HSCT MRD did not influence either OS or EFS in the multivariable analysis.

In previous studies, MRD was associated with relapse or EFS, even with fewer patients at risk. Indeed, in the already-reported prospective COG study, patients with MFC-MRD ≥10−3 had a 3-fold risk of relapse as compared to that of MRD-negative patients (30). In the retrospective NOPHO study including patients in CR1 only, 22 of 69 patients (32%) were MRD positive pre HSCT and these patients had an increased risk of relapse as compared to MRD-negative patients (47). Furthermore, the seminal study from the Westhafen Intercontinental Group clearly showed a negative impact of MRD on relapse and EFS in the validation cohort, with EFS of 71% in the MRD-negative/very-low group vs. 58 and 37% in the MRD-high and MRD-very-high groups, respectively (48).

The reason for pre-HSCT MRD not being significantly associated with EFS in the FORUM study is not clear. The inclusion of patients into the study required patients being in CR, without limitations on MRD levels, yet most upfront or relapse protocols aimed to induce low level of MRD (i.e., <10−3 pre HSCT). It is likely that new drugs and new approaches may have induced better leukaemia control despite MRD positivity immediately prior to HSCT. Whether post-HSCT MRD levels at day +60 or +100 combined with the presence of controlled acute GvHD was predictive of outcome in the FORUM cohort will be analysed separately. Furthermore, analysis of the precise levels of MRD pre HSCT may further elucidate whether low levels of MRD contributed to the fact that MRD did not influence the cohort.



MRD-GUIDED INTERVENTIONS

The evaluation of MRD post HSCT may identify patient at high risk of relapse and provide an opportunity to intervene using several different approaches. Overall, these approaches attempt to gain control over any residual leukaemia by: (1) inducing a graft-versus-leukaemia effect; or (2) directly targeting the residual leukaemia cells.

Historically, the first approach to reduce the risk of relapse in patients with detectable residual disease or decreasing donor chimerism was the rapid withdrawal of immune suppression. The development of GvHD during the withdrawal of immune suppression was cautiously regarded as a “success” in the hope of inducing a graft-versus-leukaemia effect. With the use of MRD surveillance post HSCT, this approach remains a reasonable practise yet there is controversy over when to intervene (e.g., at what level of detectable MRD) and how quickly to withdraw immune suppression.

If withdrawal of immune suppression is not successful or the patient has already ceased immune suppression, then donor lymphocyte infusions (DLI) are an alternative method to induce a graft-versus-leukaemia effect. In a multicentre French study by Pochon et al., 133 children with ALL who underwent myeloablative conditioning and HSCT had PCR-MRD surveillance at days −30, +30, +90, and +150 of transplant (68). Patients who had MRD ≥10−3 at any time point had rapid withdrawal of cyclosporine and those who did not respond proceeded to receive DLI. Interestingly, the group found that withdrawal of cyclosporine resulted in the clearing of MRD but, ultimately, reducing the duration of cyclosporine in MRD-positive patients did not prevent relapse. When comparing their data with that of Balduzzi et al. (43), similar rates of acute GVHD were found regardless of pre-emptive immune intervention. Importantly, very few patients (n = 9) received pre-emptive DLI, emphasising that this is not a feasible approach due to early haematological relapse or poor patient status.

A recent study by Rettinger et al. used both chimerism and post-HSCT MRD measurement to guide pre-emptive immunotherapy (i.e., discontinuation or tapering of immunosuppressive therapy for patients still receiving it in the early post-transplantation period or administration of DLI as frontline therapy in patients not receiving immunosuppressive therapy) (62). Nine patients discontinued immunosuppressive therapy (at a median of 45 days after transplantation), 11 received DLI (at a median of 150 days after HSCT), and three underwent both discontinuation of immunosuppressive therapy and administration of DLI. Interventions did not result in an increased risk of GvHD; notably, CIR and TRM in the intervention groups were similar to those of 66 patients who did not receive any intervention because of complete chimerism and/or negative post-HSCT MRD. There was no difference in outcome between patients who ceased immunosuppressive therapy and those who received DLI.

Recent approaches to address MRD positivity employ immunotherapy to directly target residual leukaemia in the post-HSCT setting. Blinatumomab is a bi-specific T-cell engager antibody that has dual specificity for CD19 and CD3, bringing T cells in close proximity to CD19-positive ALL cells thus facilitating cytotoxic tumour cell killing. In both paediatric and adult studies on relapsed/refractory BCP-ALL, blinatumomab induced rapid and high responses even in heavily pre-treated patients and patients with relapses post HSCT (see also the companion paper in this supplement by Krauss et al.) (69–76).

In the post-transplant setting, several collaborative group studies are underway to evaluate the use of blinatumomab in patients who are MRD positive. The ongoing FORUM study was amended to introduce a limited-institution sub-study to evaluate the use of blinatumomab in patients with positive MRD post HSCT (Clinicaltrials.gov identifier: NCT04785547). The primary endpoint is the rate of MRD negativity (defined as <0.01% by MFC or <10−4 by PCR) after one or two blinatumomab cycles post HSCT. Patients with positive MRD pre HSCT are eligible for this add-on study and will receive blinatumomab between day +60 and day +100 post HSCT, while patients who become MRD positive post HSCT receive blinatumomab between day +60 and +360 post HSCT. Similarly, the Canadian Transplant and Cellular Therapy Group is also evaluating in a prospective fashion the use of blinatumomab for patients with BCP- ALL who are MRD positive post HSCT (Clinicaltrials.gov identifier: NCT04044560).

Other pre-emptive approaches involve using antibody–drug conjugates that target residual leukaemia cells such as inotuzumab ozogamicin (an anti-CD22 antibody linked to calicheamicin) or moxetumomab pasudotox (an anti-CD22 antibody linked to a Pseudomonas exotoxin). These agents may be used to sustain remission or as a bridge to a second transplant. Finally chimeric antigen receptor (CAR) T-cell therapy has been reserved for patients with MRD positivity who develop full blown relapse.

CAR T-cell therapy might be an option for a carefully selected subgroup of BCP-ALL patients with MRD positivity either pre or post HSCT (see also the companion paper in this issue by Buechner et al.). Tisagenlecleucel, the only commercially available CD19-directed CAR-T cell therapy for paediatric patients with BCP-ALL, is approved by the US Food and Drug Administration and European Medicines Agency for the indication of a second or higher relapse, a relapse post HSCT, or refractory disease at primary diagnosis or relapse. Thus, depending on national regulations and reimbursement policies, a patient with persistent MRD much beyond the level of what is acceptable prior to HSCT despite therapy intensification efforts might in some centres be classified as “refractory” (although having <5% bone marrow blasts) and be a candidate for CAR-T cell therapy as potential standalone therapy rather than blinatumomab as a bridge to transplant. However, such strategies should implement careful documentation and evaluation by real-world CAR T-cell registries to capture data on outcomes, patients' overall treatment journeys, and costs.

The only active study prospectively evaluating tisagenlecleucel in an MRD-positive setting is the multicentre Phase II CASSIOPEIA trial (Clinicaltrials.gov identifier: NCT03876769). The trial is enrolling patients 1–25 years of age with de novo National Institutes for Health-defined high-risk BCP-ALL who are MRD positive (≥0.01% by MFC) at the end of consolidation. Such high-risk patients would, if not enrolled into CASSIOPEIA, be stratified to HSCT in CR1 by most front-line protocols for ALL management. In CASSIOPEIA, however, patients will not undergo HSCT if they remain in MRD-negative remission after CAR T-cell therapy, with the option of a CART-cell re-infusion in the case of MRD reappearance or early B-cell recovery.

Lastly, as discussed above, MRD positivity post HSCT—especially at later time points and at higher levels—is a strong predictor of subsequent relapse. Therefore, in a patient with a clearly rising MRD >5–6 months post HSCT who is not taking immunosuppression and does not have signs of GvHD, centres who have access to tisagenlecleucel (or other investigational agents) and do not participate in blinatumomab intervention studies might decide to proceed to CAR T-cell therapy although the patient has <5% blasts in the bone marrow. Considerations behind the decision could be that the rising MRD will inevitably progress to frank relapse, and—as CAR-T cell therapy is more effective in patients with a lower rather than high blast count (77–79)—the earlier CAR T-cell manufacturing is initiated, the more likely it is that the patient will not need bridging chemotherapy prior to CAR T-cell infusion.

In conclusion, some patients with BCP-ALL remaining MRD positive during front-line therapy or relapse therapy might be allocated to tisagenlecleucel or other CAR T-cell products after thorough considerations to either prevent a frank relapse or to avoid HSCT. However, such individualised interventions should preferably be done in the context of controlled studies and/or, as they are off-label, be thoroughly documented in CAR T-cell therapy registries to understand their impact on outcomes and toxicities. The established path to tisagenlecleucel post HSCT is when an MRD positive patient progresses to full blown relapse. Notably and similarly to the post-HSCT setting, NGS-MRD post CAR T-cell infusion was more sensitive than MFC-MRD to detect impending relapses: in a relapsed/refectory BCP-ALL cohort, NGS-MRD negativity at day 28 post infusion predicted a superior 3-year relapse-free survival of 80% compared to 20% in patients who were NGS-MRD positive at any level (80).



CONCLUSIONS

As clearly demonstrated by several studies, the best pre-transplant status in terms of prognosis is MRD negativity. This is regardless of the technique used, with more sensitive methods (i.e., NGS) predicting the best results. Increasing the sensitivity of the technique used (up to 10−7 with NGS) increases our ability to predict the risk of relapse of a given patient, thus further optimising patient management.

While MFC and qPCR are now highly standardised and reproducible between different laboratories, NGS still needs inter-centre standardisation for the different phases of testing (including use of control quantification material); moreover, quality assessment and informatics analysis of high throughput sequencing data are still lacking, which is being addressed by the EuroClonality NGS Consortium. Noticeably, in the study by Pulsipher et al. on NGS-MRD monitoring pre and post HSCT, five out of 38 patients with constantly negative NGS-MRD relapsed (36). This may be due to incomplete sampling of a hypoplastic marrow; indeed, NGS-MRD libraries prepared at the 30-day time point contained significantly fewer total sequences than any other time point, reflecting the characteristic lymphopenia of this post-transplant period.

One important limit of all studies on MRD performed in the HSCT setting is that, because of the relatively low numbers of patients enrolled, MRD has been analysed as a dichotomous variable instead of a continuous one, thus leading to loss of statistical power and reduction of predictive accuracy (81). Indeed, in non-transplant studies, recent evidence suggests that analysing MRD as a continuous variable and integrating different risk factors allows more refined risk stratification (82, 83).

For patients with pre-HSCT MRD positivity, it is still not clear what is the best treatment strategy. Indeed, clearance of MRD is desirable but pre-transplant therapy intensification poses risks of complications, delay to HSCT and, ultimately, loss of the window for HSCT if disease progression occurs (84, 85). Notably, in the NOPHO ALL2008 protocol, longer time between diagnosis and transplantation was associated with increased TRM, possibly reflecting the fact that additional treatment courses aimed at decreasing MRD prior to HSCT resulted in higher toxicity (47). Conversely, in the study by Balduzzi and co-authors, treatment intensification before HSCT aimed at reducing MRD <10−4 was associated with a 5-fold reduction in the hazard of death (43).

The recent publication of two randomised controlled trials on the use of blinatumomab in first relapse of ALL conducted by the COG (86) and IntReALL Consortium (87) showed that the bispecific T-cell engager was superior to conventional chemotherapy to prepare children to HSCT. Indeed, the two independent trials showed that: (1) regardless of the timing of randomisation or type of chemotherapy given, blinatumomab was significantly less toxic than chemotherapy (infections and sepsis, frequently responsible for delay in proceeding to HSCT, were less common with blinatumomab); (2) blinatumomab use was associated with higher rates of MRD negativity than the chemotherapy-only groups; (3) patients who received blinatumomab as consolidation chemotherapy were more likely to proceed to HSCT than patients receiving standard chemotherapy; and (4) these differences translated into superior DFS and OS for children treated with blinatumomab prior to HSCT. Thus, the current possibilities with seemingly less toxic pre-HSCT therapies in case of relapsed or refractory disease or a post-HSCT rise in MRD may alter the dynamics of post-HSCT morbidity, TRM and relapse risk.

Finally, studying the scenario of post-HSCT MRD positivity in patients who do not relapse is probably even more interesting than investigating mechanisms of relapse in pre-HSCT MRD negative patients. Indeed, in-depth study of this group of patients may help us to better design effective (and less risky) pre-emptive treatment strategies.
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Haematopoietic stem cell transplant (HSCT) can be a curative treatment for children and adolescents with very-high-risk acute lymphoblastic leukaemia (ALL). Improvements in supportive care and transplant techniques have led to increasing numbers of long-term survivors worldwide. However, conditioning regimens as well as transplant-related complications are associated with severe sequelae, impacting patients' quality of life. It is widely recognised that paediatric HSCT survivors must have timely access to life-long care and surveillance in order to prevent, ameliorate and manage all possible adverse late effects of HSCT. This is fundamentally important because it can both prevent ill health and optimise the quality and experience of survival following HSCT. Furthermore, it reduces the impact of preventable chronic illness on already under-resourced health services. In addition to late effects, survivors of paediatric ALL also have to deal with unique challenges associated with transition to adult services. In this review, we: (1) provide an overview of the potential late effects following HSCT for ALL in childhood and adolescence; (2) focus on the unique challenges of transition from paediatric care to adult services; and (3) provide a framework for long-term surveillance and medical care for survivors of paediatric ALL who have undergone HSCT.
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INTRODUCTION

Haematopoietic stem cell transplant (HSCT) is a curative option for children and adolescents with haematological malignancies, especially patients with high-risk, relapsed or refractory disease (1–3). Given improvements in treatment modalities and supportive care, the number of long-term survivors of paediatric HSCT is growing continuously (4–6). However, pre-transplant treatment exposure, transplant conditioning regimens and transplant-related complications are associated with a wide range of adverse late effects, resulting in a shorter life expectancy compared with sex- and age-matched healthy subjects and patients treated with conventional chemotherapy alone (4, 7–12). Every system and organ can be affected by the long-term sequalae of HSCT, resulting in higher morbidity and reduced overall quality of life (QoL) compared with patients with ALL treated with chemotherapy only (13–15). One year after HSCT, ≥30% of all transplanted patients have developed at least one severe late effect (12). A major risk factor for development of severe late effects is young age at the time of treatment, with children <3 years being especially at risk due to their vulnerable developing organs (16). Table 1 shows the reported frequency of different long-term sequalae.


Table 1. Reported frequency of long-term sequalae in ALL survivors treated with HSCT during childhood.

[image: Table 1]

Most conditioning regimens used in children are myeloablative and contain busulfan, cyclophosphamide, etoposide or total body irradiation (TBI). Patients >4 years old receiving TBI-based conditioning have a significantly lower risk of ALL relapse and higher overall survival than patients receiving chemotherapy alone as conditioning regimen, as demonstrated in the randomised For Reducing Radiation at Majority Age (FORUM) Trial (17). However, patients receiving TBI may have to deal with a higher risk of pubertal impairment, growth retardation, cataracts, secondary malignancies and thyroid dysfunction compared with patients undergoing TBI-free conditioning (18).

A history of graft-vs.-host disease (GvHD) increases the risk severe life-threatening conditions 4.7-fold, and is therefore associated with higher morbidity and mortality. Overall, the cumulative incidence of developing a chronic health condition 10 years after HSCT for patients with a haematological malignancy or severe aplastic anaemia transplanted between 1974 and 1998 was about 59% [95% confidence interval (CI) 56–62%] (19).

Due to the high burden of long-term sequelae, survivors of HSCT performed during childhood and adolescence need regular, life-long follow-up. Goals of follow-up include the early detection of potential long-term effects and the education of survivors and their families to promote a healthy lifestyle. It is also important that providers of paediatric and adult healthcare are trained to facilitate and optimise the transition of patients into adult care (20).



ORGAN-SPECIFIC LATE EFFECTS OF HSCT FOR CHILDHOOD AND ADOLESCENT ALL


Bone

Bone morbidity is frequently occurs after HSCT in ALL, with reported incidences ranging between 20 and 60% for reduced bone mass, spanning from low mineral density to osteoporosis, and 4–44% for osteonecrosis (ON) (13, 21).

Besides the skeleton, muscles as well are deeply affected by treatment toxicity, especially by steroid, chemotherapy-induced peripheral neuropathyas well as by bed rest and reduced physical activities during treatment.

Associated with these sensory and motor symptoms is a compromised ability to move that leads to functional impairment in transplanted patients (22). Chronic GvHD may target the muscular mass by direct inflammation of the tissue (23).


Low Bone Mineral Density

A bone mineral density (BMD) Z score below −2 has been recorded in about 6–21% of patients 5 years after childhood HSCT for either malignant or non-malignant disorders (24–30). Nevertheless, this incidence is remarkably higher in patients with additional risk factors, such as chronic GvHD. In a study held among patients with a longstanding history of chronic GvHD transplanted for either malignant or non-malignant disorders, Buxbaum and colleagues reported BMD Z score < −2 in 73% of patients after a median follow up of 3.5 years (25).

The aetiology of low BMD is multifactorial, with prolonged exposure to corticosteroids, immobility, TBI, hormonal deficiencies (hypogonadism, hypothyroidism, GHD), inadequate vitamin D and calcium intake and GvHD having synergic detrimental effects and resulting in overactive osteoclastic bone resorption and underactive bone osteoblastic formation (31).

Dual energy X-ray absorptiometry (DEXA) is pivotal to assess BMD, although the best timing for performing this test has not been systematically clarified. Recommendations based on expert opinion suggest performing the first DEXA scan 1 year after HSCT, with subsequent follow-up tailored based on the baseline findings and patient-related risk factors (32).

The dietary calcium and vitamin D intake of every ALL survivor post HSCT should be assessed in order to identify those patients who would benefit from supplements. In addition, given the detrimental effects of low sexual hormones on BMD, hormonal replacement therapy should be commenced as soon as a diagnosis of hypogonadism is made.

There is lack of high-quality data about the predictive role of low BMD in childhood on the incidence of fractures in adulthood and uncertainty about the risk–benefit balance of pharmacological treatments (bisphosphonates) in childhood. Therefore, the decision of when to intervene with such treatments to prevent or treat bone disease in children after HSCT who have not experienced pathological fracture should be made in consultation with a paediatric endocrinologist; no treatment guidelines were available at the time of writing (26, 33, 34).



Osteonecrosis

Osteonecrosis (ON) is a well-known sequela in paediatric ALL. Incidence is age-dependent and ranges from 4 to 44% in transplanted patients, with cumulative steroid dose being significantly associated with the risk of ON (35). The pathogenesis of osteonecrosis in patients with ALL is not completely understood, multiple factors are responsible Main cause in childhood ALL are glucocorticoid inducing a hypercoagulable state. Microthrombi and lipid emboli associated with hyperlipidemia cause intravascular obliteration, whereas lipocyte proliferation and lipid accumulation in osteoblasts and osteocytes cause extraluminal obliteration, both triggering and worsened by intravascular coagulation. ON pathogenesis in ALL includes the temporary or permanent disruption of the blood supply to the bone, glucocorticoid-induced arteriopathy and direct adverse effects of the antileukemic drugs on bone remodelling (21). Furthermore, there is mounting evidence that post-HCT cGvHD, besides increasing the steroid cumulative dose, could play an independent pathogenetic role in the development of ON, possibly mediated by microangiopathy (36).

Most frequent symptoms at diagnosis are bone pain, decreased mobility in a joint, and limping. Incidence and risk factors differ substantially among studies, even after chemotherapy alone, from 2%, as reported in the AIEOP-ALL 95, to 25% in the CoALL-07-03 (37–40). Such a variability may depend on different frontline and second line treatment strategies, including age eligibility and cumulative dose of steroids and other drugs, mainly asparaginase, besides ON diagnostic approaches, based on the level of alertness among physicians, experience of radiologists and orthopaedics (21). ON is often misdiagnosed in children and adolescents, in whom symptoms may vary from stiffness to pain often attributed to the ongoing chemotherapy courses. The true prevalence of ON, however, is unknown, as it can only be determined by prospective MRI screening the most sensitive method of ON detection (38).

There is a consensus on the effect of age, with adolescents and young adults being at highest risk of ON, compared with younger children, whereas the impact of gender and immunophenotype on the risk of ON is still controversial. Risk stratum and associated treatment strategy are likely to play a major role.

The impact of HSCT in increasing the incidence and worsening the severity of ON can be hard to assess, as lesions are often present prior to HCT, as shown by MRI performed as pre-HCT screening often detecting pre-existing ON in patients with relatively mild symptoms (21, 35, 41, 42).

Kuhlen assessed the risk of ON in a cohort of 557 evaluable patients transplanted within the ALL SCT 2003 BFM trial. The 5-year cumulative incidence of symptomatic ON was 9%, diagnosed at a median of 1 year after HCT (range 1–126). Age at HSCT was a risk factor, with adolescents having a 3.73-fold (10–15 years; P = 0.009) to 5.46-fold (>15 years; P = 0.001) higher of being diagnosed with a symptomatic ON, compared with children. Patients with a history of ON prior to HSCT were at increased risk (HR 5.45, P = 0.001), with a cumulative incidence of ON of 45% (SD 14%) compared with 9% (SD 2%) in those without ON prior to HSCT (P < 0.001). Furthermore, the presence of chronic GVHD was associated with a 2.7-fold higher risk (P 0.015) for the development of ON. Neither gender, remission phase, donor type, stem cell source, type of conditioning regimen or aGvHD grade 2–4 were significant risk factors (21, 43).

Most patients have multiple lesions at diagnosis (42% in the ALL SCT Trial), mainly in the lower limbs, namely knees (66%), hips (55%), and feet (50%), but also in the shoulders (22%) (21). Lesions affecting joint surfaces in the lower limbs experienced the worst evolution (42).

ON management is still controversial, as, beyond pain management and physical therapy, most interventions lack clinical evidences. Treatment of prolonged hypertriglyceridemia/hypercholesterolemia, e.g., dietary measure, omega3-fatty acids throughout chemotherapy and during the post-HSCT course may help in reducing ON risk. Crutches are often recommended in order to avoid weight-bearing in lower limb ON, but their use is controversial, as the absence of weight may weaken the bone structure and crutches per se may worsen misdiagnosed ON lesions in the upper limbs.

There is no consensus for type and timing of surgery, which include conservative procedures, as core decompression, with the aim to reduce intraosseous pressure and promoting healing processes, sometimes in combination with autologous or mesenchymal stem cells, to invasive procedures, as arthroplasty and joint replacement.




Cardiovascular System

HSCT recipients surviving long term have a higher risk of cardiovascular (CV) dysfunction than the general population. The incidence of late CV complications in HSCT recipients is up to 6%, with the risk of premature CV-related death increased 2.3-fold compared with the healthy individuals (44–46). The aetiology of CV-related deaths in cancer survivors, including those after HSCT, is multifactorial, including anthracycline-associated congestive heart failure, radiation-induced cardiac toxicity or other causes that may be disease or treatment related in nature (45, 47, 48). Recognising the heterogeneity of risk factors and CV complications, here we focus on the following overarching topics: CV risk factors (mainly metabolic syndrome), arterial disease, and cardiac dysfunction.


Cardiovascular Risk Factors

Metabolic syndrome is a constellation of central obesity, insulin resistance, glucose intolerance, dyslipidaemia, and hypertension, and can be found in 39% of ALL survivors following HSCT vs. 8% of patients with leukaemia treated with conventional chemotherapy only (45). Risk for development of atherosclerotic CV disease is substantially elevated following HSCT when compared to the general population (49). While dyslipidaemia and other metabolic abnormalities are common after HSCT, often as a side effect of immunosuppressive treatments such as calcineurin inhibitors for GvHD, some of these abnormalities may resolve after cessation of immunosuppressive treatment. Nevertheless, laboratory data from paediatric allogeneic HSCT recipients 1 year post transplant suggests that those with higher total cholesterol and triglyceride serum concentrations may be more likely to experience a subsequent serious CV event (46).

Hypertension is another complication observed in both adult and paediatric HSCT recipients; rates ranging from 10 to 50% have been reported, with the variation due to differences in population composition, follow-up length and assessment method. Risk factors for hypertension among HSCT recipients include increasing age, the presence of obesity and other CV risk factors. While immunosuppressive medications used to treat GvHD often are associated with acute hypertension, evidence for acute or chronic GvHD as a risk factor for persistent hypertension once survivors are off immunosuppression is mixed (50). Similarly, while TBI, kidney injury and male sex have been postulated to be potential risk factors for hypertension, they have not been consistently found to be independent risk factors in clinical studies. Nevertheless, since it is difficult to predict whether hypertension, dyslipidaemia, or diabetes developing soon after HSCT will later spontaneously resolve, tighter control of these CV risk factors soon after they manifest may be more appropriate than watchful waiting. Certainly, ALL survivors who received HSCT and who have pre-existing CV risk conditions should continue to be monitored closely and treated for these conditions (46, 50).



Arterial Diseases

Arterial diseases including coronary artery disease, cerebrovascular disease and peripheral artery disease are diagnosed in up to 22% of HSCT recipients at 20 years after transplant and have emerged as the most important cause of CV-related mortality in long-term survivors from paediatric cancer (51). Atherosclerosis is a complex process involving inflammation and cellular proliferation in arterial walls. The development and progression of atherosclerosis is mediated by a variety of growth factors, cytokines, thrombotic factors and vasoactive substances. Additional modifying factors that have been implicated include: endothelial injury induced by radio-chemotherapy (radiation, alkylating agents, platinum agents, and high-dose cyclophosphamide conditioning), GvHD, immunosuppressive agents and other endocrine disorders (e.g., gonadal dysfunction). Host genetic polymorphisms may be involved in modulation of arterial disease risk after HSCT; however, to date no specific genetic variant has been described (44, 52). As screening for subclinical arterial disease is limited due to the lack of standardised and reproducible methods, prevention recommendations applicable to the general population (including lifestyle modifications and/or prophylactic pharmacotherapy) are the only known ways to reduce the risk of arterial disease in HSCT recipients.



Cardiac Dysfunction

The most important cardiac dysfunctions observed in ALL survivors after HSCT are heart failure and cardiac arrhythmias, being observed in 2–10% of all survivors (44). Predisposing factors for early heart failure in ALL patients who have undergone HSCT include reduced pre-HSCT ejection fraction, conditioning with high-dose cyclophosphamide and TBI. The risk of late-occurring heart failure is primarily attributable to pre-HSCT anthracycline exposure, in a dose response manner (7). Moreover, the risk increases significantly among those who also have conventional CV risk factors such as hypertension and/or diabetes. Early screening by echocardiography for asymptomatic disease may provide opportunities for implementation of interventions to reduce the risk of clinically overt disease; e.g., ACE inhibitors for asymptomatic left ventricular dysfunction. Thus, according to COG recommendation routine assessment of cardiac function (systolic and diastolic) using two-dimensional echocardiography should be performed at intervals ranging from yearly to every 5 years, depending on their exposure doses and age at exposure. Cardiac arrhythmias can have serious health implications in HSCT recipients but often cause no symptoms. The focus of long-term care is to identify and treat arrhythmias that may eventually result in symptomatic disease and to treat other CV complications such as stroke, haemodynamic collapse. Existing post-HSCT care guidelines do not recommend routine screening by electrocardiogram or Holter monitoring in patients without symptoms or a concerning family history (7, 44, 53), although consideration for screening in all ALL survivors who have had HSCT is suggested.




Endocrine System

Endocrinopathies, reported in nearly 60% of patients transplanted before the age of 10 years, represent the most frequent sequelae after paediatric HSCT (54). The endocrine late effects experienced by transplanted ALL survivors include poor growth, thyroid disorders, gonadal insufficiency, impaired glucose homeostasis, and reduced bone mineral density (55).

In ALL patients, the overall odds of developing an endocrinopathy mostly depends on the treatment intensity delivered at frontline and as a part of the conditioning regimen, with cranial radiotherapy (56, 57) and a higher cumulative dose of alkylators and TBI (58) being the most detrimental determinants. Single-fraction TBI has been demonstrated to expose survivors to a lifelong and remarkably higher risk of endocrinopathy when compared with fractionated protocols (59). Although TBI is currently delivered in multiple fractions by the vast majority of radiotherapy centres, data about historical conditioning is pivotal to assess the risk in the large number of long-term survivors followed-up in late effects clinics. Of note, patients who received HSCT after TBI-free conditioning are also at risk of developing multiple endocrinopathies (60). Furthermore, host-related variables (i.e., age at HSCT), steroid cumulative dose and chronic GvHD may have additional detrimental effects on the endocrine system (61).


Linear Growth

Impaired growth and short stature at final height attainment are the result of a combination of hormonal and non-hormonal detrimental factors among transplanted ALL patients. These factors include decreased nutritional intake, psychosocial issues, high-dose corticosteroids, hypogonadism and hypothyroidism (55). Radiation-induced growth hormone deficiency (GHD) commonly represents the only hypothalamic-pituitary deficiency experienced after low doses of radiotherapy (12–24 Gy) delivered with prophylactic cranial radiotherapy or TBI (62). GHD has been reported in 20–40% of HSCT recipients conditioned with TBI for haematological malignancies (63–65), with most of this variability being a result of discrepancies in the diagnostic criteria and on the radiation dose delivered. Younger age at radiation involving the hypothalamic-pituitary area (66, 67) and TBI provided as a single fraction are negative prognostic factors (59). As recommended by the Endocrine Society, recombinant human growth hormone (rhGH) can be administered to patients with demonstrated GHD and a stable oncological remission for ≥12 months after the discontinuation of antineoplastic treatments and after a thorough discussion of risks and benefits with the caregiver (68). Nevertheless, TBI, especially after cumulative total doses of more than the equivalent of 15 Gy in 2-Gy fractions, has been demonstrated to affect growth in a GH-independent manner through radiation-induced damage involving the growth plates (66, 69–71). Younger children are more affected and single-dose TBI causes a greater decrease in final height than fractionated TBI. As a result, short stature occurs after TBI also in patients without GHD. In addition, rhGH fails to restore growth potential in individuals with GHD who had undergone TBI, with over 60% of treated patients failing to reach their mid-parental stature at final height (72–75). Nevertheless, a measurable beneficial effect of rhGH on growth and adult height in GHD patients has been demonstrated also after TBI (76).

Finally, tyrosine kinase inhibitors (which are administered to Philadelphia chromosome-positive ALL patients), have been widely described as disruptors of the GH–insulin-like growth factor I (IGF-I) axis, potentially leading to growth impairment. Nevertheless, the effect tends to be remarkably less evident than in patients treated chronically, as in chronic myeloid leukaemia (77).



Thyroid Disorders

Hypothyroidism, often subclinical, has been widely reported after TBI as well as following busulfan- and cyclophosphamide-based conditioning therapy (78–83). In a study published in 1997 regarding 270 young adult patients transplanted for haematological malignancies, Al-Fiar et al. identified raised thyroid-stimulating hormone levels within 2 years of allogeneic HSCT in 11% of patients after chemo-conditioning vs. 16.7% after 12 Gy fractionated TBI (84). In the same year, Toubert et al. reported hypothyroidism during a 14-month follow-up in 14% of a cohort of 77 patients transplanted in childhood or young adulthood for either malignant or non-malignant haematological disorders after conditioning regimens that did not include TBI (83). Nevertheless, it has been suggested that these finding may for a large part be transient, especially after chemotherapy-only conditioning.

Radiation involving the neck provides a direct detrimental effect to the thyroid gland (85). However, it is also associated with an increased incidence of autoimmune thyroid disorders, probably because autoantigens may be released from damaged thyroid glands and recognised by the immune system (86, 87). Prolonged immunosuppression and GvHD seem to play a contributory role (88).

HSCT is an independent risk factor for the development of thyroid nodules and malignancies. In a large French study published in 2016 following 502 transplanted childhood ALL survivors, the incidence of thyroid malignancy was 5.2%, with a cumulative incidence of 9.6% at 20 years (89). Although the detrimental role of TBI, especially when delivered as an unfractionated dose in patients younger than 10 years, has been known for decades (81, 88), an increasing body of knowledge has shed light on the harmful role that is also played by alkylating agents in this setting (79, 89). As the median average time elapsed between diagnosis of ALL and thyroid cancer is as long as 16 years, lifelong monitoring for patients is mandatory (79, 89).



Ovarian Insufficiency

Impaired gonadal function is the most frequent endocrine sequelae among transplanted ALL female survivors, as both alkylating agents and radiotherapy halt follicle maturation and cause a rapidly progressing depletion of ovarian follicles (3, 90). In pre- or peri-pubertal girls, the occurrence of pubertal delay or arrest prompting the need for pharmacological hormonal induction to achieve menarche depends on the conditioning regimen received, with an incidence of 16% after cyclophosphamide alone, 72% after busulfan plus cyclophosphamide, 71% after 10 Gy of single fraction TBI and 57% after 12–15.75 Gy of fractionated TBI (80, 91). In this setting, the administration of progressively increasing doses of oestrogen initially (80) provides the patient with secondary sexual features, while the subsequent cyclical addition of progestins prompts the occurrence of withdrawal bleeding, mimicking menses (92).

If the exposure to gonadotoxic treatments occurs in post-pubertal female patients, the potential clinical pictures encompasses either overt premature ovarian failure (POI, defined as the combination of oligo-amenorrhoea and raised FSH in the post-menopausal range in women <40 years), or a milder condition known as diminished ovarian reserve (DOR), a subclinical state defined as retained menses, normal FSH but reduced markers of ovarian reserve (i.e., low anti-Müllerian hormone and reduced antral follicular count on pelvis ultrasound). Women with DOR are at potential risk for impaired fertility and early detection of this condition could allow prompt undertaking of medically assisted fertility techniques by taking advantage of a potentially narrow window of opportunity that precedes the progression into POI and sterility.

According to various published analyses, the incidence of POI ranges from 44 to 100% among patients who received HSCT in childhood for either malignant or non-malignant haematological disorders (93–96). This wide range of variability is due to the clinical and demographicheterogeneity of different study cohorts. In female leukaemic patients, POI occurs in almost 100% of adolescents and young adults after TBI- or busulfan-based conditioning, while its incidence is remarkably lower after cyclophosphamide or melphalan (97–100). Preliminary data seem to show lower ovarian toxicity in female patients conditioned with treosulfan compared with busulfan (101).

Women with POI commonly experience clinical or sub-clinical signs and symptoms consistent with hypoestrogenism and need hormone replacement therapy, which is continued until the age when menopause is regarded as physiological.

Finally, female patients exposed to TBI experience a higher incidence of miscarriages, preterm deliveries, and obstetric complications, particularly during the third trimester of pregnancy, as a consequence of suboptimal uterine development. Conversely, no increased risk for malformations and genetic diseases in newborns is reported (102, 103).



Testicular Insufficiency

Alkylating agents and irradiation severely affect testicular function. Germ cells are remarkably more sensitive to chemotherapy and radiotherapy than testosterone-secreting Leydig cells; as a result, radiation doses as low as 2–6 Gy, busulfan >600 mg/kg and cyclophosphamide >7.5–9 g/m2 are the threshold above which spermatogonial cell depletion and subsequent oligo-azoospermia occurs (104, 105). Azoospermia has been reported in 85% of young male patients transplanted for either ALL, lymphoma or severe aplastic anaemia and exposed to TBI or abdominal irradiation before HSCT (106). Thus, semen collection and cryopreservation should always be recommended, when feasible, at diagnosis of malignancy.

Conversely, remarkably higher exposure is needed to affect testosterone secretion. In pre-pubertal boys, pubertal delay may occur at rates as high as 14% after cyclophosphamide alone, 48% after busulfan plus cyclophosphamide and 58% after fractionated 12–15.75 Gy TBI (91). Progressively increasing doses of testosterone are required to induce puberty and achieve secondary sexual features among those male peri-pubertal patients who present with overt pubertal arrest (91). The percentage of male patients requiring pharmacological induction of puberty is remarkably higher after 24 Gy testicular radiation for testicular relapse or disease (107). In a recent study conducted in 255 ALL survivors, overt testosterone deficiency was diagnosed in 71.4% of non-transplanted patients after 24-Gy testicular irradiation vs. 55.6% among TBI-conditioned and transplanted patients (108).

Among patients who have gone through puberty spontaneously, chemo conditioning may result in raised luteinizing hormone (a sign of subclinical damage) but testosterone secretion is generally retained (109). On the contrary, after TBI, with or without testicular radiation boost, adult men often experience a progressive decrease in testosterone levels, possibly associated to symptoms consistent with hypogonadism, thus indicating a need for life-long testosterone replacement therapy (110). As this may occur several years after exposure, life-long monitoring is required.



Impaired Glucose Metabolism and Dyslipidaemia

Hyperinsulinism, impaired glucose tolerance and diabetes present with a higher-than-expected incidence among transplanted ALL survivors, especially after TBI (111, 112). Early-onset hyperglycaemia during the early phase after allogeneic HSCT is commonly experienced as a result of treatment with immunosuppressive drugs, corticosteroids, parenteral nutrition and inflammatory cytokines associated with GvHD (113, 114).

In the long term, relative excess of adipose tissue is a well-known factor that predisposes to insulin resistance and diabetes (115). Although transplanted leukaemia and lymphoma survivors may present with normal body mass index, they can develop significant changes in their body composition, resulting in increased visceral fat and reduction of lean mass (116, 117). This condition, known as “sarcopenic obesity” leads to a relative decrease of myocyte insulin receptors vs. adipocyte receptors, which are remarkably less efficient at binding insulin. In addition, it has been demonstrated that when the pancreas falls within the irradiation field, as in TBI, β-cell reserve and overall pancreatic volume are remarkably lower than in controls, resulting in a higher incidence of pathological response to an oral glucose tolerance test (118).

Finally, low high-density lipoprotein and elevated triglyceride levels are reported in up to 30% of paediatric HSCT recipients, remarkably more frequently than in healthy controls (119).

Given the overall higher metabolic risk experienced after TBI-conditioned HSCT, the Children's Oncology Group recommend that healthcare professionals promote healthy lifestyle modifications to HSCT recipients and monitor patients' weight and body mass index annually and fasting blood glucose and glycated haemoglobin every 2 years (7).




Eyes

Ocular complications after HSCT can affect all parts of the eye, from the cornea to the retina. Risk factors associated with ocular late effects are: specific conditioning regimens, immunosuppression, GvHD, and underlying disease (120, 121). Visual impairment can affect daily activities and, consequently, the QoL of patients.


Cataracts

Cataracts, characterised by an opacification of the lens, typically occur after TBI in >50% of cases, are related to radiotherapy dose, and increase over time. However, cataracts can also develop in children who have not received TBI in >25% of cases (122). Studies comparing cataract incidence between patients treated with single fraction TBI to those receiving fractionated TBI found a higher occurrence in the single-fraction groups (123). Horwitz et al. found that, with longer duration of follow-up in 201 children, cataract incidence after fractionated TBI (12 Gy in six fractions over 3 days) increased from 30% at 5 years post-transplant to 70.8% at 15 years (124). Long-term use of steroids is a cofactor for cataract formation, together with irradiation (23). Horwitz et al. could not detect a specific steroid dose effect (124). Another medication known to induce cataracts is busulfan, the chemotherapy-conditioning alternative to TBI, usually used in children younger than 4 years (24). The incidence is lower than after TBI, and severity of cataract is usually mild without needing surgery. Other causes of cataracts include high arterial blood pressure and metabolic syndrome, both of which often occur in HSCT recipients. The incidence of cataracts in children varies from 4 to 87%, depending on conditioning regimen and irradiation dose (125). The variations in range reported by different studies are due to the differences in conditioning regimens, radiation dose to the lens (eye shielding during TBI can be performed), differences in supportive care (such as use of steroids), and follow-up period as well as heterogeneity of study populations (126, 127). Van Kempen-Harteveld et al. demonstrated that 55% eye shielding reduced the incidence of cataracts from 90 to 31% in 188 paediatric patients who received single-fraction 8 Gy or two 6-Gy fractions of TBI (128). The risk of CNS relapse after eye shielding is negligible; in the leukaemia patients who received eye shielding, the incidence was 1.7% after 5 years (129).



Keratoconjunctivitis Sicca

Dry eye syndrome, also known as keratoconjunctivitis sicca, is the most frequent ocular complication after HSCT. It is characterised by insufficient tear production or excessive evaporation, with damage to the interpalpebral conjunctiva (3, 3, 130). Typical symptoms are itching, burning, a gritty feeling, or excessive tearing which sticks to lashes, photophobia, red eyes, impaired vision and pain (131). In children who have undergone HSCT, the reported incidence of keratoconjunctivitis sicca varies from 35 to 77% (126, 132–134). The most frequent cause of dry eyes is ocular GvHD, which typically develops 6–9 months after HSCT (135).

Incidence of ocular GvHD after HSCT amounts to 35% (132).

The National Institute for Health (NIH) criteria of 2015 define ocular GvHD as new onset, after HSCT, of dry, gritty or painful eyes, cicatricial conjunctivitis, keratoconjunctivitis, and confluent areas of punctate keratopathy. Schirmer's test is not recommended anymore for follow-up due to poor correlation with symptoms (131). Factors increasing the risk of ocular GvHD are the same risk factors for chronic GVHD overall, including, female donor transplanted to a male recipient, donor–recipient sex mismatch, increasing recipient age, higher numbers of CD34+ cells in the graft and peripheral blood stem cells as the graft source (132, 136–138). Recent studies showed that high number of CD3 cells in the graft were associated with a delay of lymphocytes recovery resulting in a higher incidence of acute GvHD Grad II or above (139). Routine eye examination before HSCT allows assessment of baseline conditions and annual ophthalmological screening after HSCT is recommended for early recognition of ocular complications after transplantation (131).



Microvascular Retinopathy

In 1983, ischemic microvascular retinopathy was described for the first time as a post-HSCT complication characterised by retinal cotton-wool patches, vitreous haemorrhage, and oedema of the optic disc (140). On ophthalmological examination, patients can be asymptomatic or complain of blurred vision or abnormalities in colour perception. Typically, ischaemic microvascular retinopathy occurs within 6 months of HSCT. The incidence ranges from 0 to 10% (141). Risk factors are use of TBI, cyclosporine A, busulfan, hypertension, diabetes, and hyperlipidiemia (121, 142, 143). The consequence is capillary damage in the ocular fundus. Symptoms can spontaneously regress, and a reduction of immunosuppression can lead to resolution of retinal lesions (144–146). Based on the potential risk factors it is important that calcineurin levels should be monitored, and that hypertension, diabetes or hyperlipidemia are treated.



Cytomegalovirus Uveitis/Retinitis

Cytomegalovirus retinitis (CMVR) is a rare sight-threatening manifestation after HSCT. Occurrence is typically late, with a mean time of 200 days post-transplant (147). Risk factors are young age at transplantation, pretransplant viremia, underlying primary immunodeficiency, non-myeloablative conditioning regimen, and acute GvHD (CD4 ≥ 200/ul) (147). Compared to patients with systemic infections, patients with CMVR had higher CD4 T-cell count (≥200/ul), expanding CD8 T- cell counts and lower CMV load. One hypothesis is that immunosuppression masks signs of inflammation (148). Most patients are asymptomatic for a long time, leading to a delayed diagnosis. The true incidence in children after HSCT is unknown due to the low number of published cases.




Iron Overload

HSCT recipients often receive large red blood cell (RBC) transfusions both during the pre- and peri-transplant period. Accordingly, transfusion-related iron overload is listed among the commonest complications after HSCT, with a reported incidence ranging between 30 and 75% after allogeneic HSCT, with rates differing based on the diagnostic technique and criteria established (149–152).

A growing body of knowledge exists on the pathophysiology of iron-overload–induced tissutal toxicity: once transferrin is saturated, non-transferrin-bound iron becomes detectable, and—because of iron's ability to transfer electrons—this results in oxidative stress (153).

A potential worsening effect of infectious complications and GvHD on iron overload in the early post-HSCT period has been demonstrated. In addition, chemotherapy-induced mucositis may result in increased intestinal iron absorption. Finally, chemotherapy- and radiotherapy-associated hepatic damage may also contribute to the release of iron stores and diminish transferrin synthesis (154, 155).

It has been demonstrated that iron overload itself may play a contributory role on the pathogenesis of several early-onset complications of HSCT, such as invasive fungal infections (156), sepsis and sinusoidal obstruction syndrome (151, 157). However, assessing the interaction between pre- and post-transplantation ferritin levels and GvHD can be cumbersome, and no clear conclusions have been drawn to date about the potential detrimental effect of iron overload on GvHD.

Although advances in the supportive care and monitoring of long-term survivors have dramatically improved in the last decades, iron overload is still a challenging issue and may be associated with late sequelae such as liver fibrosis, hepatic focal nodular hyperplasia, heart failure, hypogonadism and diabetes (158, 159).


Diagnosis of Iron Overload

Theoretically, liver biopsy is the gold standard for evaluating iron tissue stores (152). Nevertheless, the need for a relatively large volume of tissue (4 mg wet weight), as well as the risks associated with this invasive procedure (with haemorrhage reported in about 0.5% of cases) make this diagnostic tool unappealing to most clinicians and patients (160).

Among the surrogate parameters developed to assess iron overload, serum ferritin is the most easily available and inexpensive. The European Society for Blood and Marrow Transplantation, Centre for International Blood and Marrow Transplant Research, and American Society for Transplantation and Cellular Therapy. 2006 guidelines for screening and prevention practises post HSCT promoted screening of serum ferritin levels to predict the risk of iron overload (32).

The ferritin level conventionally regarded as a threshold to prompt a complete assessment of iron overload is 1,000 ng/mL, although in patients with abnormal liver function tests, high transfusional needs or hepatitis C infection, this threshold should be lowered to 500 ng/mL (32, 159). Ferritin levels continue to be the mainstay for baseline clinical assessment of iron overload, although inflammation, ineffective erythropoiesis and liver disorders often result in raised ferritin levels (161–163). Accordingly, ferritin appears to show an overall unsatisfactory correlation with liver iron concentration (LIC) in paediatric patients, and LIC should always be assessed before undertaking any treatment for iron overload (150, 164).

T2*-weighted magnetic resonance imaging (MRI) has found a systematic clinical application in the last decade. LIC measurement by MRI has gained importance because it is non-invasive, rapid and widely available. Nowadays, T2 and R2 MRI techniques show a sensitivity and a specificity of 89 and 80% in the assessment of LIC, respectively. Ferritin levels of >1,000 ng/mL were found to correlate with a LIC of >7 mg/g in a population of patients transplanted for different haematological malignancies (165).

A superconducting quantum interference device (SQUID) can assess total body iron by biomagnetic susceptometric detection of the paramagnetic materials ferritin and hemosiderin. The iron content estimated shows a good correlation with LIC proven by biopsy. However, the SQUID technique has limitations: it is complex, expensive, and available in few centres worldwide (166). Busca et al. showed that LIC measurements obtained using a SQUID in the presence of moderate (LIC 1,000–2,000 μg Fe/g wet weight) or severe (LIC >2,000 μg Fe/g wet weight) iron overload were associated with high ferritin levels in 69% of patients (165).



Management of Iron Overload

Consensus about the indication and the best timing for treatment for iron overload after HSCT in ALL patients is lacking. Management of iron overload should be tailored based on several factors (i.e., the need for ongoing RBC transfusion therapy, ability to tolerate iron-depleting therapy, cost- effectiveness, and comorbidities). Phlebotomies and iron chelation agents are the two available treatment solutions. Experience-based recommendations suggest a combined aggressive approach in the case of severe iron overload with an estimated LIC >15 mg/g. When LIC is 7–15 mg/g dry weight, phlebotomy may be regarded as the best treatment solution. Among patients with milder iron overload (<7 mg/g), phlebotomies should be performed only in patients with concomitant liver disease (32, 159).

The safety and effectiveness of phlebotomies have been reported in adult survivors after HSCT, but only case series are available in paediatric patients (167–169). In patients who have achieved adequate engraftment and restored normal erythropoiesis following HSCT in paediatric age, phlebotomy represents a safe, and inexpensive approach. The need for an intravenous line and potentially poor compliance related to the high number of blood withdrawals required to achieve an effective depletion of iron storage represent the foremost limitations in childhood and adolescence, respectively (167).

Among chelators, deferoxamine is an iron-chelating agent available for intramuscular, subcutaneous or intravenous administration. Due to its short plasma half-life, deferoxamine should be administered at least 5 nights per week and be delivered by a subcutaneous pump for 8–12 h (170). This is the major restriction for wide administration in paediatric patients. A study assessing the efficacy of deferoxamine before and after HSCT in patients with thalassaemia showed that median serum ferritin 6 months after HSCT was statistically lower among treated patients (p = 0.007) than in the control group, without deferoxamine (170). Deferasirox is a tridentate iron chelator and has been licenced worldwide for the treatment of chronic iron overload in polytransfused patients aged ≥2 years. It is administered orally and the effective dose ranges between 20 and 40 mg/kg, with titration being guided by serum ferritin trends. Chelation with deferasirox after allogeneic HSCT was demonstrated to be effective and safe in reducing serum ferritin levels in two prospective, open-label, multicentre studies in adult patients who had received allogeneic HSCT and had iron overload (171, 172).




Kidneys

Renal dysfunction is observed in up to 62% of transplanted cancer survivors and may be associated with a wide range of risk factors including nephrotoxic conditioning therapy for HSCT (high-dose chemotherapy and fractionated TBI), sinusoidal obstruction syndrome, hepatorenal syndrome, sepsis and corresponding antibiotic (aminoglycosides), and antifungal (amphotericin B) treatment (173). Some renal injury syndromes are probably related to cyclosporine A use, radiotherapy and GvHD (174, 175). It is also well-known that renal Fanconi syndrome may occur months or even years after the end of chemotherapy (176).

Renal disease after HSCT encompasses a wide spectrum of structural and functional abnormalities, ranging from vascular (hypertension, thrombotic microangiopathy) to glomerular (albuminuria, nephrotic glomerulopathies) to tubulo-interstitial lesions. All of these abnormalities may lead to a decreased glomerular filtration rate (GFR) and consequently chronic kidney disease (CKD). CKD defined by an elevated serum creatinine or a decreased GFR (<60 mL/min/1.73 m2) for ≥3 months develops in ~20% of long-term survivors following paediatric HSCT (177, 178). Three main clinical entities may be designated: thrombotic microangiopathy, nephrotic syndrome, and idiopathic CKD.

Thrombotic microangiopathy occurs in between 2 and 21% of HSCT recipients and represents a spectrum of clinical diseases characterised by systemic or intrarenal platelet aggregation, thrombocytopenia, and microvascular fragmentation of erythrocytes (179). Platelet aggregation can result in ischaemia and organ injury. When the presentation is fulminant, thrombotic microangiopathy is often associated with severe acute renal injury and death. The clinical course of thrombotic-microangiopathy-related kidney injury after HSCT is often an acute deterioration of renal function followed by a period of stabilisation and eventual development of CKD; full renal function is rarely restored (177).

The clinical manifestation of nephrotic syndrome includes proteinuria, oedema, hypoalbuminemia, and hypercholesterolaemia. The most common types of nephrotic syndrome that occur after HSCT are membranous nephropathy and minimal change disease. These are thought to be manifestations of GvHD in the kidney. Membranous nephropathy is characterised by the presence of immune complexes between the glomerular basement membrane and the podocytes, while minimal change disease is thought to be a T-cell–mediated process (180, 181).

There is a group of paediatric HSCT recipients who present with renal dysfunction not associated with thrombotic microangiopathy or nephrotic syndrome and, therefore, who are diagnosed with idiopathic CKD. The main risk factors predisposing HSCT recipients to idiopathic CKD are TBI, acute and chronic GvHD, and acute kidney injury (182).

As chronic renal impairment may occur in children who undergo HSCT with pre-transplant renal function within normal limits and regardless of conditioning regimen, screening of renal function (including blood pressure, renal function assessment, and if necessary kidney ultrasonography) is recommended in all paediatric HSCT recipients (183). In patients with renal insufficiency, nephrotoxic medication should be avoided; specific treatment strategies based on the specific diagnosis and its pathophysiology include immunosuppression for nephrotic syndrome, plasma exchange for thrombotic microangiopathy, and angiotensin-converting enzyme inhibitors or angiotensin receptor blockers for hypertension (177).



Lungs

Pulmonary complications are among the most frequent serious sequelae after allogeneic HSCT for ALL. The two forms of chronic pulmonary dysfunction that are frequently observed are obstructive lung disease (OLD) and restrictive lung disease (RLD). The incidence of both forms ranges from 10 to 40% in all HSCT recipients and depends upon the donor source, the time interval after HSCT and presence of chronic GvHD (184). In both OLD and RLD, collagen deposition and the development of fibrosis (in the interstitial space in RLD or peri-bronchiolar space in OLD) are believed to contribute to the patterns of lung dysfunction displayed on pulmonary function tests (PFTs) (185, 186). Abnormalities in PFT parameters are not uncommon prior to HSCT and are generally thought to reflect exposure to infectious insults or previous chemotherapy.

Several studies have demonstrated OLD among recipients of HSCT during childhood (11, 187–189). Presence of chronic GvHD was the most consistent risk factor for development of OLD. The most common form of OLD after allogeneic HSCT is bronchiolitis obliterans (190). As mortality rates for bronchiolitis obliterans in paediatric HSCT patients range between 11 and 67%, all HSCT recipients should be carefully evaluated for this lung condition. Chest radiographs typically show hyperinflation, while mosaic perfusion is a common feature on high resolution computed tomography (CT), with decreased number and size of vessels causing parenchymal lucencies alongside normal lung tissue. Air trapping and bronchiectasis are also seen in bronchiolitis obliterans and may result in an air leak syndrome. Significant airway obstruction with bronchiolitis obliterans may be accompanied by only minimal radiographic findings. Serial PFT measurements may be more useful than imaging or histology for detecting the progression of bronchiolitis obliterans in children; however, due to technical difficulties in performing PFT in young children, the diagnosis of bronchiolitis obliterans is difficult and may be underreported (187).

RLD—as defined by a proportional decrease in forced vital capacity and forced expiratory volume in 1 second on spirometry and/or decreased total lung capacity using body plethysmography—has been described in many studies (11, 187, 188). Importantly, decline in total lung capacity or forced vital capacity occurring at 100 days and 1 year after HSCT is associated with an increase in non-relapse mortality (186). Patients who present with decreased pulmonary function may be at increased risk for sequelae from additional infectious or toxic exposures and should be counselled accordingly. Regular monitoring allows subtle changes in symptomatology or lung function to be detected (187). The most recognisable form of RLD is bronchiolitis obliterans organising pneumonia, characterised by dry cough, shortness of breath and fever. Radiographic findings show diffuse, peripheral, fluffy infiltrates consistent with airspace consolidation. Although reported in <10% of HSCT recipients, the development of bronchiolitis obliterans organising pneumonia is strongly associated with prior or ongoing acute or chronic GvHD (191).

Therapy for OLD defined by an irreversible airflow obstruction, as characterised by a forced expiratory volume in one second divided by forced vital capacity (FEV1/FVC) of <70%, and a FEV1 of <70% of predicted value, combines enhanced immunosuppression together with supportive care including antimicrobial prophylaxis, bronchodilator therapy and supplemental oxygen when indicated. While the approach to RLD is less well-defined, increasing evidence suggests that this form of pulmonary dysfunction may also be immunologically mediated. Unfortunately, the response to multiple immunosuppressive agents is limited and tends to occur only early in the course of treatment. The potential role for tumour necrosis factor α in the pathogenesis of both OLD and RLD suggests that neutralising agents such as etanercept may have promise (186, 191). Systematic post-transplant screening of lung function is essential for the diagnosis of early lung dysfunction and to facilitate optimal management. In cases of the development of respiratory symptoms or deterioration of lung function, rigorous clinical examination with an analysis of CT scan features and appropriate lung sampling should help the clinician make a specific diagnosis that considers long term pulmonary complications.




PSYCHOSOCIAL LATE EFFECTS AND QUALITY OF LIFE AFTER HSCT

The World Health Organisation defines QoL as “an individual's perception of their position in life in the context of the culture and value systems in which they live and in relation to their goals, expectations, standards and concerns.” More specifically, health-related QoL is defined as “the extent to which usual or expected physical, emotional, and social well-being are affected by a medical condition or its treatment.” The concept of health-related QoL encompasses physical, cognitive, emotional, and social functioning and well-being; it has emerged as a significant area of research that now is recognised as an important endpoint for many studies alongside survival endpoints (192).

Factors adversely affecting QoL and social challenges in transplanted survivors are amenable to intervention. Therefore, there is a need to incorporate effective interventions in the routine follow-up care of paediatric allogeneic HSCT recipients in order to improve their QoL and enhance their psychological and interpersonal growth. Psychosocial late effects include post-traumatic stress symptoms, low self-esteem, and lower QoL. Social problems also have been documented among survivors in terms of social anxiety, poor peer acceptance and self-perception issues. Children transplanted due to ALL are at especially high risk due to their average older age at the time of diagnosis, type and length of pretransplant treatment, severity of disease, length of remission or shorter time since diagnosis, and the medical late effects of disease and treatment (193).

Studies focused on QoL and psychosocial sequelae in paediatric ALL patients undergoing HSCT establish these endpoints as relevant fields of enquiry. Increasing attention in these fields derives from the success of curative ALL therapies, including HSCT, in recent years. Following HST, survivors can gradually restart their normal activities, with the consequence that psychological aspects linked to therapy must now be considered for these patients alongside medical late effects, in order to better understand how patients might adapt and be supported. The most traumatic period from a psychological point of view is often the period in which children and parents spend isolated in the transplant unit in the early post-transplant period. Longitudinal, prospective studies of variations in QoL along the various steps of HSCT and long-term follow-up may allow us to conceptualise how psychosocial aspects of patients' lives and development are affected over time (20, 194, 195).



TRANSITION FROM PAEDIATRIC TO ADULT HSCT CARE

Given the prevalence and impact of complications following HSCT during childhood it is now widely recognised that survivors must have timely access to life-long care in order to prevent, ameliorate and manage the adverse late effects of transplant. In the same way that it is accepted that children are optimally treated by healthcare providers trained and experienced in the care of children, so too, adults should be cared for by those trained and experienced in adult medicine (196). Therefore, as more and more children survive, the transition of adolescents from paediatric to adult services is crucial.

This healthcare transition comes at a time when adolescents are already facing the challenges of transitioning from childhood to adulthood (197). The adolescent brain is different to the brain in childhood or adulthood contributing to the vulnerability of adolescents to risk taking and poor self-regulation (198). While for healthy adolescents, risk taking and poor self-regulation might involve social behaviours such as alcohol and illicit drug taking, unprotected sex and reckless driving, for those with chronic medical conditions the fallout can include a lack of compliance with healthcare. For these reasons, it has long been recognised that the transition of healthcare for adolescents and young adults with chronic healthcare conditions needs to planned, purposeful and well-supported in order for it to be successful (196, 199–204).

The American Academy of Paediatrics, American Academy of Family Physicians and American College of Physicians published a consensus statement in 2002 on healthcare transition for young adults with special healthcare needs (196). This statement recommends some critical initial steps to ensure uninterrupted, developmentally appropriate care as patients move from adolescence to adulthood. These steps include: identification of appropriate healthcare providers in the adult system, developmentally appropriate education of the adolescent/young adult, a written healthcare transition plan and in countries without universal health care, access to adequate healthcare insurance.

Unlike most adolescent/young adults with chronic medical conditions, paediatric HSCT recipients, for the most part, do not have acute healthcare needs. Rather—similar to other childhood cancer survivors—they are a unique group of patients that require significant preventative healthcare. Their healthcare requirements focus on surveillance, prevention and education, rather than just treatment.

There is little in the literature looking specifically at transition of paediatric HSCT recipients to adult services. There is more in the literature for other childhood cancer survivors, who are a larger but similar population. A recently published review looked at the transition of childhood cancer survivors to adult healthcare (205). The authors looked at 26 studies focused on three main areas: transition practises, transition readiness tools and barriers to successful transition. There were three main models of transition: (1) a direct transition from paediatric to adult oncology units; (2) transfer to care under primary care physicians, with referral to adult medical specialists as needed; and (3) shared care, where the primary care physician works in collaboration with an oncology unit. Transition tools are an important part of planning and supporting successful transition (206–211). The tools, which included workbooks, questionnaires and scales, aimed to assess the readiness of the childhood cancer survivor to transition. The tools are useful in identifying areas in which an individual survivor needs more support or education. The most frequently identified barriers to transition in these publications related to knowledge, education and empowerment of the survivors as well as the knowledge and education of healthcare providers (193, 194, 212–223). This highlights that education of both survivors and their healthcare providers is an integral part of successful transition.

Importantly, there is nothing to our knowledge in the literature evaluating the success or failure of transition processes and methods to manage those that are lost to follow-up.

In our review of the literature we identified two publications addressing transition specifically in survivors of HSCT in childhood. Hashmi et al. (20) looked at the need for long-term follow-up after HSCT in adults and childhood and the need for transition of care from overworked and under-resourced HSCT units. They highlighted that vulnerable transitions included paediatric patients transitioning to adulthood, noting the lack of clear transition pathways. This group discussed the importance of written survivorship care plans that are individualised for each patient. Written individualised care plans are one of the integral steps recommended in the 2002 consensus statement on transition of children with long-term special healthcare needs to adult services (196). The North American Children's Oncology Group guidelines on the long-term follow-up of survivors of childhood, adolescent and young adult cancers (www.survivorshipguidelines.org) include instructions to develop individualised written care recommendations (196).

Cupit et al. reviewed the long-term healthcare needs of childhood bone and marrow transplantation survivors and also touched on the issues of transition, preventative healthcare and access to health insurance (192). They tailored the steps recommended in the 2002 consensus statement (196) to issues specific to transition of HSCT recipients. This provides a good framework for transition for this patient population. The steps are as follows: 1. Identification of a health care provider who will assume responsibility for current and future health care, 2. Individualised care plan which outlines the therapy received, any complications experienced and recommend surveillance for potential long-term complications, 3. Health care transition plan which should be written well prior to transition and should be discussed with the patient and their family. The responsibilities of the various health care providers should be made clear in this document. Both the care plan and transition plans should be updated regularly if there are any significant changes and these changes communicated with the patient. 4. Ensuring access to adequate health care insurance. This step is relevant to patient in countries without universal health care. 5. Communication. This is perhaps the most important, clear and well-documented communication with the patient, their family and the adult health care providers is imperative for smooth and successful transition.

In summary, clear transition pathways from paediatric to adult healthcare for survivors who have undergone HSCT during childhood is necessary to ensure healthcare continuity, avoid preventable poor outcomes and promote early identification and management of long-term complications. However, transition is only successful where it is planned, anticipated, purposeful and follows clear pathways and where the services that patients transition to and from are adequately resourced. Education, which has been found to be a critical successful factor of transition, is paramount. This includes education of not just the survivors but also the healthcare providers who will be looking after them. A written individualised survivorship care plan is an important resource in that education process.



CONCLUSION

Transplanted ALL survivors are a growing vulnerable population worldwide. They are at risk of long-term sequelae that can often appear years or even decades after HSCT and that can impact on quality of life. As such, survivors require life-long risk-adapted follow-up. Alertness and early detection of late effects allows management to mitigate some long-term consequences of ALL and HSCT.

Regular exchange with patients and their families enables healthcare providers to follow patients throughout their life after a relevant event like HSCT, train them on a healthy lifestyle practises and teach them how to take over responsibilities towards themself for periodical controls and potential health issues. All survivors should receive a summary of the treatment they have received and a risk-adapted care plan. This individualised follow-up proposal should be explained to each individual for better understanding of its possible implications. Moreover, interdisciplinary transition consultation is recommended for smooth transfer to adult care.

Long-term outcomes should be documented in multicentre prospective trials to understand better pathophysiological pathways and predisposing factors for late effects and to optimise the future management of HSCT recipients.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



ACKNOWLEDGMENTS

We thank Hannah Bridges, HB Health Comms Limited, UK, for language editing and proofreading.



REFERENCES

 1. Cairo MS, Heslop H. Pediatric blood and marrow transplantation: state of the science. Bone Marrow Transpl. (2008) 41:97. doi: 10.1038/sj.bmt.1705992

 2. Copelan EA. Hematopoietic stem-cell transplantation. N Engl J Med. (2006) 354:1813–26. doi: 10.1056/NEJMra052638

 3. Practice Committee of the American Society for Reproductive Medicine. Fertility preservation in patients undergoing gonadotoxic therapy or gonadectomy: a committee opinion. Fertil Steril. (2019) 112:1022–33. doi: 10.1016/j.fertnstert.2019.09.013

 4. Hunger SP, Mullighan CG. Acute lymphoblastic leukemia in children. N Engl J Med. (2015) 373:1541–52. doi: 10.1056/NEJMra1400972

 5. Pui CH, Yang JJ, Hunger SP, Pieters R, Schrappe M, Biondi A, et al. Childhood acute lymphoblastic leukemia: progress through collaboration. J Clin Oncol. (2015) 33:2938–48. doi: 10.1200/JCO.2014.59.1636

 6. Rasche M, Zimmermann M, Borschel L, Bourquin JP, Dworzak M, Klingebiel T, et al. Successes and challenges in the treatment of pediatric acute myeloid leukemia: a retrospective analysis of the AML-BFM trials from 1987 to 2012. Leukemia. (2018) 32:2167–77. doi: 10.1038/s41375-018-0071-7

 7. Chow EJ, Anderson L, Baker KS, Bhatia S, Guilcher GM, Huang JT, et al. Late effects surveillance recommendations among survivors of childhood hematopoietic cell transplantation: a children's oncology group report. Biol Blood Marrow Transplant. (2016) 22:782–95. doi: 10.1016/j.bbmt.2016.01.023

 8. Hierlmeier S, Eyrich M, Wolfl M, Schlegel PG, Wiegering V. Early and late complications following hematopoietic stem cell transplantation in pediatric patients - a retrospective analysis over 11 years. PLoS ONE. (2018) 13:e0204914. doi: 10.1371/journal.pone.0204914

 9. Landier W, Armenian S, Bhatia S. Late effects of childhood cancer and its treatment. Pediatr Clin North Am. (2015) 62:275–300. doi: 10.1016/j.pcl.2014.09.017

 10. Lawitschka A, Schwarze P, Rovelli A, Badoglio M, Socie G, Tichelli A, et al. Management of growth failure and growth hormone deficiency after pediatric allogeneic HSCT: endocrinologists are of importance for further guidelines and studies. Pediatr Hematol Oncol. (2019) 36:494–503. doi: 10.1080/08880018.2019.1670764

 11. Uderzo C, Pillon M, Corti P, Tridello G, Tana F, Zintl F, et al. Impact of cumulative anthracycline dose, preparative regimen and chronic graft-versus-host disease on pulmonary and cardiac function in children 5 years after allogeneic hematopoietic stem cell transplantation: a prospective evaluation on behalf of the EBMT Pediatric Diseases and Late Effects Working Parties. Bone Marrow Transpl. (2007) 39:667–75. doi: 10.1038/sj.bmt.1705652

 12. Vrooman LM, Millard HR, Brazauskas R, Majhail NS, Battiwalla M, Flowers ME, et al. Survival and late effects after allogeneic hematopoietic cell transplantation for hematologic malignancy at less than three years of age. Biol Blood Marrow Transpl. (2017) 23:1327–34. doi: 10.1016/j.bbmt.2017.04.017

 13. Baker KS, Armenian S, Bhatia S. Long-term consequences of hematopoietic stem cell transplantation: current state of the science. Biol Blood Marrow Transpl. (2010) 16:S90–96. doi: 10.1016/j.bbmt.2009.09.017

 14. Parsons SK, Tighiouart H, Terrin N. Assessment of health-related quality of life in pediatric hematopoietic stem cell transplant recipients: progress, challenges and future directions. Expert Rev Pharmacoecon Outcomes Res. (2013) 13:217–25. doi: 10.1586/erp.13.11

 15. Sanders EJ, Parker E, Harvey S. Growth hormone-mediated survival of embryonic retinal ganglion cells: signaling mechanisms. Gen Comp Endocrinol. (2008) 156:613–21. doi: 10.1016/j.ygcen.2008.02.005

 16. Bresters D, Lawitschka A, Cugno C, Potschger U, Dalissier A, Michel G, et al. Incidence and severity of crucial late effects after allogeneic HSCT for malignancy under the age of 3 years: TBI is what really matters. Bone Marrow Transpl. (2016) 51:1482–9. doi: 10.1038/bmt.2016.139

 17. Peters C, Dalle JH, Locatelli F, Poetschger U, Sedlacek P, Buechner J, et al. Total body irradiation or chemotherapy conditioning in childhood all: a multinational, randomized, noninferiority phase III study. J Clin Oncol. (2021) 39:295–307. doi: 10.1200/JCO.20.02529

 18. Bresters D, van Gils IC, Kollen WJ, Ball LM, Oostdijk W, van der Bom JG, et al. High burden of late effects after haematopoietic stem cell transplantation in childhood: a single-centre study. Bone Marrow Transpl. (2010) 45:79–85. doi: 10.1038/bmt.2009.92

 19. Sun CL, Francisco L, Kawashima T, Leisenring W, Robison LL, Baker KS, et al. Prevalence and predictors of chronic health conditions after hematopoietic cell transplantation: a report from the Bone Marrow Transplant Survivor Study. Blood. (2010) 116:3129–39. doi: 10.1182/blood-2009-06-229369

 20. Hashmi S, Carpenter P, Khera N, Tichelli A, Savani BN. Lost in transition: the essential need for long-term follow-up clinic for blood and marrow transplantation survivors. Biol Blood Marrow Transpl. (2015) 21:225–32. doi: 10.1016/j.bbmt.2014.06.035

 21. Kuhlen M, Kunstreich M, Gokbuget N. Osteonecrosis in adults with acute lymphoblastic leukemia: an unmet clinical need. Hemasphere. (2021) 5:e544. doi: 10.1097/HS9.0000000000000544

 22. Knoerl R, Gilchrist L, Kanzawa-Lee GA, Donohoe C, Bridges C, Lavoie Smith EM. Proactive rehabilitation for chemotherapy-induced peripheral neuropathy. Semin Oncol Nurs. (2020) 36:150983. doi: 10.1016/j.soncn.2019.150983

 23. Lanfranconi F, Zardo W, Moriggi T, Villa E, Radaelli G, Radaelli S, et al. Precision-based exercise as a new therapeutic option for children and adolescents with haematological malignancies. Sci Rep. (2020) 10:12892. doi: 10.1038/s41598-020-69393-1

 24. Bhatia S, Ramsay NK, Weisdorf D, Griffiths H, Robison LL. Bone mineral density in patients undergoing bone marrow transplantation for myeloid malignancies. Bone Marrow Transpl. (1998) 22:87–90. doi: 10.1038/sj.bmt.1701275

 25. Buxbaum NP, Robinson C, Sinaii N, Ling A, Curtis LM, Pavletic SZ, et al. Impaired bone mineral density in pediatric patients with chronic graft-versus-host disease. Biol Blood Marrow Transpl. (2018) 24:1415–23. doi: 10.1016/j.bbmt.2018.02.019

 26. Carpenter PA, Hoffmeister P, Chesnut CH 3rd, Storer B, Charuhas PM, Woolfrey AE, et al. Bisphosphonate therapy for reduced bone mineral density in children with chronic graft-versus-host disease. Biol Blood Marrow Transpl. (2007) 13:683–90. doi: 10.1016/j.bbmt.2007.02.001

 27. Daniels MW, Wilson DM, Paguntalan HG, Hoffman AR, Bachrach LK. Bone mineral density in pediatric transplant recipients. Transplantation. (2003) 76:673–8. doi: 10.1097/01.TP.0000076627.70050.53

 28. Kaste SC, Shidler TJ, Tong X, Srivastava DK, Rochester R, Hudson MM, et al. Bone mineral density and osteonecrosis in survivors of childhood allogeneic bone marrow transplantation. Bone Marrow Transpl. (2004) 33:435–41. doi: 10.1038/sj.bmt.1704360

 29. Nysom K, Holm K, Michaelsen KF, Hertz H, Jacobsen N, Müller J, et al. Bone mass after allogeneic BMT for childhood leukaemia or lymphoma. Bone Marrow Transpl. (2000) 25:191–6. doi: 10.1038/sj.bmt.1702131

 30. Perkins JL, Kunin-Batson AS, Youngren NM, Ness KK, Ulrich KJ, Hansen MJ, et al. Long-term follow-up of children who underwent hematopoeitic cell transplant (HCT) for AML or ALL at less than 3 years of age. Pediatr Blood Cancer. (2007) 49:958–63. doi: 10.1002/pbc.21207

 31. Weilbaecher KN. Mechanisms of osteoporosis after hematopoietic cell transplantation. Biol Blood Marrow Transplant. (2000) 6:165–74. doi: 10.1016/S1083-8791(00)70039-5

 32. Rizzo JD, Wingard JR, Tichelli A, Lee SJ, Van Lint MT, Burns LJ, et al. Recommended screening and preventive practices for long-term survivors after hematopoietic cell transplantation: joint recommendations of the European Group for Blood and Marrow Transplantation, the Center for International Blood and Marrow Transplant Research, and the American Society of Blood and Marrow Transplantation. Biol Blood Marrow Transplant. (2006) 12:138–51. doi: 10.1016/j.bbmt.2005.09.012

 33. Marini JC. Do bisphosphonates make children's bones better or brittle? New Engl J Med. (2003) 349:423–6. doi: 10.1056/NEJMp038103

 34. Wasilewski-Masker K, Kaste SC, Hudson MM, Esiashvili N, Mattano LA, Meacham LR. Bone mineral density deficits in survivors of childhood cancer: long-term follow-up guidelines and review of the literature. Pediatrics. (2008) 121:e705–713. doi: 10.1542/peds.2007-1396

 35. Girard P, Auquier P, Barlogis V, Contet A, Poiree M, Demeocq F, et al. Symptomatic osteonecrosis in childhood leukemia survivors: prevalence, risk factors and impact on quality of life in adulthood. Haematologica. (2013) 98:1089–97. doi: 10.3324/haematol.2012.081265

 36. Campbell S, Sun CL, Kurian S, Francisco L, Carter A, Kulkarni S, et al. Predictors of avascular necrosis of bone in long-term survivors of hematopoietic cell transplantation. Cancer. (2009) 115:4127–35. doi: 10.1002/cncr.24474

 37. Dietz AC, Savage SA, Vlachos A, Mehta PA, Bresters D, Tolar J, et al. Late effects screening guidelines after hematopoietic cell transplantation for inherited bone marrow failure syndromes: consensus statement from the second pediatric blood and marrow transplant consortium international conference on late effects after pediatric HCT. Biol Blood Marrow Transplant. (2017) 23:1422–8. doi: 10.1016/j.bbmt.2017.05.022

 38. Dvorak CC, Gracia CR, Sanders JE, Cheng EY, Baker KS, Pulsipher MA, et al. NCI, NHLBI/PBMTC first international conference on late effects after pediatric hematopoietic cell transplantation: endocrine challenges-thyroid dysfunction, growth impairment, bone health, and reproductive risks. Biol Blood Marrow Transplant. (2011) 17:1725–38. doi: 10.1016/j.bbmt.2011.10.006

 39. Faraci M, Calevo MG, Lanino E, Caruso S, Messina C, Favr C, et al. Osteonecrosis after allogeneic stem cell transplantation in childhood. A case-control study in Italy. Haematologica. (2006) 91:1096–9. doi: 10.3324/%25x

 40. Jackson TJ, Mostoufi-Moab S, Hill-Kayser C, Balamuth NJ, Arkader A. Musculoskeletal complications following total body irradiation in hematopoietic stem cell transplant patients. Pediatr Blood Cancer. (2018) 65. doi: 10.1002/pbc.26905

 41. Li X, Brazauskas R, Wang Z, Al-Seraihy A, Baker KS, Cahn JY, et al. Avascular necrosis of bone after allogeneic hematopoietic cell transplantation in children and adolescents. Biol Blood Marrow Transplant. (2014) 20:587–92. doi: 10.1016/j.bbmt.2013.12.567

 42. Sharma S, Leung WH, Deqing P, Yang J, Rochester R, Britton L, et al. Osteonecrosis in children after allogeneic hematopoietic cell transplantation: study of prevalence, risk factors and longitudinal changes using MR imaging. Bone Marrow Transplant. (2012) 47:1067–74. doi: 10.1038/bmt.2011.234

 43. Kuhlen M, Bader P, Sauer M, Albert MH, Gruhn B, Gungor T, et al. Low incidence of symptomatic osteonecrosis after allogeneic HSCT in children with high-risk or relapsed ALL - results of the ALL-SCT 2003 trial. Br J Haematol. (2018) 183:104–9. doi: 10.1111/bjh.15511

 44. Armenian SH, Chemaitilly W, Chen M, Chow EJ, Duncan CN, Jones LW, et al. National institutes of health hematopoietic cell transplantation late effects initiative: the cardiovascular disease and associated risk factors working group report. Biol Blood Marrow Transplant. (2017) 23:201–10. doi: 10.1016/j.bbmt.2016.08.019

 45. Baker KS, Chow E, Steinberger J. Metabolic syndrome and cardiovascular risk in survivors after hematopoietic cell transplantation. Bone Marrow Transplant. (2012) 47:619–25. doi: 10.1038/bmt.2011.118

 46. Chow EJ, Wong K, Lee SJ, Cushing-Haugen KL, Flowers ME, Friedman DL, et al. Late cardiovascular complications after hematopoietic cell transplantation. Biol Blood Marrow Transplant. (2014) 20:794–800. doi: 10.1016/j.bbmt.2014.02.012

 47. Armenian SH, Sun CL, Mills G, Teh JB, Francisco L, Durand JB, et al. Predictors of late cardiovascular complications in survivors of hematopoietic cell transplantation. Biol Blood Marrow Transplant. (2010) 16:1138–44. doi: 10.1016/j.bbmt.2010.02.021

 48. Armenian SH, Sun CL, Vase T, Ness KK, Blum E, Francisco L, et al. Cardiovascular risk factors in hematopoietic cell transplantation survivors: role in development of subsequent cardiovascular disease. Blood. (2012) 120:4505–12. doi: 10.1182/blood-2012-06-437178

 49. Lakka HM, Laaksonen DE, Lakka TA, Niskanen LK, Kumpusalo E, Tuomilehto J, et al. The metabolic syndrome and total and cardiovascular disease mortality in middle-aged men. J Am Med Assoc. (2002) 288:2709–16. doi: 10.1001/jama.288.21.2709

 50. Leger KJ, Baker KS, Cushing-Haugen KL, Flowers MED, Leisenring WM, Martin PJ, et al. Lifestyle factors and subsequent ischemic heart disease risk after hematopoietic cell transplantation. Cancer. (2018) 124:1507–15. doi: 10.1002/cncr.31227

 51. Chow EJ, Chen Y, Hudson MM, Feijen EAM, Kremer LC, Border WL, et al. Prediction of ischemic heart disease and stroke in survivors of childhood cancer. J Clin Oncol. (2018) 36:44–52. doi: 10.1200/JCO.2017.74.8673

 52. Armenian SH, Chow EJ. Cardiovascular disease in survivors of hematopoietic cell transplantation. Cancer. (2014) 120:469–79. doi: 10.1002/cncr.28444

 53. Majhail NS, Rizzo JD, Lee SJ, Aljurf M, Atsuta Y, Bonfim C, et al. Recommended screening and preventive practices for long-term survivors after hematopoietic cell transplantation. Biol Blood Marrow Transplant. (2012) 18:348–71. doi: 10.1016/j.bbmt.2011.12.519

 54. Hows JM, Passweg JR, Tichelli A, Locasciulli A, Szydlo R, Bacigalupo A, et al. Comparison of long-term outcomes after allogeneic hematopoietic stem cell transplantation from matched sibling and unrelated donors. Bone Marrow Transplant. (2006) 38:799–805. doi: 10.1038/sj.bmt.1705531

 55. Paetow U, Bader P, Chemaitilly W. A systematic approach to the endocrine care of survivors of pediatric hematopoietic stem cell transplantation. Cancer Metastasis Rev. (2020) 39:69–78. doi: 10.1007/s10555-020-09864-z

 56. Follin C, Erfurth EM. Long-term effect of cranial radiotherapy on pituitary-hypothalamus area in childhood acute lymphoblastic leukemia survivors. Curr Treat Options Oncol. (2016) 17:50–50. doi: 10.1007/s11864-016-0426-0

 57. Hata M, Ogino I, Aida N, Saito K, Omura M, Kigasawa H, et al. Prophylactic cranial irradiation of acute lymphoblastic leukemia in childhood: outcomes of late effects on pituitary function and growth in long-term survivors. Int J Cancer. (2001) 96(Suppl.):117–24. doi: 10.1002/ijc.10348

 58. Barfield RC, Kasow KA, Hale GA. Advances in pediatric hematopoietic stem cell transplantation. Cancer Biol Ther. (2008) 7:1533–9. doi: 10.4161/cbt.7.10.7046

 59. Thomas BC, Stanhope R, Plowman PN, Leiper AD. Endocrine function following single fraction and fractionated total body irradiation for bone marrow transplantation in childhood. Acta Endocrinol. (1993) 128:508–12. doi: 10.1530/acta.0.1280508

 60. Tauchmanova L, Selleri C, Rosa GD, Pagano L, Orio F, Lombardi G, et al. High prevalence of endocrine dysfunction in long-term survivors after allogeneic bone marrow transplantation for hematologic diseases. Cancer. (2002) 95:1076–84. doi: 10.1002/cncr.10773

 61. Baird K, Cooke K, Schultz KR. Chronic graft-versus-host disease (GVHD) in children. Pediatr Clin of North Am. (2010) 57:297–322. doi: 10.1016/j.pcl.2009.11.003

 62. Darzy KH, Shalet SM. Radiation-induced growth hormone deficiency. Horm Res. (2003) 59(Suppl.1):1–11. doi: 10.1159/000067834

 63. Chemaitilly W, Boulad F, Heller G, Kernan NA, Small TN, O'Reilly RJ, et al. Final height in pediatric patients after hyperfractionated total body irradiation and stem cell transplantation. Bone Marrow Transplant. (2007) 40:29–35. doi: 10.1038/sj.bmt.1705694

 64. Clement-De Boers A, Oostdijk W, Van Weel-Sipman MH, Van den Broeck J, Wit JM, Vossen JM. Final height and hormonal function after bone marrow transplantation in children. J Pediatr. (1996) 129:544–50. doi: 10.1016/S0022-3476(96)70119-1

 65. Sanders JE, Guthrie KA, Hoffmeister PA, Woolfrey AE, Carpenter PA, Appelbaum FR. Final adult height of patients who received hematopoietic cell transplantation in childhood. Blood. (2005) 105:1348–54. doi: 10.1182/blood-2004-07-2528

 66. Cohen A, Rovelli A, Bakker B, Uderzo C, van Lint MT, Esperou H, et al. Final height of patients who underwent bone marrow transplantation for hematological disorders during childhood: a study by the Working Party for Late Effects-EBMT. Blood. (1999) 93:4109–15.

 67. Frisk P, Arvidson J, Gustafsson J, Lönnerholm G. Pubertal development and final height after autologous bone marrow transplantation for acute lymphoblastic leukemia. Bone Marrow Transplant. (2004) 33:205–10. doi: 10.1038/sj.bmt.1704324

 68. Sklar CA, Antal Z, Chemaitilly W, Cohen LE, Follin C, Meacham LR, et al. Hypothalamic-pituitary and growth disorders in survivors of childhood cancer: an endocrine society clinical practice guideline. J Clin Endocrinol Metab. (2018) 103:2761–84. doi: 10.1210/jc.2018-01175

 69. Bakker B, Oostdijk W, Geskus RB, Stokvis-Brantsma WH, Vossen JM, Wit JM. Patterns of growth and body proportions after total-body irradiation and hematopoietic stem cell transplantation during childhood. Pediatr Res. (2006) 59:259–64. doi: 10.1203/01.pdr.0000199550.71887.ba

 70. Couto-Silva AC, Trivin C, Esperou H, Michon J, Baruchel A, Lemaire P, et al. Final height and gonad function after total body irradiation during childhood. Bone Marrow Transplant. (2006) 38:427–32. doi: 10.1038/sj.bmt.1705455

 71. Hoeben BA, Carrie C, Timmermann B, Mandeville HC, Gandola L, Dieckmann K, et al. Management of vertebral radiotherapy dose in paediatric patients with cancer: consensus recommendations from the SIOPE radiotherapy working group. Lancet Oncol. (2019) 20:e155–66. doi: 10.1016/S1470-2045(19)30034-8

 72. Hartley KA, Li C, Laningham FH, Krasin MJ, Xiong X, Merchant TE. Vertebral body growth after craniospinal irradiation. Int J Radiat Oncol Biol Phys. (2008) 70:1343–9. doi: 10.1016/j.ijrobp.2007.08.085

 73. Hogeboom CJ, Grosser SC, Guthrie KA, Thomas PR, D'Angio GJ, Breslow NE. Stature loss following treatment for Wilms tumor. Med Pediatr Oncol. (2001) 36:295–304. doi: 10.1002/1096-911X(20010201)36:2<295::AID-MPO1068>3.0.CO;2-Y

 74. Rodari G, Cattoni A, Albanese A. Final height in growth hormone-deficient childhood cancer survivors after growth hormone therapy. J Endocrinol Invest. (2020) 43:209–17. doi: 10.1007/s40618-019-01102-w

 75. Silber JH, Littman PS, Meadows AT. Stature loss following skeletal irradiation for childhood cancer. J Clin Oncol. (1990) 8:304–12. doi: 10.1200/JCO.1990.8.2.304

 76. Isfan F, Kanold J, Merlin E, Contet A, Sirvent N, Rochette E, et al. Growth hormone treatment impact on growth rate and final height of patients who received HSCT with TBI or/and cranial irradiation in childhood: a report from the French Leukaemia Long-Term Follow-Up Study (LEA). Bone Marrow Transplant. (2012) 47:684–93. doi: 10.1038/bmt.2011.139

 77. Ulmer A, Tabea Tauer J, Glauche I, Jung R, Suttorp M. TK inhibitor treatment disrupts growth hormone axis: clinical observations in children with CML and experimental data from a juvenile animal model. Klin Padiatr. (2013) 225:120–6. doi: 10.1055/s-0033-1343483

 78. Berger C, Le-Gallo B, Donadieu J, Richard O, Devergie A, Galambrun C, et al. Late thyroid toxicity in 153 long-term survivors of allogeneic bone marrow transplantation for acute lymphoblastic leukaemia. Bone Marrow Transplant. (2005) 35:991–5. doi: 10.1038/sj.bmt.1704945

 79. Cohen A, Rovelli A, Merlo DF, van Lint MT, Lanino E, Bresters D, et al. Risk for secondary thyroid carcinoma after hematopoietic stem-cell transplantation: an EBMT Late Effects Working Party Study. J Clin Oncol. (2007) 25:2449–54. doi: 10.1200/JCO.2006.08.9276

 80. Sanders JE, Hoffmeister PA, Woolfrey AE, Carpenter PA, Storer BE, Storb RF, et al. Thyroid function following hematopoietic cell transplantation in children: 30 years' experience. Blood. (2009) 113:306–8. doi: 10.1182/blood-2008-08-173005

 81. Sklar CA, Kim TH, Ramsay NK. Thyroid dysfunction among long-term survivors of bone marrow transplantation. Am J Med. (1982) 73:688–94. doi: 10.1016/0002-9343(82)90411-9

 82. Slatter MA, Gennery AR, Cheetham TD, Bhattacharya A, Crooks BNA, Flood TJ, et al. Thyroid dysfunction after bone marrow transplantation for primary immunodeficiency without the use of total body irradiation in conditioning. Bone Marrow Transplant. (2004) 33:949–53. doi: 10.1038/sj.bmt.1704456

 83. Toubert ME, Socié G, Gluckman E, Aractingi S, Espérou H, Devergie A, et al. Short- and long-term follow-up of thyroid dysfunction after allogeneic bone marrow transplantation without the use of preparative total body irradiation. Br J Haematol. (1997) 98:453–7. doi: 10.1046/j.1365-2141.1997.2433060.x

 84. Al-Fiar FZ, Colwill R, Lipton JH, Fyles G, Spaner D, Messner H. Abnormal thyroid stimulating hormone (TSH) levels in adults following allogeneic bone marrow transplants. Bone Marrow Transplant. (1997) 19:1019–22. doi: 10.1038/sj.bmt.1700771

 85. Jereczek-Fossa BA, Zarowski A, Milani F, Orecchia R. Radiotherapy-induced ear toxicity. Cancer Treat Rev. (2003) 29:417–30. doi: 10.1016/S0305-7372(03)00066-5

 86. Inskip PD, Veiga LHS, Brenner AV, Sigurdson AJ, Ostroumova E, Chow EJ, et al. Hyperthyroidism after radiation therapy for childhood cancer: a report from the childhood cancer survivor study. Int J Radiat Oncol Biol Phys. (2019) 104:415–24. doi: 10.1016/j.ijrobp.2019.02.009

 87. Tamura K, Shimaoka K, Friedman M. Thyroid abnormalities associated with treatment of malignant lymphoma. Cancer. (1981) 47:2704–11. doi: 10.1002/1097-0142(19810601)47:11<2704::AID-CNCR2820471129>3.0.CO;2-G

 88. Sklar C, Boulad F, Small T, Kernan N. Endocrine complications of pediatric stem cell transplantation. Front Biosci. (2001) 6:G17–22. doi: 10.2741/A714

 89. Oudin C, Auquier P, Bertrand Y, Chastagner P, Kanold J, Poirée M, et al. Late thyroid complications in survivors of childhood acute leukemia. An LEA study. Haematologica. (2016) 101:747–56. doi: 10.3324/haematol.2015.140053

 90. Algarroba GN, Sanfilippo JS, Valli-Pulaski H. Female fertility preservation in the pediatric and adolescent cancer patient population. Best Pract Res Clin Obstet Gynaecol. (2018) 48:147–57. doi: 10.1016/j.bpobgyn.2017.10.009

 91. Sanders J. Growth and Development After Hematopoietic Cell Transplantation. Oxford: Appelbaum, FRSJF (2009). 

 92. Cattoni A, Parissone F, Porcari I, Molinari S, Masera N, Franchi M, et al. Hormonal replacement therapy in adolescents and young women with chemo- or radio-induced premature ovarian insufficiency: practical recommendations. Blood Rev. (2021) 45:100730. doi: 10.1016/j.blre.2020.100730

 93. Borgmann-Staudt A, Rendtorff R, Reinmuth S, Hohmann C, Keil T, Schuster FR, et al. Fertility after allogeneic haematopoietic stem cell transplantation in childhood and adolescence. Bone Marrow Transplant. (2012) 47:271–6. doi: 10.1038/bmt.2011.78

 94. Chatterjee R, Goldstone AH. Gonadal damage and effects on fertility in adult patients with haematological malignancy undergoing stem cell transplantation. Bone Marrow Transplant. (1996) 17:5–11.

 95. Sanders JE, Hawley J, Levy W, Gooley T, Buckner CD, Deeg HJ, et al. Pregnancies following high-dose cyclophosphamide with or without high-dose busulfan or total-body irradiation and bone marrow transplantation. Blood. (1996) 87:3045–52. doi: 10.1182/blood.V87.7.3045.bloodjournal8773045

 96. Sarafoglou K, Boulad F, Gillio A, Sklar C. Gonadal function after bone marrow transplantation for acute leukemia during childhood. J Pediatr. (1997) 130:210–6. doi: 10.1016/S0022-3476(97)70345-7

 97. Jadoul P, Anckaert E, Dewandeleer A, Steffens M, Dolmans MM, Vermylen C, et al. Clinical and biologic evaluation of ovarian function in women treated by bone marrow transplantation for various indications during childhood or adolescence. Fertil Steril. (2011) 96:126–33 e123. doi: 10.1016/j.fertnstert.2011.03.108

 98. Michel G, Socie G, Gebhard F, Bernaudin F, Thuret I, Vannier JP, et al. Late effects of allogeneic bone marrow transplantation for children with acute myeloblastic leukemia in first complete remission: the impact of conditioning regimen without total-body irradiation–a report from the Societe Francaise de Greffe de Moelle. J Clin Oncol. (1997) 15:2238–46. doi: 10.1200/JCO.1997.15.6.2238

 99. Nakano H, Ashizawa M, Akahoshi Y, Ugai T, Wada H, Yamasaki R, et al. Assessment of the ovarian reserve with anti-Mullerian hormone in women who underwent allogeneic hematopoietic stem cell transplantation using reduced-intensity conditioning regimens or myeloablative regimens with ovarian shielding. Int J Hematol. (2016) 104:110–6. doi: 10.1007/s12185-016-1998-y

 100. Singhal S, Powles R, Treleaven J, Horton C, Swansbury GJ, Mehta J. Melphalan alone prior to allogeneic bone marrow transplantation from HLA-identical sibling donors for hematologic malignancies: alloengraftment with potential preservation of fertility in women. Bone Marrow Transplant. (1996) 18:1049–55.

 101. Faraci M, Diesch T, Labopin M, Dalissier A, Lankester A, Gennery A, et al. Gonadal function after busulfan compared with treosulfan in children and adolescents undergoing allogeneic hematopoietic stem cell transplant. Biol Blood Marrow Transplant. (2019) 25:1786–91. doi: 10.1016/j.bbmt.2019.05.005

 102. Anderson RA, Brewster DH, Wood R, Nowell S, Fischbacher C, Kelsey TW, et al. The impact of cancer on subsequent chance of pregnancy: a population-based analysis. Hum Reprod. (2018) 33:1281–90. doi: 10.1093/humrep/dey216

 103. Green DM, Sklar CA, Boice JDJr, Mulvihill JJ, Whitton JA, Stovall M, et al. Ovarian failure and reproductive outcomes after childhood cancer treatment: results from the Childhood Cancer Survivor Study. J Clin Oncol. (2009) 27:2374–81. doi: 10.1200/JCO.2008.21.1839

 104. Centola GM, Keller JW, Henzler M, Rubin P. Effect of low-dose testicular irradiation on sperm count and fertility in patients with testicular seminoma. J Androl. (1994) 15:608–13.

 105. Meistrich ML, Wilson G, Brown BW, da Cunha MF, Lipshultz LI. Impact of cyclophosphamide on long-term reduction in sperm count in men treated with combination chemotherapy for Ewing and soft tissue sarcomas. Cancer. (1992) 70:2703–12. doi: 10.1002/1097-0142(19921201)70:11<2703::AID-CNCR2820701123>3.0.CO;2-X

 106. Anserini P, Chiodi S, Spinelli S, Costa M, Conte N, Copello F, et al. Semen analysis following allogeneic bone marrow transplantation. Additional data for evidence-based counselling. Bone Marrow Transplant. (2002) 30:447–51. doi: 10.1038/sj.bmt.1703651

 107. Sanders JE, Flournoy N, Thomas ED, Buckner CD, Lum LG, Clift RA, et al. Marrow transplant experience in children with acute lymphoblastic leukemia: an analysis of factors associated with survival, relapse, and graft-versus-host disease. Med Pediatr Oncol. (1985) 13:165–72. doi: 10.1002/mpo.2950130402

 108. Lopez R, Plat G, Bertrand Y, Ducassou S, Saultier P, Berbis J, et al. Testosterone deficiency in men surviving childhood acute leukemia after treatment with hematopoietic stem cell transplantation or testicular radiation: an L.E.A. study. Bone Marrow Transplant. (2021) 56:1422–5. doi: 10.1038/s41409-020-01180-y

 109. Sklar C. Reproductive physiology and treatment-related loss of sex hormone production. Med Pediatr Oncol. (1999) 33:2–8.

 110. Taneja S, Rao A, Nussey S, Leiper A. Leydig cell failure with testicular radiation doses <20Gy: The clinical effects of total body irradiation conditioned haematopoietic stem cell transplantation for childhood leukaemia during long-term follow-up. Clin Endocrinol. (2019) 91:624–32. doi: 10.1111/cen.14059

 111. Chemaitilly W, Boulad F, Oeffinger KC, Sklar CA. Disorders of glucose homeostasis in young adults treated with total body irradiation during childhood: a pilot study. Bone Marrow Transplant. (2009) 44:339–43. doi: 10.1038/bmt.2009.40

 112. Lorini R, Cortona L, Scaramuzza A, De Stefano P, Locatelli F, Bonetti F, et al. Hyperinsulinemia in children and adolescents after bone marrow transplantation. Bone Marrow Transplant. (1995) 15:873–7.

 113. Fuji S, Einsele H, Savani BN, Kapp M. Systematic nutritional support in allogeneic hematopoietic stem cell transplant recipients. Biology Blood Marrow Transplant. (2015) 21:1707–13. doi: 10.1016/j.bbmt.2015.07.003

 114. Montero N, Pascual J. Immunosuppression and Post-transplant Hyperglycemia. Current Diab Rev. (2015) 11:144–54. doi: 10.2174/1573399811666150331160846

 115. Górowska-Kowolik K, Sokołowska M, Jarosz-Chobot P. Obesity and diabetes-Not only a simple link between two epidemics. Diabetes Metab Res Rev. (2018) 34:e3042. doi: 10.1002/dmrr.3042

 116. Baker KS, Chow E, Goodman P, Koves I, Leisenring W, Hoffmeister P, et al. Adverse impact of hematopoietic cell transplantation (HCT) on body composition and insulin resistance (IR) is associated with increased cardiovascular risk. Biol Blood Marrow Transplant. (2011) 17:S174–5. doi: 10.1016/j.bbmt.2010.12.071 

 117. Baker KS, Ness KK, Steinberger J, Carter A, Francisco L, Burns LJ, et al. Diabetes, hypertension, and cardiovascular events in survivors of hematopoietic cell transplantation: a report from the bone marrow transplantation survivor study. Blood. (2007) 109:1765–72. doi: 10.1182/blood-2006-05-022335

 118. Wei C, Thyagiarajan M, Hunt L, Cox R, Bradley K, Elson R, et al. Reduced beta-cell reserve and pancreatic volume in survivors of childhood acute lymphoblastic leukaemia treated with bone marrow transplantation and total body irradiation. Clin Endocrinol. (2015) 82:59–67. doi: 10.1111/cen.12575

 119. Oudin C, Simeoni M-C, Sirvent N, Contet A, Begu-Le Coroller A, Bordigoni P, et al. Prevalence and risk factors of the metabolic syndrome in adult survivors of childhood leukemia. Blood. (2011) 117:4442–8. doi: 10.1182/blood-2010-09-304899

 120. Bradfield YS, Kushner BJ, Gangnon RE. Ocular complications after organ and bone marrow transplantation in children. J AAPOS. (2005) 9:426–32. doi: 10.1016/j.jaapos.2005.06.002

 121. Coskuncan NM, Jabs DA, Dunn JP, Haller JA, Green WR, Vogelsang GB, et al. The eye in bone marrow transplantation. VI Retinal complications. Arch Ophthalmol. (1994) 112:372–9. doi: 10.1001/archopht.1994.01090150102031

 122. Bernard F, Auquier P, Herrmann I, Contet A, Poiree M, Demeocq F, et al. Health status of childhood leukemia survivors who received hematopoietic cell transplantation after BU or TBI: an LEA study. Bone Marrow Transplant. (2014) 49:709–16. doi: 10.1038/bmt.2014.3

 123. Belkacemi Y, Labopin M, Vernant JP, Prentice HG, Tichelli A, Schattenberg A, et al. Cataracts after total body irradiation and bone marrow transplantation in patients with acute leukemia in complete remission: a study of the European Group for Blood and Marrow Transplantation. Int J Radiat Oncol Biol Phys. (1998) 41:659–68. doi: 10.1016/S0360-3016(98)00077-7

 124. Horwitz M, Auquier P, Barlogis V, Contet A, Poiree M, Kanold J, et al. Incidence and risk factors for cataract after haematopoietic stem cell transplantation for childhood leukaemia: an LEA study. Br J Haematol. (2015) 168:518–25. doi: 10.1111/bjh.13148

 125. Hall MD, Schultheiss TE, Smith DD, Nguyen KH, Wong JYC. Dose response for radiation cataractogenesis: a meta-regression of hematopoietic stem cell transplantation regimens. Int J Radiat Oncol Biol Phys. (2015) 91:22–9. doi: 10.1016/j.ijrobp.2014.07.049

 126. Frisk P, Hagberg H, Mandahl A, Soderberg P, Lonnerholm G. Cataracts after autologous bone marrow transplantation in children. Acta Paediatr. (2000) 89:814–9. doi: 10.1111/j.1651-2227.2000.tb00390.x

 127. Saglio F, Zecca M, Pagliara D, Giorgiani G, Balduzzi A, Calore E, et al. Occurrence of long-term effects after hematopoietic stem cell transplantation in children affected by acute leukemia receiving either busulfan or total body irradiation: results of an AIEOP (Associazione Italiana Ematologia Oncologia Pediatrica) retrospective study. Bone Marrow Transplant. (2020) 55:1918–27. doi: 10.1038/s41409-020-0806-8

 128. van Kempen-Harteveld ML, van Weel-Sipman MH, Emmens C, Noordijk EM, van der Tweel I, Révész T, et al. Eye shielding during total body irradiation for bone marrow transplantation in children transplanted for a hematological disorder: risks and benefits. Bone Marrow Transplant. (2003) 31:1151–6. doi: 10.1038/sj.bmt.1704076

 129. Cumming RG, Mitchell P, Leeder SR. Use of inhaled corticosteroids and the risk of cataracts. N Engl J Med. (1997) 337:8–14. doi: 10.1056/NEJM199707033370102

 130. Serin D, Karsloglu S, Kyan A, Alagoz G. A simple approach to the repeatability of the Schirmer test without anesthesia: eyes open or closed? Cornea. (2007) 26:903–6. doi: 10.1097/ICO.0b013e3180950083

 131. Jagasia MH, Greinix HT, Arora M, Williams KM, Wolff D, Cowen EW, et al. National Institutes of Health Consensus Development Project on Criteria for Clinical Trials in Chronic Graft-versus-Host Disease: I. The 2014 Diagnosis and Staging Working Group report. Biol Blood Marrow Transplant. (2015) 21:389–401 e381. doi: 10.1016/j.bbmt.2014.12.001

 132. Giannaccare G, Bonifazi F, Sessa M, Dan E, Arpinati M, Fresina M, et al. Ocular surface analysis in hematological patients before and after allogeneic hematopoietic stem cell transplantation: implication for daily clinical practice. Eye. (2017) 31:1417–26. doi: 10.1038/eye.2017.78

 133. Kinori M, Bielorai B, Souroujon D, Hutt D, Ben-Bassat Mizrachi I, Huna-Baron R. Ocular complications in children after hematopoietic stem cell transplantation without total body irradiation. Graefes Arch Clin Exp Ophthalmol. (2015) 253:1397–402. doi: 10.1007/s00417-015-2964-8

 134. Pathak M, Diep PP, Lai X, Brinch L, Ruud E, Drolsum L. Ocular findings and ocular graft-versus-host disease after allogeneic stem cell transplantation without total body irradiation. Bone Marrow Transplant. (2018) 53:863–72. doi: 10.1038/s41409-018-0090-z

 135. Shikari H, Amparo F, Saboo U, Dana R. Onset of ocular graft-versus-host disease symptoms after allogeneic hematopoietic stem cell transplantation. Cornea. (2015) 34:243–7. doi: 10.1097/ICO.0000000000000340

 136. Jacobs R, Tran U, Chen H, Kassim A, Engelhardt BG, Greer JP, et al. Prevalence and risk factors associated with development of ocular GVHD defined by NIH consensus criteria. Bone Marrow Transplant. (2012) 47:1470–3. doi: 10.1038/bmt.2012.56

 137. Socie G, Ritz J. Current issues in chronic graft-versus-host disease. Blood. (2014) 124:374–84. doi: 10.1182/blood-2014-01-514752

 138. Tichelli A, Duell T, Weiss M, Socie G, Ljungman P, Cohen A, et al. Late-onset keratoconjunctivitis sicca syndrome after bone marrow transplantation: incidence and risk factors. European Group or Blood and Marrow Transplantation (EBMT) Working Party on Late Effects. Bone Marrow Transplant. (1996) 17:1105–11.

 139. Zhang Y, Guo C, Sun C, Chen Y, Zhu H, Xi J, et al. High proportions of CD3(+) T cells in grafts delayed lymphocyte recovery and reduced overall survival in haploidentical peripheral blood stem cell transplantation. Mol Clin Oncol. (2020) 12:574–80. doi: 10.3892/mco.2020.2027

 140. Gratwohl A, Gloor B, Hahn H, Speck B. Retinal cotton-wool patches in bone-marrow-transplant recipients. N Engl J Med. (1983) 308:1101. doi: 10.1056/NEJM198305053081817

 141. Tabbara KF, Al-Ghamdi A, Al-Mohareb F, Ayas M, Chaudhri N, Al-Sharif F, et al. Ocular findings after allogeneic hematopoietic stem cell transplantation. Ophthalmology. (2009) 116:1624–9. doi: 10.1016/j.ophtha.2009.04.054

 142. Bernauer W, Gratwohl A, Keller A, Daicker B. Microvasculopathy in the ocular fundus after bone marrow transplantation. Ann Intern Med. (1991) 115:925–30. doi: 10.7326/0003-4819-115-12-925

 143. Bylsma GW, Hall AJ, Szer J, West R. Atypical retinal microvasculopathy after bone marrow transplantation. Clin Exp Ophthalmol. (2001) 29:225–9. doi: 10.1046/j.1442-9071.2001.00423.x

 144. Avery R, Jabs DA, Wingard JR, Vogelsang G, Saral R, Santos G. Optic disc edema after bone marrow transplantation. Possible role of cyclosporine toxicity. Ophthalmology. (1991) 98:1294–301. doi: 10.1016/S0161-6420(91)32140-7

 145. Cooper AE, Cho JH, Menges S, Masood S, Xie J, Yang J, et al. Immunosuppressive treatment can alter visual performance in the royal college of surgeons rat. J Ocul Pharmacol Ther. (2016) 32:296–303. doi: 10.1089/jop.2015.0134

 146. Lopez PF, Sternberg P Jr, Dabbs CK, Vogler WR, Crocker I, Kalin NS. Bone marrow transplant retinopathy. Am J Ophthalmol. (1991) 112:635–46. doi: 10.1016/S0002-9394(14)77269-1

 147. Hiwarkar P, Gajdosova E, Qasim W, Worth A, Breuer J, Chiesa R, et al. Frequent occurrence of cytomegalovirus retinitis during immune reconstitution warrants regular ophthalmic screening in high-risk pediatric allogeneic hematopoietic stem cell transplant recipients. Clin Infect Dis. (2014) 58:1700–6. doi: 10.1093/cid/ciu201

 148. Crippa F, Corey L, Chuang EL, Sale G, Boeckh M. Virological, clinical, and ophthalmologic features of cytomegalovirus retinitis after hematopoietic stem cell transplantation. Clin Infect Dis. (2001) 32:214–9. doi: 10.1086/318447

 149. Mahindra A, Bolwell B, Sobecks R, Rybicki L, Pohlman B, Dean R, et al. Elevated ferritin is associated with relapse after autologous hematopoietic stem cell transplantation for lymphoma. Biol Blood Marrow Transplant. (2008) 14:1239–44. doi: 10.1016/j.bbmt.2008.08.009

 150. Majhail NS, DeFor T, Lazarus HM, Burns LJ. High prevalence of iron overload in adult allogeneic hematopoietic cell transplant survivors. Biol Blood Marrow Transplant. (2008) 14:790–4. doi: 10.1016/j.bbmt.2008.04.009

 151. Majhail NS, Lazarus HM, Burns LJ. Iron overload in hematopoietic cell transplantation. Bone Marrow Transplant. (2008) 41:997–1003. doi: 10.1038/bmt.2008.99

 152. Sucak GT, Yegin ZA, Ozkurt ZN, Aki SZ, Karakan T, Akyol G. The role of liver biopsy in the workup of liver dysfunction late after SCT: is the role of iron overload underestimated? Bone Marrow Transplant. (2008) 42:461–7. doi: 10.1038/bmt.2008.193

 153. Leitch HA. Defining clinically relevant measures of iron overload around haemopoietic stem cell transplantation. Lancet Haematol. (2018) 5:e184–5. doi: 10.1016/S2352-3026(18)30033-4

 154. Durken M, Nielsen P, Knobel S, Finckh B, Herrnring C, Dresow B, et al. Nontransferrin-bound iron in serum of patients receiving bone marrow transplants. Free Radic Biol Med. (1997) 22:1159–63. doi: 10.1016/S0891-5849(96)00497-2

 155. Platzbecker U, Bornhauser M, Germing U, Stumpf J, Scott BL, Kroger N, et al. Red blood cell transfusion dependence and outcome after allogeneic peripheral blood stem cell transplantation in patients with de novo myelodysplastic syndrome (MDS). Biol Blood Marrow Transplant. (2008) 14:1217–25. doi: 10.1016/j.bbmt.2008.08.006

 156. Tunccan OG, Yegin ZA, Ozkurt ZN, Erbas G, Aki SZ, Senol E, et al. High ferritin levels are associated with hepatosplenic candidiasis in hematopoietic stem cell transplant candidates. Int J Infect Dis. (2010) 14(Suppl.3):e104–107. doi: 10.1016/j.ijid.2009.11.028

 157. Maradei SC, Maiolino A, de Azevedo AM, Colares M, Bouzas LF, Nucci M. Serum ferritin as risk factor for sinusoidal obstruction syndrome of the liver in patients undergoing hematopoietic stem cell transplantation. Blood. (2009) 114:1270–5. doi: 10.1182/blood-2009-03-212282

 158. Cattoni A, Rovelli A, Prunotto G, Bonanomi S, Invernizzi P, Perego R, et al. Hepatic focal nodular hyperplasia after pediatric hematopoietic stem cell transplantation: The impact of hormonal replacement therapy and iron overload. Pediatr Blood Cancer. (2020) 67:e28137. doi: 10.1002/pbc.28137

 159. Yegin AY, Sucak GT, Demirer D. Iron overload and hematopoetic stem cell transplantation. In: Demirer T, editor, Innovations in Stem Cell Transplantation. London: InTechOpen. (2013). 305–329. 

 160. Porter JB. Monitoring and treatment of iron overload: state of the art and new approaches. Semin Hematol. (2005) 42(2Suppl.1):S14–18. doi: 10.1053/j.seminhematol.2005.01.004

 161. Gordon LI, Brown SG, Tallman MS, Rademaker AW, Weitzman SA, Lazarus HM, et al. Sequential changes in serum iron and ferritin in patients undergoing high-dose chemotherapy and radiation with autologous bone marrow transplantation: possible implications for treatment related toxicity. Free Radic Biol Med. (1995) 18:383–9. doi: 10.1016/0891-5849(94)E0145-9

 162. Grossekatthofer M, Guclu ED, Lawitschka A, Matthes-Martin S, Mann G, Minkov M, et al. Ferritin concentrations correlate to outcome of hematopoietic stem cell transplantation but do not serve as biomarker of graft-versus-host disease. Ann Hematol. (2013) 92:1121–8. doi: 10.1007/s00277-013-1737-x

 163. Tanno T, Porayette P, Sripichai O, Noh SJ, Byrnes C, Bhupatiraju A, et al. Identification of TWSG1 as a second novel erythroid regulator of hepcidin expression in murine and human cells. Blood. (2009) 114:181–6. doi: 10.1182/blood-2008-12-195503

 164. Brittenham GM, Cohen AR, McLaren CE, Martin MB, Griffith PM, Nienhuis AW, et al. Hepatic iron stores and plasma ferritin concentration in patients with sickle cell anemia and thalassemia major. Am J Hematol. (1993) 42:81–5. doi: 10.1002/ajh.2830420116

 165. Busca A, Falda M, Manzini P, D'Antico S, Valfre A, Locatelli F, et al. Iron overload in patients receiving allogeneic hematopoietic stem cell transplantation: quantification of iron burden by a superconducting quantum interference device (SQUID) and therapeutic effectiveness of phlebotomy. Biol Blood Marrow Transplant. (2010) 16:115–22. doi: 10.1016/j.bbmt.2009.09.011

 166. Sharma SD, Fischer R, Schoennagel BP, Nielsen P, Kooijman H, Yamamura J, et al. MRI-based quantitative susceptibility mapping (QSM) and R2* mapping of liver iron overload: Comparison with SQUID-based biomagnetic liver susceptometry. Magn Reson Med. (2017) 78:264–70. doi: 10.1002/mrm.26358

 167. Angelucci E, Muretto P, Lucarelli G, Ripalti M, Baronciani D, Erer B, et al. Phlebotomy to reduce iron overload in patients cured of thalassemia by bone marrow transplantation. Italian Cooperative Group for Phlebotomy Treatment of Transplanted Thalassemia Patients. Blood. (1997) 90:994–8. doi: 10.1182/blood.V90.3.994

 168. Kamble RT, Selby GB, Mims M, Kharfan-Dabaja MA, Ozer H, George JN. Iron overload manifesting as apparent exacerbation of hepatic graft-versus-host disease after allogeneic hematopoietic stem cell transplantation. Biol Blood Marrow Transplant. (2006) 12:506–10. doi: 10.1016/j.bbmt.2006.01.004

 169. McKay PJ, Murphy JA, Cameron S, Burnett AK, Campbell M, Tansey P, et al. Iron overload and liver dysfunction after allogeneic or autologous bone marrow transplantation. Bone Marrow Transplant. (1996) 17:63–66.

 170. Gaziev D, Giardini C, Angelucci E, Polchi P, Galimberti M, Baronciani D, et al. Intravenous chelation therapy during transplantation for thalassemia. Haematologica. (1995) 80:300–4.

 171. Jaekel N, Lieder K, Albrecht S, Leismann O, Hubert K, Bug G, et al. Efficacy and safety of deferasirox in non-thalassemic patients with elevated ferritin levels after allogeneic hematopoietic stem cell transplantation. Bone Marrow Transplant. (2016) 51:89–95. doi: 10.1038/bmt.2015.204

 172. Vallejo C, Batlle M, Vazquez L, Solano C, Sampol A, Duarte R, et al. Phase IV open-label study of the efficacy and safety of deferasirox after allogeneic stem cell transplantation. Haematologica. (2014) 99:1632–7. doi: 10.3324/haematol.2014.105908

 173. Patzer L, Ringelmann F, Kentouche K, Fuchs D, Zintl F, Brandis M, et al. Renal function in long-term survivors of stem cell transplantation in childhood. A prospective trial. Bone Marrow Transplant. (2001) 27:319–27. doi: 10.1038/sj.bmt.1702763

 174. Kal HB, van Kempen-Harteveld ML. Renal dysfunction after total body irradiation: dose-effect relationship. Int J Radiat Oncol Biol Phys. (2006) 65:1228–32. doi: 10.1016/j.ijrobp.2006.02.021

 175. Lawton CA, Cohen EP, Murray KJ, Derus SW, Casper JT, Drobyski WR, et al. Long-term results of selective renal shielding in patients undergoing total body irradiation in preparation for bone marrow transplantation. Bone Marrow Transplant. (1997) 20:1069–74. doi: 10.1038/sj.bmt.1701022

 176. Skinner R, Cotterill SJ, Stevens MC. Risk factors for nephrotoxicity after ifosfamide treatment in children: a UKCCSG Late Effects Group study. United Kingdom Children's Cancer Study Group. Br J Cancer. (2000) 82:1636–45. doi: 10.1054/bjoc.2000.1214

 177. Abboud I, Peraldi MN, Hingorani S. Chronic kidney diseases in long-term survivors after allogeneic hematopoietic stem cell transplantation: monitoring and management guidelines. Semin Hematol. (2012) 49:73–82. doi: 10.1053/j.seminhematol.2011.10.008

 178. National Kidney Foundation. K/DOQI clinical practice guidelines for chronic kidney disease: evaluation, classification, and stratification. Am J Kidney Dis. (2002) 39(2Suppl.1):S1–266. doi: 10.1016/S0272-6386(02)70084-X 

 179. Phipps S, Dunavant M, Garvie PA, Lensing S, Rai SN. Acute health-related quality of life in children undergoing stem cell transplant: I. Descriptive outcomes. Bone Marrow Transplant. (2002) 29:425–34. doi: 10.1038/sj.bmt.1703377

 180. Debiec H, Ronco P. PLA2R autoantibodies and PLA2R glomerular deposits in membranous nephropathy. N Engl J Med. (2011) 364:689–90. doi: 10.1056/NEJMc1011678

 181. Rao PS. Nephrotic syndrome in patients with peripheral blood stem cell transplant. Am J Kidney Dis. (2005) 45:780–5. doi: 10.1053/j.ajkd.2005.01.003

 182. Kist-van Holthe JE, Goedvolk CA, Brand R, van Weel MH, Bredius RG, van Oostayen JA, et al. Prospective study of renal insufficiency after bone marrow transplantation. Pediatr Nephrol. (2002) 17:1032–7. doi: 10.1007/s00467-002-0989-9

 183. Hazar V, Gungor O, Guven AG, Aydin F, Akbas H, Gungor F, et al. Renal function after hematopoietic stem cell transplantation in children. Pediatr Blood Cancer. (2009) 53:197–202. doi: 10.1002/pbc.22030

 184. Cooke KR, Yank GA. Lung injury following hematopoietic cell transplantation. In: FR A, SJ F, RS N, KG B, editors, Thomas' Hematopoietic Cell Transplantation: Stem Cell Transplantation. 4 ed. Hoboken, NJ: John Wiley and Sons (2009). p. 1456–72. doi: 10.1002/9781444303537.ch96

 185. Collaco JM, Gower WA, Mogayzel PJ Jr. Pulmonary dysfunction in pediatric hematopoietic stem cell transplant patients: overview, diagnostic considerations, and infectious complications. Pediatr Blood Cancer. (2007) 49:117–26. doi: 10.1002/pbc.21061

 186. Nieder ML, McDonald GB, Kida A, Hingorani S, Armenian SH, Cooke KR, et al. National Cancer Institute-National Heart, Lung and Blood Institute/pediatric Blood and Marrow Transplant Consortium First International Consensus Conference on late effects after pediatric hematopoietic cell transplantation: long-term organ damage and dysfunction. Biol Blood Marrow Transplant. (2011) 17:1573–84. doi: 10.1016/j.bbmt.2011.09.013

 187. Gower WA, Collaco JM, Mogayzel PJJr. Lung function and late pulmonary complications among survivors of hematopoietic stem cell transplantation during childhood. Paediatr Respir Rev. (2010) 11:115–22. doi: 10.1016/j.prrv.2010.01.006

 188. Kaya Z, Weiner DJ, Yilmaz D, Rowan J, Goyal RK. Lung function, pulmonary complications, and mortality after allogeneic blood and marrow transplantation in children. Biol Blood Marrow Transplant. (2009) 15:817–26. doi: 10.1016/j.bbmt.2009.03.019

 189. Leung W, Ahn H, Rose SR, Phipps S, Smith T, Gan K, et al. A prospective cohort study of late sequelae of pediatric allogeneic hematopoietic stem cell transplantation. Medicine. (2007) 86:215–24. doi: 10.1097/MD.0b013e31812f864d

 190. Williams KM, Chien JW, Gladwin MT, Pavletic SZ. Bronchiolitis obliterans after allogeneic hematopoietic stem cell transplantation. J Am Med Assoc. (2009) 302:306–14. doi: 10.1001/jama.2009.1018

 191. Freudenberger TD, Madtes DK, Curtis JR, Cummings P, Storer BE, Hackman RC. Association between acute and chronic graft-versus-host disease and bronchiolitis obliterans organizing pneumonia in recipients of hematopoietic stem cell transplants. Blood. (2003) 102:3822–8. doi: 10.1182/blood-2002-06-1813

 192. Cupit MC, Duncan C, Savani BN, Hashmi SK. Childhood to adult transition and long-term follow-up after blood and marrow transplantation. Bone Marrow Transplant. (2016) 51:176–81. doi: 10.1038/bmt.2015.228

 193. Sadak KT, Neglia JP, Freyer DR, Harwood E. Identifying metrics of success for transitional care practices in childhood cancer survivorship: a qualitative study of survivorship providers. Pediatr Blood Cancer. (2017) 64:26587. doi: 10.1002/pbc.26587

 194. Sadak KT, Szalda D, Lindgren BR, Kinahan KE, Eshelman-Kent D, Schwartz LA, et al. Transitional care practices, services, and delivery in childhood cancer survivor programs: a survey study of US survivorship providers. Pediatr Blood Cancer. (2019) 66:e27793. doi: 10.1002/pbc.27793

 195. Signorelli C, Wakefield CE, McLoone JK, Fardell JE, Lawrence RA, Osborn M, et al. Models of childhood cancer survivorship care in Australia and New Zealand: strengths and challenges. Asia Pac J Clin Oncol. (2017) 13:407–15. doi: 10.1111/ajco.12700

 196. American Academy of Pediatrics American Academy of Family Physicians American College of Physicians-American Society of Internal Medicine. A consensus statement on health care transitions for young adults with special health care needs. Pediatrics. (2002) 110:1304–6. 

 197. Jaworska N, MacQueen G. Adolescence as a unique developmental period. J Psychiatry Neurosci. (2015) 40:291–3. doi: 10.1503/jpn.150268

 198. Steinberg L. A behavioral scientist looks at the science of adolescent brain development. Brain Cogn. (2010) 72:160–4. doi: 10.1016/j.bandc.2009.11.003

 199. Blum RW. Transition to adult health care: setting the stage. J Adolesc Health. (1995) 17:3–5. doi: 10.1016/1054-139X(95)00073-2

 200. Blum RW, Garell D, Hodgman CH, Jorissen TW, Okinow NA, Orr DP, et al. Transition from child-centered to adult health-care systems for adolescents with chronic conditions. A position paper of the Society for Adolescent Medicine. J Adolesc Health. (1993) 14:570–6. doi: 10.1016/1054-139X(93)90143-D

 201. Garvey KC, Wolpert HA, Rhodes ET, Laffel LM, Kleinman K, Beste MG, et al. Health care transition in patients with type 1 diabetes: young adult experiences and relationship to glycemic control. Diabetes Care. (2012) 35:1716–22. doi: 10.2337/dc11-2434

 202. Gilleland J, Amaral S, Mee L, Blount R. Getting ready to leave: transition readiness in adolescent kidney transplant recipients. J Pediatr Psychol. (2012) 37:85–96. doi: 10.1093/jpepsy/jsr049

 203. McPherson M, Thaniel L, Minniti CP. Transition of patients with sickle cell disease from pediatric to adult care: assessing patient readiness. Pediatr Blood Cancer. (2009) 52:838–41. doi: 10.1002/pbc.21974

 204. Rosen DS, Blum RW, Britto M, Sawyer SM, Siegel DM, Society for Adolescent M. Transition to adult health care for adolescents and young adults with chronic conditions: position paper of the Society for Adolescent Medicine. J Adolesc Health. (2003) 33:309–11. doi: 10.1016/S1054-139X(03)00208-8

 205. Otth M, Denzler S, Koenig C, Koehler H, Scheinemann K. Transition from pediatric to adult follow-up care in childhood cancer survivors-a systematic review. J Cancer Surviv. (2021) 15:151–62. doi: 10.1007/s11764-020-00920-9

 206. Bashore L, Bender J. Evaluation of the utility of a transition workbook in preparing adolescent and young adult cancer survivors for transition to adult services: a pilot study. J Pediatr Oncol Nurs. (2016) 33:111–8. doi: 10.1177/1043454215590102

 207. Klassen AF, Grant C, Barr R, Brill H, Kraus de Camargo O, Ronen GM, et al. Development and validation of a generic scale for use in transition programmes to measure self-management skills in adolescents with chronic health conditions: the TRANSITION-Q. Child Care Health Dev. (2015) 41:547–58. doi: 10.1111/cch.12207

 208. Klassen AF, Rosenberg-Yunger ZR, D'Agostino NM, Cano SJ, Barr R, Syed I, et al. The development of scales to measure childhood cancer survivors' readiness for transition to long-term follow-up care as adults. Health Expect. (2015) 18:1941–55. doi: 10.1111/hex.12241

 209. Schwartz LA, Brumley LD, Tuchman LK, Barakat LP, Hobbie WL, Ginsberg JP, et al. Stakeholder validation of a model of readiness for transition to adult care. J Am Med Assoc Pediatr. (2013) 167:939–46. doi: 10.1001/jamapediatrics.2013.2223

 210. Schwartz LA, Hamilton JL, Brumley LD, Barakat LP, Deatrick JA, Szalda DE, et al. Development and content validation of the transition readiness inventory item pool for adolescent and young adult survivors of childhood cancer. J Pediatr Psychol. (2017) 42:983–94. doi: 10.1093/jpepsy/jsx095

 211. Schwartz LA, Tuchman LK, Hobbie WL, Ginsberg JP. A social-ecological model of readiness for transition to adult-oriented care for adolescents and young adults with chronic health conditions. Child Care Health Dev. (2011) 37:883–95. doi: 10.1111/j.1365-2214.2011.01282.x

 212. Casillas J, Kahn KL, Doose M, Landier W, Bhatia S, Hernandez J, et al. Transitioning childhood cancer survivors to adult-centered healthcare: insights from parents, adolescent, and young adult survivors. Psychooncology. (2010) 19:982–90. doi: 10.1002/pon.1650

 213. DiNofia A, Shafer K, Steacy K, Sadak KT. Parent-perceived facilitators in the transition of care for young adult survivors of childhood cancer. J Pediatr Hematol Oncol. (2017) 39:e377–80. doi: 10.1097/MPH.0000000000000765

 214. Frederick NN, Bober SL, Berwick L, Tower M, Kenney LB. Preparing childhood cancer survivors for transition to adult care: the young adult perspective. Pediatr Blood Cancer. (2017) 64:e26544. doi: 10.1002/pbc.26544

 215. Granek L, Nathan PC, Rosenberg-Yunger ZR, D'Agostino N, Amin L, Barr RD, et al. Psychological factors impacting transition from paediatric to adult care by childhood cancer survivors. J Cancer Surviv. (2012) 6:260–9. doi: 10.1007/s11764-012-0223-0

 216. McCann L, Kearney N, Wengstrom Y. “It's just going to a new hospital . that's it.” Or is it? An experiential perspective on moving from pediatric to adult cancer services. Cancer Nurs. (2014) 37:E23–31. doi: 10.1097/NCC.0b013e3182a40f99

 217. Nandakumar BS, Fardell JE, Wakefield CE, Signorelli C, McLoone JK, Skeen J, et al. Attitudes and experiences of childhood cancer survivors transitioning from pediatric care to adult care. Support Care Cancer. (2018) 26:2743–50. doi: 10.1007/s00520-018-4077-5

 218. Quillen J, Bradley H, Calamaro C. Identifying barriers among childhood cancer survivors transitioning to adult health care. J Pediatr Oncol Nurs. (2017) 34:20–7. doi: 10.1177/1043454216631953

 219. Rosenberg-Yunger ZR, Klassen AF, Amin L, Granek L, D'Agostino NM, Boydell KM, et al. Barriers and facilitators of transition from pediatric to adult long-term follow-up care in childhood cancer survivors. J Adolesc Young Adult Oncol. (2013) 2:104–11. doi: 10.1089/jayao.2013.0003

 220. Szalda D, Piece L, Brumley L, Li Y, Schapira MM, Wasik M, et al. Associates of engagement in adult-oriented follow-up care for childhood cancer survivors. J Adolesc Health. (2017) 60:147–53. doi: 10.1016/j.jadohealth.2016.08.018

 221. van Laar M, Glaser A, Phillips RS, Feltbower RG, Stark DP. The impact of a managed transition of care upon psychosocial characteristics and patient satisfaction in a cohort of adult survivors of childhood cancer. Psychooncology. (2013) 22:2039–45. doi: 10.1002/pon.3248

 222. Kenney LB, Melvin P, Fishman LN, O'Sullivan-Oliveira J, Sawicki GS, Ziniel S, et al. Transition and transfer of childhood cancer survivors to adult care: a national survey of pediatric oncologists. Pediatr Blood Cancer. (2017) 64:346–52. doi: 10.1002/pbc.26156

 223. Mouw MS, Wertman EA, Barrington C, Earp JA. Care transitions in childhood cancer survivorship: providers' perspectives. J Adolesc Young Adult Oncol. (2017) 6:111–9. doi: 10.1089/jayao.2016.0035

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer GL declared a past collaboration with one of the authors TD-F to the handling Editor.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Diesch-Furlanetto, Gabriel, Zajac-Spychala, Cattoni, Hoeben and Balduzzi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 03 December 2021
doi: 10.3389/fped.2021.774348






[image: image2]

Total Body Irradiation in Haematopoietic Stem Cell Transplantation for Paediatric Acute Lymphoblastic Leukaemia: Review of the Literature and Future Directions

Bianca A. W. Hoeben1,2*, Jeffrey Y. C. Wong3, Lotte S. Fog4, Christoph Losert5, Andrea R. Filippi6, Søren M. Bentzen7, Adriana Balduzzi8 and Lena Specht9


1Department of Radiation Oncology, University Medical Center Utrecht, Utrecht, Netherlands

2Princess Máxima Center for Pediatric Oncology, Utrecht, Netherlands

3Department of Radiation Oncology, City of Hope National Medical Center and Beckman Research Institute, Duarte, CA, United States

4Alfred Health Radiation Oncology, The Alfred Hospital, Melbourne, VIC, Australia

5Department of Radiation Oncology, University Hospital, Ludwig Maximilian University of Munich, Munich, Germany

6Department of Radiation Oncology, Fondazione IRCCS Policlinico San Matteo and University of Pavia, Pavia, Italy

7Division of Biostatistics and Bioinformatics, Department of Epidemiology and Public Health, University of Maryland School of Medicine, Baltimore, MD, United States

8Stem Cell Transplantation Unit, Clinica Paediatrica Università degli Studi di Milano Bicocca, Monza, Italy

9Department of Oncology, Rigshospitalet, University of Copenhagen, Copenhagen, Denmark

Edited by:
Daniele Zama, Sant'Orsola-Malpighi Polyclinic, Italy

Reviewed by:
Charalampos Dokos, Aristotle University of Thessaloniki, Greece
 Sajad Khazal, University of Texas MD Anderson Cancer Center, United States
 Alisa B. Lee Sherick, University of Colorado Denver, United States

*Correspondence: Bianca A. W. Hoeben, b.a.w.hoeben@umcutrecht.nl

Specialty section: This article was submitted to Pediatric Hematology and Hematological Malignancies, a section of the journal Frontiers in Pediatrics

Received: 11 September 2021
 Accepted: 03 November 2021
 Published: 03 December 2021

Citation: Hoeben BAW, Wong JYC, Fog LS, Losert C, Filippi AR, Bentzen SM, Balduzzi A and Specht L (2021) Total Body Irradiation in Haematopoietic Stem Cell Transplantation for Paediatric Acute Lymphoblastic Leukaemia: Review of the Literature and Future Directions. Front. Pediatr. 9:774348. doi: 10.3389/fped.2021.774348



Total body irradiation (TBI) has been a pivotal component of the conditioning regimen for allogeneic myeloablative haematopoietic stem cell transplantation (HSCT) in very-high-risk acute lymphoblastic leukaemia (ALL) for decades, especially in children and young adults. The myeloablative conditioning regimen has two aims: (1) to eradicate leukaemic cells, and (2) to prevent rejection of the graft through suppression of the recipient's immune system. Radiotherapy has the advantage of achieving an adequate dose effect in sanctuary sites and in areas with poor blood supply. However, radiotherapy is subject to radiobiological trade-offs between ALL cell destruction, immune and haematopoietic stem cell survival, and various adverse effects in normal tissue. To diminish toxicity, a shift from single-fraction to fractionated TBI has taken place. However, HSCT and TBI are still associated with multiple late sequelae, leaving room for improvement. This review discusses the past developments of TBI and considerations for dose, fractionation and dose-rate, as well as issues regarding TBI setup performance, limitations and possibilities for improvement. TBI is typically delivered using conventional irradiation techniques and centres have locally developed heterogeneous treatment methods and ways to achieve reduced doses in several organs. There are, however, limitations in options to shield organs at risk without compromising the anti-leukaemic and immunosuppressive effects of conventional TBI. Technological improvements in radiotherapy planning and delivery with highly conformal TBI or total marrow irradiation (TMI), and total marrow and lymphoid irradiation (TMLI) have opened the way to investigate the potential reduction of radiotherapy-related toxicities without jeopardising efficacy. The demonstration of the superiority of TBI compared with chemotherapy-only conditioning regimens for event-free and overall survival in the randomised For Omitting Radiation Under Majority age (FORUM) trial in children with high-risk ALL makes exploration of the optimal use of TBI delivery mandatory. Standardisation and comprehensive reporting of conventional TBI techniques as well as cooperation between radiotherapy centres may help to increase the ratio between treatment outcomes and toxicity, and future studies must determine potential added benefit of innovative conformal techniques to ultimately improve quality of life for paediatric ALL patients receiving TBI-conditioned HSCT.
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INTRODUCTION

Since the 1970s total body irradiation (TBI) is considered to be a cornerstone of myeloablative conditioning for haematopoietic stem cell transplantation (HSCT) in children. It has been used in combination with chemotherapy as conditioning regimen both in autologous and allogeneic HSCT for malignant and non-malignant diseases (1). However, it gradually became clear that HSCT survivors suffered from various late adverse effects, many of which related to TBI (2–6). As HSCT strategies improved and evolved over time, and reduction of late sequelae was warranted, chemotherapy-only conditioning schedules (chemoconditioning) became the mainstay for most indications; the use of myeloablative TBI was limited mainly to patients with high-risk haematologic malignancies in the allogeneic setting (7–10). For most paediatric acute myeloblastic leukaemia (AML) HSCT indications, chemoconditioning gained preference over TBI-based conditioning (11–14). In children with very-high-risk acute lymphoblastic leukaemia (ALL), studies consistently showed superior survival outcomes of TBI-based conditioning (15–19).

The aspiration to reduce acute and long-term effects after HSCT—especially in developing children—has motivated radiation oncologists to seek out improvements in TBI performance. For many years, myeloablative TBI was mostly given as a single fraction of up to 10 Gy combined with cyclophosphamide (20, 21). Gradually, studies showed decreased toxicities and equal or improved survival with fractionated TBI (22–24), and this has become the standard. However, institutions have developed site-specific TBI setups and techniques, making practises heterogeneous (25–28). With technological advances, general radiation treatments have evolved into highly conformal intensity-modulated techniques delivering high doses to treatment volumes while increasingly sparing the surrounding tissues. For TBI, however, most centres still use two-dimensional (2D) conventional techniques with opposing beams that capture the entire body while shielding certain organs at risk (OAR) (27, 28) (Figure 1). This technique tends to deliver heterogeneous doses throughout the body while shielding also blocks bone marrow compartments. Several centres have introduced highly conformal techniques that offer better dose homogeneity while allowing more options to spare OAR, albeit with higher dose rates than classical setups (29–31). More targeted radiotherapy strategies such as total marrow irradiation (TMI), total lymphoid irradiation (TLI), and total marrow and lymphoid irradiation (TMLI) allow dose escalation to the bone marrow and/or lymphoid volumes of high-risk ALL patients while reducing doses in the remainder of the body. Clinical studies to establish the role of TMLI in HSCT-conditioning are ongoing (32).


[image: Figure 1]
FIGURE 1. Total body irradiation setup examples. (A,B) A patient in an institution-developed TBI “chair” setup for opposed anterior/posterior (AP-PA) dose delivery with acrylic beam spoilers in front of and behind the patient; the chair is rotated 180° halfway through each fraction; shielding of lungs, kidneys, and lenses is performed with individually moulded cerrobend blocks. (C) A patient in an institution-developed TBI “bed” setup for AP-PA dose delivery in the lateral decubitus position, with beam spoilers; the patient is rotated 180° halfway through each fraction; shielding of lungs, kidneys, and lenses is performed with individually moulded cerrobend blocks. (D) A patient in an institution-developed TBI “bed” setup for lateral dose delivery in the supine position, with beam spoilers; the bed is rotated 180° halfway through each fraction and there is shielding of lungs. (E–G) An institution-developed TBI “bed” setup for AP-PA dose delivery where the linear accelerator gantry is positioned one floor above the patient, and the patient is rotated from the supine to prone position halfway through a fraction. (H,I) A sweeping-beam TBI “bed” setup for AP-PA dose delivery where the linear accelerator gantry is positioned ±2 m above the patient and sweeps stepwise in an arc over the entire body, delivering the dose in multiple static (up to 20) positions, thereby increasing dose homogeneity; the patient is rotated from the supine to prone position halfway through a fraction; beam spoilers cover the patient, with individually moulded lung blocks placed below the spoiler. (J,K) A patient in a highly conformal isocentric technique treatment position (e.g., VMAT TBI, TomoTherapy TBI, TMI, or TMLI) lying supine in a body-length vacuum bag and open head mask for secure positioning during treatment; as the gantry rotates around sequential isocentres in the body and table translations take place. TMI, total marrow irradiation; TMLI, total marrow and lymphoid irradiation; VMAT, volumetric-modulated arc therapy. Images (E–G) courtesy of S. Supiot, Institut de Cancérologie de l'Ouest, Nantes St. Herblain, France. Images (H,I) courtesy of L. Sim, Radiation Oncology Princess Alexandra Raymond Terrace, Brisbane, Queensland, Australia.


Since the superiority of including TBI in conditioning regimens prior to HSCT for very-high-risk ALL paediatric patients has been reinforced by the results of the For Omitting Radiation Under Majority age (FORUM) trial (19), it is timely to review TBI application and rationale for these patients and to gauge future directions.



STUDIES OF TBI-BASED CONDITIONING FOR ALL

TBI has been the most frequently applied myeloablative conditioning for HSCT in patients with ALL. Most centres now avoid TBI in children below the age of 3 years because of increased side effects especially on the young developing brain. Prior to the FORUM trial, there was remaining debate over whether non-inferior conditioning in children, adolescents, or young adults could be achieved without TBI (33).

Davies et al. compared HSCT outcomes in children with ALL transplanted from human leukocyte antigen (HLA)-identical siblings who received cyclophosphamide plus TBI conditioning (n = 451) vs. those who received oral busulfan plus cyclophosphamide conditioning (n = 176) (16). The 3-year probability of overall survival (OS) was 55% [95% confidence interval (CI) 50–60%] with TBI and cyclophosphamide and 40% (95% CI 32–48%) with busulfan and cyclophosphamide (p = 0.003), with a higher risk of treatment failure (relapse or death) in the busulfan group [relative risk (RR) 1.39; p = 0.017].

A retrospective European Society for Blood and Marrow Transplantation (EBMT) study assessed the role of TBI in patients aged 2–18 years who were transplanted for ALL in remission with a bone marrow or peripheral blood graft from a compatible donor, and compared patients who had received TBI-based myeloablative conditioning (n = 1,336) with patients who had been transplanted after chemoconditioning (n = 210) between 2000 and 2012 (18). An inferior outcome was reported after chemoconditioning for patients with ALL in second complete remission (CR2), with a 1.75-fold higher risk of death, 1.86-fold higher risk of any failure and a 1.9-fold higher risk of relapse compared with those receiving TBI-conditioning. Conversely, no difference could be detected for those transplanted in first complete remission (CR1). Nevertheless, as TBI was the standard regimen, a selection bias could have affected regimen allocation, with patients who had experienced severe toxicities and infections prior to HSCT being more likely to being allocated chemoconditioning. Furthermore, logistical issues could have limited timely access to fractionated TBI. Similar results were reported when cord blood units were used as the stem cell source, with TBI being associated with a lower risk of relapse than chemoconditioning (34). Within the Centre for International Blood and Marrow Transplant Research (CIBMTR), attempts to decrease the risk of relapse by intensifying the conditioning of 12 Gy TBI and cyclophosphamide—which included increasing the TBI dose to 13.2–14 Gy and/or adding a second chemotherapeutic agent—were not effective (35).

In the recent international, multicentre, randomised FORUM trial in high-risk ALL patients aged 4–21 years at HSCT, 2-year OS was 91% following conditioning with fractionated 12 Gy TBI and etoposide (n = 212) compared with 75% following chemoconditioning (a combination of fludarabine, thiotepa, and either treosulfan of busulfan; n = 201; p < 0.0001); the 2-year cumulative incidence of relapse and treatment-related mortality were 33 vs. 12% (p < 0.0001) and 9 vs. 2% (p = 0.0269), respectively (19). The median follow-up at interim analysis was relatively short (2.1 years), but the advantage of TBI was striking throughout all subgroups and randomisation was discontinued, as the stopping rule was reached. Whether longer follow-up and associated insights regarding late sequelae will lead to reassessment of the benefit of TBI remains a question.

Efforts to provide equal outcomes with reduced TBI doses, adapted radiotherapy target volumes or the exclusion of TBI are ongoing. For now, however, based on the results of the FORUM study, TBI (12 Gy in six fractions, given twice per day) is the standard of care for ALL patients ≥4 years old who are eligible for HSCT and have no absolute contraindication to radiotherapy.



THE IMPORTANCE OF MINIMAL RESIDUAL DISEASE

Minimal residual disease (MRD) consists of a small number of leukaemia cells in the bone marrow detectable by flow cytometry, real-time quantitative polymerase chain reaction (RT-qPCR) or next-generation sequencing (NGS) below a level that can be detected morphologically. MRD is recognised as the strongest independent prognostic factor for disease relapse and survival in frontline and relapse ALL treatment, as well as in the transplant setting (36, 37). Most current protocols stratify patients according to response to treatment, including MRD, which, besides guiding treatment decisions, maintains its predictive value (37–39).

The predictive role of pre- and post-HSCT MRD invariably stands throughout ALL patient groups (38), despite the fact that MRD data are mainly used in real time to modulate immunosuppression tapering and/or discontinuation, possibly associated with the use of cell therapy (donor lymphocyte infusion, cytokine-induced killer cells) (40), or targeted therapy (blinatumomab, chimeric antigen receptor T cells) in the attempt to reduce the relapse risk (41–44). The effectiveness of such immunomodulation cannot be assessed.

It has been suggested that the decision regarding the conditioning regimen could be based on MRD, as defined by means of next generation sequencing (NGS) (45). Such an approach is evaluated in the ongoing prospective study which performs a non-TBI based conditioning regimen in patients ≤25 years old diagnosed with B-cell acute ALL who are pre-HSCT NGS MRD negative (NCT03509961) (46).

The role of the MRD level prior to and after HSCT in children and adolescents is discussed in depth in the publication by Merli et al. (47) in this supplement of Frontiers in Paediatrics.



IMMUNOSUPPRESSIVE AND ANTI-LEUKAEMIC EFFECTS OF TBI

The rationale for inclusion of TBI in the conditioning regimen before HSCT for ALL is two-fold: 1) to eradicate leukaemic cells, and 2) to prevent rejection of allogeneic engraftment through ablation of the recipient's immune system. Radiotherapy targets leukaemic cells in the entire body, including in sanctuary sites where chemotherapy delivery is hampered by perfusion, diffusion and blood-barrier effects. Optimising the immunosuppressive effect of fractionated TBI schedules while sparing normal tissue from injury where possible requires consideration of the combination of total dose, dose rate, fraction size, and overall treatment time. Advances in the clinical radiobiology of TBI inferred from data originating from trials or retrospective data sets have been limited, in contrast to what is the case for many solid malignancies and the associated OAR. This is, in part, explained by the large variability in patient and treatment characteristics within and between studies, as well as by the difficulties in obtaining reliable patient-level dosimetry for tissues and OAR from TBI. All of these difficulties are compounded by the fact that many institutional TBI protocols included numerous temporal adjustments to planning and delivery as well as to the dose-time-fractionation regimens used, which further hamper direct comparisons of disease control and toxicity between series. The lack of consistency in practise patterns, dosimetry and reporting of TBI doses among institutions is documented in the recent surveys of practise patterns of paediatric TBI from the European Society for Paediatric Oncology (SIOPE) and Children's Oncology Group (COG) (27, 28). As a result of these obstacles, much of the radiobiological rationale for current TBI regimens is derived from in vitro or experimental animal studies, many dating back to the 1970s and 1980s, and only supported qualitatively by clinical data.


Dose-Fractionation Biology of Leukaemic and Haematopoietic Cells

In vitro radiosensitivity estimates have historically been quantified using the D0 value: the dose required to reduce the surviving cell fraction to 37% on the log-linear part of the dose vs. cell-survival curve. Normal haematopoietic cells (mainly lymphocytes in most studies) have D0 values between 0.5 and 1.4 Gy, indicating overall high radiosensitivity (48–50). D0 values for peripheral blood cells in vivo tend to be somewhat higher than in vitro values. Studies in animals suggest that there is a small subpopulation of haematopoietic stem cells with higher radioresistance than the overall population (51). In a clinical study, Shank et al. studied peripheral blood cell survival kinetics during hyperfractionated TBI (13.2 Gy in 11 fractions of 1.2 Gy, given three times a day) given before cyclophosphamide as HSCT conditioning in 14 children in remission for ALL and found a D0 range of 3.7–5.4 Gy for peripheral blood lymphocytes, without a shoulder in the survival curve (see below), and a D0 of 10 Gy for granulocytes (52). Absolute nucleated cell concentration in the bone marrow had dropped to 7–44% of base levels only on the last TBI-day, while marrow myeloid elements decreased continuously. Myeloablative TBI has a prolonged effect on bone marrow recovery, with a 30% decreased marrow cellularity even at 1 year post-HSCT (53).

Leukaemic cell populations have an overall high radiosensitivity with median D0 values of 0.74 Gy, usually with a minimal or absent shoulder in the survival curve (54). Specific leukaemic cell types, however, show a wide range of in vitro radiosensitivities: wider than that of normal haematopoietic cells (55–59). In a study of 74 children with ALL, B-lineage ALL types proved to be more radioresistant than T-lineage ALL types (60). Monzen et al. performed mRNA expression analysis on a model of radioresistant acute promyelocytic leukaemia cells and found that specific changes in intracellular genetic network profiles were associated with radioresistance in their AML cell line (61).

Fractionation sensitivity, i.e., the total dose adjustment required to maintain a given level of biological effect after changing the dose per fraction or the dose rate, is generally quantified using the α/β value of the linear quadratic (LQ) model (62). Higher values of α/β indicate less sensitivity to dose per fraction/dose rate. Historically, this was quantified by the “shoulder” of the in vitro dose–survival curve: a large shoulder indicates large fractionation sensitivity, corresponding to a low α/β value in the LQ model.

Early studies of haematopoietic cells generally showed small shoulders of in vitro dose–survival curves, suggesting a limited effect of dose-fractionation (63). In vitro studies on ALL cells retrieved from 74 children found that, contrary to previous notions, about a third of B- and T-lineage ALL cell clonogens display a shoulder in the survival curve and possess sublethal radiation damage repair capacity, which is most relevant during fractionated radiotherapy (64). Uckun et al. (64) estimated α/β values ranging between 0 and 101 Gy, and two-thirds of progenitor cells from 34 evaluated cases had an α/β value <5 Gy, indicating a substantial effect of dose per fraction.

A large dose per fraction and/or increased dose rate of TBI will counter the recovery of leukaemic cells between fractions (65, 66) but, obviously, this should be balanced against the potential sparing of normal tissue effects from low fraction sizes/low dose rate. Wheldon and Barrett devised a mathematical model for leukaemic cell kill based on 27 fractionated TBI schedules that are iso-effective for interstitial pneumonitis (IP) risk and applied this to a hypothetical patient population with diverse leukaemic intrinsic radiosensitivities (67). They surmised that many of the current TBI schedules have a similar propensity for leukaemia cure in unselected patient populations. Ideally, a patient's individual leukaemic cell radiosensitivity should be known to select their optimal TBI schedule. However, this would only generate a modest improvement in general cure probability and would benefit mainly outliers with relatively low leukaemic radiosensitivity (67). As research into cellular radiobiology predictive assays generally has failed to impact clinical radiotherapy in other indications, it seems unlikely that in vitro cellular assays of the individual radiosensitivity of haematopoietic volumes and leukaemic cell types in a patient before beginning TBI-based conditioning prior to HSCT would be a valuable translational addition to future studies regarding ALL HSCT.

As genotyping increasingly becomes a part of the routine clinical work-up of patients with leukaemia, it is conceivable that putative links between genotypes and the effect of TBI will be discovered in the coming years. Genomics, in particular germ-line single nucleotide polymorphisms, have been studied in 10,000s of radiotherapy patients as a potential cause of inter-individual variability in early and late toxicity after radiotherapy (68). Initial reports were encouraging. However, a large UK validation study in patients with prostate or breast cancer with 2-year clinical assessment of late radiation adverse effects showed that the early literature was dominated by false-positive findings (69). More recently, there is emerging evidence from large studies that sequence alterations may affect adverse events after radiotherapy. Somatic sequence alterations in leukaemic cells could also, in theory, affect the therapeutic effect of TBI. So far, except for a few rare genetic disorders, there are currently no generally accepted and validated genotypes that affect radiotherapy prescriptions in other radiotherapy indications (70).




CLINICAL DATA ON TBI DOSE-FRACTIONATION RESPONSE

In the 1950s, the discovery that stem cell transplantation could counteract acute mortality from the depletion of blood-forming tissues after TBI injury triggered many studies into the application of HSCT against haematologic malignancies and immunodeficiency diseases in particular (71–73). Experiments in mice showed that extremely high lethal TBI doses of 20–50 Gy or higher were needed to sterilise advanced leukaemia in the body (74), and that the graft-versus-leukaemia effect of infused stem cells was therefore essential for cure when lower TBI doses were applied. The first clinical allogeneic HSCTs were performed with TBI-only conditioning and were largely a disappointment because of disease recurrence, non-engraftment, graft-versus-host-disease- (GvHD) and treatment-related death (75). When up to 10 Gy single-fraction TBI was combined with cyclophosphamide, and immunosuppressive and peri-transplantation care evolved, more patients with acute leukaemia survived (20, 24, 76).

However, the acute and late effects of single-fraction TBI, especially for developing children, became an issue of worry. Peters et al. argued that the therapeutic ratio of the radiosensitive normal tissues vs. the immunosuppressive and anti-leukaemic effects of TBI could be improved by decreasing the single-fraction dose rate (which meant an irradiation lasting up to >10 h for patients) or by dose fractionation (77). The latter was confirmed in a randomised trial (78).

Many different fractionation schedules began to be used (79) and it was difficult to evaluate differences in efficacy because of the multifactorial influence of treatment effects, GvHD and toxicities in cohorts of patients with various diseases and age groups (67). Fractionated doses <9–10 Gy would result in non-engraftment and disease relapse (80, 81). In many instances, lung toxicity was found to be the dose-limiting factor at 2-Gy fractionated 16 Gy TBI (82); it was also diagnosed more frequently after single-fraction TBI than after fractionated TBI in leukaemia patients (83–86). For children, other significant TBI effects such as growth inhibition or cataract formation were reduced by TBI fractionation (23, 87). One fractionation schedule that was applied early on was 12 Gy in six fractions given over 3 or 6 days. To optimise the therapeutic ratio, twice-daily fractionation of doses between 1.5 and 2 Gy to doses ≥12 Gy was estimated to be optimal, while more hyperfractionated schedules with three to four fractions daily seem to have worse anti-leukaemic/immunosuppressive effect as well as being impractical in terms of delivery within working hours while giving healthy tissues the aspired 6-hour recovery period between fractions (54, 88–90). Giving 12 Gy TBI in once-daily fractions of 4 Gy increased acute effects such as mucositis (91, 92). A randomised dose-escalation study comparing 12 Gy TBI over 6 days with 15.75 Gy TBI over 7 days displayed a decreased relapse rate after high-dose TBI but increased rate of non-relapse mortality (NRM), ultimately resulting in equal probabilities of survival (93, 94). In a single-centre ALL HSCT cohort, 12 Gy in six fractions over 3 days was deemed the optimal TBI schedule regarding GvHD occurrence and overall prognosis after variations in TBI dose, dose rate and technical setting had been applied during a span of 12 years (95). Another centre—comparing 10 Gy with 12 and 13.2 Gy TBI given over 3 days—concluded that 10 Gy gave the highest 5-year OS benefit (96). One publication compared 16 TBI studies regarding fractionation and dose rate, the combination of which was recalculated into the biologically effective dose (BED) for leukaemic cells and several OAR (e.g., 6 times 2 Gy with a dose rate 0.16 Gy/min gives a BEDleukaemia of 14.2 Gy and BEDlens of 42.8 Gy) (97). A high BEDleukaemia in the fractionated schedules significantly reduced relapse incidence and increased OS. Shielding for lungs, kidneys and lenses was advised to BEDs ≤15, ≤17, and ≤40–45 Gy, respectively.

Hard conclusions regarding TBI fractionation for ALL specifically are difficult to draw from these studies as they cover different patient and disease categories as well as temporal changes in overall and HSCT-specific treatment protocols. The FORUM trial delivered a conditioning of etoposide combined with TBI as a 6 times 2 Gy TBI schedule given over 3 days and lung shielding at 10 Gy (19). For the moment, fractionated TBI schedules giving doses of 12–14 Gy with lung shielding have been adopted as optimal schedules in ALL HSCT by many paediatric radiation oncology centres (27, 28). Nonetheless, continuous reassessment of TBI optimization is needed as pre-HSCT factors improve and new combinations of chemotherapy with lower doses of TBI are researched (98, 99).



TBI DOSE RATE

The biologic radiotherapy effect of TBI on cells and tissues depends on their inherent radiosensitivity, the micro-environment, total dose, fractionation, overall treatment time, dose rate, dose homogeneity, TBI setup, patient and disease characteristics, and other therapies. TBI with an extended source-surface distance (SSD) setup is institution specific, precluding normalisation of TBI dose and dose rate (100). Published works may report dose rate at the prescription point of a patient's midplane, in the lung or in air. Reported values may represent measured or calculated data, and measurement and calculation methods can differ between centres. These differences must be considered when comparing and interpreting published data. In older studies, TBI was often delivered with cobalt teletherapy and source decay exposed the analysed cohorts to varying dose rates through time (81). In modern extended SSD TBI, the dose rate is chiefly determined by the SSD (through the inverse square law) and the linear accelerator dose rate.

In the 1970s, the most commonly used TBI schedule was 8–10 Gy given at a low dose rate over several hours, to balance treatment effect against toxicities (101). Fractionated TBI was recommended to improve the therapeutic ratio. For leukaemic cell kill and allogeneic engraftment success, fractionated TBI with a higher dose rate is preferable to a lower dose rate (77, 89). In preclinical studies, increased dose rates during TBI improved allogeneic engraftment (102–104). In clinical studies, dose rates of ≤0.04 Gy/min showed increased leukaemia relapses in patients given TBI doses of 8.4–12.5 Gy in 3 days (81). Bone marrow displays a marginally increased sensitivity for fractionation with 1.2- and 2-Gy fractions, and little effect of higher dose rates of 0.8 Gy/min when compared with 0.05 Gy/min in single-fraction TBI (105). At dose rates >0.3 Gy/min, no extra effect for haematopoietic cell damage is expected (106).

Multiple studies have explored the effect of TBI dose rate on toxicity. In preclinical studies exploring single-fraction TBI, dose rate changes in a lower dose rate range had a much greater influence on toxicity occurrence in late responding tissues (especially the lung, kidney and liver), than dose rate changes in the higher dose rate range (101, 106). For late non-hematopoietic tissue effects, this resulted in e.g., an iso-effective dose factor of ±2.4 for a dose rate of 0.02 Gy/min, ±1.5 for a dose rate of 0.1 Gy/min, and ±1.0 for a dose rate range of 1 to >10 Gy/min. Experiments in mice indicate that average dose rate may be more relevant for lung tissue toxicity than instantaneous dose rate (107). At midplane dose rates ≤0.15 Gy/min, fractionation of total dose had a greater sparing effect on late-responding tissues than reduction of dose rate (23, 106). High dose rates of 0.75 Gy/min induced more gastrointestinal damage in dogs after TBI than dose rates down to 0.021 Gy/min, but this effect could be compensated for by fractionation (108). In dogs given autologous HSCT, acute TBI tolerance doses measured as 50% mortality at 7 days were comparable between single-fraction and fractionated TBI (2 Gy three times daily) at exposure rates of 0.02–0.1 Gy/min, but fractionation benefit occurred at a dose rate of 0.2 Gy/min, with tolerance doses of 10.56 Gy (95% CI 9.39–11.74) vs. 13.2 Gy (95% CI 11.36–15.05), respectively (109). In mice, low dose rates of 0.05 Gy/min as compared with 0.8 Gy/min, had a highly protective effect on late lethality in single dose TBI, but this effect diminished or disappeared when TBI was given in 1.2- or 2-Gy fractions (105). These studies exemplify that influence of dose rate on toxicity induction diminishes through fractionation, that fractionation increases tolerance of normal tissues, that dose rate changes in the lower dose rate range (e.g., <0.15 Gy/min) influence late toxicity effects more than dose rate changes in the higher dose rate range (e.g., >0.3 Gy/min), and that average dose rate may be more relevant for biological effect correlation than instantaneous dose rate.

In a BED calculation of 16 clinical studies, it was demonstrated that different dose rates at ≤0.15 Gy/min for fractionated schedules do not induce large BED differences for leukaemic cells and OAR, in contrast to single-fraction schedules (97). Most clinical research into dose rate effects has focused on lung toxicity. In 202 acute leukaemia patients, 8 times 1.65 Gy fractionated TBI given at dose rates of >0.15 Gy/min induced significantly more IP and worse OS than dose rates of ≤0.15 Gy/min when lungs were only shielded by the arms in a bilateral beam setup (IP incidence: 29 vs. 10%, respectively, p < 0.01; 1-year OS: 60 vs. 76%, respectively, p = 0.01) (110). In studies using fractionated conventional TBI, the impact of dose rates up to 0.15 Gy/min becomes negligible for IP development, as long as the registered lung dose does not exceed 8–9 Gy (111–114). At dose rates of 0.15–0.21 Gy/min, IP risk increased with increasing dose rates in studies with lung shielding of 10–12 Gy for TBI schedules of 12 Gy in 6–8 fractions (115, 116). In a meta-analysis including TBI lung dose rates of 0.03–0.41 Gy/min, dose rate was not significantly associated with IP (117). A high dose rate affects late renal damage inasmuch as it can increase BED to levels above tolerance doses, generating the need for kidney shielding (118–120). Cataract development is related to dose rate, with increasing cataract risk at increasing dose rates between 0.02 and 0.56 Gy/min (121, 122). Although not repeated in all publications, clinical studies show that for dose rate ranges of e.g., 0.04–0.4 Gy/min in a conventional SSD TBI setup, increasing the dose rate increases risk of late toxicities in lungs, kidneys and lenses even for fractionated schedules, generating a need for adequate organ shielding.

Momentarily disregarding the numerous influential variables and inconsistent reports regarding the issue of dose rate, dose rates between 0.04 and 0.15 Gy/min seem to be the most frequently reported option for extended-SSD, fractionated conventional TBI schedules in paediatric ALL patients, albeit with appropriate OAR shielding. Regarding immunosuppressive and anti-leukaemic cell effect, the higher end of this spectrum may be preferable. For more staunch multicentre conclusions, we need comparable schedules, uniform specifications, and complete reporting of all relevant parameters including applied dose rates.

Patient comfort is a factor as well. Delivery of 2-Gy fractions at 0.04 Gy/min requires 50 min beam-on time and motionless patient positioning, which would mean more indications for multiple sedations of >1 h in children.

Improved dose homogeneity and specific OAR dose reduction can be achieved with highly conformal TBI techniques. This, along with fractionation, may allow for more favourable toxicity profiles even with a high instantaneous dose rate. Low dose rates are preserved with an image-guided intensity-modulated radiotherapy (IMRT) technique at extended SSD, deriving midplane dose rates of 0.14–0.19 Gy/min (123). First experiences with this technique show encouraging results for outcome and lung/kidney toxicity, with a 15% dose reduction at these organs (124). With highly conformal source-to-axis distance techniques such as TomoTherapy (a device combining a helical computed tomography (CT) scanner and a linear accelerator) and volumetric-modulated arc therapy (VMAT—rotational IMRT delivered on a standard linear accelerator), instantaneous dose rates are inherently higher (e.g., 0.2 to >10 Gy/min) and are variable during treatment (125–127). The first experiences with TomoTherapy and VMAT TBI (with overall instantaneous dose rates of ±13 Gy/min and ±0.31 Gy/min and instantaneous dose rates around the lung of ±8.4 and ±0.11 Gy/min, respectively), showed promising results in 197 children with regard to outcome and toxicity profiles (128). Centres can opt for a decrease of monitor unit output at the level of e.g., the lungs or pelvis to achieve average dose rates of even <0.06 Gy/min if desired (125, 126). Fractionated TMLI, with greater sparing of dose-limiting OAR, may provide a means to preserve immunogenic and anti-leukaemic effects while conveying highly acceptable toxicity profiles with high instantaneous dose rate (32, 129).



TBI AND HYPOXIA

Hypoxia as a cause of radioresistance is a well-known problem in rapidly proliferating solid tumours which outgrow their blood supply. It has not gained much attention in leukaemia research. However, it turns out that the microenvironment in the deeper peri-sinusoidal bone marrow regions (where most of the long-term haematopoietic stem cells reside) is hypoxic, with O2 levels <10 mmHg (130–132). Moreover, leukaemic cells have been shown to be markedly hypoxic; hypoxia inducible factor-1α (HIF-1α), a molecular marker of hypoxia, was shown to be overexpressed in leukaemic cells in the bone marrow in paediatric patients with ALL (132, 133). Hypoxia induces chemoresistance and may play a role in the maintenance of MRD (134). The level of hypoxia in some leukaemic cells in the bone marrow is sufficient to cause hypoxic radioresistance. However, there are no data to support that this is a significant clinical problem, and, so far, no interventions directed at modifying the hypoxia of leukaemic cells have been proposed.



TBI AND RADIOTHERAPY BOOST OF SANCTUARY SITES

The central nervous system (CNS) and the testes are protected by barriers that are difficult to penetrate by systemic treatment and have been shown to act as sanctuaries for leukaemic cells with a high risk of local recurrence. Including TBI in the conditioning regimen has the distinct advantage of reaching these sites with the planned treatment.

Radiotherapy can also deliver a higher dose to precisely defined volumes: a so-called boost. Adding a radiation boost to the sanctuary sites in order to reduce the recurrence risk was performed often in the past. However, the effectiveness of the systemic regimens has improved very significantly, making radiation boosts unnecessary in most cases (135–141).

The risk of CNS relapse after HSCT is very high in patients with residual CNS leukaemia after chemotherapy or in patients who develop a relapse involving the CNS. For these patients, additional CNS-directed radiotherapy is often considered (140, 142). Most often, whole brain radiotherapy has been applied to a cumulative cranial dose of 18–24 Gy (140). However, data indicate that craniospinal irradiation (CSI) may be more effective, which seems logical with leukaemic cells circulating in the cerebrospinal fluid. CSI is given to a cumulative dose of 18 in 2 Gy fractions (143). CNS-directed radiotherapy is given in the days immediately prior to TBI.

With modern systemic therapy for ALL, testicular relapses are rare. A boost is only considered for patients with a very high risk of testicular relapse, typically patients with residual disease after chemotherapy or who develop testicular recurrence. The scrotal content including both testes (or the contralateral testis after orchiectomy) is irradiated. If only the contralateral testicle with no evidence of disease is present, a single dose of 4 Gy is often given; however, if one or both testes are clinically involved, the cumulative dose (together with TBI) is 18–24 Gy given in 2 Gy fractions in the days immediately prior to TBI.



TBI TOXICITY

Survivors after HSCT can develop morbidities in any organ system and have higher morbidity and mortality rates than those observed in the general population or in non-transplanted childhood cancer survivors (5, 6, 144–146). Very young children (aged below 3–4 years) are more prone to developing serious side effects from HSCT and TBI-based conditioning (4, 147, 148). Concerns are i.e., more negative effects on neurocognition, growth, endocrine and metabolic functioning and second malignancies, and many centres now avoid TBI in these young patients (27). Radiotherapy can cause toxicities depending on patient-, tissue-, disease-, treatment-, dose-, and location-related factors (149). Although many factors are at play in the establishment of HSCT sequelae, TBI-based conditioning causes more late effects than chemoconditioning (4, 5, 150). Within the French Leucémies de l'Enfant et l'Adolescent (LEA) cohort, at a median follow-up of 10.1 years, the 174 patients who received TBI reported more complications than the 66 patients conditioned with busulfan during the same time period (3.01 vs. 2.35, respectively, p = 0.03) (151).

Since late effects of HSCT will be explored in another review within the current Frontiers in Paediatrics supplement, this chapter will focus on fractionated TBI effects. Table 1 narrates several fractionated TBI-related sequelae. General observations from the literature are given as well as noteworthy specific articles. Consequences/recommendations for TBI, or consequences after TBI are remarked upon.


Table 1. Fractionated TBI related effects after HSCT.
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SETUP AND PLANNING FOR CONVENTIONAL AND HIGHLY CONFORMAL TBI TECHNIQUES

TBI practise worldwide remains varied, with radiotherapy centres typically developing site-specific setups and techniques (25–28, 79, 269, 270). Conventional TBI is mostly delivered using extended SSD techniques (79), where the radiation beam covers a patient's entire body, and delivers a relatively low dose rate in the patient as a consequence of linear accelerator dose rate adjustability and the inverse square dose reduction with distance (Figure 1). Other setups can be multiple parallel or adjacent beams, sweeping beams, a moving couch underneath a static beam, and field-in-field techniques (271–273).

Many large, open-field conventional techniques result in rather heterogeneous dose distributions, delivering between <80% to even >120% of prescribed doses (Figure 2B), although efforts are made to reduce heterogeneity to within 10%, according to guidelines (e.g., the American Association of Physicists in Medicine guidelines, Report No. 17) (274). The last decade has seen nascent implementation of highly conformal isocentric techniques (where the radiation gantry rotates around the patient on the treatment couch), with the intention to improve dose distribution homogeneity and to reduce the dose to OAR.
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FIGURE 2. Conventional vs. SSD IMRT-planned total body irradiation dose distribution. (A) Computed tomography (CT)-planned, image-guided intensity-modulated radiotherapy (IMRT) dose distribution with lateral-beam setup at source-surface distance (SSD) (123); dose reductions were planned over lungs, and kidneys. (B) CT-planned two-dimensional conventional total body irradiation dose distribution with a lateral-beam setup, with lung dose reduction using lung blocks; the isowash-depicted dose range in the images represents 90% (10.8 Gy; blue) to ≥110% (≥13.2 Gy; red) of the prescribed dose.



Extended SSD Treatments


The Use of a Treatment Planning System

Several clinics deliver TBI plans calculated without the use of a treatment planning system (TPS) (25). These non-TPS based techniques may have remained unchanged for decades and do not allow for the determination of dose-volume histograms of the body or the OAR to be evaluated the way they would be in mainstream radiotherapy practise. Only large open-field TBI treatments should be calculated by these manual workflow methods. It is worth noting that dose estimates made without the use of a TPS may be quite inaccurate: this makes interpretation and comparison of older published outcomes such as dose-response relationships, dose rates, and normal tissue tolerances difficult.

If an isocentrically commissioned TPS is used at extended SSDs, the accuracy of the TPS must be verified for that specific geometry because the beam may have a different energy spectrum, resulting in a change in the depth-dose distributions and a larger component of in-room scatter to the patient dose (275). If verified under extended SSD conditions, an isocentric TPS can be used to calculate dose distributions from more complex techniques such as “step and shoot” IMRT (123, 155, 276) (Figure 2A) or extended SSD VMAT (277, 278).



Beam Angles, Spoilers, and Tissue Compensators

In extended SSD TBI, beams are typically delivered using an opposed anterior-posterior (AP-PA) technique, bilateral technique (Figure 2B), or combination of the two (271). Recent data showed that the use of a solely bilateral technique in children is disadvantageous since it results in higher lung doses and decreased survival (111).

Also in extended SSD TBI, a beam spoiler, usually a 1–2 cm thick acrylic screen that is placed in front of the patient, is typically used to counter the skin- and subcutaneous tissue-sparing effect of photon beams (279) (Figure 1). Depending on the protocol, tissue compensators that provide tissue-equivalent dose attenuation may be required to improve dose homogeneity across narrow body sections (155).



Lung Shielding

In TBI delivered with large open fields, the lung dose will be greater than the dose to the rest of the body because of the lower density of lung tissue (280). Shielding can be used to reduce the lung dose to the prescribed dose (280–282) or below the prescribed dose (159, 281, 283, 284) and may be achieved using metallic blocks (159, 284) or multi-leaf collimators with an IMRT setup (123). Unavoidably, lung shielding also reduces the dose to the target tissues surrounding the lungs, such as bone marrow in the ribs or mediastinal lymph nodes. The dose to these tissues may be increased by electron boost fields and mediastinal photon fields, respectively (285, 286).

Another issue when using a TPS is that it may not account for the scattered electrons from the non-shielded areas (287), which may increase the actual lung dose considerably. However, TPS algorithms have evolved. The differences between dose distributions calculated by the pencil beam and anisotropic analytical algorithms can be considerable (288), and thus discrepancies between measured doses and doses calculated with a pencil-beam algorithm may not be relevant to modern practise.



Shielding of Other Organs

While lung shielding for paediatric TBI delivery is common practise for many clinics (Figures 1C,I) (27, 28), shielding of other organs occurs infrequently. However, shielding should be considered for kidneys and lenses in children (Figure 1C). Dose-effect evaluation of 14 published cohorts produced a kidney BED tolerance threshold of 16 Gy (195). This report and others concluded that kidney shielding is required to avoid post-TBI CRD for almost all myeloablative regimens (192). Eye shielding for cataract reduction has been discussed in several papers (121, 122, 151, 160, 193). Eye shielding to BED <40 Gy reduces the risk of severe cataracts and increases latency time of cataract formation (195, 196).

Individual centres have conventional TBI setup protocols for shielding of the heart, liver (170) and even ovaries (289) but these measures are reported incidentally and no clear recommendation can be given. With highly conformal techniques, centres may choose to deliver reduced doses to multiple OAR, while the bone marrow/lymphoid target volume is adequately covered (31, 124).




Isocentric Highly Conformal TBI Techniques

Isocentrically delivered IMRT TBI requires the use of a TPS. It is a fundamentally different approach to extended SSD TBI because it uses a much higher dose rate and requires field junctioning. Examples of isocentric TBI techniques include TomoTherapy (29, 290–293) and VMAT (30, 125, 127, 294) (Figure 3). These isocentric techniques are seeing nascent clinical implementation in centres around the world, although outcome data from long-term follow-up are yet to be published.
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FIGURE 3. CT-planned VMAT total body irradiation technique dose distribution. Computed tomography (CT)-planned volumetric-modulated arc therapy (VMAT) total body irradiation technique dose distribution for a 12 Gy prescription dose in the sagittal (A), coronal (B), and transversal view (C). The isofill-depicted dose levels are 75% (9 Gy; blue), 90% (10.8 Gy; purple), and 110% (13.2 Gy; red) of the prescription dose.


The challenge of field junctioning in these techniques includes the combination of head-first and feet-first treatment, as the couch travel ability of linear accelerators is limited to 120–150 cm (295). Most centres plan five to nine isocentres along the patient's longitudinal axis (30, 125, 126, 294). Aspects that have to be considered include dose homogeneity in the junction areas, junction from head-first to feet-first treatment and robustness of the dose in junction areas.

Modern TPSs allow the combined optimization of multiple isocentres and, thus, homogeneity constraints will automatically include junction areas. This issue has been extensively addressed in the context of CSI, which has even more challenging homogeneity requirements (296–298). Special complexity in TBI results from isocentre extension over two separate datasets with different patient orientations. This is handled either by a mutual “bias dose” addition in each plan orientation (30, 127) or by the use of help contours to create decreasing or increasing doses in the transition areas (294, 295). If inhomogeneities resulting from missing divergence compensation are accepted, legs can also be treated with a simple AP-PA technique (125).

At junction areas, robustness against setup errors is primarily determined by two factors: 1) the length of the field overlap, and 2) the dose profile in the transitional region (299, 300). Whereas the former can be easily addressed by the choice of position and number of isocentres, the latter is largely influenced by the optimization and segmentation algorithm of the TPS and can be supported by techniques such as “gradient optimization” (299). In order to retain the planned inter-isocentre distance, setup corrections must never be made for single isocentres only but always for the entire beam set. This is substantially complicated by the length of the planning target volume (PTV): small rotational errors can produce significant lateral shifts in parts of the body. Thus, planning has to ensure PTV coverage with regard to setup as well as geometric and intrafraction motion uncertainties. Whereas open-field techniques imply an inherent robustness against those errors, robust VMAT planning is more challenging and—once again—is dependent on the TPS. In principle, the complexity of segments should be limited and field borders should be extended from the surface, which can be supported by the use of a virtual bolus (29, 292, 301). The prescription of the skin dose has to be handled carefully as some TPSs tend to compensate dose build-up with small highly weighted tangential fields (302). Usually, the PTV is contracted to 5 mm below the skin (30, 127) but, in practise, the combination of multiple arcs, oblique beam incidence and beam exit from all angles significantly reduces the intrinsic photon beam skin-sparing effect (31).



Other Physics Aspects


Energy

With both isocentric and extended SSD techniques, the choice of energy is pertinent. A beam energy of 6 or 10 MV does not produce an additional neutron dose to the patient or staff. For bilateral TBI setups, photon intensities of at least 10 MV provide more homogeneity than do lower intensities; homogeneity can increase with 18 to 24 MV beams but this is relevant mostly for patients with greater body diameters (162).



Treatment Imaging

If shielding or non-open fields are used for TBI delivery, treatment imaging may be used to monitor the position of the patient relative to the fields or the position of the shielding relative to the patient (123, 275).

The accuracy requirements of image guidance depend on the plan complexity. They are generally higher for highly conformal techniques and precision OAR dose reduction. Isocentric techniques require multiple images to cover at least part of the whole-body PTV but optical surface-guided devices might also be used (127). The beam size poses an additional challenge in extended SSD techniques: positioning the imager in the treatment beam requires considerable shielding to protect the electronics from radiation damage. Image acquisition using the megavoltage beam with a detector positioned downstream from the patient may facilitate online verification of organ shielding but the relatively poorer image resolution has to be taken into account.



In vivo Dosimetry

In vivo dosimetry allows the delivered dose to be monitored to ensure that it is sufficiently close to the prescribed dose, making it possible to adjust the fractional dose if needed. Possible measurement devices include diodes, thermo-luminescent dosimeters, optically stimulated luminescence dosimeters, ionisation chambers, and film (303). These devices have varying sensitivities to temperature, orientation with respect to the direction of the radiation, beam energy, and radiation exposure. Some devices offer instantaneous read-out while some do not. Their readings may differ somewhat (304). Dosimeters may be used to measure dose at the patient surface (at the beam entry and/or exit). The dose at that level within the patient must then be extrapolated from these measurements.

While the uncertainty in the measured dose in TBI may be considerable, in vivo dosimetry facilitates a check on the delivered dose. This is particularly pertinent when introducing a new technique or when not using a TPS.





ORGAN SPARING TOTAL BODY IRRADIATION, TOTAL MARROW IRRADIATION, AND TOTAL LYMPH NODE IRRADIATION

Image guided highly conformal delivery of TBI allows the radiation oncology and the transplant teams to define what critical organs to spare, what anatomic structures to target, and the dose that each organ and target structure should receive. This offers the advantage to reduce acute and long-term toxicities (305), the potential to reduce risk of secondary malignancies (306), and the ability to dose escalate to target structures with acceptable toxicities and improved outcomes (307). This is particularly relevant to the paediatric population where, in patients with ALL receiving fractionated TBI, mean lung dose ≥8 Gy was associated with a statistically significant decrease in overall survival (111).

TMI (Figure 4A) and TMLI (Figure 4B) are defined as highly conformal organ sparing forms of TBI delivered to the bone marrow, lymph nodes, and spleen (308–310), while sparing lungs, kidneys, heart, oral cavity, GI tract, and other critical organs. In some studies the liver, brain and testes are included as target regions (Figure 4C) (311). Today the terms TMI/TMLI can be broadly applied to a spectrum of highly conformal IMRT TBI dose distributions, including TBI with only lung sparing, which has been shown to result superior dose reduction to the lungs compared to conventional TBI delivery using lung blocks (312).
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FIGURE 4. Radiation dose distribution in the coronal plane of TMI and TMLI with different TMI/TMLI approaches. (A) Total marrow irradiation (TMI) of 12 Gy to the bone marrow. (B) Total marrow and lymphoid irradiation (TMLI) of 12 Gy to bone marrow and the lymph nodes. (C) TMLI of 20 Gy to the bone, spleen, and lymph node chains, with a liver and brain prescription dose to 12 Gy. The isofill-depicted dose levels are 10 Gy (blue), 12 Gy (purple), and 20 Gy (red).


The advantages of IMRT based delivery of TBI and TMI/TMLI are clinically important for both adult and paediatric patients, particularly in patients with co-morbidities who cannot tolerate standard myeloablative TBI regimens, in paediatric patients to limit short and long term toxicities, and in patients with relapsed or refractory (R/R) disease who have no standard transplant options. Figure 5 and Table 2 provide an example of a TMLI plan of a 5 year old patient with ALL, with superior organ dose reduction compared to conventional SSD TBI.


[image: Figure 5]
FIGURE 5. Radiation dose distribution of TMLI in a young patient. Isofill-depicted dose levels of a 12 Gy total marrow and lymphoid irradiation (TMLI) plan in a 5 year old patient with ALL. Target structures were bone, lymph nodes, spleen and brain. The isofill-depicted dose levels are 8.4 Gy (dark green), 9.6 Gy (light green), 11.4 Gy (orange), and 12 Gy (red).



Table 2. Median doses (Gy) to organs at risk for conventional TBI with lung blocks vs. TMLI in a 5 year old patient with ALL.
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TMI and TMLI are feasible because of advances in IMRT that have made targeted irradiation of large body regions possible (308, 310, 313–316). The first attempts to cover the whole bone marrow with a very conformal dose distribution were performed with helical TomoTherapy (HT) (308). The first planning studies of HT-based TMI showed that the technique was feasible and that good target coverage could be achieved while reducing doses to key normal tissues by 35–70% compared with conventional TBI (308, 310).

This was followed by the use of a standard linear accelerator to deliver TMI with a number of static (so-called “step and shoot”) IMRT fields (313, 314), with a dose reduction of 29–65% to various OARs in comparison with conventional TBI (314). VMAT-based TMI was shown to obtain comparable target coverage to that obtained with HT and IMRT, with similar dose reduction to normal tissues (314–316).


Clinical Trials in Acute Leukaemia Including TMI and TMLI

The majority of trials have focused on patients with refractory or relapsed (R/R) AML and ALL and are summarised below and in Table 3. Most clinical trials have included adult and adolescent patients, but the strategies being evaluated are applicable to younger paediatric patients (128). A prospective observational study including 37 children and adults treated with myeloablative TMI of 12 Gy in six fractions over 3 days, found favourable outcomes regarding GvHD- and relapse-free survival, as well as toxicity outcomes when compared with retrospective data of 33 patients receiving TBI (326).


Table 3. TMI and TMLI Trials in Patients with Acute Leukaemia.

[image: Table 3]


Dose-Escalated TMI and TMLI

Dose escalation by conventional delivery of TBI has reduced relapse rates but has failed to increase OS because it increases toxicities and non-relapse mortality (NRM) (94, 327, 328), underscoring the need to develop targeted and organ-sparing forms of radiotherapy such as TMI. In a Phase I trial of 51 patients <60 years old with R/R AML and ALL, patients were conditioned with TMLI (12–20 Gy in 10 fractions on days −10 to −6), cyclophosphamide (100 mg/kg on day −3) and etoposide (60 mg/kg on day −5) prior to allogeneic HSCT (Figure 4C) (311). Dose escalation with acceptable toxicity to 20 Gy was achievable (327). NRM rates were 3.9% at day 100 and 8.1% at 1 year. A subsequent Phase II trial in 57 patients reported 1-year estimates of NRM, OS and PFS of 6, 67, and 48%, respectively, which are superior outcomes to those reported for standard-of-care regimens (318).

A Phase I trial of TMI (3–12 Gy delivered as two fractions of 1.5 Gy per day during 1–4 days) with fludarabine (40 mg/m2/day × 4) and busulfan (4,800 μM*min) reported a maximum tolerated dose (MTD) of 9 Gy. NRM was 29%, relapse-free survival (RFS) was 43% and OS was 50% (319). A Phase I trial combining dose-escalated TMI from 12 to 18 Gy (3 Gy/day) with fludarabine (25 mg/m2 on days −9 to −7) and cyclophosphamide (60 mg/m2 on days −8 and −7), established 15 Gy as the MTD (320). Other groups are evaluating larger fraction sizes of up to 5 Gy in ongoing trials (32, 329, 330).



TMI or TMLI Added to Reduced-Intensity Conditioning Regimens

Reduced-intensity conditioning (RIC) regimens were developed for patients who cannot tolerate standard myeloablative regimens (331) and for paediatric patients where there are concerns regarding feasibility of myeloablative conditioning. These regimens are better tolerated and less cytotoxic but can be associated with a significant increase in relapse rates and a decrease in OS (332). Adding TMI/TMLI may achieve myeloablative medullary radiotherapy doses while not increasing risks for OAR. Rosenthal et al. successfully added 12 Gy TMLI (in eight fractions on days −7 to −4) (Figure 4B) to an RIC regimen of fludarabine (25 mg/m2/day on days −7 to −4) and melphalan (140 mg/m2 on day −2) in 61 patients (309, 321). Two-year OS was 54%, EFS was 49% and NRM was 30%. A successor Phase I trial of dose-escalated TMLI is ongoing, with a modified schedule of TMLI 12–20 Gy (days −9 to −5), fludarabine (30 mg/m2/day on days −4 to −2) and melphalan (100 mg/m2 on day −2). Welliver et al. are conducting an ongoing trial evaluating TMI and cyclophosphamide in patients who were unable to undergo myeloablative TBI (322).



TMI or TMLI Combined With GvHD Reduction Strategies

Strategies to reduce GvHD include the use of post-transplant cyclophosphamide (PTCy) (333, 334) and regulatory T cell/conventional T cell (Treg/Tcon) adoptive immunotherapy (325, 335). These regimens can also reduce graft vs. leukaemia effects. TMLI has been added to counterbalance this. In a Phase I trial, 29 patients with high-risk AML, ALL or myelodysplastic syndrome (MDS) received TMLI (12–20 Gy on days −7 to −3) combined with a regimen of fludarabine (25 mg/m2/day on days −7 to −4), cyclophosphamide (14.5 mg/kg/day on days −7 and −6), and PTCy (50 mg/kg on days +3 and +4), and reported a MTD for TMLI of 20 Gy (323). At 1 year, the cumulative incidence rate of relapse/progression was 24% and OS was 83%. Cumulative incidence of chronic GvHD was 25%. Day 100 and 1-year NRM rates were 4 and 9%, respectively (324). A Phase II trial is ongoing.

A recent Phase II trial of 50 patients with high-risk AML used Treg/Tcon adoptive immunotherapy combined with myeloablative TMLI in patients >50 years (13.5 Gy to the bone marrow and 11.7 Gy to the lymph nodes in eight fractions) or TBI in patients ≤50 years (13.5 Gy in nine fractions or an 8 Gy single fraction) plus thiotepa, fludarabine, and cyclophosphamide. Moderate/severe chronic GvHD occurred in only one patient, NRM occurred in 10 patients, and only two patients relapsed. With a median follow-up of 29 months, the probability of moderate-to-severe chronic GvHD-free, relapse-free survival was 75% (325).



TMI or TMLI in Patients in First Remission as a Possible Alternative to TBI

TMI and TMLI are under investigation for patients in remission who normally would be eligible for standard TBI regimens (307). A pilot trial of TMLI of 20 Gy and PTCy reported a 2 year OS 86.7%, RFS of 83.3%, chronic GVHD incidence of 35% (moderate to severe 7%) and NRM of 0%, which compares favourably to the historical TBI experience (307). Other centres are evaluating IMRT-based organ sparing TBI in this population (127, 292, 336, 337).




Long-Term Toxicities With TMI and TMLI

Long-term toxicities were recently reported in 142 patients receiving TMI (129, 305). The median dose was 14 Gy (range 10–19 Gy). One patient developed radiation pneumonitis (0.7%). Mean lung dose ≤8 vs. >8 Gy was predictive of significantly lower rates of both respiratory infection and IP at 2 years (21 vs. 32%, respectively, p = 0.01). The incidence of radiation-induced renal toxicity was 0%, hypothyroidism was 6% and cataract formation was 7%. The low incidence of toxicities compared with conventional TBI and the successful engraftment rates also suggest that higher dose rates with TMI do not significantly contribute to the incidence of marrow or organ toxicities.



Extramedullary Relapses After TMI and TMLI

In a study assessing the incidence of extramedullary recurrences in 101 patients undergoing allogeneic HSCT following conditioning with TMLI, 13 patients developed extramedullary relapses at 19 sites. The site of relapse was not dose dependent, and the risk of extramedullary relapse observed was comparable to that previously reported with standard TBI, suggesting that TMLI did not increase the risk of relapse in non-target regions (338). This possibly indicates that the main added value of radiotherapy to conditioning before HSCT lies in its immunosuppressive ability and the eradication of leukaemic deposits in bone marrow, lymphatic volumes and sanctuary sites, and not so much in depleting extramedullary or circulating leukaemic cell volumes. The lower integral dose given over the entire body during TMI/TMLI may still function in eradicating small numbers of extramedullary or circulating leukaemic cells (339). Therefore, TMI/TMLI delivery techniques should not be withheld based on concerns of dose heterogeneity to extramedullary/extralymphoid sites.




CONCLUSIONS AND FUTURE DIRECTIONS

Myeloablative fractionated TBI delivered together with chemotherapy remains the standard for conditioning prior to HSCT in paediatric patients with high-risk or relapsed/refractory ALL. Since its introduction, TBI has undergone developments to decrease the risks of late sequelae. Still, survivors typically develop serious late effects and efforts to improve the balance between outcomes and toxicity need to continue. While TBI performance between different radiotherapy centres is heterogeneous, with many centres not changing practises for a long time, new techniques may have the potential to mitigate adverse effects while preserving efficacy. To properly evaluate real-world data, we need comparable TBI schedules, uniform specifications, and comprehensive standardised reporting of all relevant parameters. Cooperation between treatment centres and research groups can support new insights, implementation of new techniques and research regarding the potential to reduce the need for TBI, lower TBI doses, or decrease radiotherapy treatment volumes within the body. Future studies must identify whether highly conformal TBI or TMI/TMLI techniques offer equal disease outcomes while reducing toxicity.
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Total-body irradiation (TBI) based conditioning prior to allogeneic hematopoietic stem cell transplantation (HSCT) is generally regarded as the gold-standard for children >4 years of age with acute lymphoblastic leukaemia (ALL). Retrospective studies in the 1990's suggested better survival with irradiation, confirmed in a small randomised, prospective study in the early 2000's. Most recently, this was reconfirmed by the early results of the large, randomised, international, phase III FORUM study published in 2020. But we know survivors will suffer a multitude of long-term sequelae after TBI, including second malignancies, neurocognitive, endocrine and cardiometabolic effects. The drive to avoid TBI directs us to continue optimising irradiation-free, myeloablative conditioning. In chemotherapy-based conditioning, the dominant myeloablative effect is provided by the alkylating agents, most commonly busulfan or treosulfan. Busulfan with cyclophosphamide is a long-established alternative to TBI-based conditioning in ALL patients. Substituting fludarabine for cyclophosphamide reduces toxicity, but may not be as effective, prompting the addition of a third agent, such as thiotepa, melphalan, and now clofarabine. For busulfan, it's wide pharmacokinetic (PK) variability and narrow therapeutic window is well-known, with widespread use of therapeutic drug monitoring (TDM) to individualise dosing and control the cumulative busulfan exposure. The development of first-dose selection algorithms has helped achieve early, accurate busulfan levels within the targeted therapeutic window. In the future, predictive genetic variants, associated with differing busulfan exposures and toxicities, could be employed to further tailor individualised busulfan-based conditioning for ALL patients. Treosulfan-based conditioning leads to comparable outcomes to busulfan-based conditioning in paediatric ALL, without the need for TDM to date. Future PK evaluation and modelling may optimise therapy and improve outcome. More recently, the addition of clofarabine to busulfan/fludarabine has shown encouraging results when compared to TBI-based regimens. The combination shows activity in ALL as well as AML and deserves further evaluation. Like busulfan, optimization of chemotherapy conditioning may be enhanced by understanding not just the PK of clofarabine, fludarabine, treosulfan and other agents, but also the pharmacodynamics and pharmacogenetics, ideally in the context of a single disease such as ALL.
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THE EVOLUTION OF HSCT CONDITIONING FOR PAEDIATRIC ALL

Total body irradiation (TBI)-based conditioning prior to allogeneic haemopoietic stem cell transplantation (HSCT) is generally regarded as the gold standard for children ≥4 years of age with acute lymphoblastic leukaemia (ALL). TBI is a powerful anti-leukaemic modality that eradicates leukaemia in sanctuary sites and reduces the risk of relapse post-transplant (1, 2). Unfortunately, survivors suffer a multitude of long-term sequelae after TBI including second malignancies and neurocognitive, endocrine and cardiometabolic effects (3). TBI also requires access to irradiation facilities and sedation or anaesthetic in young children. The drive to avoid TBI has inspired an international effort to develop irradiation-free myeloablative conditioning regimens that provide equivalent disease-free survival (DFS) to TBI without the associated toxicity for children requiring HSCT for ALL. This review outlines the evolution of TBI-based conditioning for paediatric ALL, the development of chemotherapy-based conditioning (chemo-conditioning) alternatives that culminated in the For Omitting Radiation Under Majority age (FORUM) trial, and the latest published myeloablative chemo-conditioning protocols for ALL.


The Early Days of Chemo-Conditioning to Replace TBI

TBI conditioning prior to HSCT was pioneered by Thomas et al. in Seattle in 1970 (4). They added high-dose cyclophosphamide (120 mg/kg given over 2 days) to TBI in an effort to increase cytoreduction pre transplant and reduce relapse risk post-transplant. In a seminal report, they described the first 100 adult and paediatric patients with relapsed acute leukaemia who were transplanted in 1971–1975 following TBI-based conditioning (5). The combination of TBI and Cyclophosphamide was well-tolerated and was associated with long-term remission in 13% of patients, which was sustained in 8% (6). These results suggested that TBI-based conditioning for HSCT offered a survival advantage over chemotherapy in patients with end-stage disease, which prompted this approach to be trialled in the late 1970's in adult and paediatric patients with less-advanced leukaemia (7).

In the 1980's, attempts began to develop effective conditioning regimens that did not contain TBI, led by the John Hopkins group in Baltimore (8). They added the alkylating agent Busulfan to Cyclophosphamide to create the first chemo-conditioning regimen to be trialled. The addition of Busulfan aimed to provide equivalent myeloablation and leukaemia-free survival to TBI conditioning but with reduced toxicity. Chemo-conditioning with Busulfan 16 mg/kg and Cyclophosphamide 200 mg/kg or 120 mg/kg were used; both regimens induced long-term remission but the lower toxicity associated with Busulfan and Cyclophosphamide 120 mg/kg came at the cost of potentially increased relapse risk (9, 10). In paediatric HSCT, Busulfan and Cyclophosphamide 200 mg/kg is generally well-tolerated and so continues to be preferred over Busulfan and Cyclophosphamide 120 mg/kg as a conditioning regimen.



Early Trials Comparing TBI With Busulfan Plus Cyclophosphamide Predominantly in Adults

In the early 1990's, the first four prospective, randomised controlled trials comparing TBI-based conditioning and chemo-conditioning were published by groups in France (11, 12), Scandinavia (13), and Seattle (14). The studies involved predominantly adult patients, although a small number of children were included. The most common indication for HSCT was myeloid disease [acute myeloid leukaemia [AML] or chronic myeloid leukaemia (CML)]; a minority of patients in the Scandinavian trial had ALL or lymphoma (13). In all four trials, patients received Cyclophosphamide 120 mg/kg. Those randomised to the chemo-conditioning received Busulfan 16 mg/kg. In the TBI arms, regimens varied with most receiving 12 Gy in fractionated doses. When first published, at a relatively short follow-up of 24–42 months, DFS was superior in patients that received TBI-based conditioning vs. chemo-conditioning for AML in CR1 in the French multicentre study (72 vs. 47%, p < 0.01) (11) and for adults with advanced myeloid or lymphoid disease in the Scandinavian randomised controlled trial (68 vs. 54%, p = 0.05) (13). In contrast, chemo-conditioning with Busulfan-Cyclophosphamide achieved equivalent DFS to TBI-based conditioning in patients with CML in results published by the Seattle (14) and French group (12). A subsequent meta-analysis of these studies, and an additional randomised controlled trial comparing conditioning with Busulfan-Cyclophosphamide against that with TBI and etoposide, confirmed a non-statistically significant trend toward better overall survival (OS) and DFS with TBI-based conditioning (15).

This trend favouring TBI over chemo-conditioning, particularly in AML, was supported by the publication of the long-term data of the four trials. At a median follow-up of 10.8 years, Blaise et al. continued to show that TBI-Cyclophosphamide was associated with statistically significant higher DFS and OS and decreased relapse rates and transplant-related mortality compared with conditioning with Busulfan-Cyclophosphamide in patients with AML (TBI-Cyclophosphamide: 10-year OS 59%, DFS 55%; Busulfan-Cyclophosphamide: 10-year OS 43%, DFS 35%) (16). In the update of the Scandinavian study at 7 years of follow-up, OS was also higher in the TBI group (63% with TBI-Cyclophosphamide vs. 54% with Busulfan-Cyclophosphamide group) but this difference was not statistically significant (17). Similarly, when Socie et al. combined the data from the original four trials, a non-statistically significant 10% lower OS was observed in patients with AML who received conditioning with Busulfan-Cyclophosphamide compared with in those who received TBI-Cyclophosphamide [projected 10-year survival: 51% for Busulfan-Cyclophosphamide vs. 63% for TBI-Cyclophosphamide, 95% confidence interval (CI) 52–74%]. No statistically significant difference in OS or DFS was observed among patients with CML, as in the original studies (18).



Studies Comparing TBI With Busulfan Plus Cyclophosphamide in Children

In 2000, Davies et al. published a large study conducted in paediatric patients comparing TBI-based and chemo-conditioning regimens. This retrospective International Bone Marrow Transplant Registry (IBMTR) analysis included children with ALL who received a matched sibling HSCT after TBI/Cyclophosphamide or oral Busulfan-Cyclophosphamide. The incidence of relapse was similar between arms, suggesting that chemo-conditioning with Busulfan may not be inferior to TBI in preventing relapse. However, the higher non-relapse mortality (NRM) in the Busulfan arm led to TBI-based conditioning being associated with a superior leukaemia-free survival over Busulfan-based conditioning (50 vs. 35%, respectively; p = 0.005) (19).

The IBMTR study was shortly followed by publication of the first randomised controlled trial in paediatric patients comparing TBI-based and chemo-conditioning regimens: the Paediatric Blood and Marrow Transplant Consortium (PBMTC) study (20). This small study compared outcomes with chemo-conditioning with Busulfan, etoposide, Cyclophosphamide and anti-thymocyte globulin to those with TBI-based conditioning including Cyclophosphamide, etoposide +/- anti-thymocyte globulin. Relapse rates were similar between groups, yet NRM rates were higher in the Busulfan-Cyclophosphamide group. Bunin et al. concluded that “significant concerns regarding late effects, particularly secondary cancers, continue to make conditioning without radiation a potential attractive option, but additional studies are required to develop a safe, effective regimen.”

Despite these data, many centres replaced TBI-based protocols with Busulfan-based conditioning, particularly for myeloid diseases. However, over the ensuing decade, TBI retained its central role in conditioning for ALL. This was reinforced by evidence within in the literature. For example, a study looking at patients with ALL in CR2 concluded that TBI followed by HSCT compared to chemotherapy alone reduced the rate of relapse for children with early first relapse (21).

At the same time, there was continued recognition of the long-term burden following TBI, including an increased risk of breast cancer (22) and thyroid cancer (23). Moreover, the association between an increased risk of second solid cancers and age at the time of TBI was reported (24).

An important point is that in all the above studies, the Busulfan preparation used was oral, not intravenous (IV). The highly variable absorption rate and bioavailability of Busulfan, adding to its variable clearance, led to the development of the IV Busulfan formulation (25, 26). IV Busulfan enables better control of the cumulative exposure to Busulfan through therapeutic drug monitoring (TDM) (27, 28). In a retrospective trial that included paediatric ALL patients, Bartelink et al. reported an improved event-free survival (EFS) (83 vs. 30%, respectively; p < 0.001) and OS (83 vs. 53%, respectively; p = 0.016) accompanied with a decrease risk of veno-occlusive disease (VOD) under TDM-guided IV Busulfan compared with fixed-dose oral Busulfan (27). Although most centres have moved to the IV route, oral administration of Busulfan in paediatric HSCT is still used. Of note, a retrospective registry-based study on 460 transplanted children with leukaemia showed similar outcomes for both IV and oral formulations of Busulfan, but it was suggested that this was likely due to the routine use of Busulfan TDM (29).



The FORUM Trial of TBI vs. Chemo-Conditioning

With recognition of the life-long consequences of irradiation in young children, a convergence of shared thoughts and ideas led to the creation of the protocol that became the FORUM international, randomised controlled trial (Clinicaltrials.gov identifier: NCT02670564). The rationale included the following points:

1. Some patients relapse after TBI-based conditioning.

2. The use of oral Busulfan was being replaced by IV Busulfan, supporting more consistent bioavailability, more predictable pharmacokinetics (PK) and lower incidence of acute toxicity.

3. Recognition of the importance of measurable residual disease (MRD), particularly at the time of HSCT, for identifying patients with a poorer prognosis even with TBI-based HSCT (30, 31).

4. The use of haploidentical donors for second or third, and more recently first, HSCT was increasing; these transplants had often used less-aggressive conditioning than first or second remission transplants using matched related or unrelated donors. Despite the less intensive conditioning, the good overall results suggested that the greater immune reactivity of the mismatched donor might favour a graft-versus-leukaemia effect (32, 33).

5. A non-significant trend in favour of disease control by TBI in early follow-up might be offset in later follow-up by benefits of chemo-conditioning in terms of hard endpoints such as rates of secondary malignancies and other multiple benefits, such as a reduced risk of cataracts as well as fewer growth, neurocognition and dental effects.

The FORUM trial compared TBI (12 Gy) plus etoposide vs. chemo-conditioning with Fludarabine and Thiotepa combined with either Busulfan or Treosulfan (by country preference) in paediatric patients with ALL in CR who were between the ages of 4 and 21 years at HSCT. Twenty-one countries were involved in this large, prospective, Phase III study. The original intention was to recruit 1,000 patients over 5 years; however, the trial was stopped in March 2019 after 417 patients had been randomised due to early results indicating superiority of the TBI arm. The early results of FORUM were published in 2021 and confirmed that TBI conditioning was superior to chemo-conditioning, with a 16% higher 2-year OS (91 vs. 75%, respectively; p < 0.0001) and reduced cumulative risk of relapse (12 vs. 33%, respectively; p < 0.0001). Treatment-related mortality (TRM) was similar between the groups (34).

With FORUM showing a clear early benefit favouring TBI, we have to rethink how conditioning therapy in childhood ALL might otherwise be improved. Options include:

• Optimising the use of Busulfan-based conditioning with PK and genomics

• Optimising the use of Treosulfan

• Optimising the whole conditioning regimen

• Introducing newer agents, such as clofarabine (Clo), into conditioning regimens and establishing how we can introduce a new combination into frontline HSCT therapy.

We now explore each of these themes in turn.




OPTIMISING THE USE OF BUSULFAN-BASED CONDITIONING WITH PHARMACOKINETICS AND GENOMICS


Definition and Refinement of the Optimal Busulfan Target Exposure

Busulfan with TDM is recommended in paediatric HSCT for several reasons. Firstly, Busulfan has a demonstrated exposure-response relationships and narrow therapeutic window, so small variations in exposure can result in poor clinical outcomes. Secondly, despite the improved predictability of PK obtained using IV formulations, due to the bypass of the unpredictable absorption phase, the inter-individual and intra-individual PK variability in Busulfan elimination and exposure remain substantial. The American Society for Blood and Marrow Transplantation recommends TDM-based dose adjustments for paediatric patients receiving myeloablative Busulfan-based conditioning therapy (35).

The association between Busulfan exposure and outcomes in paediatric patients with varying malignant diagnoses, including ALL, has been reported in many studies (Table 1) (36–55). The therapeutic window for Busulfan recommended by the European Medicines Agency (EMA) is AUC6h 900–1,500 μM.min (daily AUC of 14.8–24.6 mg.h/L) (56, 57). This target was originally derived from studies in adult HSCT patients using oral Busulfan. Exposure higher than 1,500 μM.min has been associated with increased toxicities such as sinusoidal obstruction syndrome (SOS) and acute graft-versus-host disease (GvHD) (47, 58, 59), while exposures lower than 900 μM.min were associated with increased graft rejection and disease relapse (52, 60). This therapeutic window has been confirmed to be safe and efficacious in various studies of paediatric patients, including those with ALL (52, 61, 62). Nguyen et al. developed a dosing nomogram designed to reach this therapeutic target in paediatric patients, which the EMA has since recommended (57). One retrospective study in 138 patients, including 13 paediatric patients with ALL, investigated the impact of narrowing the EMA-recommended typical Busulfan therapeutic window to a local target AUC6h 980–1,250 μM.min (daily AUC 16.1–20.5 mg.h/L). The efficacy (EFS and OS) and safety (SOS) outcomes evaluated in this study cohort were not improved using a narrower therapeutic window, suggesting that the EMA therapeutic window of 900–1,500 μM.min (daily AUC of 14.8–24.6 mg.h/L) is the most appropriate for children (53).


Table 1. Summary of studies assessing exposure response to busulfan.
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Another target for Busulfan dosing is based on steady-state concentration (Css). Css values can be expressed as AUC values by multiplying the Css value by the inter-dose interval. The reported optimal Css window of Busulfan is 600–900 ng/mL, corresponding to a daily AUC of 14.4 −21.6 mg.h/L (43, 44), which is only slightly lower than another narrowed therapeutic window recommended by the US Food and Drug Administration (FDA) (daily AUC 14.8–22.2 mg.h/L) (63). A recent meta-analysis by Feng et al. showed that the typical lower cutoff of 900 μM.min (daily AUC 14.8 mg.h/L) was strongly associated with the risk of graft failure (AUC ≥900 μM.min vs. <900 μM.min: Relative risk (RR) 3.666; CI 1.419–9.467), while the FDA cutoff (1,350 μM.min; daily AUC 22.2 mg.h/L) was more strongly associated with the risk of SOS than the EMA target (AUC ≤ 1,350 μM.min vs. >1,350 μM.min: RR 0.370; CI 0.205–0.666) (64). This study suggested that the FDA upper AUC cutoff (1,350 μM.min, daily AUC 22.2 mg.h/L) is safer in paediatric patients in terms of protection from SOS.

Much of the discussion about the Busulfan exposure metric has been superseded with the international harmonisation process to adopt uniform units of mg.L.h (65), as used in the largest retrospective study to date on the association between Busulfan exposure and outcomes in paediatric patients (36). Of the 674 patients enrolled in that study by Bartelink and colleagues, 41% were diagnosed with malignancies but only 5% had ALL (36). Based on EFS as the main criteria, the researchers found the optimal therapeutic window to be 78–101 mg.h/L, corresponding to a daily AUC of 19.5–25.3 mg.h/L. This target was shown to be optimal regardless of patients' malignant diagnoses. This new therapeutic target is included within the EMA target, with a slightly higher upper range (25.3 vs. 24.6 mg.h/L, respectively). However, it is higher than the FDA target, which was reported to be associated with a decreased SOS risk (64). This therapeutic window proposed by Bartelink et al. was also associated with acceptable acute toxicity (defined as acute GvHD and SOS) and occurrence of chronic GvHD. In response to a letter to the editor by Paci et al. (66), Bartelink et al. demonstrated that EFS was significantly reduced when targeting the lower end of the EMA threshold (AUC 59–78 mg.h/L) (41). The different studies show that there is still no consensus on the optimal cumulative exposure to Busulfan for paediatric patients due to heterogeneous data. Future well-designed, prospective investigations should further establish the optimal target window of Busulfan. However, it is widely agreed that TDM-guided dose adjustment of Busulfan is required to reach the desired target exposure in the paediatric HSCT setting, especially in neonates and small children for whom Busulfan PK is more unpredictable (67).

Studies have also shown that HSCT outcomes are not only associated with cumulative exposure to Busulfan but also with per-dose exposure. The AUC or Css of the first dose of Busulfan has been reported to be associated with toxicities of Busulfan as well as transplant outcomes. As shown in Table 1, a study from Ansari et al. reported that a first-dose Css <600 ng/mL (AUC6h <3.6 mg.h/L) was associated with improved OS and EFS, a lower NRM and a lower incidence of relapse and acute GvHD of grade II to IV compared to patients with Css > 600 ng/mL (38). The other toxicities reported (SOS, lung toxicities, and haemorrhagic cystitis) showed trends of lower incidence in patients receiving Busulfan with a first-dose Css <600 ng/mL (AUC6h <3.6 mg.h/L) compared to patients with Css > 600 ng/mL. A similar association between this exposure cut off and better NRM, OS, and EFS was later demonstrated in a larger multicentre population (39). In the latter study, the association between exposure and treatment-related toxicity (TRT) risk, comprising acute GvHD of grade I–IV, was shown to depend on glutathione S-transferase A1 (GSTA1) metabolic capacity (39).

Another study reported the association between SOS with the per-dose PK parameters of Busulfan in 293 patients including 125 with haematological malignancies (50). In the univariate analysis based on logistic regression, the maximal concentration after Busulfan infusion ended, and the first-dose AUC, but not the cumulative AUC, were associated with the occurrence of SOS. In the same study, engraftment only significantly associated with cumulative AUC. Interestingly, a study by Kerl et al. reported an increased risk of SOS with AUC6h >1,500 μM.min (daily AUC >24.6 mg.h/L) in patients receiving Busulfan four times daily but not in patients receiving once daily Busulfan (48). These studies provide evidence that per-dose exposure to Busulfan could impact the outcomes and incidence of toxicity in paediatric patients. Accurately targeted first doses of Busulfan before TDM is performed should enable clinicians to avoid the toxicities and poor outcomes related to higher per-dose exposure. A planned future analysis of Busulfan PK data from the FORUM trial will enable better understanding of the association between Busulfan exposure and outcomes in a homogenous cohort of paediatric ALL patients. A similar analysis will be performed of Busulfan exposure in AML patients in the ongoing Myechild01 trial (Clinicaltrials.gov identifier: NCT02724163). The target Busulfan exposure in FORUM and TDM adjustment settings were not harmonised; rather, they depended on the local clinical practise in each transplantation centre (34). The upcoming analysis of the FORUM PK data will enable the researchers to explore a potentially heterogeneous Busulfan exposure among patients and its relationship to patient outcomes. This heterogeneity in patient exposure could partly explain the inferiority of Busulfan-based regimens to TBI, and the analysis of the Busulfan PK data from FORUM will explore this.



Busulfan Administration Schedule

In HSCT, Busulfan was originally administered during 4 days of conditioning, four times daily (every 6 h). A once daily oral or IV Busulfan schedule has been reported to be safe and efficacious in paediatric patients (27, 68–72). One study in paediatric patients receiving IV Busulfan compared SOS risk between once-daily and four-times-daily dosing, finding a similar risk with each schedule (48). However, an association between exposure and SOS was only observed in patients receiving Busulfan four times a day, probably due to the presence of other risk factors. More recently, Philippe et al. showed that the risk of SOS was associated with the maximum concentration (Cmax) of Busulfan. While the cumulative AUC should be equivalent between once-daily and four-times-daily dosing, the Cmax obtained with once-daily dosing is systematically higher than that obtained with four-times-daily dosing.

The study by Philippe et al. included 11 patients who received once-daily or twice-daily Busulfan, among which nine (81.8%) patients experienced SOS (50). In contrast, other studies in paediatric patients have observed a lower occurrence of SOS in paediatric patients who received once-daily IV Busulfan dosing (69, 70). Further studies should address the comparison between once-daily and four-times-daily IV Busulfan dosing in paediatric patients, in terms of efficacy and toxicity outcomes.

The once-daily Busulfan dosing schedule has many advantages. Xhaard et al. showed that once-daily Busulfan dosing was associated with better patient comfort related to reduced nausea and vomiting and less infusions (73). Once-daily dosing was perceived by healthcare professionals to be safer and less error prone, in addition to reducing workload and allowing smoother treatment management. In addition, once-daily Busulfan dosing reduces transplantation-related costs (74). Dividing the total Busulfan dose over 16 doses (four times a day schedule) provides more opportunity for dose adjustments, which may make it easier to target the desired cumulative exposure. Four times daily regimen have enabled to adjust the dose of Bu from the third dose onwards during the 1st day of Bu (depending on access to a biomedical analysis laboratory), which is not feasible with once daily dosing. However, TDM-guided dose adjustment from the 2nd day of Busulfan infusion is feasible with once-daily dosing and allows cumulative exposure to be readily estimated (75). The less commonly used twice daily Bu schedule (every 12 h administration, eight doses) allows dose adjustments from the 2nd day of Bu treatment, whilst reducing the workload associated with the four times daily dosing.



Getting the First Dose of Busulfan Right: First Dose Personalization

When the use of TDM accounts for the interindividual PK variability of Busulfan, so allowing you to target the desired cumulative AUC, why is it important to individualise the first dose? Relying solely on TDM for dose adjustment has some limitations as well as having time-constrained limits on how quickly and how often dose adjustments can be made. Studies have highlighted the per-dose therapeutic window of Busulfan and the necessity to target early in administration the desired therapeutic window (39, 50, 66, 76). The personalization of the first dose of Busulfan should minimise the risk of overexposure and any associated acute toxicity. In combination with efficient TDM, this strategy could enable control of cumulative Busulfan exposure throughout conditioning treatment, which may optimise the outcomes. Because engraftment is associated with cumulative underexposure to Busulfan (50), first dose under-exposure seems to be less critical as it could be accounted for via TDM-guided dose adjustment. Even so, first dose underexposure could lead to the need for substantial dose augmentation, thus reaching a toxic Cmax associated with SOS occurrence (50). This is particularly of concern in the case of once-daily dosing, where plasma concentrations reached are high and dose modifications are more considerable to correct the desired exposure in only four administered doses. Dividing the first dose into two half doses counteracts this risk and has been used successfully for many years in some centres (77).

The two strategies that can be implemented to personalise the first dose of Busulfan are the “test dose strategy” and the “first dose strategy.” The test dose strategy consists of the administration of a small dose of Busulfan ≥2 days before the start of the typical 4-day Busulfan conditioning course. This is particularly useful when the laboratory performing the Busulfan PK analysis is not on-site. The Busulfan PK obtained from the test dose is used to modify the first full dose according to the predicted PK and the chosen target exposure (78, 79). The first dose strategy consists of the personalization of the first dose according to the demographic and clinical attributes of the patient (age, weight, etc.). This strategy is based on dosing nomograms or algorithms derived from population PK studies. The advantage of this strategy is that it better considers each patient's individual characteristics for the recommendation of accurate first doses. As shown in Table 2, body size metrics (actual body weight, body surface area, fat-free mass, etc.) are covariates consistently reported to explain Busulfan PK variability in paediatric patients and are used for dose calculations (38, 57, 63, 66, 67, 80, 82–100).


Table 2. Summary of population PK models of busulfan.
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Several studies have also included an age-based metric to describe the ontogeny and maturation of Busulfan clearance. Such a model has been shown to result in accurate PK predictions and selection of the first dose in paediatric patients (75, 101–103).

For both the test dose and first dose strategies, intraindividual (i.e., inter-day) PK variability of Busulfan mandates that repeat PK testing is needed to assess the cumulative AUC over the course of therapy (78–80, 82, 104). In this way, personalised first doses coupled with efficient TDM permits the desired Busulfan exposure to be targeted. More importantly, repeat measurements used for TDM allow the cumulative exposure to be measured: this can inform future studies, particularly as additional drugs are added to the backbone of a Busulfan-based conditioning, so optimising the outcome and minimising the risk of toxicities related to under- or over-exposure.



The Role of Pharmacogenomics in the Pharmacokinetics and Pharmacodynamics of Busulfan-Based Chemoconditioning

In recent years, in an effort to accurately predict Busulfan PK in paediatric patients, the influence of biomarkers explaining Busulfan PK became an area of interest. Table 3 summarises the studies on the association between pharmacogenetic markers and Busulfan PK in paediatric HSCT patients (39, 71, 82, 83, 89, 97, 98, 102, 105–107, 109–120).


Table 3. Summary of studies assessing busulfan pharmacogenetics and pharmacokinetics.
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As Busulfan is mainly metabolised by glutathione-S-transferases (GSTs) (121, 122), clinical investigations on the influence of genetic polymorphisms related to GST activity on Busulfan PK were initiated in the early 2000's (116). Table 3 shows that Busulfan PK is mainly associated with haplotypes of the promoter regions of GSTA1 (18 studies) and GSTM1 (7 studies). The association between GSTP1 and GSTT1 with Busulfan PK is scarce, probably due to their less important role in Busulfan metabolism compared with A1 and M1 isoforms (123). GSTA1-*B haplotypes have been associated with decreased Busulfan clearance, implying an increased exposure to Busulfan. This is due to decreased GSTA1 expression with *B haplotypes (39, 124). Initially, *A and *B haplotypes of GSTs were determined using one single nucleotide polymorphism (SNP) (either 52G/A rs3957356 or -69C/T rs3957357, in linkage disequilibrium) (113, 116, 117). The association of these haplotypes with Busulfan PK are still being studied (97). More recently, GSTA1 haplotypes have been shown to be more complex, requiring the genotyping of at least four SNPs of the GSTA1 promoter (39, 82, 124). In fact, sub-haplotypes within *A and *B have significantly different gene expression potentials. Within *A haplotypes, the *A1 sub-haplotype has a decreased expression potential than *A2 and *A3 haplotypes. The *A2 haplotype has been associated with a significantly increased clearance and thus lower Busulfan exposure (108). Within *B haplotypes, which are all associated with poor Busulfan metabolism, patients carrying the sub-haplotype *B1b have significantly decreased Busulfan metabolism and clearance compared with other *B haplotypes (39).

These different gene expression potentials have enabled the classification of patients into three (82, 89, 102, 124) or four (39) groups according to their capacity to metabolise Busulfan. GSTA1 polymorphisms have been also associated with the clinical outcome of HSCT (SOS, acute GvHD, transplant-related mortality, engraftment, and survival) (39, 97, 107, 108). These associations are likely to be related to differing exposure to Busulfan according to the GSTA1 haplotype. More recently, genetic polymorphisms explaining the metabolising capacity of GSTA1 have been detected as a significant covariate influencing Busulfan clearance: two recent models included as significant covariates GSTA1 metabolic groups associated with Busulfan metabolic capacity, based on GSTA1 sub-haplotypes (82, 89). Predictions based on these models have enabled researchers to accurately achieve Busulfan AUC within the Busulfan EMA therapeutic window in around 80% of the patients from an independent cohort of which 13% of patients had ALL (82). The addition of GSTA1 metabolic capacity to the model seems to have improved the accuracy of first dose selection.

The pharmacogenomic-based models are likely to enable accurate targeting of Busulfan exposure from the beginning of Busulfan conditioning, limiting the need for dose adjustments. A prospective validation is still required for the implementation of this dosing recommendation, although the model was validated in an external cohort. In addition, the feasibility of the implementation of GSTA1 genotyping in routine clinical practise needs to be assessed. These aspects are being addressed in the current BuGenes01 multicentre, prospective randomised trial (Clinicaltrials.gov identifier: NCT04822532), in which paediatric patients undergoing HSCT will be randomised to either a pharmacogenomic-based first dose algorithm or the best-performing dosing algorithm currently used (86). Personalising the first dose of Busulfan in paediatric patients should enable researchers to appraise the unpredictability of Busulfan PK, thus limiting large dose adjustments that could subsequently overexpose these patients (86).

GST polymorphisms have also been associated with poor HSCT outcomes and TRT, as shown in Table 3. These associations were reported in patients carrying GST haplotypes expressing poor metabolising phenotypes, for example GSTA1*B, GSTM1-null, and GSTP1 313*G haplotypes. Polymorphisms of GSTA1, GSTM1, and GSTP1 were reported as risk factors for SOS (39, 107, 116, 125) and acute GvHD (39, 107, 108, 111), while GSTA1 and GSTM1 have been associated with combined TRTs (39, 107, 108). GSTM1 was associated with graft rejection and mortality within 30 days post-transplant (111), while GSTA1 was associated with neutrophil recovery and survival (97). Whether these associations are solely due to the influence of GST polymorphisms on Busulfan PK is questionable. In a study by Ansari et al., increased TRT was associated with GSTA1 polymorphisms in multivariate logistic regression even when Busulfan exposure was accounted for (39). GSTA1 seems to have a direct influence on the transplant outcomes in addition to influencing Busulfan PK. Furthermore, the same study demonstrated that, in patients within or below the therapeutic window (Css 600 – 900 ng/ml, corresponding to daily AUC of 14.4 −21.6 mg.h/L), GSTA1 haplotypes expressing poor metabolic capacity were associated with higher TRT risk (HR 4.4; p < 0.0005) (39). This association was not observed in patients overexposed to Busulfan (Css >900 ng/mL) for whom TRT rates were very high irrespective of the GSTA1 genotype. This suggests that when patients are within therapeutic exposures, the influence of the poor metabolising capacity of GSTA1 on TRT occurrence is independent of PK. GST polymorphisms could therefore influence toxicities and outcomes of HSCT independently of Busulfan exposure. This aspect should be further explored in future studies of patients receiving Busulfan.

Other genetic markers for Busulfan conditioning toxicities have been reported. In paediatric patients, CYP2B6, CTH, MTHFR, HPSE, UGT2B10, and KIAA1715 were reported as risk factors for SOS (126). The risk related to the combined presence of these markers remains to be studied further. Interestingly, CTH c.1364 TT, a gene coding for cystathionase (an enzyme that participates in the glutathione synthesis pathway), was reported to be associated with SOS risk in combination with GSTA1*B*B (reduced function) (127). The data from the pharmacogenomic add-on study of the FORUM study will address this question. Recent studies have reported that polymorphisms of MGMT (128), ERC1, PLEK, NOP9, and SPRED1 were associated with increased GvHD risk (129) in paediatric HSCT, both studies included ALL patients. Donor polymorphisms of genes encoding interleukins (ILs), such as IL-6, interferon γ (IFNγ), and IL-7Rα, have also been associated with GvHD in studies including adult and paediatric patients receiving HSCT, both studies including ALL diagnoses (130, 131). The inclusion of these genetic variants in prognostic models for TRTs could be useful to guide personalised interventions. Combined with other known risk factors for SOS, genetic markers for increased risk of SOS could aid the selection of reduced toxicity chemo-conditioning regimens (e.g., those composed of maximum of two alkylating agents, or/and Fludarabine based), and the administration of defibrotide prophylaxis. Furthermore, the presence of markers of increased GvHD risk could contribute to the choice of GvHD prophylaxis.




OPTIMISING THE USE OF TREOSULFAN

Unlike Busulfan, Treosulfan is a prodrug—to gain cytotoxic activity it has to undergo non-enzymatic pH and temperature dependent transformation to biologically active metabolites—which takes place spontaneously under physiological conditions, without involvement of hepatic metabolism. These epoxy derivates of Treosulfan mediate DNA alkylation and interstrand cross-linking (132, 133).

Due to its strong antineoplastic, myeloablative and immunosuppressive properties as well as favourable toxicity profile, the use of Treosulfan in paediatric HSCT conditioning has grown rapidly. In 2019 it was authorised by the EMA for use as a conditioning treatment in adults and children from 1 month of age.

Much of the early literature on Treosulfan-based conditioning comes from its use in non-malignant disease. High rates of engraftment and low non-regimen-related toxicity have translated into good survival rates (134–136). Commonly encountered regimen-related toxicities include skin toxicity and mild mucosal toxicity (137, 138). Importantly for use in malignant disease, there is a low rate of VOD (137–139); specifically, there is a much lower rate compared with Busulfan in high-risk beta thalassaemia patients (30 vs. 78%, respectively) (140).

An additional and major potential long-term benefit of Treosulfan-based conditioning is that it may be less gonadotoxic than Busulfan (141). Higher rates of spontaneous puberty and menarche and lower luteinizing hormone levels in patients receiving Treosulfan vs. Busulfan all suggest less damage to the gonad; there is hope that this will translate to fertility and pregnancies in the future.

A summary of the use of Treosulfan in malignant disease can be found in Table 4 (34, 142–145).


Table 4. Summary of studies assessing the use of treosulfan conditioning in children with malignant diseases.

[image: Table 4]


Toxicity of Treosulfan-Based Conditioning

Prior to the FORUM study, published experience of Treosulfan use in patients with ALL was scarce. Wachowiak et al. retrospectively evaluated 51 children with high risk or advanced haematological malignancies (17 with ALL) transplanted between 2000 and 2005 with Treosulfan-containing conditioning regimens and found no early regimen-related fatal toxicity and a NRM of 16% at 4 years (142). In a retrospective analysis of 109 children transplanted using Treosulfan-based conditioning between 2003 and 2009, approximately half of children had malignancy and 16 had ALL. Treosulfan was combined with agents such as Fludarabine, Thiotepa, and Melphalan. Skin toxicity was frequent but mild with Treosulfan, mucosal toxicity was reduced compared with Busulfan, VOD occurred in 3%, and seizures in 4% of patients (143). Boztug et al.'s retrospective study of 193 children and adolescents with malignant haematological disorders who received HSCT after Treosulfan-based conditioning therapy included 71 with ALL. In accordance with previous studies, toxicity of Treosulfan was low and mainly gastrointestinal in this study. VOD and neurological toxicity were rare. No association of toxicity with type of disease or Treosulfan dose was found. TRM was at 14% (144).

In a Phase II, prospective, multicentre study conducted by Kalwak et al., Treosulfan-Fludarabine-Thiotepa conditioning was investigated in 65 children with a haematological malignancy (3 ALL, 29 AML, 10 myelodysplastic syndrome and 3 juvenile myelomonocytic leukaemia). Treosulfan was dosed by body surface area (BSA), with those patients ≤ 0.5 m2 receiving 10 g/m2/day; those >0.5–1.0 m2 12 g/m2/day and those >1.0 m2 14 g/m2/day for 3 days. Overall, 98.5% of patients achieved engraftment, with complete donor chimerism in 92.6% at 12 months. The most frequently reported toxicities of grade 3–4 were oral mucositis (43.1%), infections (30.8%), nausea and vomiting (16.9%), skin and subcutaneous tissue disorders (12.3%), and hepatic VOD (1.4%). NRM was estimated to be low, at 3.1% (145).

To date, only preliminary results of the Treosulfan arm in the FORUM trial have been published: the most frequent early grade 3–4 toxicities included infections (65%) and stomatitis (56%), while skin toxicity of grade 3–4 was present in 9% of patients. Of concern, neither the Treosulfan nor Busulfan arm compared favourably with TBI with regards to TRM in the modified as-treated population (12, 6, and 3%, respectively; p = 0.1103). Analysing the two chemotherapy groups together, the higher TRM compared to the TBI arm (9 vs. 2%, p = 0.027) contributed to the lower overall survival, triggering the cessation of randomisation to the chemotherapy arms (34). This raises concerns of duplicating what was seen in the PBMTC study (20), with a more intensive and thus toxic combination of chemotherapy agents not comparing favourably with the well-known early toxicity profile of TBI.



Outcome Data for Treosulfan-Based Conditioning in Paediatric ALL HSCT

Prior to the FORUM trial, children with ALL receiving Treosulfan-based conditioning therapy prior to HSCT were reported in cohorts together with non-malignant disorders (143) or with other (myeloid) malignancies (142, 145). The numbers of paediatric ALL patients included in trials did not exceed 71 in retrospective cohorts (144) or 23 in prospective trials (145). The more robust outcome data for Treosulfan-based conditioning come from studies with myeloid malignancies in adults (146–148).

In the retrospective study of Wachowiak et al. referred to above, the estimated 4-year probability of DFS was 71% for those with myeloid malignancies and 41% in the 20 patients with lymphoid malignancies (predominately ALL), with an acceptable relapse incidence of 24% at 4 years (142). Beier et al., in a cohort including 16 patients with ALL and 11 with AML, reported a 3-year EFS of 49% and with predominant cause of death being relapse (143). In the European Society for Bone and Marrow Transplantation (EBMT) Paediatric Diseases Working Party retrospective analysis of Treosulfan-based conditioning for Haematological malignancy, the 3-year EFS was 45% and disease-related mortality 32% for the 71 ALL patients (144). The addition of an additional alkylator (either Thiotepa or Melphalan) to the Treosulfan-Fludarabine backbone resulted in significantly better OS.

One should bear in mind that these early retrospective studies selected patients who were felt to be at high risk for regimen-related toxicity, especially pulmonary and hepatic (VOD) toxicity associated with standard of care myeloablative regimes (TBI or Busulfan based). In 23 prospectively studied paediatric ALL patients given Treosulfan-Fludarabine-Thiotepa, Kalwak et al. estimated the relapse/progression incidence to be 26.1%, the relapse/progression free survival to be 69.9% and OS to be 78.3% at 36 months (145). Outcomes were comparable across each of the BSA-based Treosulfan doses (10, 12, and 14g/m2).

The most valuable knowledge on the efficacy of Treosulfan-Fludarabine-Thiotepa conditioning before HSCT for paediatric ALL comes from the 99 patients with ALL randomised to this regimen in the FORUM trial (34). Outcomes in the Treosulfan arm in the modified as-treated population-−58% EFS, 77% OS, 31% cumulative incidence of relapse and 12% TRM at 2 years—were significantly lower than the TBI arm (85% EFS, 91% OS, 12% cumulative incidence of relapse and 3% TRM at 2 years), clearly not supporting the use of an unadjusted Treosulfan regimen for patients eligible for TBI.



Treosulfan Pharmacokinetics and Outcome

One difference between the Busulfan and Treosulfan arms in the FORUM study is that we know a significant proportion of patients in the Busulfan arm will have had PK analysis performed, with subsequent TDM. In contrast, we do not expect any of the Treosulfan-assigned patients to have had TDM. A fundamental question remains unanswered: is there a meaningful relationship between drug exposure and clinical outcome for Treosulfan and will optimization of dose and TDM improve the EFS vs. TBI when compared with the non-TDM-targeted Treosulfan usage in FORUM?

We know that, like most of the drugs we use in conditioning, there is high inter-patient variability in exposure to Treosulfan (149). To date, most of the PK data for Treosulfan was collected in patients with non-malignant disease. Van der Stoep et al. performed a prospective multicentre study in 77 children undergoing HSCT (84.4% of whom had non-malignant disease), focussing on the PK profile of Treosulfan. Their results showed that there is a relationship between Treosulfan exposure and early toxicity. Patients with higher exposure (AUC >1,650 mg.h/L) had an increased risk of developing grade 2 or higher mucositis and skin toxicity. No correlation between Treosulfan exposure and the early clinical outcome parameters (engraftment, acute GvHD or donor chimerism) was found (149). A prospective study in two UK centres looked at Treosulfan PK and PD in children undergoing allogeneic HSCT mainly for primary immunodeficiency after Treosulfan-Fludarabine conditioning. An association between high AUC and mortality as well as low AUC and poor engraftment was shown (150).

Mohanan et al. studied 87 patients with thalassaemia major undergoing allogeneic HSCT. Treosulfan clearance of <7.97 L/h/m2 was significantly associated with poor OS and EFS; where as high Treosulfan clearance (>7.97 L/h/m2) and low AUC (<1,828 mg.h/L) showed a trend toward better OS (151).

Thus, it can be postulated that there is likely to be an association of outcome and toxicity parameters with Treosulfan exposure, yet perhaps the improved safety profile of Treosulfan over Busulfan makes this more difficult to establish until we have available larger studies on more uniform populations. In most protocols, Treosulfan is administered over 3 consecutive days in doses of 10–14 g/m2/day, with the dose adjusted according to age or body weight. Despite the dose reduction to 10 g/m2 in infants, admittedly with a variety of diagnoses, including many with non-malignant disease, Treosulfan exposure remained higher compared with older children receiving 14 g/m2 (149). We may find that it is in these younger (and so smaller) patients where Treosulfan TDM has a role. In order to identify and quantify sources of variability in drug concentration and to predict concentrations in individual patients, PK models have been developed (152–154). Clearly, the currently available data are not sufficient to inform a practise guideline for TDM of Treosulfan in paediatric ALL—the relationship of Treosulfan exposure to leukaemia-free survival has not been described. A number of clinical trials incorporating Treosulfan PK evaluation are underway that may provide additional insights. In particular, the PK data on Treosulfan from the FORUM trial are eagerly awaited.




INTRODUCING CLOFARABINE INTO CONDITIONING REGIMENS

Clofarabine is a second-generation purine nucleoside analogue that was designed to improve outcomes and minimise toxicity in the treatment of acute leukaemia. It inhibits DNA synthesis and repair and also disrupts the mitochondrial membrane resulting in programmed cell death. It has been studied widely in the setting of relapsed/refractory ALL over the past decade and was approved for the use in refractory or relapsed ALL in children by the FDA in 2004.

It has an acceptable toxicity profile with more frequent adverse reactions including febrile neutropenia, nausea/anorexia, cytokine-release–like events, skin rash and hand-foot syndrome (155–157). This safety profile supports the feasibility of combining Clofarabine with other effective agents based on pharmacological properties and mechanisms of action. In particular, the combination of Clofarabine, Cyclophosphamide and etoposide for conditioning has been studied in children with relapsed or refractory ALL undergoing HSCT and has been found to be well-tolerated, with overall response rates of 28–67% (158–160).


Use of Clofarabine in HSCT Conditioning

One advantage of Clofarabine is that it is not associated with the neurotoxicity seen with other similar nucleoside analogues. In order to reduce toxicity but sustain efficacy, studies both in vitro and in vivo have been done where nucleoside analogues replace alkylating agents. In vitro cell line studies showed the clear synergistic cytotoxicity of Clofarabine and Fludarabine, which was further enhanced by adding Busulfan. This finding led to the combination of Clofarabine, Fludarabine, and Busulfan being investigated by the MD Anderson group (161, 162).

In that randomised controlled trial, 51 adult patients with high-risk myeloid leukaemias were randomised to receive Clofarabine-Fludarabine-Busulfan conditioning across four treatment arms that differed with respect to the Clo and Fludarabine dosing used. Initial findings were encouraging with regard to safety and antileukemic activity (162). Longer follow up of this expanded cohort (n = 70) confirmed the safety, OS and PFS advantage of the arms with higher Clofarabine doses and lower Fludarabine doses (163).

The same group studied Clofarabine and Busulfan in 107 adults undergoing HSCT for ALL (164, 165). With a median follow up of 3.3 years, 2-year leukaemia-free survival was 51% (being best in CR1 patients, at 62%), and NRM was 6% at day 100 and 18% at 2 years. These outcomes compare favourably with reports of adult patients with ALL in CR1 treated with myeloablative TBI-based regimens.

There are few data published on the use of Clofarabine for HSCT conditioning in paediatric patients. A retrospective analysis in paediatric AML using a common backbone of induction chemotherapy followed by three different chemotherapy conditioning regimens suggested that Clofarabine-Fludarabine-Busulfan had good anti-leukaemic activity with low NRM. In comparison, Busulfan-Cyclophosphamide was associated with higher relapse incidence, while Busulfan-Cyclophosphamide-Melphalan was associated with higher incidence of acute GVHD (166).

In a cohort of 60 paediatric ALL patients undergoing HSCT after Clofarabine-Fludarabine-Busulfan conditioning, the 2-year estimated EFS probability was 72.0% ± 6.0, with significantly lower EFS observed in patients with MRD positivity prior to HSCT. Two-year TRM probability was low at only 5.0% ± 2.8 and no VOD was seen.

At the time of writing, there were no ongoing clinical studies of Clofarabine use in HSCT conditioning regimens.




OPTIMISING THE ENTIRE CONDITIONING REGIMEN

We have tried to address the issues around optimising the PK and PD of the individual alkylators in the conditioning regimen, but it is equally important to address the impact of the entire package on efficacy and toxicity.


Substituting Alkylating Agents

For Busulfan, acute and chronic toxicities remain a matter of concern even when Busulfan target exposures are strictly controlled (50, 167). As shown by several studies, the use of multiple alkylating agents in conditioning regimens is a predictor of acute toxicity in paediatric patients (36, 37). For this reason and based on adult experience, the nucleoside analogue Fludarabine—an inhibitor of DNA, RNA and protein synthesis—has been introduced as an immunosuppressive agent in the replacement of Cyclophosphamide in paediatric transplantation. The majority of data comparing Fludarabine-Busulfan to Busulfan-Cyclophosphamide conditioning regimens come from adult patients, although some of these studies included children and adolescents. The meta-analysis by Ben-Barouch et al. included studies with paediatric ALL patients (168). The authors reported that a lower risk of NRM was associated with Fludarabine-Busulfan vs. Busulfan-Cyclophosphamide, while OS was similar between the two regimens. The same study found that Fludarabine-Busulfan was associated with lower risk of SOS than Busulfan-Cyclophosphamide. However, when only considering randomised controlled trials, the SOS risk was similar between the two regimens. A higher risk of microbiological infections was associated with the Busulfan-Cyclophosphamide regimen. Other assessed outcomes (GvHD, relapse, engraftment and mucositis) were similar between the two regimens. The meta-analysis concluded that Fludarabine-Busulfan and Busulfan-Cyclophosphamide regimens have similar efficacy, but Fludarabine-Busulfan regimens are slightly more favourable in terms of toxicity profile.

Two important studies have compared Busulfan-Cyclophosphamide and Fludarabine-Busulfan regimens in paediatric HSCT. In the first, Bartelink et al. compared the data of patients prospectively recruited 64 patients (9 ALL) who received Fludarabine-Busulfan conditioning with retrospective data of 50 (5 ALL) patients who received Busulfan-Cyclophosphamide. ALL patients received melphalan (Mel) in addition to Busulfan-Cyclophosphamide. Much like the picture in adults, EFS and OS were similar between conditioning groups, while the risk of TRT such as SOS, chronic GvHD, acute lung toxicity and viral reactivations were lower in patients who received Fludarabine-Busulfan (169). Rates of acute GvHD were similar between the two groups. As shown by more recent data, the use of three alkylating agents is correlated with the occurrence of acute toxicity compared to patients with two or one alkylating agent (36). Mel-containing conditioning regimens were also associated with acute toxicity risk (37). The use of Mel could therefore have contributed to the observed higher toxicity in Busulfan-Cyclophosphamide-Melphalan group in the study by Bartelink et al. A sub-analysis of that study that excluded ALL patients (for whom Mel was indicated), showed less toxicity in patients receiving Fludarabine-Busulfan compared with Busulfan-Cyclophosphamide. The comparison between outcomes of ALL patients receiving Busulfan-Cyclophosphamide-Melphalan vs. Fludarabine-Busulfan was not reported by the authors (169). The second study, by Harris et al., compared Fludarabine-Busulfan and Busulfan-Cyclophosphamide using retrospective data from 1,781 transplanted children. Post-relapse survival was inferior in patients receiving Fludarabine-Busulfan vs. Busulfan-Cyclophosphamide, leading to an inferior OS in those patients (170). In contrast to the Bartelink et al. study, this study showed no difference in transplant-related toxicity and TRM between conditioning groups (170). This suggests that one may still consider the addition of a third agent, but on the backbone of Busulfan-Fludarabine rather than Busulfan-Cyclophosphamide.

In contrast to Busulfan-Cyclophosphamide, there is evidence of a PK drug–drug interaction between Busulfan and Fludarabine. Two studies have shown a significantly decreased clearance of Busulfan when co-administered with Fludarabine (82, 171). As the effect sizes related to Busulfan co-administration reported in these studies were fairly small, the clinical significance of this interaction is likely to be minimal. As Busulfan has a narrow therapeutic window, even this small effect size should be considered for accurate dose individualisation of Busulfan. Furthermore, Busulfan-related toxicities in patients co-administered Busulfan and Fludarabine are also exposure dependent. A higher inter-dose variability was reported in patients receiving a Fludarabine co-administered with Busulfan, than that observed with Busulfan-Cyclophosphamide (172). TDM is therefore important to control for this increased PK variability observed when Busulfan is used alongside Fludarabine in conditioning regimens.



Pharmacokinetics of Fludarabine

There is a small but emerging literature on Fludarabine PK in Paediatric Transplantation. Retrospective data suggested high levels were associated with more toxicity, particularly in the setting of renal impairment (173). A more recent prospective multicentre study again showed that renal impairment predictably increased AUC. In this paediatric study, it is likely that many of the patients had reduced intensity grafts, some received fludarabine alone and so the low TRM made it difficult to demonstrate if there was an relationship between exposure and TRM (174). Another paediatric study also found no association between exposure and clinically important end-points (175).

More interestingly, there has been a first attempt to look at the impact of the pharmacokinetics of Fludarabine in combination with Busulfan (176). Rather than a multivariate analysis of the impact of the PK of both Fludarabine and Busulfan independently and then looking for any interaction, the paper describes the impact of Fludarabine PK within a retrospective cohort of patients who were all given a set dose of 160 mg/m2 of Fludarabine combined with what is described as a targeted dose exposure of Busulfan. In fact, although an AUC of 90 mg.h/L was targeted, the mean exposure to Buslfan achieved was 96.1, with a wide range of AUC from 59 to 120 mg.h/L. Within this large series of adult and paediatric patients, including some leukaemias, and with a consequent much higher rate of TRM (28%) than the purely paediatric studies quoted above, the authors found that higher exposure associated with more toxicity and lower levels associated with more rejections. They suggested that an optimal cumulative exposure could be targeted by refinement of the current surface area based dosing, or measured as part of a TDM strategy. Give the variability in the exposure to Busulfan, which was not explored in this retrospective study, this is an illustration of the way forward.



Pharmacokinetics of the “Serotherapy”

The chemotherapy drugs used in transplant conditioning are not given in isolation. Additional immunosuppression, depending on donor type and cell source, is added in, typically in the form of agents such as Anti-T cell polyclonal antibodies or monoclonal antibodies, such as Alemtuzumab. Their use is considered in a separate chapter of this issue.



Adding to Busulfan

The Busulfan-based protocol used in the FORUM study added Thiotepa (10 mg/kg divided into two doses) to the Busulfan and Fludarabine. This combination is based upon protocols mainly studied in adult patients (177, 178), umbilical cord blood transplantation (179–181), haploidentical HSCT (180, 182), and reduced intensity regimens (183). The rationale behind the addition of Thiotepa was to improve the engraftment rates in adult umbilical cord blood transplanted patients, which was insufficient under a Fludarabine-Busulfan regimen (179, 184, 185). The original protocols used only 3 days of Busulfan at 3.2 mg/mL daily, thus a lower cumulative dose than myeloablative regimens. In FORUM, this protocol was used as the Busulfan-based conditioning arm but with the standard 4 days of conditioning and myeloablative target exposures suggested. In adult AML, intensifying Fludarabine-Busulfan-Thiotepa conditioning with full myeloablative doses of Busulfan resulted in significantly lower relapse [hazard ratio (HR) 0.47; p = 0.005] but higher NRM (HR 2.69; p < 0.001) compared with a myeloablative Fludarabine-Busulfan regimen (178). Leukaemia-free survival and OS was similar between the two regimens. Fludarabine-Busulfan-Thiotepa has been reported also to result in a lower relapse rate (HR 0.6; p = 0.02) and similar OS compared with Busulfan-Cyclophosphamide in adult AML patients (177, 178). Fludarabine-Busulfan-Thiotepa had not been studied in the conventional matched donor setting in ALL paediatric patients prior to the FORUM study. It remains unknown if this combination results in optimal outcomes in paediatric ALL and should be tested against other Busulfan-based regimens in paediatric ALL patients is therefore needed.



Adding to Treosulfan

As described in Section Optimizing the Use of Treosulfan above, the favourable toxicity profile of Treosulfan, combined with its limited activity when combined with Fludarabine alone, led to the addition of a third agent, often Thiotepa or Melphalan.



Pharmacokinetics of the Whole Conditioning Regimen

When using potentially toxic drugs at high doses for a short period of time, after gaining as much PK and PD information as possible from investigations of each single drug, it becomes important to look at the impact of the agents in combination. For ALL, we have added Thiotepa to Fludarabine partnered with Busulfan or Treosulfan, or used Clofarabine. We then have to consider the impact of the serotherapy used. It is naïve to believe that the complex relationship between disease and disease status, type of donor and cell source used after giving multi-agent chemotherapy combined with serotherapy will have a simple relationship to even complex descriptors of any one of the conditioning agents used. For the next phase of our international PK/PD effort, we should attempt to share data to integrate information regarding each element of the conditioning. In this way, we can move closer to our goal of optimising conditioning for each individual patient.




CONCLUSION: WHERE DO WE GO FROM HERE?

Although only initial results are available from the FORUM trial (34), these give us some clear insights that can help to determine where we should go to from here:

• TBI was superior to both Treosulfan-based and Busulfan-based chemo-conditioning.

• This superiority extended across all sub-group analyses, regardless of age, phenotype, MRD status, donor type, remission status, timing, and type of relapse.

• TRM was higher in the chemo-conditioning arms compared with the TBI arm (p = 0.027) and tended to be higher with Treosulfan-based vs. Busulfan-based conditioning.

This clearly indicates that any attempt to non-specifically increase dosing for chemo-conditioning would result in a similar, dismal outcome to that observed 20 years ago in the PBMTC Study (20).

In addition to HSCT following TBI-based conditioning being effective therapy for those over 4 years of age with ALL (whether or not they have precursor B-cell lymphoblastic leukaemia), alternative therapies including chimeric antigen receptor (CAR) T-cell therapy have become available. Whether the availability of CAR-T cells will influence the choice of a chemotherapy-based vs. TBI-based conditioning is outside the scope of this review.

For patients under 4 years of age (or indeed potentially those under 3 years of age—a subject of debate) requiring HSCT, the life-long adverse effects of irradiation will drive the majority of paediatric transplanters to persist in optimising and using chemo-conditioning. Therefore, going forward, this is the group where we need to refine chemo-conditioning regimens. Although the three-drug combination of Busulfan-Fludarabine-Thiotepa has been used in significant numbers of patients, it worth noting that most of these patients were not paediatric patients with ALL and did not receive a matched donor graft (177, 179, 182, 183, 186). Furthermore, the dosing of Busulfan used in these published studies was three-quarters of the standard dose and we have not finished analysing the impact of Busulfan dose in the context of the FORUM study. This work will allow us to study the impact of various levels of exposure to Busulfan in children with ALL and determine whether factors such as cumulative dose given, cumulative exposure, method of dosing (such as once vs. multiple times per day) and/or pharmacogenomics will allow us to optimise individualised Busulfan dosing. Such dosing could then be carried forward into future prospective studies aiming to provide the best anti-leukaemic control with the least toxicity.

At the same time, analysis of the Treosulfan PK in the Treosulfan arm of the FORUM trial may suggest a way of optimising delivery of Treosulfan-based conditioning regimens. Particularly in the youngest patients, it is likely that TDM of Treosulfan will be indicated (149).

We also have to consider the possibility that further clinical data may emerge from new chemotherapy combinations, such as those containing Clo, that have good enough clinical outcomes to support such regimens being evaluated as one arm of future prospective studies.

Given the recent closure of randomisation to chemo-conditioning vs. TBI in the massive international effort of FORUM, it is likely to be some years before investigators are prepared to take on and/or can assemble the necessary resources to conduct another large prospective randomised study in paediatric ALL. As the number of patients <4 years old with ALL is limited, a study in this population would require a truly global effort in order to evaluate chemo-conditioning and could perhaps be conducted as part of an expanded “Interfant” collaborative protocol. Even with a global effort, numbers will mean a non-randomised study is more feasible, but can be based around further analysis of the detailed results of the Busulfan and Treosulfan arms of the FORUM trial and design an optimised chemotherapy-based alternative to TBI for conditioning.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



FUNDING

KB and MA were supported by the Cansearch Foundation.



REFERENCES

 1. Hill-Kayser CE, Plastaras JP, Tochner Z, Glatstein E. TBI during BM and SCT: review of the past, discussion of the present and consideration of future directions. Bone Marrow Transplant. (2011) 46:475–84. doi: 10.1038/bmt.2010.280

 2. Thomas ED, Storb R, Buckner CD. Total-body irradiation in preparation for marrow engraftment. Transplant Proc. (1976) 8:591–3.

 3. Baker KS, Bresters D, Sande JE. The burden of cure: long-term side effects following hematopoietic stem cell transplantation (HSCT) in children. Pediatr Clin North Am. (2010) 57:323–42. doi: 10.1016/j.pcl.2009.11.008

 4. Thomas E, Storb R, Clift RA, Fefer A, Johnson FL, Neiman PE, et al. Bone-marrow transplantation (first of two parts). N Engl J Med. (1975) 292:832–43. doi: 10.1056/NEJM197504172921605

 5. Thomas ED, Buckner CD, Banaji M, Clift RA, Fefer A, Flournoy N, et al. One hundred patients with acute leukemia treated by chemotherapy, total body irradiation, and allogeneic marrow transplantation. Blood. (1977) 49:511–33. doi: 10.1182/blood.V49.4.511.511

 6. Thomas ED. A history of haemopoietic cell transplantation. Br J Haematol. (1999) 105:330–9. doi: 10.1111/j.1365-2141.1999.01337.x

 7. Johnson FL. Marrow transplantation in the treatment of acute childhood leukemia. Historical development and current approaches. Am J Pediatr Hematol Oncol. (1981) 3:389–95.

 8. Santos GW. Busulfan and cyclophosphamide versus cyclophosphamide and total body irradiation for marrow transplantation in chronic myelogenous leukemia–a review. Leuk Lymphoma. (1993) 11:201–4. doi: 10.3109/10428199309047886

 9. Santos GW, Tutschka PJ, Brookmeyer R, Saral R, Beschorner WE, Bias WB, et al. Marrow transplantation for acute nonlymphocytic leukemia after treatment with busulfan and cyclophosphamide. N Engl J Med. (1983) 309:1347–53. doi: 10.1056/NEJM198312013092202

 10. Tutschka PJ, Copelan EA, Klein JP. Bone marrow transplantation for leukemia following a new busulfan and cyclophosphamide regimen. Blood. (1987) 70:1382–8. doi: 10.1182/blood.V70.5.1382.1382

 11. Blaise D, Maraninchi D, Archimbaud E, Reiffers J, Devergie A, Jouet JP, et al. Allogeneic bone marrow transplantation for acute myeloid leukemia in first remission: a randomized trial of a busulfan-Cytoxan versus Cytoxan-total body irradiation as preparative regimen: a report from the Group d'Etudes de la Greffe de Moelle Osseuse. Blood. (1992) 79:2578–82. doi: 10.1182/blood.V79.10.2578.bloodjournal79102578

 12. Devergie A, Blaise D, Attal M, Tigaud JD, Jouet JP, Vernant JP, et al. Allogeneic bone marrow transplantation for chronic myeloid leukemia in first chronic phase: a randomized trial of busulfan-cytoxan versus cytoxan-total body irradiation as preparative regimen: a report from the French Society of Bone Marrow Graft (SFGM). Blood. (1995) 85:2263–8. doi: 10.1182/blood.V85.8.2263.bloodjournal8582263

 13. Ringden O, Ruutu T, Remberger M, Nikoskelainen J, Volin L, Vindelov L, et al. A randomized trial comparing busulfan with total body irradiation as conditioning in allogeneic marrow transplant recipients with leukemia: a report from the Nordic Bone Marrow Transplantation Group. Blood. (1994) 83:2723–30. doi: 10.1182/blood.V83.9.2723.2723

 14. Clift RA, Buckner CD, Thomas ED, Bensinger WI, Bowden R, Bryant E, et al. Marrow transplantation for chronic myeloid leukemia: a randomized study comparing cyclophosphamide and total body irradiation with busulfan and cyclophosphamide. Blood. (1994) 84:2036–43. doi: 10.1182/blood.V84.6.2036.2036

 15. Hartman AR, Williams S, Dillon J. Survival, disease-free survival and adverse effects of conditioning for allogeneic bone marrow transplantation with busulfan/cyclophosphamide vs total body irradiation: a meta-analysis. Bone Marrow Transplant. (1998) 22:439–43. doi: 10.1038/sj.bmt.1701334

 16. Blaise D, Maraninchi D, Michallet M, Reiffers J, Jouet JP, Milpied N, et al. Long-term follow-up of a randomized trial comparing the combination of cyclophosphamide with total body irradiation or busulfan as conditioning regimen for patients receiving HLA-identical marrow grafts for acute myeloblastic leukemia in first complete remission. Blood. (2001) 97:3669–71. doi: 10.1182/blood.V97.11.3669

 17. Ringdén O, Remberger M, Ruutu T, Nikoskelainen J, Volin L, Vindeløv L, et al. Increased risk of chronic graft-versus-host disease, obstructive bronchiolitis, and alopecia with Busulfan versus total body irradiation: long-term results of a randomized trial in allogeneic marrow recipients with leukemia. Blood. (1999) 93:2196–201. doi: 10.1182/blood.V93.7.2196

 18. Socie G, Clift RA, Blaise D, Devergie A, Ringden O, Martin PJ, et al. Busulfan plus cyclophosphamide compared with total-body irradiation plus cyclophosphamide before marrow transplantation for myeloid leukemia: long-term follow-up of 4 randomized studies. Blood. (2001) 98:3569–74. doi: 10.1182/blood.V98.13.3569

 19. Davies SM, Ramsay NK, Klein JP, Weisdorf DJ, Bolwell B, Cahn JY, et al. Comparison of preparative regimens in transplants for children with acute lymphoblastic leukemia. J Clin Oncol. (2000) 18:340–7. doi: 10.1200/JCO.2000.18.2.340

 20. Bunin N, Aplenc R, Kamani N, Shaw K, Cnaan A, Simms S. Randomized trial of busulfan vs. total body irradiation containing conditioning regimens for children with acute lymphoblastic leukemia: a Pediatric Blood and Marrow Transplant Consortium study. Bone Marrow Transplant. (2003) 32:543–8. doi: 10.1038/sj.bmt.1704198

 21. Eapen M, Raetz E, Zhang MJ, Muehlenbein C, Devidas M, Abshire T, et al. Outcomes after HLA-matched sibling transplantation or chemotherapy in children with B-precursor acute lymphoblastic leukemia in a second remission: a collaborative study of the Children's Oncology Group and the Center for International Blood and Marrow Transplant Research. Blood. (2006) 107:4961–7. doi: 10.1182/blood-2005-12-4942

 22. Friedman DL, Rovo A, Leisenring W, Locasciulli A, Flowers ME, Tichelli A, et al. Increased risk of breast cancer among survivors of allogeneic hematopoietic cell transplantation: a report from the FHCRC and the EBMT-Late Effect Working Party. Blood. (2008) 111:939–44. doi: 10.1182/blood-2007-07-099283

 23. Sanders JE, Hoffmeister PA, Woolfrey AE, Carpenter PA, Storer BE, Storb RF, et al. Thyroid function following hematopoietic cell transplantation in children: 30 years' experience. Blood. (2009) 113:306–8. doi: 10.1182/blood-2008-08-173005

 24. Rizzo JD, Curtis RE, Socie G, Sobocinski KA, Gilbert E, Landgren O, et al. Solid cancers after allogeneic hematopoietic cell transplantation. Blood. (2009) 113:1175–83. doi: 10.1182/blood-2008-05-158782

 25. Andersson BS, Gajewski J, Donato M, Giralt S, Gian V, Wingard J, et al. Allogeneic stem cell transplantation (BMT) for AML and MDS following iv busulfan and cyclophosphamide (iv BuCy). Bone Marrow Transplant. (2000) 25:S35–S8. doi: 10.1038/sj.bmt.1702351

 26. Andersson BS, Kashyap A, Gian V, Wingard JR, Fernandez H, Cagnoni PJ, et al. Conditioning therapy with intravenous busulfan and cyclophosphamide (IV BuCy2) for hematologic malignancies prior to allogeneic stem cell transplantation: a phase II study. Biol Blood Marrow Transplant. (2002) 8:145–54. doi: 10.1053/bbmt.2002.v8.pm11939604

 27. Bartelink I, Bredius R, Ververs T, Raphael M, Vankesteren C, Bierings M, et al. Once-daily intravenous busulfan with therapeutic drug monitoring compared to conventional oral busulfan improves survival and engraftment in children undergoing allogeneic stem cell transplantation. Biol Blood Marrow Transplant. (2008) 14:88–98. doi: 10.1016/j.bbmt.2007.09.015

 28. Veal GJ, Nguyen L, Paci A, Riggi M, Amiel M, Valteau-Couanet D, et al. Busulfan pharmacokinetics following intravenous and oral dosing regimens in children receiving high-dose myeloablative chemotherapy for high-risk neuroblastoma as part of the HR-NBL-1/SIOPEN trial. Eur J Cancer. (2012) 48:3063–72. doi: 10.1016/j.ejca.2012.05.020

 29. Kato M, Takahashi Y, Tomizawa D, Okamoto Y, Inagaki J, Koh K, et al. Comparison of intravenous with oral busulfan in allogeneic hematopoietic stem cell transplantation with myeloablative conditioning regimens for pediatric acute leukemia. Biol Blood Marrow Transplant. (2013) 19:1690–4. doi: 10.1016/j.bbmt.2013.09.012

 30. Bader P, Hancock J, Kreyenberg H, Goulden NJ, Niethammer D, Oakhill A, et al. Minimal residual disease (MRD) status prior to allogeneic stem cell transplantation is a powerful predictor for post-transplant outcome in children with ALL. Leukemia. (2002) 16:1668–72. doi: 10.1038/sj.leu.2402552

 31. Sutton R, Shaw PJ, Venn NC, Law T, Dissanayake A, Kilo T, et al. Persistent MRD before and after allogeneic BMT predicts relapse in children with acute lymphoblastic leukaemia. Br J Haematol. (2015) 168:395–404. doi: 10.1111/bjh.13142

 32. Chen X, Hale GA, Barfield R, Benaim E, Leung WH, Knowles J, et al. Rapid immune reconstitution after a reduced-intensity conditioning regimen and a CD3-depleted haploidentical stem cell graft for paediatric refractory haematological malignancies. Br J Haematol. (2006) 135:524–32. doi: 10.1111/j.1365-2141.2006.06330.x

 33. Lang P, Teltschik HM, Feuchtinger T, Muller I, Pfeiffer M, Schumm M, et al. Transplantation of CD3/CD19 depleted allografts from haploidentical family donors in paediatric leukaemia. Br J Haematol. (2014) 165:688–98. doi: 10.1111/bjh.12810

 34. Peters C, Dalle JH, Locatelli F, Poetschger U, Sedlacek P, Buechner J, et al. Total body irradiation or chemotherapy conditioning in childhood all: a multinational, randomized, non-inferiority phase III study. J Clin Oncol. (2021) 39:295–307. doi: 10.1200/JCO.20.02529

 35. Palmer J, McCune JS, Perales M-A, Marks D, Bubalo J, Mohty M, et al. Personalizing busulfan-based conditioning: considerations from the american society for blood and marrow transplantation practice guidelines committee. Biol Blood Marrow Transplant. (2016) 22:1915–25. doi: 10.1016/j.bbmt.2016.07.013

 36. Bartelink IH, Lalmohamed A, van Reij EML, Dvorak CC, Savic RM, Zwaveling J, et al. Association of busulfan exposure with survival and toxicity after haemopoietic cell transplantation in children and young adults: a multicentre, retrospective cohort analysis. Lancet Haematol. (2016) 3:e526–e36. doi: 10.1016/S2352-3026(16)30114-4

 37. Bartelink IH, Bredius RGM, Belitser SV, Suttorp MM, Bierings M, Knibbe CAJ, et al. Association between busulfan exposure and outcome in children receiving intravenous busulfan before hematologic stem cell transplantation. Biol Blood Marrow Transplant. (2009) 15:231–41. doi: 10.1016/j.bbmt.2008.11.022

 38. Ansari M, Theoret Y, Rezgui MA, Peters C, Mezziani S, Desjean C, et al. Association between busulfan exposure and outcome in children receiving intravenous busulfan before hematopoietic stem cell transplantation. Ther Drug Monit. (2014) 36:93–9. doi: 10.1097/FTD.0b013e3182a04fc7

 39. Ansari M, Curtis PH-D, Uppugunduri CRS, Rezgui MA, Nava T, Mlakar V, et al. GSTA1 diplotypes affect busulfan clearance and toxicity in children undergoing allogeneic hematopoietic stem cell transplantation: a multicenter study. Oncotarget. (2017) 8:90852–67. doi: 10.18632/oncotarget.20310

 40. Baker KS, Bostrom B, DeFor T, Ramsay NK, Woods WG, Blazar BR. Busulfan pharmacokinetics do not predict relapse in acute myeloid leukemia. Bone Marrow Transplant. (2000) 26:607–14. doi: 10.1038/sj.bmt.1702590

 41. Bartelink IH, Lalmohamed A, Long-Boyle JR, Boelens JJ. Busulfan after HSCT in children and young adults – authors' reply. Lancet Haematol. (2017) 4:e103–e4. doi: 10.1016/S2352-3026(17)30018-2

 42. Benadiba J, Ansari M, Krajinovic M, Vachon MF, Duval M, Teira P, et al. Pharmacokinetics-adapted Busulfan-based myeloablative conditioning before unrelated umbilical cord blood transplantation for myeloid malignancies in children. PLoS ONE. (2018) 13:e0193862. doi: 10.1371/journal.pone.0193862

 43. Bolinger AM, Zangwill AB, Slattery JT, Glidden D, DeSantes K, Heyn L, et al. An evaluation of engraftment, toxicity and busulfan concentration in children receiving bone marrow transplantation for leukemia or genetic disease. Bone Marrow Transplant. (2000) 25:925–30. doi: 10.1038/sj.bmt.1702371

 44. Bolinger AM, Zangwill AB, Slattery JT, Risler LJ, Sultan DH, Glidden DV, et al. Target dose adjustment of busulfan in pediatric patients undergoing bone marrow transplantation. Bone Marrow Transplant. (2001) 28:1013–8. doi: 10.1038/sj.bmt.1703264

 45. Copelan EA, Bechtel TP, Avalos BR, Elder PJ, Ezzone SA, Scholl MD, et al. Busulfan levels are influenced by prior treatment and are associated with hepatic veno-occlusive disease and early mortality but not with delayed complications following marrow transplantation. Bone Marrow Transplant. (2001) 27:1121–4. doi: 10.1038/sj.bmt.1703047

 46. Esteves I, Santos FPS, Ribeiro AAF, Seber A, Sugawara EK, Sobrinho J, et al. Targeted-dose of busulfan: Higher risk of sinusoidal obstructive syndrome observed with systemic exposure dose above 5,000 μMol min. A historically controlled clinical trial. Hematol Oncol. (2020) 38:773–81. doi: 10.1002/hon.2789

 47. Grochow LB, Jones RJ, Brundrett RB, Braine HG, Chen T-L, Saral R, et al. Pharmacokinetics of busulfan: correlation with veno-occlusive disease in patients undergoing bone marrow transplantation. Cancer Chemother Pharmacol. (1989) 25:55–61. doi: 10.1007/BF00694339

 48. Kerl K, Diestelhorst C, Bartelink I, Boelens J, Trame MN, Boos J, et al. Evaluation of effects of busulfan and DMA on SOS in pediatric stem cell recipients. Pediatr Blood Cancer. (2014) 61:306–11. doi: 10.1002/pbc.24827

 49. Ljungman P, Hassan M, Békássy AN, Ringdén O, Oberg G. High busulfan concentrations are associated with increased transplant-related mortality in allogeneic bone marrow transplant patients. Bone Marrow Transplant. (1997) 20:909–13. doi: 10.1038/sj.bmt.1700994

 50. Philippe M, Neely M, Rushing T, Bertrand Y, Bleyzac N, Goutelle S. Maximal concentration of intravenous busulfan as a determinant of veno-occlusive disease: a pharmacokinetic-pharmacodynamic analysis in 293 hematopoietic stem cell transplanted children. Bone Marrow Transplant. (2019) 54:448–57. doi: 10.1038/s41409-018-0281-7

 51. Zwaveling J, Bredius RG, Cremers SC, Ball LM, Lankester AC, Teepe-Twiss IM, et al. Intravenous busulfan in children prior to stem cell transplantation: study of pharmacokinetics in association with early clinical outcome and toxicity. Bone Marrow Transplant. (2005) 35:17–23. doi: 10.1038/sj.bmt.1704707

 52. McCune JS, Gooley T, Gibbs JP, Sanders JE, Petersdorf EW, Appelbaum FR, et al. Busulfan concentration and graft rejection in pediatric patients undergoing hematopoietic stem cell transplantation. Bone Marrow Transplant. (2002) 30:167–73. doi: 10.1038/sj.bmt.1703612

 53. Philippe M, Goutelle S, Guitton J, Fonrose X, Bergeron C, Girard P, et al. Should busulfan therapeutic range be narrowed in pediatrics? Experience from a large cohort of hematopoietic stem cell transplant children. Bone Marrow Transplant. (2016) 51:72–8. doi: 10.1038/bmt.2015.218

 54. Schechter T, Finkelstein Y, Doyle J, Verjee Z, Moretti M, Koren G, et al. Pharmacokinetic disposition and clinical outcomes in infants and children receiving intravenous busulfan for allogeneic hematopoietic stem cell transplantation. Biol Blood Marrow Transplant. (2007) 13:307–14. doi: 10.1016/j.bbmt.2006.10.026

 55. Bouligand J, Boland I, Valteau-Couanet D, Deroussent A, Kalifa C, Hartmann O, et al. In children and adolescents, the pharmacodynamics of high-dose busulfan is dependent on the second alkylating agent used in the combined regimen (melphalan or thiotepa). Bone Marrow Transplant. (2003) 32:979–86. doi: 10.1038/sj.bmt.1704275

 56. European Medicines Agency,. Busilvex: Summary of Product Characteristics. Amsterdam (2018). Available online at: https://www.ema.europa.eu/en/medicines/human/EPAR/busilvex (accessed November 1, 2021).

 57. Nguyen L, Fuller D, Lennon S, Leger F, Puozzo CIV. Busulfan in pediatrics: a novel dosing to improve safety/efficacy for hematopoietic progenitor cell transplantation recipients. Bone Marrow Transplant. (2004) 33:979–87. doi: 10.1038/sj.bmt.1704446

 58. Grochow LB. Busulfan disposition: the role of therapeutic monitoring in bone marrow transplantation induction regimens. Semin Oncol. (1993) 20(4Suppl.4):18–25.

 59. Dix SP, Wingard JR, Mullins RE, Jerkunica I, Davidson TG, Gilmore CE, et al. Association of busulfan area under the curve with veno-occlusive disease following BMT. Bone Marrow Transplant. (1996) 17:225–30.

 60. Slattery JT, Sanders JE, Buckner CD, Schaffer RL, Lambert KW, Langer FP, et al. Graft-rejection and toxicity following bone marrow transplantation in relation to busulfan pharmacokinetics. Bone Marrow Transplant. (1995) 16:31–42.

 61. McCune JS, Slattery JT. Pharmacological considerations of primary alkylators. Cancer Treat Res. (2002) 112:323–45. doi: 10.1007/978-1-4615-1173-1_16

 62. Slattery JT, Sanders JE, Buckner CD, Schaffer RL, Lambert KW, Langer FP, et al. Graft-rejection and toxicity following bone marrow transplantation in relation to busulfan pharmacokinetics. Bone Marrow Transplant. (1995) 16:31–42.

 63. Booth BP, Rahman A, Dagher R, Griebel D, Lennon S, Fuller D, et al. Population pharmacokinetic-based dosing of intravenous busulfan in pediatric patients. J Clin Pharmacol. (2007) 47:101–11. doi: 10.1177/0091270006295789

 64. Feng X, Wu Y, Zhang J, Li J, Zhu G, Fan D, et al. Busulfan systemic exposure and its relationship with efficacy and safety in hematopoietic stem cell transplantation in children: a meta-analysis. BMC Pediatr. (2020) 20:176. doi: 10.1186/s12887-020-02028-6

 65. McCune JS, Quinones CM, Ritchie J, Carpenter PA, van Maarseveen E, Yeh RF, et al. Harmonization of busulfan plasma exposure unit (BPEU): a community-initiated consensus statement. Biol Blood Marrow Transplant. (2019) 25:1890–7. doi: 10.1016/j.bbmt.2019.05.021

 66. Paci A, Poinsignon V, Broutin S, Mir O, Vassal G. Busulfan after HSCT in children and young adults. Lancet Haematol. (2017) 4:e103. doi: 10.1016/S2352-3026(16)30189-2

 67. Savic RM, Cowan MJ, Dvorak CC, Pai S-Y, Pereira L, Bartelink IH, et al. Effect of weight and maturation on busulfan clearance in infants and small children undergoing hematopoietic cell transplantation. Biol Blood Marrow Transplant. (2013) 19:1608–14. doi: 10.1016/j.bbmt.2013.08.014

 68. Shaw PJ, Nath C, Berry A, Earl JW. Busulphan given as four single daily doses of 150 mg/m2 is safe and effective in children of all ages. Bone Marrow Transplant. (2004) 34:197–205. doi: 10.1038/sj.bmt.1704560

 69. Zwaveling J, den Hartigh J, Lankester AC, Guchelaar HJ, Egeler RM, Maarten Bredius RG. Once-daily intravenous busulfan in children prior to stem cell transplantation: study of pharmacokinetics and early clinical outcomes. Anticancer Drugs. (2006) 17:1099. doi: 10.1097/01.cad.0000231482.15277.48

 70. González-Vicent M, Molina B, Pérez A, Díaz MA. Once-daily intravenous busulfan for 47 pediatric patients undergoing autologous hematopoietic stem cell transplantation: a single center study. J Pediatr Hematol Oncol. (2012) 34:180–3. doi: 10.1097/MPH.0b013e3182431e1b

 71. Lee JW, Kang HJ, Lee SH Yu K-S, Kim NH, Yuk YJ, et al. Highly variable pharmacokinetics of once-daily intravenous busulfan when combined with fludarabine in pediatric patients: phase I clinical study for determination of optimal once-daily busulfan dose using pharmacokinetic modeling. Biol Blood Marrow Transplant. (2012) 18:944–50. doi: 10.1016/j.bbmt.2011.11.025

 72. Lee JW, Kang HJ, Kim S, Lee SH Yu K-S, Kim NH, et al. Favorable outcome of hematopoietic stem cell transplantation using a targeted once-daily intravenous busulfan-fludarabine-etoposide regimen in pediatric and infant acute lymphoblastic leukemia patients. Biol Blood Marrow Transplant. (2015) 21:190–5. doi: 10.1016/j.bbmt.2014.09.013

 73. Xhaard A, Rzepecki P, Valcarcel D, Santarone S, Fürst S, Serrano D, et al. Optimization of health-care organization and perceived improvement of patient comfort by switching from intra-venous BU four-times-daily infusions to a once-daily administration scheme in adult hematopoietic stem cell recipients. Bone Marrow Transplant. (2014) 49:509–12. doi: 10.1038/bmt.2013.220

 74. Singhal S, Kim T, Jenkins P, Bassett B, Tierney DK, Rezvani AR. Costs and outcomes with once-daily versus every-6-hour intravenous busulfan in allogeneic hematopoietic cell transplantation. Biol Blood Marrow Transplant. (2020) 26:145–9. doi: 10.1016/j.bbmt.2019.09.008

 75. Lawson R, Paterson L, Fraser CJ, Hennig S. Evaluation of two software using Bayesian methods for monitoring exposure and dosing once-daily intravenous busulfan in paediatric patients receiving haematopoietic stem cell transplantation. Cancer Chemother Pharmacol. (2021). 88:379–91. doi: 10.1007/s00280-021-04288-0

 76. Azab AK, Runnels JM, Pitsillides C, Moreau AS, Azab F, Leleu X, et al. CXCR4 inhibitor AMD3100 disrupts the interaction of multiple myeloma cells with the bone marrow microenvironment and enhances their sensitivity to therapy. Blood. (2009) 113:4341–51. doi: 10.1182/blood-2008-10-186668

 77. Willcox A, Wong E, Nath C, Janson B, Harrison SJ, Hoyt R, et al. The pharmacokinetics and pharmacodynamics of busulfan when combined with melphalan as conditioning in adult autologous stem cell transplant recipients. Ann Hematol. (2018) 97:2509–18. doi: 10.1007/s00277-018-3447-x

 78. Kletzel M, Jacobsohn D, Duerst R. Pharmacokinetics of a test dose of intravenous busulfan guide dose modifications to achieve an optimal area under the curve of a single daily dose of intravenous busulfan in children undergoing a reduced-intensity conditioning regimen with hematopoietic stem cell transplantation. Biol Blood Marrow Transplant. (2006) 12:472–9. doi: 10.1016/j.bbmt.2005.12.028

 79. Brooks KM, Jarosinski P, Hughes T, Kang E, Shah NN, Gall JBL, et al. Test dose pharmacokinetics in pediatric patients receiving once-daily IV busulfan conditioning for hematopoietic stem cell transplant: a reliable approach? J Clin Pharmacol. (2018) 58:332–9. doi: 10.1002/jcph.1049

 80. Bartelink IH, Boelens JJ, Bredius RG, Egberts AC, Wang C, Bierings MB, et al. Body weight-dependent pharmacokinetics of busulfan in paediatric haematopoietic stem cell transplantation patients: toward individualized dosing. Clin Pharmacokinet. (2012) 51:331–45. doi: 10.2165/11598180-000000000-00000

 81. Bartelink IH, Van Kesteren C, Boelens JJ, Egberts TCG, Bierings MB, Cuvelier GDE et al. Predictive performance of a busulfan pharmacokinetic model in children and young adults. Ther Drug Monit. (2012) 34:574–83. doi: 10.1097/FTD.0b013e31826051bb

 82. Ben Hassine K, Nava T, Theoret Y, Nath CE, Daali Y, Kassir N, et al. Precision dosing of intravenous busulfan in pediatric hematopoietic stem cell transplantation: results from a multicenter population pharmacokinetic study. CPT Pharmacometrics Syst Pharmacol. (2021) 10:1043–56. doi: 10.1002/psp4.12683

 83. Choi B, Kim MG, Han N, Kim T, Ji E, Park S, et al. Population pharmacokinetics and pharmacodynamics of busulfan with GSTA1 polymorphisms in patients undergoing allogeneic hematopoietic stem cell transplantation. Pharmacogenomics. (2015) 16:1585–94. doi: 10.2217/pgs.15.98

 84. Diestelhorst C, Boos J, McCune JS, Hempel G. Population pharmacokinetics of intravenous busulfan in children: revised body weight-dependent NONMEM® model to optimize dosing. Eur J Clin Pharmacol. (2014) 70:839–47. doi: 10.1007/s00228-014-1692-z

 85. Kawazoe A, Funaki T, Kim S. Population pharmacokinetic analysis of busulfan in Japanese pediatric and adult HCT patients. J Clin Pharmacol. (2018) 58:1196–204. doi: 10.1002/jcph.1120

 86. McCune JS, Bemer MJ, Barrett JS, Scott Baker K, Gamis AS, Holford NHG. Busulfan in infant to adult hematopoietic cell transplant recipients: a population pharmacokinetic model for initial and Bayesian dose personalization. Clin Cancer Res. (2014) 20:754–63. doi: 10.1158/1078-0432.CCR-13-1960

 87. Langenhorst JB, Boss J, van Kesteren C, Lalmohamed A, Kuball J, Egberts ACG, et al. A semi-mechanistic model based on glutathione depletion to describe intra-individual reduction in busulfan clearance. Br J Clin Pharmacol. (2020) 86:1499–509. doi: 10.1111/bcp.14256

 88. Long-Boyle JR, Savic R, Yan S, Bartelink I, Musick L, French D, et al. Population pharmacokinetics of busulfan in pediatric and young adult patients undergoing hematopoietic cell transplant: a model-based dosing algorithm for personalized therapy and implementation into routine clinical use. Ther Drug Monit. (2015) 37:236–45. doi: 10.1097/FTD.0000000000000131

 89. Nava T, Kassir N, Rezgui MA, Uppugunduri CRS, Huezo-Diaz Curtis P, Duval M, et al. Incorporation of GSTA1 genetic variations into a population pharmacokinetic model for IV busulfan in paediatric hematopoietic stem cell transplantation: GSTA1-based busulfan population pharmacokinetic model in children. Br J Clin Pharmacol. (2018) 84:1494–504. doi: 10.1111/bcp.13566

 90. Neely M, Philippe M, Rushing T, Fu X, van Guilder M, Bayard D, et al. Accurately achieving target busulfan exposure in children and adolescents with very limited sampling and the BestDose software. Ther Drug Monit. (2016) 38:332–42. doi: 10.1097/FTD.0000000000000276

 91. Philippe M, Neely M, Bertrand Y, Bleyzac N, Goutelle SA. Nonparametric method to optimize initial drug dosing and attainment of a target exposure interval: concepts and application to busulfan in pediatrics. Clin Pharmacokinet. (2017) 56:435–47. doi: 10.1007/s40262-016-0448-6

 92. Poinsignon V, Faivre L, Nguyen L, Neven B, Broutin S, Moshous D, et al. New dosing nomogram and population pharmacokinetic model for young and very young children receiving busulfan for hematopoietic stem cell transplantation conditioning. Pediatr Blood Cancer. (2020) 67:e28603. doi: 10.1002/pbc.28603

 93. Rhee SJ, Lee JW Yu KS, Hong KT, Choi JY, Hong CR, et al. Pediatric patients undergoing hematopoietic stem cell transplantation can greatly benefit from a novel once-daily intravenous busulfan dosing nomogram. Am J Hematol. (2017) 92:607–13. doi: 10.1002/ajh.24734

 94. Shukla P, Goswami S, Keizer RJ, Winger BA, Kharbanda S, Dvorak CC, et al. Assessment of a model-informed precision dosing platform use in routine clinical care for personalized busulfan therapy in the pediatric hematopoietic cell transplantation (HCT) population. Front Pharmacol. (2020) 11:888. doi: 10.3389/fphar.2020.00888

 95. Trame MN, Bergstrand M, Karlsson MO, Boos J, Hempel G. Population pharmacokinetics of busulfan in children: increased evidence for body surface area and allometric body weight dosing of busulfan in children. Clin Cancer Res. (2011) 17:6867–77. doi: 10.1158/1078-0432.CCR-11-0074

 96. Wu X, Xie H, Lin W, Yang T, Li N, Lin S, et al. Population pharmacokinetics analysis of intravenous busulfan in Chinese patients undergoing hematopoietic stem cell transplantation. Clin Exp Pharmacol Physiol. (2017) 44:529–38. doi: 10.1111/1440-1681.12735

 97. Yuan J, Sun N, Feng X, He H, Mei D, Zhu G, et al. Optimization of busulfan dosing regimen in pediatric patients using a population pharmacokinetic model incorporating GST mutations. Pharmgenomics Pers Med. (2021) 14:253–68. doi: 10.2147/PGPM.S289834

 98. Zwaveling J, Press RR, Bredius RGM, van derStraaten TR, den Hartigh J, Bartelink IH. Glutathione S-transferase polymorphisms are not associated with population pharmacokinetic parameters of busulfan in pediatric patients. Ther Drug Monit. (2008) 30:504. doi: 10.1097/FTD.0b013e3181817428

 99. Buffery PJ, Allen KM, Chin PK, Moore GA, Barclay ML, Begg EJ. Thirteen years' experience of pharmacokinetic monitoring and dosing of busulfan: can the strategy be improved? Ther Drug Monit. (2014) 36:86–92. doi: 10.1097/FTD.0b013e31829dc940

 100. Wall DA, Chan KW, Nieder ML, Hayashi RJ, Yeager AM, Kadota R, et al. Safety, efficacy, and pharmacokinetics of intravenous busulfan in children undergoing allogeneic hematopoietic stem cell transplantation. Pediatr Blood Cancer. (2010) 54:291–8. doi: 10.1002/pbc.22227

 101. Zao JH, Schechter T, Liu WJ, Gerges S, Gassas A, Egeler RM, et al. Performance of busulfan dosing guidelines for pediatric hematopoietic stem cell transplant conditioning. Biol Blood Marrow Transplant. (2015) 21:1471–8. doi: 10.1016/j.bbmt.2015.05.006

 102. Nava T, Rezgui MA, Uppugunduri CRS, Curtis PH-D, Théoret Y, Duval M, et al. GSTA1 genetic variants and conditioning regimen: missing key factors in dosing guidelines of busulfan in pediatric hematopoietic stem cell transplantation. Biol Blood Marrow Transplant. (2017) 23:1918–24. doi: 10.1016/j.bbmt.2017.07.022

 103. Kishimoto K, Hasegawa D, Irie K, Okada A, Nakamura S, Tamura A, et al. Pharmacokinetic analysis for model-supported therapeutic drug monitoring of busulfan in Japanese pediatric hematopoietic stem cell transplantation recipients. Pediatr Transplant. (2020) 24:e13696. doi: 10.1111/petr.13696

 104. O'Donnell PH, Artz AS, Undevia SD, Pai RK, Del Cerro P, Horowitz S, et al. Phase I study of dose-escalated busulfan with fludarabine and alemtuzumab as conditioning for allogeneic hematopoietic stem cell transplant: reduced clearance at high doses and occurrence of late sinusoidal obstruction syndrome/veno-occlusive disease. Leuk Lymphoma. (2010) 51:2240–9. doi: 10.3109/10428194.2010.520773

 105. Abbasi N, Vadnais B, Knutson JA, Blough DK, Kelly EJ, O'Donnell PV, et al. Pharmacogenetics of intravenous and oral busulfan in hematopoietic cell transplant recipients. J Clin Pharmacol. (2011) 51:1429–38. doi: 10.1177/0091270010382915

 106. Ansari M, Lauzon-Joset JF, Vachon MF, Duval M, Théoret Y, Champagne MA, et al. Influence of GST gene polymorphisms on busulfan pharmacokinetics in children. Bone Marrow Transplant. (2010) 45:261–7. doi: 10.1038/bmt.2009.143

 107. Ansari M, Rezgui MA, Théoret Y, Uppugunduri CRS, Mezziani S, Vachon MF, et al. Glutathione S-transferase gene variations influence BU pharmacokinetics and outcome of hematopoietic SCT in pediatric patients. Bone Marrow Transplant. (2013) 48:939–46. doi: 10.1038/bmt.2012.265

 108. Ansari M, Huezo-Diaz P, Rezgui MA, Marktel S, Duval M, Bittencourt H, et al. Influence of glutathione S -transferase gene polymorphisms on busulfan pharmacokinetics and outcome of hematopoietic stem-cell transplantation in thalassemia pediatric patients. Bone Marrow Transplant. (2016) 51:377–83. doi: 10.1038/bmt.2015.321

 109. Bonifazi F, Storci G, Bandini G, Marasco E, Dan E, Zani E, et al. Glutathione transferase-A2 S112T polymorphism predicts survival, transplant-related mortality, busulfan and bilirubin blood levels after allogeneic stem cell transplantation. Haematologica. (2014) 99:172–9. doi: 10.3324/haematol.2013.089888

 110. Bremer S, Fløisand Y, Brinch L, Gedde-Dahl T, Bergan S. Glutathione transferase gene variants influence busulfan pharmacokinetics and outcome after myeloablative conditioning. Ther Drug Monit. (2015) 37:493–500. doi: 10.1097/FTD.0000000000000180

 111. Elhasid R, Krivoy N, Rowe JM, Sprecher E, Adler L, Elkin H, et al. Influence of glutathione S-transferase A1, P1, M1, T1 polymorphisms on oral busulfan pharmacokinetics in children with congenital hemoglobinopathies undergoing hematopoietic stem cell transplantation. Pediatr Blood Cancer. (2010) 55:1172–9. doi: 10.1002/pbc.22739

 112. Gaziev J, Nguyen L, Puozzo C, Mozzi AF, Casella M, Perrone Donnorso M, et al. Novel pharmacokinetic behavior of intravenous busulfan in children with thalassemia undergoing hematopoietic stem cell transplantation: a prospective evaluation of pharmacokinetic and pharmacodynamic profile with therapeutic drug monitoring. Blood. (2010) 115:4597–604. doi: 10.1182/blood-2010-01-265405

 113. Johnson L, Orchard PJ, Baker KS, Brundage R, Cao Q, Wang X, et al. Glutathione S-transferase A1 genetic variants reduce busulfan clearance in children undergoing hematopoietic cell transplantation. J Clin Pharmacol. (2008) 48:1052–62. doi: 10.1177/0091270008321940

 114. Kim SD, Lee JH, Hur EH, Lee JH, Kim DY, Lim SN, et al. Influence of GST gene polymorphisms on the clearance of intravenous busulfan in adult patients undergoing hematopoietic cell transplantation. Biol Blood Marrow Transplant. (2011) 17:1222–30. doi: 10.1016/j.bbmt.2010.12.708

 115. Nishikawa T, Yamaguchi H, Ikawa K, Nakayama K, Higashi E, Miyahara E, et al. Influence of GST polymorphisms on busulfan pharmacokinetics in Japanese children. Pediatr Int. (2019) 61:558–65. doi: 10.1111/ped.13859

 116. Srivastava A, Poonkuzhali B, Shaji RV, George B, Mathews V, Chandy M, et al. Glutathione S-transferase M1 polymorphism: a risk factor for hepatic venoocclusive disease in bone marrow transplantation. Blood. (2004) 104:1574–7. doi: 10.1182/blood-2003-11-3778

 117. ten Brink MH, van Bavel T, Swen JJ, van der Straaten T, Bredius RG, Lankester AC, et al. Effect of genetic variants GSTA1 and CYP39A1 and age on busulfan clearance in pediatric patients undergoing hematopoietic stem cell transplantation. Pharmacogenomics. (2013) 14:1683–90. doi: 10.2217/pgs.13.159

 118. Uppugunduri CR, Rezgui MA, Diaz PH, Tyagi AK, Rousseau J, Daali Y, et al. The association of cytochrome P450 genetic polymorphisms with sulfolane formation and the efficacy of a busulfan-based conditioning regimen in pediatric patients undergoing hematopoietic stem cell transplantation. Pharmacogenomics J. (2014) 14:263–71. doi: 10.1038/tpj.2013.38

 119. Yin J, Xiao Y, Zheng H, Zhang YC. Once-daily iv BU-based conditioning regimen before allogeneic hematopoietic SCT: a study of influence of GST gene polymorphisms on BU pharmacokinetics and clinical outcomes in Chinese patients. Bone Marrow Transplant. (2015) 50:696–705. doi: 10.1038/bmt.2015.14

 120. Acosta-Martin AE, Antinori P, Uppugunduri CRS, Daali Y, Ansari M, Scherl A, et al. Detection of busulfan adducts on proteins. Rapid Commun Mass Spectrom. (2016) 30:2517–28. doi: 10.1002/rcm.7730

 121. Czerwinski M, Gibbs JP, Slattery JT. Busulfan conjugation by glutathione S-transferases alpha, mu, and pi. Drug Metab Dispos. (1996) 24:1015–9.

 122. Gibbs JP, Yang JS, Slattery JT. Comparison of human liver and small intestinal glutathione S-transferase-catalyzed busulfan conjugation in vitro. Drug Metab Dispos. (1998) 26:52–5.

 123. Gibbs JP, Czerwinski M, Slattery JT. Busulfan-glutathione conjugation catalyzed by human liver cytosolic glutathione S-transferases. Cancer Res. (1996) 56:3678–81.

 124. Mlakar V, Curtis PH-D, Armengol M, Ythier V, Dupanloup I, Hassine KB, et al. The analysis of GSTA1 promoter genetic and functional diversity of human populations. Sci Rep. (2021) 11:5038. doi: 10.1038/s41598-021-83996-2

 125. Huezo-Diaz P, Uppugunduri Satyanarayana CR, Tyagi AK, Krajinovic M, Ansari Djaberi MG. Pharmacogenetic aspects of drug metabolizing enzymes in busulfan based conditioning prior to allogenic hematopoietic stem cell transplantation in children. Curr Drug Metab. (2014) 15:251–64. doi: 10.2174/1389200215666140202214012

 126. Waespe N, Strebel S, Jurkovic Mlakar S, Krajinovic M, Kuehni CE, Nava T, et al. Genetic predictors for sinusoidal obstruction syndrome—a systematic review. J Pers Med. (2021) 11:347. doi: 10.3390/jpm11050347

 127. Huezo-Diaz Curtis P, Uppugunduri CRS, Muthukumaran J, Rezgui MA, Peters C, Bader P, et al. Association of CTH variant with sinusoidal obstruction syndrome in children receiving intravenous busulfan and cyclophosphamide before hematopoietic stem cell transplantation. Pharmacogenomics J. (2018) 18:64–9. doi: 10.1038/tpj.2016.65

 128. Uppugunduri CRS, Huezo-Diaz Curtis P, Nava T, Rezgui MA, Mlakar V, Mlakar SJ, et al. Association study of candidate DNA-repair gene variants and acute graft vs. host disease in pediatric patients receiving allogeneic hematopoietic stem-cell transplantation. Pharmacogenomics J. (2021) 2021:7. doi: 10.1038/s41397-021-00251-7

 129. Ansari M, Petrykey K, Rezgui MA, Del Vecchio V, Cortyl J, Ameur M, et al. Genetic susceptibility to acute graft versus host disease in pediatric patients undergoing HSCT. Bone Marrow Transplant. (2021) 2021:8. doi: 10.1038/s41409-021-01386-8

 130. Kielsen K, Enevold C, Heilmann C, Sengelov H, Pedersen AE, Ryder LP, et al. Donor genotype in the interleukin-7 receptor alpha-chain predicts risk of graft-versus-host disease and cytomegalovirus infection after allogeneic hematopoietic stem cell transplantation. Front Immunol. (2018) 9:109. doi: 10.3389/fimmu.2018.00109

 131. Kim DDH, Yun J, Won H-H, Cheng L, Su J, Xu W, et al. Multiple single-nucleotide polymorphism-based risk model for clinical outcomes after allogeneic stem-cell transplantation, especially for acute graft-versus-host disease. Transplantation. (2012) 94:1250–7. doi: 10.1097/TP.0b013e3182708e7c

 132. Hartley JA, O'Hare CC, Baumgart J. DNA alkylation and interstrand cross-linking by treosulfan. Br J Cancer. (1999) 79:264–6. doi: 10.1038/sj.bjc.6690043

 133. Romanski M, Pogorzelska A, Glowka FK. Kinetics of in vitro guanine- N7-alkylation in calf thymus DNA by (2 S,3 S)-1,2-epoxybutane-3,4-diol 4-methanesulfonate and (2 S,3 S)-1,2:3,4-diepoxybutane: revision of the mechanism of DNA cross-linking by the prodrug treosulfan. Mol Pharm. (2019) 16:2708–18. doi: 10.1021/acs.molpharmaceut.9b00251

 134. Bernardo ME, Zecca M, Piras E, Vacca A, Giorgiani G, Cugno C, et al. Treosulfan-based conditioning regimen for allogeneic haematopoietic stem cell transplantation in patients with thalassaemia major. Br J Haematol. (2008) 143:548–51. doi: 10.1111/j.1365-2141.2008.07385.x

 135. Cutting R, Mirelman A, Vora A. Treosulphan as an alternative to busulphan for myeloablative conditioning in paediatric allogeneic transplantation. Br J Haematol. (2008) 143:748–51. doi: 10.1111/j.1365-2141.2008.07399.x

 136. Greystoke B, Bonanomi S, Carr TF, Gharib M, Khalid T, Coussons M, et al. Treosulfan-containing regimens achieve high rates of engraftment associated with low transplant morbidity and mortality in children with non-malignant disease and significant co-morbidities. Br J Haematol. (2008) 142:257–62. doi: 10.1111/j.1365-2141.2008.07064.x

 137. Burroughs LM, Nemecek ER, Torgerson TR, Storer BE, Talano JA, Domm J, et al. Treosulfan-based conditioning and hematopoietic cell transplantation for nonmalignant diseases: a prospective multicenter trial. Biol Blood Marrow Transplant. (2014) 20:1996–2003. doi: 10.1016/j.bbmt.2014.08.020

 138. Morillo-Gutierrez B, Beier R, Rao K, Burroughs L, Schulz A, Ewins AM, et al. Treosulfan-based conditioning for allogeneic HSCT in children with chronic granulomatous disease: a multicenter experience. Blood. (2016) 128:440–8. doi: 10.1182/blood-2016-03-704015

 139. Slatter MA, Rao K, Abd Hamid IJ, Nademi Z, Chiesa R, Elfeky R, et al. Treosulfan and fludarabine conditioning for hematopoietic stem cell transplantation in children with primary immunodeficiency: UK experience. Biol Blood Marrow Transplant. (2018) 24:529–36. doi: 10.1016/j.bbmt.2017.11.009

 140. Mathews V, George B, Viswabandya A, Abraham A, Ahmed R, Ganapule A, et al. Improved clinical outcomes of high risk beta thalassemia major patients undergoing a HLA matched related allogeneic stem cell transplant with a treosulfan based conditioning regimen and peripheral blood stem cell grafts. PLoS ONE. (2013) 8:e61637. doi: 10.1371/journal.pone.0061637

 141. Faraci M, Diesch T, Labopin M, Dalissier A, Lankester A, Gennery A, et al. Gonadal function after busulfan compared with treosulfan in children and adolescents undergoing allogeneic hematopoietic stem cell transplant. Biol Blood Marrow Transplant. (2019) 25:1786–91. doi: 10.1016/j.bbmt.2019.05.005

 142. Wachowiak J, Sykora KW, Cornish J, Chybicka A, Kowalczyk JR, Gorczynska E, et al. Treosulfan-based preparative regimens for allo-HSCT in childhood hematological malignancies: a retrospective study on behalf of the EBMT pediatric diseases working party. Bone Marrow Transplant. (2011) 46:1510–8. doi: 10.1038/bmt.2010.343

 143. Beier R, Schulz A, Honig M, Eyrich M, Schlegel PG, Holter W, et al. Long-term follow-up of children conditioned with Treosulfan: German and Austrian experience. Bone Marrow Transplant. (2013) 48:491–501. doi: 10.1038/bmt.2012.188

 144. Boztug H, Sykora KW, Slatter M, Zecca M, Veys P, Lankester A, et al. European society for blood and marrow transplantation analysis of treosulfan conditioning before hematopoietic stem cell transplantation in children and adolescents with hematological malignancies. Pediatr Blood Cancer. (2016) 63:139–48. doi: 10.1002/pbc.25764

 145. Kalwak K, Mielcarek M, Patrick K, Styczynski J, Bader P, Corbacioglu S, et al. Treosulfan-fludarabine-thiotepa-based conditioning treatment before allogeneic hematopoietic stem cell transplantation for pediatric patients with hematological malignancies. Bone Marrow Transplant. (2020) 55:1996–2007. doi: 10.1038/s41409-020-0869-6

 146. Nemecek ER, Hilger RA, Adams A, Shaw BE, Kiefer D, Le-Rademacher J, et al. Treosulfan, fludarabine, and low-dose total body irradiation for children and young adults with acute myeloid leukemia or myelodysplastic syndrome undergoing allogeneic hematopoietic cell transplantation: prospective phase II trial of the pediatric blood and marrow transplant consortium. Biol Blood Marrow Transplant. (2018) 24:1651–6. doi: 10.1016/j.bbmt.2018.04.025

 147. Shimoni A, Labopin M, Savani B, Hamladji RM, Beelen D, Mufti G, et al. Intravenous busulfan compared with treosulfan-based conditioning for allogeneic stem cell transplantation in acute myeloid leukemia: a study on behalf of the acute leukemia working party of European society for blood and marrow transplantation. Biol Blood Marrow Transplant. (2018) 24:751–7. doi: 10.1016/j.bbmt.2017.12.776

 148. Nagler A, Labopin M, Beelen D, Ciceri F, Volin L, Shimoni A, et al. Long-term outcome after a treosulfan-based conditioning regimen for patients with acute myeloid leukemia: a report from the Acute Leukemia Working Party of the European Society for Blood and Marrow Transplantation. Cancer. (2017) 123:2671–9. doi: 10.1002/cncr.30646

 149. van der Stoep M, Bertaina A, Ten Brink MH, Bredius RG, Smiers FJ, Wanders DCM, et al. High interpatient variability of treosulfan exposure is associated with early toxicity in paediatric HSCT: a prospective multicentre study. Br J Haematol. (2017) 179:772–80. doi: 10.1111/bjh.14960

 150. Chiesa R, Standing JF, Winter R, Nademi Z, Chu J, Pinner D, et al. Proposed therapeutic range of treosulfan in reduced toxicity pediatric allogeneic hematopoietic stem cell transplant conditioning: results from a prospective trial. Clin Pharmacol Ther. (2020) 108:264–73. doi: 10.1002/cpt.1715

 151. Mohanan E, Panetta JC, Lakshmi KM, Edison ES, Korula A, Na F, et al. Pharmacokinetics and pharmacodynamics of treosulfan in patients with thalassemia major undergoing allogeneic hematopoietic stem cell transplantation. Clin Pharmacol Ther. (2018) 104:575–83. doi: 10.1002/cpt.988

 152. van der Stoep M, Zwaveling J, Bertaina A, Locatelli F, Guchelaar HJ, Lankester AC, et al. Population pharmacokinetics of treosulfan in paediatric patients undergoing hematopoietic stem cell transplantation. Br J Clin Pharmacol. (2019) 85:2033–44. doi: 10.1111/bcp.13995

 153. ten Brink MH, Zwaveling J, Swen JJ, Bredius RG, Lankester AC, Guchelaar HJ. Personalized busulfan and treosulfan conditioning for pediatric stem cell transplantation: the role of pharmacogenetics and pharmacokinetics. Drug Discov Today. (2014) 19:1572–86. doi: 10.1016/j.drudis.2014.04.005

 154. Danielak D, Twardosz J, Kasprzyk A, Wachowiak J, Kalwak K, Glowka F. Population pharmacokinetics of treosulfan and development of a limited sampling strategy in children prior to hematopoietic stem cell transplantation. Eur J Clin Pharmacol. (2018) 74:79–89. doi: 10.1007/s00228-017-2344-x

 155. Curran MP, Perry CM. Clofarabine: in pediatric patients with acute lymphoblastic leukemia. Paediatr Drugs. (2005) 7:259–64. doi: 10.2165/00148581-200507040-00005

 156. Jeha S, Gandhi V, Chan KW, McDonald L, Ramirez I, Madden R, et al. Clofarabine, a novel nucleoside analog, is active in pediatric patients with advanced leukemia. Blood. (2004) 103:784–9. doi: 10.1182/blood-2003-06-2122

 157. Jeha S, Gaynon PS, Razzouk BI, Franklin J, Kadota R, Shen V, et al. Phase II study of clofarabine in pediatric patients with refractory or relapsed acute lymphoblastic leukemia. J Clin Oncol. (2006) 24:1917–23. doi: 10.1200/JCO.2005.03.8554

 158. Hijiya N, Thomson B, Isakoff MS, Silverman LB, Steinherz PG, Borowitz MJ, et al. Phase 2 trial of clofarabine in combination with etoposide and cyclophosphamide in pediatric patients with refractory or relapsed acute lymphoblastic leukemia. Blood. (2011) 118:6043–9. doi: 10.1182/blood-2011-08-374710

 159. O'Connor D, Sibson K, Caswell M, Connor P, Cummins M, Mitchell C, et al. Early UK experience in the use of clofarabine in the treatment of relapsed and refractory paediatric acute lymphoblastic leukaemia. Br J Haematol. (2011) 154:482–5. doi: 10.1111/j.1365-2141.2011.08752.x

 160. Locatelli F, Testi AM, Bernardo ME, Rizzari C, Bertaina A, Merli P, et al. Clofarabine, cyclophosphamide and etoposide as single-course re-induction therapy for children with refractory/multiple relapsed acute lymphoblastic leukaemia. Br J Haematol. (2009) 147:371–8. doi: 10.1111/j.1365-2141.2009.07882.x

 161. Andersson BS, de Lima M, Thall PF, Wang X, Couriel D, Korbling M, et al. Once daily iv busulfan and fludarabine (iv Bu-Flu) compares favorably with iv busulfan and cyclophosphamide (iv BuCy2) as pretransplant conditioning therapy in AML/MDS. Biol Blood Marrow Transplant. (2008) 14:672–84. doi: 10.1016/j.bbmt.2008.03.009

 162. Andersson BS, Valdez BC, de Lima M, Wang X, Thall PF, Worth LL, et al. Clofarabine +/- fludarabine with once daily iv busulfan as pretransplant conditioning therapy for advanced myeloid leukemia and MDS. Biol Blood Marrow Transplant. (2011) 17:893–900. doi: 10.1016/j.bbmt.2010.09.022

 163. Alatrash G, Thall PF, Valdez BC, Fox PS, Ning J, Garber HR, et al. Long-term outcomes after treatment with clofarabine +/- fludarabine with once-daily intravenous busulfan as pretransplant conditioning therapy for advanced myeloid leukemia and myelodysplastic syndrome. Biol Blood Marrow Transplant. (2016) 22:1792–800. doi: 10.1016/j.bbmt.2016.06.023

 164. Kebriaei P, Basset R, Ledesma C, Ciurea S, Parmar S, Shpall EJ, et al. Clofarabine combined with busulfan provides excellent disease control in adult patients with acute lymphoblastic leukemia undergoing allogeneic hematopoietic stem cell transplantation. Biol Blood Marrow Transplant. (2012) 18:1819–26. doi: 10.1016/j.bbmt.2012.06.010

 165. Kebriaei P, Bassett R, Lyons G, Valdez B, Ledesma C, Rondon G, et al. Clofarabine plus busulfan is an effective conditioning regimen for allogeneic hematopoietic stem cell transplantation in patients with acute lymphoblastic leukemia: long-term study results. Biol Blood Marrow Transplant. (2017) 23:285–92. doi: 10.1016/j.bbmt.2016.11.001

 166. Versluys AB, Boelens JJ, Pronk C, Lankester A, Bordon V, Buechner J, et al. Hematopoietic cell transplant in pediatric acute myeloid leukemia after similar upfront therapy; a comparison of conditioning regimens. Bone Marrow Transplant. (2021) 56:1426–32. doi: 10.1038/s41409-020-01201-w

 167. Tesfaye H, Branova R, Klapkova E, Prusa R, Janeckova D, Riha P, et al. The importance of therapeutic drug monitoring (TDM) for parenteral busulfan dosing in conditioning regimen for hematopoietic stem cell transplantation (HSCT) in children. Ann Transplant. (2014) 19:214–24. doi: 10.12659/AOT.889933

 168. Ben-Barouch S, Cohen O, Vidal L, Avivi I, Ram R. Busulfan fludarabine vs. busulfan cyclophosphamide as a preparative regimen before allogeneic hematopoietic cell transplantation: systematic review and meta-analysis. Bone Marrow Transplant. (2016) 51:232–40. doi: 10.1038/bmt.2015.238

 169. Bartelink IH, van Reij EML, Gerhardt CE, van Maarseveen EM, de Wildt A, Versluys B, et al. Fludarabine and exposure-targeted busulfan compares favorably with busulfan/cyclophosphamide-based regimens in pediatric hematopoietic cell transplantation: maintaining efficacy with less toxicity. Biol Blood Marrow Transplant. (2014) 20:345–53. doi: 10.1016/j.bbmt.2013.11.027

 170. Harris AC, Boelens JJ, Ahn KW, Fei M, Abraham A, Artz A, et al. Comparison of pediatric allogeneic transplant outcomes using myeloablative busulfan with cyclophosphamide or fludarabine. Blood Advances. (2018) 2:1198–206. doi: 10.1182/bloodadvances.2018016956

 171. Ishiwata Y, Nagata M, Tsuge K, Takahashi H, Suzuki S, Imai K, et al. Population pharmacokinetics of intravenous busulfan in Japanese pediatric patients with primary immunodeficiency diseases. J Clin Pharmacol. (2018) 58:327–31. doi: 10.1002/jcph.1027

 172. Yeh RF, Pawlikowski MA, Blough DK, McDonald GB, O'Donnell PV, Rezvani A, et al. Accurate targeting of daily intravenous busulfan with 8-hour blood sampling in hospitalized adult hematopoietic cell transplant recipients. Biol Blood Marrow Transplant. (2012) 18:265–72. doi: 10.1016/j.bbmt.2011.06.013

 173. Long-Boyle JR, Green KG, Brunstein CG, Cao Q, Rogosheske J, Weisdorf DJ, et al. High fludarabine exposure and relationship with treatment-related mortality after nonmyeloablative hematopoietic cell transplantation. Bone Marrow Transplant. (2011) 46:20–6. doi: 10.1038/bmt.2010.53

 174. Ivaturi V, Dvorak CC, Chan D, Liu T, Cowan MJ, Wahlstrom J, et al. Pharmacokinetics and model-based dosing to optimize fludarabine therapy in pediatric hematopoietic cell transplant recipients. Biol Blood Marrow Transplant. (2017) 23:1701–13. doi: 10.1016/j.bbmt.2017.06.021

 175. Chung H, Hong KT, Lee JW, Rhee SJ, Kim S, Yoon SH, et al. Pharmacokinetics of fludarabine and its association with clinical outcomes in paediatric haematopoietic stem cell transplantation patients. Bone Marrow Transplant. (2019) 54:284–92. doi: 10.1038/s41409-018-0260-z

 176. Langenhorst JB, van Kesteren C, van Maarseveen EM, Dorlo TPC, Nierkens S, Lindemans CA, et al. Fludarabine exposure in the conditioning prior to allogeneic hematopoietic cell transplantation predicts outcomes. Blood Adv. (2019) 3:2179–87. doi: 10.1182/bloodadvances.2018029421

 177. Saraceni F, Beohou E, Labopin M, Arcese W, Bonifazi F, Stepensky P, et al. Thiotepa, busulfan and fludarabine compared to busulfan and cyclophosphamide as conditioning regimen for allogeneic stem cell transplant from matched siblings and unrelated donors for acute myeloid leukemia. Am J Hematol. (2018) 93:1211–9. doi: 10.1002/ajh.25225

 178. Saraceni F, Labopin M, Hamladji R-M, Mufti G, Socié G, Shimoni A, et al. Thiotepa-busulfan-fludarabine compared to busulfan-fludarabine for sibling and unrelated donor transplant in acute myeloid leukemia in first remission. Oncotarget. (2018) 9:3379–93. doi: 10.18632/oncotarget.23273

 179. Sanz J, Boluda JC, Martin C, Gonzalez M, Ferra C, Serrano D, et al. Single-unit umbilical cord blood transplantation from unrelated donors in patients with hematological malignancy using busulfan, thiotepa, fludarabine and ATG as myeloablative conditioning regimen. Bone Marrow Transplant. (2012) 47:1287–93. doi: 10.1038/bmt.2012.13

 180. Giannotti F, Labopin M, Shouval R, Sanz J, Arcese W, Angelucci E, et al. Haploidentical transplantation is associated with better overall survival when compared to single cord blood transplantation: an EBMT-Eurocord study of acute leukemia patients conditioned with thiotepa, busulfan, and fludarabine. J Hematol Oncol. (2018) 11:110. doi: 10.1186/s13045-018-0655-8

 181. Ruggeri A, Sanz G, Bittencourt H, Sanz J, Rambaldi A, Volt F, et al. Comparison of outcomes after single or double cord blood transplantation in adults with acute leukemia using different types of myeloablative conditioning regimen, a retrospective study on behalf of Eurocord and the Acute Leukemia Working Party of EBMT. Leukemia. (2014) 28:779–86. doi: 10.1038/leu.2013.259

 182. Di Bartolomeo P, Santarone S, De Angelis G, Picardi A, Cudillo L, Cerretti R, et al. Haploidentical, unmanipulated, G-CSF-primed bone marrow transplantation for patients with high-risk hematologic malignancies. Blood. (2013) 121:849–57. doi: 10.1182/blood-2012-08-453399

 183. Fox ML, García-Cadenas I, Pérez AM, Villacampa G, Piñana JL, Ortí G, et al. Feasibility of thiotepa addition to the fludarabine-busulfan conditioning with tacrolimus/sirolimus as graft vs. host disease prophylaxis. Leuk Lymphoma. (2020) 61:1823–32. doi: 10.1080/10428194.2020.1788015

 184. Saad AA, Sharma M, Higa GM. Treatment of multiple myeloma in the targeted therapy era. Ann Pharmacother. (2009) 43:329–38. doi: 10.1345/aph.1L428

 185. Horwitz ME, Morris A, Gasparetto C, Sullivan K, Long G, Chute J, et al. Myeloablative intravenous busulfan/fludarabine conditioning does not facilitate reliable engraftment of dual umbilical cord blood grafts in adult recipients. Biol Blood Marrow Transplantat. (2008) 14:591–4. doi: 10.1016/j.bbmt.2008.02.016

 186. Dulery R, Bastos J, Paviglianiti A, Malard F, Brissot E, Battipaglia G, et al. Thiotepa, busulfan, and fludarabine conditioning regimen in T cell-replete HLA-haploidentical hematopoietic stem cell transplantation. Biol Blood Marrow Transplant. (2019) 25:1407–15. doi: 10.1016/j.bbmt.2019.02.025

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor declared a shared consortium with the authors at time of review.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Ben Hassine, Powys, Svec, Pozdechova, Versluys, Ansari and Shaw. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 21 December 2021
doi: 10.3389/fped.2021.788360






[image: image2]

Value of Autoantibody Expression During Long-Term Follow-Up in Paediatric ALL Patients After Allogeneic Haematopoietic Stem Cell Transplantation

Anita Lawitschka1,2, Leila Ronceray1, Dorothea Bauer1, Michael Rittenschober1, Natalia Zubarovskaya1, Rene Geyeregger2, Winfried F. Pickl3 and Zoya Kuzmina4*


1Stem Cell Transplantation Unit, St. Anna Children's Hospital, Medical University of Vienna, Vienna, Austria

2Children's Cancer Research Institute, Vienna, Austria

3Institute of Immunology, Medical University of Vienna, Vienna, Austria

4Pulmonology Department Ottakring Hospital, Medical University of Vienna, Vienna, Austria

Edited by:
Peter Bader, University Hospital Frankfurt, Germany

Reviewed by:
Troy Quigg, Helen DeVos Children's Hospital, United States
 Selim Kuci, University Hospital Frankfurt, Germany

*Correspondence: Zoya Kuzmina, zoya.kuzmina@gmail.com

Specialty section: This article was submitted to Pediatric Hematology and Hematological Malignancies, a section of the journal Frontiers in Pediatrics

Received: 02 October 2021
 Accepted: 24 November 2021
 Published: 21 December 2021

Citation: Lawitschka A, Ronceray L, Bauer D, Rittenschober M, Zubarovskaya N, Geyeregger R, Pickl WF and Kuzmina Z (2021) Value of Autoantibody Expression During Long-Term Follow-Up in Paediatric ALL Patients After Allogeneic Haematopoietic Stem Cell Transplantation. Front. Pediatr. 9:788360. doi: 10.3389/fped.2021.788360



Objectives: Chronic graft-versus-host disease (cGvHD) following haematopoietic stem cell transplantation (HSCT) shares many similarities with de novo autoimmune disorders, being associated with the presence of autoantibodies. However, data on the implication of autoantibodies in paediatric HSCT recipients are scarce. In this single-centre study of paediatric patients with acute lymphoblastic leukaemia (ALL) surviving longer than 3 months, our objectives were to evaluate autoantibody expression and investigate the correlation with cGvHD and immune reconstitution using serially monitored parameters.

Methods: We investigated circulating autoantibodies together with cellular and humoral parameters [including major T- and B-cell subsets, natural killer (NK) cells, and immunoglobulin levels] in 440 samples from 74 patients (median age 10.9 years, range 2.7–22.2 years) serially during long-term follow-up of median 8 years (range 0.4–19.3 years). Evaluations comprised of patient and transplant characteristics, precisely reviewed details of National Institute of Health (NIH)-defined cGvHD, and outcome data such as relapse, overall survival (OS) and mortality. Analysis of these clinical parameters was performed to identify possible associations.

Results: Autoantibodies were detected in 65% (48/74) of patients. Anti-nuclear antibodies were the most common, occurring in 75% (36/48) of patients with autoantibodies. When comparing demographic data and transplant characteristics, there were no significant differences between patients with and without autoantibody expression; 5-year OS was excellent, at 96.4 and 95.8%, respectively. Neither the expression of autoantibodies nor the occurrence of cGvHD correlated with significantly worse OS or relapse rate. Furthermore, there was no significant association between autoantibody profiles and the incidence, overall severity or organ involvement of cGvHD. Patients with autoantibodies showed significantly better immune reconstitution, with overall higher numbers of T cells, B cells, and serum immunoglobulins. In autoantibody-positive patients with cGvHD, autoantibody production positively correlated with the expansion of CD56+ NK cells (236.1 vs. 165.6 × 103 cells/mL, respectively; p = 0.023) and with signs of B-cell perturbation, such as higher CD21low B cells (23.8 vs. 11.8 × 103 cells/mL, respectively; p = 0.044) and a higher ratio of CD21low B cells/CD27+ memory B cells (1.7 vs. 0.4, respectively; p = 0.006) in comparison to autoantibody-positive patients without cGvHD. Furthermore, when assessing the correlation between autoantibody positivity and the activity of cGvHD at time of analysis, indicators of aberrant B-cell homeostasis were substantiated by a lower proportion of CD27+ memory B cells (9.1 vs. 14.9%, respectively; p = 0.028), a higher ratio of class-switched CD27+IgD−/CD27+ memory B cells (3.5 vs. 5.1%, respectively; p = 0.013), significantly elevated numbers of CD21low B cells (36.8 vs. 11.8 × 103 cells/mL, respectively; p = 0.013) and a higher ratio of CD21lowB cells/CD27+ memory B cells (2.4 vs. 0.4, respectively; p = 0.034) in the active vs. the no cGvHD group. We then assessed the potential role of autoantibody expression in the context of elevated CD19+CD21low B cells (cutoff >7%), a well-known marker of cGvHD. Surprisingly we found a significant higher proportion of those cases where elevated CD21low B cells correlated with active cGvHD in samples from the autoantibody-negative group vs. the antibody-positive group (82 vs. 47%, respectively; p = 0.0053).

When comparing immune parameters of the large proportion of survivors (89%) with the small proportion of non-survivors (11%), data revealed normalisation within the B-cell compartment of survivors: there were increased numbers of CD27+ memory B cells (54.9 vs. 30.6 × 103 cells/mL, respectively; p = 0.05), class-switched CD27+IgD− B cells (21.2 vs. 5.0 × 103 cells/mL, respectively; p < 0.0001), and immunoglobulin G4 (40.9 vs. 19.4 mg/dL, respectively; p < 0.0001). Overall mortality was significantly associated with an elevated proportion of CD21low B cells (13.4 vs. 8.8%, respectively; p = 0.039) and CD56+ NK cells (238.8 vs. 314.1 × 103 cells/mL, respectively; p = 0.019). In multivariate analysis, better OS was significantly associated with lower numbers of CD56+ NK cells [hazard ratio (HR) 0.98, p = 0.041] and higher numbers of CD27+ memory B cells [(HR) 1.62, p = 0.014].

Conclusion: Our data shows that autoantibody profiles are not suitable biomarkers for diagnosing cGvHD in children or for predicting cGvHD severity, disease course and outcome. We identified a number of indicators of aberrant immune homeostasis associated with active cGvHD in paediatric ALL patients after HSCT. These findings confirm published results and suggest that candidate B cell subpopulations may serve as a surrogate measure for characterisation of cGvHD in paediatric HSCT for malignant diseases, and warrants confirmation in larger, multicentre studies.
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INTRODUCTION

Allogeneic haematopoietic stem cell transplantation (HSCT) is a potentially curative treatment for acute lymphoblastic leukaemia (ALL) in paediatric and adolescent patients. Recently, it has been shown to have excellent outcomes with low treatment-related mortality (1). However, successful long-term outcomes may be limited by chronic graft-versus-host disease (cGvHD), a serious and complex, multisystem immunological complication of HSCT and major cause of late non-relapse morbidity and mortality (2, 3). The incidence of cGvHD is ~50% in adults while the incidence in paediatric patients is lower (5–30%) (4, 5). The clinical presentation of cGvHD may resemble those seen in autoimmune disorders and nearly every organ system may be affected resulting in poor physical functioning and disability (2, 3). Regarding diagnosis and staging of cGvHD, a major advancement has been made by the publication and validation of the National Institutes for Health (NIH) Consensus Criteria in 2005 with revision in 2014 (6, 7). A paediatric adaption of the NIH documentation forms for daily clinical use has been published in the European Society for Blood and Marrow Transplantation (EBMT) handbook (3). Recent advances in understanding the pathophysiology of cGvHD demonstrated that the disease is characterised by a combination of allogeneic and autoimmune dysregulation (8) with prolonged immunodeficiency (9, 10). It is well-known that alloreactive CD8+ T cells play a crucial role in the development of a graft-versus-leukaemia (GVL) effect and GvHD and that, amongst other cell types, CD4+ T cells stimulate the production of autoantibodies after HSCT (11–13). The role of impaired B-cell homeostasis in cGvHD has been shown by many groups (9, 14, 15), in adults, and was recently observed in the paediatric population recently (16). Along those lines our centre observed that both cGvHD and its activity were associated with B-cell perturbation including low numbers of CD19+CD27+ memory B cells and increased frequencies of circulating CD19+CD21low B cells in a paediatric population (n = 146) (17). Chronic GvHD shares many similarities with de novo autoimmune disorders: presence of autoantibodies leads to target tissue damage, immune complex formation, and tissue deposition (15). An association between cGvHD and autoantibody expression has been described (18–21). Indeed, autoantibodies may be detectable before the onset of clinical manifestation of cGvHD (15). However, data on the role and clinical implication of autoantibodies in paediatric HSCT recipients are limited.

In this single-centre retrospective study of paediatric patients with ALL, our objectives were to determine autoantibody expression levels following HSCT and investigate whether there was correlation between occurrence of autoantibodies and development of cGvHD, immune reconstitution and survival using serially monitored parameters during long-term follow-up care.



MATERIALS AND METHODS


Patients and Samples

A total of 74 paediatric and adolescent patients with ALL who underwent HSCT at the St. Anna Children's Hospital between February 1993 and June 2020 were included in this retrospective study. Inclusion criteria included: being alive on day +100 after HSCT, complete remission (CR) of the underlying disease, complete multi-lineage donor cell engraftment and no prior treatment with rituximab. Patients' parents' and/or guardians' written informed consent was obtained in accordance with the Declaration of Helsinki and the institutional review board of the Medical University of Vienna and the St. Anna Children's Hospital. All patients underwent HSCT according to standard of care or institutional review board-approved protocols including standard GvHD, antimicrobial and antifungal prophylaxis according to institutional guidelines.

Outpatient post-HSCT care is a calendar-driven at our institution with additional incidence-driven visits, in the event of complications. During routine follow-up visits, where all of these patients were seen in the HSCT Outpatient Clinic of our institution, clinical parameters were collected regarding patient and transplant characteristics and details of GvHD, and peripheral blood samples were analysed for cellular and humoral parameters of immune reconstitution, including analysis of autoantibody panels. Evaluations (clinical and laboratory) were performed at day +100 and every 3–6 months in the first year, every 6 months in the second year, and once a year thereafter and/or as clinically indicated. Acute GvHD (aGvHD) was scored according to the modified Glucksberg criteria (22) and chronic GvHD was graded according to the NIH consensus criteria 2005 (6) and revised 2014 NIH criteria (7). Per definitions, classic cGvHD included classic and overlap subtypes (the presentation of symptoms both of acute and chronic GvHD) and late aGvHD. All outcome data such as overall survival (OS), non-relapse mortality (NRM) and relapse of ALL were retrospectively reviewed for accuracy.



Laboratory Assessments

Each patient's serum was screened for the presence of autoantibodies, with testing performed either by enzyme-linked immunosorbent assay and/or immunofluorescence. Details of methodologies for antibody assessment are listed in Table 1. For immunoassay-based methods used to screen antibodies, patient values were compared to the relevant reference interval as provided by the manufacturer. Serum titre of ≥1:100 was considered positive and samples were titred at 1:320, 1:640, and 1:1,000. In-house ELISA antibody testing was performed on the DSX ELISA processing system. Patients positive for antinuclear antibody (ANA) were further screened for Smith/anti-ribonucleoprotein (anti-Sm/RNP), anti-Sjögren syndrome-related antigen A (SSA) and anti-Sjögren syndrome type B (SSB) autoantibodies.


Table 1. Characteristics of autoantibodies analysed.
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The following assessments on serum were performed during routine follow-up examinations of patients longitudinally: leukocyte subpopulations; blood counts; concentrations of total immunoglobulin (Ig) G, and IgG subclasses 1–4, IgM, IgA, IgE; numbers of specific T-cell subpopulations (CD3+, CD4+, and CD8+ and the ratio of CD4+/CD8+), natural killer (NK) cells (CD3−CD56+CD16+), and specific B-cell subsets (CD19+, CD19+CD27+ memory, CD19+CD27+IgD+ non-class-switched memory, CD19+CD27+IgD− class-switched memory, CD19+CD21low, and the ratio of CD19CD21low/CD19+CD27+). Flow cytometry with gating strategy was described previously and involved the isolation of blood cells, immunophenotyping, flow cytometry, and fluorescence in situ hybridisation of sorted cells (9, 17, 23). Optimal concentrations of directly conjugated monoclonal antibodies were added to 50 μL of patients' whole blood and incubated at room temperature for 20 min. ADG lysis solution (An der Grub, Vienna, Austria) was used to remove red blood cells according to the manufacturer's recommendations followed by acquisition of 5 × 103 cells in the lymphogate for leukocyte subpopulations and 4–8 × 103 CD19+ B cells for B-cell subset analysis as previously described (9, 17, 23). Serum levels of IgG, IgM, and IgA were quantified by nephelometry using Beckman Coulter IMMAGE (Beckman Coulter Inc., Brea, CA).



Statistical Analysis

Patients were divided into subgroups: autoantibody positive and autoantibody negative (based on absolute values or titres), and patients with or without cGvHD. Fisher's exact test was used to compare differences in categorical variables. For univariate analyses, different subpopulations and detailed clinical cGvHD characteristics at study points throughout long-term follow-up were selected and compared using the student's t-test or the Mann-Whitney U-test for continuous variables. Covariates with a p < 0.05 were entered into the multiple logistic regression analysis. If absolute values or percent values of a covariate were available as different variables, then these covariates were entered into multivariate logistic regression analysis. OS was calculated from day 0 of HSCT to the day of death from any cause, relapse or last follow-up to 1 January 2021. Patients were censored at the date of last contact. OS was analysed using the Kaplan-Meier test, and both groups were compared using a log-rank test or a Breslow test. NRM was defined as death due to causes unrelated to the underlying disease. Disease relapse and cGvHD were considered competing risks in this analysis. Statistical analyses were performed with SPSS 20.0 software (IBM Company, Chicago, IL, USA). Differences were considered statistically significant at a p < 0.05.




RESULTS


Patient and Transplant Characteristics and HSCT Outcomes

Between February 1993 and June 2020, 74 patients who received HSCT for ALL were enrolled in the study, yielding 440 serum samples for analysis. Median age was 10.9 years (range 2.7–22.2 years) and median follow-up was 8 years (range 0.4–19.3 years). In this homogenous cohort the distribution of patient and transplant characteristics such as age, sex, conditioning regimen, donor type, stem cell source, and GvHD prophylaxis was similar between patients who did and did not express autoantibodies during follow-up (Table 2).


Table 2. Demographic and transplant characteristics and outcomes of paediatric ALL patients after HSCT.
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In the cohort, 81% (60/74) of patients received a bone marrow graft, 62% (46/74) received stem cells from an unrelated donor, and 53% (39/74) received anti-thymocyte globulin as part of their conditioning. aGvHD of grade II–IV and grade III–IV was diagnosed in 36.5% (27/74) and 11% (8/74) of patients, respectively. cGvHD was diagnosed in 24% (18/74) of patients; severe in 72% (13/18), progressive onset in 39% (7/18), and evidence of overlap cGvHD in 44% (8/18). The majority of patients with cGvHD (93%) had a history of aGvHD. The most frequent organs affected by cGvHD were skin (78%), oral mucosa (56%) and eye (39%). Over 90% of patients suffered from multiorgan involvement, identified as cGvHD in ≥2 organs. The relapse rate of ALL was low, at 13.5% (10/74). The 10-year OS was excellent at 89% for the whole cohort. The overall mortality rate was 11% (8/74), with death occurring at a median of 5.5 years after HSCT. No difference in 5-year OS was seen when comparing the antibody-positive and the antibody-negative group (96.4 vs. 95.8%, respectively) and no influence of cGvHD was observed (95.3 vs. 93.8%, respectively) (Figures 1A,B). Causes of death were relapse of ALL in 4 patients, cGvHD in 1 patient, secondary malignancy in 1 patient, infection in 1 patient, and sudden death with epilepsy and brain oedema as determined by autopsy in 1 patient. Of note, a history of cGvHD was evident in 4 of 8 patients, but none of the patients who died of ALL relapse had a history of cGvHD.
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FIGURE 1. Kaplan–Meier curve of the overall survival of paediatric ALL patients after HSCT (N = 74). (A) overall survival (percentage) of the autoantibody-negative (n = 26) vs. the autoantibody-positive (n = 48) patient group. (B) Overall survival (percentage) of the patient group with cGvHD (n = 21) vs. the patient group without GvHD (n = 53). AB, antibody; cGvHD, chronic graft-versus-host disease; HSCT, haematopoietic stem cell transplantation; w/o, without; Follow-up after HSCT: in months.




Clinical Outcomes in Patients With and Without Autoantibodies

At least one type of autoantibody was detected in 65% (48/74) patients during the follow-up period. Antinuclear antibodies were the most frequently detected antibody type, occurring in 75% (36/48) of those patients with autoantibodies (Table 2). The incidence of aGvHD was similar between groups, even when analysed by grade. Likewise, the incidence of cGvHD was comparable between groups, indicating that cGvHD was not associated with autoantibody production in our cohort. Although not statistically significant due to the low sample sizes, NIH-defined classic cGvHD was overrepresented in the autoantibody-positive group vs. the autoantibody-negative group (64 vs. 25%, respectively). Conversely, overlap manifestations of cGvHD at onset were more often diagnosed in the autoantibody-negative group than the autoantibody-positive group (75 vs. 36%, respectively). No significant correlation was found between autoantibody positivity and NIH-defined overall severity of cGvHD; however, all 4 patients (100%) in the autoantibody-negative group with cGvHD had severe cGvHD in comparison to 9 out of the 14 (64%) patients in the autoantibody-positive group with cGvHD. With regard to the organ involvement of cGvHD, no association with autoantibody expression was observed.

There were no significant differences in mortality between the autoantibody-positive group (8%, 4/47) and the autoantibody-negative group (15%, 4/47; p = 0.44). Neither the expression of autoantibodies nor the occurrence of cGvHD was correlated with significantly worse survival (Figures 1A,B). The relapse rate of ALL did not differ significantly between the two groups, being 8% (4/48) for the autoantibody-positive group and 23% (6/26) for the autoantibody-negative group (Table 2).



Prevalence and Type of Autoantibodies and cGvHD

At least one type of autoantibody was detected in 65% (48/74) of patients and multiple autoantibodies were detected in 36% (27/74) of patients (Table 3). Antinuclear antibodies were the most frequently detected antibody type, occurring in 75% (36/48) of autoantibody-positive patients. Of patients with autoantibodies, 33% (16/48) had a history of cGvHD (including 14 cases of classic chronic and 2 cases of late aGvHD, as shown in Table 2). Of patients with autoantibodies and cGvHD, the most common antibody type was antinuclear antibody (88%, 14/16), followed by anti-rheumatoid factor antibody (38%) and anti-collagen antibody (25%). There was a trend towards patients with cGvHD being more likely to express antinuclear antibody than patients without cGvHD, although this was not statistically significant [67 (14/21) vs. 41% (22/53), respectively; p = 0.07]. Due to the small number of patients, no statistical analysis of the correlation between specific autoantibodies and the organ involvement of cGvHD during long-term follow-up was possible (descriptive data are shown in Table 4).


Table 3. Prevalence of autoantibodies during long-term follow-up in the patient group without (no) cGvHD and with cGvHD.
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Table 4. Prevalence of autoantibodies in relation to organ involvement of cGvHD in 16 patients*.
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Comparison of Longitudinally Assessed Humoral and Cellular Parameters of Patients With Autoantibodies vs. Those Without Autoantibodies

To assess immunological disparities between autoantibody-positive and negative groups, we compared the humoral and cellular parameters of 440 blood samples collected during long-term follow-up at consecutive time points alongside concurrent clinical data. In autoantibody-positive patients we found significantly increased mean numbers of leukocytes (6,410 vs. 5,815 × 103 cells/mL, respectively; p = 0.039), granulocytes (3,736 vs. 3,341 × 103 cells/mL, respectively; p = 0.034), lymphocytes (2,160 vs. 1,910 × 103 cells/mL, respectively; p = 0.024), and monocytes (504.2 vs. 437.7 × 103 cells/mL, respectively; p = 0.005), as shown in Table 5. Furthermore, the prevalence of autoantibodies was associated with significantly higher numbers of T cells and B cells including CD3+ T cells (1,508 vs. 1,276 × 103, respectively; p = 0.023), CD8+ T cells (720.8 vs. 616.6 × 103, respectively; p = 0.05), and CD19+ B cells (507.2 vs. 335.6 × 103, respectively; p = 0.006). Similarly, significantly higher mean immunoglobulin concentrations–such as IgG (1,080 vs. 896.1 mg/dL, respectively; p < 0.001), IgG3 (77.3 vs. 63.9 mg/dL, respectively; p = 0.021), IgG4 (43.8 vs. 36.7 mg/dL, respectively; p = 0.05), and IgM (114.9 vs. 86.5 mg/dL, respectively; p = 0.009) were observed in autoantibody-positive vs. autoantibody-negative patients.


Table 5. Longitudinal assessment of humoral and cellular parameters of patients with autoantibodies vs. those without autoantibodies.
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Autoantibody Expression, Immune Reconstitution, and Presence of cGvHD

In samples positive for autoantibodies, mean numbers of leukocytes (6.534 vs. 4.852 × 103 cells/mL, p < 0.001), granulocytes (3.739 vs. 3.010 × 103 cells/mL, respectively; p = 0.018), lymphocytes (2.225 vs. 1.422 × 103 cells/mL, respectively; p = 0.024), and monocytes (504.1 vs. 363.0 × 103 cells/mL, respectively; p = 0.001) were higher for patients with cGvHD vs. those without cGvHD (Table 6). The significantly higher numbers of immune cells in cGvHD patients with autoantibodies involved CD4+ T cells (mean 632.6 vs. 384.0 × 103 cells/mL, p < 0.0001), CD8+ T cells (759.3 vs. 447.2 × 103 cells/mL, respectively; p < 0.001), CD19+ B cells (539.6 vs. 276.3 × 103 cells/mL, p = 0.003) and CD56+ NK cells (236.12 vs. 165.6 × 103 cells/mL, p = 0.023). Moreover, autoantibody production in cGvHD patients was associated with significantly higher mean numbers of CD21low B cells (23.8 vs. 11.8 × 103 cells/mL, p = 0.044), and a distorted ratio of CD21low B cells/CD27+ memory B cells (1.7 vs. 0.4 respectively; p = 0.006). Elevated levels of immunoglobulins such as IgG (1,159 vs. 916.9 mg/dL, respectively, p = 0.009), IgG3 (77.4 vs. 45.8 mg/dL, respectively; p < 0.001), and IgM (129.8 vs. 88.0 mg/dL, respectively; p = 0.038). Multivariate logistical regression analysis showed that increase of CD8+ T cells (p = 0.03), CD56+ NK cells (p = 0.04), and IgG3 (p = 0.043) was significantly associated with antibody production in cGvHD patients.


Table 6. Longitudinal assessment of humoral and cellular parameters of patients with autoantibodies both with and without cGvHD.
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It has been previously demonstrated that autoantibody production may correlate with activity of cGvHD. Therefore, we assessed the correlation between autoantibody expression in patients with precisely assessed active cGvHD at the time samples were taken. Results mirrored the above-reported significant association between immunological parameters and cGvHD (data not shown). In addition, a significantly diminished proportion of CD27+ memory B cells (9.1 vs. 14.9%, respectively; p = 0.015) and an aberrantly low ratio of class-switched CD27+IgD−/CD27+ memory B cells (3.5 vs. 5.1, respectively; p = 0.013) were observed in patients with active cGvHD expressing autoantibodies, suggestive of B-cell perturbation (Table 7).


Table 7. Assessment of humoral and cellular parameters at the time of analysis in patients with autoantibodies both with and without active cGvHD.
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To assess the potential association between autoantibody production and the number of CD21low B cells, which are a well-known marker of B-cell perturbation in cGvHD, we analysed the distribution of CD21low B cells using a cutoff >7% based on the publication by Wehr et al. (24). In 3 assessments the proportion of CD21low B cell was >7%. About 19 of 93 assessments were derived from the autoantibody-positive group and 74/93 assessments were derived from the autoantibody-negative group. When considering the activity of cGvHD at the time the samples were taken, 9 of the 19 CD21low B-cell samples that were derived from autoantibody-positive patients were from patients with active cGvHD (47%), while 61 of 74 CD21low B-cell samples that were derived from autoantibody-negative patients were from patients with active cGvHD (82%) (p = 0.0053).

To determine whether cGvHD is the main reason for the significant impairment of immune homeostasis regardless of the autoantibody expression, we compared cellular and humoral parameters in patients with cGvHD at any study time point to a homogenous cohort of patients without cGvHD, as shown in Table 8. This analysis was independent of autoantibody expression. cGvHD was significantly associated with increased mean numbers of leukocytes (6.289 vs. 4.878 × 103 cells/mL, p < 0.0001), granulocytes (3.603 vs. 2.922 × 103 cells/mL, respectively; p < 0.001), lymphocytes (2.154 vs. 1.476 × 103 cells/mL, respectively; p < 0.0001), and monocytes (489.9 vs. 365.4 × 103 cells/mL, respectively; p < 0.0001). cGvHD was also associated with significantly higher numbers of CD3+ T cells (1.445 vs. 1.086 × 103 cells/mL, respectively; p = 0.008), CD4+ T cells (619.7 vs. 476.1 × 103 cells/mL, respectively; p < 0.0001), CD8+ T cells (717.9 vs. 446.6 × 103 cells/mL, respectively; p < 0.001), and CD56+ NK cells (262.3 vs. 166.1 × 103 cells/mL, respectively; p < 0.001) as well as a diminished CD4/CD8 ratio (1.1 vs. 1.2, p = 0.017). In cGvHD vs. no cGvHD patients, the B-cell compartment showed significantly increased CD19+ B cells (430.9 vs. 295.5 × 103 cells/mL, respectively; p < 0.0001) and CD21low B cells (9.7 vs. 6.6%; p = 0.019), together with elevated immunoglobulin levels (IgG: 993.0 vs. 895.3 mg/dL, p = 0.022; IgG1: 687.7 vs. 580.7 mg/dL; p = 0.014; IgG3: 75.0 vs. 51.8 mg/dL; p < 0.0001, respectively).


Table 8. Longitudinal assessment of humoral and cellular parameters of patients with and without (no) cGvHD independently of autoantibody expression.
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Association Between Survival and Parameters of Immune Reconstitution

When comparing survivors vs. non-survivors (Table 9) survivors showed significantly higher mean numbers of CD4+ T cells (595.1 vs. 440.0 × 103 cells/mL, respectively; p = 0.04), with a normalised CD4/CD8 ratio (1.1 vs. 0.8 × 103 cells/mL, respectively; p = 0.041). Additionally, in survivors the B-cell compartment revealed a tendency towards normalisation regarding CD19+ B cells (406.1 vs. 289.4 × 103 cells/mL respectively; p = 0.042), CD27+ B memory cells (54.9 vs. 30.6 × 103 cells/mL, respectively; p = 0.05), mainly class-switched CD27+IgD− B cells (21.2 vs. 5.0 × 103 cells/mL, respectively; p < 0.0001), the ratio of CD27+IgD+/CD27+IgD− B cells (2.2 vs. 5.9, p = 0.003), and IgG4 (40.9 vs. 19.4 mg/dL, respectively; p < 0.0001). In contrast, non-survival was associated with a significantly elevation of the proportion of CD21low B cells (13.4 vs. 8.8%, p = 0.039), and CD56+ NK cells (238.8 vs. 314.1, × 103 cells/mL, respectively; p = 0.019). In multivariate analysis, greater survival was significantly associated with lower mean numbers of CD56+ NK cells [hazard ratio (HR) 0.98, p = 0.041] and higher mean numbers of CD27+ memory B cells (HR 1.62, p = 0.014).


Table 9. Longitudinal assessment of humoral and cellular parameters in survivors vs. non-survivors independently of autoantibody expression.
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DISCUSSION

Dysregulated immunity in cGvHD might be comparable to autoimmune diseases, where the pathogenic role of autoantibodies has been similarly shown in adult (12, 14, 15) and paediatric HSCT patients (25). This study aimed to determine the prevalence and potential value of autoantibodies as cGvHD biomarkers in the context of immune reconstitution in paediatric ALL patients after HSCT.

In this homogenous study cohort, we detected autoantibodies in 65% of patients, higher than in recently published adult cohorts (18, 21). When comparing demographic data and transplant characteristics of patients with and without autoantibody expression there were no significant differences. Although the prevalence of autoantibodies was greater in patients with cGvHD than in those without cGvHD (76 vs. 60%, respectively), this difference was not significant. This may be due to sample size. Furthermore, we did not find a significant association between the prevalence of autoantibodies and the overall severity of cGvHD, which is consistent with previous findings in adults (15, 18). Of note, in this cohort all 4 autoantibody-negative patients who had cGvHD suffered from severe cGvHD.

Consistent with previous studies (15, 18, 20), antinuclear antibodies were the most common autoantibody type detected in our patients. While cGvHD patients had a higher frequency of antinuclear autoantibodies than did patients without cGvHD (88 vs. 79%, respectively; p = 0.07), this difference did not reach statistical significance. This is in contrast to findings by Patriarca et al. (20) and Yang et al. (21) in adult HSCT patients and might possibly be explained by the lower incidence of cGvHD in paediatric patients. Further analyses regarding organ involvement of cGvHD and autoantibody profiles in our cohort were hampered by the low case numbers. In contrast to adult studies (18, 21), autoantibody profiles linked to systemic lupus erythematosus (SLE) and systemic sclerosis (such as anti-single-stranded or double-stranded DNA, anti-SSB and anti-SSA antibodies) did not correlated with cGVHD in our study. Similarly to published data (15), autoantibody positivity and profiles did not correlate with the severity, activity, or clinical characteristics of cGvHD (data not shown), indicating that autoantibodies are not suitable biomarkers for monitoring cGvHD. Besides, a correlation between explicit autoantibody profiles and specific tissue damage in cGVHD remains to be established.

In a study of 121 adolescent and adult HSCTs (mean age 35 years, range 15–68) for malignant diseases, Moon et al. showed favourable outcome regarding relapse rate and survival in patients with autoantibody positivity (19). Our data showed acceptable relapse and excellent OS with no association between presence of autoantibodies and relapse. Furthermore, neither the expression of autoantibodies nor the occurrence of cGvHD was associated with significantly worse survival (Figures 1A,B). Patients with autoantibodies showed significantly better immune reconstitution, with overall higher numbers of T cells and B cells and higher serum immunoglobulin concentrations, similarly to those reported by Patriarca et al. (20).

Notably, the prevalence of autoantibodies in patients with cGvHD correlated with better immune reconstitution and elevated numbers of NK cells. The association between elevated numbers of NK cells and cGvHD has been described by our group previously in an observational paediatric study in 146 HSCT patients (mean age 8.6 years, range 0.4–19.3 years) with 659 samples during longitudinal follow-up (17). Huenecke et al. reported a similar association between NK-cell reconstitution and cGvHD in a paediatric single centre study of 74 HSCT patients with malignant diseases (26). Among the cGvHD patients in our present study, autoantibody positivity (vs. negativity) was associated with signs of B-cell perturbation, such as significantly higher mean numbers of CD21low B cells (23.8 vs. 11.8 × 103 cells/mL, p = 0.044) and a distorted ratio of CD21low /CD27+ memory B cells (1.7 vs. 0.4, p = 0.006). When considering the activity of cGvHD in the autoantibody-positive group, we could not only confirm aberrant B-cell homeostasis but also further strengthen these findings by observing a significantly lower proportion of CD27+ memory B cells (9.1 vs. 14.9%, p = 0.015) with an altered ratio of class-switched CD27+IgD−/CD27+ memory B cells (3.5 vs. 5.13, p = 0.013) in comparison to the autoantibody-positive group without cGvHD. This is consistent with previous studies and reviews that have described disfunctional B-cell homeostasis in patients with cGvHD and the proposed a role of CD21low B cells (9, 17, 27–29). To explore this further, we assessed the potential role of autoantibody expression and CD21low B cells in cGvHD activity and, to our surprise, we found a significant correlation between active cGvHD and expanded numbers of CD21low B cells (cutoff >7%) in autoantibody-negative vs. autoantibody-positive patients (82 vs. 47%, respectively; p = 0.0053). As reported by Hao et al. from a study in 65 adult HSCT patients, these findings may further suggest a minor role of autoantibody profiles in paediatric patients with active cGvHD and signs of B-cell perturbation.

Because our results might suggest that cGvHD is the main reason for a significant impairment of immune homeostasis, we evaluated immune parameters comparing the group with and without cGvHD independently of autoantibody status. We confirmed published adult data (9, 15) that cGvHD is associated with significantly elevated T cell subsets, especially CD4+ T cells, and NK cells. We also showed that paediatric cGVHD, similar to adult cGVHD (9, 15) is associated with significantly increased CD21low B cells and elevated immunoglobulin levels as signs of B-cell perturbation. Previously, our group reported that cGVHD in children correlated with low numbers of CD27+ memory B cells in a prospective study, and we hypothesised that this subpopulation may serve as a risk factor/marker of cGvHD (17). In this here presented retrospective study we could not confirm this, emphasising on the need for further prospective multicentre studies on B-cell subpopulations in paediatric HSCT for malignant diseases in correlation with cGvHD.

The expression of circulating autoantibodies as a prognostic marker of survival or relapse has been investigated, which we could not confirm as described above. Therefore, we investigated the immune parameters of survivors vs. non-survivors. Among survivors, data revealed normalisation within the B-cell compartment with significantly higher numbers of both CD27+ memory B cells and class-switched CD27+IgD− B cells together with a mean higher concentration of IgG4 in comparison to non-survivors. Overall mortality was significantly associated with an elevated proportion of CD21low B cells and of CD56+ NK cells. In the multivariate analysis, better survival rates were significantly associated with lower numbers of CD56+ NK cells (HR 0.98, p = 0.041) and higher mean numbers of CD27+ memory B cells (HR 1.62, p = 0.014). To our knowledge these associations have not been described previously in paediatric ALL patients after HSCT.

Other strengths of the study are the homogenous cohort (paediatric ALL patients with similar HSCT characteristics) with thorough characterisation of NIH-defined cGvHD manifestations during lon-term follow-up. The assessment of cGvHD activity at the time of sample taking will allow a better understanding of the disease course of paediatric cGVHD, and may help the clinician in the future to calibrate the intensity of the immunosuppressive treatment.

Our study has several potential limitations. First, it was a retrospective study with low numbers of paediatric cGvHD patients. Secondly, details and intensity of immunosuppressive treatments that patients received were not evaluated. Data on the presence of autoantibodies both of patients and donors prior HSCT would have been informative.

In conclusion, we confirm that autoantibody profiles are not a suitable biomarker for diagnosis of paediatric cGVHD and for prediction of severe forms of this disease. However, this study identified a number of indicators of aberrant immune homeostasis associated with active cGvHD in paediatric patients with ALL who underwent HSCT, confirming results of adult studies and in line with our previous results. These indicators may serve as a surrogate measure for a better characterisation of clinical phenotypes of cGvHD. Our findings provide candidate B-cell subpopulations that could be potential targets of cGvHD treatment in paediatric HSCT for underlying malignant diseases and should be evaluated in larger, multicentre studies.
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Despite advances in haematopoietic stem cell transplant (HSCT) techniques, the risk of serious side effects and complications still exists. Neurological complications, both acute and long term, are common following HSCT and contribute to significant morbidity and mortality. The aetiology of neurotoxicity includes infections and a wide variety of non-infectious causes such as drug toxicities, metabolic abnormalities, irradiation, vascular and immunologic events and the leukaemia itself. The majority of the literature on this subject is focussed on adults. The impact of the combination of neurotoxic drugs given before and during HSCT, radiotherapy and neurological complications on the developing and vulnerable paediatric and adolescent brain remains unclear. Moreover, the age-related sensitivity of the nervous system to toxic insults is still being investigated. In this article, we review current evidence regarding neurotoxicity following HSCT for acute lymphoblastic leukaemia in childhood. We focus on acute and long-term impacts. Understanding the aetiology and long-term sequelae of neurological complications in children is particularly important in the current era of immunotherapy for acute lymphoblastic leukaemia (such as chimeric antigen receptor T cells and bi-specific T-cell engager antibodies), which have well-known and common neurological side effects and may represent a future treatment modality for at least a fraction of HSCT-recipients.
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INTRODUCTION

Neurological complications occurring post paediatric haematopoietic stem cell transplantation (HSCT) contribute significantly to morbidity and mortality both in the short and long term. The incidence of neurotoxicity in children following HSCT, for a variety of indications, ranges in the literature from 11–59% (1–6). There is a paucity of literature examining neurological complications specifically in children undergoing HSCT for ALL.

Moreover, a widely cited post-mortem study showed that 90% of the 180 HSCT recipients (adults and children; age range 1–48 years) had evidence of central nervous system (CNS) abnormality and that this was the cause of death in 17% (7). A number of studies have shown that the outcomes of HSCT are poorer for patients who develop acute neurotoxicity (8, 9).

The majority of paediatric studies of the neurological effects of HSCT have focussed on acute neurotoxicity (1–6). As more children undergoing HSCT for acute lymphoblastic leukaemia (ALL) become long-term survivors, we are obligated to understand the long-term neurological consequences of this treatment modality. With this in mind, the current review explores both acute and long-term neurological complications occurring after HSCT in paediatric patients with ALL.

Converging evidence from related fields (hypoxic and traumatic brain injury, radiotherapy and ALL therapy not including HSCT) has identified the vulnerability of the paediatric brain to injury (10–12). This collective evidence strongly suggests that radiotherapy, and possibly chemotherapy also, added to neurological injury occurring as a result of acute central nervous system (CNS) complications may have profound effects on brain maturation and consequently on cognitive function; indeed, fatigue and low mood have been shown to be associated with neurocognitive deficits post cancer therapy and HSCT (13–17). Because of the demonstrated close relationship between neurocognitive deficits and fatigue, with subsequent impacts upon educational and vocational outcomes and quality of life, we have elected to review these together under the term “long-term neurocognitive impacts” of HSCT.

We aim to provide a comprehensive review of both the acute and long-term neurological complications observed in children who have undergone HSCT for ALL. Although a little outside the scope of a HSCT review, we have also chosen to include a brief review of the neurotoxicity associated with CAR T cell therapy. We think it is important as CD19-Chimeric antigen receptor (CAR) T cell therapy becomes more widely available for children with relapsed or refractory CD19+ B ALL, including post HSCT relapse. Table 1 outlines the risk factors associated with the neurotoxicities reviewed in this paper.


Table 1. Risk factors for acute and late neurotoxicity effects after allogeneic HSCT for pediatric ALL and CD19+ CAR T cell therapy.

[image: Table 1]

Acute neurological complications are broadly divided into infectious or non-infectious causes. Acute non-infectious neurotoxicity relates primarily to drug toxicity. We review here the neurotoxicity of common chemotherapy drugs (busulfan and fludarabine) used for non-TBI-based conditioning predominantly in younger children with ALL. We have included the neurotoxicity of nelarabine, which is often used as a bridge to transplant for patients with relapsed or refractory T-cell ALL. We review the risk of posterior reversible encephalopathy, which is most commonly associated with calcineurin inhibitors used for graft-vs.-host disease (GvHD) prophylaxis in the majority of patients undergoing HSCT. Lastly, in the acute section, we review GvHD-associated CNS disease. The long-term complications we review are: secondary CNS tumours, peripheral neuropathy, ischaemic complications and neurocognitive impacts (including cognition, fatigue and quality of life).



ACUTE NEUROTOXICITY POST HSCT


Infectious Causes of Acute Neurotoxicity

Infections due to viruses, bacteria, fungi and parasites are the leading cause (35%) of acute neurotoxicity in paediatric ALL patients who have undergone HSCT. Clinical infectious manifestations may be absent in transplant recipients due to host immunosuppression, but CNS infection should be suspected upon occurrence of new neurological symptoms, fever or other systemic infection, especially in the early post-transplant period (18).

Pre-transplant viral status—defined as a higher number of recipients who are seropositive to the herpes groups—correlates with the risk of neurologic complications post-transplant (19, 20). Following recovery from primary infection, human herpes viruses (HHVs) enter a state of latency in lymphocytes and monocytes/macrophages. Thus, viral CNS infections are frequently caused by reactivation of these viruses including herpes simplex virus, Epstein-Barr virus, varicella zoster virus, cytomegalovirus (CMV), HHV-6 and human polyomavirus (also known as JC polyomavirus or JCV). Approximately 40% of HSCT recipients experience early reactivation of herpes viruses after transplantation, especially those suffering from GvHD (21, 22). Appropriate prophylaxis matched to the herpes group serological status of donor and recipient may protect from reactivation of these infections.

Another important cause of infectious CNS morbidity in paediatric ALL patients who have had an allogeneic HSCT is invasive opportunistic fungal disease (23). The predominant causal fungal genus is Aspergillus, with Aspergillus fumigatus prevailing over other species. Since Aspergillus is rarely recovered from blood cultures, the diagnosis of proven invasive opportunistic fungal disease may require invasive procedures to obtain tissue; however, such procedures are fraught with risks of morbidity or mortality in this patient population, especially when involving the CNS. Thus, while histopathological diagnostic tools will always remain important to pursue a specific definitive diagnosis, non-invasive diagnostic tools have largely replaced tissue diagnosis of invasive opportunistic fungal diseases in paediatric HSCT recipients. Imaging with computed tomography (CT) or magnetic resonance imaging (MRI) scans, serological testing including the serum galactomannan assay for Aspergillus and the serum (1,3)-β-d-glucan (BDG) antigen test, and molecular techniques including polymerase chain reaction-based assays with higher specificity and sensitivity than serological assessment can identify and lead to earlier treatment (24).

Toxoplasmosis is an opportunistic infection caused by the parasite Toxoplasma gondii. Infection in an immunocompetent host leads to latency of the parasite as cysts in various organs. Toxoplasma gondii allograft transmission or reactivation of latent infection may be present in HSCT patients, especially in countries where toxoplasmosis is more prevalent (25, 26). Toxoplasmosis in patients following HSCT frequently involves the CNS, both as an isolated cerebral infection or as disseminated disease. The typical MRI features include multiple lesions in the subcortical white matter, basal ganglia, and cerebellum, with focal nodular or rim enhancement present in some lesions (27). Mortality rate in cerebral toxoplasmosis is very high. The incidence is reduced by use of trimethoprim-sulfamethoxazole prophylaxis in recipients with positive serology or a seropositive donor (18).

Brain abscess is a rare but severe CNS complication of HSCT. Similar to Aspergillus and Toxoplasma infections, bacterial abscesses may not show significant enhancement because the imaging characteristics of cerebral infections relate to the immune status of the HSCT recipient. With brain abscesses, encapsulation around the abscess cavity—which indicates the occurrence of sequential events involving neovascularization, inflammatory cell migration, and immune response—is not usually complete, and a mass effect or oedema around the lesion caused by an inflammatory infiltrate of polymorphonuclear cells is relatively rare (27).

Current diagnostic techniques for suspected infectious cases rely on prior knowledge of the likely causative agent. Informed by clinical presentation, epidemiological data, guidelines and local resources, a laboratory will perform targeted tests for a disease. These are largely confined to specific PCR or serological assays. This approach has fundamental limitations, and contributes to the relatively high proportion of encephalitis cases that remain undiagnosed. Thus, there is a need for improved diagnostic methods for encephalitis. A method which has recently been applied to pathogen detection in cases of encephalitis is metagenomics analysis using next generation sequencing (NGS). NGS has striking potential to identify undiagnosed pathogens and thus reduce the number of cases with unknown aetiology. It also has utility for pathogen detection in other clinical syndromes, such as respiratory infections, therefore the implementation of this technique in clinical laboratories would have wider implications for diagnosis of infection beyond encephalitis (28).



Non-infectious Causes of Acute Neurotoxicity

Non-infectious aetiology of acute neurotoxicity largely relates to drug toxicities, vascular events, and metabolic and immune-mediated (CNS GvHD) causes. We now describe each of these in turn.


Drug Toxicities

The drugs used for conditioning prior to HSCT (e.g., fludarabine and busulfan) and for GvHD prophylaxis can cause toxic leukoencephalopathy.


Fludarabine

Neurotoxic side effects of fludarabine when used in the treatment of haematological malignancies have long and widely been described (29–42). Studies have shown that neurological complications usually occur 20–250 days post HSCT and present with a variety of clinical manifestations including visual disturbances, blindness, weakness, encephalopathy and coma. Risk factors include higher doses of fludarabine, advanced disease status, older age and renal impairment. In studies where MRI was performed, there was evidence of toxic leukoencephalopathy with either focal or widespread changes consistent with white matter demyelination.

Beitinjaneh et al. evaluated toxic encephalopathy in 1,597 recipients (both adults and children) following fludarabine-based conditioning prior to HSCT for a variety of indications (43). The incidence of severe leukoencephalopathy was 2.4%. They described three distinct clinical syndromes with associated MRI changes:

1. Posterior reversible encephalopathy syndrome (PRES) which presented with headache, visual disturbance and seizures. MRI demonstrated subcortical and cortical white matter changes.

2. Acute toxic leukoencephalopathy (ATL) which was associated with cognitive impairment, visual disturbance and decreased levels of consciousness. MRI changes were seen in the deep white matter.

3. Other leukoencephalopathy which was clinically similar to ATL but had less significant deep white matter changes on MRI.

The authors found it difficult to discern calcineurin inhibitor-associated PRES from fludarabine-associated PRES (43). Those with ATL had a worse prognosis than those with PRES Risk factors for fludarabine-associated leukoencephalopathy were older age, renal impairment, fludarabine dose, a previous fludarabine-based HSCT and previously treated CNS disease.

In a recent study of 29 adults undergoing HSCT for high risk haematological malignancies by Bethge et al., fludarabine 200 mg/m2 was initially used but needed to be reduced to 160 mg/m2 after four patients developed severe neurotoxicity. This study used haploidentical donors with CD3+/CD19+ depletion of the stem cell product and mycophenolate mofetil as GvHD prophylaxis. Calcineurin inhibitors were not used in this study, so the neurotoxicity was attributed to fludarabine alone.



Busulfan

Busulfan-based chemoconditioning is used as an alternative to TBI for younger patients undergoing HSCT for ALL. Seizures are the most common neurological side effect associated with busulfan. The drug has good penetration into the cerebrospinal fluid (CSF), with levels similar to that in the plasma (44). The risk of seizures appears to be dose dependent and related to high drug concentrations in the CNS (44–46). In early studies (which included adults and children undergoing HSCT for a variety of indications), in which patients would not have received prophylaxis for seizures, the incidence of seizures was in the order of 10% (44, 47, 48). The use of anticonvulsant prophylaxis with busulfan is now the standard of care for paediatric patients and a variety of drugs are used (49–51). The risk of seizures has been ameliorated by the routine use of prophylactic anticonvulsants and targeted busulfan pharmacokinetics (52).



Nelarabine

Nelarabine is used for the treatment of relapsed or refractory T-cell ALL (53–58). We are including nelarabine in this review as it is often used as a bridge to HSCT in these patients (57). It is associated with significant neurotoxicity with up to one-third of children reported to develop severe peripheral sensory or motor neuropathy or grade 3 or 4 central neurotoxicity (seizures, headaches, hallucinations, somnolence, weakness and cranial nerve palsies) when treated with nelarabine (53, 59–61). The incidence of neurotoxicity appears to be the same when nelarabine is combined with other chemotherapeutic agents (58, 62–64). The majority of neurological side effects appear to be gradually reversible but some can persist in some children (53, 58, 64). As the number of patients reported to have nelarabine-associated neurotoxicity in the literature is relatively small, the impact of this neurotoxicity on potential HSCT neurological complications is unclear. Therefore, we suggest it is important for physicians conducting HSCT to monitor patients who have experienced nelarabine neurotoxicity more closely than they otherwise would.




Posterior Reversible Encephalopathy Syndrome

Calcineurin inhibitors such as cyclosporine and tacrolimus form the backbone of GvHD prophylaxis for allogeneic HSCT in both children and adults. PRES post HSCT is most commonly associated with these agents. PRES has also been reported with sirolimus, everolimus and dexamethasone use (65–67). Other risk factors for PRES in children undergoing HSCT include hypomagnesaemia, acute GvHD (aGvHD), the use of umbilical cord blood as a stem cell source, the use of granulocyte colony-stimulating factor (G-CSF) and the use of fludarabine as part of the conditioning regimen (68, 69).

The term “posterior reversible encephalopathy syndrome” (PRES) was first coined by Hinchey in 1996 (70) although the syndrome had been described earlier (71, 72). It is a syndrome that usually presents early post HSCT (usually within the first 100 days (73) with a variety of clinical symptoms [seizures, headaches, hypertension, altered mentation, confusion and visual disturbance (74–77) and distinct radiological features (vasogenic oedema of most commonly the parieto-occipital white matter but also the frontal and temporal lobes and posterior fossa] (78–83). The incidence of PRES post HSCT is quite varied in the literature, ranging from 1.6 to 20% (9, 84, 85).


Pathophysiology of PRES

The pathophysiology of PRES remains uncertain. There are two main theories regarding the process that leads to the development of vasogenic oedema underlying PRES (86):

1. In the first theory, it is thought that hypertension is the primary trigger. A rapid rise in blood pressure overcomes the autoregulatory mechanisms of the cerebral vessels resulting in hyperperfusion and damage to the capillary bed, causing leakage of fluid into the interstitium.

2. In the second theory, the primary event is speculated to be activation of the endothelium leading to cerebral vasoconstriction and hypoperfusion resulting in vasogenic oedema.

There is more evidence to support the second theory in the literature. Firstly, 20–30% of patients with PRES appear to have normal or mildly elevated blood pressure (87). There are a number of imaging studies which show evidence of hypoperfusion with PRES (88–91). These observations have lead others to hypothesise that the hypertension is a reactive event in an attempt to improve cerebral perfusion and reduce the oedema rather than it being the cause of PRES (86, 92).



Clinical Features of PRES

Seizures are the most common presenting feature of PRES in children (68, 93–96). They usually start as non-convulsive focal events and later proceed to convulsive seizures. Non-convulsive status epilepticus has frequently been described (76, 97). Other clinical features include visual disturbance, headache, an altered level of consciousness, nausea and vomiting that may reflect raised intracranial pressure (68, 86, 98, 99).



Diagnostic Neuroimaging of PRES

Given the numerous causes of abnormal neurology in the acute post-HSCT setting, a CT scan of the head is often the first choice of neuroimaging. However CT scans are often normal or show non-specific changes in patients with PRES. MRI is the gold standard for PRES diagnosis, with distinctive diagnostic features present in the majority of cases (79). The typical lesions seen are vasogenic oedema in the subcortical and cortical white matter. These are seen as a high signal in T2-weighted images and fluid attenuated inversion recovery (FLAIR) sequences (80). Changes are usually seen bilaterally, most commonly in the parietal and occipital lobes. The frontal and temporal lobes are involved in about half of cases and the cerebellum, brain stem and basal ganglia in about one-third (79, 80, 82, 83). Concurrent intracranial haemorrhage is seen in ~5–19% of patients with PRES (78, 81, 83).



Treatment of PRES

The management of PRES in children post HSCT is supportive. It includes the use of antihypertensives, anticonvulsants and withdrawal of the presumed causative agent (68, 98, 100). Anticonvulsant therapy as either primary or secondary prophylaxis is recommended. The duration of therapy varies in the literature from 3–12 months and should be informed by persistence of symptoms, seizures and abnormal electroencephalogram and MRI changes (73, 94, 101, 102). There is little clear guidance in the literature about the use of antihypertensive in PRES, particularly in children. Most papers recommend their use with the caveat that rapid reduction in blood pressure should be avoided to prevent cerebral hypoperfusion. One paper suggests reducing blood pressure by 25% in the first hour and then very gradually in the following hours (103). Electrolyte abnormalities, particularly hypomagnesaemia and bleeding diathesis, should also be corrected (78). In most publications the diagnosis of PRES led to the withdrawal of calcineurin inhibitors and substitution with another immunosuppressant (mostly commonly tacrolimus instead of cyclosporine or vice versa) (9, 68, 99).

Early recognition of PRES is important and the syndrome is usually reversible without long-term sequelae with the supportive treatment described above (68, 99). Although not common, PRES can be life threatening and lead to permanent neurologic sequelae if not treated promptly (104). Straathof et al. demonstrated significantly higher non-relapse mortality in paediatric patients who had cyclosporine-associated neurotoxicity compared to the entire cohort of recipients who had undergone HSCT during the study period at their centre (105). Permanent neurological damage and cerebral infarction in children have also been shown (106). Therefore, prompt recognition and early institution of supportive care and treatment are imperative to ensuring good long-term outcomes.




Central Nervous System Graft-Vs.-Host Disease

CNS GvHD as a cause for neurological abnormalities post HSCT is rare and often a diagnosis of exclusion. As neurological manifestations of chronic GvHD (cGvHD) are not included in the National Institutes for Health (NIH)-defined diagnostic criteria (107, 108), they are considered to be “associated with cGvHD,” requiring occurrence together with a manifestation of classic cGvHD in another organ. The diagnostic work-up may include some important considerations: firstly, other causes of CNS neurological abnormalities have to be excluded in a comprehensive diagnostic work-up (as outlined below); secondly, diagnosis of CNS cGvHD may be probable if CNS manifestations are associated with the taper of immunosuppressive treatment (109). Very likely, there is an overlap between CNS cGvHD and autoimmunity, as outlined by Buxbaum and Pavletic (110): as most antibody-driven neurological entities after HSCT manifest in the setting of full donor chimerism, processes of cGvHD and autoimmunity may be assumed and manifestations have been reported such as transverse myelitis, isolated optic neuritis, CNS granulomatous vasculitis, panencephalitis with infiltration of CD3+ lymphocytes, and reversible leukoencephalopathy (109–111).

In 2010, a consensus conference of clinical practise in cGvHD, defined CNS GvHD as the presence of the following two mandatory criteria plus at least two facultative criteria (109):

• Mandatory criteria: 1. occurrence of neurological symptoms in the presence of chronic GvHD affecting other organs; and 2. signs of neurological involvement without any other explanation, i.e., no infectious, vascular, or metabolic aetiologies or drug toxicities.

• Facultative criteria: 1. abnormalities on brain MRI; 2. abnormal cerebrospinal fluid (pleocytosis, oligoclonal bands, elevated protein or immunoglobulin G levels); 3. brain biopsy or post-mortem examination revealing GvHD lesions; and 4. response to immunosuppressive therapy.

The consensus conference further defined three types of CNS cGvHD: cerebrovascular disease, demyelinating disease and immune-mediated encephalitis.

Reports of CNS GvHD in the literature are rare. A recently published Frontiers case report and literature review (112) included 46 cases reported between 1990 and 2019. Cases included patients with acute or chronic GvHD prior to or at the time of neurological abnormalities. The median age of onset was 41 years (range 9–68 years) and diagnosis was at a median of 390 days after HSCT (range 7–7300 days). Twenty-five patients had a history of aGvHD, and 29 developed cGvHD prior to or during the onset of neurological symptoms. The clinical characteristics of the 46 patients were variable: 11 presented with stroke-like episodes, 14 had acute demyelinating encephalomyelitis or multiple sclerosis-type manifestations, 17 presented with encephalopathy or encephalitis, and the remaining four had atypical manifestations. The cerebrospinal fluid of 40 patients was tested: 11 of these (27.5%) had no abnormalities. The most common cerebrospinal fluid abnormality was elevated protein, which was present in 23 patients (57.5%). Of the 45 patients who underwent brain MRI, 42 had abnormal findings. The majority of brain biopsies or post-mortem examinations demonstrated immune-mediated changes: perivascular inflammation (n = 16, 72.8%), vasculitis (n = 4, 18.2%), gliosis, microglia proliferation or activation (n = 8, 36.4%), infiltration of CD3+/CD4+ Tcells (n = 1, 4.5%), infiltration of CD3+/CD8+ T cells (n = 6, 27.3%), parenchyma lymphocytic infiltration (n = 4, 18.2%),demyelination (n = 7, 31.8%), granulomatous infiltration (n = 3, 13.6%). Fourty patients received immunosuppressive therapy. Most patients have achieved complete response (n = 15) or partial response (n = 7) in clinical and/or imaging studies after treatment. Unfortunately, there were inadequate follow-up data to make any conclusions about the outcomes for these patients. Although uncommon, the majority of patients discussed in the review seemed to respond to immunosuppressive therapy.

We were unable to find any definitions of CNS aGvHD in the published literature. In summary, there are clear diagnostic criteria for CNS cGvHD but guidelines regarding CNS aGvHD are warranted.





LONG-TERM NEUROTOXICITY POST HSCT


Cerebrovascular Accidents

After HSCT, endothelial damage is induced by the conditioning regimen with or without TBI or other types of irradiation and by HSCT complications such as GvHD (113–115). It has been well described that HSCT survivors have a higher prevalence of metabolic syndrome and atherosclerosis, both of which predispose patients to cardiovascular adverse events (including coronary artery disease and peripheral vascular disease), as compared with non-transplanted leukaemia survivors and the general population (114–123). This cardiovascular risk profile predisposes paediatric transplant survivors to myocardial infarction, stroke and peripheral vascular disease. Moreover, it has been well shown that irradiation of the brain may lead to endothelial damage and vasculopathy, which will put HSCT survivors who received TBI conditioning at higher risk of cerebrovascular events (124, 125).

In a report by the American Childhood Cancer Survivor Study (CCSS), in which children with a cancer diagnosis between 1970 and 1986 and who were treated with different disease-specific treatment protocols were included, stroke was reported in 37 childhood leukaemia survivors with a rate of late-occurring stroke of 57.9 per 100,000 person-years [95% confidence interval (CI) 41.2–78.7]. The relative rate (RR) of stroke for leukaemia survivors compared with the sibling comparison group was 6.4 (95% CI 3.0–13.8; p < 0.0001) (126). A second CCSS study reported a cumulative incidence of stroke at age 50 years of 6.3% (95% CI 5.1–7.5%) after a median follow-up of 19 years. In comparison, siblings had a cumulative incidence of stroke at age 50 years of 1.1% (95% CI 0.4–1.7%) (127).

Most existing reports on stroke in HSCT survivors included both children and adults (~20% of survivors were <20 years of age at the time of HSCT) and the 10-year cumulative incidence of stroke was 3.5%. Mortality from stroke was 4.0% in HSCT survivors as compared with 1.9% in a population-based comparison group after a median follow-up of 7.0 years (range 2.0–23.7) after HSCT (128, 129). In a European Society for Bone and Marrow Transplantation (EBMT) study, also mainly including survivors who had HSCT in adulthood, the cumulative incidence of a first arterial event 15 years after HSCT was 6% (95% CI 3–10%) (130). There were 20 cardiovascular events of which nine were cerebrovascular accidents across the cohort of 548 patients.

In the studies above, the reported main risk factors for stroke included the presence of components of metabolic syndrome–namely antihypertensive treatment pre-transplant [hazard ratio (HR) 4.8; 95% CI 1.1–21], dyslipidaemia treatment (HR 7.4; 95% CI 1.2–47) (128), a body mass index >30 (HR 3.4; 95% CI 1.1–10.4) (129) – and the presence of ≥2 of the four cardiovascular risk factors hypertension, dyslipidaemia, diabetes, and obesity (RR:12.4; p < 0.02) (131). Other risk factors for stroke were disease- or treatment-related and included relapsed disease status (HR 5.9; 95% CI 2.4–14.7) (128) and higher treatment intensity, defined as ≥2 conditioning regimens (HR 8.6; 95% CI 2.9–25.8) and ≥3 conditioning regimens (HR 9.0; 95% CI 2.2–37) (129).

Importantly, neither TBI (as compared with high-dose chemotherapy only conditioning) nor TBI dose or fractionation (less or more than 10 Gy; single fraction vs. multiple fractions) were associated with direct cardiovascular outcomes (129, 131). However, compared with chemotherapy only conditioning, TBI-conditioning and higher TBI dose came out as risk factors for cardiometabolic traits such as the metabolic syndrome and its components (central adiposity, hypertension, insulin resistance and dyslipidaemia) in several studies that followed children after HSCT (118, 132–135). Therefore, with prolonged follow-up, these patients may be at higher-than-expected risk for stroke at older ages and should be longitudinally monitored to ameliorate cardiovascular risk factors where possible.

In summary, after HSCT there appears to be an increased risk for stroke with a cumulative incidence of 3.5–6% after 10–15 years of follow-up, with cardiovascular risk factors such as the metabolic syndrome being the main risk factor. However, as few studies have assessed the long-term risk of stroke in childhood HSCT survivors, the risk for stroke in children transplanted for ALL remains to be determined.



Secondary CNS Malignancies Post HSCT

Therapeutic improvements over the years have resulted in notably increased chances of survival after myeloablative allogeneic HSCT for paediatric high-risk ALL (136, 137). This increased survival brings a growing population of survivors who are at risk for late therapy-related sequelae. Second malignant neoplasms (SMN) are an unfortunate and distressing complication for childhood HSCT survivors. Large cohort studies have shown that childhood cancer survivors are at 3- to 11-fold increased risk of developing malignancies than the general population, and the incidence increases over time (138–140). Children who have received HSCT form a special risk group within these cohorts (141–144).

Long-running animal studies had already shown that dogs and non-human primates who were given TBI and HSCT developed a significantly higher rate of malignancies than expected after intervals of 1.5 to >20 years (145, 146). When examining a cohort of 7,986 childhood cancer survivors who were treated between 1985 and 2009, Pole et al. observed that children who had received an allogeneic HSCT were at significantly greater risk of developing a SMN than children who had been given an autologous HSCT or had received other treatments for childhood cancer, with cumulative incidences at 15 years of 3.1, 2.5 and 2.3%, respectively; incidence rates diverged more profoundly after ≥15 years (147). A population-based study in 826 adolescents and young adults who had received HSCT for acute myeloid leukaemia (AML), using data from the Centre for International Blood and Marrow Transplant Research (CIBMTR), extrapolated a 10-year cumulative incidence of SMN of 4%, with incidence equally distributed between TBI- and high-dose chemotherapy conditioned patients; 16 non-CNS tumours were diagnosed during a median follow up of 77 months (range 12–194) (148). Chronic GvHD may also be a risk factor for SMN (143, 149). However, this has not been systematically observed in all studies (150, 151), and prolonged immunosuppression may potentially play a role.

Most diagnosed SMNs are solid tumours, among which sit CNS neoplasms. Among the many different reported histologies of second CNS neoplasms, the most often diagnosed neoplasms are meningiomas, low-grade gliomas and high-grade gliomas (150–156), but other pathologies such as ependymomas, medulloblastomas, and supratentorial primitive neuroectodermal tumours occur also (142, 151, 154).

The International Late Effects of Childhood Cancer Guideline Harmonisation Group developed a guideline regarding surveillance for subsequent CNS neoplasms, which was recently published (157). The group concluded that risk of CNS neoplasms was increased after cranial radiotherapy with aggravated risk at higher doses, and that younger treatment age and neurofibromatosis type-1 diagnosis were relevant risk factors. However, they found no high-quality evidence significantly linking exposure to alkylating agents, epipodophyllotoxins, anthracyclines or other chemotherapy to subsequent CNS tumours. They evaluated the sparse evidence linking intrathecal methotrexate and exposure to platinum agents with meningioma development as of small relevance (152, 158). Latency times between primary therapy and development of CNS neoplasms span from 4 to 44.5 years. Cumulative incidence of high-grade gliomas seems to plateau after 14 years, but no such plateau could be established for meningioma incidence. The group did not find sufficient evidence that early detection would reduce morbidity and mortality of CNS secondary neoplasms; therefore, they did not advise routine MRI surveillance for asymptomatic survivors.

Several studies have evaluated the risk of secondary CNS neoplasms after treatment for ALL during childhood. Walter et al. followed 1,612 children treated between 1967 and 1988 for a median of 15.9 years (153). Cumulative incidence at 20 years of CNS neoplasms was 1.39% and of high-grade tumours was 0.7%, with median latency of 12.6 years. Significant risk factors for SMN included presence of CNS leukaemia at diagnosis and use of cranial radiotherapy, with a dose-dependent cumulative risk. These two risk factors were intertwined, as patients with CNS leukaemia at diagnosis were given higher doses of cranial radiotherapy. In a study by Schmiegelow et al., 89% of patients who developed CNS neoplasms after treatment for ALL had received cranial radiotherapy; 5-year survival for non-meningioma CNS neoplasms was dismal (18.3%, standard error ± 3.8%) (154).

With regard to paediatric high-risk ALL patients who undergo HSCT, it can be assumed that it is mainly those patients who receive TBI and/or CNS radiotherapy within their therapy schedules who are at risk for development of secondary CNS neoplasms. This has been confirmed in studies that compared the late effects of TBI conditioning with those of high-dose chemotherapy conditioning in paediatric patients receiving HSCT for leukaemia (144, 150, 156). In adults, some subsequent CNS neoplasms have been described after previous busulfan- and cyclophosphamide-based conditioning for HSCT (159).

Myeloablative TBI-based conditioning regimens used in HSCT, especially in children, have changed over the years from a high-dose single fraction (e.g., 6–10 Gy) to fractionated TBI (e.g., 10–17.5 Gy delivered over multiple days); the most prevalent schedule is now six fractions of 2 Gy given over three consecutive days (160, 161). With regard to secondary neoplasms, including CNS neoplasms, in children and adults, it has been shown that the risk associated with TBI was decreased when the TBI schedule was fractionated, but that this benefit was lost when high total cumulative doses were administered, especially at doses above 14.4 Gy (140, 162). Nevertheless, a British Childhood Cancer Survivor Study population-based study in 17,980 childhood cancer survivors found that even at cranial radiotherapy doses of 0.01–9.99 Gy or 10.00–19.99 Gy (the range in which currently used TBI doses fall), the risk of developing a second CNS neoplasm was already 2-fold and 8-fold increased, respectively, compared with children not receiving cranial radiotherapy (158). When looking at only the risk of subsequent meningioma development, the same pattern holds true (152). Other, often asymptomatic findings on MRI, such as cavernomas, atrophy and white matter abnormalities, can be found in childhood leukaemia survivors and HSCT recipients especially after cranial radiotherapy or TBI (163–165).

Younger age at HSCT also stands out as a risk factor for SMN; children <10 years, especially those <3 years, develop CNS secondary neoplasms at higher rates than older patients, in principal after TBI or cranial radiotherapy (140, 143, 150, 157).

The difficulty of assessing the risk of secondary CNS neoplasms in the paediatric HSCT population is that most studies are performed either in large cohorts including both adults and children or smaller, mostly single centre, paediatric cohorts that do not focus on CNS tumours exclusively. Recently, however, a large multicentre CIBMTR study specifically determined the risk factors for CNS neoplasms after allogeneic HSCT for haematolymphoid diseases in 8,720 paediatric patients between 1976 and 2008, with a case-controlled design, where disease-matched controls had received HSCT but did not develop a CNS neoplasm (151). With 59 CNS tumours developing during follow-up, Gabriel et al. established a 33-times higher than expected rate of CNS neoplasms. The cumulative incidence was 1.29% 20 years after HSCT, and significant risk factors in the entire cohort were having an unrelated donor (HR 3.35, confidence limit 1.77–6.34, p = 0.0002) and CNS disease before HSCT for ALL (HR 8.21, confidence limit 2.64–25.56, p = 0.0003) or AML (HR 6.21, confidence limit 1.38–28.03, p = 0.0174). In contrast, use of TBI, dose of TBI (<12 Gy vs. ≥12 Gy) and age, were not found to be significant risk factors. The lack of significance of TBI as a risk factor can be explained from a statistical point of view: only patients who underwent HSCT for haematologic malignancies were analysed, meaning that the majority of patients in both groups received TBI (88% of patients with CNS tumours and 71% of the controls). Multivariate analysis of the matched patient vs. control cohort (n = 168) showed that having an unrelated donor transplant (HR 4.79, confidence limit 1.67–13.78, p = 0.0037), CNS disease before HSCT (HR, 7.67, confidence limit 1.78–33.16, p = 0.0064), and radiotherapy exposure before conditioning (HR, 3.7, confidence limit 1.19–11.47, p = 0.0234) were significant risk factors for SMN. Patients who developed CNS tumours had a 37.2-times higher risk of not surviving compared with the matched controls without CNS tumours (95% CI 26.6–52.0, p < 0.0001).The relatively low incidence and long latency between HSCT and development of subsequent CNS neoplasms precludes a recommendation to perform routine MRI surveillance among asymptomatic survivors. However, the devastating consequences of developing a CNS neoplasm, especially those that are malignant, are of such magnitude that HSCT survivors who have received TBI or cranial radiotherapy, their caregivers and healthcare providers should be made aware of the related signs and symptoms, so that appropriate diagnostic actions can be taken when necessary.



Peripheral Neuropathy Post HSCT

Chemotherapy-induced peripheral neuropathy is a side effect that can interfere with survivors' quality of life even a long time after therapy for childhood ALL (166). Peripheral neuropathy may imply damage to large fibres which is characterised by loss of vibration perception, proprioception and motor control and/or small fibres implying abnormal sensation of heat and cold, paraesthesia, allodynia, spontaneous pain and abnormal perception of thermal stimuli and pain (167).

Following anti-leukaemic therapy, vincristine is historically considered the major cause of peripheral neuropathy (168). In addition, nelarabine as a component of treatment of relapsed T-cell ALL has been associated with severe and sometimes irreversible peripheral neuropathy and pain (169). The additional risk posed by HSCT was recently described in a cross-sectional study of 25 paediatric ALL patients undergoing HSCT. At a median of 8.25 years post HSCT, signs of small and large fibre dysfunction were present in 88 and 68% of patients, respectively, and 50% presented abnormal sensation to pain stimuli (167). In comparison, the same authors found that, in a group of ALL survivors treated with chemotherapy alone, about 66 and 33% of patients had abnormal small and large fibre dysfunction, respectively, and 30% reported abnormal pain sensation at a median 2.5 years post therapy (168).

These studies indicate an additional effect of HSCT on the risk of peripheral neuropathy and pain. This may be due to immune-mediated mechanisms, neuropathies and associated muscle cramps have been described in series of patients with cGvHD (109, 170). Furthermore, immunosuppressive drugs, especially cyclosporine and tacrolimus, may induce peripheral neuropathy (171) and pain syndromes (172, 173) in paediatric HSCT patients.

A study with long-term follow-up of paediatric cancer patients, at a median of 8.5 years after treatment, found peripheral neuropathy to be associated with impaired performance on distal sensory and motor tasks compared with healthy controls and concurrent impact on patients' and parents' reported outcome and quality of life (QoL) (174). Only about 25% of these patients had undergone HSCT. Larger, prospective studies are needed in order to fully evaluate the extent and implications of neuropathy and pain syndromes after paediatric HSCT.



Long-Term Neurocognitive Outcomes Post HSCT


Impact on Cognition

Long-term neurocognitive effects of oncologic treatment for ALL have been recognised since the 1970s. With the understanding that prophylactic CNS therapy could prevent CNS recurrences of ALL, overall survival increased dramatically. In the early protocols, prophylactic CNS-directed therapy consisted of intrathecal methotrexate and cranial radiotherapy to a dose of 24 Gy. In an early prospective study published in 1976 of 23 children undergoing HSCT, 12 months post complete remission 12 children had developed neurologic symptoms, including limping, poor coordination, seizures, ataxia, hyperactivity, and learning disabilities (175). As other studies reported detrimental effects on neurocognitive functioning, especially in children aged <3 to 5 years, cranial radiotherapy doses were decreased to 18 Gy. However, many studies did not find any improvement for cognitive effects, potentially also because of interactive effects of increased doses of methotrexate in many studies (176, 177). A recent mathematical model from the Paediatric Normal Tissue Effects in the Clinic (PENTEC) international consortium calculated the detrimental interaction between cranial radiotherapy and administrated methotrexate with regard to the risk of intelligence quotient (IQ) decrease after treatment and generated dose- and other risk-factor-related normal tissue complication probability models (178). The risk of an IQ <85 was 5% for children who had received a whole-brain dose of radiotherapy of 18.1 Gy, and methotrexate increased any risk of an IQ <85 in equivalence to a generalised uniform brain dose of 5.9 Gy. Because greater event-free survival has been observed in standard-risk ALL patients without prophylactic cranial radiotherapy, the practise is now reserved for selected high-risk CNS3 or CNS relapse cases (179–181). However, even in children treated for ALL without radiotherapy, IQ deficits of 6–8 points and deficits in other domains such as working memory, information processing speed and fine motor functioning as compared with healthy controls are frequent (182, 183).

Within the context of allogeneic HSCT for ALL, some high-risk CNS disease protocols involve cranial radiotherapy or craniospinal irradiation boost before TBI in the conditioning schedule. Hiniker et al. performed TBI to a dose of 12–13.2 Gy in 1.2 Gy fractions with a cranial radiotherapy or craniospinal irradiation boost to a median dose of 24 Gy (range 14–35.4 Gy) in 41 paediatric ALL patients (184). With a median follow-up of 89.7 months, neurocognitive testing revealed a mean post-HSCT overall IQ of 103.7 at 4.4 years. Pre- and post- HSCT neurocognitive testing revealed no significant change in IQ (mean increase +4.7 points). Relative deficiencies in processing speed and/or working memory were noted in six of 16 tested patients (38%). Regarding paediatric leukaemia patients who only received radiotherapy in the form of single-dose or fractionated TBI before HSCT, studies in the 1980s and 1990s reported mostly small but significant decrements in IQ or sensory-motor and cognitive function, although profound effects were observed in children receiving TBI before age 3–4 years (185–187). Kramer et al. found IQ and developmental decline in 65 tested children. Baseline IQ was 110.5 [standard deviation (SD) 14.3] and this fell to 94.5 (SD 16.7) at 1 year after HSCT; 26 patients were re-evaluated at 3 years post HSCT and showed no further changes in IQ (188). However, other researchers did find progressive deficits over >5 years of follow-up in patients with haematologic malignancies treated with HSCT as compared with siblings, especially after previous cranial radiotherapy and/or other CNS prophylaxis (189). Willard et al. concluded that the continuous decline in IQ after HSCT for various diagnoses was only observed in TBI-treated children, as children treated with chemotherapy only conditioning showed recovery in their IQ scores 3 to 5 years after HSCT (190).

In contrast, various other small and large studies found no significant changes in children's neuropsychological or cognitive status after HSCT, even with TBI-based conditioning (15, 191–195). In a study of 158 mixed-diagnosis paediatric patients undergoing HSCT, Phipps et al., found some significant differences in 5-year follow-up graph slopes of IQ and academic achievement measurements, based on diagnosis, type of transplantation, use of TBI, and presence of GvHD (194). However, these differences were small and of limited clinical significance compared with the effect of socioeconomic status of the children on their IQ and academic achievement.

Disparities in outcomes reported by different studies may be partly explained by the different patient populations studied: most study populations consisted of children with various malignant and non-malignant diseases, although the majority usually had acute leukaemia. Therefore, other factors surrounding high-risk ALL patients, such as CNS disease and intensive pre-HSCT (CNS-directed) treatment, may have an important additive effect on core neurocognitive functioning and academic as well as social achievements (183).

One recent study published in 2020 assessed neuropsychological outcomes and anatomical changes on MRI at a median of 5 years after therapy completion in paediatric high-risk ALL patients who were treated with (n = 15) or without (n = 14) HSCT with fractionated TBI using a protocol that was otherwise similar to the ALL Intensive Chemotherapy Berlin-Frankfurt-Münster (ALL-IC-BFM) 2002 study (163). Outcomes were compared with those of newly diagnosed ALL patients without CNS involvement and hence no disease-related MRI changes (n = 16). Compared with non-transplanted patients and pre-treatment controls, patients receiving HSCT had significantly lower volumes of white and grey matter and subcortical structures including the thalamus, hippocampus, putamen, globus pallidus and accumbens. In addition, patients receiving HSCT had generally lower cognitive performance, especially in vocabulary, visuospatial ability, executive functions and attention, and processing speed than other patients. Both treated cohorts performed comparably to controls on all measures related to learning capacity and memory. The thalamus volume was correlated with neuropsychological performance in verbal functions, executive functions and processing speed. There was a general trend for decreased brain volumes in high-risk ALL survivors compared with the pre-treatment controls. This study underlines the added detriment of TBI-based HSCT in high-risk ALL patients, although the relationship between cognitive decline and neuroanatomical changes has been previously described in paediatric ALL patients treated with chemotherapy only (196).

Of course, many biologic and sociodemographic factors influence overall neurocognitive functioning of ALL patients before and after HSCT. Kupst et al. found that pre-HSCT functioning in 153 children with multiple diseases was strongly predictive of later functioning (15). During the course of the disease, children lose developmental and educational opportunities in relation to their peers. Even maternal depression rates can influence children's cognitive tests (197). Moreover, cognitive function does not always directly relate to educational functioning (197). One influential factor that stands out is age at HSCT. The repeated observation that TBI-based conditioning before HSCT results in significantly worse cognitive outcomes for children transplanted before age 3–4 than for older children, is one of the main reasons to refrain from TBI at such young ages (190, 193, 197–200).

It is difficult to compare studies of neurocognitive function with one other. Different study methodologies, patient characteristics, treatment schedules, use or lacking of baseline testing, comparisons with control groups, and the length and manner of follow-up hamper direct comparisons. A major issue is the difference in testing instruments that are applied throughout studies; in cohorts with longer follow-ups, reports can present different outcomes related to changes in test instruments over time (193, 194).

It remains important to remember that, although declines in cognitive function may be measurable for paediatric high-risk ALL patients followed up after HSCT, the vast majority of these children will still display neurocognitive functioning skills within the average population range, and very-long-term neurocognitive quality-of-life effects seem only moderate (201). Notwithstanding this, it is of vital importance that paediatric high-risk ALL patients are monitored and supported from early in their treatment and are followed up, especially after HSCT, in order that they can start required early interventions to negate any decline in neuropsychological, cognitive and academic function as much as possible.

An expert review from the CIBMTR and EBMT on the neurocognitive dysfunction in both adult and paediatric HSCT recipients recommends neurocognitive testing in children before and 1 year after HSCT and then at the beginning of each new stage of education. That review includes a table summarising the validated tests for various neurocognitive domains, the applicable age ranges and time required apply the test (202).



Fatigue

Fatigue refers to “the persistent, subjective sense of physical, emotional, and/or cognitive tiredness or exhaustion that is not proportional to recent activity and interferes with usual functioning” (203). The reported prevalence of severe fatigue following paediatric haematological cancers ranges from 1.8 to 35.9% (204). The aetiology is probably multifactorial, representing a complex interaction of chemotherapy- or radiation-induced damage, psycho-social factors, medical comorbidities and immunological/inflammatory mechanisms. In a follow-up study of 76 paediatric patients (of whom 69.7% had received TBI) 5–14 years post HSCT, the mean levels of self-reported and parent-reported fatigue were moderately elevated compared to normative values and were significantly higher than in healthy peers (205). Self-reported fatigue was associated with poorer functioning across all quality of life domains and with more concerns regarding internalising problems, emotional symptoms and personal adjustment (205). Excessive daytime sleepiness–the tendency to doze off or fall asleep in various situations (203)–was reported by 21% of parents and 28% of survivors in the same study.

Randomised trials (206) and longitudinal studies (207) of cancer and HSCT survivors indicate a significant and clinically relevant effect of physical activity on reducing fatigue. A meta-analysis of more alternative mind-and-body practises found a significant positive effect of mindfulness and relaxation practises on fatigue in primarily adult cancer patients, while acupuncture, massage and energy therapy showed no significant effect (208). These results, which need to be confirmed, might indicate that practises aimed to reduce fatigue where the patient takes an active role in execution and in symptom management have a higher success rate than practises where individuals take a more passive role and are reliant on practitioners to administer therapies.

Although prospective long-term studies are needed to fully assess the extent and severity of fatigue following HSCT for childhood leukaemia, both the suspected incidence and the possibilities for effective interventions indicate that screening for fatigue and excessive tiredness should be a priority in long-term follow-up consultations after allogeneic HSCT.



Quality of Life

With increasingly better outcomes following childhood cancer, including ALL, health-related quality of life (HRQoL) has become an important outcome measure for paediatric oncology that might guide clinical decisions in cases where different protocols have the same survival outcomes (209). Studies of HRQoL in paediatric HSCT recipients often have differences in design, follow-up time, heterogeneity in diagnoses, treatment regimen and scoring instruments (210). Instruments to validate paediatric QoL scoring systems specific to the HSCT population are under development (211).

HSCT recipients are at high risk of late effects (212–216); a recent study on survivors of haematological malignancies found that 47% of HSCT recipients and 22% of patients who received only chemotherapy suffered from multiple chronic health conditions 10–33 years post diagnosis (215). The presence of a chronic health conditions is the strongest predictor of reduced HRQoL in leukaemia survivors (212, 214–216). Indeed, the number of chronic health conditions seems to have a greater impact on the long-term HRQoL than the treatment modality the patient received (HSCT vs. chemotherapy only) (215). However, the inclusion of TBI in the conditioning regimen has been associated with impaired psychosocial functioning beyond the first year post HSCT (217).

The presence of chronic GvHD and related chronic health conditions impact on patients' quality of life both early (within 2 years) (218) and in the long term (>10 years) (213). Chronic pain (174, 213, 214), anxiety (214, 215) and fatigue (205, 215) seem to negatively influence long-term quality of life. However, the extent and severity of these problems needs to be further investigated in longitudinal studies.

Using comparisons against healthy controls, studies from the last decade of quality of life post HSCT have primarily observed differences in the physical components of HRQoL scores (214, 215, 218). However, the results are not uniform. Berbis et al. found that patients who underwent HSCT had lower HRQoL than population norms for all QoL domains except physical composite scores, bodily pain and general mental health (213). Visentin et al. found both physical and mental composites scores to be decreased at a mean of 7.6 years post HSCT compared to age-and-sex-matched French reference scores (219). A very recent study by Yen et al. reported no difference in mental component summary scores but significantly higher levels of anxiety, fatigue, sensation abnormalities and memory problems in HSCT recipients 11–28 years post treatment compared with non-cancer controls (215). Lastly, Sundberg et al. found that being unemployed or on sick leave was a stronger predictor of reduced quality of life than HSCT in long-term (>10 year) survivors of lymphoblastic malignancies, underlining the importance of including measures of social and societal functioning in research and follow-up consultations (220).

Several studies indicate a positive effect of physical training on HRQoL for childhood leukaemia survivors (217, 221), although the timing and optimal modality of this training has not been uniformly defined (222). A recent study by Davis et al. on 20 HSCT recipients who received TBI based conditioning. found that even at a mean of 8.4 years post HSCT (range 2.3–16 years) a 6-month supervised exercise intervention significantly improved physical health, emotional, social and school domains as well as overall quality of life compared to pre-intervention (223). The improvement was maintained at 6 months after the intervention, suggesting a role for physical rehabilitation even at long-term follow-up clinics post HSCT.





IMMUNE EFFECTOR CELL ASSOCIATED NEUROTOXICITY SYNDROME

Neurological toxicity has been described in virtually every trial using CAR T cell therapy for haematological malignancies (224). Following the initial descriptions of the neurotoxity associated with CAR T cells, it was initially speculated that the Fludarabine, used for lymphodepletion, may have been responsible (225). However with more time, experience and the use of alternative lymphodepletion regimens, it has become clear that the timing and neurological symptoms are distinct from those seen with fludarabine toxicity and that Fludarabine is not primarily responsible for CAR T cell associated neurological toxicity (226).

At the time of writing this paper Tisagenlecleucel (Kymriah, Novartis), an autologous CD19-CAR Tcell, is approved by the US Food and Drug administration (FDA) and other governmental bodies for use in children and young adults for relapsed or refractory CD19+ B ALL, including post HSCT relapse. The pivotal phase 2 study (ELIANA trial) administered Tisagnelecleucel to 75 children and young adults with relapsed and refractory CD19+ B ALL (227). Neurological events occurred in 40% of patients within 8 weeks of infusion. Grade 3 neurological events occurred in 13% and there were no grade 4 neurotoxicity and no reported cerebral oedema. Clinical presentation included encephalopathy, confusion, delirium, tremor, agitation, somnolence and seizures. Neurological events usually occurred at the same time as cytokine release syndrome (CRS) or shortly after it's resolution. Median time to develop ICANs was 8 days and the median duration of symptoms was 7 days. Severe neurological events occurred more frequently in patients with severe CRS.

Reassuringly, real world data published recently using data provided to the CIBMTR on 255 children and young adults (median age 13.2 years) who received Tisagenlecleucel for relapsed or refractory CD 19+ ALL showed lower rates of ICANs than the ELIANA trial (228). The incidence of any neurological event was 27.1% (and 9% for ≥grade3 ICANs). The time to develop symptoms and duration of ICANs were similar with that seen in the ELIANA trial. The most common symptoms were reduced consciousness (47.8%), tremors (21.7%), seizure (18.8%), hallucinations (17.4%) and dysphasia/aphasia (15.9%).

The most frequently identified risk factors for the development of ICANS are disease burden and peak CAR T cell expansion (225, 229–232). Other risk factors include extramedullary disease (229, 231), younger age, pre-existing neurological abnormalities, higher CAR T cell dose and cytopenias (225, 231) and high grade CRS (227).

The recently published clinical practise guideline for immune effector cell related adverse events from the Society for immunotherapy for cancer (SITC) (231) provides clear guidance for the grading, investigation (pre, during and post) and management of ICANs following CAR T cell therapy.

There is nothing yet in the literature about the long term CNS complications of CAR T cell therapy.



CONCLUSION

In this review, we have provided a comprehensive review of both the acute and long-term neurological complications in children following HSCT for ALL. The majority of the literature on acute neurotoxicity is in the adult population, although some studies included children and a minority of studies focussed on paediatric HSCT recipients (1–6, 104, 233, 234). Within these studies, the paediatric populations were heterogeneous, with children undergoing HSCT for a variety of indications and use of different stem cell sources and a range of conditioning regimens. Possibly due to this heterogeneity, the reported incidence of acute neurotoxicity varies widely from 10 to 57% (1–6), but overall appears high. What is clear is that acute neurological complications are associated with significant mortality, with mortality rates of up to 10% reported (1, 4, 6, 104).

Identified risk factors for CNS complications include aGvHD, alternate donors and the use of TBI-based conditioning regimens (1, 4, 6, 104). TBI being a risk factor for neurological complications is an important consideration for the approach to HSCT in paediatric ALL. However, the recently published For Omitting Radiation Under Majority Age (FORUM) study has clearly identified that TBI-based conditioning regimens provide a survival advantage for children ≥4 years. Therefore, for the foreseeable future TBI will continue to be used for the majority of children with ALL undergoing HSCT (137).

The major acute CNS toxicities in children post HSCT relate to infections and drug-related toxicities (from conditioning agents and GvHD prophylaxis). The majority of reviews focussing on paediatric HSCT recipients concentrate on short-term CNS complications. We chose to include long-term neurotoxicity in this review, specifically cerebrovascular accidents, SMNs, peripheral neuropathy and neurocognitive outcomes (including cognition, fatigue and quality of life). We believe it is essential to improve our understanding of long-term neurological complications of HSCT as more children undergoing this treatment are becoming long-term survivors. This is particularly relevant as long-term neurological toxicities can significantly impact on the quality of life for survivors.

How acute neurotoxicities such as CNS infections and drug toxicities impact on long-term outcomes–especially neurodevelopmental, neurocognitive and quality of life outcomes–is understudied and largely unknown. As an example, how viral- or drug-associated encephalopathy, which usually occurs as an acute complication of HSCT, impacts on long term neurocognitive outcomes is not clear. In addition, whether children who develop an acute neurotoxicity are at greater risk of developing a long-term neurological complication is not known. As more children are expected to become survivors of HSCT for ALL, it is important to understand how the acute toxicities can affect the developing brain in the long term: this should be a priority for future studies.

The impact of acute neurological complications on long-term outcomes is particularly important to understand in the current era, with the advent of CAR T-cell therapy for ALL. Immune effector cell-associated neurotoxicity syndrome (ICANS) is a well-recognised early complication of CD19-targeted CAR T-cell therapy for patients with relapsed ALL when used before or after HSCT. The incidence of ICANS was 40% in the ELIANA trial of the CD19-targeted CAR T-cell therapy tisagenlecleucel for children and young adults with pre-B-cell ALL (227). The long-term CNS complications of CAR T cell therapy are not yet known and is an important area for research as children become long-term survivors of this type of therapy.

In conclusion, the exact risk assessment of developing neurotoxicity for an individual patient undergoing HSCT for paediatric ALL is difficult due to the lack of good studies in this area. The risk of acute neurological symptoms such as seizures or encephalopathy (PRES, infections, Busulfan) and peripheral neuropathy (Vincristine, Calcineurin inhibitors) are relatively high with estimates at 5–10% (18–20, 45, 47, 48, 68, 76, 93, 104) and 10–50% (167, 170–172), respectively and should lead to specific considerations during the pre-HSCT assessment and the informed consent process with families prior to HSCT. Furthermore, the risk of more durable or late occurring neurotoxicity such as stroke or secondary brain tumours is higher than background population at an estimated risk of at least 2–4 times higher, probably rather 4–8 times higher (128–130, 151, 158). Cognitive impairment following TBI may be less pronounced with modern HCT modalities, but risk of fatigue in the early post-transplant years (205) and risk of reduced brain processing speed may be relevant. Memory, attention and changes in IQ has not yet been shown to be significantly impacted (184–195). However, this may change as the population of paediatric HSCT survivors gets older. More research is needed for both the acute and long-term neurological complications in children undergoing HSCT for ALL.
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Pediatric acute lymphoblastic leukemia generally carries a good prognosis, and most children will be cured and become long-term survivors. However, a portion of children will harbor high-risk features at the time of diagnosis, have a poor response to upfront therapy, or suffer relapse necessitating more intensive therapy, which may include allogeneic hematopoietic stem cell transplant (HSCT). Recent advances in risk stratification, improved detection and incorporation of minimal residual disease (MRD), and intensification of upfront treatment have changed the indications for HSCT over time. For children in first complete remission, HSCT is generally reserved for those with the highest risk of relapse. These include patients with unfavorable features/cytogenetics who also have a poor response to induction and consolidation chemotherapy, usually reflected by residual blasts after prednisone or by detectable MRD at pre-defined time points. In the relapsed setting, children with first relapse of B-cell ALL are further stratified for HSCT depending on the time and site of relapse, while all patients with T-cell ALL are generally consolidated with HSCT. Alternatives to HSCT have also emerged over the last decade including immunotherapy and chimeric antigen receptor (CAR) T-cell therapy. These novel agents may spare toxicity while attempting to achieve MRD-negative remission in the most refractory cases and serve as a bridge to HSCT. In some situations, these emerging therapies can indeed be curative for some children with relapsed or resistant disease, thus, obviating the need for HSCT. In this review, we seek to summarize the role of HSCT in the current era of immunotherapy.
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INTRODUCTION

Childhood acute lymphoblastic leukemia (ALL) is one of the most curable cancers in pediatric oncology, with 80–90% of children surviving into adulthood (1, 2). It was recognized early on that features at the time of ALL presentation, namely, age and leukemia burden (white blood count or peripheral blood blast count), confer varying degrees of treatment success, such that patients could be stratified into different groups (3, 4). As understanding of prognostic factors increased, other ALL features such as central nervous system (CNS) involvement, immunophenotype, cytogenetics, early response to therapy, and end of induction response, including the presence of measurable/minimal residual disease (MRD), became incorporated into such risk groupings (5, 6). This formed the foundation for risk stratification in ALL diagnosis. Correspondingly, treatment intensity could be modified based on risk status, therefore, increasing the chance of cure in the highest risk patients while minimizing long-term toxicity in those with the lowest risk.

Hematopoietic stem cell transplantation (HSCT) is a highly effective treatment for ALL, but given both acute and long-term complications, it is usually reserved for patients with high-risk features in first complete remission (CR1), refractory or relapsed disease. As upfront treatment for newly diagnosed ALL has improved and evolved over the last few decades, so too have indications for the use of HSCT. Similarly, as techniques to detect response to treatment have become more sensitive over time with the incorporation of MRD, HSCT indications have also been updated accordingly. Finally, with the emergence of highly effective immunotherapy and immune effector cellular therapies such as chimeric antigen receptor (CAR) T-cells, the timing, and even the role, of HSCT is changing.

Both the American Society for Transplantation and Cellular Therapy and the European Society for Blood and Marrow Transplantation have produced expert-guided consensus documents outlining recommendations for HSCT in pediatric ALL (7, 8); however, practices may be influenced by patient status, donor availability, and emerging data from recent clinical trials. Overall, allogeneic HSCT has been considered as the standard of care for pediatric patients with high-risk ALL in first complete remission (CR1) and in second CR (CR2). The use of HSCT in patients beyond CR2 is less clear, due to the increased risk and decreased efficacy in this setting, and with the emergence of alternative potentially curative therapies such as CAR T-cell therapy or other investigative agents. Tisagenlecleucel, a CAR T-cell therapy, has been approved as the standard of care for CD19-positive pediatric ALL patients with primary refractory/resistant disease who failed two lines of therapy or those with second or greater relapse (US, Canada, and Europe) and any relapse after HSCT (Canada and Europe only) (8–10). However, the need for subsequent HSCT as consolidation therapy is dependent on factors such as the presence of specific co-stimulatory domains and the persistence of CAR T-cells post-infusion. Please see the companion paper on CAR T-cells by Buechner et al. in this Frontiers series.

The improvement in ALL outcome over time is directly related to multi-center collaboration within large cooperative groups and the development of consecutive trials that build upon prior knowledge. Despite variability in patient populations (e.g., inclusion criteria), definitions of risk-group stratification, treatment delivered, and assessment of response, common principles have emerged to better define high-risk patients with ALL. In this paper, we summarize the collective experience of large cooperative groups from North America and Europe, which have advanced the treatment of newly diagnosed and relapsed ALL. We recognize the valuable contribution of other study groups, including the Japanese Pediatric Leukemia Study Group, and other countries that have participated in collaborative studies around the world. In advancing care, various HSCT indications have been developed among cooperative groups, which, although varied, have common elements which will be highlighted.



NEWLY DIAGNOSED B-CELL ACUTE LYMPHOBLASTIC LEUKEMIA


North American Study Groups

Among patients with newly diagnosed B-cell precursor (BCP)-ALL, high-risk features that portend a poor prognosis include unfavorable cytogenetics and positive MRD at the end of induction (EOI) (6, 11). Historically, poor cytogenetics including hypodiploidy, defined as <44 chromosomes, and t(9;22)/Philadelphia chromosome (Ph+)-ALL were indications for HSCT in CR1. However, with the advent of MRD and the intensification of chemotherapy for those with MRD positivity, patients with hypodiploidy are no longer routinely treated with HSCT in CR1. In successive St. Jude Total Therapy studies, patients with hypodiploid ALL who achieved negative MRD at EOI had a 5-year event-free survival (EFS) of 85 vs. 41% for those who did not, indicating that chemotherapy alone was sufficient to cure patients with hypodiploid ALL (12).

Similarly, with Ph+ ALL, the introduction of tyrosine kinase inhibitors combined with intensive chemotherapy has yielded improved outcomes such that these patients are no longer per se transplanted in CR1. Long-term survival for these patients treated with intensive chemotherapy approach 80%, with the use of either imatinib or dasatinib (13, 14). Patients with persistent MRD positive disease, however, remain eligible for HSCT. Therefore, early response to therapy as defined by MRD remains the most prognostic factor for high-risk newly diagnosed pediatric Ph+ ALL patients in deciding when to proceed to HSCT. This is discussed further by Vettenranta et al. in this Frontiers series.

Patients who are MRD positive at EOI are at high risk for relapse and proceed to an intensified consolidation. However, among the National Cancer Institute (NCI) standard-risk (SR) patients, the prognostic significance of end of consolidation (EOC) MRD of 0.1% to <1% is currently under active study within the Children's Oncology Group (COG) with the introduction of immunotherapy strategies aimed to avoid HSCT. In a current COG frontline protocol, such patients are treated with an augmented BFM-based regimen with the additional non-random assignment of two cycles of blinatumomab (NCT03914625).

Among NCI high-risk patients, the prognostic value of EOC MRD is more pronounced. AALL0232 showed that when patients with EOI MRD >1% were treated with more intensive therapy, outcomes were highly dependent on EOC MRD. Patients with EOC MRD <0.01% vs. those with ≥0.01% had better 5-year survival of 79 vs. 39%, respectively (15). Currently, these patients meet the criteria to proceed to HSCT; however, some of these patients may be eligible to receive CAR T-cells targeting CD19 (tisagenlecleucel) on a currently open clinical trial (CASSIOPEIA study, NCT03876769) available in North America and Europe.



Hematopoietic Stem Cell Transplant for B-Cell Precursor-Acute Lymphoblastic Leukemia With Primary Induction Failure

Primary induction failure (IF) is typically defined as the persistence of leukemia blasts (M2 marrow: 5–25% blasts or M3 marrow: >25% blasts) in the bone marrow or extramedullary disease at EOI. Patients with induction failure receive intensified therapy (which may include immunotherapy or CAR T-cells) in an attempt to reduce leukemia burden to achieve remission or MRD negative status. A pooled retrospective analysis from 14 cooperative groups studied over 1,000 patients with IF treated from 1985 to 2000 (16). Among patients with BCP-ALL aged 6 years and older, only matched related donor (MRD)-HSCT was better than chemotherapy (10-year OS 59 vs. 35%, respectively), which was not evident in those under age 6 for whom chemotherapy was superior to HSCT (10-year OS 72 vs. 59%, respectively). With the inclusion of MRD, a small subset of patients with morphologic IF who achieved EOI MRD <0.01% had 5-year EFS of 100% indicating that HSCT could be avoided in certain groups with IF (17). Among the high-risk patients (n = 17, M2 and M3 marrows) who underwent HSCT in CR1, outcomes were no different when treated with HSCT vs. without (5-year EFS 41 vs. 56%, respectively). What historically was a common indication for transplant, patients with IF now have other options, such as highly effective immunotherapies with blinatumomab, inotuzomab, or CAR T-cell therapy. A summary of HSCT considerations for B-ALL is shown in Figure 1.
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FIGURE 1. Summary of HSCT considerations for B-ALL in CR1. MRD, minimal residual disease; EOI, end of induction; EOC, end of consolidation; PPR, prednisone poor response; NCI, national cancer institute; HR, high-risk; SR, standard-risk; HSCT, hematopoietic stem cell transplant.




Berlin–Frankfurt–Munster and Associazione Italiana Ematologia Oncologia Pediatrica Study Groups

Within the development of BFM-AIEOP protocols, high-risk (HR) and very high-risk (VHR) leukemia genetics were first defined by t(9;22)/BCR-ABL fusion (Ph+ ALL), and KMT2A-AFF1 [t(4;11), MLL-AF4], followed later on by a low hypodiploid chromosome number, the gene fusion TCF3-HLF [t(17;19)], and last the combination of IKZF1 deletion with any of CDKN2A, CDKN2B, PAX5, and/or PAR1 (CRLF2) in the absence of ERG deletions (IKZF1plus). The leukemic cell load was incorporated by the so-called BFM risk factor (BFM RF), taking into account the peripheral blood blast count, liver and spleen size (RF = 0.2 × log (number of peripheral blood blasts/L + 1) + 0.06 × liver + 0.04 × spleen size in cm below the costal margin each) (4). Response kinetic features defined induction failure (IF) as ≥5% leukemic blast cells in the bone marrow after a four-drug induction. A poor prednisone response (PPR) was defined as ≥1,000 blast cells/μL in the peripheral blood (PB) on day 8 of prednisone monotherapy plus one intrathecal MTX administration. Flow cytometry (FCM) detection of ≥10% blasts in bone marrow (BM) at day 15 of induction treatment defined a HR cohort (FCM-MRD d15 HR), excluding ETV6-RUNX1, E2A-PBX, and KMT2A fusions. The leukemia-specific immunogenetic rearrangement detected by polymerase chain reaction (PCR) defined a minimal residual disease (MRD) with a leukemic cell load of ≥5 × 10−4 at EOC [time point 2 (TP2)] as HR (PCR-MRD HR). A course with PCR-MRD of ≥10−3 at the end of induction therapy [EOI MRD, time point 1 (TP1)], and any MRD positivity at EOC, called slow early response (SER), qualified for HR treatment.

The development of risk stratification and subsequent therapeutic measures in consecutive ALL-BFM protocols of the German–Austrian–Swiss ALL-BFM Study Group included HSCT in CR1 first in the study ALL-BFM 90 (18). The HR criteria were (1) Ph+ ALL, (2) the BFM RF, (3) PPR, and (4) IF.

Based on the results of the study ALL-BFM 86 (4), a VHR subset of patients was defined and qualified for a HSCT from a matched sibling donor only (MSD) by the presence of any of the following features: (1) Ph+ ALL, (2) PPR plus one of the following criteria: T-ALL, co-expression of a myeloid marker, BFM-RF of 1.7 or higher, and/or (3) IF.

In the subsequent protocol ALL-BFM 95, criteria for the allocation to HR were: (1) Ph+ ALL or the translocation KMT2A-AFF1, the latter with a 6-year event-free survival (EFS) in study ALL-BFM 90 of 35%, (18) (2) PPR, and (3) IF. The VHR subset with an indication for HSCT was defined by: (1) Ph+ ALL or KMT2A-AFF1 fusion, (2) PPR plus T-ALL and/or a WBC count of 100,000/μl or greater, and (3) IF. The superiority of HSCT for VHR ALL in CR1 compared with chemotherapy alone (CT) could be shown with 56.7 vs. 40.6% disease-free survival (19). For the subset of VHR T-ALL treated in studies BFM-90 and 95, overall survival (OS) rates at 5 years of 67% with HSCT were superior compared with 47% with CT (20).

For the first time, protocol AIEOP-BFM ALL 2000 incorporated MRD over treatment time into risk stratification. HR disease included (1) Ph+ ALL, (2) KMT2A-AFF1 fusion, (3) PPR, (4) IF, or (5) PCR-MRD HR (21). In addition to the BFM-95, VHR criteria now included PCR-MRD HR which qualified for HSCT. In 2004, during study ALL-BFM 2000, the indication criteria for HSCT in CR1 were adapted to the ALL-SCT-BFM-2003 trial, thus excluding patients with an MRD load of <10−4 at EOC except for KMT2A-AFF1 positive leukemias (22). Patients with Ph + ALL and a prednisone good response (PGR) and CR at the EOI were also excluded from an HSCT indication.

Since 2004, patients with Ph+ ALL were treated according to two consecutive protocols, the European study for pediatric Ph+ ALL “EsPhALL,” with the later trial incorporating earlier and longer exposure to imatinib (23, 24). The indication for HSCT in EsPhALL2010 was EOC MRD ≥5 × 10−4 (high positive) or EOC MRD <5 × 10−4 (low positive) with any detectable MRD level at the end of high-risk block 3. Given the benefit of adding imatinib, transplant practices waned over the course of the EsPhALL2010 leading to the conclusion that earlier and prolonged use of imatinib allowed similar survival while avoiding the use of HSCT.

In the trial AIEOP-BFM 2009, the HR stratum was defined by (1) KMT2A-AFF1, (2) low hypodiploidy, (3) PPR, (4) FCM-MRD d15 HR, (5) IF, (6) PCR-MRD HR, and (7) patients with BCP-ALL and MRD load of ≥10−3 at EOI and any PCR-MRD positivity below 10−3 at EOC (TP2, slow early responders, SER). All patients with a negative MRD at EOI, irrespective of traditional VHR criteria, had no indication for HSCT. HSCT from an HLA matched donor (MD) only was indicated for patients with (1) PCR-MRD load of ≥10−3 and <10−2 at EOC or (2) low hypodiploid or KMT2A-AFF1 positive ALL and an MRD load of <10−3 not negative on TP2 [PCR-MRD, medium risk (MR)]. HLA matched or mismatched donor (MMD) HSCTs were indicated for patients with: IF or MRD load of ≥10−2 at TP2.

In the ongoing study AIEOP-BFM ALL 2017, the VHR subgroup with an indication for HSCT in non-infants is defined by (1) the presence of TCF3-HLF gene fusion, (2) KMT2A-AFF1 gene fusion, (3) hypodiploidy, (4) IKZF1plus deletions with FCM-MRD d15 HR and SER, (5) PCR-MRD HR, and (6) T-ALL with PPR and/or FCM-MRD d15 HR and/or IF. Patients with MRD negativity at EOI are excluded from a HSCT indication. MMD-HSCTs are reserved for a PCR-MRD TP2 ≥5 × 10−3, all TCF3-HLF fused leukemias and those with IF.



European ALLTogether1 Collaborative

The ALLTogether1 protocol (ATP) is the first clinical study (NCT03911128) designed by the collaborative ALLTogether consortium that consists of the study groups UKALL (UK), DCOG (the Netherlands), CoALL (Germany), BSPHO (Belgium), NOPHO (Sweden, Denmark, Norway, Finland, Iceland, Lithuania, and Estonia), SHOP (Portugal), PHOAI (Ireland), and SFCE (France) and represents 14 European countries (25). The scientific study questions, therapy elements, and risk-stratifications in ATP are based on the long-standing previous experience of the member study-groups in designing treatment protocols for ALL in childhood and young adults (AYA), and meticulously compiled and merged data from the groups' comparable previous study results. The ATP is open for enrollment of patients 1–45 years of age with newly diagnosed BCP-ALL and ALL of T-cell origin, including patients with Down syndrome (DS) and Ph-like genetic lesions but excluding patients with Ph+ ALL. The estimated total recruitment into the protocol is 6,430 patients over 5 years.

The ATP has defined the HR ALL group (estimated to constitute ~3% of all patients) based on specific criteria for age, cell of origin (BCP- or T-ALL), NCI-risk group and cytogenetics at diagnosis, and most importantly, the MRD response during therapy. MRD is measured by both multicolor FCM and PCR analysis of Ig/TCR gene rearrangements, and the highest MRD level determined by any of these methods will be used for therapy stratification. Time points for MRD analyses are at the EOI (TP1) and EOC (TP2); for the HR group, there is an additional mid-consolidation time point at day 50 (TP1.5).

In general, HR ALL patients <16 years of age are stratified to either high-risk chemotherapy (HR-chemo group) or additional consolidation by HSCT (HR-HSCT group). Patients ≥16 years at diagnosis with any HR criteria are stratified to the HR-HSCT arm.

More specifically, as of September 2021, the ATP has defined the following HR patient subgroups ≤18 years of age to be candidates for HSCT: (1) MRD ≥0.05% at EOC (TP2), (2) MRD ≥5% at EOI (TP1) and ≥0.5% at mid-consolidation day 50 (TP1.5); such patients are intensified with HR block therapy prior to HSCT unless aiming for the CAR-T cell option (CASSIOPEIA), and (3) t(17;19)(q22;p13)TCF3/HLF, irrespective of MRD levels at TP1, TP1.5, or TP2. Moreover, patients ≥16 years at diagnosis have a slightly broader HSCT indication in ATP, with additional criteria including: (4) MRD at TP1 ≥5% regardless subsequent MRD levels, (5) NCI high-risk disease at diagnosis and MRD at TP2 ≥0.01%, or (6) extramedullary disease not in CR1 at TP2. Of note, ATP patients who will enter CASSIOPEIA, but experience re-appearance of MRD and/or early B-cell recovery post-CAR-T cell infusion and do not respond to a re-infusion of tisagenlecleucel, will also have an HSCT indication. Finally, patients with BCR-ABL1-like genetic lesions receive a tyrosine kinase inhibitor (TKI) from day 15 of induction therapy and are eligible for HSCT if the MRD remains ≥0.05% at TP2.



Hematopoietic Stem Cell Transplant for High-Risk ALLTogether1 Patients

Most transplantation centers in the ATP participate in the ALL SCTped 2012 FORUM trial (NCT01949129). The FORUM trial was set up to investigate the non-inferiority of a non-TBI-based conditioning for children ≥4 years of age with ALL and an HSCT indication compared with a standard TBI conditioning. The randomized part of the trial was prematurely terminated in 2019 due to a significantly higher EFS and OS in the TBI arm (26). For 224 patients transplanted in CR1, 2-year OS were 91 vs. 79% in the TBI arm and chemotherapy-conditioning arm, respectively. The trial is still open and enrolling patients, now non-randomly assigned to conditioning with TBI12Gy/VP16 (60 mg/kg) as the standard conditioning for children ≥4 years of age, to obtain data necessary to answer secondary endpoints of the study and study questions in the non-randomized cohorts. It is expected that the vast majority of HR ALL patients from ALLTogether1 who will be transplanted in CR1 will be enrolled into and follow the guidance of the FORUM protocol.




NEWLY DIAGNOSED T-CELL ACUTE LYMPHOBLASTIC LEUKEMIA


Children's Oncology Group and Berlin–Frankfurt–Munster Groups

In the past, T-cell ALL (T-ALL) has generally been more difficult to treat, and outcomes were inferior to those with BCP-ALL. However, intensification of first-line therapy for T-ALL has improved the prognosis significantly with outcomes being nearly equivalent to that of BCP-ALL resulting in 5-year EFS and OS reaching 85 and 90%, respectively (1, 27–29). In T-ALL, the main factor for risk stratification during frontline therapy remains MRD assessment at the end of induction and at the end of consolidation (30). Moreover, there are different MRD kinetics between T-ALL and BCP-ALL in terms of time to achieve low or undetectable levels (31).

The COG defined very high-risk T-ALL as positive MRD at EOC ≥0.1% (NCT02112916) and evaluated whether such patients could attain MRD negative status after three cycles of intensive BFM blocks compared with alternative treatment such as HSCT; results are still anticipated. In comparison, the AIEOP-BFM group allocates patients with T-cell ALL to the high-risk group if they fulfill the following criteria: prednisone-poor response (PPR), FCM-MRD d15 HR, non-remission on day 33 and PCR-MRD on day 78 (TP2) ≥5 × 10−4. The prognostic value of MRD levels at the end of consolidation (day 78) was observed during the AIEOP-BFM-ALL 2000 study by analyzing the outcome of 464 patients with T-ALL. Although MRD negativity at day 33 was the most favorable prognostic factor, patients who turned negative only at day 78 (EOC) after being positive at day 33 had also an excellent outcome. The study concluded that MRD ≥10−3 at the EOC represents the most important predictive factor for relapse in childhood T-ALL (27).

The superiority of HSCT in CR1 for patients with HR T-cell ALL compared with chemotherapy alone was shown in a study analyzing the outcome of patients with T-cell ALL and high-risk features [defined by prednisone poor response (PPR) and non-remission on day 33], registered in the ALL-BFM 90 and ALL-BFM 95 trials in which the 36 children who received HSCT in CR1 had a 5-year DFS rate of 67% ± 8% vs. 42% ± 5% in the 120 patients treated with chemotherapy alone. The 5-year OS rate for the transplanted group was 67% ± 8% vs. 47% ± 5% in the chemotherapy arm (20). Balduzzi et al. reported the results of a prospective study on 357 children enrolled between 1995 and 2000 with newly diagnosed very high risk ALL including T-ALL with PPR or with PPR and high WBC ≥100,000/μl diagnosis, and randomized patients to HSCT based on an available HLA-matched related donor or chemotherapy. The results favored transplantation (5-year DFS was 56.7% in children assigned to transplantation as compared with 40.6% in those allocated for chemotherapy alone). Within the subset of patients with T-ALL, those allocated to transplant had a 5-year DFS of 62.4% compared with 54.3% in the chemotherapy arm. Moreover, children with T-ALL and PPR and high WBC counts receiving a transplant also had a better outcome than those with chemotherapy alone with DFS of 55.9 and 48%, respectively (19).



Hematopoietic Stem Cell Transplant in Children With T-Cell-Acute Lymphoblastic Leukemia in First Complete Remission

Children with T-ALL and high MRD levels at EOC are considered candidates to receive an HSCT in CR1 due to their probability of EFS of 50% or less and very poor outcome after an eventual relapse (32). The COG approach is based on MRD and patients with EOC MRD ≥0.1% are considered for HSCT in CR1 (30). In the ATP study, the current indication for HSCT in T-ALL include patients with the following: (1) MRD ≥5% at TP1 and MRD ≥0.5% at TP1.5 or (2) MRD ≥5% at TP1, MRD <0.5% at TP1.5, but detectable at TP2 or (3) MRD <5% at TP1, but MRD ≥0.05% at TP2, or (4) extramedullary disease, who are not in CR1 at TP2 (Figure 2).
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FIGURE 2. Summary of HSCT considerations for T-ALL in CR1. PPR, prednisone poor response; FCM-MRD d15, flow cytometry MRD on day 15; MRD, minimal residual disease; EOI, end of induction; EOC, end of consolidation; EMD, extramedullary disease; HSCT, hematopoietic stem cell transplant.




Hematopoietic Stem Cell Transplant for T-Cell-Acute Lymphoblastic Leukemia With Primary Induction Failure

Primary induction failure in T-ALL carries a very poor prognosis with 10-year OS of 28% (16). The study by Schrappe et al. showed a significant survival advantage after any HSCT in the T-ALL subset with a 10-year OS rate of 40% for matched related donor-HSCT and 45% for other types of allo-HSCT, compared with only 26% for patients allocated to chemotherapy alone, but this was prior to the incorporation of MRD in frontline trials (17). With MRD data from UKALL2003, the use of HSCT can be more defined in this population and has been recommended for patients with EOI MRD ≥5%, except for those under 16 years of age who achieved a EOC MRD <10−4 (17, 30).




RELAPSED ACUTE LYMPHOBLASTIC LEUKEMIA: RISK STRATIFICATION AND REINDUCTION THERAPY

Survival following relapse of ALL remains poor. Risk stratification of relapsed ALL takes into account time from diagnosis to relapse, involvement of marrow ± extramedullary disease (EMD) and immunophenotype (5, 33, 34). Definitions of risk status at the time of relapse vary among collaborative groups (see Table 1), but overall, patients with a shorter time from diagnosis (North America) or end of treatment (Europe) to relapse, marrow involvement, and T-cell ALL have the worst prognosis (35–37).


Table 1. Risk stratification for acute lymphoblastic leukemia (ALL) in first relapse.
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Pre-hematopoietic Stem Cell Transplant Therapy for First Relapse of Pediatric Acute Lymphoblastic Leukemia

Prior to the availability of MRD monitoring by FCM or PCR, the goal of reinduction therapy for children with relapsed ALL was to attain a morphologic remission prior to proceeding to allogeneic HSCT as quickly as possible before the disease could recur. With continued improvements in the efficacy of frontline therapies, single courses of reinduction therapy for relapsed ALL became increasingly intensive, with a concomitant increase in treatment-related morbidity and mortality (TRM), sometimes precluding a patient from proceeding to HSCT. This led to strategies that incorporated multiple courses of reinduction therapy prior to HSCT to reduce TRM while further reducing pre-HSCT leukemic burden.



Children's Oncology Group Re-induction Strategy for High-Risk Acute Lymphoblastic Leukemia Relapse

Seeking to improve the efficacy of re-induction therapy for first relapse of childhood ALL and to mitigate TRM associated with a single maximally intensive course of re-induction chemotherapy prior to HSCT, the Children's Oncology Group developed a strategy employing three sequential blocks of intensive chemotherapy to attain as “deep” a remission as possible prior to allogeneic HSCT, which could also serve as a reinduction “platform” to subsequently facilitate the evaluation of novel agents at first relapse of childhood ALL. COG AALL01P2, a pilot study evaluating the safety and efficacy of this approach with incorporation of MRD testing by flow cytometry at the end of each treatment block, demonstrated that second and third blocks of post-re-induction chemotherapy prior to HSCT resulted in further reduction of MRD levels in 40 of 56 patients who were MRD positive after block 1, with an acceptable (<5%) rate of TRM (38). Remission re-induction rates with this regimen were 68% for those with early relapse (<36 months from initial diagnosis) vs. 96% for those with late relapse. Patients with very early relapse (<18 months) fared poorly, with CR2 rates of only 45%. Of note, five of seven patients with T-cell ALL failed to attain remission. Post-induction therapy was at the discretion of the treating physician, precluding meaningful assessment of the impact of this re-induction regimen on long-term survival.

Subsequent studies built upon this re-induction platform concept with the introduction of novel agents including epratuzumab (a humanized monoclonal antibody targeting CD22) in ADVL04P2 and bortezomib (a proteasome inhibitor approved for use in multiple myeloma) in AALL07P1 into the re-induction platform established in AALL01P2 (38, 39). The overall CR2 rate in AALL07P1 with the addition of bortezomib for BCP-ALL patients <21 years of age with early relapse was 68%, not significantly different from the CR2 rate in AALL01P2 of 74%. In contrast, the CR2 rate in AALL07P1 for T-ALL patients in first relapse was 68% (15/22 patients)—a significant improvement over that seen in AALL01P2 with the same multi-agent chemotherapy regimen without bortezomib, as well as in a phase I/II trial of nelarabine, etoposide, and cyclophosphamide in first relapse of T-ALL, which achieved an overall response rate of 44% (40).



Berlin–Frankfurt–Munster and UK Re-induction Strategies for High-Risk Acute Lymphoblastic Leukemia Relapse

The BFM ALL-REZ 2002 study employed a multi-course re-induction approach for first relapse of childhood ALL, consisting of a cytoreductive pre-phase with dexamethasone, followed by two poly-chemotherapy courses (F1/F2) over a period of 5 weeks and randomization of subsequent repetitive intensive chemotherapy blocks (R1 and R2 vs. IDA-II) for high-risk patients prior to HSCT at 12–18 weeks after the start of re-induction therapy (36). The ALL R3 study for first relapse of childhood ALL, conducted by the Children's Cancer and Leukemia Group in the UK and the Australian and New Zealand Children's Hematology/Oncology Group, randomized patients to receive either idarubicin or mitoxantrone as a component of a three-block re-induction regimen prior to HSCT for high-risk group patients and intermediate risk group patients with post-induction high MRD levels (37). Mitoxantrone conferred a significant benefit in progression-free and overall survival vs. idarubicin (64·6% vs. 35.9% PFS and 69·0% vs. 45.2% OS, respectively). A recent comparison of outcomes for patients treated on these two trials concluded “Improvements in outcomes for HR ALL relapses require novel compounds in induction therapy to improve remission rates” (41). Several novel immunotherapeutic agent have subsequently shown promise in studies of children with relapsed B-lineage ALL.



The Emerging Role of Immunotherapies in Re-induction of Relapsed Acute Lymphoblastic Leukemia

Inotuzumab ozogamicin is a novel immunotoxin composed of a CD22-directed humanized monoclonal antibody conjugated to the intracellular toxin calicheamicin. In a randomized trial of adults with relapsed or refractory B-lineage ALL, inotuzumab ozogamicin was associated with higher CR and MRD-negative rates, as well as longer progression-free and overall survival, than standard chemotherapy; however, veno-occlusive liver disease (VOD) was a major adverse event associated with inotuzumab ozogamicin, raising concerns about increased risk for VOD with subsequent HSCT (42). The published retrospective experience in relapsed childhood ALL with inotuzumab ozogamicin is limited, but suggests a similar safety and efficacy profile as in adults (43, 44); prospective trials of inotuzumab ozogamicin for re-induction of relapsed/refractory pediatric BCP-ALL are ongoing (NCT02981628, EudraCT 2016-000227-71).

The COG evaluated the role of another novel agent, the anti-CD19 bispecific T cell–engaging antibody construct blinatumomab, by randomizing patients with first relapse of B-lineage ALL and high-risk features (any early relapse <36 months, or later relapse with MRD >0.1% by FCM following 4 weeks of intensive chemotherapy based on UK ALL R3 mitoxantrone Block 1 therapy) to receive two subsequent blocks of intensive chemotherapy modeled upon the remaining courses of UK ALL R3 re-induction chemotherapy or two courses of blinatumomab, prior to protocol-defined HSCT (35). Although the stopping rule for disease-free survival efficacy in this trial was not met, the study's data and safety monitoring committee recommended early closure of randomization due to a combination of higher disease-free survival and overall survival, lower rates of serious toxicity, and higher rates of MRD clearance for blinatumomab relative to chemotherapy. The 2-year disease-free survival and overall survival rates for high-risk patients receiving blinatumomab on the study were 54.4 and 71.3%, respectively. Importantly, 70% in the blinatumomab group proceeded to HSCT, compared with 43% for the chemotherapy group, suggesting that blinatumomab's enhanced safety profile pre-HSCT as compared with that of intensive chemotherapy was an important element of its success. A similar European randomized trial of post-re-induction blinatumomab in children with high-risk first relapse of B-lineage ALL, in which 1 block of consolidative chemotherapy was replaced with a course of blinatumomab prior to HSCT, demonstrated improvements in EFS, MRD reduction, and incidence of serious adverse events with blinatumomab compared with conventional chemotherapy (45). Given the significant TRM associated with multi-agent re-induction chemotherapy in older patients in this COG trial (46), the current COG trial for first relapse of childhood ALL is exploring the efficacy of blinatumomab alone vs. blinatumomab and nivolumab as re-induction therapy, with a reduced intensity chemotherapy “prephase” reserved for selected subsets of patients with higher risk features (NCT04546399).

CAR T-cells are another type of T-cell redirecting therapy with significant activity against relapsed and refractory childhood ALL. In a phase 1 study of a CAR T-cell targeting CD19 and containing a CD28 costimulatory domain, Lee et al. showed that children and young adults with heavily pretreated B-lineage ALL receiving this agent achieved a 70% CR, with 12/20 (60%) of patients attaining an MRD-negative CR (47). All 10 patients with an MRD-negative CR who subsequently underwent HSCT remained in remission at the time of the report, while 2 patients without subsequent HSCT both relapsed within 6 months. A modified version of this agent is currently in an international multicenter phase I/II trial for relapsed pediatric ALL as bridging therapy prior to HSCT (NCT02625480).

A CAR T-cell targeting CD19 and containing a 41BB costimulatory domain developed at Seattle Children's Research Institute produced a 93% MRD-negative remission rate in children and young adults receiving an infusion and a 100% MRD-negative remission rate in the subset of patients who received fludarabine and cyclophosphamide lymphodepletion prior to infusion (48). The estimated 12-month EFS and OS of infused patients were 50.8 and 69.5%, respectively. Eleven patients underwent consolidative allogeneic HSCT, with two subsequently experiencing recurrence at the time of publication.

In a global phase II study sponsored by Novartis, a CAR T-cell targeting CD19 with a 41BB costimulatory domain developed at the University of Pennsylvania produced an MRD-negative CR rate of 81% in children and young adults receiving an infusion (10). The rates of event-free survival and overall survival were 50 and 76%, respectively, at 12 months. This agent, tisagenlecleucel, was subsequently approved by the Food and Drug Administration (FDA), Health Canada and the European Medicines Agency (EMA) for pediatric and young adult patients up to 25 years of age with B-lineage ALL that is refractory, in relapse after transplant, or in second or later relapse.

It is noteworthy that all studies (except for ZUMA-4) were conducted in anti-CD19 therapy-naïve patients, and thus, the outcome in patients receiving CAR-T after anti-CD19 immunotherapy is unknown. Since blinatumomab is more accessible and affordable than CAR-T, many children receive blinatumomab prior to CAR-T.

All of the aforementioned T-cell redirecting therapies are associated with varying incidence and degrees of cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS). The high rates of complete response and MRD negativity associated with CD19-directed CAR T cells make them a compelling first choice for re-induction of multiple relapsed ALL in children and young adults. The role of HSCT following successful re-induction therapy with CAR T-cells depends on a number of factors, including the duration of CAR T-cell persistence, which is influenced by the specific costimulatory element(s) present in each construct, and other factors which have not been fully identified to date. Thus, the role of HSCT following induction of remission with CAR T-cell therapy in multiple relapsed childhood B-lineage ALL has not yet been clearly established and is further explored in detail in another manuscript in this issue.



Hematopoietic Stem Cell Transplant in Second Remission for Relapsed B-Acute Lymphoblastic Leukemia

The introduction of novel immunotherapy strategies has improved re-induction rates in relapsed ALL while minimizing toxicity, raising questions about which patients can be treated with these approaches alone and which need consolidation with HSCT. Within COG trials, high-risk relapse include those with very early isolated extramedullary relapse (<18 months from diagnosis) and early marrow relapse (<36 months from diagnosis); however, the incorporation of MRD after re-induction in AALL0433 has been shown to be highly prognostic and is used to guide HSCT decisions (49). Relapsed B-ALL patients who achieved MRD <0.1% after Induction-1 had a superior EFS and OS of 85 and 94% vs. 54 and 61%, respectively, for patients with MRD ≥0.1%. In this study, less than one-third of all patients were treated with HSCT (n = 74) and had an improved disease-free survival (DFS) of 78 vs. 67% compared with chemotherapy, but similar OS of 82–86%. When analyzed by MRD, those with MRD <0.1% at the end of Induction-1 had a trend toward improved DFS with HSCT over chemotherapy but again with similar OS, whereas those with MRD >0.1% had no benefit from HSCT in DFS or OS. Currently, an MRD level of <0.01% after re-induction with chemotherapy or blinatumomab is recommended for consideration of HSCT (50). Transplant indications among the various cooperative study groups are summarized in Table 2.


Table 2. Current indications for hematopoietic stem cell transplant (HSCT) by the cooperative study group.
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In the last 30 years several prospective trials have been performed in Europe in children with relapsed ALL by different cooperative groups (e.g., AIEOP, ALL-REZ, BFM, COPRALL, UKALLR) (33, 51–53). Since 1995, the ALL-REZ BFM group used this strategy to risk stratify patients into four treatment groups, termed S1–S4 (36, 54). In the AIEOP LALREC2003, patients in the S3 and S4 risk groups had an indication to HSCT irrespective of response to induction therapy and donor availability; S2 patients had an indication to HSCT if they had an HLA-identical family donor available; in case this donor was not available, response to therapy at time point 3 (i.e., after 12 weeks of treatment) defined the indication for matched unrelated donor HSCT.

Thus, under the umbrella of the International BFM Study Group (I-BFM SG), the Resistant Disease Committee designed an international study for treatment of childhood relapsed ALL, IntReALL 2010, with two risk-groups instead of four: standard risk (defined as all early and late B-ALL relapses (except for early BM isolated relapses) and early and late T-ALL isolated extramedullary relapses) and high-risk relapses (i.e., all very early relapses, irrespective of phenotype and site of relapse, all T-ALL relapse with bone marrow involvement, early B-ALL BM isolated relapses). The treatment strategy with curative intent in this population was to induce a second CR with conventional intensive chemotherapy and then consolidate this with HSCT in all HR patients and some SR patients. For SR patients, indication to HSCT was defined by MRD evaluation at EOI. However, since patients were randomized to receive either BFM-like or UKALL-like induction, the MRD cut-off (as well as time of evaluation) depends on the induction intensity of the respective treatment arm: patients of REZ BFM 2002 arm are eligible for HSCT if MRD at EOI is ≥10−3, while patients treated in the UK-ALLR3 arm are eligible for HSCT if MRD after induction is ≥10−4. Moreover, patients with an isolated early EM relapse were also stratified to HSCT if a matched donor was available.



Hematopoietic Stem Cell Transplant in Second Remission for Relapsed T-Cell-Acute Lymphoblastic Leukemia

The majority of patients with T-ALL relapse will do so within 2 years after initial diagnosis and unfortunately prognosis is poor, with a survival rate of only 25% (34, 55). Immunophenotype has major prognostic significance with several studies demonstrating that relapsed T-ALL carries a much worse prognosis compared with B-ALL (5, 56, 57). Due to the poor outcome of patients with T-cell ALL relapse treated by chemotherapy alone, HSCT has become the standard approach in most collaborative groups. However, the success of HSCT depends on the remission-re-induction rates to salvage therapy. Although, historically, only about 30% of patients achieved CR2, the addition of nelarabine and more recently of the proteasome inhibitor bortezomib was associated with remission rates of 44% and even 68%, respectively (39, 40).

Barrett et al. compared the results of MSD transplantation in 376 children registered in the IBMTR with those of 540 children treated by the Pediatric Oncology Group and showed that children with T-ALL in CR2 had a 5-year leukemia-free survival of 32% in the transplantation arm vs. 11% in the chemotherapy arm (57). Based on the rather low number of patients at the time of analysis, clear conclusions with regard to this subset of patients could not be drawn. A population-based report of the Austrian BFM Study Group compared the survival rates after HSCT with those after chemotherapy in 203 ALL patients with recurrent disease registered in consecutive BFM trials in Austria between 1981 and 1999. The outcome analysis of the subset of patients with T-phenotype showed that four of the six survivors received HSCT suggesting a benefit of transplantation over chemotherapy alone, but the numbers were small (58). In a long-term outcome analysis of the ALL-REZ BFM 90 study, Tallen et al. showed that EFS in the HR group, which included children with any relapse of T-ALL, was significantly higher in patients allocated to transplantation than in those with chemo-radio therapy alone (54). Multivariate analysis showed that immunophenotype and HSCT (as a time-dependent covariate) in the HR group were independent predictors of EFS. In contrast, patients with late extramedullary relapse of T-ALL had significantly better results being, therefore, no longer allocated to the HR group in the subsequent BFM trials. A retrospective analysis of CIBMTR data performed by Burke et al. on 229 patients with relapsed T-cell ALL who received HSCT between 2000 and 2011 revealed a 3-year OS and 3-year DFS rates of 48 and 46%, respectively (59). Multivariate analysis confirmed that patients with bone marrow with or without extramedullary relapse portend a much higher risk of relapse compared with isolated extramedullary relapse, confirming the results reported by Tallen et al. The authors conclude that the use of HSCT in pediatric patients with relapsed T-cell ALL in CR2 is warranted. According to the IntReALL2010 protocol, all patients with a very early isolated extramedullary relapse of T-cell ALL or with any bone marrow relapse of T-cell ALL have an indication for HSCT in CR2, both criteria being considered HR features (32).




SPECIAL GROUPS


Infant Acute Lymphoblastic Leukemia

Historically, infants with KMT2A-rearranged leukemia had very poor outcomes with 5-year event-free survival ranging from 13 to 33% and HSCT in CR1 was often used to consolidate remission (60, 61). However, studies from both COG (CCG 1953 and POG 9407) and Europe (Interfant-99) indicated that with intensified chemotherapy, outcomes were similar to those treated with HSCT, both in the range of 50% EFS (62, 63). Although no clear indication for HSCT exist within the COG for infant ALL, the highest risk group (KMT2A-rearranged and <3 months of age at diagnosis) have the worst survival of 20%, and HSCT is often recommended in CR1, for those with positive MRD (64). In Interfant-99, a subset of infants with KMT2A-rearranged B-ALL who had two additional poor prognostic factors, age <6 months and either PPR at day 8 or an initial WBC ≥300,000/μl, benefited from HSCT over chemotherapy alone (5-year OS 66 vs. 20%) (65). In the Interfant-06 study, high-risk patients (defined as KMT2A-rearranged and age <6 months at diagnosis with either WBC ≥300,000/μl or PPR) were eligible for HSCT if they had an HLA-identical MSD or matched unrelated donor (66). Patients with medium-risk (MR group, defined as all others except for KMT2A germline) received HSCT if MRD was ≥10−4 at the start of OCTADA(D), due to poor outcomes in Interfant-99 (67). Although Interfant-06 was not designed to compare HSCT vs. chemotherapy, the HR group that eventually received HSCT, representing a selected population who did not suffer early relapse, had a 4-year DFS of 44%, while the MR group had a dismal outcome of 19% (66). Thus, HSCT remains restricted to the HR group and those that relapse after frontline therapy.



Down Syndrome Patients

Patients with Down syndrome (DS) have a poor prognosis with considerable risk of TRM on intensified relapse chemotherapy protocols (68–70). In contrast, relapse was the main cause of treatment failure after HSCT in the pre-immunotherapy era (71). Among the various cooperative groups, DS patients with B-ALL stratified as high-risk are receiving immunotherapy approaches in an attempt to improve disease response while minimizing TRM. In an upfront COG study for newly diagnosed B-ALL patients (NCT03914625), DS patients who meet the NCI-HR criteria or have MRD ≥0.01% at EOI (or ≥0.1% for double trisomies of 4 and 10) are assigned to receive three cycles of blinatumomab in combination with a less intensive chemotherapy backbone. Those who have positive EOC MRD ≥0.01% or have consolidation failure (≥1%) may have traditionally been treated with HSCT, but are currently eligible for CAR-T cell treatment on the CASSIOPEIA trial.

In the ATP, DS patients with MRD of ≥5% at EOI (TP1) are classified as HR DS patients and alternative immunotherapy-based approaches and/or modified HR treatment elements are used with the aim to achieve deeper and continuous remissions but to avoid block therapy and HSCT. Consolidation 1 is prolonged to last over 11 weeks (“augmented” BFM consolidation). HR DS patients with BCP-ALL are also eligible to participate in the ALLTogether1 sub-protocol for DS patients (“Phase II study to evaluate the efficacy and safety of blinatumomab in children and young adults with Down Syndrome and intermediate or high-risk BCP-ALL,” NCT04307576) and receive two cycles of blinatumomab substituting for the first half of the prolonged consolidation. Patients who do not adequately respond to blinatumomab or, alternatively, to the prolonged (11 weeks) HR consolidation (i.e., MRD ≥0.01% at TP2) will either (1) receive more blinatumomab and chemotherapy, or (2) be offered CAR T cell therapy (in CASSIOPEIA, if MRD is <5% at EOC and patient fulfills other eligibility criteria; see below), or (3) if MRD ≥1% at EOC or ≥5% mid-consolidation be counted as protocol therapy failure and offered suitable experimental therapy. In summary, the ATP does not stratify HR DS patients to HSCT during front-line therapy. Due to the substantial TRM experienced by patients with DS during conventional relapse chemotherapy, there is a growing number of patients with DS who are treated with CAR T-cell therapy already for a first relapse of CD19-positive BCP-ALL (72, 73).



Mixed Phenotype Acute Leukemia

Patients with mixed phenotype acute leukemia (MPAL) are typically treated as per high-risk ALL. A central review of 54 MPAL cases within the COG showed a 5-year event free survival (EFS) and overall survival (OS) of 72 and 77%, respectively, among patients treated with ALL-directed chemotherapy, as opposed to acute myeloid leukemia chemotherapy, without the need for HSCT (74). When HSCT was compared with chemotherapy, there was a higher but statistically non-significant improvement in EFS (80 vs. 68%, p = 0.225); however, the 5-year OS was similar in both groups (80 vs. 75%). An international study led by the BFM group showed that survival in patients with ambiguous lineage leukemia was higher with ALL-type therapy than with AML-type therapy and that HSCT did not provide an overall benefit in this patient population (75). Therefore, current data indicate that MPAL in CR1 is best treated with ALL-based chemotherapy, except when the blasts harbor AML-specific gene fusions, are CD19-negative, and have no other lymphoid markers; in such patients, AML therapy is proposed (75). A current COG trial (AALL1732, NCT03959085) is testing the value of HSCT in those with MPAL and IF, EOI MRD >5% or EOC MRD >0.01%.



CASSIOPEIA: Substituting Hematopoietic Stem Cell Transplant by Chimeric Antigen Receptor T-Cell Therapy in High-Risk B-Cell Precursor-Acute Lymphoblastic Leukemia

The CASSIOPEIA CAR T-cell protocol (NCT03876769) is an international multicenter phase II trial for de novo NCI-high risk BCP-ALL patients aged 1–25 years who are MRD+ by FCM (MRD ≥0.01%) at the EOC available in North America and Europe. The protocol is designed as a single-arm study evaluating safety and efficacy of tisagenlecleucel in HR BCP-ALL EOC MRD+ patients with 5-year disease-free survival as primary endpoint and a historic COG HR BCP-ALL cohort [protocol AALL0232 (15)] as comparator for outcome. For this reason, disease eligibility criteria for AALL0232 have been mirrored in CASSIOPEIA and, therefore, include only NCI high-risk patients (while excluding NCI low-risk) and only patients having received ALL therapy with a four-drug induction (except DS patients in need of modified induction) and a BFM-like consolidation/phase 1b. Patients with hypodiploid leukemia, t(9;22) and/or prior tyrosine kinase inhibitor therapy (as given to BCR-ABL1-like patients) are excluded. Patients with M3 BM at EOI or M2/M3 BM at EOC are neither eligible, as they have refractory ALL disease, which is not the scope of CASSIOPEIA but has recently been addressed in the ELIANA protocol (NCT02435849) (10).

In summary, a fraction of HR BCP-ALL patients, including patients with DS, have the option to enter the CASSIOPEIA trial if they fulfill study eligibility criteria including those mentioned previously. Those patients undergo leukapheresis when MRD positivity is confirmed by centralized MRD assessment, and receive interim maintenance with HD-MTX while awaiting CAR T cell manufacturing. Patients who remain MRD negative following a single infusion of tisagenlecleucel do not undergo consolidative HSCT (CAR T as stand-alone therapy); patients with early B-cell recovery and/or MRD appearance have the option of tisagenlecleucel re-infusion (76). Only patients who fail tisagenlecleucel therapy (± re-infusion) proceed to HSCT.




CONCLUSION

Indications for HSCT have drastically evolved over the last two decades based on several advancements in the treatment of pediatric ALL: (1) intensification of therapy for those subtypes of ALL with a high risk of relapse, (2) inclusion of novel agents in upfront treatment (e.g., TKI's for Ph+ ALL and nelarabine for T-ALL), (3) incorporation and refinement of MRD to assess disease response, and (4) recent introduction of novel immunotherapies and immune effector cells. Despite the overall improvement in survival of de novo ALL and relapsed ALL, HSCT remains a necessary tool for consolidation in patients with the most resistant forms of the disease. Response to frontline therapy remains the best predictor of outcome, and the use of HSCT in CR1 is guided by MRD evaluation. Those patients with standard risk disease and poor response to treatment are treated with immunotherapeutic approaches, while those with high-risk disease are generally consolidated with HSCT. In the relapsed setting, MRD has also shown to be highly valuable and can identify patients who require HSCT in CR2 or can be treated with chemotherapy alone. Novel methods of disease response assessment include detection of MRD using next-generation sequencing (NGS) to detect MRD more deeply to the 10−7 level (77). These techniques are currently being evaluated prospectively in an upfront standard-risk COG trial (NCT03914625), the Pediatric Bone Marrow Transplant Consortium study (EndRAD, NCT03509961), and the EuroClonality-NGS consortium (78).

Both intensification of upfront therapy and the incorporation of novel immunotherapy in frontline studies have challenged the indications for transplant, which is now retained for those who have the most resistant diseases. Results from these current trials are highly anticipated and will inform whether the delayed application of HSCT will continue to improve patient outcomes while minimizing toxicity. In the era of immunotherapy, future challenges and goals will be to identify those who will require transplant for long-term cure, ascertain the appropriate timing of transplant in relation to novel immunotherapeutic approaches, and harmonize HSCT practices so that we can all learn from our collective experience.
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Allogeneic haematopoietic stem cell transplantation (HSCT) represents a potentially curative option for children with high-risk or refractory/relapsed leukaemias. Traditional donor hierarchy favours a human leukocyte antigen (HLA)-matched sibling donor (MSD) over an HLA-matched unrelated donor (MUD), followed by alternative donors such as haploidentical donors or unrelated cord blood. However, haploidentical HSCT (hHSCT) may be entailed with significant advantages: besides a potentially increased graft-vs.-leukaemia effect, the immediate availability of a relative as well as the possibility of a second donation for additional cellular therapies may impact on outcome. The key question in hHSCT is how, and how deeply, to deplete donor T-cells. More T cells in the graft confer faster immune reconstitution with consecutively lower infection rates, however, greater numbers of T-cells might be associated with higher rates of graft-vs.-host disease (GvHD). Two different methods for reduction of alloreactivity have been established: in vivo T-cell suppression and ex vivo T-cell depletion (TCD). Ex vivo TCD of the graft uses either positive selection or negative depletion of graft cells before infusion. In contrast, T-cell-repleted grafts consisting of non-manipulated bone marrow or peripheral blood grafts require intense in vivo GvHD prophylaxis. There are two major T-cell replete protocols: one is based on post-transplantation cyclophosphamide (PTCy), while the other is based on anti-thymocyte globulin (ATG; Beijing protocol). Published data do not show an unequivocal benefit for one of these three platforms in terms of overall survival, non-relapse mortality or disease recurrence. In this review, we discuss the pros and cons of these three different approaches to hHSCT with an emphasis on the significance of the existing data for children with acute lymphoblastic leukaemia.
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INTRODUCTION TO DIFFERENT PLATFORMS FOR HAPLOIDENTICAL HSCT

Allogeneic haematopoietic stem cell transplantation (HSCT) represents a potentially curative option for children with high-risk or refractory/relapsed leukaemias. The use of fully haplotype mismatched haploidentical family donors has become an accepted option for patients who lack a matched related donor or matched unrelated donor (MUD) (1). Graft-vs.-leukaemia effects based on natural killer (NK)-cell alloreactivity have been observed in this setting in both children and adults (2, 3). Moreover, the easier availability of haploidentical donors offers the possibility to administer stem cell boosts, cellular therapies with anti-leukaemic effector cells or antigen-specific T cells or even to produce a second stem cell graft within a very short time (4, 5).

Transplantation of grafts from a donor who is fully haplotype mismatched causes profound bidirectional alloreactivity, both in the graft-vs.-host and the host-vs.-graft direction. To overcome these double barriers, different strategies have been developed:

• ex vivo graft manipulation procedures for T-cell depletion (TCD)

• in vivo TCD utilising post-transplant cyclophosphamide (PTCy)

• Use of unmanipulated grafts with intensive immune suppression regimens in combination with serotherapy (e.g., the Beijing protocol).

Ex vivo graft manipulation methods have evolved in recent years. CD34-positive selection of peripheral stem cells was the original standard practise in the early days of hHSCT; this technique minimised GvHD by effective reduction of T cells in the graft (6) but was accompanied by a high rate of infectious complications and endothelial damage. In order to reduce non-relapse mortality, TCD was refined by using CD3- and CD19-coated microbeads for depletion of T and B cells or with intravenous rituximab was established. With T- and B-cell depletion instead of CD34-positive selection, other immune components such as NK cells, dendritic cells and monocytes remained within the graft and could be used to generate anti-leukaemic, anti-viral or graft-facilitating effects (7, 8). Recently, a third procedure has gained wide acceptance due to its reliability and efficacy: T-cell receptor antibody (TCRAb) depletion, which selectively removes αβ+ T lymphocytes. This technique retains not only NK cells and other cells in the graft but also γδ+ T lymphocytes (9).

In addition to ex vivo procedures, in vivo T-cell depletion with application of PTCy has been established mainly in adult centres, with a high number of patients treated to date. Promising results have been reported in several trials (10). Since alloreactive T cells are depleted by cyclophosphamide in vivo, unmanipulated T-replete grafts can be given and no good manufacturing practise (GMP)-grade graft manipulation procedures are necessary. A third option is to use a combination of G-CSF primed bone marrow and PBSCs, thus an unmanipulated, T-cell repleted graft containing haematopoietic stem cells from two different sources. In order to suppress GvHD, intensive pharmacological immune suppression is applied: (i) anti-thymocyte globulin (ATG) immediately prior to transplant (thus extending its effect on donor T cells), (ii) MTX (45 mg/m2) followed by cyclosporine A plus MMF for an extended time period. This approach has been mainly described by Italian and Chinese groups; most data are available for the Beijing protocol (11–15).

Randomised trials comparing these three ways to deplete alloreactive T cells are still lacking. Having this drawback in mind, we searched existing medical data bases for studies including the key works “haploidentical haematopoietic stem cell transplantation,” “paediatric/childhood,” and “acute lymphoblastic leukaemia.” For analysis of clinical outcome parameters, we choose studies not older than 10-years of any phase (I–III). For proof-of-principle studies, also older publications and studies including animal models were acceptable. Despite the vast majority of available paediatric trials included children with diverse haematological malignanices, we tried to focus on outcome parameters of ALL cases, although a clear distinction is not always possible here. Therefore, some of our findings just represent an approximation to pure ALL data and do not exceed an evidence level of IIb or III. Nevertheless, our review represents the currently available data which can provide guidance to interested transplant physicians and help to design more focused and controlled clinical trials in this field.



EX VIVO T-CELL DEPLETION

Transplant numbers using hHSCT are constantly on the rise worldwide (16). Although new concepts such as in vivo PTCy have fostered the use and applicability of this approach, ex vivo TCD still represents the most reliable way to minimise alloreactivity: this technique enables a post-transplant course without significant immunosuppression yet with low rates of chronic GvHD (cGvHD).

Techniques for ex vivo TCD of the graft have evolved over time (17). The first successful endeavours in the clinical setting were undertaken in the early 1980s in children with primary immunodeficiencies (18). These ground-breaking early clinical trials using TCD with soybean agglutination of stem cells followed by rosette formation of human T cells with red blood cells from sheep helped to define requirements for engraftment and the maximum number of tolerated T cells in hHSCT (19). The discovery of the “megadose” concept (i.e., transplantation of more than 107 haematopoietic stem cells /kg body weight of the recipient) in preclinical animal models (20) and parallel advances in stem cell selection techniques (21) paved the way for hHSCT with more standardised and large-scale TCD techniques. Indeed, the first clinical trials in leukaemia patients receiving large doses of highly purified, CD34-positively selected, haploidentical haematopoietic stem cells virtually devoid of any donor T cells confirmed the feasibility of the megadose concept in humans but pointed towards the Achilles' heel of hHSCT: the increased incidence of potentially lethal infectious complications (22). This susceptibility for overwhelming infections is caused by slow immune reconstitution after TCD hHSCT (23) (a result of the transfer of only minimal numbers of T-cell precursors with viral specificities) and, consequently, the reliance on age-dependent thymopoiesis (24, 25). These data were consistent with the clinical observation that adults with lower thymic capacity experienced more infectious complications than children.

The next generation of large-scale TCD techniques (CD3+/CD19+ depletion) replaced positive selection of haematopoietic progenitor cells by depletion of CD3+ T cells, thereby increasing the number of accessory cells such as monocytes, dendritic cells and NK cells in the graft. Although generally feasible, this approach failed to demonstrate clinical superiority in adult patients with advanced haematological malignancies: non-relapse mortality (NRM) was 42% 2-years after CD3+/CD19+ T-cell-depleted hHSCT, which was comparable to the 40% reported after CD34-selected transplantations (22, 26). Mortality due to infection in both landmark trials of CD34-selected vs. CD3+/CD19+ T-cell-depleted hHSCT was 26%. Furthermore, acute GvHD (aGvHD) and cGvHD in both adult and paediatric patient cohorts with advanced haematological malignancies after CD3+/CD19+ TCD was observed (8, 26), probably related to the 1-log lower TCD efficacy of this procedure compared to CD34-selection (27). Data on immune reconstitution were inconsistent. Whereas, one centre reported a faster reconstitution of CD3+ T cells after CD3+/CD19+ TCD positive stem cell selection in children with advanced haematological malignancies (28), another paediatric study in children with acute leukemias found differences in T-cell reconstitution to be more closely related to the type of conditioning rather than to the TCD technique used (29).

Meanwhile, more-refined mouse allotransplant models demonstrated that GvHD-inducing potential is primarily contained within the naïve donor T-cell pool carrying the αβ TCR (αβ T cells) (30), whereas T cells carrying the γδ TCR (γδ T cells) have little alloreactivity (31). Moreover, in a cohort of 153 patients with acute leukemias after partially matched HSCT (comprising both children and adults) those with higher than normal γδ-T-cell reconstitution showed significantly better 5-year leukaemia-free survival (LFS) and overall survival (OS) but no increased GvHD incidence (32), indicating that γδ T cells might contribute to immune control over leukaemia and infectious agents in humans. These observations led to development of a novel TCD approach—TCRαβ/CD19+ depletion—which selectively depletes αβ T cells from the graft yet retains large numbers of γδ T cells in addition to all other accessory cells. The excellent technical performance of that approach has been demonstrated (27, 33) and clinical feasibility was shown in several trials and case reports (34–44).



POST-TRANSPLANT CYCLOPHOSPHAMIDE

The introduction of PTCy as a platform for performing in vivo T-cell depleted hHSCT has revolutionised the field of clinical HSCT in the last decade. The availability and simplicity of this method, combined with its low cost, have made hHSCT-PTCy feasible to implement. It is a novel transplant platform for children with ALL and an HSCT indication (45).

Cyclophosphamide-induced allogeneic tolerance is thought to be mediated mainly by selective killing and suppression of proliferating alloreactive T cells. On days +3 and +4 after HSCT, alloreactive T cells are in their peak proliferative state, making them particularly sensitive to cyclophosphamide-mediated killing. Other resting memory and regulatory T cells (Treg) are relatively resistant to cyclophosphamide-induced killing, allowing them to survive and provide the recipient with immunity against infections (46) until a new T-cell repertoire can be produced. The stem cell component in the graft is also highly resistant to cyclophosphamide due to the activity of aldehyde dehydrogenase (47), which actively keeps cyclophosphamide out of the stem cells. This makes cyclophosphamide-induced killing highly specific for both donor-derived and recipient-derived alloreactive T cells, and an ideal way to induce tolerance in the allogeneic setting.

The John Hopkin's University group who pioneered this method based their clinical trials on pre-clinical data that demonstrated the ability of cyclophosphamide to eliminate allogeneic immune reactions, especially when given 2–3 days after allogeneic exposure (48–50). Early clinical trials were conducted in the early 2000s in patients with high-risk haematological malignancies using a non-myeloablative conditioning regimen. The initial protocol used bone marrow as the graft source. Cyclophosphamide 100 mg/kg was divided into 2 doses on days +3 and +4. The results were published in 2010 (51), and, since then, this platform has been adopted by many centres. Some centres have modified the original Hopkin's protocol to utilise different conditioning regimens (e.g., with myeloablative agents) (52) or different stem cell sources, including peripheral blood (53) or a combination of bone marrow and peripheral blood, for use in HSCT for many other malignant and non-malignant diseases, such as lymphoma (54) and severe aplastic anaemia (55). The efficacy of this method in preventing steroid-refractory GvHD has led to comparative studies that showed similar outcomes with hHSCT-PTCy vs. HSCT using matched donors (56), including matched sibling donors (MSDs) (57).

As HSCT-PTCy gained widespread use, specific reports regarding its use in ALL emerged. Srour et al. reported that 109 adult ALL patients who received HSCT-PTCy showed comparable outcomes to those who received historical standard human-leukocyte-antigen (HLA)-matched HSCT (58). The European Society for Blood and Marrow Transplantation (EBMT) has published a registry of HSCT-PTCy in 336 adult ALL patients, demonstrating 2-year LFS of 40%, which is better than a “traditional” hHSCT platform using ATG (N = 98) that resulted in 2-year LFS of only 24% (59). It is worth noting that most of the studies have focused on GvHD occurrence and disease control, and data regarding infections and other morbidities are lacking.

The available data on the efficacy and safety of hHSCT-PTCy for paediatric patients with ALL are scant and until recently were based mainly on a single centre's experience, reported together with other malignant diseases. This makes the task of drawing conclusions regarding use of PTCy in paediatric ALL challenging. More recently, Ruggeri et al. reported the EBMT registry data of 180 paediatric ALL patients transplanted from a haploidentical donor using PTCy (60). Although this study was retrospective and included a heterogeneous population and conditioning regimens, thus would still be considered a low evidence level, it still provides for the first time data on a relatively large population of paediatric ALL patients. Together with some small series, it enables us to review the current data on hHSCT-PTCy in paediatric patients with ALL and compare it with other platforms for hHSCT. These comparisons are the purpose of this review and are detailed subsequently.



THE BEIJING PROTOCOL

In 2019, ALL (n = 2,294) accounted for 24% of all allogeneic HSCT cases in China and was the second most prevalent indication. The rapid growth of allogeneic HSCT is a result of the increased availability of alternative donors, especially haploidentical donors. A total of 94% of HSCTs in China follow the Beijing Protocol in 2019, which comprises T-replete hHSCT with high-dose ATG and strengthened immune suppression (mycophenolate, ciclosporin, and methotrexate) with G-CSF mobilised bone marrow and/or peripheral blood while PTCy (Baltimore protocol uses high-dose post-transplantation cyclophosphamide on the third and fourth day after the transplant with other immune suppression (ciclosporin, mycophenolate mofetil, etc.) (61). Busulfan is not essential part of the Beijing protocol, there are also TBI-based conditioning regimens without Busulfan following Beijing protocol. We have defined Beijing protocol as high-dose ATG and strengthened immune suppression with G-CSF mobilised grafts. In China, haploidentical donors have been the largest source of allogeneic HSCT donors since 2013 and their prevalence among all donors increased to more than 60% in 2019. Other types of donors include MSDs (21.7%), unrelated donors (12.8%) and cord blood donors (5.4%) (62).

The Beijing protocol has proven superiority above chemotherapy in high-risk leukemias as consolidation therapy in first complete remission. For 104 paediatric patients with very high-risk Philadelphia chromosome (Ph)-negative B-cell ALL in first complete remission (CR1), hHSCT using the Beijing Protocol reduced the cumulative incidence of relapse (CIR) (10.9% vs. 46.7%, respectively; p < 0.001) and improved the LFS rate (81.0% vs. 52.0%, respectively; p = 0.005) compared with chemotherapy (15). For 68 paediatric Ph+ ALL patients, hHSCT using the Beijing Protocol improved the OS and LFS rates and the CIR in this high-risk group compared with imatinib plus intensive chemotherapy (63). In 37 children >1-year old with KMT2A+ B-cell ALL in CR1, hHSCT using the Beijing Protocol has been shown to improve LFS (89.5 % vs. 52.2 %, respectively, p < 0.001) and reduce CIR (5.3 % vs. 74.1 %, respectively; p < 0.001) compared with no HSCT (64). In 150 paediatric patients who had minimal-residual disease (MRD) recurrence (≥0.01%), Wang et al. demonstrated that hHSCT using the Beijing Protocol resulted in a lower 2-year CIR (23.3% vs. 64.0%, respectively; p < 0.001) and a higher OS rate (88.7% vs. 46.3%, respectively; p < 0.001) than did chemotherapy (65). Xu et al. reported that 48 children with high-risk T-cell ALL who received hHSCT using the Beijing Protocol during CR1 exhibited higher LFS (65.7% vs. 26.0%, respectively; p = 0.008) and a lower relapse rate (19.8% vs. 56.7%, respectively; p = 0.014) than did patients transplanted when not in CR1, indicating that paediatric patients with T-cell ALL in CR1 benefit from HSCT (66).

Furthermore, hHSCT with the Beijing protocol as conditioning regimen was compared to conventional HSCT from matched related or unrelated donors. In a Phase III biologically randomised multicentre study, Wang et al. compared patients with Ph− high-risk ALL receiving hHSCT with the Beijing Protocol (n = 103) with those receiving MSD-HSCT (n = 83) (14). There were no differences in 3-year disease-free survival (DFS, 61% vs. 60%, respectively; p = 0.91) in CR, 3-year OS (68% vs. 64%, respectively; p = 0.56) from HSCT, treatment-related mortality (TRM, 13% vs. 11%, p = 0.84), or CIR (18% vs. 24%, p = 0.30) between donor types. Therefore, hHSCT is a valid alternative to post-remission treatment for high- and standard-risk adult patients with ALL in CR1 who lack an identical donor (14).

Han et al. retrospectively investigated the outcomes of hHSCT using the Beijing Protocol in adults with standard-risk Ph− ALL in CR1 and compared these to outcomes for patients receiving an HSCT from an MSD or MUD. A total of 127 haploidentical, 144 MSD, and 77 MUD HSCT recipients were included in the study. There were no differences in the rate of grade III–IV aGvHD (11.4% vs. 7.7% vs. 13.5%, respectively; p = 0.468), 5-year TRM (16.4% vs. 11.6% vs. 19.6%, respectively; p = 0.162), 5-year CIR (14.8% vs. 21.1% vs. 16.7%, respectively; p = 0.231), 5-year OS (70.1% vs. 73.7% vs. 69.8%, respectively; p = 0.525), 5-year DFS (68.7% vs. 67.3% vs. 63.7%, respectively; p = 0.606) or 3-year GvHD-free relapse-free survival (GRFS, 50.8% vs. 54.9% vs. 52.2%, respectively; p = 0.847) (67). In a recent prospective multicentre study of 131 young adults with standard-risk ALL who were in CR1 and did not have an HLA-matched donor, hHSCT using the Beijing Protocol was reported to result in a lower 2-year CIR (12.8% vs. 46.7%, respectively; p = 0.0017) and better 2-year DFS (80.9% vs. 51.1%, respectively; p = 0.0116) and OS (91.2% vs. 75.7%, respectively; p = 0.0408) than adult-dose chemotherapy (68). Consequently, hHSCT and MSD-HSCT are recommended equally as standard care in patients with high-risk and standard-risk Ph+-ALL in CR1.

Will an MSD always be the first donor choice for ALL? Possibly not. In a retrospective study of 82 Ph+ ALL (paediatric and adult) patients, hHSCT using the Beijing Protocol was associated with a significantly lower relapse rate than MSD-HSCT (44.8% vs. 19.1%, respectively; p < 0.05), with no differences in NRM, LFS, or OS between the two groups (69). In a Phase III biologically randomised trial of 208 patients (paediatric and adult) with MRD-positive ALL, hHSCT using the Beijing Protocol was associated with lower 3-year CIR (23% vs. 47%, respectively; p = 0.006) and higher LFS (65% vs. 43%, respectively; p = 0.023) and OS (68% vs. 46%, respectively; p = 0.039) than was MSD-HSCT. Multivariate analysis confirmed that hHSCT using the Beijing Protocol was the only factor affecting CIR, LFS and OS (70). In another retrospective study of 208 patients (paediatric and adult) with Ph+ ALL with positive pre-transplant MRD, hHSCT using the Beijing Protocol led to a lower 4-year CIR (14.8% vs. 56.4%, respectively; p = 0.021) and higher 4-year LFS (77.7% vs. 35.9%, respectively; p = 0.036) and OS (80.5% vs. 35.9%, respectively; p = 0.027) than did MSD-HSCT (71). These results suggest that hHSCT might be superior to MSD-HSCT in ALL patients with a high relapse risk.

A registry-based study compared the Beijing Protocol to PTCy in myeloablative hHSCT for haematologic malignancies. It included 220 patients, of whom 176 received hHSCT with the Beijing Protocol and 44 received hHSCT-PTCy; data were analysed using the nested case-pair method (1:4) to balance the disparity of age, diagnosis, status at HSCT, and tranplant year, etc. The incidences of 30-day neutrophil engraftment (88.6% vs. 96.6% in the PTCy group vs. Beijing protocol, respectively; p = 0.001) and 90-day platelet engraftment (84.1% vs. 94.2% in the PTCy group vs. Beijing protocol, respectively; p = 0.04) and the median time to neutrophil engraftment (17 days vs. 12 days in the PTCy group vs. Beijing protocol, respectively; p = 0.000) and platelet engraftment (22 days vs. 17 days in the PTCy group vs. Beijing protocol, respectively; p = 0.001) were significantly inferior in the PTCy group. The incidences of 30-day neutrophil engraftment (PT-CT vs. Beijing Protocol:88.6% vs. 96.6%, respectively; p = 0.001) and 90-day platelet engraftment (84.1% vs. 94.2%, respectively; p = 0.04) and the median time to neutrophil engraftment (17 days vs. 12 days, respectively; p = 0.000) and platelet engraftment (22 days vs. 17 days, respectively; p = 0.001) were significantly inferior in the PTCy group. The incidences of grade II–IV and III–IV aGVHD, cGVHD and severe cGVHD were comparable between arms. Patients in Beijing Protocol group had superior 3-year DFS (PT-CT vs. Beijing Protocol: 61.0% vs. 74.3%, respectively; p = 0.045) and OS (65.2% vs. 78.3%, respectively; p = 0.039) vs. those in the PTCy group (72).

In an EBMT registry analysis with a total of 308 patients, 193 received PTCy and 115 received ATG as GvHD prophylaxis. The incidence of grade II–IV aGVHD (31% vs. 21%, respectively; p = 0.07), 2-year chronic GvHD (33.7% vs. 28.3%, respectively; p = 0.33), relapse (21.6 vs. 22.3%, respectively; p = 0.97), NRM (22.4% vs. 30.5%, p = 0.19), LFS (56% vs. 47.2%, respectively; p = 0.26), and OS (58% vs. 54.2%, respectively; p = 0.37) were comparable between the PTCy and ATG groups (73).



COMPARING OUTCOMES WITH DIFFERENT HAPLOIDENTICAL HSCT PLATFORMS

Most retrospective series comparing outcomes with different protocols for hHSCT include all leukaemia types and ages together, making the task of drawing conclusions for paediatric ALL very challenging. Furthermore, most reports have used different types of conditioning—some chemotherapy-based and some total body irradiation (TBI)-based—which by itself has a very strong impact on outcomes. We will focus here on the publications which have specific data for paediatric patients with ALL, keeping in mind that true scientific comparison between the different haploidentical platforms in paediatric patients with ALL cannot be made based on existing data.

Reports of centres using the Beijing protocol have focused mainly on key transplant outcome parameters such as leukaemia-free and overall survival and incidences of acute and chronic GvHD, whereas data on other important transplant-related factors such immune reconstitution, viral reactivations and severe complication affecting NRM are still scarce. For full evaluation of this method, assessment of such data is essential.



RELAPSE AND SURVIVAL

Relapse and survival outcomes of key studies using different approaches to hHSCT are discussed below and summarised in Table 1 (15, 35, 60, 63, 66, 74). To simplify data presentation, we picked for each method only original reports with the best available data based on the ALL-population size and uniformity of the method.


Table 1. Summary of the largest studies assessing outcomes of haploidentical HSCT in paediatric patients with ALL, according to T-cell-depletion methodology used.
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In a study of HSCT-PTCy in 180 paediatric patients with ALL (age range 0–18 years), Ruggeri et al. reported a 2-year CIR of 25, 37, and 50% for patients transplanted in CR1, CR2, and CR3, respectively (60). Two-year OS, LFS and GFRS were 50.8, 38.5, and 29.2%, respectively, for the whole cohort. When subdivided by CR status at time of transplant, OS and LFS were 65 and 76%, respectively, for patients in CR1, and 44 and 61%, respectively, for patients in CR2.

Other publications report varied incidences of relapse after transplantation (between 23 and 45%), but all of these studies included multiple types of haematological malignancy and had very few ALL patients transplanted using PTCy (75–78).

In studies using the Beijing protocol for hHSCT in paediatric patients (age range 2–17 years), the Beijing group reported a 3-year CIR of 11.9% in 42 patients with B-cell ALL (15), 15.9% in 37 patients with Ph+ ALL (15, 63), and 30.8% in 48 patients with T-cell ALL (66). The 3-year OS and LFS were 80.6 and 81%, respectively, for patients with B-cell ALL (15) and 87 and 77.2%, respectively, for those with Ph+ ALL (15, 63). Three-year LFS was 54.4% for patients with T-cell ALL (66) but data regarding OS was not provided by the authors.

In a study by Bertaina et al. of HSCT using ex vivo αβ TCD in 98 patients with acute leukaemia, 68 paediatric ALL patients were included. The estimated 5-year CIR for the whole group was 29%, and 5-year OS and LFS were 68 and 62%, respectively (35).

Diaz et al. reported a 2-years cumulative incidence of relapse of 28% in a group of 60 acute leukaemia patients treated with hHSCT using ex vivo αβ TCD of whom 28 had ALL (74). Two-year DFS for ALL patients only was 36%; this was significantly different from the 2-year DFS for patients with acute myeloid leukaemia (65%, p = 0.035).

Taken together, current data do not demonstrate the superiority of one method of hHSCT over the others, as no head-to-head superiority trials have been performed. Although, outcomes for B-cell ALL patients appear best when the Beijing protocol is used, it should be interpreted cautiously since some post HSCT parameters like immune reconstitution are not available. Furthermore, heterogenous patient populations, different trial methodologies and different supportive care approaches mean that no definitive conclusions can be drawn when comparing outcomes between trials. Only prospective randomised trials using defined patient populations, the same conditioning regimen and the same supportive care might reveal the superiority of one method over the others.



ENGRAFTMENT AND IMMUNE RECONSTITUTION

With respect to engraftment, ex vivo TCD transplants have a significantly shorter interval to neutrophil engraftment than do PTCy transplants (>500/μL: 10 vs. 15 days, respectively) and a trend towards faster thrombocyte engraftment (>20,000/μL: 16 vs. 20 days, respectively) but lower rates of primary engraftment (88 vs. 100%, respectively) (79). However, in recent studies using TCRAb/CD19-depletion, hHSCT resulted in 96–98% primary engraftment rates after sufficiently intense immunosuppressive conditioning (35, 41, 80), indicating that both techniques yield comparable and safe engraftment with a faster neutrophil recovery after TCRAb/CD19-depletion.

In contrast, immune reconstitution after T-depleted vs. T-replete hHSCT shows striking differences. Ex vivo TCD results in a very early wave of immature NK cells in the absence of CD3+TCRαβ+ T cells during the first 2–3 months. This phase is followed by slow T- and B-cell reconstitution which starts in children after 3–4 months. Refinements in graft manipulation such as the selective removal of TCRαβ+ T cells have added an early wave of CD3+TCRγδ + T cells in parallel to NK-cell reconstitution. CD3+TCRγδ + T cells have only limited GvHD-inducing potential (31), thus their early appearance does not necessitate immunosuppression. However, they recognise cytomegalovirus (CMV) epitopes (81) and Epstein-Barr virus epitopes (82), as well as leukaemic cells (83) and solid tumours (84). This early availability of broadly reactive CD3+TCRγδ+ T cells most likely contributed to the significantly improved TRM rates of only 5–10% observed after TCRαβ-depleted hHSCT in children with acute leukaemias (35, 41, 43).

Patterns of immune reconstitution after PTCy resemble those of HLA-matched T-replete HSCTs. CD3+ T-cell numbers after hHSCT-PTCy have been reported to be similar to HSCTs from matched donors on day +30 (85) and day +100 (57), and higher than after T-cell depleted hHSCT, at least in the first 6 months (86, 87). Mechanistic studies in animal models have shown that PTCy selectively depletes T cells strongly stimulated by contact with allogeneic or exogenous antigens on days 0 to 2, whereas donor-derived naïve T cells undergoing slow homeostatic cycling are spared (88). This enables a relatively broad TCR repertoire of graft-derived T cells with the ability to react against pathogens at later stages. Shifting expression patterns from naïve to stem-like phenotypes results in a preponderance of stem cell memory T cells in the early phase of immune reconstitution after PTCy (89). However, the efficacy of PTCy in eliminating alloreactive clones and thereby preventing aGvHD and cGvHD seems to be less than with in vitro approaches of selective allodepletion, such as photodepletion techniques (90). One possible explanation for this is that TCRs with a lower affinity for alloantigens are not engaged in the hyperacute alloreaction on day +3 but, nevertheless, can give rise to GvHD responses at later stages. Occurrence of GvHD in PTCy transplants is influenced by circulating Treg numbers: higher CD45RA+ Treg numbers in the graft are associated with lower rates of aGvHD (91), while a higher ratio of Treg to conventional T cells (Tcon) leads to lower incidences of cGvHD (92).

In conclusion, immune reconstitution after PTCy resembles patterns after T-replete transplants from matched donors. Application of cyclophosphamide on day +3 and +5 after transplantation depletes T-cell clonotypes with high affinity for recipient HLA or minor histocompatibility antigens; however, alloreactivity is not entirely eliminated. This is reflected by higher rates of aGvHD and cGvHD and also TRM compared with hHSCT using ex vivo TCD. Immune reconstitution after PTCy can partially be influenced by modulation of post-transplant immunosuppression and by choosing younger donors with a large naïve T-cell pool (91). No data on immune reconstitution after hHSCT using the Beijing protocol are available so far.

In TCD hHSCT, novel methods of improving immune reconstitution are currently under clinical evaluation, e.g., by filling the early T-cell compartment with pathogen-specific clonotypes. Adoptive transfer of low numbers of donor memory T cells has resulted in the occurrence of virus-specific responses in 65% of infused patients and a low rate of infectious complications without de novo GvHD (93). Thus, TCD hHSCT with state-of-the-art graft engineering results in more predictable immune reconstitution with preventable infections and better GvHD control.



GRAFT-VS.-HOST DISEASE

aGvHD continues to represent a major cause of transplant-associated morbidity and mortality after allogeneic HSCT. Whereas, in the adult transplantation setting GvHD rates up to 50% are tolerated by clinicians and considered “relatively low,” in the setting of paediatric HSCT the rate of high-grade aGvHD is aimed to be below 20%. Modern transplant regimens should prevent cGvHD at best completely, as the negative impact of long-term steroid therapy in the paediatric patient population is exhaustively known.

With hHSCT being increasingly used as an alternative therapeutic option, GvHD was one of the major initial concerns (94). Ex vivo TCD with continuously evolving selection techniques (CD34+ selection, CD3+/CD19+ depletion, and αβ/CD19+ depletion) proved to be a useful method to overcome the initially high GvHD rates (1, 17). However, for technical and economic reasons, ex vivo TCD is not ubiquitously available and the PTCy approach is widely used as an easily accessible platform for hHSCT.

The incidence of GvHD, however, is determined not only by choice of the transplant platform (e.g., PTCy vs. TCD vs. the Beijing protocol), but also by the stem cell source (bone marrow vs. peripheral blood stem cells [PBSC]) and the associated pharmacological GvHD prophylaxis (45, 95). In the literature, there is enormous heterogenicity among GvHD prophylactic regimens, even in the same treating centre. In particular, the application of different ATG forms (antithymocyte globulin; Thymoglobuline® vs. Anti-T-lymphocyte globulin; ATG-Neovii® represents a significant bias in data comparison due to the substantial differences in half-life duration (t1/2) and pharmacological mechanism of action (96–98). So is the t1/2 in case of ATG-Neovii® significantly longer with a median time of 14 (4–45) days, when compared to Thymoglobuline® with only 2–3 days of elimination t1/2. Moreover, even within the same platform, content of residual T-cells in the depleted grafts may vary which could impact on GvHD rates, jeopardising direct comparative analyses (35, 74). In T-cell depleted hHSCTs, a T-cell dose of 2.5 × 104 CD3+/kg BW is considered safe as with this dose almost no GvHD could be observed (22). Recently, Bertaina et al. recommended not to exceed an upper limit of 1 × 105 residual TCRαβ+ T cells/kg recipient body weight (35).

Reviewing the literature, however, some trends can be observed (see Table 2 for a summary) (9, 12, 14, 35, 41, 60, 74, 75, 78, 79, 95, 99–103). Generally, the cumulative incidence rates of severe (grade III–IV) aGvHD and overall as well as extensive cGvHD are higher in patients treated with the PTCy platform compared with those treated with ex vivo TCD (Table 1) (35, 95). Bertaina et al. showed in the largest cohort to date of paediatric patients (aged 0–21 years) with acute leukaemia who received hHSCT (n = 98) that low-grade skin aGvHD (grade I–II) is observed in up to 16% of patients receiving ex vivo TCD hHSCT; however, severe skin or gut GvHD did not occur at all (0%). Extensive cGvHD was a rare event with a cumulative incidence of 1% (35). Locatelli et al. reported similar data from a cohort of 80 paediatric patients affected by acute leukaemia who received an hHSCT after αβ T-cell and B-cell depletion: 30% of patients developed grade I–II aGvHD, but none developed higher grade aGvHD. cGvHD was reported in 5% of patients in absence of extensive forms (0%) (41).


Table 2. Cumulative incidence of GvHD following hHSCT in studies using PTCy, ex vivo TCD or the Beijing Protocol.
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When comparing a/cGvHD rates with patients treated with Beijing protocol, moderate differences in the rates of acute GvHD can be observed with higher incidences in study populations including adult patients, and comparable GvHD rates for exclusively paediatric cohorts: Rates of grade III-IV aGvHD for Beijing protocol were reported to be 23.1% in a mixed adult/paediatric study population (13) and 17.1% in an exclusively paediatric patient cohort (63) compared with 12.4% in the largest paediatric study using PTCy (60) and 0% in the main paediatric study using ex vivo TCD (35); thus suggesting a role of the recipient's age impacting the development of GvHD. The differences with regard to cGvHD are more distinct: rates of extensive cGvHD of 23% (13, 103), 24.2% (63), and 28.4% (66) were observed in three studies using the Beijing protocol, which stand in contrast to rates of 9.5% with PTCy (60) and 1% using ex vivo TCD. Although the direct comparison of the studies is challenging due to different study designs (see Table 2), including differences in study population size, HSCT indication, disease status and stem cell source [combined use of bone marrow and PBSC in studies using the Beijing protocol (12, 14, 103), use of either PBSC or bone marrow in studies using PTCY (3) or ex vivo TCD (35)], some trends are becoming evident. An explanation for the consistently higher rates of high-grade aGvHD and extensive cGvHD observed with the Beijing protocol might be the average higher T-cell content in the graft (median 1.5 × 108 T cells/kg bodyweight) (103) associated with the combined use of PBSC and bone marrow as the stem cell source.

The number of T cells in the graft is crucial in the hHSCT setting, and target cell doses have been modified continuously over recent years to optimise the balance between desired graft-vs.-leukaemia effect and unwanted GvHD. Maximum cell doses considered to be safe in terms of avoidance of severe GvHD range between 2.5–5 × 104/kg recipient bodyweight, in association with double pharmacological immunosuppressive therapy (mainly tacrolimus/cyclosporine A combined with mycophenolate mofetil) (104).

The graft source has a significant impact on the occurrence of GvHD: with PTCy both bone marrow and PBSCs are used as the stem cell source. Bone marrow grafts have been shown to bear a lower risk of GvHD but a higher risk of graft failure vs. PBSC grafts (105, 106). Use of PTCy seems to have a satisfactory effect on the prevention of aGvHD but is less effective in preventing chronic forms of GvHD (79). The protective effect of ex vivo TCD when compared with PTCy is most evident regarding cGvHD rates (Table 2). Whilst cGvHD in adult transplantation is more often tolerated, in children higher grade cGvHD rates are hardly acceptable, considering the significant impact on quality of life over the lifetime of long-term survivors. A small residual quantity of TCRαβ cells in a T-cell-depleted graft may be the cause of mild aGvHD but a high number of γδ T cells in association with this assures near absence of severe acute or cGvHD (107).

Thus, currently the ex vivo TCD platform remains the favourable hHSCT platform with regard to GvHD rates. Particularly in children, cGvHD rates should be close to 0% to best guarantee satisfactory long-term quality of life.



POST-TRANSPLANT INFECTIONS

In the hHSCT setting using PTCy (113, 61, 75–78, 81, 99, 104, 106, 107, 113), ex vivo α/β TCD (11, 36, 42, 74, 102, 103), and Beijing protocol (7, 16, 63, 66), no definite conclusions regarding the burden of infectious complications can be concluded using currently published data since not all authors report bacterial, viral and fungal infection prevalence, costs, or prolonged length of stay or mortality due to infectious complications in their cohorts. This may be due to the retrospective nature of most studies.

Nevertheless, viral complications are the most frequently reported infectious complications following HSCT but due to different monitoring and pre-emptive treatment strategies among groups (e.g., use of antigenaemia vs. polymerase chain reaction for CMV monitoring) the data between studies are not comparable. This is well-exemplified by the striking differences in the prevalence of CMV viraemia—generally the most common infectious complication reported—between cohorts, with some cohorts having zero cases (76), and some having high prevalence (76.5%) (101). There is an urgent need for more data and standardisation on reporting of infectious complications following HSCT.



COST-EFFECTIVENESS

At first sight, the PTCy platform seems to be by far the more economic choice of platform for hHSCT than ex vivo TCD, with costs of $100 for cyclophosphamide vs. ~$13,000 for graft processing in TCD (45). However, upon closer inspection those differences might be resized. The higher incidence of complications such as veno-occlusive disease, GvHD and haemorrhagic cystitis observed with PTCy need to be considered. Treatment of veno-occlusive disease requires obligatorily hospitalisation for several weeks with substantial costs for pharmacological treatment. Acute and chronic GvHD both lead to prolonged immune suppression and often the need for extracorporeal photopheresis or other interventions with further expenses. In the ex vivo TCD setting, potential viral infections with further hospitalisation might further increase total costs. Therefore, besides initial HSCT costs, the long-term management of patients and subsequent expenses need to be considered when aiming for a realistic calculation. However, no formal cost-effectiveness analysis has been performed so far. Economic considerations in the literature, where available, are mainly of approximative character.

Apart from financial aspects, it is evident that the ex vivo TCD approach requires sophisticated laboratory facilities and highly specialised knowledge.

A prospective study evaluating the optimal hHSCT strategy in children with acute leukaemia should integrate a cost analysis in order to answer the question of cost-effectiveness. This is essential for the establishment of a standard-of-care approach in a time when increasing restrictions are being placed on healthcare systems worldwide.



CONCLUSIONS, FUTURE DIRECTIONS, AND OPEN QUESTIONS

While hHSCT was previously considered as an alternative option only for those patients without suitably matched donors, it is now being increasingly recognised as an equally feasible option in certain scenarios. In comparative trials using hHSCT in conjunction with the Beijing protocol, hHSCT yielded comparable results in terms of GvHD rate and leukaemia-free survival compared to MUD transplants (66). Another study even suggested better leukaemia control after hHSCT compared to MSD transplantations (67, 70). Bertaina et al. showed in a large retrospective analysis the non-inferiority of TCRαβ/CD19 depleted hHSCT compared to MUD transplants in terms of GvHD- and leukaemia-free survival (35). Thus, substitution of MUD donors by haploidentical family donors is the subject of ongoing scientific research (35, 108). As methods of hHSCT continue to be further optimised, it is conceivable that in the coming years hHSCT will become the method of choice for transplantation of children with acute lymphoblastic leukaemia. However, these data have to be verified in a prospective trial, in which long-term quality of life should be a secondary endpoint. The very low rates of chronic GvHD after TCD hHSCT will certainly impact on this outcome parameter. Furthermore, as was highlightened in the recent COVID-19 pandemic, the advantages of an immediately available donor who can be prepared in the same centre as the patient with no challenging and potentially limiting transfer logistics, add to the attractivity of this approach.

Few studies are available so far comparing the different platforms currently applied for hHSCT in children with ALL. When attempting to perform comparative analyses of different outcome parameters such as OS, relapse, infections or GvHD, one major obstacle is that most cohorts have heterogenous patient populations, include broader populations of malignant disease than just ALL, and sometimes include non-malignant transplant indications as well. Conditioning regimens used in these trials were highly heterogenous, rendering it difficult to perform an adequate analysis focussed on ALL.

Outcome reports do not unequivocally show the superiority of PTCy platforms vs. ex vivo TCD or vice versa. 2- and 5-year OS of 65 and 68%, respectively, were observed in paediatric patients transplanted with PTCy and ex vivo TCD (35, 60). The relatively new Beijing protocol—which is commonly used in Asia—is associated with higher rates of OS and LFS than ex vivo TCD or PTCy with rates of up to 80% for both parameters (15); however, the price is significantly higher incidences of aGvHD and cGvHD. Particularly in children, the avoidance of cGvHD should be a major concern when choosing a transplant regimen, especially when performed in CR1, so that a satisfactory quality of life can be achieved lifelong.

Historical concerns of uncontrollable infections with the ex vivo TCD platform are no longer reflected in “real-world” clinical practise due to improvements in methodology. Rapidly evolving and increasingly sophisticated graft engineering with adoptive immunotherapy is an excellent tool to induce efficient virus-specific responses, thus facilitating the good control of infectious complications. Moreover, the GvHD profile of ex vivo TCD is significantly advantageous when compared to PTCy; the advantage is even more accentuated when compared with the Beijing protocol.

A common “pro” argument for the PTCy platform is the apparently much lower economic burden, with >100 times lower immediate HSCT-related expenses. However, potential (and frequent) costs during follow-up for hospitalisation and pharmacological treatment due to veno-occlusive disease, GvHD, prolonged immunosuppression and other complications need to be taken into consideration and might, in the end, level the differences.

Restricted access to the laboratory facilities which are indispensable for the TCD approach are still a limiting factor for more widespread use of this technique.

A factor which is not yet reflected in any of the available studies is the impact of the immediate availability of a haploidentical donor for a high-risk malignancy. For realisation of a MUD transplantation several weeks of preparation are required for donor search, confirmatory typing, apheresis scheduling and shipment. In contrast, preparation of a haploidentical donor can be performed almost immediately with little delay. This gain of several weeks might be decisive for a high-risk leukaemia patient, reduce the necessity for bridging therapies and improve transplant outcome.

In conclusion, a prospective clinical trial comparing hHSCT (applied with the three described methodologies) with conventional MUD HSCT is indispensable for answering the open question whether one these donor sources gives superior results in children with ALL and how the different hHSCT techniques compare to each other. Secondary endpoints of such a trial should include cost effectiveness and long-term quality of life. Since no transplant centre will have sufficient experience with all three hHSCT techniques it will be pivotal to conduct this trial internationally with stringent inclusion criteria. International ALL study groups will have to cooperate in order to harmonise the trial design, recruit enough transplant centres with dedicated expertise and allow recruitment of a sufficiently large patient population. Results of such a trial would certainly change the landscape of HSCT in children with ALL.
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Current Prophylaxis and Treatment Approaches for Acute Graft-Versus-Host Disease in Haematopoietic Stem Cell Transplantation for Children With Acute Lymphoblastic Leukaemia
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Acute graft-versus-host disease (aGvHD) continues to be a leading cause of morbidity and mortality following allogeneic haematopoietic stem cell transplantation (HSCT). However, higher event-free survival (EFS) was observed in patients with acute lymphoblastic leukaemia (ALL) and grade II aGvHD vs. patients with no or grade I GvHD in the randomised, controlled, open-label, international, multicentre Phase III For Omitting Radiation Under Majority age (FORUM) trial. This finding suggests that moderate-severity aGvHD is associated with a graft-versus-leukaemia effect which protects against leukaemia recurrence. In order to optimise the benefits of HSCT for leukaemia patients, reduction of non-relapse mortality—which is predominantly caused by severe GvHD—is of utmost importance. Herein, we review contemporary prophylaxis and treatment options for aGvHD in children with ALL and the key challenges of aGvHD management, focusing on maintaining the graft-versus-leukaemia effect without increasing the severity of GvHD.

Keywords: acute graft-versus-host disease (aGVHD), management, hematopoietic (stem) cell transplantation, children, acute lymphoblastic leukaemia


INTRODUCTION

Relapse is the primary cause of failure of haematopoietic stem cell transplantation (HSCT) for paediatric acute lymphoblastic leukaemia (ALL). Results obtained in the randomised, controlled, open-label, international, multicentre Phase III For Omitting Radiation Under Majority age (FORUM) trial showed a higher probability of leukaemia-free survival in patients aged 4–21 years at HSCT with ALL experiencing grade II acute graft versus host disease (aGvHD) vs. patients with no or grade I GvHD, thus suggesting that moderate-grade aGvHD is associated with a graft-versus-leukaemia (GvL) effect protecting against leukaemia recurrence (1). However, unchecked aGvHD continues to be the leading cause of morbidity and mortality following HSCT (2). For patients with ALL and a high risk of relapse, HSCT is a key element to establish long-term control based on GvL activity (3). However, severe aGvHD (grade III–IV) needs to be avoided because it has the potential for life-threatening consequences (4), being even more deleterious in children than in adults as the sequelae occur within a delicate interplay of many developing organ systems in the growing child (5). Furthermore, it has to be kept in mind that aGvHD is the main risk factor for developing chronic graft versus host disease (cGvHD) (6, 7).

Herein, we review aspects of aGvHD pathology and management especially relevant to paediatric patients and the treatment of high-risk leukaemia. We explore approaches to GvHD prophylaxis, diagnosis and grading, and the incorporation of GvHD biomarkers into risk stratification models and response assessment. In addition, we discuss the key challenges and evidence surrounding aGvHD and the GvL effect.



CLINICAL EVIDENCE FOR A GRAFT-VERSUS-LEUKAEMIA EFFECT AS THE DECISIVE FACTOR FOR ALLO-TRANSPLANTATION IN ALL

The FORUM study was just the latest to indicate that higher survival may be linked to the presence of a moderate degree of aGvHD, and a number of studies provide clinical evidence for the presence of a GvL effect in ALL (8–16). These studies suggested an effect of both acute and chronic GvHD in decreasing leukaemia relapse.

An early Italian study in children with ALL showed how GvHD prophylaxis impacted the relapse rate in children with ALL in second remission given HSCT from unrelated donors (11). The rate was 0% for patients who received cyclosporine + methotrexate vs. 72% for those who received cyclosporine + methotrexate + Campath (p = 0.0002). Patients with grade II aGvHD presented higher EFS rate 64% (95% CI 40–88) than those with grade 0-I 36% (95% CI 14–58) and grade III-IV 29% (95% CI 8–51) (p = 0.04). Another Italian study determined a probability of relapse for children with ALL and cGVHD of 14% (95% CI, 6–21%) compared to 47% (95% CI, 39–54%) for children with ALL but without cGVHD (p = 0.0001) (12). Gustafsson Jernberg et al. showed in a single centre study that cGvHD had a significant impact on relapse (30% in patients with cGvHD vs. 53% in patients with no cGvHD) and survival (76% in patients with cGvHD vs. 45% for those with no cGvHD) (13). Later, the AIEOP-HSCT group demonstrated that grade III aGvHD vs. no aGvHD protected against leukaemia relapse (RR 0.32, p = 0.019) and improved EFS (RR 0.46, p = 0.047). Limited cGvHD vs. no cGvHD also impacted relapse rate (RR 0.42, p = 0.026) (14).

In the phase 3 Children's Oncology Group/Paediatric Blood and Marrow Transplant Consortium trial (ASCT0431) Pulsipher et al. showed that a grade I-III aGvHD had an independent effect decreasing leukaemia relapse. Grades I-III aGvHD led to a HR of 0.44 for relapse compared with no aGvHD (P = 0.04) and two fold improvement in EFS (p = 0.01). De novo cGvHD did not impact outcomes, but cGvHD ocurring after aGvHD protected against leukaemia relapse (HR 0.14) compared with no GvHD (p = 0.05). Moreover, it was shown that patients who were MRD+ pre-transplant and developed aGvHD in the first 2 months after HSCT did not relapse (15). Consequently, patients who do not develop aGvHD in the first 2 months are candidates for rapid withdrawal of immunosupression and potential candidates for other interventions such as post-transplant immune modulation and other immunotherapeutic approaches (17–20). Bader et al. had previously shown that rapid withdrawal of immunosupression can be safely performed in high-risk population with important improvement in survival (21).

More recently in a landmark analysis that combined MRD measurements after HSCT and aGvHD both were clearly associated with EFS and relapse (p < 0.001) (16). Patients who did not present aGvHD had a higher relapse incidence and lower EFS than those who developed aGvHD in both MRD positive or negative groups. For patients with detectable post-transplant MRD at day +30, but also at day + 90 and +180 the development of aGvHD led to a significant decrease in relapse rate and an improvement in EFS, providing evidence that GvHD/GvL can be beneficial to these patients. In addition, relapse was a rare event in patients who were MRD negative and developed aGvHD. On the other hand, this study highlighted that grade IV GvHD is not beneficial, and in consequence physicians should be cautious about interventions that stimulate excessive GvHD.



RISK FACTORS FOR THE DEVELOPMENT OF AGvHD IN CHILDREN AND ADOLESCENTS

The management of GvHD in patients with haematologic malignancies undergoing HSCT carries the additional challenge of maintaining the GvL effect while keeping GvHD at bay. Identifying patients at low and high risk of GvHD helps to establish GvHD prophylaxis: attenuating the intensity of GvHD prophylaxis for patients at lower risk of GvHD could mitigate the risk of relapse. On the contrary, patients at high risk of GvHD need more intense prophylaxis.

Well-known risk factors for the development of aGvHD—such as the use of mismatched and unrelated donors (22–27), a female-to-male donor-to-recipient constellation (28), the use of total body irradiation (TBI)-containing conditioning regimens rather than chemotherapy-based regimens (29), and the higher donor-age (30, 31)-have a major impact on the development of aGvHD. Regarding the stem cell source there are no randomised studies that compared peripheral blood stem cell (PBSC) vs. bone marrow transplants. A metanalysis showed that aGvHD was slightly increased (RR 1.16, p = 0.006) and chronic GvHD was increased (RR 1.53, p ≤ 0.001) when comparing PBSC and bone marrow transplants (32), however there are few reports of acute GvHD following PBSC transplants in paediatrics. In children and young adults, age-related factors are likely to affect outcomes even more than in adults (33): for example, the pharmacokinetics of many drugs (including chemotherapy for conditioning or immunosuppression) vary among very young children even when properly adjusted for body surface or weight (25, 34). Thymic function is another prime example: it gradually decreases in adolescents leading to delayed immune reconstitution (35) (see paper by Eyrich et al. in another review in this research topic section). Unfortunately, data on such underlying risk factors are consistently under-reported or have been unavailable for analysis, making comparisons between clinical studies difficult.



DIFFERENCES IN THE PATHOPHYSIOLOGY OF AGvHD BETWEEN ADULTS AND CHILDREN

Acute GvHD is the sum of the allo-reactive immunologic activity of the graft directed against the healthy tissue of the host. The pathophysiology of GvHD is as complex as the regulation of the immune system itself, but the principles for the initiation of aGvHD, manifesting classically in the skin, gut and liver, often are summarised as a cycle of self-perpetuating events (2): T cells derived from the graft interact with residual patient antigen-presenting cells and epithelial allo-antigens resulting in a self-perpetuating cycle of activation, release of inflammatory mediators and further activation (9). Tissue damage is generally considered to be higher when total body irradiation is part of the conditioning regimen (as is standard for children with ALL ≥4 years) than with chemoconditioning alone (36, 37). Loss of the mucosal barrier, translocation of gastrointestinal bacteria and lack of regulatory mechanisms due to conditioning lead to the activation of transplanted donor T cells, which subsequently proliferate rapidly and traffic into the periphery, ultimately causing target organ damage. While these principal mechanisms may be the key sequence for most cases of GvHD, independent of age, it is conceivable that pathophysiology in children greatly differs from adults.

In a large retrospective study including over 5,000 adult patients, Jagasia et al. found that, among 2,370 adult patients transplanted from an unrelated donor, one third developed aGvHD of grade C and D (approximately corresponding to grade III and IV) (38). A third of the patients had transplant-related mortality (TRM) within 1 year, suggesting that higher grade GvHD in adults has a dismal prognosis. In contrast, in the tightly controlled cohort of paediatric ALL patients included in the FORUM study, 43 (10.8%) out of 396 evaluable patients developed severe aGvHD (1). Two-year TRM of all evaluable patients was 5.8%. A retrospective study of 476 paediatric patients with leukaemia also demonstrated an age-dependent risk of severe GvHD: compared with age 13–18 years, age 2–12 years was associated with a lower risk of grade II–IV aGvHD [hazard ratio (HR), 0.42; 95% confidence interval (CI), 0.26 to 0.70; p = 0.0008], grade III–IV aGvHD (HR, 0.24; 95% CI, 0.10–0.56; p = 0.001), and cGvHD (HR, 0.32; 95% CI, 0.19–0.54; p < 0.001) (33). These findings suggest that children undergoing HSCT might be at lower risk of severe GvHD—and subsequently of TRM—than are adults, although the reasons for this are not fully understood.

Two key differences in children vs. adults are undisputed: overall co-morbidity in children is lower resulting in better organ function and tolerance of potentially toxic drugs and secondly thymic function is generally better (35), as it linked to age and the hormonal status (39). In consequence, T-cell recovery of T-cells “educated” in the thymus is faster. Wound healing and organ recovery is improved. Furthermore, differences in the pharmacokinetics of immunosuppressive drugs (40) and differences in gut microbiome (41) have been described. Data on differences in the paediatric vs. the adult population are emerging from studies investigating how a paediatric-like treatment protocol works in younger adult patients with leukaemia and lymphoma: multiple factors related to biology but also therapy intensity affects the balance between tolerability and efficacy (42–44). These differences in pathophysiology by patient age have to be kept in mind when children are transplanted in clinical units, where both, adults and children are being treated, or when results of clinical trials performed predominantly in adult populations are used as the basis for clinical decisions in children.

In addition to the three typical organs involved in aGvHD (the skin, liver, gastrointestinal tract), other tissues such as the thymus, bone marrow and secondary lymphoid organs may be involved. This is of importance in the context of impaired haematopoiesis, immune reconstitution, and subsequent cGvHD (45).



PROPHYLAXIS OF GVHD IN DIFFERENT SETTINGS OF HSCT

Currently, GvHD prophylaxis is often based on a calcineurin inhibitor such as cyclosporine A or tacrolimus with or without a short course of methotrexate (46). Both tacrolimus and cyclosporine A reduce T-cell function via inhibition of calcium-dependent signal transduction downstream of the T-cell receptor (TCR). Two large multicentre studies conducted mainly in adults have shown the superiority of tacrolimus over cyclosporine A in reducing aGvHD, with no difference in overall survival (OS) and relapse-free survival (47, 48).

Calcineurin inhibitors are associated with various toxicities such as renal dysfunction, neurological side effects and transplant-associated thrombotic microangiopathy. The dosing is typically adjusted to maintain a therapeutic level while avoiding toxicities but the target concentration is still a matter of debate. The updated European Society of Bone and Marrow Transplantation (EBMT) consensus guidelines recommend a cyclosporine A target concentration of 200–300 ng/mL in the first 4 weeks, followed by 100–200 ng/mL for adult patients undergoing standard-risk human leukocyte antigen (HLA) matched HSCT (46). A retrospective study in paediatric patients reported a strong relationship between cyclosporine A blood levels during the first 2 weeks post transplantation and the severity of aGvHD. A cyclosporine A level of >120 ng/mL was more protective than levels below this threshold (31, 49). The EBMT Paediatric Diseases Working Party (PDWP) survey found that after myeloablative conditioning for a matched sibling donor (MSD) HSCT, single-agent cyclosporine A was used in half of participating centres, and 85% of centres aimed for a blood concentration of 100–200 ng/mL within the first 8 weeks post transplantation. The median duration of cyclosporine A prophylaxis was 110 days [interquartile range (IQR) 90 days], with the majority of centres adjusting both duration and blood level based on each patients' estimated risk of relapse. The use of bone marrow vs. peripheral blood mononuclear cells as the stem cell source did not influence the approach to calcineurin-inhibitor–based prophylaxis in 73% of responding centres (50).

Co-administration of methotrexate with a calcineurin inhibitor reduces the risk for cGvHD and aGvHD; however, when bone marrow is used as the stem cell source, monotherapy with cyclosporine A may be considered for MSD HSCTs (51). Methotrexate is a folic acid antagonist and antimetabolite that mitigates T-cell activation at low doses (52). A recent EBMT PDWP survey found that many participating centres reported using monotherapy with cyclosporine A for bone marrow as the graft source; those centres using methotrexate typically applied three doses of 10 mg/m2 on days +1, +3, and +6 followed by folic acid rescue (50).

Because of the favourable toxicity profile of mycophenolate mofetil (a selective inhibitor of inosine monophosphate dehydrogenase), the EBMT recommends its use instead of methotrexate in patients with contraindications to methotrexate or in patients receiving reduced-intensity conditioning prior to HSCT and in cord blood transplants. However, comparative evidence in children for mycophenolate mofetil vs. methotrexate is lacking.

In contrast to calcineurin inhibitors, sirolimus—an oral mammalian target of rapamycin (mTOR) inhibitor—suppresses the expansion of conventional T cells more potently than the expansion of regulatory T cells (53). Sirolimus has demonstrated activity for the prevention of aGvHD in adults with and without the combination of tacrolimus and methotrexate (14). A randomised study conducted in 209 patients including 24 patients <18 years old with malignant and non-malignant diseases undergoing HSCT compared GvHD prophylaxis with cyclosporine A plus methotrexate vs. sirolimus plus tacrolimus, and concluded that the combination sirolimus plus tacrolimus was valid and safe, however the number of paediatric patients was small (54).

Anti-thymocyte globulin (ATG) is the purified polyclonal immunoglobulin G (IgG) fraction from the sera of horses or rabbits immunised with human thymocytes or T-cell lines. It is applied for in vivo pan-T-cell depletion. ATG has been demonstrated to reduce the incidence of aGvHD and cGvHD when added to standard prophylaxis prior to HSCT (55, 56). The EBMT recommends the use of ATG in matched unrelated donor (MUD) HSCT and in MSD HSCT where the risk for the development of GvHD is high (46). There is evidence that the pharmacokinetics and subsequent ATG serum levels post-HSCT affect the degree of immunosuppression possibly affecting non-relapse mortality (NRM) and relapse. Individualised ATG dosing based on absolute lymphocyte count, as a corrective of the weight-adjusted dosing, could be a way to control the risk of GvHD without impairing NRM and relapse (57). A detailed review regarding the use of serotherapy is provided by Koegh and colleagues in another review in this topic research section.

Alemtuzumab is a humanised monoclonal antibody against CD52 which is predominantly present on T and B lymphocytes wich has been used as part of conditioning regimens for prophylaxis against rejection and GvHD. In a group of patients with sickle cell disease undergoing matched sibling donor bone marrow transplantation, late alemtuzumab administration in the conditioning regimen (days −10 to −8) was associated with lower aGvHD but higher graft rejection compared to early alemtuzumab administration (days −19 to −17) (58). Several studies, mainly in reduced intensity conditioning HSCT for non-mailgnant diseases showed that alemtuzumab levels impact aGvHD, chimerism and lymphocyte recovery (59, 60), but also in malignant diseases (61). Although alemtuzumab abrogated severe GvHD this was not necessarily associated with improved OS (62). In a study of 148 patients comparing alemtuzumab and ATG, alemtuzumab delayed T and natural killer cell recovery compared with ATG and overall and event-free survival were lower in patients who received alemtuzumab. In addition, risk of recurrence of malignant disease was higher in patients who received alemtuzumab (63).

Abatacept is a recombinant fusion protein of CTLA4, a T-cell surface marker, and a fragment of immunoglobulin G. It intereferes with T cell priming and activation (55). Recently, a study in children and adults with haematologic malignancies undergoing HSCT from an unrelated donor matched at either 8/8 or 7/8 HLA-loci found that co-stimulation blockade with abatacept was safe and improved aGvHD rates: significantly fewer patients receiving a graft from a fully matched donor (8/8) and treated with abatacept as add-on to calcineurin inhibitor/methotrexate prophylaxis developed aGvHD (grade 2–4) when compared with the randomly assigned placebo group (43.1 vs. 62.1%, p = 0.006), with a trend toward decreased severe (grade 3–4) aGvHD. Patients receiving a partially matched graft (7/8) also demonstrated a sizable aGvHD benefit when compared with a matched control group receiving calcineurin inhibitor/methotrexaten only drawn from the Centre for International Blood and Marrow Transplant Research (CIBMTR) registry (2.3 vs. 30.2%, p < 0.001, for grade 3–4 aGvHD) (56). The additional immunosuppression by abatacept was not associated with an increased rate of relapse or infectious complications.

Post-transplant cyclophosphamide (PTCy) eliminates proliferating T cells and intra-thymic clonal alloreactive T-cell precursors while sparing regulatory T cells. PTCy-based GvHD prophylaxis has been a major advance allowing the widespread use of haploidentical HSCT; it is also gaining importance in HLA-matched and mismatched HSCT (57). Data in adults indicate that rates of severe aGvHD and cGvHD in the haploidentical HSCT setting are low with PTCy use (58). The situation in children seems distinct: haploidentical HSCT with use of PTCy has been associated with low rates of GvHD and NRM but delayed immune reconstitution, which might lead to a higher risk of infectious complications. Furthermore, whether the GvL effect (which is reflected by relapse rates), is maintained remains an important area of investigation (59). A detailed review regarding the use of PTCy vs. in vitro T-cell depletion (TCD) is provided by Kleinschmidt and colleagues in another review in this research topic section.

Graft engineering by various ex vivo TCD methods aims at maintaining anti-viral and anti-leukaemia activity while reducing the risk for GvHD. Such metods are: (1) the positive selection of CD34+ cells with or without a T-cell add-back at a later time point, or (2) the negative selection against CD3+ and CD19+ cells or (3) selective TCR αß+ and CD19+ depletion with preservation of γδ T cells and natural killer (NK) cells as well as (4) depletion of naïve CD45RA+ T-cells (60, 61). Di Ianni et al. evaluated a protocol with regulatory T-cell infusion 4 days prior to haploidentical transplantation in adult patients (n = 28) with haematological malignancies using CD34+ purified stem cells and add back of conventional T cells (up to 106/kg). Immune recovery seemed enhanced compared to the standard haploidentical setting and the incidence of GvHD was low when the dose of conventional haploidentical T cells was limited to 106/kg. Nonetheless, in this small, highly selected patient group, the rate of NRM was very high (50%). These deaths, mostly early post-transplant, were due to either regiment-related toxicity or infectious complications, indicating that despite accelerated immune recovery, this type of immune engineering still requires proof of clinical benefit (30, 62). Another cell type with immunomodulatory activity are invariant natural killer T cells (iNKT), which secrete interleukin (IL)-4 and IL-10(63). While still in its early phase, RGI-2001, a liposomal formulation of an alpha-galactosylceramide, has been shown to be taken up by dendritic cells, leading to iNKT activation and subsequent Treg expansion. A phase 1 (Clinicaltrials.gov NCT01379209) and a phase 2A study documented tolerability of the immune modulator and relevant expansion of regulatory T-cells in some patients (64).



CLINICAL STAGING AND GRADING OF AGvHD

Early diagnosis and grading of aGvHD is essential to start therapy early in order to avoid the occurrence of a self-perpetuating inflammatory cycle. The first classification of aGvHD—based on clinical symptoms involving the skin, liver and gastrointestinal tract—was developed in 1974 by Glucksberg et al. (65). Later, the Keystone aGvHD Consensus Panel reviewed the outcome of the Glucksberg classification and confirmed the predictive value of maximum aGvHD grade for day +100 mortality (66). The International Blood and Marrow Transplant Registry (IBMTR) Severity Index tried to reclassify patterns of organ involvement into groups to make the index more sensitive and specific for studying aGvHD (67). The refined aGvHD Risk Score developed by the University of Minnesota helped to classify patients into standard and high-risk groups based on the clinical staging of the different affected organs (68). Harris et al. as part of the Mount Sinai Acute GvHD International Consortium (MAGIC), suggested some modifications to the Glucksberg scale, e.g., a standardised way to estimate and report stool output in children, including incorporating the number of episodes per day when quantification is not feasible (69) and this approach has been adopted in recent clinical trials. An EBMT–National Institutes for Health (NIH)–CIBMTR Task Force position statement details the different staging criteria, advocating for a standardised assessment of GvHD (70). Tables 1, 2 show individual organ severity staging and overall severity grading, respectively, according to the different classifications.


Table 1. Assessment of Acute GvHD: staging of severity for individual organs according to the different classifications.
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Table 2. Assessment of aGvHD assessment: overall severity grading according to the different classifications.
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THE ROLE OF GvHD BIOMARKERS IN EARLY DIAGNOSIS, RISK STRATIFICATION AND RESPONSE ASSESSMENT

Several markers of systemic inflammation such as IL-2Rα and tumour necrosis factor receptor 1 (TNFR-1) are correlated with GvHD outcomes (71). Markers of specific tissue damage have also been identified (72): elafin is specific for skin GvHD (73, 74), while hepatocyte growth factor is correlated with gastrointestinal and liver GvHD (75). Gastrointestinal GvHD is the major driver of aGvHD-related mortality (76). Suppressor of tumorigenesis 2 (ST2), which is shed from gastrointestinal tissue during GvHD, is a marker of GvHD treatment resistance and mortality (72). Regenerating islet-derived 3 alpha (REG3α) is released from Paneth cells into the circulation as a result of intestinal crypt damage (77).

Out of the different marker combinations, Reg3α and ST2 serum levels at the onset of GvHD, combined in an algorithm validated by the Mount Sinai Acute GvHD International Consortium (MAGIC), have been shown to be predictive of 6-month NRM independently of clinical severity at onset (78). Stratification is solely based on biomarker levels at the onset of GvHD, regardless of clinical severity; three risk categories (Ann Arbour 1–3) correlate with NRM. For instance, sometimes patients may present with relatively mild symptoms only to subsequently escalate to severe GvHD—this can be predicted by assessing the biomarkers in the serum. Vice versa, low biomarker levels at onset, even when clinical symptoms are severe, indicate a better chance for safe resolution of GvHD. Thus, a treatment approach guided by the MAGIC algorithm probability (MAP) might better identify patients in need of early escalation vs. those patients who will tolerate a rapid taper of immunosuppression.

While the MAP has been most extensively validated at the time of GvHD onset, identifying three risk categories, biomarkers have also been evaluated to assess response to treatment by day 28 from treatment initiation, indicating long-term outcome. Non-responders, assessed based on clinical symptoms only, are considered to have a 50% risk of NRM (68). Biomarkers allow a more refined analysis. At day 28 of treatment when using a single threshold validated for NRM, MAP can separate patients into high- or low-risk cohorts that are more predictive than the clinical response itself: in a prospective, multi-centre study, clinical responders with high biomarkers at day 28 had an NRM rate of 40% but those with low biomarkers had an NRM rate of 12%. Moreover, clinical non-responders with a low MAP had an NRM rate of 25% as opposed to 65% in non-responders with high MAP (79). The biomarker algorithm was recently validated in a paediatric cohort, with similar performance at onset and at day 28 (80).

Day 7 post treatment initiation is also a pivotal time point in the decision making for GvHD management, when GvHD is designated as treatment sensitive or refractory, decisions regarding escalation of therapy are made, and MAP helps to separate patients into high- and low-risk cohorts (78). For haematologic malignancies, especially high-risk leukaemias, identifying patients with a low risk of GvHD can be key to accelerating the tapering of immunosuppression and, thereby, possibly preventing early relapse.



DIFFERENTIAL DIAGNOSIS TO AGvHD

When aGvHD is suspected, it is important to rule out aetiologies other than GvHD that might exacerbate GvHD symptoms or require different treatment.


Skin Rash

A rash a few days after conditioning is likely to be caused by TBI (especially at myeloablative doses of TBI used in ALL) (81) or chemo-conditioning. Thiotepa, melphalan, and etoposide can all cause skin toxicity. Moreover, exanthema due to ATG-based conditioning occurs frequently. The timing of occurrence usually helps to rule out aGvHD, as hyper-acute GvHD within the first 10 days after transplantation is considered a very rare event (69). Skin rash and pruritus can be seen during engraftment syndrome, a poorly defined immunological reaction occurring around the time of engraftment (82, 83). Vasculitis, hypersensitivity, drug reactions, and rashes caused by viral re-activation or dermatomycosis should also be ruled out.



Colitis

Children with acute lymphoblastic leukaemia treated intensively before transplantation may carry multidrug-resistent bacteria in the gut that could affect the development of post-transplant intestinal GvHD (84). Since gut GvHD is the main reason for TRM following HSCT, and diarrhoea is the major clinical symptom used to stage gut GvHD, transplant physicians need to be very focused on this clinical parameter. However, alternative causes of gastrointestinal symptoms are viruses (adenovirus, cytomegalovirus, and norovirus) or pseudomembranous colitis due to Clostridium difficile toxin. MMF may cause gastrointestinal side effects including nausea (29%), vomiting (23%), constipation (38%), diarrhoea (50–92%), and colitis (9%) (85). In 98% of cases, resolution of diarrhoea occurs within 20 days upon discontinuation of the MMF (86). However, mycophenolate-mofetil–induced colitis is particularly challenging, as it requires a change in the immunosuppressive regimen rather than an increase in immunosuppression and is difficult to distinguish from GvHD even by histopathology (87), although important to assess for the differential diagnosis (88). In the majority of cases, patient's symptoms improve after lowering the dose or discontinuing the medication. Confirmation by biopsy of lower gastrointestinal GvHD is common practise and can help to rule out other aetiologies.



Elevated Liver Enzymes

Liver GvHD is defined and staged by an increase of bilirubin (69). Elevation of liver transaminases may be associated with GvHD but is not a diagnostic criterion alone, although atypical hepatic forms of GvHD exist and may only be diagnosed by biopsy. Viral reactivation (adenovirus, cytomegalovirus, Epstein-Barr virus) and drug-related toxicity cause liver enzyme elevation much more frequently than GvHD, as the incidence of liver GvHD after HSCT is low. Furthermore, liver toxicity related to previous ALL treatment is frequent and therefore patients may present to HSCT already with elevated liver enzymes (89, 90). Isolated liver GvHD is even more rare, whereas liver GvHD in combination with severe gut GvHD is a more common clinical picture. Veno-occlusive disease, which also can cause elevated bilirubin levels, is an important differential diagnosis as its management differs greatly from GvHD and it may be life-threatening when unchecked.



Inflammation

Sub-febrile temperatures and slightly elevated levels of C reactive protein are seen frequently post HSCT. While transplant physicians are trained to rule out ongoing infection (by bacteria, viruses, Aspergillus, and Candida), there are no defined markers that would allow clinicians to discern milder infections from a merely inflammatory reaction of the newly established immune cells that does not meet the criteria for aGvHD. When inflammation occurs at the time of engraftment, such an inflammatory reaction may be termed “engraftment syndrome,” although a potential overlap with GvHD may exist (82, 83). Finally, in malignant diseases, relapse of the underlying disease should be ruled out if inflammatory signs or symptoms persist.




ACUTE GvHD TREATMENT

In general, treatment for aGvHD should aim for resolution of manifestations yet limited treatment-related toxicities. This goal should be achieved at the lowest cost of cure to maintain the GvL effect and to minimise the impact on immune reconstitution and infectious complications.


First-Line Treatment

The first-line treatment approach is summarised in Table 3. Corticosteroids are the mainstay of GvHD therapy (91, 92). Their effects are complex and not completely understood. However, it has been shown that a main mechanism of steroids in aGvHD is the inhibition of nuclear factor κB pathways in antigen-presenting cells and T cells as well as inhibition of Toll-like receptor (TLR) signalling (93–95). In T cells, steroids suppress activation and proliferation (96, 97) and reduce the production of chemokines and expression of adhesion molecules in a manner that decreases the migration of donor T cells into target tissues (98).


Table 3. Suggested first-line treatment of aGvHD in children.
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There is high inter-centre variability in the starting dose of steroids, with the majority of physicians favouring lower doses of prednisone and methylprednisolone in mild-to-moderate GvHD. The initiation of systemic steroids should be based on organ involvement and GvHD stage/grade (69): patients should receive the lowest effective dose of prednisone or methylprednisolone in order to reduce the risk of side effects (99–101). Topical application of steroids for skin GvHD and use of poorly absorbable corticosteroids with high first pass for gut GvHD should be taken in consideration early on to reduce the use of systemic steroids where appropriate (102, 103). Co-medication with calcineurin inhibitors should be maintained while on therapy, with trough levels for cyclosporine A adjusted to higher levels (200–300 ng/mL) if tolerated (104).

Tapering corticosteroids is generally highly individualised based on each patient's risk factors as well as depending on each centre's standard procedures. Steroids are essential in most ALL treatment protocols and this is why these patients, even before transplantation, already may have complications due to steroid use (105). As a general rule, one should aim for the lowest effective dose of corticosteroids for the shortest period possible. In the absence of clinical signs, most paediatric centres normally taper prednisone doses by 20–25% every 3–7 days, depending on response (50). However, the withdrawal of steroids must be carried out carefully, since during the steroid taper there may be a reappearance of GvHD. The MAGIC biomarker algorithm at day 7 and 28 post initiation of steroids may serve to assess response and help to guide steroid taper (78, 79).



Steroid-Refractory GvHD

Only 30–50% of children respond to corticosteroids as initial therapy for GvHD. Similar to the heterogenous activity of GvHD, there are many possible scenarios where steroids might not work, as reviewed extensively by Toubai and Maganeu (98). There may even be paradoxical effects due to disturbance of the balance of lymphocyte subsets, leading to a dominance of the pathological IL-2- and IL-17-producing T-helper cell response or the perpetuation of TLR/NLRP3 expression with maintained inflammation. Furthermore, steroids impede rather than support reparative processes such as the re-building of the gut mucosa (96).

The definition of steroid-refractory GvHD has been difficult to establish. While the EBMT European LeukemiaNet recommendation is the diagnosis of steroid-refractory GvHD after 5 days of non-response to steroids (46, 106), most paediatrics groups consider patients to be steroid refractory after a shorter period of time, diagnosing first-line treatment failure after 3 days if any organ progression occurs (50). The early diagnosis of steroid-refractory GvHD in paediatric patients allows the early introduction of second-line therapies. Table 4 describes the EBMT-NIH-CIBMTR criteria for defining steroid-refractory, -dependent and -intolerant aGvHD.


Table 4. EBMT-NIH-CIBMTR criteria to define steroid-refractory, -dependent, and -intolerant aGvHD.
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Second-Line Treatment
 
Conventional Pharmacological Intervention

Second-line treatment for GvHD is recommended if refractoriness, dependence or intolerance to steroids is established. Given the generally severe clinical picture of GvHD, second-line therapy is usually added on top of the existing therapy regimen or begun in an overlapping schedule. However, in a survey on current practise in 75 paediatric centres, the majority (92%) indicated that they would stop giving steroids once an alternative therapy was established (50).

Table 5 summarises the published studies of second-line treatments for GvHD in children, including response rates, and toxicities (107–125).


Table 5. Studies of conventional pharmacological second-line treatments for steroid-refractory aGvHD that included children.
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Despite a multitude of Phase I/II studies conducted over recent decades assessing a range of different compounds, there were no drugs approved for the treatment of steroid-refractory aGvHD for adults or children until recently. In 2019, new data including from a Phase III clinical trial led to the approval of ruxolitinib for the treatment of steroid-refractory aGvHD in children ≥12 years by the US Food and Drug Administration (107, 126, 127). Ruxolitinib is a selective inhibitor of Janus kinase 1/2, thus it targets a central pathway in the pathogenesis of GvHD. The Janus kinase pathway is crucial for the release of inflammatory cytokines and subsequent activation of antigen-presenting cells, which affects the priming, and activation of alloreactive T cells as well as their migration and cytotoxic activation. In addition to interfering with this cycle of activation, ruxolitinib boosts the proportion of regulatory T cells in relation to conventional CD4+ T cells. Importantly, experiments from mouse models of aGvHD indicate that the GvL effect of HSCT is preserved with ruxolitinib use (128), which is an important issue especially in patients with malignant disease.

The prospective, multicentre, Phase II REACH 1 trial showed that, at day 28 post initiation of treatment, patients ≥12 years old with grade II–IV steroid-refractory or steroid-dependent aGvHD who received ruxolitinib in combination with steroids had an overall response rate of 55% and complete response rate of 27%. Of patients who had a complete response, the median duration of complete response was 1 year and overall survival was 51% at 6 months (127). These results led to the Phase III REACH 2 trial in which patients aged 12 years and older were randomised in a 1:1 ratio and received either ruxolitinib (10 mg twice daily) or the investigator's choice of therapy from a list of nine commonly used options. Three hundred and nine patients were treated. Median OS was 11 months for the ruxolitinib group and 6.5 months in the control group. The rate of overall response at day 28 was higher in the ruxolitinib group than in the control group [62 vs. 39%, respectively; odds ratio 2.64, 95% confidence interval (CI) 1.65–4.22; p < 0.001]. Durable overall response at day 56 was higher in the ruxolitinib group than in the control group (40 vs. 22%, respectively; odds ratio 2.38, 95% CI 1.43–3.99; p < 0.001). Thrombocytopenia was significantly more frequent in the ruxolitinib group than in the control group (107).

Retrospective studies have also analysed ruxolitinib use in children at the dose of 5 mg every 12 h for those ≥25 kg body weight and 2.5 mg every 12 h for those <25 kg. In a study of 13 patients (age 1–16 years) with steroid-refractory aGvHD of whom 11 were evaluable for response, five patients had an overall response, one had a complete response and two had no response. Four patients had treatment failure because of toxicity (129). In four more-recent studies, better overall response rates of 77–84% and complete response rates of 31–69% were reported (130–133). Adverse events included grade 3 thrombocytopenia and neutropenia, infectious complications, and Epstein-Barr virus post-transplant lymphoproliferative disease (130). Final results of the REACH 4 trial—a prospective, multicentre, Phase II clinical trial of ruxolitinib for either steroid-refractory aGvHD or as add on to steroids at aGvHD onset in children aged 0 to <18 years of age are awaited.

It is clear that, even with more data on ruxolitinib becoming available, some patients will not respond or cannot tolerate ruxolitinib. Thus, the need for an effective treatment strategy for steroid refractory aGvHD with limited toxicity remains high.



Extracorporeal Photopheresis

Extracorporeal photopheresis (ECP) is a physicochemical procedure that induces apoptosis in collected mononuclear cells by extracorporeally sensitising them with 8-methoxypsoralen (8-MOP) and subsequently exposing them to ultra-violet A light. Although many aspects of ECP are not yet fully understood, the general principle appears to be the modulation of the antigen-presenting compartment to induce tolerance (134): after the re-infusion of these cells, apoptotic bodies are picked up by antigen-presenting cells, which, in consequence, down-regulate their inflammatory signature (reduced IL-2, tumour necrosis factor α, and interferon γ) and upregulate a more anti-inflammatory profile (tumour growth factor β, IL-10). This leads to reduced T-cell stimulation, an increase in regulatory T cells and, at best, tolerance induction (135–137).

Technically, there are three options for performing ECP. In the “off-line” system (known also as the open system), the leukapheresis product is collected first. In a separate step, the cells are then treated with 8-MOP and exposed to ultra-violet A light, followed by re-infusion into the patient. In the “in-line” system (known also as the closed system) those two processes are integrated in one machine, while using a discontinuous flow cell separator (138). The US Food and Drug Agency and European Medicines Agency approved this later technique for the treatment of steroid-refractory aGvHD and cGvHD. Both processes require good venous access to allow continuous blood flow during leukapheresis. This may prove difficult in many patients, especially as repetitive treatments are needed. In these situations, a third option—so-called mini-ECP—may be used. Mini-ECP uses the white blood cells from the buffy coat prepared from whole blood (5–8 mL/kg), that is collected, treated and reinfused in a closed system. While fewer cells can be collected at a given time, the number of collected cells required to induce tolerance can be reached for small children (139, 140).

Even though ECP is well-tolerated in children, leukapheresis procedures are technically challenging. ECP in children differs from ECP in adults because of the distinct physiological features of children and, thus, requires clinicians to have specialised knowledge and experience to perform it safely, especially in low-weight children (141). Major concerns are: (1) the significant fluid shifts that occur during leukapheresis potentially resulting in haemodynamic instability; (2) achieving vascular access with sufficient flow rate; (3) haematologic and metabolic disturbances; and (4) the duration of leukapheresis procedures, often necessitating the sedation of infants and toddlers.

The ECP treatment schedule varies depending on aGvHD activity but 2–3 sessions per week are considered necessary in the initial induction period (142, 143). Although ECP is seen as a second-line strategy for steroid-refractory aGvHD in the paediatric setting, data from randomised clinical trials in adults and/or children are scarce. Evidence is mostly based on case reports, case series or observational studies, where response rates range from 50 to 100% depending on organ involvement (144, 145). In two adult patient cohorts with a total of 59 patients with steroid-refractory or steroid-dependent aGvHD, Greinix et al. report high response rates to ECP. Most notably, an early start of treatment and treatment intensification led to a 43–60% response rate in grade III/IV steroid-refractory GvHD (146). A prospective, international trial (Clinicaltrials.gov identifier NCT02524847) including 29 children has recently closed but the results were not published at the time of writing (CDH, personal communication).

Given that ECP is time intensive, identifying early on with biomarkers those patients who are likely to respond or not respond to this therapy would be extremely beneficial. Pilot studies on small numbers of patients focusing on changes in the T-cell (147) and NK-cell (148) compartment suggest favourable shifts toward a more tolerant immune cell signature. Whether such signatures or established biomarkers will help to discern between likely refractory vs. responding patients and better define the patient population that benefits from ECP requires further evaluation.



Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSCs) are multipotent non-haematopoietic stem cells originally isolated from bone marrow; they have multiple immunomodulating functions. Besides the bone marrow, MSCs they can be found in and grown from a variety of tissues including adipose tissue and umbilical cord (149, 150). In addition to their immunomodulatory potential, MSCs are thought to contribute to repair and regeneration of diseased or damaged tissue, especially in the state of severe endothelitis and small-vessel disease (151). As a “living pro-drug” the inflammatory signals within the host stimulate MSCs to counteract inflammation by secreting anti-inflammatory mediators before they quickly disintegrate.

A meta-analysis by Morata-Tarifa et al. analysed data from 51 mostly small studies (152). Across the combined population of adults and children, patients with steroid-refractory aGvHD receiving MSC were shown to have a survival advantage (878 patients, 50% alive at last follow-up) over a control group (pooled data from 5 studies: 182 patients, 25% alive at last follow-up). The most recent update from a study of the bone-marrow-derived MSC product “MSC-Frankfurt am Main” (MSC-FFM) in 92 patients (two-thirds of whom were children and adolescents) with severe steroid-refractory aGvHD reported an overall response rate of more than 80% and OS at 6 months of 64% with a median of three doses (range 1–9) of 0.6–4.5 × 106 MSCs/kg administered at approximately 1-week intervals (153). A randomised Phase III trial in steroid-refractory aGvHD which is open to children was recruiting at the time of writing (Treatment Of Steroid-Refractory Acute Graft versus host Disease With Mesenchymal Stromal Cells Vs. Best Available Therapy (IDUNN) Clinicaltrials.gov identifier: NCT04629833).

An initial Phase III trial with remestemcel-L (ex vivo culture-expanded allogeneic adult human MSCs distinct from the IDUNN product) for steroid-refractory aGvHD included 163 patients aged 6 months to 70 years with steroid-refractory aGvHD who received MSC and 81 control patients (154). This trial showed that there was no significant difference in survival by day 180 between the two treatment arms but indicated a benefit of remestemcel-L for certain subgroups, such as paediatric patients. In a multicentre expanded-access protocol using remestemcel-L, 241 paediatric patients with steroid-refractory aGvHD, the majority of whom were resistant to multiple immunosuppressive therapy at the time of study enrolment, were treated with remestemcel-L as salvage therapy. The overall response rate at day 28 was 65% and responder survival at day 100 was significantly greater than non-responder survival (82 vs. 39%, respectively; log rank p < 0.001) (155). More recently a Phase III, single-arm, prospective study of remestemcel-L showed a day-28 overall response rate of 69.1%; 74.5 and 68.5% of patients were alive at days 100 and 180, respectively (156). Biomarker analysis for these patients showed that seven of 11 patients characterised as high-risk by MAP responded to MSCs and were alive at 6 months, comparing favourably to a control group, matching the clinical criteria but not having received MSCs, and having a similar MAP profile (157).

There are no known contraindications to MSCs and cross-reactivity of MSCs with most other relevant medicines has not been seen so far. Avoidance of prostaglandin synthesis inhibitors is recommended due to the partial dependence of anti-inflammatory effects on prostaglandin E2. All reports agree on the excellent safety of MSCs in aGvHD (155, 158, 159). However, given the variable nature of a cellular product, where many details of the production process might vary from study to study and even from batch to batch, and because of differences between the respective studies (e.g., GvHD stage and organ involvement), a definitive evaluation of who—if anyone—might benefit from this type of therapy is still pending.



Future Therapeutic Strategies

Table 6 summarises promising novel strategies in steroid-refractory aGvHD. Recently, vedolizumab—an antibody blocking α4β7 integrins—has demonstrated promising activity in aGvHD. As gut GvHD is the leading cause of TRM, the promotion of the migration of alloreactive T cells to the gut by the inhibition α4β7 integrins may be a useful strategy. The few published Phase I studies of vedolizumab in this setting showed some responders to vedolizumab but larger, Phase III studies are missing (164, 167–170). Intriguingly, Mehta et al. reported recently that six of 12 adult GvHD patients not responding to ruxolitinib benefitted from vedolizumab as third-line GvHD treatment (164). However, in view of the proposed mechanism of action of vedolizumab and given that upregulation of α4β7 integrins has been observed 1 week before onset of GvHD (167), the use of vedolizumab as early treatment rather than third-line therapy may be a central question for future clinical trials. Natalizumab, which acts against the α4 subunit that mediates homing of lymphocytes to the GI tract, was also evaluated in a Phase II study including 21 adults, demonstrating safety and durable responses in 6 of 8 CRs (165). Natalizumab is currently being evaluated by the MAGIC group with a biomarker-guided risk stratification (Clinicaltrials.gov Identifier: NCT02133924).


Table 6. Summary of novel and potential future strategies for the management of steroid-refractory aGvHD.
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Other strategies to selectively targeting alloreactive T cells have been approached. These T cells express CD30 and so might be targeted by brentuximab vedotin. Early results of a Phase 1 study of brentuximab vedotin in 34 adults with steroid-refractory GvHD showed responses in 38% of patients but TRM due to infectious complications was dose limiting (171). A retrospective study of the use of anti-IL-6 receptor antibody tocilizumab in 16 adults with biopsy-proven steroid-refractory gut aGvHD reported responses in 10 of the patients (62.5%) (166). Regeneration of host tissues may be of special interest in patients with steroid-refractory GvHD and profound tissue damage. Alpha 1 antitrypsin prevents organ damage by inhibiting neutrophil elastase and possesses immunomodulatory functions, suppressing proinflammatory cytokines and inducing regulatory T cells. In a phase 2 trial of alpha 1 antitrypsin including 40 adults with steroid-refractory aGvHD, a response rate of 65% and a relatively low rate of infectious mortality (4 patients) has been reported (172). In other studies, lithium was found to promote intestinal repair in patients with denuded mucosa (160) and IL-22 restored regenerating islet-derived protein 3 γ production lost after Paneth cell destruction and facilitated the regeneration of gut epithelium in HSCT models (173). Reducing dysbiosis of the gut microbiome may also help in the treatment of steroid-refractory GvHD (163, 174, 175).

The conduct of clinical trials in aGvHD is riddled with many challenges. In children, a significant obstacle is the low number of patients, making paediatric only GvHD trials difficult to complete. Despite the lower risk of developing GvHD in children, the poor outcomes of refractory GvHD, and validation of prognostic biomarkers support the inclusion of children in risk based trials.





SUPPORTIVE TREATMENT

Supportive care during paediatric HSCT has been recently outlined in other reviews (176, 177); therefore, only the most relevant issues to GvHD are summarised here.

Prophylaxes to prevent viral and fungal disease as well as Pneumocystis jirovecii infection are indicated for immunosuppressed patients following HSCT. Data on the potential benefits and disadvantages of gut decontamination to reduce gramme-negative entry into the bloodstream during the vulnerable phase following conditioning are not available. In light of a potentially protective role of a diverse microbiome against GvHD (178, 179), restricting antibiotics directed against anaerobic bacteria especially 1 week prior and 1 week after HSCT whenever possible may reduce the rate of acute gut/liver GvHD, but requires careful monitoring for infections (180). In adults undergoing HSCT, use of rifaximin for gut decontamination has been shown to better maintain the diversity of the gut microbiome than use of ciprofloxacin/metronidazole (181).

During the first weeks after HSCT, patients require various therapeutic and prophylactic drugs, e.g., antibiotics, virostatics, and immunosuppressive. Their side effects and potential interactions need to be closely monitored. Of particular concern, glucocorticoids can have detrimental long-term effects in children, including an increased the risk of infectious complications, hormonal, and growth disturbances and avascular necrosis of the bones. This latter condition carries a high burden of morbidity, as prolonged or even permanent functional impairment and chronic pain may occur. There is consensus on neither the risk factors for development of avascular necrosis in children receiving glucocorticoids nor the best strategies for prevention and treatment, which remain unmet clinical needs. However, calcium and vitamin D levels should be monitored and supplemented as necessary and the initiation of physiotherapy is recommended.

Nutritional disturbances, especially in patients affected by gastrointestinal aGvHD, can cause weight loss, malnutrition and atrophy of intestinal microvilli. Even with nausea, vomiting, or diarrhoea, providing nutrition via the gastrointestinal route is preferred and may be facilitated using a nasogastric tube if necessary. When the intestinal barrier is not intact or there is a malabsorption, hydrolysed formulas (which are also used successfully in auto-immune colitis) (182) or elemental formulas can be offered to patients. Whether or not a highly hydrolysed formula contributes to reduced inflammation in the context of GvHD is an interesting yet untested hypothesis. Some patients will require parenteral nutrition alone or in combination with the enteral nutrition. Supplementation with vitamins and trace elements may be applied in line with guidelines on parenteral nutrition, but data on the benefit of such supplementation are scarce (183).



DISCUSSION AND FUTURE DIRECTIONS

It is indisputable that paediatric care in many ways requires a different approach than that used for adult medicine. ALL is a prime example, as permanent cure can now be achieved for >90% of our young patients (184). For those with a high-risk profile or relapse, HSCT is a key element to establish long-term control based on GvL activity. Results obtained in the FORUM trial showed a higher probability of EFS in patients experiencing grade II aGvHD than in patients with no signs or very mild GvHD (°I), suggested that—at a moderate stage—aGvHD is associated with a GvL effect and protects from leukaemia recurrence (1). A study conducted by the Children's Oncology Group showed decreased relapse risk in patients developing Grade 1–3 aGvHD in a multivariate analysis controlling for pretransplant MRD (15). Similarly, a combined analysis of several databases from North America, Europe and Australia, showed that in addition to post HSCT MRD, aGvHD significantly impacted risk of relapse, controlling for post HSCT MRD (16). Thus, while aGvHD of grade III and IV needs to be avoided due to its difficult course and potentially life-threatening consequences, the challenge lies in achieving and allowing sufficient alloreactivity to target residual leukaemic cells. Given the high potential of immunological recovery in children (e.g., supported by residual thymic function), we need to better understand the age-dependent control of the developing immune system. Immunologically, the early days post-transplant may have the most impact on how alloreactivity and subsequent GvHD are triggered, yet clinical symptoms follow only after a time delay. In ALL, TBI is effective for myeloablation prior to HSCT but it stresses non-haematopoietic cells to express co-stimulatory molecules and major histocompatibility complex class II (37), paving the way to stimulating alloreactive donor T cells. In this regard, one can speculate, that TBI allows for a better GvL effect than chemo-based conditioning, although the FORUM trial was not designed to answer this specific question. Tailoring GVHD prophylaxis to donor type, to maintain GVL, without increasing severe GVHD, however, is challenging. Choosing the appropriate donor is a key question as it directly affects EFS, GvHD and NRM. It is beyond the scope of this review to comprehensively discuss donor selection, but ideally GvHD prophylaxis is adapted according to the type of donor.

Appropriate timely withdrawal of immune suppression in the absence of GVHD, and tapering immunosuppression once a GVHD response is achieved, is critical. In the study conducted by the Children's Oncology Group Pulsipher et al. showed that patients with ALL who were MRD+ pre-transplant and developed aGvHD in the first 2 months after HSCT did not relapse. Consequently, patients who do not develop aGvHD in the first 2 months are candidates for rapid withdrawal of immunosupression (20). It has also been shown that rapid withdrawal of immunosupression can be safely performed in high-risk population with important improvement in survival (21). Assessing relapse in GVHD prophylaxis and treatment trials is essential.

Also, biomarkers for early detection of GvHD can help the clinician to be one step ahead in the management of GvHD, but controlled clinical studies are required to ensure that biomarker-guided, pre-emptive immunosuppressive therapy benefits the patient without leading to high rates of overtreatment. Patients at low-risk of GvHD can be identified more easily by measuring serum markers, especially ST-2 and Reg3a. When using the MAGIC algorithm, such low-risk patients could be tapered off immunosuppression more rapidly than patients with a higher MAP, and this will be tested in an upcoming paediatric clinical trial within MAGIC centres. Rapid, but safe taper might help prevent leukaemic relapse.

Guidelines to standardise the clinical staging of GvHD are now widely accepted, but harmonisation between centres still requires a high level of exchange and communication. Unified classification via an electronic scoring App (similar to the educational EBMT GvHD App developed for adults; https://www.ebmt.org/education/apps) should be a goal in the paediatric setting.

In adults, several recommendations for aGvHD management from different scientific societies have been published (46, 185, 186). In these guidelines, there is a consensus on the importance of promoting the treatment of patients in clinical trials in order to elucidate better strategies for the management of steroid-refractory aGvHD. In children, the scarcity of data is even greater and, therefore, the inclusion of children in clinical trials of biomarker-guided early treatment interventions to decrease NRM and toxicity is of the utmost importance (91). Ideally, such trials would be designed and powered in a way that specific insights can be gained for this vulnerable, young patient population. As observed in daily clinical practise, one particular treatment may not fit all patients, underlining the importance of a personalised strategy according to individual characteristics. For example, active infection, a history of thrombotic events or persistently low platelet counts will influence the physician's decision of whether to use second-line drugs (such as ruxolitinib or antibodies) or alternative treatment options such as ECP or MSC.

Traditionally, treatment of steroid-refractory aGvHD has focussed on the intensification of immunosuppression; however, as more knowledge on the immunopathology of GvHD has been gained, more selective treatments have become available, such as targeting alloreactive T cells or the use of anti-cytokine antibodies (187). Furthermore, other mechanisms might contribute to steroid-refractory aGvHD and be approached by other non-immunosuppressive treatments (188). For example, as impaired epithelial regeneration is described in gastrointestinal GvHD and for patients with denuded intestinal mucosa, new ways to promote intestinal repair are needed rather than just adding immunosuppression (189). Alterations in the composition of intestinal microbiota may drive persistence of the disease in some patients and many investigations are ongoing to address this issue (163, 174, 190). Severe aGvHD can also cause endothelial injury resulting in thrombotic microangiopathy. This course of the disease then requires a different management, as immunosuppression alone is likely to be insufficient (191).

For paediatric ALL patients with an indication for HSCT, the FORUM trial confirmed TBI to be the current standard of care for conditioning in patients with ALL aged 4 years or older (1). These patients are a uniquely homogenous patient population with a uniform diagnosis of high-risk ALL transplanted according to a standardised conditioning regimen. Based on the experience of the FORUM trial, the network is well-suited to tackle further research questions regarding the prevention and management of GvHD while maintaining the GvL effect in these children as illustrated in Figure 1.


[image: Figure 1]
FIGURE 1. Study options building on the PED-FORUM experience.
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Serotherapy comprising agents such as anti-thymocyte globulin, anti-T-lymphocyte globulin, and the anti-CD52 monoclonal antibody alemtuzumab is used widely to reduce the incidence of graft-versus-host disease (GvHD) after paediatric haematopoietic stem cell transplantation (HSCT). The outcome of transplants using matched unrelated donors now approaches that of matched sibling donors. This is likely due to better disease control in recipients, the use of donors more closely human-leukocyte antigen (HLA)-matched to recipients, and more effective graft-versus-host disease (GvHD) prophylaxis. The price paid for reduced GvHD is slower immune reconstitution of T cells and thus more infections. This has led to studies looking to optimise the amount of serotherapy used. The balance between prevention of GvHD on one side and prevention of infections and relapse on the other side is quite delicate. Serotherapy is given with chemotherapy-/radiotherapy-based conditioning prior to HSCT. Due to their long half-lives, agents used for serotherapy may be detectable in patients well after graft infusion. This exposes the graft-infused T cells to a lympholytic effect, impacting T-cell recovery. As such, excessive serotherapy dosing may lead to no GvHD but a higher incidence of infections and relapse of leukaemia, while under-dosing may result in a higher chance of serious GvHD as immunity recovers more quickly. Individualised dosing is being developed through studies including retrospective analyses of serotherapy exposure, population pharmacokinetic modelling, therapeutic drug monitoring in certain centres, and the development of dosing models reliant on factors including the patient's peripheral blood lymphocyte count. Early results of “optimal” dosing strategies for serotherapy and conditioning chemotherapy show promise of improved overall survival.
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INTRODUCTION

In allogeneic haematopoietic stem cell transplantation (HSCT) for acute lymphoblastic leukaemia (ALL) the term serotherapy is used to describe inclusion of anti-thymocyte globulin (ATG), anti-T-lymphocyte globulin (ATLG), or alemtuzumab in the conditioning regimen.

Anti-thymocyte serum was developed by HSCT pioneers early in the history of transplantation (1, 2). After being used for the treatment of graft-versus-host disease (GvHD) during the 1970s (3), serotherapy was introduced to some conditioning regimens before allogeneic HSCT in order to induce T-cell depletion in the recipient. This led to enhanced engraftment as well as GvHD prophylaxis by depleting both recipient antigen-presenting cells and donor T cells from the graft (4). The result of ATG administration varies widely depending on product used, dosage, timing (around day-10 vs. just prior to graft infusion), leukocyte count at time of administration and patient age.

Horse ATG, while routinely used in the treatment of severe aplastic anaemia, is currently rarely used in the modern HSCT setting, thus we will not discuss this product here. Two different rabbit ATG products are indicated for GvHD prophylaxis, namely Thymoglobulin® (Sanofi Genzyme, France; G-ATG) and Grafalon® (Neovii, Switzerland, formerly Fresenius ATG or F-ATG). Grafalon® is also referred to as ATLG.

The two rabbit ATG preparations differ in their derivation and, therefore, their effects are different. Thymoglobulin® is obtained from rabbits after administration of human thymocytes, while Grafalon® is obtained from rabbits after administration of a specific immortalised T-cell line: Jurkat cells (5). Both products contain polyclonal antibodies directed against many antigens involved in immune cell trafficking and adhesion as well as antigens on T cells, B cells, natural killer (NK) cells, and other immune cells (6). The variety of antibodies and the titres differ between the two products, leading to different pharmacokinetic (PK) and pharmacodynamic (PD) profiles. These differences must be taken in consideration when analysing study data and interpreting study reports. Dosage and scheduling matter since they lead to different serum levels and exposure duration post-HSCT as measured by the area under the curve and other variables.

By contrast, alemtuzumab is a monoclonal antibody that specifically targets CD52 glycoprotein, an antigen expressed on the surface of normal B and T lymphocytes, NK cells, monocytes, macrophages, and some dendritic cells. It was originally developed in the United Kingdom from rat immunoglobulin (Campath-1G) and later was modified to be the first humanised monoclonal antibody, Campath-1H. Originally the formulation was marketed as Mabcampath® and was used to treat CD52+ T- and B-cell cancers, notably chronic lymphocytic leukaemias and other lymphocyte-mediated conditions (7). It is currently licenced and formulated for the treatment of relapsing multiple sclerosis as Lemtrada® but is still available for use alongside HSCT in some jurisdictions. As with ATG products, its effects on both donor and recipient immune cells differs depending on dose and timing of administration. Its use is rare outside of the United Kingdom in the context of HSCT for paediatric ALL.

For a review of the approach to GvHD prophylaxis beyond serotherapy as well as the management of patients developing GvHD, including those with steroid-refractory GvHD, see the review by Diaz de Heredia Rubio et al. in the current supplement.



PRACTISE DIFFERENCES IN THE INCLUSION OF ATG IN CONDITIONING REGIMENS

One challenge in assessing the role of serotherapy in treating ALL patients has been practise differences, especially notable in North American vs. European trials. Accepted practise in North America, as shown by large, randomised trials, generally omits serotherapy for matched unrelated donors (MUDs). Large randomised trials of the Children's Oncology Group (ASCT0431: a randomised trial of tacrolimus and methotrexate vs. sirolimus, tacrolimus, and methotrexate in patients with ALL in first or second complete remission) and the Bone Marrow Transplant Clinical Trials Network [CTN0201: bone marrow vs. peripheral blood stem cells (PBSCs) in MUD HSCT; CTN0501: 1 vs. 2 cord blood units for ALL or acute myeloid leukaemia (AML)] all omitted serotherapy (8–10). In contrast, large, randomised trials in Europe conducted in a similar time period [ALL-SCT-Berlin-Frankfurt-Münster (BFM)-2003 trial: MUD vs. sibling donors in ALL; For Omitting Radiation Under Majority age (FORUM) trial: total body irradiation (TBI) vs. non-TBI conditioning for ALL] included serotherapy for all MUD recipients (11, 12). While more recent data from serotherapy trials have led to an increase in the use of serotherapy for mismatched unrelated donors (MMUDs) in North America, debate remains about the role of serotherapy in recipients of bone marrow HSCT from fully matched unrelated donors.



USE OF LOW-DOSE VS. HIGH-DOSE ATG

In 2017, Locatelli et al. published the results of a prospective, multicentre, randomised, open-label Phase III trial looking at the efficacy of two different doses of rabbit ATG to prevent GvHD in children with haematological malignancies (aged 0–18 years) undergoing HSCT from MUDs (13). Prior to this study, none of the published trials had focused on a paediatric population. The study was performed in seven Italian centres in collaboration with the HSCT Working Group of the Italian Association for Paediatric Haematology and Oncology (AIEOP). The study used bone marrow and PBSC transplants from unrelated donors matched at ≥6 out of 8 loci. Randomisation was between a total dose of 15 mg/kg and 30 mg/kg of rabbit ATG (Grafalon®) given between day-4 and day-2 with myeloablative conditioning. All patients also received GvHD prophylaxis with cyclosporine A. The study found that, in children with haematological malignancies, the use of 15 mg/kg rabbit ATG resulted in better overall survival [OS; 78 vs. 62%, respectively, hazard ratio (HR) 1.80, p = 0.045] and event-free survival (77 vs. 61%, respectively, HR 1.87, p = 0.028) than that observed with a 30 mg/kg dose. ATG at a dose of 15 mg/kg can spare life-threatening viral infections caused by delayed T-cell reconstitution without significantly increasing the incidence of acute and chronic GvHD and without adversely affecting other outcomes such as engraftment or relapse.

In 2020, Kang et al. published results of a retrospective study also looking at the optimal dosing of ATG for transplantation of children with leukaemia receiving a PBSC graft from a MUD or haploidentical family donor (HFD) (14). The primary aim was to look at OS and relapse rates with secondary aims including evaluation of the severity of acute GvHD, chronic GvHD, and infectious complications that arose because of delayed immune reconstitution. The retrospective cohort of patients was identified from a prospectively enrolled HSCT registry in Seoul, South Korea, between April 2009 and September 2018. Patients underwent first HSCT for leukaemia from MUD or HFD with unmanipulated PBSCs after receiving Thymoglobulin® in the conditioning regimen from day-4 to day-1. From 2009 to 2014, recipients of a MUD graft received 7.5 mg/kg ATG and recipients of an HFD graft received 10 mg/kg ATG. From 2014 to 2018, recipients of an MUD graft received 3.75 mg/kg ATG and recipients of an HFD graft received 5 mg/kg ATG.

Patients with ALL made up 50% of the 78 patients in the low-dose group (3.75–5 mg/kg) and 44.1% of the 118 patients in the high-dose group (7.5–10 mg/kg). Multivariate analysis showed that both the European Society of Bone and Marrow Transplantation (EBMT) disease stage at transplant and ATG dose group (low or high dose) had a significant influence on OS and relapse incidence. The high-dose ATG group had an increased risk of death [HR 2.02, 95% confidence interval (CI) 1.05–3.88, p = 0.036] and relapse (HR 1.81, 95% CI 1.03–3.17, p = 0.038) compared with the low-dose ATG group. There was no significant difference in the cumulative incidence of acute GvHD or chronic GvHD between the high- and low-dose ATG groups. The high-dose ATG group also had a higher incidence of cytomegalovirus viraemia (70.3 vs. 51.3%, respectively, p = 0.007) and Epstein-Barr virus reactivation (81.4 vs. 39.7%, respectively, p = 0.001) than the low-dose ATG group.



CONSENSUS RECOMMENDATIONS ON SEROTHERAPY IN HSCT

An international expert panel published consensus recommendations on the use of rabbit ATG (i.e., Thymoglobulin® or Grafalon®) in HSCT in 2020 (15). They developed the recommendations using the Delphi method with focused review of the role of rabbit ATG based upon published randomised trials, multiple meta-analyses, and expert consensus. The review included both paediatric and adult studies and concluded: (1) Rabbit ATG is indicated for MUD or MMUD bone marrow or PBSC grafts to prevent severe acute and chronic GvHD; (2) rabbit ATG could possibly be of use for related donors, although the data were from a single trial using PBSC; (3) Use of rabbit ATG in reduced-intensity conditioning (RIC) may be appropriate but comes at a cost of an increased risk of relapse; and (4) use of rabbit ATG in haploidentical bone marrow transplantation is regimen specific and the role with cord blood grafts is inconclusive. Specifics about dosing, side effects and post-HSCT management were also reviewed.

A major challenge with developing consensus recommendations relevant to paediatric patients with ALL is that available data are largely drawn from adult studies which used PBSC grafts and, furthermore, studies using cord blood grafts included the use of double cords, which is common in adults and associated with higher rates of GvHD compared with grafts from single cords. Of note, the dosing and PK of rabbit ATG in children can vary significantly from adults (16). These variations lead to different practise in paediatrics vs. adults for myeloablative first HSCT for ALL, where rabbit ATG is generally not used because MSD HSCT is performed using bone marrow (9, 11). For umbilical cord grafts, randomised trials have shown significant increases in acute and chronic GvHD when multiple cord blood units are used (10, 17); however, for single-unit grafts (which are most often used in paediatrics), acceptable rates of acute GvHD and very low rates of chronic GvHD occurred (18). This has led to some experts concluding that serotherapy may not be needed for HSCT when a single cord unit is used. This theory is supported by a meta-analysis (19). However, other experts have argued that, with appropriate timing and dosing of rabbit ATG, this serotherapy could possibly lead to a benefit in umbilical cord HSCT for ALL in children (20).



POPULATION PHARMACOKINETICS AND PHARMACODYNAMICS OF ATG

Dosing of ATG in children was traditionally based on extrapolations of adult dosing. A fixed dose per kilogramme is usually given to children 0–18 years of age. Here, the assumption is made that both the PK and PD of ATG show a linear increase with body weight. An understanding that this is usually not the case led to the investigation of the PK and PD of ATG in children. Since the brands of ATG are not biosimilar, their PK and PD will also not be fully comparable. As such, we will present data below according to each specific brand of ATG.



THYMOGLOBULIN® (SANOFI GENZYME)

Some studies have investigated ATG concentration–time curves and how these are impacted by anti-ATG antibodies (21). Partly based on their findings, a formal population PK study was performed in children receiving Thymoglobulin® (22). This showed that both body weight and absolute lymphocyte count just prior to the first dose of Thymoglobulin® were good predictors of PK. Absolute lymphocyte counts were included because they are the target for Thymoglobulin® binding and thus affect its clearance.

The overall goal of describing population PK was to develop an individualised dosing regimen for Thymoglobulin® to be used in future patients. With the PK elucidated, the next step was to identify the optimal exposure of Thymoglobulin®. The exposure to Thymoglobulin® before graft infusion was found to drive the effects of this serotherapy, while over-exposure after infusion of the graft led to toxicity (14, 23). Higher exposure of Thymoglobulin® after graft infusion was highly correlated with poor or absent early T-cell recovery, which in turn was a strong predictor for treatment-related mortality and viral reactivations. Thymoglobulin® exposure before graft infusion, however, decreased GvHD and graft failure. Moreover, the PD was found to be dependent on stem cell source, as the earlier Thymoglobulin® is administered in conditioning the less antibody is present at the time of HSCT infusion. For example, some approaches have started Thymoglobulin® administration earlier in conditioning for cord blood transplantations.

Based on the population PK model and the determination of the therapeutic window for Thymoglobulin®, an individualised dosing regimen has been designed for its use in children (24). The optimal dose for each patient is calculated based on three factors: (1) body weight, (2) baseline lymphocyte counts, and (3) stem cell source. Patients with higher body weights, lower lymphocyte counts, and receiving a cord blood graft are proposed to receive a lower dose in mg/kg compared to patients with lower body weights, higher lymphocyte counts and receiving a bone marrow or PBSC graft. In addition, the first infusion of Thymoglobulin® is given more distally to the HSCT in order to increase the exposure before graft infusion and decrease the exposure after graft infusion. The first dose of Thymoglobulin® is given on day-9 before HSCT for MUD and cord blood grafts.

The efficacy of this individualised dosing regimen has been assessed in a prospective, open-label, Phase II clinical trial. Patients receiving individualised dosing of Thymoglobulin® showed superior T-cell recovery compared with patients receiving fixed dosing, with 83 vs. 54% achieving a CD4 count of >50/mm3 at two consecutive timepoints within 100 days after HSCT, respectively. Despite the relatively small sample size, a trend towards improved OS was observed with individualised dosing vs. fixed dosing, and rates of GvHD were the same between groups (24).



GRAFALON® (NEOVII)

The current literature on Grafalon® PK and PD remains limited to studies investigating concentration–time curves (23). Some inferences regarding the clearance of Grafalon® and Thymoglobulin® may be imprecise as they are made based on non-compartmental analysis, which in light of the highly non-linear PK properties of ATG may be inaccurate. No population PK models of Grafalon® are available, nor are reports of investigations into the exposure–effect relationship or individualised dosing.



THERAPEUTIC DRUG MONITORING OF ATG

While individualised dosing of ATG is more accurate in attaining the desired exposures, there is still some unpredictable variability between patients. To minimise variability, therapeutic drug monitoring (TDM) can be used. An important requirement for quality TDM is a reliable, reproducible, and fast assay for the active fraction of ATG. This may well be the major limiting step for implementing TDM for ATG in most centres. To our best knowledge, the only centre that performs TDM for ATG are several Centres in The Netherlands.

Given that TDM is a costly and time-consuming procedure, at the Princess Maxima Centre, criteria have been developed such that TDM is only performed where there is a high risk for graft failure, GvHD or ongoing infections and in patients who receive a cord blood transplant and need swift immune recovery. Furthermore, patients receiving a second course of ATG could possibly be eligible for TDM to screen for anti-ATG antibodies. As most patients with ALL do not meet these criteria, few have been subject to ATG TDM in clinical practise.



PHARMACOGENETICS OF ATG

Currently, the role of pharmacogenetics in ATG pharmacology is limited. As no hepatic metabolism is involved in ATG clearance, there is no role of pharmacogenetic variants of the cytochrome p450 or glucuronosyltransferase families. Hypothetically, there may be a role of variants of Fc receptors (FcR), receptors which are part of the recycling process of immunoglobulins including ATG (25). Whether these variants also impact rabbit immunoglobulin G and cause differences in PK between patients remains to be investigated.



POPULATION PHARMACOKINETICS OF ALEMTUZUMAB AND COMPARISON WITH ATG

Some studies have reported on the population PK of alemtuzumab. Three of these investigated alemtuzumab in the setting of allogeneic HSCT; one is published only as a conference proceeding (26). In the two published studies, one investigated alemtuzumab PK after relatively high intravenous dosing (27), and one investigates both the PK and PD of alemtuzumab following subcutaneous dosing (28). Both identify only body weight as a predictor of alemtuzumab PK, not lymphocyte counts as was previously found in ATG PK (22). Explanations may be that most children in the intravenous study received a relatively high dose of alemtuzumab, thereby introducing an excess of drug in relation to target. The authors of the paper on subcutaneous alemtuzumab (28) suggest the limited number of patients in their studies caused the lack of relationship between lymphocyte counts and PK.

One study has investigated peri-transplant alemtuzumab concentrations in relation to outcome of HSCT in 105 patients aged 0.3 to 27.2 years with non-malignant disease (29). The investigators identified that a very low concentration of alemtuzumab <0.15 μg/mL led to a lower incidence of mixed chimerism and better T-cell recovery but at the same time led to a higher incidence of acute GvHD. The authors did not investigate overall exposure of alemtuzumab as a predictor for outcome.

There are significant differences between ATG (Thymoglobulin®) and alemtuzumab in terms of PK and PD. Most striking is the difference in population clearance, which is 10- and 2-times lower for alemtuzumab than Thymoglobulin® when measured by as linear clearance or as the maximum elimination rate in saturable clearance, respectively (22, 26). Patient-to-patient variability is also considerably higher for alemtuzumab than Thymoglobulin® (26). Furthermore, the clearance of Thymoglobulin® is higher in patients with higher lymphocyte counts, while this is not a predictor for alemtuzumab PK. In terms of PD, the so-called lympholytic level is significantly lower with alemtuzumab (0.1 μg/mL) than ATG (1.0 AU/mL) (30, 31). Due to lower clearance, the fraction of exposure to alemtuzumab occurring after infusion of the graft is higher after standard dosages and infusion timing. Therefore, alemtuzumab may be present at lympholytic levels for longer than is ATG, and its PK is less predictable.



SUMMARY

While there are still controversies regarding the role of serotherapy in transplantation for paediatric ALL and variations in practise around the world, studies continue to elucidate optimal timings and doses per agent. In addition, research into PK modelling and TDM continue to improve our knowledge regarding the correct dosing of each agent for the paediatric population, allowing clinicians to better tailor dose to specific patient characteristics. Pharmacogenetics are likely to play less of a role in serotherapy dosing than they do in the dosing of chemotherapy drugs used for conditioning. TDM for serotherapy has challenges and will likely be done only in specialised centres focused on research aimed at predicting population data and recommending dosing for paediatric patients.
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Immune reconstitution (IR) after allogeneic haematopoietic cell transplantation (HCT) represents a central determinant of the clinical post-transplant course, since the majority of transplant-related outcome parameters such as graft-vs.-host disease (GvHD), infectious complications, and relapse are related to the velocity, quantity and quality of immune cell recovery. Younger age at transplant has been identified as the most important positive prognostic factor for favourable IR post-transplant and, indeed, accelerated immune cell recovery in children is most likely the pivotal contributing factor to lower incidences of GvHD and infectious complications in paediatric allogeneic HCT. Although our knowledge about the mechanisms of IR has significantly increased over the recent years, strategies to influence IR are just evolving. In this review, we will discuss different patterns of IR during various time points post-transplant and their impact on outcome. Besides IR patterns and cellular phenotypes, recovery of antigen-specific immune cells, for example virus-specific T cells, has recently gained increasing interest, as certain threshold levels of antigen-specific T cells seem to confer protection against severe viral disease courses. In contrast, the association between IR and a possible graft-vs. leukaemia effect is less well-understood. Finally, we will present current concepts of how to improve IR and how this could change transplant procedures in the near future.
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INTRODUCTION

Allogeneic haematopoietic cell transplantation (HCT) establishes a new lymphohaematopoietic system in patients who suffer from severe abnormalities of normal haematopoiesis or immune dysfunction. In the case of malignant disorders of haematopoiesis such as acute lymphoblastic leukaemia (ALL) or acute myeloid leukaemia (AML), the success of HCT critically depends on a graft-vs.-leukaemia (GvL) effect, an immunological reaction in which donor T cells track down and eliminate minimal residual leukaemic cells. HCT creates one of the deepest immunosuppressive states in medicine, sharing many features with naturally occurring states like congenital immune deficiency or human immunodeficiency (HIV) infection. For long it has been known that immune reconstitution (IR) after HCT has to recapitulate immune ontogeny but follows different pathways than nature (1–3). In normal ontogeny, lymphopoiesis begins under protected circumstances in utero, is equipped with a perfectly broad repertoire of naïve T cells at delivery, and continues to mature in early childhood when thymic tissue is most active. In contrast, lymphopoiesis post HCT is happening in an aberrant environment, where the thymus is only partially active, organs are damaged from chemotherapy and inflammation, and the body is strongly exposed to internal and external antigens. Furthermore, immune function has to be suppressed around HCT by serotherapy or immunosuppressive drugs to prevent or treat graft-vs.-host disease (GvHD)—an immune-mediated iatrogenic disorder that is caused by the artificial encounter of two immune systems in one organism. Still, the capacity to reconstitute the immune system through the generation and proliferation of immune effector cells is immense (3), and, if guided and supported by targeted interventions, immunity can be restored within months.

IR is a multidimensional process that is unique and variable among different patients (4). It may depend on the graft source, cell dose, human leukocyte antigen (HLA) barriers, conditioning of the patient prior to HCT and post-transplantation interventions, including those to prevent or treat HCT complications. The multitude of variables that influence IR post HCT have been reviewed before (5, 6) and levels of innate and adaptive immune cell reconstitution in transplanted children over time have been reported (7). The transfused graft, in addition to being a source of haematopoietic stem cells for restoration of haematopoiesis, acts as reservoir of immune cells and initiates the complex process of IR. This process is achieved by two different but complementary waves of immune cell regeneration which are closely interlocked and hard to segregate (illustrated in Figure 1). The first wave is mediated by donor lymphocytes present in the graft. Upon transfusion into a lymphodepleted host, these mature lymphocytes have the capability to expand and proliferate in response to antigenic or cytokine-mediated stimulation in a process termed homeostatic peripheral expansion (HPE), providing an early but incomplete immune defence against invading pathogens. More complete IR relies on de novo lymphopoiesis from donor-derived stem cells in the bone marrow and/or thymus, a process which can take up to several months.


[image: Figure 1]
FIGURE 1. Schematic illustration of the different phases of immune reconstitution following HCT. The first phase peripheral expansion (orange) of IR after aplasia is dominated by homeostatic or antigen-driven peripheral expansion of graft-derived T cells. The ratio of naïve T cells to memory T cells is dependent on donor age. The quantity of regenerating T-cell numbers depends on graft size (bone marrow vs. PBSC) and in vivo (serotherapy) or in vitro T-cell depletion. Diversity of the TCR repertoire during this phase is usually dominated by expansion of singular clonotypes. The duration of this period is strictly influenced by patient age. The second phase T- and B-cell neogenesis (green) of IR is characterised by the onset of T- and B-cell neogenesis in the thymus and bone marrow. Thymic and bone marrow niches are more resilient against external stressors and more productive in infants and children than in adults. Other contributing factors are thymic tissue status, application of immunosuppression, and aGvHD or cGvHD. The risk of viral reactivation dramatically reduces as T- and B-cell neogenesis advances. The same probably applies to de novo GvHD. In this phase, immunisation with non-live vaccines is feasible. The third and final phase equilibrium (purple) of IR is a balanced and stable immune system, which is, to the best of our knowledge, maintained lifelong. Components of innate as well as adaptive immunity reach a level that is relative to patient age. Diversity of the TCR repertoire is polyclonal at this phase. Live, attenuated vaccines can be applied since positive T-cell and B-cell interactions are granted. Autoantibodies tend to disappear and risk of cGvHD is minimal. B, B cell; CLP, common lymphoid progenitor; NK, natural killer cell; TCR, T-cell receptor; Tm, memory T cell; Tn, naïve T cell.


DISTINCT IMPORTANCE OF NAÏVE AND MEMORY T CELLS AND SIGNIFICANCE OF T-CELL RECEPTOR DIVERSITY

Allogeneic HCT grafts include naïve and memory T-cell subsets of which the ratio may differ tremendously between cord blood (mostly naïve cells) and bone marrow or peripheral blood (which have more memory subsets). T memory stem cells (TSCM) are of special interest as they show superior reconstitution capacity in preclinical models and contribute to peripheral reconstitution by differentiating into effectors in the early days following haploidentical HCT with post-transplant cyclophosphamide (8, 9). The abundance of naïve T cells in the graft may influence the outcome of patients after allogeneic HCT as long as thymic function has not been restored. Although total numbers of CD4+ T cells have been shown to directly correlate with survival post GvHD (10, 11), levels of naïve T cells have been identified as the most potent drivers of alloreactivity (12). In agreement, high levels of CD4+ naïve T cells (but not of CD8+ T cells) in allografts have been observed to correlate with an increased incidence of acute GvHD (aGvHD) post transplantation (13). These findings led to the initiation of clinical trials using peripheral blood stem cell (PBSC) grafts depleted of naïve T cells, which showed lower rates of aGvHD and chronic GvHD (cGvHD) in HLA-matched HCT, with no apparent increase in relapse rates (14). On the other hand, cord blood grafts (in which almost all T cells are naïve) show great anti-leukaemic potential with reduced relapse risk but a similar likelihood of developing GvHD when compared to bone marrow grafts (15), indicating that T-cell intrinsic factors are contributing to the risk of GvHD development and anti-leukemic efficacy as well. Most significant associations between IR and clinical events were described for CD4+ rather than for CD8+ T cells, maybe because CD8+ T cell numbers fluctuate more swiftly in response to infections (e.g., CMV) or other events post-transplant (16). Still, CD8+ T cells numbers have been positively associated with the likelihood to develop GvHD (17, 18), lower relapse rates as well as better overall survival (19). Furthermore, IR of CD8+ T cells is highly dependent on the graft type used for transplantation (20): Unmanipulated BM- or PBSC-grafts generally show a more rapid CD8+ than CD4+ T-cell reconstitution, due to faster homeostatic or antigen-driven expansion of memory-type CD8+ T cells. In contrast, after T-cell replete CBT frequently a rapid reappearance of thymus-derived CD4+ T cells can be observed (21, 22). However, as IR is influenced by many patient-specific and transplant-related factors, the impact of these patterns on individual outcome is hardly predictable.

Naïve CD4+ T cells in particular have been found to undergo HPE and rapidly shift toward a central memory phenotype (22). Although no side-by-side comparisons were made with other graft sources, some authors hypothesised that this CD4+ phenotype shift may be a particular characteristic of cord blood T cells (21). In a follow-up study, they showed that the transcription profile of the naïve CD4+ T cells from the cord blood grafts overlapped with the profile of foetal CD4+ T cells. Likewise, reconstituting cells that were induced in the lymphopenic environment shortly after transplant maintained these overlapping features with foetal CD4+ T cells. Interestingly, it was suggested that enhanced T-cell receptor (TCR) signalling via the transcription factor AP-1 after ligation of the TCR with self-major histocompatibility complex molecules was responsible for the rapid T-cell reconstitution (23). As expansion of T cells in lymphopenic situations is affected by the strength of TCR activation (24, 25), a skewing toward cells expressing high-affinity TCRs against host and microbiome-associated antigens during HPE may be observed. Thus, beyond monitoring numbers and phenotypes of T cells after HCT, the epigenetic programming and functional status of reconstituting naïve cells should be studies in more detail.

After an age-dependent recovery period in which HPE prevails, the thymus starts to replenish the naïve T-cell pool with new thymic emigrants. Up to this point, the diversity of the TCR repertoire is limited as new TCR recombination events do not take place in donor T cells undergoing HPE. During the first year after T-cell depleted CD34+ haploidentical HCT in children, early reconstituting T cells display a predominantly primed, activated phenotype with a severely skewed TCR repertoire (26). Nevertheless, rapidly expanding cells can differentiate into virus-specific T cells that are able to clear an infection within 2 months, as was shown in patients receiving umbilical cord blood (21). Thymopoiesis includes TCR recombination events and positive and negative selection thereby increasing TCR diversity tremendously (27). Ex vivo evaluation of thymic function is generally performed by molecular analyses of signal joint TCR excision circles (sjTRECs), which strongly correlate with flow cytometric measurements of recent thymic emigrants (CD45RA+CD27+CD31+ T cells) (28). T-cell diversity analysis can be evaluated by spectratyping the size of the β-chain complementarity determining region 3 (CDR3) (29). Nowadays, next-generation sequencing methods allow high-resolution clonotyping providing quantitative TCR assessments that can be applied to better understand clonotype dynamics during viral infections or GvHD (30) and to identify pathogenic or protective T-cell clones following HCT. In addition, screening the TCR repertoire for absence of sequences with annotated specificity for cytomegalovirus (CMV) (the public CMV repertoire) may also help to identify patients at risk for CMV reactivation and disease who may benefit from prophylactic antiviral strategies (31).

An increase in TCR diversity has been related to a better clinical outcome in multiple studies (30, 32–35). Talvensaari et al. studied TCRs in patients who underwent cord blood transplantation (harbouring an intrinsic, broad, polyclonal TCR repertoire) or bone marrow transplantation (36); they showed abnormal TCR repertoires and low TREC values during the first year after transplantation in both groups. After 2 years, TCR diversity was higher in recipients of cord blood vs. bone marrow HCT (34), suggesting a more efficient thymic regeneration pathway from cord blood lymphoid progenitors despite the lower numbers of CD34+ cells in the graft. In turn, recipients of unmanipulated bone marrow from matched sibling donors showed increased TCR diversity and faster T-cell reconstitution compared with children receiving selected CD34+ PBSCs from unrelated donors (37). In patients receiving T-cell depleted PBSCs from a matched donor or T-cell depleted haploidentical PBSCs in combination with an independent cord blood product, both GvHD and relapse were independently correlated with lower TCR repertoire diversity (35). In addition, within 6 months, adult cord blood recipients had approximately the same TCR diversity as healthy individuals, whereas recipients of T-cell-depleted PBSC grafts had much lower diversities of CD4+ and CD8+ T cells. Interestingly, these deficiencies improved 12 months post-transplant for the CD4+ but not for CD8+ T cell compartment (38). Both TCR repertoire diversity and sjTREC levels can decline during GvHD or infections as a reflection of decreased thymic output under these conditions (39, 40).

Analyses of the diversity of the TCR repertoire were mostly based on the TCR Vβ repertoire in TCRαβ+ T cells so far. However, it has been demonstrated that reconstitution of the TCRγδ repertoire is an important marker post HCT as well (41, 42). γ/δ T cells constitute up to ~10% of all T cells in blood; they are effective against virus reactivation and their presence is associated with lower relapse rates after HCT (43, 44). In line with this, Vδ2neg γδ cells isolated from CMV-reactivating patients specifically reacted with both CMV-infected cells as well as leukemic cell lines and primary myeloid leukemic and myeloma cells (45). The interplay between CMV and γδ cell subsets and the result on clinical outcome measures has not been fully elucidated yet (46). In future studies, it would be interesting to assess the predictive value of TCR diversity in specific T-cell subsets with regard to clinical outcomes in more detail, in particular regulatory T (Treg) cells. The latter subset is of special interest as in a murine model adoptively transferred Tregs at the time of HCT accelerated broadening of the TCR Vβ repertoire diversity by preventing GvHD-induced damage in the thymus and secondary lymphoid microenvironment (47).

Given the decisive impact of T-cell IR on survival chances, this issues has to be considered in the design of conditioning regimens. For instance, serotherapy (e.g., with anti-thymocyte globulin; ATG) may reduce the risk of developing GvHD and graft rejection, but dosing should be individualised (based on graft source, absolute lymphocyte count and weight) to prevent dramatically reduced T-cell IR in patients after high ATG exposure (48–51), in particular when given in combination with filgrastim (52).



DIFFERENCES IN IMMUNE RECONSTITUTION BETWEEN ADULTS AND CHILDREN

Factors affecting IR have been actively investigated for almost 30 years now. Besides other contributing factors such as stem cell dose (53), donor age (54, 55), and mixed chimerism (56), patient age at transplantation has been recognised as a prime determinant of the speed and quality of IR from the start of this research (57). The T-cell compartment (both CD4+ and CD8+) reconstitutes slower in adults than in children, which translates into a higher rate of life-threatening opportunistic infections in older patients. Storek et al. already reported in 1995 that T-cell phenotypes in adult HCT recipients were strikingly different from neonatal T cells and that these changes were more pronounced in the CD4+ compartment (58). Numerous later studies confirmed this finding and supported the notion that the second, thymus-dependent wave of T-cell reconstitution is enhanced in children (59). Prediction models of thymic output based on TREC measurements revealed that thymic reconstitution can start as early as 83 days post-transplant in infants and that each additional year of patient age adds 2 weeks to that starting point (60). Interestingly, this advantage of children with regard to improved naïve T-cell regeneration seems to confer protection against viral infections (57), non-relapse mortality and cGvHD (61) but not aGvHD and leukemic relapse, because relapse incidences in paediatric and adult ALL patients after allogeneic HCT are not strikingly different (62, 63). Whether the increased thymic output contributes to a better GvL effect is unknown. However, regeneration of functional Tregs, probably derived from thymic Treg precursors, is a prerequisite for resolution of cGvHD in children (64). Therefore, it is conceivable that the addition of new, potentially leukaemia-reactive clonotypes to the TCR repertoire is counterbalanced by the regeneration of tolerizing Tregs. Mechanistic studies addressing this issue are lacking so far. Furthermore, the precise mechanisms underlying improved thymic reconstitution (increased thymic cellularity, higher susceptibility of thymic precursors to cytokines, or enhanced influx of committed lymphoid progenitors) have not been elucidated so far. Nevertheless, enhancing thymic reconstitution in adults to achieve the same level as that observed in children is a pivotal strategy to boost IR (see below).

Another, less-examined difference between children and adults may be the better preservation of the B-cell bone marrow niche in children. Children show faster reconstitution of total numbers of B cells (56), have more B-cell precursors in regenerating bone marrow (65), and exhibit more B-cell neogenesis as measured by kappa-deleting recombination excision circles than do adults (66). Moreover, cGvHD has been demonstrated to have little impact on B-cell neogenesis and bone marrow precursor composition in children (67), which is in stark contrast to observations in adults (68, 69). Therefore, the microenvironment of the thymus as well as the bone marrow seems to be more resilient to noxious influences such as conditioning regimens and alloreactivity in children compared to in adults. These complex interactions (e.g., regenerating CD4+ T cells providing help to transitional and naïve B cells), contribute to facilitate new humoral immune responses (56) and lower production of autoantibodies (67).

In contrast to the aberrant pathways of adaptive immunity regeneration after allogeneic HCT, natural killer (NK)-cell reconstitution after HCT seems to resemble NK-cell ontogeny in early childhood, with a preponderance of immature NK cells in the early post-transplant phase (70). Type of graft manipulation (NK-replete vs. NK-depleted grafts) seems to have a greater impact on NK reconstitution than patient age, although no comparative studies directly addressing this question are available. In a heterogenous cohort of paediatric ALL patients who underwent haploidentical HCT, T-cell depletion techniques that also depleted graft-derived NK cells (i.e., CD34+ selection) resulted in faster NK-cell recovery post-transplant than techniques like CD3/CD19-depletion, which keep NK cells in the graft (71), underlining the importance of cytokine sinks such as interleukin (IL)-7 and−15 for NK-cell development (72). Especially in the haploidentical transplant setting, potential NK cell alloreactivity has gained a lot of attention. Differences in the killer-cell immunoglobuline-like (KIR) gene haplotype could lead to a donor NK cell activation caused by the lack of an inhibitory receptor on host leukemic cells. The clinical relevance of this scenario remains controversial. One study analysing 85 children with ALL transplanted with ex vivo T-cell depleted haploidentical PBSCs showed a benefit if the donor had a KIR B content score (5-year event-free survival of 51 vs. 30% in KIR B vs. KIR A haplotype, respectively) (73). However, this was not confirmed in a subsequent study of 80 children with acute leukaemias receiving TCRab/CD19-depleted haplo grafts. Here, KIR-KIR-L mismatching was not associated with any difference in leukaemia-free survival (74). For more details on that issue we refer to one of the excellent reviews published recently (75).



IMMUNE RECONSTITUTION AND VIRUSES


The Complex Relationship Between Antigen Exposure and Immune Reconstitution

Exposure to infectious agents in the early post-HCT period puts the patient at increased risk for morbidity and also alters the process of IR, increasing risks of further infections and immune-mediated diseases. In order to prevent such exposure, patients are usually instructed to keep socially distanced or isolate from others, restrict their diet and take other behavioural measures in the post-HCT period to minimise their risk of encountering exogenous infections. However, as patients have already encountered infections prior to HCT, any viruses that remain latent in their body (and that are usually under tight control of the normal immune system) might become reactivated post HCT and cause significant morbidity and mortality. The best studied viral reactivation post allogeneic HCT is CMV reactivation; however, other viruses such as Epstein-Barr virus (EBV), human herpesvirus 6 (HHV-6), adenovirus and BK polyomavirus are also of clinical importance. Each virus causes a distinct pattern of disease and can appear at different levels of immunosuppression (76).


Cytomegalovirus

CMV has been considered for many decades to be the leading cause of infectious complications in recipients of bone marrow transplants (77) and, as such, serves as the prototype for the study of viral reactivation and IR post HCT. Since CMV is ubiquitous worldwide, infection usually occurs in childhood and most patients are seropositive at the time of HCT. The standard of care is to monitor CMV levels by weekly polymerase chain reaction (PCR) testing and to treat any emerging reactivation pre-emptively before clinical disease emerges. Many studies have investigated the kinetics, risk factors and clinical outcome of CMV reactivation (78). Seropositive recipients receiving a graft from a seronegative donor are at highest risk for CMV reactivation (79), reflecting the central role of specific memory T cells from the graft in controlling CMV reactivation in the early post-HCT period. Aubert et al. have shown that healthy seropositive individuals have a significant percentage (median 1.3%; range 0.29–5%) of memory CD8+ cells which are specific for the E42 epitope of the CMV pp65 protein, and that these cells are capable of mediating immune protection against CMV (80). In the context of HCT, a clear inverse correlation was found between low numbers of these cells and CMV reactivation. Interestingly, following viral reactivation, the number of E42-epitope-positive CD8+ cells increased dramatically, reflecting the ability of these cells to proliferate and expand in response to antigenic stimuli regardless of the presence of CD4+ helper cells, resulting in viral clearance.

The presence of these memory CD8+ cells immediately after HCT varies among individuals according to graft composition and the degree of T-cell depletion. In a large series published recently (81), the authors showed that patients with high peak CMV titres (>20,000 copies/mL) had significantly lower numbers of T cells (both CD4+ and CD8+) at both 1 and 3 months post HCT but these numbers increased later on, becoming high at around 6 months. Interestingly, patients who did not have reactivation of CMV (<500 copies/mL) did not show this elevation in T cells and had significantly lower numbers of T cells at 1 year post HCT. These findings are in accordance with another trial studying general IR patterns post HCT using 25 lymphocytes subsets (82). Using multivariate methods, those researchers showed that CMV reactivation and cGvHD are the major determinants of IR patterns at 1 year post HCT. Lymphocyte subsets from seropositive patients clustered differently to those from CMV seronegative patients, with increased proportions of activated, late memory effector CD8+ T cells and reduced B-cell subsets observed in seropositive patients. Due to the persistence of CMV antigens during viral latency, the long-term memory T-cell pool accumulates T cells with CMV specificity, a phenomenon called memory inflation.

Furthermore, few studies have demonstrated a bidirectional relationship between CMV reactivation and the occurrence of GvHD. While the observation that CMV reactivation is a consequence of GvHD treatment is intuitively understandable, these studies have demonstrated the converse, showing increased occurrence of GvHD following CMV reactivation (83, 84). Few hypotheses regarding this etiological relationship have been tested including induction of HLA class II expression following CMV reactivation (85), or sequence homology between CMV and human tissue peptides (86). Regardless of the biological explanation, this association as well as the above-mentioned studies regarding the impact of CMV reactivation on T-cell subpopulations, highlight the importance of CMV reactivation post HCT not only as the leading infectious agent but also as a key player in shaping the IR post HCT.

The recent introduction of Letermovir as a very efficient agent in preventing CMV reactivation post HCT, allowed us for the first time to assess IR patterns in the absence of CMV reactivation. Several groups have collected data regarding this question: Sperotto et al. have shown that patients who received prophylactic letermovir, had significantly lower CD4 and CD8 counts at 2 and 3 months post HCT, compared to patients who were treated by a standard preemptive approach (87). From a functional perspective, Zamora et al. have recently demonstrated that patients who received letermovir have significant lower levels of functional CMV-specific T cells (88). Albeit further data is definitely needed, these studies again emphasise the crucial role of CMV reactivation in shaping IR patterns post HCT.



Epstein-Barr Virus

In contrast to CMV, EBV reactivation post HCT originates usually from graft-derived donor B cells that under strong immunosuppression loose the tight control of EBV-specific T cells, resulting in a spectrum of disorders called post-transplant lymphoproliferative disease (PTLD). EBV reactivation is less common than CMV, tends to appear slightly later after HCT, and seems to require a deeper immune suppression (89). Standards for diagnosis of PTLD and treatment of EBV reactivation are less stringent than that for CMV as there is no consensus on the level of EBV copy numbers that puts the patient at high risk for PTLD. Since EBV is not targetable by antiviral drugs, a CD20 mAbs and EBV-specific T-cells remain the only available treatments so far.

D'aveni et al. profiled the immune response to EBV using the ELISpot assay at 60, 100, 180, and 360 days post HCT in 28 patients transplanted for both malignant and non-malignant indications (90). Not surprisingly, they found a correlation between general T-cell reconstitution and EBV-specific reconstitution, as well as significantly earlier and higher reconstitution in paediatric vs. adult patients. In this small series, patients with an ELISpot result of more than 1,000 spot-forming cells (SFC)/106 mononuclear cells still had the ability to clear the virus spontaneously without treatment. Similarly to the picture with CMV immunity, EBV antigenic stimulation was the strongest driver of proliferation of these cells, but this effect disappeared 1 year post HCT, suggesting that, unlike CMV, EBV reactivation has no effect on long-term IR. In a relatively large series published by Stocker et al., treatment of EBV reactivation with anti-CD20 monoclonal antibodies did not result in a different IR pattern than that observed in patients without anti CD20 treatment with the exception of delayed B-cell recovery, which normalised after 1 year post HCT (91). This delayed B-cell recovery was mirrored clinically by a higher need for immunoglobulin (Ig) G replacement in the anti-CD20 group than in the non-anti-CD20 group. Frequency of infections and clinical outcome did not differ between treatment groups.



Adenovirus

Adenovirus reactivations are of particular interest in the paediatric population (92). As no highly effective antiviral treatment against adenovirus exists, reactivation has emerged in the recent years as a major cause of morbidity and mortality after HCT in children. Admiraal et al. found that CD4+ T-cell reconstitution was the only immunological predictor of adenovirus reactivation (16). The chance of reactivation was reduced by 5% with every 10 cells/μL increase in CD4+ T cells. Furthermore, patients with early CD4+ T cell reconstitution (defined as CD4+ T cells >50 cells/μL in two consecutive samples before day +100) had a shorter duration of viraemia and, on survival analysis, had the same favourable outcome as patients without adenovirus reactivation. This is in contrast to the dismal prognosis observed in patients with adenovirus reactivation without CD4+ T-cell reconstitution.




Human Herpesvirus 6

HHV-6 is the most common virus to reactivate post HCT, but cases with clinical disease (i.e., encephalitis) are rare (93). De Koning et al. found that the only predictor of HHV-6 reactivation was CD4+ IR (94). Interestingly, HHV-6 reactivation was found to be a strong predictor of grade II–IV GvHD, and this effect vanished if CD4+ IR had occurred. Furthermore, in subsequent work, HHV-6 had a significantly negative impact on numbers of CD4+ T cells 1 year post HCT, possibly caused by the cytopathic effect of HHV-6 on thymopoiesis (95). This effect was reversed if antivirals were used.



Other Viruses

Other viral reactivations (e.g., BK polyomavirus, varicella zoster virus, and herpes simplex virus) have been less studied systematically in terms of IR, but case reports point toward a central role of T-cell immunity in controlling these reactivations following HCT (76).



Section Conclusion

To conclude this section, viral reactivations mirror the status of T-cell reconstitution. CD8+ memory T-cell populations seem to mediate protection against or clearance of CMV and EBV, whereas for other Herpesviridae such as adenovirus or HHV-6, CD4+ T cell counts are the main predictor for both reactivation and outcome. CD4+ T-cell counts are also the main predictor for long-term anti-CMV immunity. CMV reactivation is a strong stimulator of global T-cell reconstitution, with the highest effect observed 6 months post HCT. HHV-6 reactivation might have the opposite effect, with patients who experience reactivation tending to have lower T-cell counts at 6 months and 1 year post HCT. Adoptive transfer of antigen-specific T cells will probably gain widespread use in the near future, as this therapy directly targets the mechanisms behind viral reactivation.




IMMUNE RECONSTITUTION AND ACUTE GVHD: THE “CHICKEN AND EGG” DILEMMA

GvHD is a frequent complication of HCT. Although the incidence is lower in paediatric compared to in adult patients, GvHD significantly contributes to transplant-associated morbidity and mortality. It is broadly accepted that aGvHD and cGvHD involve different effectors and targets and have different pathologic pathways, therefore being seen as two different diseases. Nevertheless, aGVHD remains the major risk factor for development of cGvHD in the paediatric population (96, 97). This review focuses on parameters and kinetics of early IR of mainly the adaptive immune system, and therefore this chapter will cover primarily aGVHD.

In general, aGVHD is mediated by alloreactive donor T cells activated by host antigen-presenting cells followed by donor cell reactivity against a variety of target tissues of the host. aGVHD is associated with significantly impaired IR, but which is the cause and which is the effect? This question applies to a number of interacting aspects: (1) the T- and the B-cell compartment, as the antigen-presenting cells involved in aGvHD could be B cells; (2) the number and function of subpopulations of the adaptive immune system (quantity and quality); (3) HPE vs. impaired thymic production; (4) the composition of the graft and the microenvironment of the host; and (5) the effects of aGvHD itself and the administration of immunosuppressive agents for GvHD prophylaxis and treatment.

Immune cell function does not equate to cell number: it is important to distinguish between quantitative immune cell reconstitution and qualitative IR. For instance, T cells often remain dysfunctional after HCT, with a skewed TCR repertoire even after recovery to normal number (98). Hence, the normalisation of B- and T-cell numbers does not necessarily indicate reconstitution of their function and it has been suggested to differentiate between “immune reconstitution” and “immune recovery” rather than using IR alone (99).

Data regarding the influence of aGVHD on IR profiles and vice versa lack detailed information on reconstituting cell subsets and on effector functionality. Moreover, as IR is age dependent, this and other reviews are hampered by the lack of data from a primarily paediatric setting (7). Table 1 provides published data on immune cell subsets in adaptive IR and their relation to aGvHD after HCT in paediatric and adult patients (10, 11, 17–19, 49, 98, 100–110).


Table 1. Immune reconstitution parameters and reported association with acute GvHD.
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CD4+ T Cells

Perturbations of both HPE and thymic output contribute to impaired CD4+ T-cell reconstitution in patients with aGVHD. In this regard, patient and transplant associated aspects such age, sex, underlying disease, genetic differences between donor and host, stem cell source, and type of conditioning are influencing factors for the IR of CD4+ T cells.

In general, aGvHD is characterised by the predominance of effector CD4+ cells that are capable of secreting inflammatory cytokines and that mediate tissue damage (111). Additionally, in aGVHD allo-reactive T cells directly target both the lymphoid and the epithelial components of thymic architecture. Allo-reactive T cells further limit renewal of thymic cellularity after conditioning therapy, thereby preventing negative selection of alloreactive T cells which subsequently promote GvHD (112). Thus, IR is stuck in a vicious circle of arrested thymus regeneration and impaired de novo production of diverse T cells (113). This results in the compromised production of naïve T cells together with a shortened survival and higher susceptibility to apoptotic cell death of T cells due to the overexpression of death receptors and the under-expression of pro-survival proteins (114–116). This is accompanied by a reduced production of cytokines indispensible for thymopoiesis, which in turn leads to lower TREC levels and a distorted TCR repertoire (40, 117–119).

In pre-clinical models, it has been demonstrated that T cells from animals with GvHD were capable of significant expansion, molecular diversity and repertoire regeneration after their transfer into secondary hosts, indicating that deficits in the T-cell repertoire are not necessarily fixed but may have the capacity for normalisation once they are removed from the GvHD milieu. Therefore, the GvHD microenvironment of the host seems to be responsible for quantitative and qualitative failure of effective CD4+ T-cell reconstitution during GvHD (111, 118, 119).

In clinical studies, aGvHD correlates with aggravated skewing of the TCR repertoires of both CD4+ and CD8+ T cells as well as antigen-specific T cells. Both T- and B-cell lymphopenia and an inadequate repertoire of CD4+ and CD8+ T cells for at least 1 year after transplant increase the risk of recurrent reactivation of latent viruses, which may further contribute to a higher risk for development of aGvHD (120).

Koning et al. reported a retrospective dual-centre study of CD4+ T-cell reconstitution in paediatric patients following HCT with an aim to identify predictors of survival outcomes after aGvHD (10). Achieving CD4+ T-cell IR within 100 days after HCT did not decrease the risk of developing aGvHD but was strongly predictive for better survival outcomes (non-relapse mortality and overall survival) after moderate-to-severe aGvHD. Generally, conventional HCT grafts are associated with a higher proportion and an earlier recovery of Tregs together with greater TCR diversity when compared with T-cell-depleted grafts. Of note, de Koning et al. reported that for both cohorts (the conventional HCT and the T-cell-depleted HCT group), early CD4+ T-cell IR correlated significantly with better outcomes of aGvHD.

By means of sjTREC and beta-T-cell receptor excision circles (βTREC) quantifications, a significant but transient reduction in thymic output as well as in early thymocyte differentiation in patients with aGvHD was shown by Clave et al. in a cohort including adolescent patients after matched sibling donor HCT performed mainly for malignancies (101). Interestingly, in these patients who were <25 years old, thymic function recovered at 1 year, indicating that the impact of aGvHD on the adolescent thymus could be transient. Gabella et al. confirmed that sjTREC levels were not affected by aGvHD during long-term follow-up of adult and paediatric patients after HCT in mainly malignant diseases with myeloablative conditioning (102).

The association between cGvHD and low TREC levels indicative of poor thymic function was described by Olkinuora et al. in a prospective paediatric study: in this cohort, low TREC levels correlated with high mortality rates (121).



CD8+ T Cells

Early donor T-cell expansion is characterised by mainly CD8+ cells with a restricted repertoire and of memory cell type. The IR pattern of CD8+ T cells differs to that of CD4+ T cells, e.g., in that expanded CD8+CD28− effector memory T cells can dominate for more than 2 years post HCT (111). Expanded oligoclonal CD8+ cells are associated with an increased risk of aGvHD (18, 122, 123).



Regulatory T Cells

Tregs (CD4+25+FoxP3+) are known to maintain immune homeostasis and tolerance by inhibiting cytokine secretion and proliferation of various effector cells. They can be subdivided into naturally thymus-derived Tregs and induced Tregs differentiated from non-regulatory CD4+25+ cells. Adoptive transfer of ex vivo expanded Tregs has been shown to result in superior immune reconstitution and less GvHD in preclinical murine allotransplant models (124). Full Treg reconstitution prevents the rapid oligoclonal proliferation that gives rise to pathogenic CD4+ effector T cells, while preserving the slow homeostatic form of lymphopenia-induced peripheral expansion that repopulates a diverse peripheral T-cell pool (125). This effect is mediated through CTLA4-dependent downregulation of CD80 and CD86 on dendritic cells by Tregs.

Regarding clinical data, an association between Treg numbers and incidence of aGvHD has been established: A higher Treg content in the graft confers lower non-relapse mortality and improved overall survival (126). Magenau et al. reported that in adult and paediatric patients with aGvHD after a matched sibling or matched unrelated donor HCT, Treg frequencies were inversely correlated with aGvHD grading. Treg frequencies were measured at disease onset as the percentage of CD4+CD25brightFoxp3+ T cells out of total nucleated cells (103). Rezvani et al. were able to show that a low CD4+FOXP3+ T-cell count early after HCT (day +30) was associated with an increased risk of grade II–IV aGvHD in adult and adolescent patients who underwent HCT (104). Clinical trials with adoptive transfer of Treg are described in more detail in section Cellular Therapies. Cellular Therapies (see below).

Noteworthy, Tregs may also play a role in the graft-vs.-leukaemia reaction. In a series of 85 patients with leukemic relapses after HCT, a higher content of Helios+ Treg at day +30 within the CD4 compartment was accompanied by a higher incidence and earlier occurrence of leukemic relapse (127). In contrast, checkpoint blockade which is applied to increase antitumor immunity both in the autologous and the allogeneic setting is known to inhibit Tregs. Patients with advanced/metastatic solid tumours receiving aPD-1 and aCCR4 checkpoint inhibitor infusions had a reduced effector Treg population (128). Patients who received aCTLA4 infusions for the treatment of leukemic relapses after allo HCT showed diminished counts and less activated Tregs but exhibited a 35% likelihood of developing immune-related adverse events or GvHD. These data show that Tregs are key players in the regulation of autoimmunity and may tip the balance between GvH and GvL.



B Cells

The first B cells to emerge into the periphery following HCT are CD19+CD21lowCD38high transitional B cells; the percentage of these cells subsequently decreases while mature CD19+CD21highCD27neg naïve B cells are replenished (120). However, most paediatric studies provide information on CD19+ B cells alone (7). Generally, GvHD is correlated with impaired IR of the B-cell compartment, with regards to both numbers and function, yet most reported data are in the context of cGvHD (105). Abdel-Azim et al. observed in paediatric HCT recipients the normalisation of numbers of naïve B cells by 6 months together with a deficiency of IgM+ memory B cells and switched memory B cells (129). While the latter normalised within the first year after HCT, the deficiency of IgM memory B cells persisted for up to 2 years. They concluded that paediatric HCT recipients have impaired humoral IR, predominantly owing to a blockade of IgM memory B-cell maturation compared with earlier T cell-dependent switched memory cell IR.



Profiles of Immune Reconstitution Associated With Acute GvHD

Bae et al. reported no significant impact of aGvHD on lymphoid IR in paediatric patients who underwent HCT for malignant diseases (20). In recent research by Schultz et al. evaluating immune profiles at day +100 after HCT in correlation with National Institutes for Health (NIH)-defined GvHD, the authors described distorted patterns of IR after resolved aGvHD and late aGvHD at day +100. They then compared theses immune profiles to an immunological fingerprint of patients without any history of GvHD (immune-tolerant patients). They identified a number of different associations per group and found a progression of immune abnormalities from no cGvHD to late aGvHD, and further to the most complex pattern in cGvHD (130).

Models of immune function have been published that aim to reflect various subpopulations of immune cells and also to consider different patterns of IR (70, 131). A three-component multivariate model with a reference domain of ellipsoidal shape based on normal leukocyte subtype values from healthy children and adolescents has been created by Koenig et al. This model was used to classify paediatric patients as having high or low risk for a post-HCT events based on their IR status; significantly higher number of HCT survivors mainly after malignant diseases and various conditioning regimens fell into the low-risk vs. high-risk group during follow-up (day +200 and day +300) (132). Mellgren et al. used a principal component analysis to better analyse the process of IR after paediatric HCT. They were able to show that dysfunctional IR patterns precede severe complications such as cGvHD, relapse, and death (133). Although these reports do not provide conclusive data regarding the interaction of aGvHD and IR, they aid understanding of the interactions between variables after HCT and support a more differentiated and meaningful viewpoint on IR and transplant-related complications such as GvHD.



Haematopoietic Niche and Acute GVHD

von Bonin et al. outlined in a comprehensive review that both haematopoietic cells and cells forming the haematopoietic/progenitor niche of the bone marrow have been identified as targets in GvHD. Haematopoiesis in general and B-cell neogenesis in particular are affected by the toxic environment of GvHD, leading to a shift toward myelopoiesis (134). In terms of the in vitro composition and function of the haematopoietic microenvironment, Martinez-Jaramillo et al. found decreased numbers of myeloid, erythroid and multipotent progenitor cells in recipients of bone marrow transplants in comparison with healthy controls. Of note, progenitor levels were significantly lower in patients with GvHD (7% of normal marrow levels in patients with GvHD vs. 44% of normal marrow levels in patients without GvHD). These findings corresponded with the severely reduced numbers of fibroblastic progenitors and adherent stromal cells observed in long-term marrow culture in patients with GvHD vs. those without (135).




IMMUNE RECONSTITUTION AND GRAFT-VS.-LEUKAEMIA EFFECT

Immune attack of donor T cells against residual host leukaemic cells is a major pathway by which allogeneic HCT combats haematological malignancies. In general, a higher number of T cells in the graft is associated with lower relapse rates but at the cost of a higher incidence of GvHD (136). Patients with early recovery of antiviral T-cell responses have a higher probability of relapse-free survival (137), and high numbers of interferon gamma (IFNg)-reactive T cells during early IR have been shown to be associated with improved overall survival (138). However, certainly not all donor T cells contribute to the supposed GvL effect and the involved specific T-cell subpopulations are not known so far.

Since the first reports of the contribution of an immunological GvL effect on the success of HCT in the 1980s (139), the segregation of the GvL effect from GvHD has been considered the “holy grail” of HCT. In the quest to enhance the GvL effect without increasing the risk for GvHD, two general approaches have been studied. The first approach aims to discriminate subpopulations of T cells that can mediate GvL from those that mediate GvHD, thereby enabling a safer and more effective T-cell composition by graft engineering. The second approach tries to define minor histocompatibility antigens that are restricted to the haematopoietic lineage and to elicit specific T-cell responses against these antigens post HCT. Though both approaches have not yet been translated into clinical routine, progress has been achieved and some modalities are currently tested in clinical trials.

Zheng et al. have shown in a murine model of chronic myeloid leukaemia that donor memory CD4+ T cells (CD4+CD62L−CD44+CD25−) can kill leukaemic cells without causing GvHD, as opposed to the action of naïve cells that cause GvHD (140). The authors speculated that the reason for this difference is that memory T cells can generate only a limited immune response that is sufficient for GvL but not sufficient to cause GvHD (which requires a high-magnitude response and high systemic levels of cytokines to cause tissue invasion and systemic inflammation). The same group has also shown that adoptive transfer of CD8+ memory T cells from donors vaccinated against the recipient minor histocompatibility antigen H60 augmented the GvL effect without increasing GvHD (141).

Given these pre-clinical data about the central role of memory T cells in GvL, Triplett et al., conducted a clinical trial (142) in 17 paediatric patients with relapsed/refractory acute leukaemia, performing reduced intensity HCT from haploidentical donors after naïve (CD45RA+) T-cell depletion of the graft. At a median follow-up of 223 days, aGvHD rate was acceptable, and there were only two cases of relapse: both of these were in patients with advanced AML in whom primary induction had failed. Interestingly, nine patients had detectable disease at time of transplant, yet relapse rates were still low, highlighting the potential of memory T cells to mediate GvL effect. A second trial using transfer of CD45RA-depleted T cells in 35 patients with high-risk acute leukaemia confirmed low rates of cGvHD (9% with a follow-up of 932 days). aGvHD rates were similar to T-replete HCTs (66%; 95% CI 41–74%) but all cases of aGvHD were steroid responsive and no patient required second line treatment. Overall survival was 78% at 2 years, which is encouraging in this high-risk population (14). These data suggest that CD45RA− memory T cells are not devoid of any GvHD potential; however, GvHD seems more controllable for this type of HCT. The combination of CD45RA with other surface antigens such as CD276 as a depletion marker can confer superior protection against GvHD initiation (143).

Potential targets for donor T cells in the HCT setting are any polymorphic proteins of the host against which donor T cells have not been tolerized during their education in the host thymus. Recent molecular analyses have revealed that 12% of the human exome is polymorphic but only 0.5% of all single nucleotide variants (SNVs) are finally presented as HLA class I peptides (144). From this huge number of possible antigens, about 50 candidates have been biologically validated as bona fide minor histocompatibility antigens with relevance for HCT (145). Early mechanistic studies revealed that T-cell responses against minor histocompatibility antigens are oligoclonal in nature and CD4+ dominated (146, 147); one or a few minor histocompatibility antigen mismatches can be sufficient to cause GvHD and massive thymic infiltration (148). Disappointingly, a closer look at donor–host minor histocompatibility antigen disparities has not allowed clear separation between GvL and GvHD so far. The UGT2B17 truncating gene deletion has been shown to lead to increased incidence of aGvHD and reduced survival in HCT recipients (149), while HA-8 and ACC-1 SNVs in the recipient have been associated with an increased incidence of cGvHD (150). In a large retrospective analysis, Spierings et al. (151) investigated in 849 HLA-matched HCTs the impact of 10 autosomal and 10 HY-encoded minor histocompatibility antigens on GvHD and relapse incidence. Their most striking observation was a lower relapse rate and higher overall survival in patients mismatched for haematopoiesis-restricted minor histocompatibility antigens compared to patients who were matched in these antigens. Notably, this association was only given in the context of GvHD (not without).

The introduction of immune checkpoint inhibitors as an efficient method of immune-based anti-cancer therapy made its use in the context of allo HCT an intriguing way to augment the GvL effect. Pilot reports about patients with Hodgkin disease who relapsed post allo HCT have shown that this modality can be effective, though carrying the risk of occurrence of de novo GVHD (152). Davids et al. have prospectively treated 28 adult patients with relapsed haematological malignancies post HCT with aCTLA4 blockade and other 28 adult patients with aPD-1 blockade (153, 154). While some responses were noted (more in lymphoid diseases and some complete responses in extramedullary myeloid leukaemia), severe GvHD and other serious immune-mediated adverse events occurred in a significant proportion of patients. Of note only a single ALL patient was included in these studies. Further and more homogenous studies are required to better characterise patients in whom the potential benefit of immune checkpoint blockade overrides its risks. Noteworthy, in a study of 85 patients after allo HCT for various haematologic malignancies, LAG-3 and TIM-3 rather than PD-1 were overexpressed on T-cells of relapsing patients, indicating that other exhaustion markers beyond the PD-1-PD-L1 axis might be interesting and druggable targets to enhance GvL after allo HCT (127).

In summary, these data indicate that natural IR will most likely not distinguish between GvHD and GvL effects. However, adoptive transfer of minor-antigen-directed T cells, the generation of which is challenging but feasible (155, 156), in a T-cell depleted setting should be the subject of further research. Another approach to skew IR toward preferred regeneration of minor-antigen-specific T cells is the vaccination of the recipient with minor-peptide-loaded dendritic cells in combination with donor lymphocyte infusions (DLIs) (157). Given the very tight association between GvL and GvHD, a clearer separation of these two effects will only be possible by controlling IR through tailored grafts and targeted add-back of TCR specificities, e.g., antiviral T cells in the first 2–3 months to avoid or control viral reactivations followed by adoptive transfer of donor T cells reactive against leukaemic epitopes.


The Problem of Slow Immune Reconstitution

As outlined above, delayed IR—and in particular T-cell reconstitution—is associated with clinical complications following HCT. The delay of IR may be the reason or the result of these complications—probably the interaction works both ways in most instances. To optimise the outcome of HCT, slow IR should be prevented or treated. This can be performed either by avoiding factors that impede reconstitution or by using procedures that improve the reconstitution.


Avoiding Factors That Impede Immune Reconstitution

Serotherapy, total body irradiation and prophylactic immunosuppression are known inhibitors of prompt IR; however, they are indispensable elements of many conditioning regimens. Viral reactivations can impede or skew IR, as extensively discussed above. Prophylactic or pre-emptive strategies aim at avoiding viral reactivations and disease. Also mentioned above is the impact of aGvHD on IR. Prevention and treatment of aGvHD should focus on methods (e.g., selective allodepletion or extracorpeal photopheresis) that preserve T-cell function against viruses or other non-GvHD targets. Because avoidance of these detrimental factors is not always possible in clinical practise, substantial efforts have been undertaken to establish new techniques for improvement of IR (see below).



Procedures That Improve Immune Reconstitution

According to the two stages of T-cell reconstitution, efforts to improve IR in the clinical setting are based on two principles: (1) optimization of the peripheral (memory) T-cell compartment; and (2) enhancing of thymus-dependent (naïve) T-cell production. Cellular therapies are primarily based on modifications of graft composition aiming to optimise the peripheral T-cell compartment. Interventions including soluble factors and new concepts of tissue engineering may result in a better and/or faster thymic-dependent immunity. Findings from pre-clinical and clinical research in this area are summarised in Tables 2, 3, respectively, and described in more detail below (4, 14, 116, 158–194, 199–215, 220–222). Figure 2 graphically illustrates attempts to improve IR which are currently evaluated in clinical trials.


Table 2. Preclinical studies exploring soluble factors and cellular therapies to enhance T-cell function after HCT.
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Table 3. Clinical studies investigating approaches to enhance immune reconstitution after HCT and in patients with HIV.
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FIGURE 2. Current approaches to improve IR which are under clinical evaluation. This graph illustrates strategies with cellular therapies (A) or solubles factors (B) which are discussed above in sections Cellular Therapies, Soluble Factors, and Tissue Engineering. Red colour highlights the names, red arrows indicate the targets of the novel approaches. B, B cell; CLP, common lymphoid progenitor; DLL4, delta-like ligand 4; DLI, donor lymphocyte infusion; GH, growth hormone; GnRH, gonadotropine releasing hormone; HSC, haematopoietic stem cell; IL, interleukin; KGF, keratinocyte growth factor; LHRH, luteinizing hormone-releasing hormone; MSC, mesenchymal stem cell; NK, natural killer cell; TCM, central memory T cell; Tcon, conventional CD3+ T cell; Tm, memory T cell; Tn, naïve T cell; Treg, regulatory T cell; TK/iC9, thymidine kinase/inducible Caspase 9.



Cellular Therapies

Regarding cellular therapies, manipulation of the stem cell graft as well as use of DLIs are established modes to engineer T-cell immunity including anti-leukaemic effects (Figure 2A). The administration of unmanipulated donor lymphocytes is, however, complicated by a high risk of GvHD, which is even more relevant in an HLA-mismatched setting. Because of the adverse effects of GvHD on the thymus, unselected DLIs are not suitable to improve IR. Conversely, non-specific T-cell depletion of the graft, which is used particularly in HLA-mismatched HCT to avoid excessive GvHD, is complicated by delayed IR resulting in severe infectious complications and higher rates of graft rejection and relapse in patients with malignant diseases (223, 224). Advances in graft manipulation in vivo and in vitro aim to protect preferred T-cell subsets in order to maintain GvL and antiviral effects while reducing the risk of GvHD. The selective depletion of TCR-α/β lymphocytes spares the innate-like TCR-γ/δ population, thus possibly confering an improved anti-infective and antitumor response (74, 225). However, the anti-infective efficacy of TCR-γ/δ T cells is limited, and thymic-dependent IR is not improved by this procedure. Another approach using cyclophosphamide post HCT to prevent GvHD was pioneered by the Johns Hopkins group. This approach is widely used in adult patients with malignant and non-malignant diseases mainly but not exclusively in the HLA-mismatched setting (226, 227). A comparison of in vitro T-cell depleted allogeneic HCTs with post-transplant cyclophosphamide HCTs, including consideration of IR, is the topic of a separate review in this issue.

Several methods have been explored in the clinical setting to manipulate lymphocytes so that their anti-infectious activity is retained yet the risk of GvHD is reduced. The option of adoptive transfer of virus-specific T cells has already been mentioned above. Modern strategies allow rapid manufacturing of T cells against several viruses including EBV, CMV, adenovirus, HHV-6 and BK polyomavirus and are the subject of two previous reviews (203, 204). By magnetic enrichment of IFN-γ-secreting cells after short-term stimulation with viral peptide antigens, HLA-unrestricted viral-specific T cells can be produced within 1 day (205, 206). Virus-specific T cells from third-party donors are also in clinical use (228). They are usually readily available and are effective in mediating antiviral immunity without increasing the risk of GvHD (229). Another innovative approach is the generation of veto T cells with antiviral activity. This technique was developed by Reisner and colleagues and is based on the finding that T cells cultured with antigenic stimulation but under cytokine starvation are endowed with veto activity, i.e., the potential to eliminate host-vs.-graft-directed host T-cell clones, thereby facilitating donor engraftment even after reduced intensity conditioning (195) together with the preserved potential to kill host leukemic cells (196). If viral peptides are used for antigenic stimulation during in vitro culture of these cells, the veto T cells will confer graft facilitation together with improved antiviral IR in the early post-transplant phase (230). The first clinical results using the intended conditioning regimen (reduced intensity with post-transplant cyclophosphamide) followed by CD3/CD19-depleted haploidentical PBSCs were encouraging (231), and the utility of this approach in combination with veto T cell infusion is currently being investigated in a Phase I/II trial (ClinicalTrials.gov identifier: NCT03622788).

As outlined above (chapter 5.3) regulatory T cells are key regulators of alloreactivity and fast and sustained Treg reconstitution is associated with lower incidences of GvHD and lower transplant-related mortality. Thus, several investigators have established approaches for adoptive transfer of these cells. Although Treg products from third party cord blood units have been used as well, the majority of groups have relied on donor PMNCs as source of Treg. In a first feasibility trial, 28 adult patients grafted with CD34+ selected haploidentical PBSCs received on day −4 freshly isolated Tregs in a 2:1 ratio together with conventional T cells (216). Although only 2 out of 26 evaluable patients developed GvHD ≥ grade 2 and no SAEs were reported in association with the Treg infusion, TRM was 50%, making efficacy assessment difficult. In a follow-up report of the same group, 43 adult patients with AML/ALL were transplanted using the same approach (217). After switching to a less toxic preparative regimen, TRM could be reduced to 21%. Albeit patients received a mean of 1.1 ± 0.6 × 106 haploidentical CD3+/kg BW, GvHD incidences were comparable to a historical control group with fully T-cell depleted grafts. In order to increase transplantable cell numbers and to be compliant with current regulation, a GMP-compatible manufacturing process was developed, in which isolated Treg were expanded with IL-2 and rapamycin (232). After 14 days of expansion, a 9.6 fold expansion was achieved with good suppressive function of the final Treg product. This product now awaits testing in a tolerance induction protocol after haploidentical HCT.

A very intriguing yet easy to realise technique to reduce the alloreactivity of donor lymphocytes is the enrichment of memory T cells by CD45RA depletion. This technique and the first clinical results have been described in detail in the former sections of this review. An alternative and even more selective approach is selective allodepletion. Application of allodepleted T cells in vitro seems an attractive way to transfer antitumour and anti-infectious immunity from the donor to the recipient while avoiding the risk of GvHD. Reagents reacting with activation markers such as CD25, immunotoxins or a photodepletion procedure (using Kiadis Pharma technology) are methods to reduce alloreactive T cells for DLI (212–214). In two prospective randomised trials (Clinicaltrials.gov identifier: NCT02999854 and NCT01827579), such modified DLIs are currently being assessed vs. “standard” methods of haploidentical HCT, including the use of post-transplant cyclophosphamide (which was mentioned above).

Another approach for safer DLI administration involves T cells being armed with an inducible suicide gene. In a phase I-II, multicentre, non-randomised trial (ClinicalTrials.gov identifier: NCT00423124) in adult patients with high-risk haematological malignancies after haploidentical HCT, herpes-simplex thymidine kinase suicide gene expressing donor lymphocytes (HSV-TK) were infused after transplantation (207). Of the 28 patients receiving these HSV-TK cells after HCT, 22 obtained IR (i.e., CD3+ > 100/μl) at a median of 75 days (range 34–127 days) from transplantation and 23 days (range 13–42 days) from infusion. Ten patients developed aGVHD (grade I–IV) and one developed cGVHD, which was controlled by induction of the suicide gene. In another pilot study (Clinicaltrials.gov identifier: NCT01494103), 12 recipients of haploidentical HCT for different diseases including ALL, MDS, JMML, and HLH (medium age 10 years, range 2–50 years) were infused with increasing numbers of alloreplete haploidentical T cells expressing the inducible caspase 9 suicide gene (iC9-T cells) (208). All patients receiving >104/kg of alloreplete iC9-T lymphocytes achieved rapid reconstitution of immune responses toward five major pathogenic viruses and concomitant control of active infections. By administration of a chemical inducer of dimerization (AP1903/rimiducid), 86–96% of circulating CD3+CD19+ T cells were eliminated within 30 min, with no recurrence of GvHD within 90 days (208). Another Phase II trial using this approach after haploidentical HCT with CD3+ TCRα/β-depleted grafts in about 250 paediatric patients with malignant and non-malignant diseases is ongoing in Italy and the UK (Clinicaltrials.gov identifier: NCT02065869). In an interim analysis, 10.9 and 2.1% of patients developed grade II–IV and grade III–IV aGvHD, respectively. 4.6% of patients [95% CoI: 1.3–7.8] developed cGvHD (233). Of 21 patients developing GvHD, 86% responded to rimiducid, with a median time to response of 2 days. Of initial responders, 77% were still in either complete (n = 8) or partial response (n = 6) at the time of interim analysis.



Soluble Factors

Although the above methods for graft manipulation and DLI engineering show promising results in host defence, they all carry the major disadvantage of expansion of memory-type T cells in the absence of a polyclonal naïve T-cell compartment. Since dysfunction of the thymus represents the limiting factor for full T-cell recovery, strategies to accelerate naïve, polyclonal, de novo T-cell reconstitution are warranted. Strategies proposed in recent years include the stimulation of T-cell development and expansion using (1) cytokines such as IL-7, IL-12 and IL-21; (2) the administration of cytokines alongside growth factors such as stem cell factor (also known as KIT ligand), keratinocyte growth factor (KGF encoded by the fibroblast growth factor 7 gene), IL-22 and FMS-like tyrosine kinase 3 ligand; and (3) the modulation of hormone levels by suppression of sex steroids or by administration of thymosin-α1. For a recent review see Velardi et al. (6). Some of these factors have recently been explored or are currently being explored in clinical trials in the context of HCT (Figure 2B and Table 3).

Members of the common gamma-chain cytokine family IL-7 and IL-15 are involved in homeostatic expansion of T cells in the peripheral blood (234). In mice and non-human primates, administration of IL-7 seems to have a positive effect on functional T-cell recovery after HCT, with a predominant effect on naïve CD8+ cells (24, 158, 159). However, this positive effect on thymus regeneration could not be confirmed in another animal study (160). In a phase I/II clinical trial treatment of 21 adult patients with idiopathic CD4+ lymphytopenia with recombinant IL-7 (without HCT) led to an increase in the number of circulating CD4+ and CD8+ T cells and tissue-resident CD3+ T cells in the gut mucosa and bone marrow; however, enhanced thymospoiesis, measured by TRECs, was only observed in the youngest patients, aged 23 and 34 years (NCT00839436) (219). In a phase I trial, 12 patients more than 15 years of age were treated with recombinant IL-7 after TCD allo-HCT from an 8 of 8 HLA-matched donor for treatment of non-lymphoid haematologic malignancy. After a short course of IL-7, a quantitative increase of CD4+ and CD8+ effector memory T cells as well as an increase in mitogen-reactive T cells was found (NCT00684008) (161). However, there was only a limited effect on thymic output in this study as shown by minimal changes in the number of recent thymic emigrants and the levels of TRECs. An extended duration of IL-7 administration may have a greater effect on thymic function particularly in younger patients. IL-7 is currently under investigation in multiple randomised clinical trials for oncologic and infectious disorders (including human immunodeficiency virus and severe acute respiratory syndrome coronavirus 2 infection), but there are no further studies in the allogeneic HCT setting to our knowledge. Taken together, the direct impact of IL-7 on the human thymus is still unclear, but most of the effects on T-cell IR after IL-7 treatment seem to be primarily related to the expansion of peripheral T cell subsets and to the improvement of T-cell functionality. A possible impact on thymic function seems to be restricted to younger patients with more residual thymic capacity.

IL-15 has been shown to increase the number of CD8+ T cells and NK cells after transplantation in mice (164). Similarly to IL-7, IL-15 can improve lymphocyte reconstitution after T-cell-depleted HCT, but it can also worsen GvHD, which limits its use in HCT (235). For a review see Moutuou et al. (236).

Factors that stimulate the thymic niche and increase the output of recent thymic emigrants, including KGF and the luteinizing-hormone–releasing hormone (LHRH) agonist leuprolide have been identified in mouse models (237, 238). Two trials are evaluating the effects of leuprolide and the LHRH antagonist degarelix on IR following HCT (ClinicalTrials.gov identifiers: NCT01746849 and NCT01338987), but results have not yet been reported.

Human recombinant KGF (palifermin) is approved by the US Food and Drug Administration for the prevention of mucositis in patients receiving high-dose chemotherapy including conditioning for HCT. In several mouse models KGF enhanced recovery of thymic cellularity and peripheral T cell numbers after HCT, reversed thymic involution and restored thympopoiesis (116, 174). Several trials are exploring its effects on T-cell reconstitution, but results have not been reported so far (ClinicalTrials.gov identifiers: NCT01233921, NCT03042585, NCT02356159, and NCT00593554).

Thymosin-alpha1 is a low molecular weight peptide produced by thymus epithelial cells, which can increase thymocyte maturation and boost T cell function as shown in several preclinical studies. In a phase I/II clinical trial the safety and efficacy of Thymosin-alpha1 was evaluated in 6 adult recipients of haploidentical HCTs for haematologic malignancies (ClinicalTrials.gov identifiers: NCT00580450) (181). An increase of peripheral T-cell numbers, an earlier appearance of pathogen-specific T cell responses as well as a significant improvement in phagocytosis and dendritic cell function was observed (181). However, to the best of our knowledge, there are no further trials ongoing exploring Thymosin-alpha 1 in the HCT setting.



Tissue Engineering

De novo T-cell generation is dependent on the continuous seeding of the thymus by T-lymphoid precursors. These T-lymphoid precursors must differentiate from donor-derived haematopoietic stem cells in the recipient bone marrow before they can home to the thymus via the peripheral blood. Since this process is compromised after HCT by damage to the thymus caused by total body irradiation, chemotherapy, infections and predominantly GvHD prophylaxis and treatment, it may take up to 2 years before T-cell neogenesis is re-established (3, 239, 240). Adoptive transfer of in vitro generated human T-lymphoid precursors is therefore a promising approach to shortcut this pathway by targeted injection of T-lymphoid progenitors.

An US group has developed a novel approach to expand a cytokine-dependent, haematopoietic progenitor cell population ex vivo by culturing primary haematopoietic stem and progenitor cells with fusion proteins comprising the transduction domain of the HIV-1 transactivation (Tat) protein and either MYC or B-cell lymphoma 2 (BCL-2) proteins (222). In both humans and mice, the ex vivo expanded cells gave rise to a self-renewing cell population following initial transplantation in vivo; serial transplantations of this cell population were able to support haematopoiesis. Based on these laboratory studies, a clinical trial has been initiated in Israel to assess the application of TBX-1400 in patients with severe combined immunodeficiency (human donor haematopoietic stem and progenitor cells that have been treated ex vivo with the protein transduction domain of the Tat fused to MYC, ClinicalTrials.gov identifier: NCT02860559).

Several other groups have developed systems to pre-differentiate T-lymphoid progenitors out of CD34+ haematopoietic stem cells, e.g., by using the canonical Notch ligand Delta-like (DL)-1, or more recently a French group using immobilised DL-4 (241). These techniques allow the in vitro generation of large amounts of T-cell progenitor cells with high T-lymphopoietic potential. When co-transplanted together with CD34+ haematopoietic stem cells, these committed precursors led to rapid T-cell engraftment within 28 days in a humanised mouse model (242). This protocol was improved in recent years to expand CD34+ cells from granulocyte colony-stimulating factor (G-CSF)-mobilised peripheral blood as well (189). After 7 days of in vitro culture, these cells expressed T-lineage-related, thymus homing and crosstalk genes as well as markers of early lymphoid commitment but do not show any TCR rearrangement. Remarkably, in a humanised mouse model, thymic engraftment occurred 4 weeks after intrahepatic injection of such precursors in comparison to 12 weeks after injection of uncultured, CD34+-selected haematopoietic progenitor cells (189, 243). Thus, T-lymphoid progenitors seems to allow thymic engraftment just 4 weeks after transfer, a result which has to be confirmed in the human setting. Since the injected precursors do not harbour any TCR rearrangement, they should allow the generation of a polyclonal and self-tolerant T-cell repertoire without increasing the risk of GvHD. A Phase I/II clinical trial was initiated recently to evaluate the safety and efficacy of human T lymphoid progenitor transfusion after haploidentical HCT in patients with severe combined immunodeficiency (Clinical trial identifier: NCT03879876).

In the case of an entirely a functional thymus, transplantation of postnatal allogeneic thymic tissue may be another option. This procedure improved thymic output in patients with complete DiGeorge syndrome (244, 245). Although this approach has not been tested so far after HCT, it has been investigated in patients with acquired immunodeficiency syndrome (246). However, in these patients, residual host T cells led to a high rate of thymic tissue rejection. Therefore, complete T-cell depletion prior to thymus transplantation is a potential requirement if this approach is to be trialled post HCT.

In summary, several strategies to accelerate recovery of T-cell immunity after allogeneic HCT are currently under clinical evaluation. Patients with prolonged immune dysfunction caused by chemotherapy, irradiation, infection and GvHD may benefit from a multifactorial approach. The combined use of optimised graft composition, soluble factors (IL-7, KGF, Thymosin-alpha-1), T-lymphoid progenitors or, in case of complete thymic involution, thymus tissue transplantation may be able to accelerate restoration of the T-cell compartment.






FINAL REMARKS

Studies about the reconstitution kinetics of different cellular subsets after HCT have revealed important insights about the basic principles of this treatment. They helped us to understand the artificial immune ontology after HCT as well as the pathophysiology of GvHD, viral reactivation and other transplant-related complications. By continuous efforts to dissect the phenomenon of alloreactivity, IR studies have opened the door to understand the GvL effect, at least in part. In recent years, research on IR has evolved from merely descriptive studies into a highly dynamic and innovative field which actively shapes the future design of HCT. Novel insights have fostered the continuous evolution of T-cell-depletion techniques to a level by which HCTs employing this method now yield comparable results to T-replete HCTs. Clinical trials over the coming years will show whether adoptive transfer of memory DLI, veto TCM cells or selective allodepletion approaches will give superior results. Strategies of restoring thymic cellularity by soluble factors, targeted influx of committed lymphoid progenitors or tissue engineering not only intend to lift IR kinetics of adult patients to that of an infant but will beyond that impact on ageing research since thymic involution is considered a major contributor of immune senescence.

Future studies on IR will aim to develop more precise prediction models for complications such as GvHD, viral disease or relapse. To this end, multifactorial models of IR will have to take the complex interactions around HCT into account and include not only lymphocyte subset numbers but also other factors such as graft type, graft manipulation, HLA disparity and minor histocompatibility differences. The first examples of such multidimensional IR analyses have already been published (71, 82, 132). Control over IR with targeted interventions in a timely orchestrated fashion will help to reduce transplant-related morbidity and mortality and improve GvHD-free, relapse-free survival.
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Adolescents and young adults (AYAs) represent a challenging group of acute lymphoblastic leukaemia (ALL) patients with specific needs. While there is growing evidence from comparative studies that this age group profits from intensified paediatric-based chemotherapy, the impact and optimal implementation of haematopoietic stem cell transplantation (HSCT) in the overall treatment strategy is less clear. Over recent years, improved survival rates after myeloablative allogeneic HSCT for ALL have been reported similarly for AYAs and children despite differences in transplantation practise. Still, AYAs appear to have inferior outcomes and an increased risk of treatment-related morbidity and mortality in comparison with children. To further improve HSCT outcomes and reduce toxicities in AYAs, accurate stratification and evaluation of additional or alternative targeted treatment options are crucial, based on specific molecular and immunological characterisation of ALL and minimal residual disease (MRD) assessment during therapy. Age-specific factors such as increased acute toxicities and poorer adherence to treatment as well as late sequelae might influence treatment decisions. In addition, educational, social, work, emotional, and sexual aspects during this very crucial period of life need to be considered. In this review, we summarise the key findings of recent studies on treatment approach and outcomes in this vulnerable patient group after HSCT, turning our attention to the different approaches applied in paediatric and adult centres. We focus on the specific needs of AYAs with ALL regarding social aspects and supportive care to handle complications as well as fertility issues. Finally, we comment on potential areas of future research and concisely debate the capacity of currently available immunotherapies to reduce toxicity and further improve survival in this challenging patient group.
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INTRODUCTION

Adolescents and young adults (AYAs) with acute lymphoblastic leukaemia (ALL) are a unique group of patients at the interface between childhood and adulthood (1). There is no consensus on the definition of AYAs: the World Health Organisation defines adolescents as individuals of 10–19 years old, while the National Cancer Institute defines the AYA population as 15–39 years old (2, 3). In Europe, patients are considered an AYA if they are aged 15–29 years (2). These differences in age definition affect access to different types of care structure, clinical trials and treatment protocols (2).

Although the survival rate now approaches 90% for childhood ALL, the prognosis remains poorer in AYAs (2, 3). In fact, survival of ALL is triphasic during adulthood, with survival rates of 75% when treated at 17 years, 48% at 20 years, and 15% at 70 years—also known as the “survival cliff” (4, 5).

The inferior prognosis of ALL in AYAs compared to in children can be explained in part by the age-related variations in the molecular subtypes of ALL (Table 1) (6). The frequency of ALL with a T-cell phenotype is about twice higher in AYA compared to younger children (<15 years old) (7). The prevalence of hyperdiploidy and ETV6-RUNX1-positive ALL—both of which are associated with good prognosis—declines from 25 to 30% in children to <3% in young adults (aged 21–39 years) (4, 6, 7). Conversely, the prevalence of Philadelphia chromosome (Ph)-positive ALL—which is associated with poor prognosis—is markedly increased in patients aged 21–39 years vs. in children (4, 6, 7). Also, the prevalence of Ph-like ALL (poor prognosis) rises with age, from 10 to 15% in children with B-cell ALL to over 25% in young adults with ALL (5, 6, 8). Some genomic abnormalities have a peak incidence in the AYA population e.g., iAMP21, DUX4 rearrangement, ZNF384 rearrangement, and MEF2D rearrangement (4). Age-related variation of genomic abnormalities from childhood to AYA B-cell precursor ALL (BCP-ALL) are represented in Table 1.


Table 1. Genomic landscape of BCP-ALL: childhood vs. AYA.
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The survival cliff between the ages of 17 and 21 years has also been attributed to the transition of patients from paediatric to adult treatment sites and protocols (5). Superior survival has been consistently demonstrated in various countries when AYA patients are treated using paediatric chemotherapy protocols rather than adult ones, with differences in type and intensity of anti-leukaemic drugs vs. adult protocols (1, 2, 5, 7, 9, 10). In fact, more extensive use of glucocorticoids, vincristine and pegylated asparaginase with intensive and prolonged central nervous system (CNS) prophylaxis results in survival benefit for AYA patients with ALL (10, 11). Indeed, in the largest published cohort of patients 1–45 years of age treated with the same ALL frontline protocol (NOPHO ALL-2008), event-free survival (EFS) and overall survival (OS) for 18–45-year-old patients with Ph-negative ALL were 74 and 78%, respectively (12). For high-risk patients with or without an indication for haematopoietic stem cell transplantation (HSCT), no significant difference in 5-year EFS was seen between the three age groups: 1–9, 10–17, and 18–45 years (12). In keeping with these findings, Wieduliwilt et al. concluded from their study that post-remission therapy with paediatric-style chemotherapy was superior to myeloablative conditioning followed by allogeneic HSCT in AYA patients with Ph-negative ALL in first complete remission (CR1) in terms of OS (66 vs. 45%, respectively), disease-free survival (DFS; 58 vs. 44%, respectively), and non-relapse mortality (NRM; 8 vs. 29%, respectively) (13).

However, access to clinical trials and paediatric regimens is not readily available to all AYA patients (4).

The better OS and lower relapse rate associated with treatment of AYAs on paediatric wards may be due to higher therapy intensity and stricter adherence to chemotherapy schedules. Conversely, being treated on adult wards may lead to better and earlier access to novel therapies not yet available in paediatric centres in patients with refractory disease.

The use of paediatric-inspired or fully paediatric strategies has improved outcomes in AYAs with Ph-negative ALL and, as a consequence, has led experts to question allogeneic HSCT indications in this population (2). Because of its associated short- and long-term toxicities, progress in chemotherapy management, and the advent of immunotherapy, HSCT could be reserved for AYA patients with ALL exhibiting early resistance to chemotherapy assessed by predefined evaluations of minimal residual disease (MRD), as recommended in paediatric protocols (2, 12, 14–16). At least in CR1, in AYA as in other patient-age subgroups MRD represents one of the most important point for identifying patients requesting treatment intensification (2, 12, 14–16). In addition, with the use of combined tyrosine kinase inhibitors (TKIs) and chemotherapy treatment, a further reduction in the proportion of patients eligible for HSCT has been achieved, even in the high-risk group (17–19).

Many adult patients with ALL treated on an adult regimen receive HSCT during first complete remission (CR1) if a matched donor is available. However, the ability to avoid the toxicities, late adverse effects, and financial costs of HSCT substantially favours paediatric regimens (5).

Toxicities represent a major issue in AYA patients with ALL. The use of intensified regimens raises the need for monitoring and preventing acute and late side effects that can affect survival and quality of life (2). Toxicities also represent a significant problem in AYA patients who undergo HSCT, with studies reporting 10–30% treatment-related mortality (TRM), which is higher than reported for younger patients and is mostly due to graft-vs.-host disease (GvHD) and infection (3). Hypofertility/infertility is a particularly relevant late side effect in AYAs (2). Many studies have shown the higher risk of non-adherence during therapy or follow-up in the AYA population vs. their younger counterparts (2).

Therefore, AYA patients undergoing HSCT to treat ALL represent a unique group with medical, psychological, and social issues requiring diligent care and follow-up. We try to address these points in this review. We fully acknowledge that the published literature uses different age definitions for AYAs, which makes comparisons cumbersome; but at least when reporting our own experience, we consider AYA patients to be aged between 15 and 29 years.



INDICATION FOR HSCT

Beyond discussions about the definition of the AYA age group, we were not able to identify any papers specifically dedicated to allogeneic HSCT in an AYA ALL population. Published ALL studies reported overall results of ALL therapy in this population but did not necessarily disclose how an AYA group was defined, state whether there were any adjustments in the HSCT indications for this group compared with indications for children or adults, or address HSCT results specifically in AYAs (15, 20). In paediatric studies, AYAs are often limited to 18–21-year-old patients and results are not provided for older AYAs (20). In adult studies, AYAs are usually included in the overall cohort along with 40–60 years old patients; this probably worsen their outcome vs. if the older patients were studied separately.

Despite continuous improvement, overall results of ALL treatment in AYAs (including the results of initial chemotherapy, not only HSCT) appear to be worse than those obtained in younger children with the same protocols (3, 15). Differences in OS may relate to a higher incidence of TRM, especially from infections and GvHD (3, 15). However, none of the published registry or centre-based analyses reported in detail potential differences in HSCT indications and donor choice between the paediatric and AYA populations, leading to possible bias in the interpretation of results. Many studies report results based on donor allocation, i.e., a matched sibling donor (MSD) or matched unrelated donor (MUD) matched at 10 out of 10 human-leukocyte antigen (HLA) loci, rather than based on the final treatment received (chemotherapy alone vs. chemotherapy followed by HSCT, regardless of donor type) (3, 11). For patients in CR1, most current paediatric and adult protocols reserve HSCT for AYAs with high-risk/very -high-risk ALL defined by disease characteristics such as ALL cell origin (B cell or T cell), initial leukocyte count, cytogenetics and molecular profile at diagnosis, and response after induction with or without consolidation courses evaluated by MRD measurement using real-time polymerase chain reaction (RQ-PCR) or flow cytometry (3, 11, 21). In some adult protocols, the transplant indication is based on only the persistence of positive MRD at defined time points regardless of other disease characteristics (21). For children or adults, definitions of high-risk cytogenetics and molecular profiles differ by protocol. Since the molecular profile of paediatric and AYA patients differs, with AYAs patients having a poorer-risk profile (see above), a higher percentage of AYAs are allocated to HSCT, logically (3, 11). In addition, the anticipated toxicities of chemotherapy are not identical for the AYA and paediatric population (3). Acute toxicity is more prevalent in AYAs as compared with in paediatric patients. Therefore, clinicians are often quick to propose HSCT for AYA patients in CR1 in order to avoid the risk of death related to second-line chemotherapy if relapse occurs. In contrast, long-term sequalae of HSCT in paediatric patients represent a major concern leading to the avoidance of HSCT in CR1 in as many patients as possible. Paediatric protocols propose HSCT in <5–8% of patients in CR1, while adult protocols enrolling AYA propose HSCT in about 30% of patients in CR1 (22). Adult protocols also propose that patients in second complete remission (CR2) undergo HSCT from any available donor as long as the patient is <40 years old.

In the future, the use of immunotherapy such as inotuzumab ozogamicin and blinatumomab as well as chimeric antigen receptor (CAR) T-cell therapy may change the current HSCT algorithm in the AYA population (23–25).



CHOICE OF CONDITIONING REGIMEN

In allogeneic HSCT for ALL, older age is associated with poorer survival (3, 15). In most studies, age does not impact risk of relapse but is associated with increased TRM and GvHD: incidence of toxic death is more frequent in adults compared with in AYAs, and in AYAs compared with in children (3, 15, 26, 27). Thus, in the study of the Centre for International Blood and Marrow Transplant Research (CIBMTR) including patients transplanted for ALL between 2002 and 2007, 5-year TRM was 19% in children, 31% in AYAs, and 41% in older adults (15).

Reduced-intensity conditioning (RIC) regimens offer the advantage of decreased TRM but are often associated with a higher relapse rate (28). This option is being evaluated for patients over 45 years old in the Group for Research on Adult Acute Lymphoblastic Leukaemia (GRAALL) 2014 protocol. To date, there are no prospective studies comparing outcomes of patients with ALL who undergo myeloablative conditioning vs. RIC, but several large retrospective cohorts report the above-mentioned observations.

In a CIBMTR study, Marks et al. examined the role of the RIC regimens in adults over 35 years old transplanted in 1995–2006 for Ph-negative ALL. The age-adjusted OS, TRM and relapse rates were not statistically different between patients undergoing myeloablative conditioning vs. those undergoing RIC (29). In a European Group for Blood and Marrow Transplantation (EBMT) study, including patients over 45 years, RIC was associated with lower TRM and higher relapse rate than was myeloablative conditioning but this did not translate into a significant difference in OS (28). However, results of these retrospective studies should be interpreted with caution due to the heterogeneity of populations in terms of age at transplant, comorbidities, status at transplant, donor source, GvHD strategies, and RIC regimens used. In summary, although RIC could be a suitable alternative to myeloablative conditioning for older adults with ALL, there are no strong data to support a recommendation of this approach in the AYA population.

Total body irradiation (TBI) is widely used in myeloablative conditioning regimens for patients with ALL. Because TBI is associated with early and late adverse effects, transplant with TBI-free conditioning regimens has been evaluated in ALL patients. A small, randomised controlled trial found significantly higher EFS with TBI, etoposide and cyclophosphamide vs. busulfan, etoposide, and cyclophosphamide conditioning in paediatric ALL patients (30). Superiority of TBI over busulfan-based conditioning regimens has been also reported in retrospective studies both in children and in adults (31–34). Recently, the randomised, international, multicentre, Phase III For Omitting Radiation Under Majority age (FORUM) study investigated whether preparative combination chemotherapy could replace TBI in paediatric patients with ALL (35). The study randomised 417 patients aged 4–21 years at transplantation and in complete remission of ALL to myeloablative conditioning with either fractionated 12 Gy TBI and etoposide or with fludarabine, thiotepa and either busulfan or treosulfan. In the intention-to-treat population, 2-year OS was significantly higher following TBI (0.91; 95% confidence interval [CI], 0.86–0.95; p < 0.001) vs. chemo-conditioning (0.75; 95% CI, 0.67–0.81). A major difference was seen in the relapse rate, which was strongly decreased using TBI with a 2-year cumulative incidence of relapse of 0.12 (95% CI, 0.08–0.17) vs. 0.33 (95% CI, 0.25–0.40) following chemo-conditioning (p < 0.001). TRM was low in both arms, with a significant advantage for the TBI group: 2-year cumulative incidence of TRM was 0.02 (95% CI, 0.01–0.05) after TBI vs. 0.09 (95% CI, 0.05–0.14) after chemo-conditioning (P = 0.02). The superiority of TBI over chemotherapy regarding OS was observed both in patients aged 6–10 years and in patients aged 11–21 years (35).

Although the advantage of TBI has not been investigated or demonstrated specifically in an AYA population aged 15–29 years of age, the data above are in favour of TBI-based myeloablative conditioning for AYAs.



DONOR SOURCE


Peripheral Blood Stem Cells vs. Bone Marrow

In adults, the source of haematopoietic stem cells is mostly the peripheral blood (PBSC) in both MRD and MUD transplantation (36). Several prospective randomised studies comparing PBSC and bone marrow transplants following myeloablative conditioning have shown that PBSCs were associated with a decreased relapse rate in haematological malignancies and improved OS and DFS in patients with advanced-stage disease but not in those with early-stage disease. However, PBSC transplantation was also associated with a significant risk of extensive chronic GvHD (cGvHD) (37, 38).

In contrast, bone marrow remains the most common source used as an allograft in children with hematologic malignancies. Data regarding the association between HSCT outcome and stem-cell source in paediatric patients are limited and the role of PBSCs is debated. In a retrospective study on behalf of the EBMT Paediatric Diseases Working Party comparing HSCT outcomes either after bone marrow or PBSC allograft in children and adolescents <18 years transplanted for ALL in CR1 or CR2, the OS was significantly poorer after PBSC allograft compared with after bone marrow allograft due to a higher incidence of cGvHD and higher risk of NRM without improvement of relapse risk (38).

To date, it has been difficult to definitively conclude which is the best stem-cell source in AYAs transplanted for ALL but the studies cited above lead to a preference for bone marrow in most transplantations for early-stage disease (i.e., mainly in CR1).



Alternative Donors: Unrelated Cord Blood or Haploidentical Donor

Unmanipulated haploidentical HSCT, other haploidentical HSCT technics and unrelated cord blood (UCB) transplantation may be alternative options to treat patients with high-risk ALL who do not have an HLA-matched donor (39, 40). To date, UCB transplantation has been used mostly in children, while T-cell repleted haploidentical transplant with high-dose post-transplant cyclophosphamide (PTCy) for GvHD prophylaxis has been widely used in adults. The EBMT conducted a retrospective study comparing outcomes in ALL adults patients after transplantation with UCB (n = 370) or an unmanipulated haploidentical graft with PTCy (n = 158) (41). In the multivariate analysis, UCB transplantation was associated with a lower incidence of cGvHD (hazard ratio [HR], 0.58; P = 0.01 for ALL) vs. an unmanipulated haploidentical graft. No difference was observed for relapse incidence (HR, 0.82; P = 0.31 for ALL), NRM (HR, 1.23; P = 0.23 for ALL) and leukaemia-free survival (HR, 1.00; P = 0.84 for ALL) between groups (41). In 2016, Michel et al. reported a randomised prospective study comparing the results of HSCT from either one or two UCB units in 137 paediatric and AYA patients (<35 years) with either ALL or acute myeloid leukaemia (39). Two-year post-transplant survival, DFS and TRM were 68.8% (CI 95%, ± 6.0%), 67.6% (CI 95%, ± 6.0%), and 5.9% (CI 95%, ± 2.9%), respectively, after single-unit transplantation compared with 74.8% (CI 95%, ± 5.5%, 68.1% (CI 95%, ± 6.0%), and 11.6% (CI 95%, ± 3.9%), respectively after double-unit transplantation (P = not significant).

Studies comparing manipulated haploidentical stem cell grafts (T-cell depleted) with unmanipulated haploidentical grafts and/or UCB grafts have not been done in adults or children. To date, no data are available on which to base a recommendation regarding which one of these two donor types (haplo-identical donor or UCB) is preferable in AYAs with ALL.

Table 2 summarises these results.


Table 2. Summary of published studies including AYA about HSCT in ALL.
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HSCT-ASSOCIATED COMPLICATIONS AND SUPPORTIVE CARE

Early toxicities associated with HSCT in AYAs remain a major issue. According to several studies, TRM in CR1 ranges from 10 to 30%, mostly due to GvHD and infection (12, 14–16, 45, 51).

A retrospective cohort study performed by the Japan Society for Hematopoietic Stem Cell Transplantation (JSHSCT) in 1,993 patients in Japan found a greater risk of NRM in AYAs with ALL after allogeneic HSCT (19%; 95% CI, 16–22%) compared to children (11%; 95% CI, 8.8–14%); p < 0.001 with infectious complications (24 vs. 4.2%, respectively) being the most common cause of death in AYAs (3). Similarly, Burke et al. identified significantly lower 5-year OS in the AYA group (n = 57; HR 1.74; 95% CI, 1.04–2.95; P = 0.03) after myeloablative allogeneic HSCT for ALL vs. the children group (n = 79). The inferior outcome was due to a 2-fold increase in TRM after 1 year (HR 2.23; 95% CI, 1.01–4.90; P = 0.05) in AYA patients compared to <13 years old patients, with rates being particularly high when bone marrow was used as graft source, while no age-related difference in relapse rate or acute GvHD was noted (45).

In a retrospective analysis of the CIBMTR, the outcome of ALL in children (n = 981), AYAs (n = 1,218), and older adults (n = 469) after myeloablative conditioning and allogeneic HSCT over almost two decades in paediatric and adult transplant centres was compared. The researchers noted parallel survival improvements in AYAs and children over time, yet survival remained inversely correlated with age (HR of 2.04, 95% CI 1.75–2.39, for older adults and 1.57, 95% CI 1.40–1.77, for AYA compared with children; p < 0.001). Again, TRM following both MSD or MUD transplantations was higher in AYAs compared with in children (HR, 1.66; 95% CI, 1.42–1.95; p < 0.001). The cause of this age-dependent increase in TRM remains unclear; it was speculated that disease- and age-related biology may play a role. Time-dependent effects seen during an observation period of 27 years were attributed to improved supportive care leading to a lower rate of early TRM over time (15).

Based on these findings, the reduction of TRM and use of attentive supportive care appear critical for successful HSCT in AYAs. Optimised peri-transplantation care with diligent infectious disease work-up and monitoring as well as infectious prophylaxis appear mandatory, particularly in this vulnerable age group.

Special attention should be paid also to immunosuppressive treatment after HSCT in these patients to reduce toxicity and infectious complications. Data in adult patients undergoing MSD HSCT, for example, suggest that the combination of mycophenolate mofetil and cyclosporine A is less toxic but similarly effective to methotrexate and cyclosporine A (52).

Both the Berlin-Frankfurt-Münster (BFM) 2002 and International BFM 2007 HSCT studies in patients with ALL <21 years old demonstrated the safety of less-intensive GvHD prophylaxis with Cyclosporine-A alone for patients transplanted from an MSD with bone marrow as the stem cell source, whereas Cyclosporine-A plus short-duration methotrexate remains the gold standard for GvHD prophylaxis in the adult HSCT setting regardless of donor type (42, 49).

Obesity has been identified as a risk factor for an adverse outcome in AYAs treated for ALL, with inferior DFS observed when BMI ≥ 30 kg/m2 (HR, 1.97; 95% CI, 1.51–2.57; p < 0.001) (13). Both relapse rate and NRM appear to be higher in obese AYAs—a fact that suggests an influence of metabolic parameters and altered pharmacokinetics on outcome (13). Obesity in adults undergoing allogeneic HSCT for hematologic malignancies has not been found to be a deleterious effect on OS or relapse, while some studies have shown increased NRM in adult obese patients (13). Thus, the negative effect of obesity on OS and relapse might be specific to the AYA population. underlining again the specific needs of this group of patients.

Treatment intensity and cumulative toxicity burden before the HSCT procedure must be considered by clinicians as it impacts on overall results. Therefore, the development of novel treatment strategies with fewer toxic side effects than standard chemotherapy may improve outcomes for AYAs with ALL in the future.



LATE EFFECTS AFTER ONCOLOGICAL TREATMENT AND ALLOGENEIC HSCT IN AYAs

Given that there are very few studies focusing on allogeneic HSCT in AYAs and intensive treatment is usually required to achieve remission, the late effects after HSCT in this age group remain partially obscure. A retrospective Childhood Cancer Survivor Study comparing 10,397 survivors with 3,034 siblings revealed a cumulative incidence of chronic health conditions of up to 73.4% in adults 30 years after their cancer diagnosis (53). Compared to other childhood cancer survivors, those who received an MSD or MUD bone marrow transplant for haematologic malignancies demonstrated a significantly elevated risk of poor general health (relative risk [RR], 3.2 and 2.0, respectively; p < 0.01), functional impairment (RR, 7.8 and 8.4, respectively; p < 0.01) and activity limitations (RR, 5.9 and 10.1, respectively; p < 0.01) (54). With improvements in survival over the years and increasing numbers of younger survivors, this disparity becomes progressively more relevant.

In a retrospective study published by Burke et al. comparing outcomes after HSCT in children vs. AYA B-ALL patients, no correlation between the risk of acute GvHD and age was noted (45). Nevertheless, a non-significant trend toward a higher RR of cGvHD in AYA vs. in children was found in a multivariate analysis (RR, 2.73; 95% CI, 0.93–7.96; P = 0.07) (45). Similarly, Hangai et al. compared outcomes after HSCT for ALL among children (age 1–9 years; n = 607), adolescents (age 10–19 years; n = 783), and young adults (age 20–29 years old, n = 603) retrospectively (3). They found significant age-dependent differences in the 1-year incidence rate of cGvHD following HSCT in children (24%; 95% CI, 21–27%) adolescents (28%; 95% CI, 24–31%) and young adults (32%; 95% CI, 29–36%; P < 0.001), but not in the rate of aGvHD (3).

The potentially heightened risk of cGvHD in AYAs is of utmost importance, as cGvHD is generally associated with considerable mortality and morbidity resulting in a significantly poorer quality of life and functional impairment. This poses a special challenge in AYA patients, who are in a critical phase of development, and raises physical, psychological, and social challenges that need particular attention. Vigorous screening for risk factors and regular function testing after allogeneic HSCT are required to detect such chronic health issues early (44, 55).

This pre-emptive approach also applies to other late sequelae observed in AYA patients treated with allogeneic HSCT, similarly to the approach for late toxicities seen in the oncology patient population; it involves equivalent follow-up and screening programmes as those suggested by the National Comprehensive Cancer Network. Studies on long-term outcome in paediatric patients and AYAs treated with chemotherapy and radiation have revealed an increased incidence of secondary malignancies of 4–17% 10 years after allogeneic HSCT for their primary malignancy (53, 56, 57). As these treatment modalities are part of the conditioning regimen, close monitoring for occurrence of secondary malignancies is mandatory during long-term follow-up.

Besides haematologic diseases such as myelodysplastic syndrome and secondary leukaemia (cumulative incidence of 3.8 at 6 years), solid tumours (cumulative risk of 11% after 15 years) are more prevalent after allogeneic HSCT, in children than in adults (57–59). Therefore, screening for cutaneous malignancies (cumulative incidence of 3.4–6.5% at 20 years) as well as lung, breast (HR of 10.8 10 years after HSCT, compared to United States Surveillance Epidemiology End Results (SEER) for expected rates) and thyroid cancer (RR of 4.8 in AYAs, compared to general population) is mandatory during long-term follow-up after HSCT. An even higher incidence of solid cancer is observed in patients who received TBI-based conditioning vs. those who received chemotherapy based-conditioning (56, 60, 61). The cumulative incidence of post-transplant lymphoproliferative disorder at 10 years after allogeneic HSCT is 1% and varies depending on risk factors such as a mismatched donor, T-cell depletion, GvHD and irradiation (62).

Endocrine effects are another special consideration after allogeneic HSCT in AYA, particularly when TBI is part of the conditioning regimen. An increased rate of thyroid and gonadal dysfunction with >90% risk of infertility, growth impairment and skeletal complications occur after chemotherapy and irradiation (63–65). Therefore, preventive measures and timely replacement therapy are important.

In addition, regular testing of pulmonary, renal, and cardiovascular parameters is advisable as these organs may exhibit chronic dysfunction after allogeneic HSCT detectable as abnormal pulmonary function test results, renal insufficiency, hypertension, abnormal electrocardiogram readings, and impaired cardiac function. Although these adverse effects are not exclusively observed in AYAs as a consequence of chemotherapy or irradiation therapy, early detection is crucial in order to mitigate disabilities (54).

Table 3 propose recommendations for follow-up examination after allegeneic HSCT in AYA patients in the context of ALL treatment [adapted from (55)].


Table 3. Recommended screening for AYA who underwent HSCT.
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SOCIAL AND PSYCHOLOGICAL ISSUES

A difficulty of treating AYA patients is that the cancer diagnosis and treatment occur in a critical stage of life. Treatment side effects such as weight changes, hair loss, and growth disturbances may be more difficult to cope with for patients in this age group than for younger or older patients. Adolescence and young adulthood is a period of developmental processes and psychosocial and hormonal challenges, where major aspects of life and future plans (developmental tasks of emerging adulthood) become more important (66).

The attainment of social, financial, and physical independence are three major aspects in the transition to adulthood—all of which can be affected by anti-cancer treatment including HSCT. This may hinder successful transition to adulthood and compromise individuals' long-term quality of life (67, 68).

AYAs with cancer are generally more dependent on family than are other AYAs, which makes it difficult to “cut the cord” from the parents (69, 70). They can have difficulties in continuing their education and occupation, with alterations needed to educational or career plans (71).

The feeling of social and medically imposed isolation due to absence from school and separation from friends can lead to loneliness, developmental discrepancy, and social disruption (67). The loss of friendships during therapy aggravates patients' reintegration into “normal life” (43).

This disruption of everyday life and patients' confrontation with their own mortality can bring fear, distress, and uncertainty (66, 71). Several studies have shown higher levels of depression, anxiety and distress in AYA patients with oncological disease compared with healthy peers (66, 72).

Non-compliance to treatments in this age group is a major problem (73). It is important to help AYAs to continue to live as normally as possible, have as much information as they need, and to be involved in treatment decisions and their own care, in order to support autonomy and to promote a trustful relationship (74, 75). Clinicians must consider that each patient is at a unique developmental point and, therefore, their needs differ (76).

During adolescence and young adulthood, intimate emotional, and sexual relationships are often formed, which can be complicated by a cancer diagnosis and treatment due to altered body image, social isolation, and the fear of rejection. Patients may consider themselves as unattractive and undesirable leading to decreased libido (77). Furthermore, the fear of infertility can have a negative influence on intimacy (75). Early management of sexual dysfunction can improve the situation and patients' quality of life.

Clinicians should consider all of the aspects above when treating AYAs, although there are no specific recommendations for those with ALL undergoing HSCT. In general, only a specialised, multidisciplinary team of health professionals (including specialised physicians, nurses, psychologists, and social workers) who can provide age-appropriate information and address the fears of this age group should treat AYA patients (78, 79).

Various evidence-based psychosocial interventions exist to reduce distress and help patients to cope with exceptional circumstances. Multidisciplinary programmes include peer-to-peer support to encourage relationships and skill-based and technology-based interventions tailored to the unique needs of AYAs facing cancer and HSCT (75, 79). Various studies emphasise that securing adequate social support is the most important coping strategy and resource for AYAs when facing cancer (74).

Moreover, to achieve the best outcomes, treatment should be administered in specialised centres with the highest expertise and the opportunity to enrol patients in clinical trials (73, 80).



FERTILITY ISSUES

As described above, compromised reproductive function is a major and severe late complication in cancer survivors, which can lead to psychosocial distress and depression and has a significant influence on quality of life (1, 81–84).

Studies have shown that infertility caused by cytostatic drugs is dependent on the dosage and type of drug given and also on the patient's age at treatment (85–87).

Younger age (<10 years old) at the time of exposure to cytostatic drugs or radiotherapy is associated with a lower risk of premature ovarian insufficiency (POI) (87, 88).

The risk of infertility is high in patients receiving HSCT following a conditioning regimen of TBI, high-dose cyclophosphamide, melphalan, and busulfan (81, 82, 85). More than two thirds of patients who receive allogeneic HSCT develop gonadal dysfunction (85). In transplanted patients, the detrimental effects of HSCT and of previously received frontline chemotherapy play a synergistic role (87).

Although long-term recovery of gonadal dysfunction after HSCT has been reported, female patients who receive TBI have a high risk of a later-onset POI (87, 89). The ovarian damage is irreversible in most cases (90). Female patients who received TBI or high-dose cyclophosphamide prior to HSCT have a much higher miscarriage rate and increased risks of preterm delivery and delivery of low-birth-weight infants (84, 91, 92). Chemotherapy and/or TBI as conditioning typically lead to disruption of the hypothalamic-pituitary-gonadal axis and direct gonadal damage (77, 93).

There are a few studies showing a recovery of spermatogenesis after TBI prior to HSCT (86, 93). Nevertheless, TBI plays a central role in infertility in male as well as female patients.

Considering this high risk of infertility and the impact it might have on a patient's life, comprehensive age-appropriate counselling about the risks, options for fertility preservation and why certain interventions cannot be performed in some situations (for example, coelioscopy or transvaginal puncture in cases of severe neutropenia or thrombopenia) is absolutely essential to reduce distress and is recommended in several guidelines (81, 82, 93–95).

Numerous cancer survivors report a lack of information and the fear of infertility often leads to maladaptive coping strategies (94, 96). Therefore, ALL patients should receive proactive counselling even though their options for fertility preservation (especially for pre-pubertal or female patients) are quite limited, patients are frequently acutely ill at diagnosis, and the severity of the disease may not permit a delay of anti-cancer therapy.

Frontline therapy for ALL usually does not cause permanent gonadal dysfunction (93, 97). The crux of treating patients with ALL is that the indication for HSCT is not clear at diagnosis in most patients; therefore, patients have been treated already with several cytostatic drugs before fertility protective procedures can be performed. In post-pubertal boys, sperm cryopreservation is an effective method for fertility preservation, which can easily be organised in most cases (81). It should ideally be implemented before the start of cancer treatment. Emotional stress, azoospermia, or decreased sperm mobility are some of the reasons why sperm banking is unsuccessful (84). It is common that male patients with an oncological diagnosis have low sperm counts even before starting cytostatic treatment (93). For post-pubertal girls, fertility preservation options are very limited. The two options are embryo or oocyte cryopreservation for which hormonal hyperstimulation is necessary. As this causes a delay of cancer treatment of ~2 weeks, it is often not feasible in acutely ill patients. High oestrogen levels need to be avoided due to their potential side effects in cancer patients. In addition, invasive procedures are associated with a higher rate of complications, mostly due to infections and bleeding in pancytopenic patients (93). Ovarian tissue or ovarian cortex cryopreservation are still experimental in ALL or AML because low levels of leukaemic cells have been found in the ovarian tissue of mice and humans in studies, which might possibly increase the relapse risk after re-transplantation of the tissue (77, 93, 98, 99). Whether these methods will be available in the future after testing for MRD remains to be determined (93). In pre-pubertal patients, gonadal tissue conservation is the only recommended option. However, due to the high relapse risk after re-transplantation, there are currently no recommendations in clinical guidelines for this technique in patients with ALL (82).

Another difficulty in standardised, international recommendations for all patients undergoing HSCT for ALL is the significantly different access to fertility protecting procedures between countries and the financial coverage through different healthcare systems. Financial coverage should be mandatory for fertility protection in treatment-associated infertility. Many AYA patients with cancer describe a high financial burden. Affording fertility preservation procedures for future family planning often causes massive emotional distress (93). The costs of preservation, banking and of further processing when pregnancy is desired are often obstacles for cancer survivors (77).



IMMUNOTHERAPEUTIC CONCEPTS TO REDUCE TOXICITY AND IMPROVE OUTCOMES IN AYA PATIENTS

Wood et al. noted a higher rate of late relapse (>12 months from HSCT) in AYAs who received HSCT for ALL vs. the relapse rate in children (HR, 2.1, 95%CI 1.59–2.75; p < 0.001); this increased risk did not significantly change with time in long-term studies. This increased risk of late relapse may be associated with the unfavourable disease biology observed in AYA and adult patients and raises the question of how to optimise pre-transplantation therapy, immunosuppressive strategies and consolidation treatment in certain patient groups (15).

With the advent of targeted immunotherapies such as the bispecific anti-CD3/anti-CD19 T-cell engager blinatumomab, the toxin-conjugated anti-CD22 antibody inotuzumab ozogamicin, and CAR T-cell therapies, novel strategies have emerged to: (1) induce deeper remissions prior to HSCT; (2) substitute toxic chemotherapy elements in vulnerable patient groups; and (3) substitute the entire HSCT procedure by use of long-lasting CAR T-cell products. The companion papers in this supplement by Krauss et al. and Buechner with colleagues discuss these topics in detail for the paediatric ALL population. No studies with any of the abovementioned drugs have been performed solely in an AYA cohort; however, information regarding AYAs can be retrieved from combined paediatric/AYA studies and isolated adult studies.


Blinatumomab

Blinatumomab is approved in both adults and children for several indications in B-cell precursor (BCP)-ALL patients. Common to both groups is the approval in patients with relapsed (second or higher relapse) or refractory (R/R) CD19+ Ph-negative BCP-ALL. Additionally, adults with Ph-positive ALL who have failed treatment with at least two TKIs and adults with Ph-negative ALL in CR1 or CR2 with persistent MRD >0.1% have an approved indication for blinatumomab. In children, blinatumomab has additional approval for first high-risk relapse as part of consolidation therapy. It is currently being investigated by several collaborative study groups as part of paediatric ALL frontline protocols.

In a systematic meta-analysis including 628 R/R ALL patients from six clinical trials, response rates to blinatumomab did not significantly differ between paediatric and adult patients (100). The multinational, randomised, Phase 3 TOWER study (ClinicalTrials.gov identifier: NCT02013167) examined the outcomes of 405 adults with Ph-negative R/R BCP-ALL (age range 18–80 years) randomised to either standard-of-care chemotherapy or blinatumomab (24). Blinatumomab induced deep remission in responding patients, which was associated with a significantly longer OS (median OS 7.7 months, 95% CI 5.6–9.6 in blinatumomab group vs. 4.0 months,95% CI 2.9–5.3 in the chemotherapy group; HR for death, 0.71; 95% CI 0.55–0.93; P = 0.01). The trial was prematurely stopped due to a significant OS benefit in the blinatumomab arm regardless of subsequent HSCT. In the pivotal Phase 2 ALCANTARA study (NCT02000427) of adult patients (n = 45, range 23–78 years) with Ph-positive BCP-ALL who were intolerant to TKIs, response to blinatumomab was observed in 36% of patients, with 86% of the responders being MRD negative (101). In the Phase 2 BLAST study (NCT01207388, N = 116 patients range, 18–76 years), 78% of adults with BCP-ALL in CR but with persistent MRD (≥10−3) achieved complete MRD response within one blinatumomab treatment cycle (102).

Very similar results were obtained in children age <18 years with R/R BCP-ALL in a pivotal Phase II trial (NCT01471782) (103) and the blinatumomab expanded-access RIALTO trial (ClinicalTrials.gov: NCT02187354) (104), including in toxicity-prone patients with Down syndrome (104). In two recent studies in children with a first high-risk relapse of BCP-ALL, the superiority of blinatumomab compared to standard chemotherapy was impressively demonstrated; both trials stopped prematurely due to significantly better outcomes in the blinatumomab arm, including the fraction of patients eligible for subsequent HSCT and a lower rate of severe toxicity (105, 106).

Taking these findings together, blinatumomab induces MRD-negative responses in a substantial fraction of patients with MRD persistence or R/R disease, both in children and adults. Although distinct toxicities related to blinatumomab occur (immune-effector-cell–associated neurotoxicity syndrome and cytokine-release syndrome), blinatumomab is generally (and compared to alternative intensive chemotherapy) well-tolerated, with fewer serious adverse events compared to intensified chemotherapy. There are no data indicating that the AYA group would respond differently. Blinatumomab may be an alternative or supplement to current chemotherapy approaches to reduce toxicity before HSCT in high-risk AYA patients.



Inotuzumab Ozogamicin

In the Phase 3 INO-VATE trial (NCT01564784), adult patients (age range 18–78 years) with R/R CD22+ BCP-ALL were randomised to either receive inotuzumab ozogamicin or standard-of-care chemotherapy (23). Patients treated in the inotuzumab ozogamicin arm had a significantly higher response rate (CR, 80.7 vs. 29.4%, respectively; p < 0.001), higher rate of MRD-negative remission (78.4 vs. 28.1%, respectively; p < 0.001) and were more likely to proceed to HSCT directly after their treatment course (48 vs. 32%, respectively; P = 0.12) than were patients in the chemotherapy arm. Non-haematological toxicities were mainly related to the liver, with veno-occlusive disease occurring in 15% of patients; the vast majority (90%) in patients proceeding to HSCT.

Inotuzumab ozogamicin has been used sporadically in children with R/R BCP-ALL in compassionate-use programs, as recently published (107, 108). CR was achieved in 67% of patients, with the majority (71%) of responders being MRD negative. Of note, responses were observed irrespective of cytogenetic subtype or number or type of prior treatment regimens. However, 52% of the patients who proceeded to HSCT post inotuzumab ozogamicin developed veno-occlusive disease. The efficacy and safety of inotuzumab ozogamicin as monotherapy or in combination with chemotherapy is currently being systematically investigated in children in a Phase I/II study (ITCC-059; EudraCT Number: 2016-000227-71) (109).

Similarly to the pattern observed with blinatumomab, the efficacy and toxicity profile of inotuzumab ozogamicin in adults and children are similar and do not indicate that AYAs would have distinct outcomes or profiles. However, veno-occlusive disease is one of the major complications seen after inotuzumab ozogamicin use and needs to be monitored closely and considered early in AYA patients, especially in the context of TBI-containing conditioning as used in ALL.



Chimeric Antigen Receptor T-Cell Therapy

Most published studies investigating CAR T-cell therapy in BCP-ALL included patients up to the age of 25 years, or older patients. The companion paper by Buechner and colleagues in this supplement discusses CAR T-cell trials in detail. The pivotal ELIANA Phase II trial (NCT02435849) (25), which led to the approval by the Food and Drug Administration and European Medicines Agency of tisagenlecleucel as the currently only CD19 CAR T-cell therapy for R/R BCP-ALL, enrolled 75 patients in the age range 3–23 years (25). Remission rate by month 3 after infusion did not differ across age groups and was 81% (overall remission rate) for the entire cohort. In a combined analysis of two similar tisagenlecleucel trials (ENSIGN [NCT02228096] and ELIANA) focusing specifically on AYA patients aged 18–25 years old (n = 20), rates of adverse events were comparable to younger age cohorts and did not indicate that AYA patients are at higher risk of adverse events after a single infusion of tisagenlecleucel (110). A recent meta-analysis on CAR T-cell therapy in ALL did not find significant differences in outcomes when paediatric and adult data were compared (111). Indeed, the current approval of tisagenlecleucel includes AYA ≼ 25 years of age with either a second or higher relapse, a relapse post HSCT or who have a refractory BCP-ALL.

Beside its efficacy in inducing remissions across all age groups, all cytogenetic risk groups and in patients with previous HSCT, tisagenlecleucel may also have the potential to induce sustained remissions without consolidative HSCT because it can persist for months and years in patients and thereby provide disease control, at least against CD19+ disease. Toxicities in AYAs are well-documented (110). Still, long-term data, both on outcomes and toxicities, are sparse and further focus is needed on the AYA group. Moreover, antigen loss or lineage switch (in patients with KMT2A-rearrangements) are currently intrinsic limitations of targeted immunotherapies (see the review by Buechner et al. in this Frontiers supplement).




DISCUSSION AND CONCLUSION

The data reviewed here reveal the special and dedicated attention that AYA patients require. Precisely defining the indication for allogeneic HSCT in this age group is fundamental, particularly because ALL in AYA patients is often associated with high-risk genetic abnormalities and refractory disease. Therefore, currently the percentage of AYA patients requiring HSCT in CR1 remains higher than that in paediatric patients <15 years old.

Careful monitoring and management of early toxicities associated with intensive chemotherapy and subsequent allogeneic HSCT is fundamental. AYA patients appear especially prone to developing fatal infectious complications. Reduced compliance with infectious prophylaxis regimens and neglect in reporting the clinical signs of infections in this age group may contribute to the dismal outcome and should be considered and addressed with the patient while on immunosuppressive treatment and during regular follow-up visits. In addition, late effects on functional impairment also remain major issues in this cohort. In fact, given the higher incidence of secondary malignancies and organ dysfunctions seen after irradiation, careful and systematic follow-up of these patients should be provided (Table 3).

For most patients with malignant haematological diseases, there is neither an optimal timing nor method for fertility preservation. All patients should be proactively counselled about their infertility risk and possible fertility protective options both before and after HSCT. A referral to reproductive specialists after HSCT is strongly recommended, especially if no fertility protection was performed before the start of therapy. All interventions must be provided with careful psychological support to try to avoid depressive crisis and feelings of loneliness with a dramatic loss of social links.

The development of less-toxic transplantation modalities associated with novel treatment strategies before HSCT associated with fewer adverse effects should be thoroughly investigated in the future. Indeed, the severe adverse events that characterise the treatment of high-risk ALL in this fragile cohort of patients might be mitigated by the introduction of new immunotherapies. Both inotuzumab ozogamicin and blinatumomab are promising drugs to induce MRD negativity in patients with chemo-refractory BCP-ALL clones and may help to put AYA patients into “transplantable” deep remissions with less toxicity than conventional chemotherapy.

Given the severity of acute and chronic adverse events and long-term physical and psychological sequelae detected in AYA patients, dedicated prospective, and comparative studies are urgently needed. The increasing accessibility of new immunotherapeutic approaches allows evaluation of their significance in the treatment of AYA patients. Of particular interest will be the question of whether these agents are able to induce long and stable CRs without HSCT, as is currently being investigated in the CASSIOPEIA trial (NCT03876769) of CAR T-cell therapy for patients aged 1–25 years with high-risk de novo BCP-ALL, with the goal to see whether HSCT can be substituted.

In conclusion, in light of their unique needs, we strongly recommend that AYA patients receive treatment in dedicated centres with multidisciplinary expert teams. Such multidisciplinary approaches require different specialised physicians working beside one another, including the haematologist, stem transplantation expert, psychologists, physiotherapists and social workers familiar with the requirements of AYAs as outlined in Table 4 [adapted from (47)].


Table 4. Multidisciplinary approach in treatment of children and AYA undergoing HSCT.
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Graft-vs. -host disease (GvHD) is a serious and complex immunological complication of haematopoietic stem cell transplantation (HSCT) and is associated with prolonged immunodeficiency and non-relapse mortality. Standard treatment of chronic GvHD comprises steroids in combination with other immunosuppressive agents. Extracorporeal photopheresis (ECP), with its immunomodulatory mechanism, is applied as part of steroid-sparing regimens for chronic GvHD. Immunocompromised, chronically ill patients are at particular risk of severe disease courses of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. T-cell immunity in SARS-CoV-2 infection is well-described but the role of the humoral immune responses is not fully understood. This case report describes a moderate course of SARS-CoV-2 infection in a patient <9 months after HSCT who was suffering from active, severe, chronic GvHD treated with prednisone and ECP. Following HSCT from a matched unrelated donor to cure acute lymphoblastic leukaemia, the 25-year-old male patient experienced multiple infectious complications associated with cytopenia, B-cell dyshomeostasis and autoantibody production followed by development of severe chronic GvHD thereafter at day +212. The steroid-sparing treatment plan consisted of supportive care, topical treatment, prednisone and ECP. He was diagnosed with SARS-CoV-2 infection at day +252, experiencing loss of smell and taste as well as a cough. The patient's oxygen saturation was between 94 and 97% on room air, and computed tomography images showed evolution of typical of SARS-CoV-2 infiltrates. In addition to cytopenia and immune dyshomeostasis, laboratory tests confirmed macrophage activating syndrome, transaminitis and Epstein-Barr virus viraemia. At that time, anti-SARS-CoV-2 monoclonal antibodies were not available in Austria and remdesivir seemed contraindicated. Surprisingly, despite severe lymphopenia the patient developed SARS-CoV-2-specific antibodies within 15 days, which was followed by clearance of SARS-CoV-2 and EBV with resolution of symptoms. Thereafter, parameters of immune dysregulation such as lymphopenia and B-cell dyshomeostasis, the latter characterised by elevated CD21low B cells and autoantibody expression, normalised. Moreover, we observed complete response of active chronic GvHD to treatment.
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INTRODUCTION

Chronic graft-vs.-host disease (cGvHD) is the most common complication after allogeneic haematopoietic stem cell transplantation (HSCT), affecting 30–70% of successfully transplanted patients (1, 2). The treatment of this complex condition, which resembles various autoimmune diseases, remains challenging due to various clinical phenotypes and the multiplicity of organ-specific medical complications. Treatment relies on prolonged immunosuppression, which—in addition to the immunodeficient effects of the disease itself—increases the risk of infection resulting in high morbidity and mortality. Immunocompromised patients are at particular risk of developing severe viral infection caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), also known as coronavirus disease 2019 (COVID-19) (3).

The preventive measures and treatment of transplanted patients with SARS-CoV-2 are based on The European Society for Bone and Marrow Transplantation (EBMT) guidelines (4).

Severe acute respiratory syndrome caused by SARS-CoV-2 infection is responsible for the 28% mortality rate associated with this infection in older patients and 9% mortality rate seen in children after HSCT (5). In this context, T-cell immunity is the main focus of recently published studies (6), while the role of adaptive immune responses has been described to a lesser extent. In the last 20 years, B-cell dyshomeostasis and an accumulation of several circulating CD21low B-cell populations has been described in different disease entities associated with chronic immune stimulation (such as viral or parasite infection), in common variable immunodeficiencies with immune dysregulation, in GvHD and in autoimmune diseases (7–10). Recently, Oliviero et al. reported on the expansion of atypical memory B cells (CD21low/CD27−/CD10−) in non-immunocompromised patients with SARS-CoV-2 infection in terms of both frequency and cell number in contrast to healthy donors and re-convalescents (11). Additionally, a negative correlation between the proportion of atypical memory B cells and survival was found.

Various transplant centres and transplant societies have published their experience with SARS-CoV-2 infection in the HSCT setting (12). Here we report a case of SARS-CoV-2 infection 9 months after HSCT using a matched unrelated donor (MUD) in a male patient with acute lymphoblastic leukaemia (ALL) suffering from active cGVHD with serious immune dyshomeostasis and systemic immunosuppression.



MATERIALS AND METHODS

The patient's medical report included clinical features, laboratory tests, radiographic imaging, treatment schedules and description of outcome. The detection of SARS-CoV-2 RNA in a nasopharyngeal swab and Epstein–Barr virus (EBV) DNA in peripheral blood was based on real-time polymerase chain reaction (PCR), which is routinely used in our clinic. Neutralising SARS-CoV-2 antibodies were measured by the Elecsys Anti-SARS-CoV-2 S immunoassay (Roche Diagnostics). The thresholds used were <0.80 binding antibody units (BAU) for negativity and >15 BAU neutralising IgG antibodies for positivity (13). Flow cytometry was used for assessment of numbers of B and T lymphocytes, monocytes and natural killer (NK) cells.

Engraftment after HSCT was defined as the time point of a sustained peripheral blood neutrophil count of >500 × 106/L on 3 consecutive days (14) and independency from transfusion for at least 7 days with a platelet count of more than >20,000 × 109/L and a haemoglobin level of ≥7 g/dL (15).

We categorised the severity of SARS-CoV-2 infection using recent guidance from the US National Institutes for Health (NIH) (16). The disease course of SARS-CoV-2 infection can be divided into asymptomatic, mild, moderate, severe and critical presentations. A mild course is characterised by symptoms such as fever, cough, sore throat, malaise, headache, muscle pain, nausea, vomiting, diarrhoea, loss of taste and smell without dyspnoea, and abnormal chest imaging; a moderate course is characterised by lower respiratory tract involvement assessed by clinical and imaging examination, with oxygen saturation (SpO2) ≥94% on room air; a severe course is characterised by SpO2 <94% on room air, a ratio of arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2) <300 mmHg, respiratory frequency >30 breaths/min, or lung infiltrates in more than 50% of lung parenchyma. A critical course presents with respiratory failure, septic shock and/or multiple organ dysfunction or failure (16).



CASE REPORT

Herein, we describe the clinical course of SARS-CoV-2 infection in a 25-year-old male patient of Turkish origin with ALL treated with one course of rituximab and several courses of blinatumomab followed by HSCT with peripheral blood stem cells from an MUD. The myeloablative conditioning regimen comprised 12 Gray total body irradiation and a single dose of etoposide 60 mg/kg. For prophylaxis against GvHD, anti-thymocyte globulin (ATG), cyclosporine A and methotrexate were applied.

HSCT-associated toxicity was unremarkable with mucositis [World Health Organization (WHO) grade III], febrile neutropenia, mild skin toxicity (WHO grade I) and human herpes virus 6 (HHV6) - and herpes simplex virus 1 (HSV1)-triggered mucositis. The patient developed acute skin GvHD of grade II that responded with complete resolution to treatment with a short course of prednisone 2 mg/kg/day and topical therapy with methylprednisolone and pimecrolimus. Cyclosporine A was discontinued at day +67 because of resolution of acute GvHD, prolonged engraftment kinetics and recurrent HHV6 infection. Bone marrow aspiration at day +100 showed complete remission with 100% donor chimerism in all cell populations and sufficient engraftment with the patient being transfusion independent from day +70 onwards.

The subsequent post-transplant phase was complicated by recurrent infections such as HSV1, HHV6/7 mucositis (WHO grade III) and sinusitis (without pathogen detection) accompanied by phases of pancytopenia. Additionally, the patient experienced moderate toxic nephropathy, fatigue syndrome, nausea and malnutrition; he was admitted to hospital at day +130. The microbiological evaluation of stool showed colonisation with Klebsiella pneumoniae that was extended-spectrum β-lactamase (ESBL)-producing and resistant to three antibiotic groups (3MRGN). A routine platelet transfusion given in the context of gastrointestinal endoscopy for exclusion of GvHD was complicated by an immunoglobulin (Ig) E-mediated reaction against plasma proteins. Platelet antibody tests were negative during the whole disease course. Nutritional support with a nasogastric tube, combined antimicrobial and antiviral therapy, and stimulation with granulocyte colony-stimulating factor (G-CSF) were started. The infectious complications and pancytopenia improved slowly but severe thrombocytopenia (thrombocytes 20 × 109/L) persisted without the development of any haemorrhagic syndrome.

At day +150 immune dyshomeostasis was diagnosed, characterised by low levels of circulating CD19+ B cells (21 × 106/L), elevated levels of IgM, an elevated percentage of CD 21low B cells (30%), and the expression of multiple autoantibodies such as thyroid-, cardiolipin-, β-2 glycoprotein- and glutamic acid decarboxylase autoantibodies. Impaired T-cell reconstitution presented as low levels of CD3+ T cells (197 × 106/L), CD3+CD4+ T cells (50 × 106/L), CD3+CD8+ T cells (103 × 106/L) and inversion of CD8/CD4 ratio; CD56+CD16+CD3− natural killer (NK) cells were in the normal range; ferritin was elevated to 5.111 μg/dL (Table 1). Minimal residual disease was not detected. Based on the clinical course, with a Karnofsky performance score of 70%, and laboratory results, graft dysfunction with signs of immune dysregulation and inflammation triggered by recurrent infectious complications was suspected. As part of an individualised treatment plan that took into account the high risk of infection and relapse and immune dysfunction with autoantibody development (possibly followed by GvHD), we aimed for a steroid-sparing regimen: one-time plasma exchange, high-dose intravenous immunoglobulin (IVIg) substitution with steroid pre-medication (5 mg/kg) and extracorporeal photopheresis (ECP) twice weekly. All clinical symptoms improved and the patient was discharged at day +172.


Table 1. Dynamic selected laboratory parameters during follow up after HSCT.
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A few weeks later, at day +212 and most probably triggered by the infectious complications, the patient developed overall severe NIH-defined cGvHD with the following organ-specific scoring: fasciitis score 2 with painful periarthritis, skin score 1 and eye score 2. Liver involvement presented as transaminitis partly interpreted as a steroid-induced side effect. Parameters of the B-cell compartment revealed ongoing CD19+ B-cell deficiency (65 × 106/L), low CD27+ memory B cells associated with diminished non-class- and class-switched memory B-cell subsets (IgD+CD27+ and IgD−CD27+ B cells) and elevated circulating CD21low B cells. Parameters of the T-cell compartment showed similarly low levels to those observed on day +150 (Figure 1; Table 1).
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FIGURE 1. Dynamic engraftment parameters during follow up after HSCT. The time of first auto-Ab detection (day +100), diagnosis of cGvHD (day +212) and diagnosis of SARS-CoV-2 infection (day +252) are shown. Ab, antibody; cGvHD, chronic graft-vs.-host disease.


The patient's personalised cGvHD management plan comprised prednisone (starting at 2 mg/kg/day then tapered to 1 mg/kg/day), IVIg substitution with pre-medication, and topical treatment with steroids, pimecrolimus and moisturisation. Supportive care included trimethoprim 160 mg/day split over two doses, three times a week; ambisome 5 mg twice a week and valganciclovir 900 mg/day split over two doses. IVIg substitution with pre-medication had to be discontinued due to an immediate adverse reaction.

Surprisingly, the patient's cGvHD responded within 4 weeks with a very good partial response in terms of fasciitis with periarthritis and skin manifestations, and complete response in terms of ocular cGvHD. The patient's status improved considerably, with a Karnofsky score of 80–90% followed by increasing psychosocial re-integration.

During the third pandemic wave in Austria in March 2021, the patient was identified at day +252 as being SARS-CoV-2 positive by real-time PCR together with his unvaccinated family. Due to his complex post-transplant course and active cGvHD, the patient was unvaccinated also. A nasopharyngeal swab revealed the variant B1.1.7 of SARS-CoV-2 with 2 × 109 copies/mL at diagnosis. Clinical symptoms were mild with a cough and loss of taste and smell but absence of fever, pulmonary and gastrointestinal symptoms. Oxygen saturation (SpO2) was in the range 94–97% in room air. A thoracic computed tomography scan revealed small COVID-19-typical infiltrates in both upper lung lobes. Additionally, asymptomatic Epstein-Barr virus (EBV) DNAemia (1 × 103 copies/mL at maximum) was detected at the same time. Laboratory assessments at diagnosis of SARS-CoV-2 infection showed thrombocytopenia (24 × 109/L), slightly decreased white blood cell count (2.9 × 109/L), and profound lymphopenia: 46 × 106/L CD19+ B cells, 92 × 106 /L CD3+ T cells, 26 × 106 /L CD3+CD4+ T cells, 58 × 106 /L CD3+CD8+ T cells, an inverse CD4/CD8 ratio and low level of CD56+CD16+CD3− NK cells (55 × 106 /L). C-reactive protein and fibrinogen were slightly elevated and ferritin was raised to 17.839 μg/L, while procalcitonin and interleukin (IL)-6 were normal. Hyperferritinaemia and slightly increased triglycerides and increasing transaminitis led to the diagnosis of macrophage activating syndrome (MAS). Laboratory results are presented in Table 1.

In view of the patient's rising SARS-CoV-2 load and poor immune reconstitution, he was admitted to the SARS-CoV-2-specific intermediate care unit of the University Hospital Vienna. Unfortunately, the patient suffered from an anxiety syndrome aggravated by his SARS-CoV-2 infection and EBV reactivation and left the hospital within hours. Relying on his good clinical condition, the patient refused readmission to the SARS-CoV-2-specific intermediate care unit, being monitored 3 times a week by our HSCT outpatient clinic in a close, coordinated relationship with our external care service.

Therapeutic interventions were discussed within a multidisciplinary team and in accordance with the EBMT recommendations in place at that time: supportive therapy comprised antiviral prophylaxis with valganciclovir and non-steroidal anti-inflammatory drugs; treatment with remdesivir seemed contraindicated due to severe hepatopathy; in consideration of the patient's history of an IgE-mediated plasma protein-specific reaction, we refrained from treatment with re-convalescent plasma transfusions. Prednisone was reduced to 0.8 mg/kg/day in the light of impending EBV-associated lymphoproliferation. At that time, anti-SARS-CoV-2 monoclonal antibodies (mAb) were not available in our country. ECP had to be postponed for nearly 4 weeks due to logistical reasons.

Surprisingly, SARS-CoV-2-specific neutralising antibodies could be detected within 15 days despite serious lymphopenia with B-cell dyshomeostasis and systemic immunosuppression with prednisone. The increasing level of neutralising antibodies correlated with clearance of the SARS-CoV-2 load within 23 days and the expansion of T-cell subpopulations, as shown in Figures 2, 3. The patient's symptoms resolved completely.


[image: Figure 2]
FIGURE 2. Dynamic infectious parameters of SARS-CoV-2 infection and EBV DNAemia. Ab, antibody; CT, cycle threshold; EBV, Epstein-Barr virus.
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FIGURE 3. Dynamic lymphocyte parameters during SARS-CoV-2 infection.


At day +274 (23 days after diagnosis of SARS/CoV-2 infection), coagulation parameters and triglycerides were in the normal range. White blood count, platelets and lymphocyte subsets increased with a tendency toward normal ranges in all other laboratory tests as shown in Table 1. Of note, an autoantibody expression test was negative and there were decreased circulating CD21low B cells. In parallel with these signs of immunological normalisation, the patient cleared EBV DNAemia (Figure 2). Thereafter, we continued ECP and tapered prednisone slowly. Three months later (day +365), chest computed tomography evidenced complete resolution of the SARS-CoV-2-associated pulmonary changes.

At day +296, 44 days after diagnosis of SARS-Cov-2 infection, complete response of active cGVHD manifestations was observed, with mild, irreversibly reduced range of motion and mild dyspigmentation of the skin of the forearms.



DISCUSSION

This case report describes a moderate course of SARS-CoV-2 infection in a patient <9 months after HSCT who had active, severe cGvHD and was undergoing systemic immunosuppressive treatment. Notwithstanding serious immune dyshomeostasis with autoantibody expression, the patient developed a sufficient humoral immune response against SARS-CoV-2 to clear this infection. Furthermore, concomitant EBV reactivation resolved without development of disease despite profound T-cell lymphopenia. Despite our concerns that infection would exacerbate cGvHD, parameters of immune dysregulation with autoantibody expression normalised and were followed by resolution of cGvHD thereafter.

In a retrospective, multicentre study, Passamonti et al. reported a worse outcome of SARS-CoV-2 infection in 536 adult HSCT survivors in comparison to the general population in Italy (17). Summarising risk factor analyses from Italian and Spanish centres, an interval from HSCT beyond 12 months, progressive primary disease status, increasing age, and arterial hypertension are risk factors for poor outcome of SARS-CoV-2 infection (17, 18). Additionally, Shah et al. described an association between the number of comorbidities, chest infiltrates and neutropenia with an unfavourable outcome of SARS-CoV-2 infection in 77 adult patients after cellular therapy (19). An observational Centre for International Blood and Marrow Transplant Research (CIBMTR) study included 318 HSCT recipients with a SARS-CoV-2 diagnosis and confirmed the association of the time interval from HSCT <12 months and age with higher risk of mortality. Of note, a mild SARS-CoV-2 disease course was observed in 49% of patients (20). Varma et al. found that concomitant steroid treatment was an additional risk factor for poor outcome of SARS-CoV-2 infection in adult HSCT patients (21). Recently, Sahu et al. comprehensively reviewed the challenges, risk factors and outcomes of SARS-CoV-2 infection in HSCT patients: active, prolonged immunosuppression and GvHD put patients at higher risk of SARS-CoV-2 infection (12).

Our case illustrates an attenuated SARS-CoV-2 infection in an immunocompromised patient for whom several risk factors for unfavourable outcome were identified such as malignant primary disease (ALL) with pre-HSCT treatment, myeloablative conditioning, recent HSCT (9 months), neutropenia, and active cGvHD with concomitant steroid treatment.

Siddiqi and Mehra hypothesised that there are two pathologic processes in patients with SARS-CoV-2 infection: the first is triggered by the virus itself and the second by the host response (22). They proposed a triphasic clinical staging system: stage I (early infection), stage II (pulmonary phase) and stage III (hyperinflammatory phase) with associated phase-specific signs, symptoms and possible therapeutic targets. Stage I seems to be similar in immunosuppressed and non-immunosuppressed patients, while stages II and III seem to be milder and less frequent in immunosuppressed individuals.

In non-immunocompromised patients, an observed significant decrease in total number of lymphocytes has suggested that lymphocytes, particularly T lymphocytes, are likely targets of SARS-CoV-2 (23). In line with this, de Candia et al. reported that the dysregulation of the innate and adaptive immune system with cytokine storm and deterioration of T-cell response is an essential factor for morbidity in SARS-CoV-2 infection (24). Summarising published evidence Sahu et al. confirmed thrombocytopenia, elevated D-dimers and lymphopenia to be associated with poor prognosis of SARS-CoV-2 infection in immunocompetent patients (12). However, the extrapolation of findings from non-HSCT to HSCT patients seems difficult.

In contrast, studies in paediatric immunocompromised patients showed that T-cell lymphopenia was associated with fewer severe morbidities such as acute respiratory distress syndrome and hyperinflammation (20). We speculate that severe lymphopenia and cGvHD treatment with 0.8 mg/kg/day prednisone and ECP had a protective effect with an attenuated inflammatory response in our patient. Although laboratory assessments revealed signs of MAS, the latter was not represented in clinical symptoms of a cytokine storm. For this reason and because no anti-SARS-CoV-2 mAbs were available at that time, no further therapy was implemented. ECP had to be postponed for 4 weeks due to logistical reasons.

The role of B-cell dyshomeostasis in cGvHD has been reported by several groups, primarily in adult patients (7, 25). Recently, our group and Schultz et al. were able to confirm similar findings in prospective studies of paediatric cGVHD patients (9, 10). Furthermore, Kuzmina et al. described autoantibody expression in patients with cGVHD as a biomarker for autoimmunity and immunodeficiency (8).

Our patient suffered from severe multiorgan cGvHD with signs of B-cell perturbation including autoantibody expression and elevated CD21low B cells. In cGVHD, a reduction in antibody response to neoantigens and a lack of class switch from IgM to IgG is well-known (26). Surprisingly, our patient was able to produce SARS-CoV-2 antibodies. Shah et al. reported that several HSCT patients who lacked circulating B cells were able to develop SARS-CoV-2 antibodies, suggesting antibody production from non-circulating lymph node or tissue-resident cells (19).

In SARS-CoV-2, various autoantibodies have been described and associated with severe disease and the development of autoimmune pathologies (27–29). These findings are consistent with the claim that SARS-CoV-2 has the ability to hyper-stimulate the immune system (30). Unexpectedly, our patient cleared all autoantibodies after SARS-CoV-2 infection, with improvement of immune parameters of the B- and T-cell compartment. We can only speculate that SARS-CoV-2 stimulated but not hyper-stimulated an otherwise aberrant immune system.

The interplay between infection and cGvHD may be mutual: antigenaemia and an inflammatory environment stimulate the development or exacerbation of cGvHD, while immunodeficiency related to cGVHD itself and its treatment favour reactivation and infection (31, 32). We assume that the immunomodulatory effect of ECP as treatment pre and post SARS-CoV-2 infection (together with prednisone) may have allowed the development of immune tolerance with sustained control of severe cGvHD without further risk of infection or ALL relapse (33). Foss et al. reported a case of attenuated SARS-CoV-2 infection in a patient with severe cGvHD treated with ruxolitinib and ECP (34). The authors suggested that ECP or ruxolitinib may have played a role in reducing the inflammatory response. Of note, although the various immunomodulatory mechanisms of ECP for the prophylaxis/treatment of GvHD have been well-published (35), these benefits do not necessarily translate to SARS-CoV-2 infection.

Some authors have observed herpes virus reactivation during SARS-CoV-2 infection in non-compromised patients as an expression of immunodeficiency. Chen et al. reported a co-reactivation of EBV in 50% of patients with SARS-CoV-2 infection (36). Furthermore, Lehner et al. observed EBV DNAemia in 78% of patients with SARS-CoV-2 infection admitted to the intensive care unit (37). An association between EBV reactivation and the severity of CD3+CD8+ T-cell lymphopenia was reported by Liu et al. (38). In our patient, we interpreted the short duration of EBV viraemia without any clinical signs of EBV disease as an indicator of the patient's severe immunodeficiency caused by SARS-CoV-2 infection on top of cGvHD and its treatment. Of note, both donor and recipient were EBV antibody positive before HSCT. Our patient mutually cleared SARS-CoV-2 and the EBV infection. Furthermore, he never experienced SARS-CoV-2 reactivation despite ongoing immunosuppression.

In conclusion, this case suggests that lymphopenia and systemic immunosuppression for active cGvHD at the onset of the SARS-CoV-2 infection 9 months after HSCT might not be a risk factor for an unfavourable outcome. Furthermore, it emphasises the need for close monitoring of additional viral complications during SARS-Cov-2 infection. Our report demonstrates that, despite serious immune dyshomeostasis with autoantibody expression, the patient mounted a sufficient humoral immune response to clear the infection. Moreover, we observed resolution of cGvHD thereafter with ECP and prednisone treatment, although we cannot exclude other contributing factors.
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Thyroid disorders are well-studied after allogeneic haematopoietic stem cell transplantation (HSCT) following total body irradiation (TBI)-based conditioning, occurring in 15–30% of paediatric survivors. The toxic effect of TBI is known but data on the role of immunological dysregulation (ID) and chronic graft-versus-host-disease (cGvHD) are scarce. We studied functional and structural thyroid disorders in 97 paediatric ALL patients after TBI-based HSCT, assessing their correlation with patient/transplant characteristics including cGvHD, prolonged immunosuppression and ID. The 10- and 15-year cumulative incidence (CI) of functional disorders was 50 and 60%. Univariate analysis revealed TBI in 6 vs. 8 fractions (p = 0.01), an interval between ALL diagnosis and HSCT <1 year (p = 0.038), and the application of ATG (p = 0.044) as risk factors. The 10- and 15-year CI of structural disorders was 60 and 80%. No correlation between patient/transplant characteristics and structural disorders was observed. cGvHD, prolonged immunosuppression and additional radiotherapy were not associated with any thyroid disease. We observed a significant correlation between ID and the development of thyroid dysfunction in patients with structural changes (10-year CI: 77% for patients with ID vs. 56% without ID, p = 0.02). The impact of our results on thyroid follow-up evaluations and the significance of hormonal replacement therapy are discussed.

Keywords: hypothyroidism, thyroid cancer, thyroid nodules, total body irradiation, haematopoietic stem cell transplantation, graft-versus-host disease, graft dysfunction


INTRODUCTION

The endocrine system is commonly affected by high-dose chemotherapy and/or irradiation given prior to allogeneic haematopoietic stem cell transplantation (HSCT) during childhood. Thyroid failure after total body irradiation (TBI) as conditioning for paediatric HSCT is well-studied (1, 2). Known risk factors for thyroid disorders are younger age at HSCT (<9 years) and use of TBI for conditioning (1–4); these have also been correlated with the development of thyroid cancer (2, 5). To reduce transplant-related toxicity, an aim of clinical research in the field of paediatric HSCT has been replacement of TBI with chemoconditioning. However, recently Peters et al. showed significantly higher 2-year event-free survival in paediatric patients with acute lymphoblastic leukaemia (ALL) receiving HSCT after TBI-based conditioning vs. after chemoconditioning (6).

Hypothyroidism is usually a relatively early complication after HSCT but it can manifest at any time point, with an increasing incidence during follow-up (2). The most common functional thyroid disorders after HSCT include compensated and overt hypothyroidism as well as immune thyroiditis. The reported incidence of hypothyroidism varies depending on the duration of follow-up, ranging from 15 to 30% for compensated hypothyroidism and from 10 to 15% for overt hypothyroidism. The incidence of immune thyroiditis has been reported to be much lower, at 0.5% (1–3).

In addition to TBI, thyroid dysfunction is associated with busulfan-based conditioning regimens (2). Recently, Slatter et al. described functional thyroid disorders after HSCT for primary immunodeficiencies in patients who had no history of pre-transplant chemotherapy and who received busulfan-based TBI-free conditioning (7). Besides direct toxic damage by TBI or busulfan, an additional alteration of the thyroid caused by virally induced inflammation (e.g., cytomegalovirus reactivation) or by adoptively transferred, donor-derived thyroid antibodies has been described (8). Isshiki et al. observed a correlation between immune thyroiditis and extensive chronic graft-versus-host disease (cGvHD), with the latter being the main immunological complication after HSCT (9). In the context of immunological damage of thyroid, Savani et al. detected an association between prolonged immunosuppressive treatment (but not cGvHD per se) and thyroid alterations (10). A significant association between thyroid autoimmunity and papillary thyroid cancer has been observed in non-HSCT adult patients (11). In children, primary thyroid cancer is a rare event (0.5–3 cases per 1,000,000 patients per year), constituting 1.8–3.0% of all childhood cancers (12–14).

In HSCT patients, Cohen et al. reported from a study on behalf of the European Society of Bone and Marrow Transplantation (EBMT) Late Effects Working Party a significantly higher risk (relative risk, 24.61) of developing thyroid carcinoma in patients transplanted when <10 years old compared with when 11–20 years old (15). Other significant risk factors were irradiation, female sex, and cGvHD (15). Benign and malignant thyroid nodules have been reported in transplanted patients following TBI in paediatric retrospective studies at an incidence of 16 and 8%, respectively (16, 17).

Taking together this published evidence, we hypothesised that thyroid disease after paediatric HSCT is not only caused by toxicity but also by immune dysregulation and cGvHD. To explore this, we conducted a single-centre retrospective study in a paediatric cohort of ALL patients after TBI-based conditioning and HSCT. The aim of the study was to shed light on thyroid disease after HSCT, including functional and structural disorders such as benign and malignant thyroid tumours, and to investigate the potential association between thyroid disease and GvHD, prolonged immunosuppressive treatment and humoral immune dysregulation.



MATERIALS AND METHODS

A total of 97 paediatric and adolescent ALL patients who underwent HSCT at the St. Anna Children's Hospital, Vienna, between October 1984 and September 2016 were included in this retrospective study. All patients received TBI-based myeloablative conditioning with 10–12 Gy in 6 or 8 fractions and standard prophylaxis for GvHD, microbial infections and fungal infections according to institutional guidelines. Inclusion criteria included being alive on day +360 after HSCT, no history of thyroid dysfunction prior to HSCT, and no ALL relapse during the observation time. Written informed consent from parents, guardians, and/or patients in accordance with the Declaration of Helsinki and the institutional review board of the Medical University of Vienna and the St. Anna Children's Hospital was obtained.

We collected patient and transplant characteristics, including the use of additional cranial irradiation at any timepoint before HSCT. Acute GvHD (aGvHD) was graded according to the modified Glucksberg criteria (18) and cGvHD was graded according to the 2005 National Institute for Health (NIH) Consensus Criteria (19). Prolonged immunosuppressive treatment was retrieved from patients' medical records. Prolonged immunosuppression was defined being on immunosuppressive therapy 1 year or longer. Humoral immune dysregulation during HSCT follow-up was defined as: (1) the production of non-specific and antithyroid autoantibodies; or (2) levels of immunoglobulins (Ig) such as IgA, IgM, or IgG below or elevated vs. age-adjusted normal values (a list of detected antibodies is presented in the Supplementary Table 1).

Laboratory tests were performed on days +100, +180, +360, and every 6–12 months thereafter following HSCT. Compensated hypothyroidism was defined as elevated levels of thyroid stimulating hormone (TSH; >4.5 mU/L) with normal levels of the thyroid hormones T4 (thyroxine) and T3 (triiodothyronine). Overt hypothyroidism was defined as elevated TSH levels (>10 mU/L) with T4 below age-dependent references. Immune thyroiditis was defined by the occurrence of antithyroid antibodies. During routine aftercare post HSCT at the HSCT Outpatient & Late Effects Clinic of our institution, compensated hypothyroidism is followed up every 3 months and, in the event of increasing TSH levels, hormonal replacement therapy is started.

Ultrasound examination of the thyroid gland was introduced in January 2000 to our routine aftercare programme; it was carried out annually or every 3–6 months in patients with structural thyroid disorders. Ultrasound was performed with a high-resolution transducer of 14.5 MHz supplemented by Doppler US imaging. The ultrasound images were assessed according to patient's age and sex. The standard thyroid imaging reporting and data system (TI-RADS) (20) was used for the evaluation of nodules.


Statistical Analysis

Cumulative incidences of thyroid disorders were estimated accounting for competing events and compared using Gray's test.

The factors associated with binary outcomes, such as GvHD, prolonged immunosuppressive treatment and humoral immune dysregulation, and the variable thyroid disorders (yes/no) were analysed using univariate binary logistical regression models. Statistical significance was accepted at a p < 0.05. All data analyses were performed using SAS 9.4 for Windows.




RESULTS


Patient and Transplant Characteristics

We studied thyroid disorders in 97 paediatric long-term survivors of ALL following HSCT with a median follow-up of 7.7 years (range 1.0–21.8 years). Median age at transplantation was 10.2 years (range 2.4–26.2 years). Patient and transplant characteristics are shown in Table 1.


Table 1. Patients' baseline characteristics, HSCT characteristics and outcomes during follow-up post HSCT.
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All patients received a TBI-based conditioning regimen with 10–12 Gy in 6 (63/97, 64%) or 8 (34/97, 36%) fractions. Before TBI additional radiotherapy close to thyroid has been applied in 28 patients. About half of all patients (55/97, 57%) received a graft from a matched unrelated donor (MUD) and the other half (42/97; 43%) from a matched sibling donor (MSD). The stem cell source was bone marrow in 78 patients (80%) and peripheral blood stem cells in 19 patients (20%). GvHD prophylaxis comprised cyclosporine A (5 mg/kg) and short-course methotrexate (10 mg/m2 on days +1, +3 and +6) in all patients. In vivo T-cell depletion with anti-thymocyte globulin (ATG) was applied in 54 of the 55 MUD HSCTs. In the overall cohort, 22 patients (23%) had a history of cGvHD, which was mild in 3 of 22 (14%), and moderate to severe in 19 of 22 (86%). Prolonged immunosuppressive therapy, regardless of cGvHD status, was applied in 23 patients (24%).

Signs of humoral immune dysregulation were evident in 56 (58%) patients (Table 1); 17 of these 56 patients (30%) had a history of cGvHD. In 17 of the 56 patients with immune dysregulation (30%) the expression of antinuclear autoantibodies alone or in combination with other autoantibodies was detected. Ten of the 56 patients (18%) with autoantibodies had anti-thyroid autoantibodies. Of note, the majority (7/10) of patients with anti-thyroid autoantibody expression experienced no signs of thyroid disorder.



Thyroid Disorders After HSCT During Long-Term Follow-Up
 
Functional Thyroid Disorders

The 10- and 15-year cumulative incidence of functional thyroid disorders was 50 and 60%, respectively. The median interval between TBI application and diagnosis of a functional thyroid disorder (39/97, 40%) was 3.7 years (range 1.0–15.1 years). Of the 39 patients with functional thyroid disorders, 28 had compensated hypothyroidism (72%), eight had overt hypothyroidism (20%) and three had immune thyroiditis (8%).

In the univariate analysis (Table 2), we found a significant correlation between functional thyroid disorders and a short interval (<1 year) between ALL diagnosis and HSCT (p = 0.038). Regarding the details of the conditioning regimens, TBI in 6 vs. 8 fractions (p = 0.001) and use of in vivo T-cell depletion with ATG (p = 0.044) were significantly associated with the development of functional thyroid disorders. Of note, additional radiotherapy prior to HSCT and moderate-to-severe cGvHD (vs. none or mild cGvHD) showed a significant negative correlation with functional thyroid disorders (p = 0.017 and p = 0.047, respectively).


Table 2. Correlation between thyroid disorders post TBI-based HSCT with patient and transplant characteristics (univariate analysis and binary logistic regression).
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Additionally, in the binary logistic regression we found a significant negative impact of moderate-to-severe cGvHD (vs. no or mild cGvHD) on the development of functional thyroid disorders (odds ratio, 0.303; 95% confidence interval, 0.092–0.993; p = 0.048; Table 2). In the multivariate analysis, only the short interval (≤1 year) between ALL diagnosis and HSCT remained significant (data not shown).



Structural Thyroid Disorders

In 61 of 97 patients (63%), results of ultrasound examination were available for analysis of thyroid structure. The cumulative incidence of structural thyroid disorders increased over time, being 50, 60, and 80% after 5, 10, and 15 years, respectively. The median interval between TBI and diagnosis of structural thyroid disorders (36/61, 59%) was 5.6 years (range 1.1–15.0). Of the 36 patients with structural thyroid disorders, sonographic manifestations were volume reduction or enlargement in 23 patients (64%), benign nodules in seven patients (19%), cysts in three patients (8%), adenoma in one patient (3%) and papillary carcinoma (without metastasis) in two patients (6%).

The two patients with papillary carcinoma were aged 5.6 and 13.6 years old at HSCT and 8.0 and 15 years old at papillary carcinoma diagnosis, respectively. Neither patient had a history of GvHD or humoral immune dysregulation but both had a history of thyroid dysfunction (immune thyroiditis in one and compensated hypothyroidism in the other). The latter patient received long-lasting hormonal replacement therapy with levothyroxine. The first signs of benign nodules were detected at 1.7 and 8.0 years after HSCT, respectively; follow-up of thyroid status, including laboratory tests and ultrasonography, was performed every 6 months. Treatment included total thyroidectomy and iodine ablation treatment. Both patients achieved disease-free status with a median follow-up of 6.3 years (6.0 and 6.7 years, respectively).

We could not detect any association of structural thyroid disorders with patient and transplant characteristics on univariate analysis (Table 2). Next, we evaluated the impact of humoral immune dysregulation on the cumulative incidence of functional thyroid disorders in the subgroup of 36 patients with structural thyroid changes. Twelve of 36 patients (33%) had signs of humoral immune dysregulation and 24 of 36 (67%) had regular immune reconstitution. The cumulative incidence of functional thyroid disorders at 10 years was significantly higher for patients with vs. without signs of immune dysregulation (77 vs. 56%, respectively; p = 0.02) as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Cumulative incidence of functional thyroid disorders in the 36 patients with structural thyroid changes and with or without signs of humoral immune dysregulation. The top curve represents the cumulative incidence of thyroid functional disorders in patients with structural thyroid changes and immune dysregulation (n = 12; blue solid line); the bottom curve represents the cumulative incidence of thyroid functional disorders in patients with structural changes and no immune dysregulation (n = 24; red dashed line).






DISCUSSION

Thyroid disorders after paediatric HSCT using TBI-based conditioning have been well-studied over the last decade (2). Recently, Savani et al. reported an association between thyroid disorders and prolonged immunosuppressive treatment (10). In this present retrospective study on a homogenous cohort of paediatric patients with ALL following TBI-based HSCT, we investigated the incidence of both functional and structural thyroid disorders and the association between these and GvHD, prolonged immunosuppressive treatment and humoral immune dysregulation to gain insight into possible immune-mediated damage to the thyroid gland.

In comparison to published data, we found a high cumulative incidence of functional thyroid dysfunction, 50 and 60% at 10 and 15 years post HSCT, respectively (2, 21, 22). We assume that this outcome was related to our use of regular and very long-term follow-up. The occurrence of immune thyroiditis after TBI conditioning was 8% in our cohort, in line with incidence reported in the literature (2, 21, 23). Contrary to the findings of previous studies (1, 3, 24), we did not find a correlation between the incidence of functional thyroid disorders and female sex, younger age at HSCT (≤12 vs. >12 years), and HSCT in second (vs. first) remission of ALL. Like others, we found a significant relationship between the delivery of TBI in fewer than 8 fractions and functional thyroid disorders. It has been previously reported that the use of more highly fractionated TBI resulted in an increased tissue-sparing effect on the thyroid gland in comparison to the use of single or less fractionated TBI (25). It is well-described that the risk of thyroid damage increases in proportion to applied radiation doses (26, 27). Surprisingly, we could not detect an effect of additional radiotherapy pre HSCT on the incidence of functional thyroid disorders.

In our study, the application of ATG as part of the conditioning regimen was significantly associated with functional thyroid disorders. ATG causes complement-dependent T-cell lysis with the release of cytokines and chemokines, leading to a systemic inflammatory response (28) and to a shift toward hypercoagulation with disseminated intravascular coagulation (29). One may speculate that the thyroid gland may be adversely affected by an ATG-induced inflammatory response.

To our knowledge, the augmentation of the occurrence of thyroid dysfunction in patients who were transplanted within the first year after ALL diagnosis has not been described previously. One possible explanation may be that 1 year or below seems a too short a period for complete regeneration of the thyroid gland before HSCT.

In addition to our results regarding functional thyroid disorders, we observed a high cumulative incidence of structural thyroid disorders which increased over time, being 50, 60, and 80% after 5, 10, and 15 years, respectively. The most common structural disorders observed in patients were thyroid volume changes. Vivanco et al. reported in retrospective study of 76 paediatric patients with haematological malignancies treated with TBI an incidence of benign and malignant nodules over 10 years of 16 and 8%, respectively (17). Faraci et al. published an incidence of malignant nodules of 14% in a retrospective study of 42 paediatric patients after autologous and allogeneic HSCT after TBI-based conditioning with 10 years' follow up (16). In our study, the incidence of benign and malignant nodules was 19 and 6 %, respectively. We observed the same occurrence of benign nodules but the incidence of thyroid cancer was lower compared to data in the literature. Only two out of 97 patients developed papillary carcinoma in our cohort. In HSCT patients, Cohen et al. reported from a study on behalf of the EBMT Late Effects Working Party a significantly higher risk (relative risk, 24.61) of developing thyroid carcinoma in patients transplanted when <10 years old vs. 10–20 years old (15). Other significant risk factors for thyroid carcinoma in that study were irradiation, female sex and cGvHD (15). None of patients with thyroid carcinoma had cGvHD. One reason for the low prevalence of thyroid carcinoma in our study vs. other studies might be a protective effect of our practice of starting hormonal replacement therapy early and in the absence of clinical signs of hypothyroidism. In our experience, early introduction of hormonal replacement therapy seems beneficial both with regard to diminishing the risk of thyroid adenoma and carcinoma and to minimising growth failure and delayed development (30, 31).

In our study, presence of a functional thyroid disorder was inversely correlating with cGvHD and was not associated with prolonged immunosuppressive treatment. Indeed, Savani et al. found in adult HSCT patients no correlation between thyroid dysfunction and cGvHD but, in contrast to our data, did find a correlation with prolonged immunosuppression (10). The authors speculated that the thyroid gland might be susceptible to damage by prolonged immunosuppressive treatment directly or to immune-mediated damage. In this regard, we found a significant impact of signs of humoral immune dysregulation on the cumulative incidence of developing functional thyroid disorders in the patient subgroup with structural changes. The cumulative incidence of a thyroid functional disorder at 10 years was significantly higher for patients with vs. without humoral immune dysregulation (77 vs. 56%, respectively; p = 0.02). Additionally, Slatter et al. found evidence of immune-mediated thyroid damage in paediatric patients with primary immunodeficiencies after HSCT with chemotherapy-based conditioning regimens (7).

So far, the role of humoral immune dysregulation after HSCT with regards to the expression of specific and non-specific autoantibodies remains unclear; we did not find a higher prevalence of immune thyroiditis in patients expressing antithyroid antibodies than in those patients without antithyroid antibodies. The expression of autoantibodies after HSCT usually reflects an impairment of the transplanted adaptive immune system where immunoregulatory mechanisms are not yet well-established (32).

Our study has potential limitations: it was a retrospective study and not all patients were evaluated by ultrasound. Furthermore, clinical details regarding chronic inflammation and viral complications were not available although they would have been of interest.

In conclusion, in the long-term follow-up of paediatric patients with ALL after HSCT with TBI-based conditioning, we found a high incidence of both functional and structural thyroid disorders, with incidence increasing over time. We learned that thyroid damage after HSCT is multifactorial and it is without a direct impact of cGvHD. However, we found a significant correlation between humoral immune dysregulation and the development of thyroid dysfunction. Therefore, we suggest adding the evaluation of humoral immune dysfunction to the regular thyroid follow-up of patients post HSCT, including laboratory tests and ultrasound examination of the thyroid gland. The early implementation of hormonal replacement therapy as a strategy to prevent thyroid adenoma and carcinoma after paediatric HSCT needs to be proven in a prospective, multicentre study.
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A Corrigendum on
 To Lighten the Burden of Cure: Thyroid Disease in Long-Term Survivors After TBI Conditioning for Paediatric ALL

by Zubarovskaya, N., Bauer, D., Ronceray, L., Poetschger, U., Kurzmann, P., Lender, C., Kuzmina, Z., and Lawitschka, A. (2022). Front. Pediatr. 9:798974. doi: 10.3389/fped.2021.798974



In the original article, there was an error in the Discussion section, paragraph ten. “We learned that thyroid damage after HSCT is multifactorial and has a direct impact on rates of cGvHD.” was inaccurately worded resulting in a false representation of the intended message. The corrected paragraph appears below.

“In conclusion, in the long-term follow-up of paediatric patients with ALL after HSCT with TBI-based conditioning, we found a high incidence of both functional and structural thyroid disorders, with incidence increasing over time. We learned that thyroid damage after HSCT is multifactorial and it is without a direct impact of cGvHD. However, we found a significant correlation between humoral immune dysregulation and the development of thyroid dysfunction. Therefore, we suggest adding the evaluation of humoral immune dysfunction to the regular thyroid follow-up of patients post HSCT, including laboratory tests and ultrasound examination of the thyroid gland. The early implementation of hormonal replacement therapy as a strategy to prevent thyroid adenoma and carcinoma after paediatric HSCT needs to be proven in a prospective, multicentre study.”

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Allogeneic haematopoietic stem cell transplantation (HSCT) is indicated in children with high-risk, relapsed or refractory acute lymphoblastic leukaemia (ALL). HLA-matched grafts from cord blood and stem cell repositories have allowed patients without suitable sibling donors to undergo HSCT. However, challenges in procuring matched unrelated donor (MUD) grafts due to high cost, ethnic disparity and time constraints have led to the exponential rise in the use of stem cells from human leukocyte antigen (HLA)-haploidentical family donors. Whilst HLA-haploidentical HSCT (hHSCT) performed in adult patients with acute leukaemia has produced outcomes similar to MUD transplants, experience in children is limited. Over the last 5 years, more data have emerged on hHSCT in the childhood ALL setting, allowing comparisons with matched donor transplants. The feasibility of hHSCT using adult family donors in childhood ALL may also address the ethical issues related to selection of minor siblings in matched sibling donor transplants. Here, we review hHSCT in paediatric recipients with ALL and highlight the emergence of hHSCT as a promising therapeutic option for patients lacking a suitable matched donor. Recent issues related to conditioning regimens, donor selection and graft-vs.-host disease prophylaxis are discussed. We also identify areas for future research to address transplant-related complications and improve post-transplant disease-free survival.
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BACKGROUND

Allogeneic haematopoietic stem cell transplantation (HSCT) is used to consolidate remission in patients with genetic subtypes of childhood acute lymphoblastic leukaemia (ALL) at high risk of relapse as well as those with relapsed or refractory disease. For the latter two groups, immunotherapy such as anti-CD19 antibodies as well as chimeric antigen receptor (CAR) T cells have been utilised. However, these new immunotherapy modalities are relatively expensive and not universally available. Notably, immunotherapy has not completely removed the need for HSCT in patients with relapsed or refractory ALL.

Currently, human leukocyte antigen (HLA)-matched sibling donors (MSDs) are the preferred choice for children with ALL who need to undergo HSCT for disease control (1). However, sibling pairs have only a 25% chance of inheriting the same HLA haplotype; thus, volunteer donor stem cell and umbilical cord blood registries have been established to provide an alternative source of HLA-matched donor grafts.

Banked cryopreserved umbilical cord blood units allow greater mismatching degree and are easily available with faster procurement. Studies have demonstrated the benefits of umbilical cord blood transplantation in paediatric haematologic malignancies where cord blood cell dose and HLA-grade matching are crucial factors for transplant outcome (2–4). However, umbilical cord blood transplantation still carries high risks of graft failure, delayed engraftment and slower immune reconstitution. Additionally, with single umbilical cord blood units, there is no source for subsequent stem cell boost or other cell-based therapies (4).

Despite the availability of international stem cell repositories, challenges in procuring matched unrelated donor (MUD) grafts due to high costs, ethnic disparity and time constraints have led to the exponential rise in the use of stem cells from HLA-haploidentical family donors, reflected in registry data of the last decade (5). HLA-haploidentical HSCT (hHSCT) allows immediate and almost universal family donor availability (HLA-matched at 8 out of 10 loci or less) at lower cost and easier accessibility than MUD and so has expanded curative options for many ALL patients with urgent transplant indications.

Currently, hHSCT can be performed using either manipulated or unmanipulated grafts with various strategies to eliminate prohibitive graft-vs.-host disease (GvHD). For manipulated donor marrow or peripheral blood grafts, ex-vivo T-cell depletion is performed using sophisticated cell sorting machines which remove immune cell subsets that cause GvHD (TCRαβ, CD45RA+, CD19+ depletion). Conversely, subsets that provide graft-vs.-leukaemia (GVL) effect namely TCRγδ T cells as well as NK cells, monocytes and dendritic cells which promote prompt immune reconstitution are retained.

A technically simpler platform comprises an unmanipulated graft with in vivo depletion of alloreactive T cells and high-dose post-transplant cyclophosphamide (PTCy). The hHSCT-PTCy technique—pioneered by researchers from Johns Hopkins University (6)—is widely applied clinically and has substantially extended the use of hHSCT in patients with acute leukaemia. Another method is the Beijing “GIAC” protocol, developed by Huang et al. This comprises granulocyte colony-stimulating factor (G-CSF)-primed donor peripheral blood and marrow stem cells and intensive immunosuppression using mycophenolate mofetil (MMF), cyclosporine A (CsA), methotrexate and anti-thymocyte globulin (ATG) (7).

Here, we review the hHSCT experience for children with ALL and discuss the development of hHSCT as a promising therapeutic option for those lacking an HLA-matched donor.



IMMUNOBIOLOGY CONSIDERATIONS IN HSCT

HLA diversity is the cornerstone of “self” vs. “foreign” recognition in the immune system. The biological role of HLA class I and class II molecules is to present processed peptide antigens to immune cells for non-self recognition and killing. HLA mismatch between a recipient and a stem cell donor represents a bi-directional risk factor for both GvHD and graft rejection (host-versus-graft). GvHD is caused by immunocompetent donor T cells contained in the stem cell graft. In hHSCT, several methods have been developed to deplete alloreactive donor T cells with the goal of averting or minimising GvHD. However, although efficient T-cell depletion of donor marrow leads to a lower incidence of acute GvHD, a higher incidence of graft failure, leukaemia relapse and delayed immune reconstitution may result (8). Graft rejection in this instance is mediated by recipient cytotoxic T lymphocyte precursors that survive the conditioning regimen, along with anti-donor HLA antibodies (9, 10). Although markedly reduced by pre-transplantation conditioning chemotherapy or radiation, residual recipient immune cells are often adequate to mount a response against a graft that is “unprotected” by donor immune cells. Thus, a successful hHSCT outcome requires a nuanced immunological balance between the haploidentical graft and recipient.

T cells play a central role in the pathophysiology of both GvHD and the GVL effect. A key event in the development of acute GvHD is the interaction of T cells expressing a suitable T-cell receptor with antigen-presenting cells that express host major histocompatibility complex or minor histocompatibility antigen peptides. Activated CD8+ T-cytotoxic and CD4+ T-helper (Th)1, Th2, and Th17 cells can directly cause GvHD via release of cytolytic cytokines such as perforin or tumour necrosis factor alpha (11). Additionally, co-stimulatory pathways such as CD40 ligand (12) and programmed death 1 and programmed death ligand 1 (PD-L1) (13)—key cytokines that influence T-cell differentiation as well as metabolic pathways that provide energy for T-cell proliferation (14)—contribute to overlapping mechanisms that promote GvHD. In gut GVHD, intestinal tissue damage from conditioning therapy results in the recruitment of innate immune cells to the injured tissue and release of damage-associated molecular pattern (DAMP) molecules. Infiltration of neutrophils and monocytes into the gastrointestinal tract causes activation and production of reactive oxygen species that contribute directly to tissue damage. DAMP molecules enhance GVHD through cleavage of precursor intracellular cytokine pro-interleukin-1β into its bioactive form by caspase-1 or caspase-11, and through the transcription of genes that encode cytokines and chemokines that promote GVHD. Inflammatory responses may also be induced by infectious pathogens that trigger the release of pathogen-associated molecular pattern (PAMPs) molecules. These molecules activate innate immune cells that migrate from damaged intestinal epithelium to mesenteric lymph nodes for antigen presentation and donor T cell activation (14).

Recently, two groups (15, 16) have proposed a novel mechanism of GvHD pathophysiology. Using single-cell analysis, Jardine et al. demonstrated that acute GvHD can result from peripheral host T cells resident in the skin and gut being stimulated against donor antigen-presenting cells in the form of monocyte-derived macrophages. These donor-derived macrophages have enhanced antigen-presenting functions that could enable the activation of residual host T cells, resulting in host-vs.-graft responses that may be indistinguishable from GvHD clinically (16). Divito et al. reported similar findings of host peripheral T cells in skin GvHD specimens (15). They developed a humanised mouse model of skin GvHD where skin-resident host T cells were activated by donor monocytes (15).

CD4+/CD25+/Foxp3+ regulatory T cells (Tregs) play a protective role by downregulating the immune response when it is no longer needed, thus maintaining immune homeostasis. Tregs suppress the immune response in several ways, including: (1) producing anti-inflammatory cytokines such as transforming growth factor (TGF)-b and interleukin (IL)-10; (2) suppressing activation and proliferation of both T-helper and T-cytotoxic cells; and (3) suppressing B cells and dendritic cells. Memory CD45RO+ Tregs do not express the bone marrow homing receptor CXCR4; thus, few donor Tregs migrate to the host marrow (17, 18). The lack of donor Tregs in the marrow allows for unopposed conventional T-cell alloreactivity and is the basis for the GVL effect.

NK cells are regulated by a number of receptors that finely tune potent effector functions including cytolytic activity against different target cells and release of cytokines that play a major role in inflammation and immunoregulation. NK-cell education or licencing facilitates a balance between self-tolerance under physiologic conditions and maintenance of the ability to mediate an immune response against microbial pathogens and leukaemia cells (19). The role of natural killer (NK) cells in the pathogenesis of GVHD is still controversial. The conventional view is that, in contrast to T cells, alloreactive NK cells protect against GvHD. Normal recipient tissues that are common targets of T-cell-mediated GvHD, such as skin and gut mucosa, are spared due to lack of ligands for activating NK-cell receptors. Donor NK cells can also eliminate recipient-type antigen-presenting cells, a process that is based on mismatches of killer-cell immunoglobulin-like receptors (KIR), thus preventing presentation of host antigens to graft T cells. However, several recent studies have revealed that whilst NK cells naturally suppress GVHD, highly pre-activated NK cells can induce donor T-cell alloreactivity through the production of proinflammatory cytokines such as TNF-α and IFN-γ (20).

NK-cell alloreactivity is especially useful in the setting of HLA-mismatched transplants, where NK cells exert anti-leukaemic activity without concomitant GvHD (21). In HLA-mismatched HSCT for acute myeloid leukaemia (AML), NK-cell alloreactivity has been shown to decrease the risk of relapse while enhancing engraftment and reducing GvHD by eliminating host dendritic cells (22). More recently, improved understanding of NK cell biology has led to the use of KIR-ligand mismatched donors to enhance the GVL effect in patients undergoing HSCT for haematologic malignancies (23, 24).

The goal of hHSCT is to optimally manipulate immune cells of both the host and donor to achieve stable engraftment, immune reconstitution with adequate GVL effect and protection against infections, while simultaneously achieving immune tolerance which affords acceptable GvHD.



hHSCT IN THE TREATMENT OF HAEMATOLOGICAL MALIGNANCIES

hHSCT has been utilised in the management of patients with haematological malignancies for over 30 years. In the 1990's, a group in Perugia successfully demonstrated a method to overcome the immunological barrier in hHSCT through the infusion of “megadose” T-cell-depleted progenitor cells after high-intensity conditioning in adults with acute leukaemia (25). The method was associated with high engraftment rates and minimal GvHD but a high incidence of non-relapse mortality (NRM) and relapse rates (26). Over time, optimization of the conditioning regimen and evolving graft processing techniques for modulation of T-cell alloreactivity have alleviated the main challenges for transplantation across the HLA barrier, i.e., graft rejection, GvHD and unacceptably high treatment-related toxicity (TRM).


T-Cell-Depleted hHSCT

Introduction of refined, partial T-cell-depletion methods (αβ-depleted hHSCT) has considerably improved post-transplant immune reconstitution as well as anti-infective and anti-leukaemia (GVL) activity, resulting in outcomes comparable to MSD and MUD transplants (27–30).

In a single-centre cohort of 80 children with ALL in remission, Locatelli et al. reported a disease-free survival (DFS) of 71% using TCRαβ T-cell- and CD19-depleted hHSCT following myeloablative conditioning with ATG, comparable to DFS with transplants using MSD or MUD grafts (30). Another Italian multicentre study that involved 98 children with leukaemia who underwent TCRαβ T-cell- and CD19-depleted hHSCT following myeloablation presented a 5-year probability of leukaemia-free survival (LFS) of 62%, with chronic GvHD-free/relapse-free survival (GRFS) outcomes comparable to those of MUD transplants and superior to mismatched unrelated donor (MMUD) transplants (27). Lang et al. reported encouraging results for children with leukaemia in first complete remission (CR1) to CR3 using TCRαβ T-cell- and CD19-depleted hHSCT following myeloablation (1-year EFS of 100%), although no patients with active disease survived (29). This group also showed the successful use of TCRαβ T-cell- and CD19-depleted hHSCT following reduced-intensity conditioning (RIC) in a study of 30 patients, including 10 patients with ALL (31). Good outcomes using T-cell-depleted hHSCT were also reported by Shelikhova et al. in paediatric ALL patients; the probability of 2-year EFS was 49.6% and 2-year OS was 50%) (32). A Turkish study in paediatric acute leukaemia patients showed that the survival of patients with high-risk acute leukaemia after TCRαβ T-cell- and CD19-depleted hHSCT with use of ATG and mesenchymal stem cells was comparable to MUD transplantation (28). Jacoby et al. reported an EFS of 61% in children with leukaemia using total body irradiation (TBI)-based conditioning and αβ-T-cell-depleted hHSCT (33). Recently, the ALL SCT Berlin-Frankfurt-Münster (BFM) Study Group conducted a study with 569 children with very-high-risk ALL who received HSCT. Among them, 106 patients had a graft from a mismatched donor and 62 of them received an ex vivo T-cell-depleted peripheral blood stem cell graft either by positive CD34+ selection or by negative CD3+/CD19+ depletion. The 4-year EFS was statistically better for patients transplanted from matched compared with mismatched donors and this was attributed to a lower NRM (1).



T-Cell Replete hHSCT With PTCy

The PTCy method of hHSCT has been used with both RIC and myeloablative conditioning regimens and also using either blood or marrow stem cells. In the original PTCy-based protocol published by the John Hopkins University group, the use of RIC with PTCy after bone marrow transplantation was associated with acceptable incidences of graft failure and GvHD but a high risk of relapse (6). There is limited data to estimate the efficiency and safety of hHSCT using unmanipulated grafts in the paediatric setting and results from larger studies of adult patients with ALL may not be accurate to extrapolate to children. In several small series of T-cell-replete hHSCT in high-risk paediatric ALL patients, acceptable rates of GvHD and NRM with effective and rapid immune reconstitution have been reported (34, 35).

The first study in a paediatric-only cohort was from Japan and comprised 15 children with advanced leukaemia (36). Both bone marrow and peripheral blood grafts were used. CR was achieved in 46% of the patients but long-term outcome was poor. A high incidence of grade III–IV GvHD (25%) was reported and this was attributed to the use of RIC and single-day cyclophosphamide (day +3) as opposed to two doses. Klein et al. studied the use of RIC in children and young adults with haematological malignancies, including ALL, and found a low NRM rate but a high cumulative incidence of relapse (52% at 2 years) (37). Majority of patients received bone marrow graft and two patients received peripheral blood graft. Another recent study by Trujillo et al. reported on 42 children with high-risk malignancies (22 with ALL) who underwent hHSCT-PTCy with RIC (fludarabine plus busulfan or melphalan, and low-dose TBI) and peripheral blood as the stem cell source (38). The group demonstrated outcomes comparable to studies utilising myeloablative regimens, with 1-year TRM of 14%, a relapse rate of 26%, 3-year OS of 56%, and 3-year EFS of 46%. However, a high incidence of moderate-to-severe GvHD was seen in younger children, with 40% of those <10 years of age experiencing grade III–IV GvHD. In a retrospective study comparing hHSCT-PTCy to HSCT using an MUD or MMUD after RIC in paediatric patients with acute leukaemia, a group in Italy reported similar outcomes with regards to 5-year OS, NRM and relapse incidence between the three groups (39).

A myeloablative preparative regimen followed by hHSCT-PTCy using peripheral blood stem cells was used in 20 children with advanced leukaemias. The 2-year OS as reported by Jaiswal et al. was 64.3% (40). NRM at 1 year was 20% and this was associated with grade III–IV GvHD (39). Similarly to the study by Trujillo et al., it was noted that high-grade GvHD occurred only in children <10 years and there was a higher incidence of early alloreactivity in the form of haemophagocytic syndrome in this age group, findings not previously noted in the adult population. Other studies which have used myeloablation followed by hHSCT-PTCy involving children with ALL were by Uygun et al. (n = 60, Turkey), Yesilipek et al. (n = 15, Turkey) and Symons et al. (n = 96, USA). The 1-year OS for these children was 64, 75, and 73%, respectively, whilst EFS was 59, 68, and 57%, respectively (41–43). Katsanis et al. conducted a study utilising hHSCT- PTCy – this time in 13 ALL patients who received myeloablation and were negative for minimal residual disease (MRD) prior to hHSCT. With a median follow-up of 25 months, OS was 84.0% and the GRFS rate was 50.1% (44).

An Italian study in 33 children with haematological malignancies (15 with ALL) using RIC or myeloablative conditioning mostly with bone marrow stem cell graft reported 1-year OS of 72%, CIR of 24%, and TRM of 9% (34). In a similarly designed study by Sharma et al. (17 children with acute leukaemia, median follow-up of 393 days, use of peripheral blood stem cells), OS and EFS were 70.5 and 64.7%, respectively. Of note, three of four children who received RIC relapsed (45).

Recently and on behalf of the European Society of Blood and Marrow Transplantation (EBMT), Ruggeri et al. reported on 180 children with ALL (69% in CR1 or CR2) who received a preparative regimen of either myeloablative conditioning or RIC (46). The results were promising, with a cumulative incidence of relapse (CIR) of 25.1 and 37% for those in CR1 and CR2, respectively, and 2-year NRM of 19.6% for the whole cohort. Cumulative incidence of grade III–IV aGvHD was 12.4%, with a worse outcome in those who received peripheral blood stem cells compared with bone marrow grafts (18.9 vs. 6.2%, respectively; p = 0.04). Disease status was an independent predictor of reduced survival, with 2-year LFS of 65, 44, and 18.8% in those transplanted in CR1, CR2, and CR3, respectively, and 1-year LFS of 3% for those transplanted in active disease.

More recently, several groups have adopted modifications to the hHSCT-PTCy approach. Adaptations include earlier initiation of a calcineurin inhibitor (CsA or tacrolimus) on day 0 and MMF on day +1 followed by PTCy on days +3 and +5 (47, 48). Early administration of a calcineurin inhibitor is thought to spare some donor lymphocytes from the tolerizing effects of cyclophosphamide, thus preserving a GVL effect and reducing the incidence of relapse (49). Previous studies have found this modified approach to be associated with low rates of chronic GvHD and a CIR of about 25% in adult patients with haematologic malignancies (47, 48). The Acute Leukaemia Working Party-EBMT group recently published a retrospective comparative study on the timing of PTCy and immunosuppressive therapy in 509 patients with acute leukaemia. When compared with patients who received PTCy on days +3 and +4 along with CsA/tacrolimus + MMF on day +5, the group who received PTCy on days +3 and +5 with early CsA + MMF initiation on days 0 and +1, respectively, demonstrated significantly better LFS (HR 0.62; p = 0.02) and GRFS (hazard ratio [HR] 0.58; p = 0.02) primarily due to a lower incidence of relapse (50).

Overall, these recent studies validate the feasibility of the hHSCT-PTCy platform for children with high-risk ALL. The optimal timing for cyclophosphamide administration and the combination of immunosuppressive agents in hHSCT is still unknown, although several studies have shown encouraging outcomes for the modified PTCy approach (42, 47, 48, 50).



ATG-Based T-Cell Replete hHSCT

Application of the Beijing “GIAC” hHSCT protocol in 42 children with haematological malignancies was first reported by Liu et al. (51). Outcomes were acceptable, with 3-year LFS of 57.3%, but there were high rates of acute grade II–IV GvHD (57.0%) and chronic GvHD (56.7%) (51). Five years later, the same group reported on the efficacy and safety of this transplantation method for children with ALL and acute myeloid leukaemia (AML) in CR1 or CR2 (52). The 5-year LFS for patients with ALL in CR1, CR2 and beyond CR2 or non-remission were 68.9, 56.6, and 22.2%, respectively. In this study, 19% of cases in CR1 relapsed, whilst NRM was 15% in CR1/CR2. A large study of 1,210 transplants by Wang et al. included children with ALL (450 patients <20 years; 38% patients with ALL) and reported DFS of 67% and NRM of 17% (53). A similar study by Mo et al. using the Beijing protocol in 65 children with high-risk ALL reported a 2-year probability of OS and DFS of 82 and 71%, respectively (54). Good results with an estimated 3-year OS of 69.5% and DFS of 63.5% have been noted in children with high-risk Philadelphia chromosome positive (Ph+) ALL managed with this hHSCT protocol (55, 56).

Several groups have described other methods of hHSCT without ex-vivo T-cell depletion and using ATG-based GvHD prophylaxis. A study by Ji et al. described the use of ATG-based GvHD prophylaxis with GCSF-primed bone marrow alone, and intensive post-transplant immunosuppression consisting of MMF, CsA, methotrexate, and the addition of anti-CD25 antibody, basiliximab, in 38 patients (both children and adults) with haematological malignancies. Basiliximab is a chimeric monoclonal antibody directed against CD25 present on activated lymphocytes and inhibits IL-2 mediated T cell activation and proliferation, thus reducing the risk of GVHD. The reported 2-year DFS was 53%, with low rates of acute grade II–IV GvHD (11%) and chronic GvHD (15%) (57). A similar study conducted by an Italian group reported very low rates of advanced and chronic GvHD—-at 5 and 6%, respectively—-but with a non-negligible TRM rate of 30%. The 3-year OS probability was 45% (54% in the standard-risk group, 33% in the high-risk group) and 3-year DFS was 38% (44% in the standard-risk group, 30% in the high-risk group) (58).

An innovative approach of combining the Beijing protocol with low-dose PTCy (14.5 mg/kg) in hHSCT has been reported in 114 patients with haematological malignancies who also had a high risk of post-transplant GvHD (mother or collateral donor). The study reported significantly improved incidences of grade III–IV GvHD (5 vs. 8%, p = 0.003), and improved NRM (6 vs. 15%, p = 0.045) compared with the original Beijing protocol (59), thus suggesting a synergistic combination of the two modalities.

Different registries have published reports on comparisons of outcomes between PTCy and the Beijing protocol in adult patients with leukaemia. In 2017, the EBMT consortium reported comparable outcomes in relapse rates and OS between PTCy and the Beijing protocol although NRM was lower in the PTCy arm (60). In contrast, the Chinese Bone Marrow Transplantation Registry Group (CBMTRG), reported significantly higher NRM and inferior PFS and OS in hHSCT-PTCy for haematological malignancies compared with G-CSF/ATG (61).

Direct comparison of outcomes using the different hHSCT approaches is difficult as studies in children have mostly involved small numbers of patients and included patients with other diagnoses. A head-to-head study comparing hHSCT using T-cell-depleted or T-cell-replete grafts in children with high-risk haematological malignancies was performed in Uruguay, involving 40 patients (15 with ALL) (62). T-cell-depleted transplants were performed using RIC, while most of those in the T-cell-replete PTCy arm received myeloablation. The results were comparable (actuarial OS rates at 2 years 47 vs. 48%, and 1-year TRM 24 vs. 26%, respectively, for the T-cell-depleted vs. T-cell-replete PTCy grafts) except for the incidence of chronic GvHD which was significantly higher in the PTCy group (9 vs. 53%, respectively, p = 0.029). In a larger study involving 192 children with high-risk leukaemia, the Spanish Working Group (GETMON/GETH) compared outcomes between hHSCT using PTCy and ex-vivo T-cell depletion. Similar OS, DFS and relapse incidence was observed between the two platforms, suggesting efficacy of both methods in childhood leukaemia (63).

A very comprehensive review and summary of the advantages and disadvantages of the three different approaches used in paediatric hHSCT has been done by Shah (64) and are summarized in Table 1. The Beijing GIAC method has the lowest risk of graft failure but has two disadvantages: namely a higher risk of GvHD and the need for the donor to undergo two stem collection procedures. Notably, GIAC hHSCT in children with haematological malignancies in CR1 has resulted in superior outcomes compared with transplants utilising umbilical cord blood from MUDs (65, 66). The John Hopkins' PTCy approach is easily applicable and has the lowest delivery cost yet carries a risk of graft failure risk of up to 15% as well as risks of sinusoidal obstruction syndrome (up to 20%) and haemorrhagic cystitis (up to 35%) (35, 37, 64). T-cell-depleted HSCT is associated with a very low incidence of GvHD but has been reported to have a higher risk of viral infections. Moreover, ex vivo T-cell depletion is costly and requires sophisticated laboratory infrastructure.


Table 1. Comparative features of the various hHSCT approaches used in treatment of children with haematological malignancies.
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The various studies discussed above have demonstrated that hHSCT is efficacious in children with ALL. Whilst some studies have demonstrated that matched donor HSCT has superior CIR and NRM in children with ALL, these differences are largely seen only in those in the very-high-risk category (1). Thus, hHSCT remains a feasible transplant option for children with ALL lacking a matched donor, although infections and GvHD remain significant challenges.




OPTIMAL DONOR CHOICE IN hHSCT

For the majority of children, two or more potential haploidentical donors are usually available. Studies using various hHSCT methods have reported dissimilar incidence of GvHD, TRM and relapse incidence using different preferred donors, thus raising the question of best donor choice for a specific hHSCT platform. Here, we review studies involving only children with ALL as well as studies in which adult ALL patients or children with various other haematologic malignancies were included to identify the best donor option for each hHSCT method.

A large study of 1,210 patients treated using the Beijing hHSCT platform in children and adults with haematological malignancies including ALL was conducted by Wang et al. (53). Younger donors and paternal donors were associated with better outcomes (lower NRM and better survival) when compared with older donors and maternal donors, respectively.

Transplants using sibling donors who did not share inherited maternal HLA antigens with the recipient (i.e., non-inherited maternal antigen [NIMA] mismatched) were associated with the lowest incidence of acute GvHD when compared with transplants using sibling donors who were non-inherited paternal antigen (NIPA) mismatched or parental donors. Thus, for hHSCT using the Beijing protocol, a NIMA-mismatched younger male sibling is the preferred donor followed by the father over the mother or a sister.

Optimal donor choice for children with ALL undergoing hHSCT-PTCy has largely been extrapolated from studies using adults, although some studies have included paediatric patients. These studies have alluded to an influence of donor age and gender on outcomes. Berger et al. reported that in 33 children and adolescents with various haematological malignancies who underwent hHSCT-PTCy, female patients and patients who had maternal or other female donors had a significantly lower risk of relapse than other patients (female vs. male patient: 7 vs. 35%; female donor vs. male donor: 10 vs. 40%; mother donor vs. other donor: 0 vs. 35%, respectively) (34). In contrast, Kasamon et al. found that hHSCT-PTCy in male recipients with a female donor was associated with an inferior EFS compared with male recipients with a male donor (HR 1.47; p = 0.04) (67). More recent paediatric studies have not confirmed selection criteria for the most ideal donor. However, donors of the same sex and with a similar ABO blood group and cytomegalovirus serostatus as the recipient are preferred, as are recipients with an absence of HLA antibodies to the donor. In an international study of 180 children with ALL who received hHSCT-PTCy, a multivariate analysis found that donor selection based on relationship to recipient did not affect NRM; instead, disease status at transplant, age >13 years and use of peripheral blood stem cell grafts were independent factors associated with decreased OS (46). Trujillo et al. reported on 26 children with ALL who received RIC followed by hHSCT-PTCy. The incidence of acute grade III–IV GvHD was 17%, OS was 56%, and EFS was 46%, with no association between these outcomes and donor–recipient kinship (38).

The impact of donor selection has been more thoroughly investigated in hHSCT using T-cell-depleted grafts. In a study of 36 paediatric patients (17 AML, 19 ALL) who received haploidentical T-cell depleted (CD34+ selected) grafts, the risk of relapse was best predicted by the presence of inhibitory KIR on the donor's NK cells and the absence of matching KIR ligand in the HLA repertoire of the recipient (68). In contrast to previously described ligand–ligand models, this was named a receptor–ligand model (or missing-self model); NK-cell alloreactivity based on this model more accurately predicted a lower risk of relapse. Additional factors that confer a reduced risk of relapse in children with ALL include the use of grafts from KIR haplotype B donors compared with KIR haplotype A, and the presence of centromeric but absence of telomeric group B KIR haplotypes (69, 70). Taken together, these studies suggested that KIR genotyping is an important consideration for donor selection in T-cell-depleted hHSCT. Donor age and sex have also been recognised to influence transplant outcomes in this setting. A study of 94 paediatric patients with high-risk leukaemia who received CD3+/CD19+ and TCRαb+/CD19+ T-cell-depleted haploidentical grafts by Gonzalez-Vicent et al. demonstrated faster recovery of immune cells as well as lower NRM when using donors <40 years old (NRM: donor >40 years, 43%; donor <40 years, 13%; p = 0.006) (71). With regards to donor sex, a retrospective analysis of 118 patients with acute leukaemia which also included children who received T-cell-depleted hHSCT after myeloablative conditioning by Stern et al. showed that donor sex in parental donor transplantation is an independent prognostic factor for survival (HR for father vs. mother 2.36; p = 0.003) (72). However, donor sex had no influence on survival if the donor was a sibling. These data suggested a mother should be preferred as the parental donor in T-cell-depleted hHSCT.

In 2019, the EBMT published consensus recommendations for donor selection in hHSCT based on a comprehensive review of literature combining adult and childhood subjects (73). A summary of the recommendations provided for the two broad hHSCT groups, namely T-cell-depleted and T-cell-replete hHSCT (including PTCy and Beijing platforms), is shown in Table 2.


Table 2. EBMT consensus recommendations for donor selection in hHSCT.
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One ethical issue which remains to be resolved is the use of sibling donors who are minors (aged <18 years). This situation provides a potential conflict of interest for parents. Regulations are different between countries; in some countries, relevant laws do not exist. International standards published by the Foundation for the Accreditation of Cellular Therapy at the University of Nebraska Medical Centre (FACT) and Joint Accreditation Committee of the International Society for Cell and Gene Therapy and EBMT (JACIE) suggest using donor advocates who are not the transplant recipient's treating physician to represent the minor donors (74). The advocate would help the donor to understand the risks and benefits of stem cell donation, try to resolve potential medical and psychological problems and obtain consent to donate without any pressure. A medical ethicist may also be involved to provide an unbiased assessment.

Related to this, grafts from HLA-haploidentical second-degree related donors (namely aunts, uncles and cousins) have also been successfully used for hHSCT involving both PTCy and Beijing approaches (75, 76). This is a feasible option if no suitable first-degree relative is available (77) and may help to address ethical conflicts related to using minor siblings as donors.



OPTIMAL CHOICE OF CONDITIONING REGIMEN IN hHSCT

Different types of preparative regimens for the various hHSCT platforms have been proposed. Myeloablative conditioning has been more frequently utilised with the Beijing protocol and TCRαβ-CD19-depleted hHSCT approaches vs. RIC for patients with haematological malignancies. In the original hHSCT-PTCy method for adults with leukaemia, RIC was used but later studies employed myeloablative conditioning with better EFS and no significant increase in NRM or GvHD (64).

Several studies in children with ALL comparing TBI-based and chemotherapy-based myeloablation in the haploidentical setting have been published, and the results are mostly in favour of TBI. In the aforementioned study of 80 children with acute leukaemia who received myeloablation and TCRαβ T-cell- and CD19-depleted hHSCT, Locatelli et al. reported that the use of TBI was associated with reduced incidence of relapse and better GRFS compared with the use of chemotherapy-based conditioning (30). In a study of 18 patients with high-risk paediatric haematological malignancies who underwent TCRαβ-depleted hHSCT, patients conditioned with TBI had superior OS (66 vs. 37%, respectively; p = 0.05) and EFS (61 vs. 33%, respectively; p = 0.04) compared with patients conditioned with chemotherapy only (33).

In another study, involving 42 children with ALL who received TCRαβ-depleted hHSCT, those who received TBI-based conditioning had a trend towards better EFS compared with those given treosulfan-based myeloablation (62.0 vs. 46.5%, respectively), although this result did not reach statistical significance (32). In contrast to the above studies, Bertaina et al. reported on a study including 98 Italian children who received TCRαβ T-cell- and CD19-depleted hHSCT; the type of myeloablative regimen employed (TBI based or chemotherapy based) did not influence LFS (27). To address the question of the best choice of conditioning for children with high-risk ALL, the For Omitting Radiation Under Majority age (FORUM) trial was launched in mid-2013. FORUM was a randomised, controlled, open-label multicentre trial involving 417 children with high-risk ALL who received myeloablative allogeneic HSCT. Among patients aged >4 years who received HLA-matched grafts, superior OS (91 vs. 75%, respectively; p < 0.0001) and lower relapse risk (12 vs. 33%, respectively; p < 0.0001) were observed in those conditioned with myeloablative TBI plus etoposide compared with those receiving myeloablative chemoconditioning (thiotepa and fludarabine with either busulfan or treosulfan) (78). Patients who received HLA-mismatched donor grafts, including from haploidentical donors or MUDs, were also observed. Preliminary results for this latter group of patients did not show any significant difference between TBI-based conditioning vs. chemo-conditioning with regard to OS, EFS, CIR or TRM, but final results are yet to be determined. In the series by Ruggeri et al. involving 139 children with ALL who received myeloablation followed by hHSCT-PTCy, relapse incidence at 2 years was higher in those receiving chemoconditioning compared with TBI (38 vs. 17%, respectively; p = not significant) (46). Notably, the relapse incidence for children who received RIC (n = 41) was similar to myeloablative chemotherapy (i.e., 38% for both groups) whilst NRM was lowest in the children who received RIC compared with those who received myeloablative chemotherapy or TBI (7.7 vs. 17.5 vs. 18.4%, respectively). These data, however, should be interpreted with caution as children who were selected to receive RIC may have clinical conditions precluding myeloablative chemo-conditioning and/or TBI, leading to bias. Comparative trials to assess RIC and myeloablative conditioning in patients eligible to receive either conditioning type are needed to determine the role of RIC regimens in hHSCT for childhood ALL.



STRATEGIES TO IMPROVE hHSCT OUTCOME

Progressive disease and infectious complications remain the leading causes of death after HSCT in paediatric ALL. Intervention strategies to reduce post-transplant relapse risk include improving conditioning regimens to exert more anti-neoplastic activity without additional toxicity, graft selection and engineering to augment GVL, and post-transplant chemotherapy to eliminate residual tumour cells (79). Newer strategies have focused on the modulation of donor-derived immune cells to harness the effect of GVL after transplant to prevent relapse without the side effects of GvHD. In some settings, adoptive immunotherapy has been used prophylactically, although this is more difficult to apply routinely as it is labour intensive and time consuming (80). In T-cell-depleted hHSCT, more advanced graft manipulation has been achieved with better understanding of pathophysiology in order to enhance the GVL effect.

Several mechanisms of leukaemia relapse have been described, and common to these is an acquired ability of malignant cells to escape immune surveillance through intrinsic or extrinsic driven processes. A well-described mechanism after HSCT involves tumour cells demonstrating copy neutral loss of heterozygosity of mismatched HLA haplotype on chromosome 6p by acquired somatic uniparental disomy, described as “genomic HLA loss” (81, 82). The resultant HLA alteration provides the tumour cells with the ability to evade patrolling donor T cells whose alloreactivity and overall GVL effect is mediated by the expression of mismatched HLA molecules on the surface of leukaemic cells. An important clinical implication for patients who develop HLA loss as a mechanism of relapse is the futility of administering additional donor T cells at relapse, given the lack of an HLA-mismatched target on tumour cells. Instead, a second allogeneic HSCT from a different donor would be useful to target the remaining HLA haplotype. Other relapse mechanisms that have been described include: (1) downregulation of HLA class II molecules, impairing the effects of donor T-cell alloreactivity that respond to HLA class II restricted peptides; (2) upregulation of inhibitory ligands by cancer cells, such as PD-L1 and B7-H3 (with the former associated with impairment of T-cell function); and (3) the release of immune-suppressive cytokines from tumour cells (IL-10, TGF-B) that upregulate the Treg population and inhibit T-cell and antigen-presenting cell function (81, 82).

The determinants for risk of relapse are multifactorial and dependent on various patient and treatment variables including biologic characteristics and disease risk before HSCT, conditioning intensity, and GvHD prophylaxis strategies. Additionally, issues to take into account include feasibility, tolerability and treatment toxicity, complications of opportunistic infections and GvHD (83). Targeted agents against an identified genomic mutation may be used as maintenance therapy to reduce residual tumour cells and prevent relapse after HSCT. Post-transplant use of a tyrosine kinase inhibitor against BCR-ABL1 in patients with Ph+ ALL may reduce the risk of relapse, but this is not a consistent finding (81). In a prospective, multicentre study from 2013 involving 55 adult patients with Ph+ ALL randomised to receive imatinib pre-emptively or prophylactically, low rates of relapse were observed in both groups regardless of timing of therapy, and no significant differences in overall outcomes were observed between groups (84). In 2016, the Acute Leukaemia Working Party of the EBMT issued a recommendation to support either prophylactic or pre-emptive tyrosine kinase inhibitor therapy in patients with Ph+ ALL (85).

Unique to hHSCT is the opportunity to exploit donor–recipient immunocellular mismatches to enhance GVL effects. Cellular therapy may be polyclonal and non-specific, as is the case of donor lymphocyte infusion (DLI), or may be engineered to target specific leukaemic cells (Figure 1).
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FIGURE 1. Donor-recipient immunocellular therapy to mitigate risk of leukaemia relapse. (A) Donor-derived T cells are selected and undergo modification or engineering to produce clonally expanded T cells of a specified subset e.g., regulatory T cells, CAR-T cells or T cells with externally inducible safety switch (B) adoptive transfer of modified T cells to the recipient. Image created with BioRender.com. CAR, chimeric antigen receptor.


In DLI, non-tolerant donor T cells are harnessed to augment the GVL effect and thus reduce the risk of overt relapse in states of mixed chimerism or positive MRD in patients with haematological malignancies. However, the effectiveness of DLI is not uniform across all haematological malignancies: better efficacy has been demonstrated for low-risk disease malignancies such as CML, chronic lymphocytic leukaemia, or low-grade lymphoma compared with high-risk malignancies such as ALL and AML (86). The use of DLI has been particularly disappointing in ALL as it does not consistently induce remission and is associated with risks of acute GvHD in 40–60% of patients, resulting in significant mortality (87–89). As earlier stated, DLI is ineffective in patients who demonstrate genomic HLA loss as a mechanism of relapse, and thus testing for HLA loss in patients who have relapsed is useful prior to employing DLI therapy.

CAR T-cell therapy is an established form of immunotherapy for relapsed/refractory B-cell precursor ALL; it is capable of inducing high remission rates but is associated with poor long-term LFS in the adult population (89). CAR T-cell therapy consolidated with later HSCT is associated with more durable remission compared with CAR T-cell therapy alone (90, 91). In a study involving 110 high-risk ALL patients of whom 42 had MRD-positive disease, CAR T-cell therapy cleared MRD in all and 73.5% of patients subsequently underwent allogeneic HSCT with a resultant 1-year EFS of 76.9% (92). Paediatric patients and young adults with high-risk ALL, however, display better long-term remission compared with adults and without the need for HSCT consolidation, with a 1-year EFS of 50%, calling into question which patients should be consolidated with HSCT after CAR T-cell therapy (93). In adults with high-risk ALL, Jiang et al. proposed several factors for consideration of consolidative HSCT after CAR T-cell therapy, including high-risk disease features pre CAR T-cell therapy, lymphodepletion without fludarabine, low persistence of CAR T-cells and B-cell recovery, and presence of a leukaemic sequence identified through next generation sequencing after CAR T-cell therapy (94). In the post-transplant setting, CAR T-cell therapy derived from either the donor or recipient may be used to treat relapse or used as prophylaxis against relapse. When applied to treat post-HSCT relapse, CAR T-cell therapy is able to induce high remission rates with a relatively low incidence of GvHD (<10%). Newer methods of applying CAR T cells as prophylaxis against relapse after HSCT in patients with ALL have been attempted. In China, two adult patients with high-risk ALL received infusion of donor-derived CD19+-CAR T cells 60 days after hHSCT as prevention against relapse (95). One patient had attained MRD-negative remission prior to HSCT and was disease free 1 year after HSCT. The other patient had undergone HSCT without achieving CR status; this patient attained MRD negativity after HSCT and remained disease free for 6 months. The long-term outcome of prophylactic CAR T-cell therapy after HSCT remains to be seen. Presently, CAR T-cell therapy may be used as a bridge to HSCT in selected paediatric patients with high-risk ALL in order to attain MRD-negative status and a better subsequent LFS. Alternatively, CAR T cells may be applied in the post-transplant setting to treat disease relapse or as prophylaxis against relapse in those deemed at highest risk (92).

Treg infusion in HSCT is associated with a reduced risk of GvHD without an increased risk of relapse and with improved immune reconstitution. Tregs counteract the effector T-cell alloreactivity that contributes to GvHD without inhibiting conventional T-cell cytotoxicity against cancer cells (18). The first study to describe adoptive transfer of Tregs in humans involved 28 patients with high-risk malignancies (5 with ALL) who underwent hHSCT. In that study, Di Ianni et al. showed that infusion of thymic-derived CD4+CD25+FoxP3+ Tregs on day−4 followed by CD34+-selected peripheral blood stem cells and conventional T-cell infusion on day 0 eliminated GvHD without the use of post-transplant immunosuppression; it also improved immune recovery and was not associated with an increased risk of relapse (96). A follow-up study by Martelli in 2014 further showed that use of adoptive immunotherapy with Tregs and conventional T cells was associated with a significantly reduced CIR (5 vs. >30%, respectively), and a trend towards better survival compared with historical controls (18). The transfer of Tregs together with a T-cell-replete graft containing conventional T cells results in the reduced incidence of GvHD and CIR and faster immune reconstitution with a broad T-cell repertoire (18, 80, 96). Tregs have not been associated with inhibition of general immunity or impaired responses to pathogens but rather promote stronger and faster immune reconstitution compared with historical controls (18, 80). The use of adoptive Treg transfer has also been associated with a broader T-cell repertoire upon reconstitution, increased frequency of pathogen-specific CD4/CD8 at 2 months (97), and improved immunity to opportunistic pathogens (96).

Newer cellular engineering modalities have also enabled the development of donor T cells with improved specificity to accelerate engraftment and immune reconstitution, target leukaemic cells to reduce relapse risk, and improve infective immunity. To abrogate the risk of uncontrolled GvHD brought by donor T cell add-back, these cells may be transduced with a safety switch that is externally inducible in the event of GvHD. The first study to assess the efficacy of the inducible caspase 9 (iCasp9) suicide gene in hHSCT was by Di Stasi et al. In this study, five children who had undergone hHSCT for relapsed acute leukaemia received an infusion of donor T cells expressing iCasp9. Following iCasp9 induction, more than 90% of the modified T cells were eliminated and there was rapid resolution of GvHD (98). Another study reported on the long-term outcome of HSCT with iCasp9-transduced T cells in 10 patients with haematological malignancies; these patients demonstrated long-term persistence of the modified T cells in vivo, with immune benefit that was conferred in both the early phase, by the infused cells themselves, and in the later phase, through rapid reconstitution of naïve T lymphocytes, thus providing sustained immune protection against viral pathogens (99).

In the setting of hHSCT, donor–recipient alloreactive NK-cell mismatch can mediate killing of residual tumour cells through the presence of inhibitory receptors on single KIR donor NK cells that bind ligands present in the donor and absent in the recipient; this is known as the “missing self” theory (100, 101). As described earlier, NK-cell alloreactivity enhances anti-leukaemic effect without mediating GvHD. The clinical utility of NK-cell alloreactivity is dependent on the transplant platform used; more beneficial effects have been documented in the context of T-cell-depleted hHSCT for acute leukaemia rather than T-cell-replete hHSCT with PTCy, although data showing benefit have been more consistent for AML than ALL. Outcomes of NK-cell alloreactivity have a lesser impact in non-myeloablative-based hHSCT-PTCy due to the over-riding effects of T-cell immunosuppressive therapy. PTCy selectively and completely eliminates actively proliferating NK cells derived from the graft, impairs NK-cell recovery and maturation, and negates the overall impact of NK-cell KIR ligand mismatches on HSCT outcome (102).

An area of interest for future research is the use of specific cytokines to promote polyclonal expansion of haematopoietic stem cells to improve immune reconstitution, reduce rates of infection and reduce the risk of relapse. Infusion of mature donor alloreactive NK cells with the addition of IL-15 for in vivo expansion of NK cells reduces the incidence of relapse and viral infections (102). IL-15 promotes the expansion of T and B cells and the survival of NK cells as well as promoting the generation of CD8+ memory T cells (82). IL-2 given at low doses can promote the proliferation of T, B and NK cells and restore haemostasis of CD4+ T cells and Tregs, improving T-cell reconstitution and GVL effect without increased GvHD risk (97). Interferon alpha has direct anti-tumour activity, enhances NK-cell cytotoxicity and stimulates dendritic cells important in immune surveillance and the directed killing of malignant cells (82).

In summary, strategies incorporating cell- and immune-based immunotherapy after HSCT provide the opportunity to enhance GVL effect, reduce the risk of relapse, improve immune reconstitution, reduce rates of infection and reduce the risk of severe GvHD. Post-transplant maintenance chemotherapy, such as tyrosine kinase inhibitors in patients with Ph+ ALL, has also been shown to be useful.



CONCLUSION

hHSCT represents a promising therapeutic approach for children with ALL who require HSCT but lack an HLA-matched donor. The exponential increase in the use of hHSCT for haematological malignancies in the last 10 years has allowed more data to emerge from the paediatric ALL population to guide optimal management choices. Studies to date have shown comparable OS and EFS in children who have undergone hHSCT for ALL in CR1/CR2 with those who underwent HSCT from an MSD or MUD, although survival rates remain poor for those transplanted in advanced or active disease. Preparatory regimens containing TBI are currently recommended for children and adolescents with ALL based on the results of several large studies reporting superior EFS and CIR with TBI-based conditioning compared with chemo-conditioning alone. The criteria for selection of a haploidentical family donor according to the different transplant platforms used has been further refined with better understanding of the donor–recipient immune interactions that underpin the GVL effect and mediate GvHD. Strategies to reduce relapse risk after hHSCT have focused on newer cellular-based therapies to harness the GVL effect without increasing the incidence of GvHD and overall NRM. Lastly, the ability to perform HSCT with reasonably good outcomes, unrestricted by the HLA barrier, has significantly expanded donor choices and may address ethical issues related to using minor siblings as donors for children with ALL.
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Chimeric antigen receptor T-cell therapy (CAR-T) targeting CD19 has been associated with remarkable responses in paediatric patients and adolescents and young adults (AYA) with relapsed/refractory (R/R) B-cell precursor acute lymphoblastic leukaemia (BCP-ALL). Tisagenlecleucel, the first approved CD19 CAR-T, has become a viable treatment option for paediatric patients and AYAs with BCP-ALL relapsing repeatedly or after haematopoietic stem cell transplantation (HSCT). Based on the chimeric antigen receptor molecular design and the presence of a 4-1BB costimulatory domain, tisagenlecleucel can persist for a long time and thereby provide sustained leukaemia control. “Real-world” experience with tisagenlecleucel confirms the safety and efficacy profile observed in the pivotal registration trial. Recent guidelines for the recognition, management and prevention of the two most common adverse events related to CAR-T — cytokine release syndrome and immune-cell–associated neurotoxicity syndrome — have helped to further decrease treatment toxicity. Consequently, the questions of how and for whom CD19 CAR-T could substitute HSCT in BCP-ALL are inevitable. Currently, 40–50% of R/R BCP-ALL patients relapse post CD19 CAR-T with either CD19− or CD19+ disease, and consolidative HSCT has been proposed to avoid disease recurrence. Contrarily, CD19 CAR-T is currently being investigated in the upfront treatment of high-risk BCP-ALL with an aim to avoid allogeneic HSCT and associated treatment-related morbidity, mortality and late effects. To improve survival and decrease long-term side effects in children with BCP-ALL, it is important to define parameters predicting the success or failure of CAR-T, allowing the careful selection of candidates in need of HSCT consolidation. In this review, we describe the current clinical evidence on CAR-T in BCP-ALL and discuss factors associated with response to or failure of this therapy: product specifications, patient- and disease-related factors and the impact of additional therapies given before (e.g., blinatumomab and inotuzumab ozogamicin) or after infusion (e.g., CAR-T re-infusion and/or checkpoint inhibition). We discuss where to position CAR-T in the treatment of BCP-ALL and present considerations for the design of supportive trials for the different phases of disease. Finally, we elaborate on clinical settings in which CAR-T might indeed replace HSCT.

Keywords: CAR (chimeric antigen receptor) T cells, child, haematopoietic stem cell transplantation, ALL (acute lymphoblastic leukaemia), B-ALL, bridge to allogeneic stem cell transplantation, curative therapy


INTRODUCTION

Outcomes among paediatric patients and adolescents and young adults (AYAs) with B-cell precursor acute lymphoblastic leukaemia (BCP-ALL) have continuously improved in recent decades, with long-term survival rates now reaching 90% in children and 70% in young adults treated on contemporary protocols (1–3). However, 15–20% of paediatric patients and almost 30–40% of young adult patients relapse or remain refractory to primary therapy (4). Outcomes for patients who experience early bone marrow relapse (<18 months), have ≥2 relapses, a relapse after allogeneic haematopoietic stem cell transplantation (HSCT) or who are refractory to induction therapy are historically very poor (5, 6). Until recently, the standard of care for these relapsed/refractory (R/R) patients was based on intensive block chemotherapy followed by consolidation with HSCT if deep remission could be achieved.

In the last decade, however, the advent of targeted immunotherapies, e.g., the bispecific antibody blinatumomab (anti-CD19/anti-CD3), the antibody-drug conjugate inotuzumab ozogamicin (anti-CD22) and chimeric antigen receptor (CAR) T-cell therapy (herein referred to as CAR-T for brevity) has provided novel tools to achieve responses in patients with resistant leukaemia and dramatically augmented treatment options for R/R BCP-ALL (7).

A CAR combines an antigen recognition domain [typically a single-chain variable fragment (scFv) of a monoclonal antibody] with intracellular activation signal domains of immune-effector T cells (Figure 1A) (8, 9). The addition of a costimulatory domain (e.g., 4-1BB, CD28, or OX40) in second-generation CARs or two costimulatory domains (CD28.4-1BB) in third-generation CARs provides clinically meaningful activity and persistence of CAR T cells (10, 11) (Figure 1A). Because of such properties, CAR-T is being investigated as a potential stand-alone treatment in R/R BCP-ALL.


[image: Figure 1]
FIGURE 1. Visual summary of different chimeric antigen receptor (CAR) designs to target B-cell malignancies. CD19 CAR has been tested in many clinical trials so far. Different generations of CD19 CAR have been developed including a second-generation CD19 CAR with low affinity for the CD19 antigen (CAT CAR) (A). Several groups proposed strategies to improve the long-term efficacy of the CD19 CAR by armoured CAR constructs capable of expressing both CD19 CAR and other molecules such as CD40L, interleukin 18 (IL-18), or programmed death 1 (PD1) capable of improving cytotoxic activity, reducing the exhaustion profile and sustaining the proliferation and persistence of CAR T cells (B). In addition to CD19, other B-cell antigens have been investigated and CARs have been generated and tested in preclinical and early-stage human clinical studies (e.g., CD22 and κ light chain) (C). To avoid tumour escape, bispecific CARs have been developed targeting, for example, CD19 and CD20 or CD22 (D). To improve the safety profile and generate a tool to mitigate/abrogate side effects, a suicide gene based on an inducible caspase 9 (iC9) has been developed and validated (E). Image created with BioRender.com.


Based on the results of the pivotal ELIANA trial (ClinicalTrials.gov identifier: NCT02435849) (12) and subsequent approval of tisagenlecleucel, an anti-CD19 CAR-T product, for the treatment of CD19+ R/R BCP-ALL by the US Food and Drug Administration (FDA) and European Medicines Agency (EMA) in 2017/18, a rapidly increasing number of paediatric stem cell transplantation centres have been certified to administer tisagenlecleucel to paediatric patients and AYAs, and hundreds of products have been infused worldwide as a novel standard-of-care treatment option. Currently, the three main clinical scenarios in which physicians offer tisagenlecleucel to BCP-ALL patients are: (1) when an HSCT was previously performed but failed to be efficacious (post-HSCT relapse); (2) in chemotherapy-resistant ALL patients ineligible for HSCT because minimal residual disease (MRD) remission cannot be achieved (refractory patients); or (3) a belief and hope that CAR-T is as effective as but less toxic than HSCT to eradicate the resistant leukaemic clone and, therefore, is favoured over HSCT (patients with ≥2 relapses who have not been transplanted before and are, per se, eligible for HSCT). In exceptional cases, depending on national regulations and the doctor's degree of conviction, the indication to use commercial tisagenlecleucel might be more liberal, for example by stretching the definition of refractory disease to patients not achieving MRD-negativity at certain treatment time points after first relapse. The international multicentre CASSIOPEIA study (NCT03876769) is the only active study evaluating this approach in primary BCP-ALL for National Cancer Institute (NCI)-defined high-risk patients with MRD at end of consolidation.

However, randomised studies directly and prospectively comparing HSCT and CAR-T efficacy outcomes have not yet been performed in paediatric ALL, and the longest follow-up post CAR-T to date is in a patient infused with tisagenlecleucel <10 years ago (13). Tisagenlecleucel brings considerable costs to healthcare systems but is cost-effective if given as definitive treatment for long-term cure (14, 15). However, 40–50% of patients initially responding to tisagenlecleucel relapse; a proportion of patients receive HSCT additionally; and 10–20% are primary refractory to tisagenlecleucel. In other trials with different CAR-T products, all responding patients were allocated to HSCT consolidation (16–18). Therefore, central and elusive questions are the extent to which CAR-T is a stand-alone curative treatment, particularly with longer follow-up, and whether patients need additional HSCT either as consolidation for remission or treatment of relapse post CAR-T.

Of note, the international ALL SCTped 2012 For Omitting Radiation Under Majority age (FORUM) trial (NCT01949129) recently reported, among patients being in complete remission (CR) 1–3, an excellent 2-year overall survival (OS) rate of 91% and cumulative incidence of relapse (CIR) and treatment-related mortality of 12 and 2%, respectively, if HSCT was performed uniformly using a standardised protocol of total body irradiation (TBI) plus etoposide (19). However, late effects after TBI conditioning remain of great concern (20, 21).

In this review, we summarise the current data on tisagenlecleucel and other CAR-T products in paediatric BCP-ALL, focusing on: (1) the fraction of patients receiving HSCT or other post-infusion interventions, either prophylactically, pre-emptively or for relapse post infusion; and (2) reported factors that influence the efficacy and long-term performance of CAR-T, including CAR design and pre-infusion therapies, to identify evidence that might guide decisions regarding if and when consolidative HSCT should be performed. Finally, we define knowledge gaps and propose necessary studies to better clarify where to place CAR-T in the overall treatment concept to cure paediatric ALL, with a focus on minimising late treatment-related side effects.



SUMMARY OF MAJOR CLINICAL TRIALS EVALUATING CAR-T IN PAEDIATRIC R/R BCP-ALL

The first two children who received CD19 CAR-T for R/R BCP-ALL were reported in 2013 (13). In the following 8 years, a body of evidence has grown on the efficacy and safety of CAR-T in paediatric patients and AYAs with ALL, primarily targeting CD19, but also CD22 and other (or combined) antigens. Below and in Table 1 we summarise the main clinical studies performed with CD19- and CD22-specific CAR-T products, focusing on efficacy outcomes, CAR T-cell persistence and post-infusion interventions (12, 16–18, 22–30).


Table 1. Overview of the main clinical studies investigating CD19- or CD22-targeted CAR-T in paediatric patients and AYA with BCP-ALL.
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Tisagenlecleucel

Tisagenlecleucel, formerly known as CTL019 and now commercialised as KYMRIAH®, is an autologous, second-generation anti-CD19 CAR-T developed by Novartis Pharmaceuticals in collaboration with the University of Pennsylvania and Children's Hospital of Philadelphia (CHOP). It contains a CAR composed of an anti-CD19 scFv (from the recombinant monoclonal murine antibody clone FMC63) for CD19 antigen recognition, a CD8-α hinge region, a 4-1BB (CD137) costimulatory domain and CD3ζ as a signalling domain (31). It utilises lentivirus for T-cell transduction.


Phase I/II Trials of Tisagenlecleucel in Paediatric R/R BCP-ALL

The first trial investigating tisagenlecleucel in paediatric CD19+ R/R BCP-ALL was a Phase I/IIa single-arm study at the CHOP (NCT01626495 and NCT01029366). The initial publication reported outcomes in 30 patients (including 25 paediatric ALL patients aged 5–22 years at infusion) of whom 18 had relapsed after previous HSCT (22). The overall remission rate (ORR), including CR and CR with an incomplete haematologic recovery (CRi), at 1 month after infusion was 90%; 22 of the 25 evaluable patients were MRD-negative as assessed by flow cytometry (FCM). Of the 27 patients who achieved CR, 19 remained in remission at a median follow-up of 7 months. Fifteen patients received no further ALL-targeted therapy, while five (19% of all the responders) were allocated to additional post-infusion interventions: three underwent HSCT while in remission; one received bortezomib and an infusion of donor lymphocytes for MRD reappearance; and one received tisagenlecleucel re-infusions due to an early re-appearance of B cells as a marker for CAR T-cell loss. The probability of persistence of tisagenlecleucel at 6 months for all infused patients was 68%.

In an update from the same study with longer follow-up, 59 paediatric patients (aged 20 months to 24 years) including 39 patients with a relapse post HSCT were reported on (23). Fifty-five patients (93%) were in CR/CRi 1 month post infusion and 52 were MRD-negative by FCM. Five of 59 patients (8% of all responders) were consolidated by HSCT. Of note, 17 of the 55 responders (31%) received tisagenlecleucel re-infusions 3 and/or 6 months post initial infusion because of the reappearance of CD19+ MRD (three patients), B-cell recovery (seven patients), or appearance of CD19+ haematogones in the bone marrow (seven patients) (32).

In the Phase II ENSIGN trial (NCT02228096), the safety and efficacy of tisagenlecleucel was for the first time investigated in a multicentre setting at 13 US sites with centralised manufacturing of all products at the University of Pennsylvania. ENSIGN was instrumental in transferring manufacturing from a single-centre academic setting to an industry-based manufacturer (Novartis) and laid the foundation for the global ELIANA trial. ENSIGN enrolled 73 patients of whom 58 had been infused at last available study report (33). The ORR (CR+CRi) within 6 months of infusion was 69%. Tisagenlecleucel was detected in the peripheral blood for up to 764 days in responders.

The global ELIANA Phase II registration trial (NCT02435849) investigated the safety and efficacy of tisagenlecleucel in paediatric patients with R/R BCP-ALL at 25 study sites in 11 countries across North America, Europe, Asia and Australia. In the primary publication, 75 infused patients (aged 3–23 years at enrolment) were reported on, of whom 61% had relapsed after prior HSCT (12). Sixty-one patients (81%) were in CR/CRi within 3 months post infusion. In total, 15 of the responders (25%) received additional ALL-targeted therapies post infusion: eight (13%) underwent HSCT (two due to early loss of B-cell aplasia [BCA], two due to MRD in the bone marrow, and four for unknown reasons), seven (12%) received new cancer therapies other than HSCT during morphological remission [four humanised CD19 CAR-T, one ponatinib, one vincristine and blinatumomab, and one anti-thymocyte globulin (ATG)].

In the latest published update from ELIANA (34), 79 patients had been infused with a median follow-up of 24 months (range, 4.5–35 months). The ORR within 3 months was 82% (65/79 patients), and relapse-free survival rate among responders was 59% at 2 years. Nineteen patients relapsed post infusion, 14 of them with CD19− disease.

Finally, in the tisagenlecleucel Phase IIIb expanded-access study (CCTL019B2001X, NCT03123939), an ELIANA confirmatory trial specifically focusing on pre-infusion exposure to blinatumomab and inotuzumab ozogamicin, 67 paediatric and AYA ALL patients (aged 3–33 years at enrolment) received tisagenlecleucel (35). Fifteen patients received blinatumomab and nine received inotuzumab ozogamicin at any time point before tisagenlecleucel [with a time from last dose of blinatumomab or inotuzumab ozogamicin to infusion of a median 372 days (range, 130–932) and 86 days (range 32–172), respectively]. The ORR at 3 months was 85% for the whole cohort, confirming the ELIANA experience. However, the ORR was only 67% for patients who had previously received blinatumomab or inotuzumab ozogamicin. In total, 14 patients relapsed: nine with CD19− disease (two after blinatumomab) and five with CD19+ disease (three after inotuzumab ozogamicin). Of note, patients who had received prior blinatumomab or inotuzumab ozogamicin as bridging therapy had a 12-month OS rate of 53 and 71%, respectively, compared with 83% in patients without previous exposure to either drug. Although patient numbers were too low to draw definite conclusions, and the use of inotuzumab ozogamicin or blinatumomab might reflect a subgroup of patients with particularly resistant disease, pre-treatment with inotuzumab ozogamicin seemed to affect expansion (Cmax), persistence (Tlast) and thereby the total area under the curve (AUC)0−28d of tisagenlecleucel. The number of patients who underwent HSCT or other post-infusion interventions were not reported.

To summarise, in clinical trials with tisagenlecleucel for paediatric R/R BCP-ALL, a fraction of patients were cured by a single-infusion of tisagenlecleucel, even after multiple previous lines of therapy and without post-infusion intervention. About 10–15% of patients who initially responded to CAR-T infusions later received consolidative HSCT while in remission. Reported indications to proceed to HSCT were either a lack of CAR T-cell persistence or early loss of BCA with the aim to prevent a CD19+ relapse (consolidation or re-appearance/persistence of MRD post-infusion, i.e., pre-emptive therapy). However, published data leave uncertainty on the total number of patients having undergone transplantation post tisagenlecleucel, as some patients were transplanted due to frank relapses and therefore censored in the analyses at the time of relapse. Such patients were only followed for survival but subsequent therapies including HSCT might not have been captured and reported. A smaller proportion of patients received repeated infusions of tisagenlecleucel with the aim to prevent relapse. The role of re-infusions in the overall outcome after tisagenlecleucel therapy cannot be retrieved from published reports. How often additional infusion bags were available and how patients were selected to receive re-infusions were not reported in detail.



Tisagenlecleucel for Paediatric R/R BCP-ALL Outside the Clinical Trial Setting

Tisagenlecleucel was approved by FDA in 2017 and EMA in 2018. Approved indications are a second or higher relapse or refractory disease of CD19+ BCP-ALL in patients ≤ 25 years of age (US and Europe) and any relapse post HSCT (Europe only) (Figure 2). Since marketing approval, rapidly increasing numbers of patients have been infused with tisagenlecleucel for these indications and substantial “real-world” experience has emerged from patient cohorts treated with commercial KYMRIAH® (24, 36, 37).
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FIGURE 2. Current indications for commercial chimeric antigen receptor (CAR) T-cell therapy (tisagenlecleucel). The possible timing of CAR-T (orange) within the treatment sequence for acute lymphoblast leukaemia (ALL) and relative to haematopoietic stem cell transplantation (HSCT; blue) is shown. EMA, European Medicines Agency; FDA, US Food and Drug Administration.


The largest reported cohort so far originated from the prospective, multicentre, observational Centre for International Blood and Marrow Transplant Research (CIBMTR) study conducted at 130 centres in the US and Canada. By the end of January 2020, the efficacy and safety outcomes of 255 infused paediatric and AYA R/R BCP-ALL patients (median age 13.5 years, range 0.4–26 years) were collected (24). Twenty-eight percent of the patients had relapsed after a prior HSCT, which is substantially lower than the 61% in the ELIANA cohort and likely indicate a less advanced patient cohort compared with ELIANA (12). Of note, 15 and 11% of patients had received blinatumomab or inotuzumab ozogamicin at some time prior to tisagenlecleucel infusion. The median percentage of bone marrow blasts directly before infusion was 2% (range, 0–100%); one-third of patients had >5% marrow blasts, with a median blast percentage of 48% (range, 6–100%). The ORR was 86%, comparable to that in ELIANA (12). Among patients who achieved CR, 34 (16%) went on to undergo HSCT while in remission for consolidation; an additional 21 patients were transplanted for disease relapse. In the subgroups of patients who received prior treatment with blinatumomab (n = 37) or inotuzumab ozogamicin (n = 26), the CRR was 78 and 65%, respectively. Of note, 46 and 62% of patients who received blinatumomab or inotuzumab ozogamicin, respectively, experienced treatment failure, relapse and/or died of ALL during a median of 10.9 months' follow-up.




CAT CAR-T (Low-Affinity Anti-CD19 CAR T Cells)

With the goal to further improve the efficacy and prolong the persistence of CD19 CAR T cells by modulating the binding affinity to the cognate antigen, a CD19 scFv termed “CAT” was developed at University College London/Great Ormond Street Hospital for Children, UK, with a substantially (>40-fold) lower affinity to CD19 than the FMC63 scFv (25). This CD19 low-affinity CAR with an otherwise similar structure to tisagenlecleucel (CD8-derived stalk/transmembrane region, 4-1BB costimulatory domain and CD3ζ chain) showed faster dissociation from CD19 than FMC63. T cells expressing the CAT CAR showed enhanced cytotoxic and proliferative responses in vitro compared to the FMC63 CAR, possibly caused by serial T-cell triggering due to a shorter receptor–ligand interaction with enhanced signalling through proliferative pathways, decreased apoptosis and interleukin (IL)-7 signalling (25). The safety and efficacy of CAT CAR-T were subsequently investigated in the Phase II CARPALL study (NCT02443831) in which 14 R/R BCP-ALL patients were infused, 10 (71%) after post-HSCT relapse (25). By 3 months, 12 patients (86%) had achieved molecular CR. At a median follow-up of 14 months, five patients (36%) were alive and disease free. Using event-free survival (EFS) criteria in which a molecular relapse was defined as an event, EFS was 55 and 31% at 6 and 12 months, respectively. Importantly, no infused patient underwent consolidative HSCT or re-infusion. CAT CAR T cells were detectable by quantitative polymerase chain reaction (qPCR) in 11 patients (79%) at last follow-up, which was 24 months post infusion in two patients. The median duration of persistence of CAT CAR T cells at data cut-off was 215 days (range, 14–728 days). Although the CAT CAR design indeed resulted in a prolonged median half-life of the CAR T cells (34 days) compared to tisagenlecleucel [median half-life in responders: 16.8 days (38)], the efficacy was comparable between the two products. Of note, 10 of the 14 patients infused with CAT CAR-T had low-level disease (six with MRD-positive disease and four with MRD-negative disease at the time of lymphodepletion), whereas the major cause of treatment failure was CD19− relapse, which occurred particularly in patients with a higher tumour burden.



Other Anti-CD19 CAR-T Products With a 4-1BB Costimulatory Domain

The Seattle group designed a CAR-T product consisting of CD19(FCM63).CD28(transmembrane domain).4-1BB.CD3ζ transduced autologous CD4+ and CD8+ T cells using a lentivirus platform. These cells were infused in a defined 1:1 CD4+:CD8+ CAR T-cell ratio (39). In the PLAT-02 Phase I study (NCT02028455), 43 of 45 enrolled patients with R/R BCP-ALL (median age 12.3 years, range 1.3–25.4) (26) were infused with the CAR-T product, 28 (62%) for post-HSCT relapse. Seven patients had previously received a CD19-directed therapy: blinatumomab (n = 6) or second-generation CD19-specific CAR T cells with CD28ζ as the costimulatory molecule (n = 1). The rate of MRD-negative CR by FCM on day 28 was 93%. At a median follow-up of 9.6 months, 18 of the 40 patients who achieved CR subsequently relapsed. Median duration of BCA as a surrogate marker for CAR T-cell persistence was 3 months. A risk factor for relapse with CD19+ disease was a shorter duration of BCA. Eleven patients (28% of responders) underwent consolidative HSCT. Of the 29 patients not transplanted, 13 remained in remission while 16 patients (55%) relapsed. Factors predicting the persistence of BCA were pre-infusion CD19+ antigen load (blast count and/or normal B cells in the bone marrow) of >15% (median persistence 6.4 months, compared with 1.7 months for patients with a load of <15%), and the use of lymphodepleting chemotherapy before infusion. Of note, 10 patients received CAR-T re-infusions: eight due to loss of BCA (two of them re-engrafted CAR T cells) and two due to MRD persistence/reappearance; however, no anti-leukaemic effect was observed.

At the Hospital Clínic in Barcelona, a CD19 CAR-T termed ARI-0001 was developed to generate affordable CAR-T in academic institutions. The CAR consists of an scFv derived from the A3B1 antibody, a CD8 hinge and transmembrane region, 4-1BB and CD3ζ. A lentiviral vector and the CliniMACS® Prodigy device were used as the cell production platform. In the CART19-BE-01 trial (NCT03144583)—one of the first European academic clinical trials of CD19 CAR-T−47 patients with B-cell malignancies were infused with ARI-0001, among them 38 with R/R BCP-ALL (including 11 children) of whom 87% had post-HSCT relapse (28). The MRD-negative CR rate was 84%. Focusing on the paediatric patients, the 1-year PFS and 1-year OS were 82 and 78%, respectively, and 1-year probability of BCA was 48%. No patient underwent consolidative HSCT. Re-infusions were given to six patients, either for relapse or loss of BCA, without clinically meaningful or sustained efficacy.

Studies directly or prospectively comparing the 4-1BB CAR-T products developed at Seattle and Barcelona and tisagenlecleucel have not yet been performed.



Anti-CD19 CAR-T Products With a CD28 Costimulatory Domain

At the NCI, a CAR with a CD28 costimulatory domain (CD19.28ζ CAR) was developed (40). This consists of an anti-CD19 scFv derived from FMC63, a portion of the human CD28 molecule as the transmembrane and costimulatory domain, and CD3ζ as the intracellular signalling domain. Utilising γ-retrovirus for the transduction of autologous T cells, it was clinically tested in a Phase I study (NCT01593696) in which 20 patients with BCP-ALL aged 4–27 years were infused (18). Fourteen patients (70% of all enrolled and infused BCP-ALL patients, intent-to-treat) responded with CR at day 28; 12 were also MRD-negative. All responders were per protocol candidates for consolidative HSCT. Ten patients underwent HSCT (median time to HSCT, 51 days) while in CAR-induced MRD-negative remission. All remained disease free. Two patients were judged ineligible for HSCT; both relapsed with CD19− leukaemia at 3 and 5 months. The rate of leukaemia-free survival in the 12 patients who achieved MRD-negative CR was 79%. The OS at a median follow-up of 10 months was 52%. Three patients received second infusions of CD19.28ζ CAR T-cells for residual or recurrent BCP-ALL; none had objective responses. Thirteen responders had signs of B-cell recovery by day 28 as a marker for CAR T-cell contraction. No CAR T cells were detected beyond day 68 in any patient. In the recent long-term report on 50 infused paediatric and AYA patients with a median follow-up of 4.8 years (27), 28 (56%) achieved MRD-negative CR at day 28. Of these, 21 proceeded to HSCT, of whom two relapsed. The 5-year EFS post HSCT, however, was 62%, with most events attributable to treatment-related mortality. The trial demonstrated that sequential therapy with CD19.28ζ-CAR T cells and HSCT in responding patients can mediate durable disease control.

At the Memorial Sloan Kettering Cancer Centre, another second-generation CD28-based CAR was developed (termed 19-28ζ); this gene is retrovirally transduced into autologous T cells and infused after lymphodepletion with cyclophosphamide alone (41). In a paediatric and AYA Phase I study (NCT01860937), 25 patients with a median age of 13.5 years (range, 1–22.5) were infused, five for post-HSCT relapse (16). The overall CR rate at day 28 was 75% (18 of 24 evaluable patients) with 16 (89%) being MRD-negative. All 18 responders were per protocol candidates for consolidative HSCT and 15 (83%) underwent HSCT. With a median follow-up of 8 months (29 months in responders), eight patients (53%) were alive and disease free after CAR-T consolidated by HSCT; the three responders who did not undergo HSCT relapsed and died.

Finally, in a report from the Sheba Medical Centre in Israel, CAR T cells with a FMC63-derived scFv, a CD28 costimulatory domain and a CD3ζ signalling domain were produced in-house and infused into 21 patients after lymphodepletion with fludarabine and cyclophosphamide (Phase Ib/II study, NCT02772198) (17). Median age was 11 years (range, 5–48), and 10 patients had relapsed after prior HSCT. All responding patients were per protocol candidates for consolidative HSCT, irrespective of previous HSCT. Eighteen of the 20 patients (90%) who survived until day 28 after CAR-T infusion were in CR; 11 of the 14 evaluable patients were MRD-negative. The median persistence of CAR T cells (measured by qPCR in peripheral blood) was 23 days. Fourteen of the 18 responders underwent consolidative HSCT. With a median follow-up of 9 months from cell infusion, 14 patients were alive and disease free, 12 had received HSCT, and two were not transplanted. The estimated 1-year EFS was 73% and OS was 90%.



CD22-Targeted CAR-T Products

The NCI and other groups have developed CARs targeting CD22 as an alternative antigen in BCP-ALL patients not responding to or relapsing after CD19-targeted strategies, particularly those with CD19− disease. In a Phase I trial at the NCI (NCT02315612), a CAR containing a fully humanised anti-CD22 scFv region, a CD8α transmembrane domain, a 4-1BB costimulatory domain and CD3ζ (CD22.BB.z) was transduced by lentivirus into autologous T cells. Twenty-one patients were infused; the median age was 19 years (range, 7–30 years) (29). Importantly, all patients had undergone ≥1 prior HSCT; 17 had received prior CD19-directed immunotherapies, including 15 who had received CD19 CAR-T; and 10 patients had CD19− or CD19-diminished disease. The CD22 CAR T cells were detectable in the blood of 19 of 21 infused patients, peaking on day 14 and remaining detectable in seven of nine patients evaluated 3 months post infusion, in two of three patients evaluated at 6 months, one patient evaluated at 9 months, and one patient evaluated at 18 months. Twelve patients (57%) achieved CR and nine were MRD-negative. Responses varied by cell dose infused, with response rates comparable to the results reported with CD19 CAR-T when the recommended Phase II dose was applied [11 of 15 (73%) patients achieved CR]. Most importantly, there was no evidence that previous CD19-directed immunotherapy or diminished surface expression of CD19 impacted on the response to CD22 CAR-T. However, eight of the 12 responders relapsed 1.5–12 months (median, 6 months) post CD22 CAR-T infusion, and relapses in seven patients followed diminished CD22 surface expression and site density, most probably due to post-transcriptional changes in CD22 protein levels.

In an update from the same trial (30), the manufacturing process was refined to include CD4+/CD8+ T-cell selection of all starting apheresis material and an adjustment of the dose to lower levels because of increased inflammatory responses caused by selection. Fifty-eight infused patients (median age 17.5 years, range 4.4–30.6 years) were reported on, of whom 55 had BCP-ALL and were evaluable for response. Forty patients (73%) achieved CR and 35 (64%) were MRD-negative by FCM. Patients who had received prior CD22-targeted therapy (either inotuzumab ozogamicin or a CD22 CAR-T) had lower MRD-negative CR rates, and 50% of these patients relapsed with CD22-diminished/negative disease. Thirteen patients proceeded to HSCT, including all who had achieved MRD-negative CR and had not been transplanted before (except one patient with intracranial haemorrhage). Median time from CAR-T infusion to HSCT was 72 days (range, 49–126 days). Overall, 30 of 45 responders relapsed, six of them after HSCT. Most relapses were of CD22−negative/diminished disease. Twenty-one patients were alive at a median follow-up of 9.7 months; 11 of these were in remission, three of whom had received additional therapy for a post-infusion relapse. One patient had ongoing CR >3.5 years post-infusion. Of interest, nine patients received a second infusion: six for CD22+ relapse after achieving CR and three for limited CAR T-cell expansion after first infusion. With intensified 4-day lymphodepletion (fludarabine/cyclophosphamide), three of five (60%) patients responded to a second infusion compared to one of four (25%) following 3-day lymphodepletion.




COMMERCIALLY AVAILABLE CAR-T PRODUCTS

As of September 2021, tisagenlecleucel was still the only FDA- and EMA-approved CAR-T for paediatric patients and AYAs with R/R BCP-ALL. However, and for the sake of completeness, several other CAR-T products have reached market authorisation for indications other than BCP-ALL in adults (Table 2): axicabtagene ciloleucel (Kite Pharma), brexucabtagene autoleucel (Kite Pharma), lisocabtagene maraleucel (Juno Therapeutics), and idecabtagene vicleucel (Bluebird Bio/BMS) (42–49). Some of these products are currently under investigation for their efficacy and safety in BCP-ALL in paediatric patients and AYA.


Table 2. CAR-T products with approved market authorisation (by July 2021).
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FACTORS INFLUENCING LONG-TERM EFFICACY

In recent years, important efforts have been devoted to the development and optimization of CAR T cells redirected against BCP-ALL. Particular attention is given to augment the duration of remission, target new disease subtypes (e.g., infant ALL) and decrease toxicity.

Currently available data on CAR-T in paediatric BCP-ALL point towards several pre-infusion factors that affect the long-term anti-leukaemic efficacy of a CAR-T infusion and thereby the decision of whether or not to consolidate by HSCT. In general, product-related attributes, patient-inherent factors and pre-infusion therapies (e.g., inotuzumab ozogamicin, blinatumomab and lymphodepletion) may all impact on the efficacy and persistence of CAR T cells, as summarised in the next section.


CAR Design

Results obtained in early clinical studies with so-called first-generation CD19 CAR-T, which contained the ζ chain of the CD3/T-cell receptor (TCR) complex as the only signalling domain (Figure 1A), proved the feasibility of the CAR approach but could not demonstrate objective anti-tumour effects or the persistence of cells after infusion [for a review, see Boyiadzis et al. (50)]. Therefore, second-generation CARs were designed and investigated to incorporate costimulatory endo-domains, mainly CD28 or 4-1BB. These second-generation CAR T cells exhibit less T-cell anergy, have potent anti-tumour activity, secrete significant amounts of cytokines and enhance cell persistence in vivo.

Early results of the clinical trials using these CD19 CARs demonstrated a prolonged persistence of constructs encoding the 4-1BB costimulatory domain compared with those incorporating the CD28 costimulatory domain (13, 18, 41, 51–53). In 2015, Long et al. (54) revealed the different molecular impacts of these two costimulatory molecules and showed that CD28 can augment whereas 4-1BB reduces T-cell exhaustion and thereby induces a longer persistence of CAR T cells. Their analyses together with previous reports also underline that the three-dimensional design of the CAR is crucial, if not essential, for correct, more physiological and potent T-cell activity. In fact, not only the costimulatory molecules impact on functionality: the hinge, transmembrane domain and linker also influence it deeply; thus, when CARs without identical hinge and transmembrane domains were compared, differences in CAR T-cell function could be attributed to variations in the hinge and transmembrane domain rather than to differences between the activity of the CD28 and 4-1BB costimulatory domains (55–58). Later in 2018, Quintarelli et al. (59) demonstrated that these effects can be modulated by the administration of IL-7/IL-15 to the T-cell culture and depend on the three-dimensional CAR conformation and scFv used.

Recent meta-analyses of CD19 CAR-T clinical trials did not find statistically significant differences in long-term efficacy (e.g., 1-year PFS) between CD19 CAR T cells containing a CD28 or 4-1BB costimulatory domain (10, 60); however, the analysis was limited by the inclusion of third and fourth generation CARs and confounding was introduced by substantial imbalances between groups in the use of consolidative HSCT, ranging from 0 to 33% (61). However, a difference was observed in the ability to induce MRD-negative remission post-infusion in favour of CAR T cells containing a 4-1BB costimulatory domain (60). Rates of cytokine release syndrome (CRS) varied across trials in the meta-analysis, with no clear association depending on whether a CD28- or a 4-1BB-containing CAR was used (60). Neurotoxicity (immune-effector-cell–associated neurotoxicity syndrome: ICANS) of grade ≥3 did not differ between CD28- and 4-1BB CARs in ALL trials (60).

Third-generation CARs combine costimulatory domains (Figure 1A), but very limited data on their use in BCP-ALL exist. A Phase I/IIa clinical study by Enblad et al. explored the possibility to improve the persistence and activity of CAR T cells using a third-generation CD19 CAR coding CD28 and 4-1BB costimulatory molecules (62). Two of four ALL patients responded. Interestingly, in a Phase I clinical trial in R/R CD19+ adult B-cell non-Hodgkin lymphoma (NHL), two different cellular products were simultaneously infused in each patient: one transduced with a second-generation CD19 CAR containing one costimulatory domain (CD28) and another with a third-generation CD19 CAR encoding CD28 and 4-1BB costimulatory domains (NCT01853631). Cells containing the third-generation CAR had superior expansion and longer persistence than did cells containing the second-generation CAR. This difference was most pronounced in patients with low disease burden at infusion and few normal circulating CD19+ B cells, a group in which the second-generation CD19 CAR T cells had limited expansion and persistence. As of now, in the very limited number of BCP-ALL patients treated with third- (62) or fourth-generation (63–66) CAR T cells (mainly in Phase I studies), 1-year PFS was substantially lower than that observed with single 4-1BB or CD28 costimulatory domain constructs. However, these comparisons might be biassed by the very limited number of patients analysed as well as differences in the inclusion criteria, manufacturing success, manufacturing time and preconditioning between studies. At the time of writing, no trial of third- or fourth-generation CAR-T in paediatric BCP-ALL was ongoing.

Several preclinical and clinical studies have underlined that one potential mechanism of CAR-T failure is the presence of an immunosuppressive tumour microenvironment, which poses a significant challenge to the efficacy of CAR-T in BCP-ALL and other malignancies (67–71). To overcome the hostile tumour microenvironment, “armoured CAR” constructs (fourth-generation CARs) are under development, which aim to protect and improve the persistence and efficacy of the CAR T cells (Figure 1B) (72–76).

Due to the strict lineage restriction of CD19 to the B-cell compartment, this antigen has until now been the most attractive target in BCP-ALL. As summarised in Table 3, different scFvs derived either from the murine FMC63, SJ25C1 or other antibodies or humanised monoclonal antibodies targeting CD19 have been explored by different groups (11–13, 16, 18, 22, 25, 29, 30, 41, 52, 62, 77–93, 95–108). Even though most clinical trials used a FMC63 scFv, a recent extensive meta-analysis revealed no statistical difference between different scFvs in terms of long-term efficacy (60). To reduce ICANS and CRS and to diminish T-cell exhaustion, Ghorashian et al. (25) designed and investigated a low-affinity CD19.scFv (CAT CD19 CAR-T, Figure 1A), as discussed above. Lastly, the strategy of humanised scFvs is being pursued to avoid the activation of the patient's immune system against murine parts of the CAR and subsequent rejection of the cells and short-term persistence (109).


Table 3. Overview of clinical trials for B-cell malignancies using CAR technology.
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Some groups have focused on B-cell targets other than CD19, e.g., CD20 (94, 110) and CD22 (Figure 1C). As discussed in a previous section, Shah et al. recently reported the results of a clinical trial exploring the efficacy of CD22 CAR-T encoding 4-1BB as the costimulatory molecule in patients who failed treatment with a CD19 CAR-T (NCT02315612) (30).

To avoid tumour escape mechanisms by antigen loss (111–113), several groups are now investigating the use of bispecific CARs to target BCP-ALL (CD19/CD20 and CD19/CD22) (94, 114, 115) (Figure 1D). Until now, no validated data have been obtained in paediatric patients or AYA with BCP-ALL to prove the safety or superiority in terms of the long-term outcome of targeting another antigen in addition to CD19; however, data in adult ALL and lymphoma have emerged (94, 115). In a Phase I dose-escalation study carried out by Shah et al. (94), the authors demonstrated that in adult B-cell NHL and chronic lymphocytic leukaemia, bispecific CD19/CD20 CAR T cells were able to prevent antigen loss and achieve 64% CR and 18% partial response (PR) at day 28. The ORR was 100% (92% CR and 8% PR) in patients who received the final target dose of 2.5 × 106 of non-cryopreserved CAR T cells/kg (94). No CD19− relapses were observed, demonstrating that the bispecific construct avoided immunological pressure on tumour cells. In contrast, in a Phase I study by Spiegel et al. (115), bispecific CD19/CD22 CAR-T in adult B-ALL and large B-cell lymphoma (LBCL) was not able to overcome CD19 antigen loss. Despite a response rate of 100% in B-ALL (CR) and 62% in LBCL (PR/CR) and low toxicity, 50 and 29% of the relapses in the B-ALL and LBCL cohorts, respectively, were CD19−/low whereas none were associated with CD22−/low disease.

Results of further clinical trials exploring bispecific CARs will elucidate whether such CAR-T cells could provide a better option than single-antigen-targeted CAR T cells to substitute HSCT. Conversely, a new, non-HSCT strategy could also be explored in which patients who are MRD-positive after CD19 CAR-T receive mono- or bispecific CAR T cells targeting antigens other than CD19 using an allogeneic cellular product.

To introduce the CAR construct into immune effector cells, different platforms for CAR gene transfer have been used, including electroporation (mainly based on the transposon system), as well as lentiviral and retroviral vectors (Figure 3). Based on the data published so far, no difference in clinical outcome has been documented that would reveal the superiority of one of these techniques; however, only transient CAR expression can be achieved after electroporation of plasmids not involving the transposon platform. Even though all three techniques are commonly used to generate autologous and allogeneic clinical-grade CAR products, recent evidence stresses a point of caution regarding the oncogenic potential of transposon systems (piggyBacs) with the first 2 cases of malignant lymphoma derived from CAR genetically modified T cells being described (116, 117). The molecular analysis of these transformed cells revealed a high transgene copy number but no insertion into typical oncogenes. Structural changes such as altered genomic copy number and point mutations unrelated to the insertion sites were also detected. Furthermore, a transcriptome analysis showed transgene promoter-driven upregulation of transcription of surrounding regions despite insulator sequences around the transgene.
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FIGURE 3. Strategies to generate chimeric antigen receptor (CAR) T and natural killer (NK) cell products. CAR constructs can be generated using viral (lentivirus and retrovirus) and non-viral (transposon system) platforms. The construct can include other elements besides the CAR to increase long-term efficacy and clinical application. For example, it is possible to include the expression of cytokines such as interleukin (IL)-12, IL-15, or IL-18 to improve persistence or gene-editing tools to abrogate the expression of endogenous proteins like T-cell receptor (TCR) elements or CD52. These constructs can then be used to genetically modify either autologous and allogeneic T or NK cells. Image created with BioRender.com.


Regarding platforms using lentivirus or retrovirus, no evidence of recombination-competent virus or tumour transformation post CAR T cell infusion has been registered so far (118, 119). However, in the first clinical experiences in early 2000's with first-generation retroviral vectors used to stably transduce CD34+ stem cells in patients with X-linked severe combined immunodeficiency, T-cell ALL occurred in six out of 20 patients 2–14 years after treatment (120–122). Based on these events, the FDA published guidance for monitoring clinical vector lots, manufactured cell products, and patients post-infusion using biologic or PCR-based testing to detect replication-competent retrovirus (RCR) and lentivirus (RCL). In the two decades since that guidance was published, retroviral packaging cell line and vector designs have minimised the homology between vector and packaging cell sequences and have segregated packaging genes so that the generation of an RCR is extremely unlikely. The segregation of vector components into four plasmids for lentiviral production has similarly ensured that, to date, RCL generation remains only a theoretical possibility (123).

However, the scenario changes and becomes more complicated and, for now, unpredictable when primary T cells undergo several gene modifications, for example lentiviral CAR transduction and TALEN gene editing used to disrupt the T-cell receptor α gene and reduce the incidence of graft-versus-host disease (GvHD). Just recently, the ALLO-501A study (Allogene) was paused due to a chromosomal abnormality detected in a patient with stage IV transformed follicular lymphoma with a c-myc rearrangement.

To improve the safety profile of CAR-T and to generate a tool to mitigate/abrogate side effects, gene-based approaches have been developed and validated including: inducible caspase + AP1903, herpes simplex virus thymidine kinase + ganciclovir, truncated epidermal growth factor receptor + cetuximab and CD20 + rituximab (Figure 1E) (124–127).



CAR-T Product Characteristics

Although registered by the FDA and the EMA as a drug, the characteristics of a CAR-T product are very much different to that of a conventional drug. Variability between individual products may impact outcome. Cell dose, transduction efficiency, cell viability and potency vary between products.

The approved cell dose of tisagenlecleucel is 0.2–5.0 × 106 CAR+ T cells per kg body weight for patients <50 kg and 0.1–2.5 × 108 for patients weighing >50 kg. A combined analysis of three tisagenlecleucel trials suggested a positive correlation between the infused cell dose and probability of response in ALL patients (38, 128). Logistic regression analysis showed that a doubling in weight-adjusted dose was associated with a 97% increase in odds of response (38). For patients who weighed >50 kg, the analysis showed a decreased probability of response with doses <2.0 × 106 viable CAR+ T cells/kg, and the probability of response plateaued with higher doses (38). However, the studies were not powered to detect dose–response correlations, and few patients were infused with cell doses in the very low range. In US clinical practise, the median cell dose of commercial tisagenlecleucel products reported by Pasquini et al. was lower vs. that in pivotal trials (24). However, all products had cell counts within the approved dosing range and responses were seen at all dose levels with no significant dose–response relationship among patients with ALL. Taken together, an impact of cell dose on clinical outcome cannot be fully excluded. It is advised to target the high end of the dose range and infuse the highest achievable dose for each patient (38).

Low transduction efficiency was an Achilles heel and a limitation in early clinical trials, meaning a higher number of activated and expanded T cells needed to be infused. Furthermore, researchers agreed that the level of transduction was a limiting factor in the comparison of the results from various clinical studies; therefore, current studies are designed to infuse a defined number of genetically modified T cells based on weight or body surface area. However, important results have emerged in recent years highlighting that not only the transduction efficiency plays an important role in the efficacy of the therapy but also the number of molecules/cells (129) and avidity of the CAR (25).

The cell viability of the commercial CAR-T product has been investigated also and compared with published data from the registration trials. The lower acceptable limit for tisagenlecleucel in the post-marketing context is set at 70% viability by the EMA and 80% by the FDA. Products not fulfilling these criteria might be released as out-of-specification (OOS) products based on case-by-case evaluation. Post-marketing registries collect data on patients receiving OOS infusions. No relationship between cell viability <80 or ≥80% in released products and clinical outcome has been demonstrated (24, 130). However, cell viability was lower in real-world products compared with products from the initial trials, the cause of which is currently unclear (24). It will be essential to combine clinical data collected by the treatment sites with the product characteristics to further clarify the impact.

Several efforts have been made to establish new clinical grade strategies to improve in vivo CAR T-cell metabolic fitness (131) and thereby persistence. Weber et al. (132) described a strategy to transiently block (“rest”) tonic CAR signalling. Induction of a rest state by enforced CAR protein downregulation using a drug-regulatable system or treatment with the multi-kinase inhibitor dasatinib resulted in a memory-like phenotype, wholescale transcriptional and epigenetic reprogramming, and restoration of anti-tumour functionality in exhausted CAR T cells. Alternatively, other groups propose to epigenetically reprogram CAR T cells at the metabolic level during their production phase using short-chain fatty acids and epigenetic therapeutics in order to overcome barriers limiting CAR T-cell effectiveness (particularly the immunosuppressive tumour microenvironment) and to boost CAR T cells in terms of long-term efficacy (131, 133–135).



CAR T-Cell Expansion and Area Under the Curve

As a living drug, CAR T cells undergo expansion and persist in vivo, which determine the overall CAR T-cell exposure in an individual patient, e.g., during the first 28 days following infusion (AUCd1−28). In a study by Mueller et al. (38) combining tisagenlecleucel pharmacodynamic data from ELIANA and ENSIGN, responders had a significantly higher Cmax (maximum [peak] expansion of tisagenlecleucel) and AUCd1−28 compared with non-responders. Patients who relapsed <6 months after infusion had a rapid loss of tisagenlecleucel compared with patients with EFS ≥6 months. CD19+ relapses were associated with lower expansion and more rapid loss of transgene expression than that seen in patients with a sustained response. Patients with a CD19− relapse had transgene levels comparable with those of patients with sustained responses.



Source of T Cells


Autologous vs. Donor-Derived Starting Material in a Post-transplant Setting

Outcomes for paediatric patients and AYAs with ALL relapse after HSCT remain poor (136). While CD19 CAR-T offers promising early remission rates, long-term disease control is achieved in <50% of patients and is especially poor when relapse occurs soon after HSCT. In patients who receive CAR-T after a recent HSCT, the T cells collected for CAR T-cell manufacturing are derived from the allograft. There is evidence that, shortly after HSCT, such engrafted T cells might not work well as “autologous” starting material (18), for reasons including exposure to ATG/Campath during conditioning, recent GvHD prophylaxis and/or GvHD treatment or qualitative impairment due to recent engraftment in the recipient. Therefore, when CAR T cells are administered after an allogeneic HSCT, the graft would also allow for the use of “healthy” T cells harvested directly from the donor, which might be better starting material for CAR T-cell generation. A search on ClinicalTrial.gov revealed two ongoing trials using donor-derived CD19 CAR T cells after HSCT (NCT02050347 and NCT01430390). While both trials will administer CD19 CAR T cells harbouring CD28 as the costimulatory domain, only one will use Epstein-Barr virus-specific T cells as the starting material to reduce the risk of GvHD.

Few data are available addressing the GvHD risk associated with infusion of donor-derived allogeneic CAR T cells. The first study using donor-derived multi-virus-specific CD19 CAR T cells was published by Cruz et al. (106). The idea was to reduce the alloreactive potential of donor-derived T cells by selecting and expanding T cells with an endogenous virus-specific TCR, which, due to their TCR specificity and experienced phenotype, would both reduce the risk of GvHD and promote CAR T-cell persistence. While no GvHD or CRS was seen, the CAR T cells indeed expanded upon viral infection or reactivation; interestingly, in this study the CAR T-cell expansion did not cause BCA, suggesting impaired CAR T-cell efficacy when activated through endogenous TCR. The first report using donor-derived non-virus-specific allogeneic CAR T cells was published by Kochenderfer et al. describing results from 10 patients with relapsed B-cell malignancies following HSCT (103). None of the patients receiving donor-derived CD19 CAR T cells developed GvHD. However, patients did not receive lymphodepletion before CAR T-cell infusion and the response rate was very low, with only three patients responding. Three years later, in an updated report of this trial describing the results in 20 patients, still none had experienced GvHD (137). A recently published report from Zhang et al. described results from 43 patients with a B-cell malignancy relapsing after HSCT and treated with donor-derived CD19 CAR T cells from human leukocyte antigen (HLA)-identical siblings or HLA-haplotype-matched relatives (138). While CRS and response rates were quite high (88 and 79%, respectively), only two patients developed grade ≥2 acute GvHD. This study suggests that donor-derived CD19 CAR-T is safe and effective and might be a treatment option for patients relapsing early after HSCT.



Third-Party CAR Cells

The use of third-party immune effector cells as the starting material derived from, for example, natural killer (NK) cells (NCT03056339, NCT04245722), invariant NK T cells (NCT03774654), γ/δ T cells (139) (NCT04107142), and α/β T cells knocked-out for the TCR α-chain and CD52 (NCT04150497, NCT03398967) represents an attractive and readily available (“universal”) option for all patients whose lymphocytes could not be collected (in time) or for whom autologous production failed. Moreover, the transduction of a leukaemic cell and, as a result, expansion of CD19 CAR-expressing leukaemic blasts post-infusion has been described as a rare event following autologous leukapheresis (140). Different groups are working on the development and validation of allogeneic third-party CAR cell platforms with the aim to overcome some of the main clinical and economical limitations observed using autologous T cells, including the challenges of leukapheresis and ad hoc manufacturing.

In a Phase I study evaluating gene-edited universal CD19 CAR T cells, seven children and 14 adults with R/R BCP-ALL were infused (101). The toxicity profile, including CRS, ICANS and cytopenias, and response rates at day 28 were comparable to those of autologous products, and the disruption of the TCR α/β chain locus indeed effectively prevented alloreactivity against the host (acute GvHD). However, the persistence of universal CD19 CAR T cells was short, even after profound lymphodepletion with fludarabine, cyclophosphamide and alemtuzumab, and the cells persisted beyond day 28 in only three patients. Third-party strategies might offer more cost-effective, efficient and accessible CAR therapies; however, their performance in comparison to other CAR T-cell strategies, and the question of third-party CAR T-cells requiring consolidation by HSCT, still need to be investigated in larger clinical trials.




Patient-Related Factors


Age

The ELIANA trial excluded patients <3 years old, but ~6% of patients in the real-world cohorts were <3 years and these patients had overall responses in line with those of older children (24, 37). A meta-analysis by Anagnostou et al. (60) including 953 evaluable patients demonstrated comparable CR rates between adults and children (adults 75.3% and children 80.5%, p = 0.24), but significantly better 1-year OS in children vs. adults (69 vs. 53%, respectively; p < 0.01). Toxicity of CRS in adults treated with a single-dose of tisagenlecleucel required adaption to split-dose regimens (141). The impact of age, especially in patients <3 and >25 years, on outcome and toxicity will need further exploration, including using real-world data. The ZUMA-3 trial on axicabtagene ciloleucel enrolled 71 adults with R/R BCP-ALL. Age did not have a statistically significant effect on the primary endpoint of CR/CRi (age 18–39 years: 62%; age 40–64 years: 71%; and age ≥65 years: 100%). Moreover, 6-month EFS and 12-month OS were comparable between the different age groups.



Tumour Burden at Infusion

A leukaemic blast count in the bone marrow, or other investigations to evaluate leukaemic disease burden just prior to infusion, has not systematically been performed in all trials; some assessed disease burden only at screening, others prior to lymphodepletion. A high blast count just before infusion has been correlated with increased probability of relapse (37) and lower EFS and OS compared with low disease burden (<5% bone marrow blasts) or undetectable disease at infusion (142). Of note, CD19− relapses occurred more frequently in patients infused with higher tumour burden (37, 143). Notably, the PLAT-02 trial demonstrated decreased CAR T-cell persistence in patients with low (<15%) CD19+ counts compared with those with counts >15% (26). Similarly, in real-world data reported by Dourthe et al. (37), higher tumour burden, regardless of the cut-off used (>50 or ≥1%), was associated with longer CAR T-cell persistence but an increased risk of CD19− relapse, whereas a low tumour burden correlated with decreased persistence and increased risk of CD19+ relapse. Further, systematic data collection on the pre-infusion tumour burden is necessary to fully understand the impact of CD19+ load before infusion on persistence and outcomes of CD19 CAR-T.



Genetic Subgroups

Another subgroup of patients more susceptible to CD19− relapses are those harbouring a lysine methyltransferase 2A (KMT2A, previously known as MLL) gene rearrangement (144). In addition, phenotype switch to acute myeloid leukaemia (AML) can lead to antigen escape (145). Studies demonstrated a variable outcome in KMT2A-rearranged patients, potentially due to low patient numbers in any single study. Dual antigen targeting or consolidation with HSCT are proposed treatment options to improve EFS in these patients. However, data to support or prove the efficacy of these strategies are currently lacking. For discussion of CAR-T in patients with breakpoint cluster region protein (BCR) and tyrosine-protein kinase ABL1 (ABL1) gene fusions, see the companion paper in this supplement by Vettenranta et al. Published real-world data do not show differences in CIR, EFS, or OS between patients with or without a high-risk genetic lesion (including KMT2A rearrangements and BCR-ABL1 fusions) (37).

Children with relapsed BCP-ALL and a TP53 mutation have a dismal prognosis with standard, intensive treatment protocols for relapse (146), including HSCT (147). CD19 CAR-T followed by consolidation with HSCT was associated with a worse prognosis in patients with a TP53 mutation compared with patients with wildtype TP53 (148). CD19− relapses occurred in this subgroup despite consolidation with HSCT, suggestive of an outgrowth of refractory CD19− clones present before HSCT (149, 150). Registry studies might identify other genetic subgroups less or more likely to respond to CAR-T.

Primary resistance to CAR-T occurs in 10–20% of paediatric patients and AYA with BCP-ALL. Singh et al. (151) used genome-scale knockout screening to identify mechanisms related to resistance. A decreased expression of the death receptor pathway resulted in reduced activation of CAR T cells. Bulk RNA expression analysis discriminated patients with a higher risk of non-response. If these data are confirmed, this subgroup of patients might benefit from primary HSCT instead of CAR-T.




Impact of Pre-treatment on Leukapheresis Feasibility and CAR-T Efficacy

Distinctive features of CAR T cells are that they: (1) need to be manufactured; and (2) are living cells. This means that certain drugs impairing the proliferation or survival of T cells [e.g., lympholytic/lymphotoxic chemotherapy, steroids, tyrosine kinase inhibitors, therapies for GvHD (e.g., calcineurin inhibitors) or lympholytic antibodies such as alemtuzumab and ATG] must be avoided not only immediately before or after CAR T-cell infusion (except if required for the management of severe CAR T-cell toxicities) but also before apheresis in order not to harm the starting material (T-cell numbers and quality in the apheresis product). Some manufacturers or protocols have strictly defined wash-out periods for such drugs prior to apheresis and infusion, ranging from few days to several months depending on each drug's mode of action and half-life (152). Since apheresis timing often depends on a CAR T-cell production slot, especially if the manufacturer requires fresh starting material, and patients often need therapy for their rapidly progressive disease, wash-out periods can be challenging. Korell et al. analysed 75 unstimulated leukapheresis products from healthy donors (n = 30) and patients with BCP-ALL (n = 6) or lymphoma (n = 35) (153). They showed that sufficient lymphocyte yields for CAR T-cell production were feasible even for patients with low leukocyte counts. This is in line with findings of Ceppi et al. who reported successful mononuclear cell targets (100% of all collected apheresis products) and CAR T-cell production (94% of all apheresis products) in 102 aphereses from 99 paediatric patients with neuroblastoma (n = 19) or BCP-ALL (n = 80) independent of blast counts prior to apheresis (154). These studies show that target harvests for starting material for CAR T-cell generation are obtainable even in heavily pre-treated patients and with low lymphocyte and high blast counts.

Of note, Ruella et al. reported on a patient relapsing 9 months after tisagenlecleucel infusion with apparent “CD19-negative” leukaemia. However, meticulous work-up demonstrated that the relapse consisted of clonal B cells aberrantly expressing the anti-CD19 CAR. Here, the CAR gene was unintentionally introduced into a single leukaemic B cell during CAR T-cell manufacturing. The expressed CD19 CAR then bound in cis to the CD19 epitope on the cell surface, masking these CD19+ CD19-CAR+ cells from recognition by tisagenlecleucel (140).

Current leukapheresis guidelines for the manufacturing of tisagenlecleucel suggest a minimum absolute lymphocyte count (ALC) of 500 cells/μL or a CD3+ cell count of 150 cells/μL (if ALC is <500 cells/μL) to start apheresis (155). The PLAT-02 study recommended a minimum ALC of ≥100/μL prior to the apheresis (26). There seems to be a range of lymphocyte counts that allow for the collection of appropriate T-cell numbers for a successful manufacturing process. Certainly, a very low ALC will prolong collection times, which might be challenging for the harvesting facility and the patient, especially in patients <3 years of age. The optimal balance between T-cell numbers and T-cell quality still needs to be determined.

Another concern is that B-cell targeting drugs such as blinatumomab and inotuzumab ozogamicin, which nowadays are frequently used in patients with R/R disease, may impair CAR-T. The concerns are that blinatumomab might increase the selection pressure for CD19− escape variants whereas inotuzumab ozogamicin might deplete the normal B-cell compartment and thereby CD19+ targets, severely impacting on CAR T-cell expansion, especially if there is low leukaemic burden as is often induced in inotuzumab ozogamicin responders. Dourthe et al. (37) analysed 51 patients with R/R BCP-ALL receiving commercial tisagenlecleucel and revealed that prior administration of blinatumomab was associated with a shorter EFS and reduced OS due to an increased risk of a CD19− relapse. Moreover, a negative impact on outcome was shown with inotuzumab ozogamicin: seven of 11 inotuzumab ozogamicin-treated patients succumbed to disease. However, since six of those seven died from relapse post-infusion, one cannot exclude that aggressive disease rather than pre-treatment caused CAR-T failure. Awaiting B-cell recovery after use of B-cell–targeting drugs and prior to CD19 CAR-T might play an important role for successful expansion and persistence of CAR T cells. Further studies are planned or ongoing to evaluate this theory.




PREDICTIVE FACTORS FOR CAR-T FAILURE

Unless defined a priori in a patient's treatment plan, the decision to consolidate CAR-T infusion with HSCT will in most cases be based on post-infusion observations, particularly after infusion of CAR-T products with potential long-term persistence. A crucial question is therefore if and by which means CAR-T failure can be predicted.


Persistence of B-Cell Aplasia

Although CAR T cells can be quantitatively measured by real-time qPCR (e.g., detection of the tisagenlecleucel transgene DNA) or FCM, most centres use BCA (as an on-target CAR T-cell effect) as a surrogate marker for CAR T-cell activity, and use B-cell recovery as an indirect indication for CAR T-cell contraction or loss. Indeed, pooled data from the ELIANA and ENSIGN trials demonstrated that B-cell recovery occurring <3 or 3–6 months post infusion was associated with a more rapid loss of CAR T cells measured by transgene levels than when BCA was sustained beyond 6 months (38). Moreover, patients who relapsed in <6 months experienced a more rapid loss of CAR T cells compared with patients with events beyond 6 months. The authors hypothesised that a minimum of 6 months of BCA is necessary to prevent CD19+ disease recurrence (38).

The probability of maintaining BCA at 6 months after tisagenlecleucel infusion was 83% in the ELIANA trial (12). In a recent paper by Dourthe et al. (37) focusing on the determinants of CD19+ vs. CD19− relapses following tisagenlecleucel therapy in a “real-world” cohort, loss of BCA analysed as a time-dependent variable was associated with increased cumulative incidence of CD19+ relapse [sub-distribution hazard ratio 21.7, 95% confidence interval (CI) 2.65–177.70, p = 0.004] but not of CD19− relapse. The cumulative incidence of BCA loss was 33, 48, and 55% at 3, 6, and 12 months, respectively. The only predictive factor for BCA loss identified by univariate analysis was MRD <1.0% prior to the lymphodepletion (p = 0.03).



Depth of Remission After CAR-T

Most patients who respond to CAR-T infusion, do so early (by day 28) and have MRD-negative bone marrow [58 of 61 patients in ELIANA (12); >99% in the CIBMTR cohort (24)] unless pre-treated with blinatumomab, which was a predictive risk factor for early failure as defined by the absence of CR or detectable MRD (37). Patients who did not achieve MRD-negativity measured by PCR at day 28 had a dismal prognosis, with an increased CIR (37). However, even patients achieving an MRD-negative remission as assessed by FCM or PCR can later relapse. Therefore, an explorative endpoint in ELIANA was the predictive value of MRD measured by next-generation sequencing (NGS) post tisagenlecleucel infusion. So far, data have been shared only in an abstract and poster (156); NGS-MRD post CAR T-cell infusion was more sensitive than FCM-MRD at detecting impending relapse. NGS-MRD-negativity at day 28 predicted superior relapse-free survival 3 years post infusion compared to NGS-MRD positivity at any level (80 vs. 20%, respectively). The predictive value of NGS-MRD-negativity post infusion has also been reported in adults (157).



Antigen Stability: Antigen Escape and Lineage Switch

Antigen loss is an escape mechanism common to CAR-T and other targeted therapies, regardless of antigen specificity (29, 111–113). Little is known about the factors predicting CD19− relapse after CD19 CAR-T. As already mentioned, a high blast count prior to infusion was associated with a higher CIR of CD19− relapse (37, 143), and might be explained by an increased risk of the stochastic emergence of CD19− clones escaping CAR T-cell immunosurveillance (37). However, other factors such as the inflammatory context of CRS or the use of anti-IL-6 or steroid therapies may also favour emergence of CD19− clones and need further investigation (37). CD19− relapses seem to occur earlier post infusion than do CD19+ relapses (37, 143) and can occur in the presence of BCA (37) and functional CAR T cells. No marker or assay is currently available to predict the emergence of such subclones. Therefore, especially in patients pre-exposed to CD19-targeted therapies like blinatumomab, routine search for CD19− subclones both pre and post infusion is recommended and requires an experienced FCM laboratory.




STRATEGIES FOR PREVENTING LEUKAEMIC RELAPSE POST CAR-T

The short persistence of CAR T cells, emerging increase of CAR T cells with a resting or exhausted phenotype, early B-cell recovery, and persistence or reappearance of leukaemic clones as MRD are signs of CAR T-cell failure and might trigger interventions to re-establish the CAR-T function and prevent frank relapse.

Re-infusions of CD19 CAR T cells have been used in patients with CD19+ relapse or early loss of the CAR T cells with the aim to prolong persistence and reduce relapse risk (26, 37, 53). There is scarce and conflicting information about the efficacy of this approach. Gauthier and collaborators (158) from the Seattle group re-infused their own CAR-T product (see section Other Anti-CD19 CAR-T Products with a 4-1BB Costimulatory Domain) in patients with R/R leukaemia and lymphoma. They found re-infusion to be more effective among patients who had received fludarabine in the first lymphodepletion regimen and in those receiving a 1-log higher dose at re-infusion. However, outcomes among patients with ALL were generally poor, with only 21% of patients responding to re-infusion and a median PFS of only 4 months. Due to the short duration of response, consolidation with HSCT was recommended (158, 159).

Maude et al. (23) reported their experience re-infusing 20 BCP-ALL patients with tisagenlecleucel. Three patients received re-infusion for frank CD19+ relapse and 17 for poor CAR T cell persistence after initial infusion (including three who had become MRD positive). New remission was achieved in one of three children re-infused for a CD19+ relapse. Of the three MRD-positive patients, one progressed, one became MRD-negative, and one had reduced MRD. Re-infusion induced BCA for a second time in one of seven children treated for B-cell recovery, while six of seven children re-infused for CD19+ haematogones continued to have BCA 6–21 months later. A systematic study on tisagenlecleucel re-infusion is ongoing (NCT04225676).

Another approach reported from the same group at the CHOP/University of Pennsylvania (109) is the infusion of a humanised CAR construct (huCART19 or CTL119) in attempt to overcome the possibility of an anti-murine immune response. In a pilot trial (NCT02374333), 33 R/R BCP-ALL patients with either partial or no response to prior tisagenlecleucel, CD19+ relapse or early B-cell recovery (defined as occurring within 6 months of prior CAR T-cell infusion), were infused with huCART19 (109). The ORR 1 month after infusion was 64% in the re-treatment cohort. At 6 months after re-treatment, the probability of losing huCART19 persistence was 48% and the incidence of B-cell recovery was 58%.

Finally, to improve CAR T-cell expansion, function and persistence, strategies to combine programmed death 1 (PD-1) checkpoint inhibition (e.g., by pembrolizumab or nivolumab) with CAR T-cell infusion have been reported in BCP-ALL (160, 161). In these small cohorts, PD-1 blockade increased and/or prolonged the detection of circulating CAR T cells. Responses were seen in patients who had early B-cell recovery (re-established BCA) and bulky extramedullary disease (partial response or CR). However, PD-1 inhibition had a partial but not durable effect in patients with a poor initial marrow response to CAR-T alone.



INTERPLAY BETWEEN HSCT AND CAR-T IN ALL: FRIEND OR FOE?

As discussed in the previous sections, two alternative strategies have emerged on how HSCT and CAR-T might be used.


CAR-T as a Bridge to Transplant

The first strategy—which is based on shorter-lived CAR T cells—combines CAR-T and HSCT. Here, CAR T cells are used as a bridge to transplant to induce deep remissions in chemotherapy-resistant patients. This approach takes advantage of two highly effective immunological therapies, CAR-T and HSCT, without abandoning allogeneic transplantation which has proven efficacy and remains the standard of care for high-risk BCP-ALL in both the primary and relapse settings (19, 162–171). The major disadvantages of this approach are HSCT-related toxicity, the price of two costly therapies, and the fact that other more readily available bridging agents like blinatumomab might, for such a strategy, be more practical (and less expensive) alternatives to CAR-T. Moreover, this approach is challenging in patients who have been transplanted before and are not eligible for a second HSCT.

To compare such a strategy to current practise and outcomes, a study would need to include two treatment arms—one with CAR-T bridging and one with alternative bridging therapy—both ending in HSCT consolidation. Similar study designs have been used e.g., in trials of blinatumomab for first BCP-ALL relapse (164, 167).



CAR-T as an Alternative to HSCT

The second strategy, mainly based on CAR T cells with an extended persistence, has the aim to replace HSCT (i.e., to implement CAR-T as a stand-alone treatment). The obvious main advantage of this approach is the avoidance of a toxic HSCT procedure with its associated risks of serious long-term complications in paediatric populations. Disadvantages include long-lasting BCA as an on-target effect of B-cell-targeting CAR-T. This can be handled by immunoglobulin replacement but the long-term effects of a CAR-T-induced BCA on the immune system of children needs further observation. Moreover, CAR-T targeting single antigens, even with persistence, brings the risk of provoking target-negative subclones that could potentially be eliminated by the broader graft-vs.-leukaemia effect of a consolidative HSCT post CAR-T. Alternatively, multi-antigen targeting approaches may overcome tumour escape in a CAR-T stand-alone strategy (172, 173).

To compare a CAR-T stand-alone strategy to the current practise (which includes HSCT), studies would need one treatment arm to end at CAR-T whereas another arm would extend to HSCT, allowing the best available and most appropriate bridging therapy for each arm beforehand.




KNOWLEDGE GAPS IN THE USE OF CAR-T

As extensively exemplified, CAR-T is a multifaceted therapy with broad diversity in terms of the CAR design, pharmacodynamic attributes, long-term performance, and persistence. In addition, the field is rapidly moving forward with new or refined constructs, starting materials, manufacturing optimizations, and novel combinations and overall strategies emerging all the time. The answer of whether CAR-T can replace HSCT or should be a bridge to HSCT will depend on the properties of the specific CAR-T in question.

Current data on CAR-T in BCP-ALL in paediatric patients and AYAs are mainly derived from Phase I and II studies. These studies focused on early responses and safety, generating important data on several products. Still, compared with data derived from HSCT studies, there is insufficient information on key aspects of CAR-T to guide the positioning of CAR-T relative to HSCT, as outlined below.

• Safety/toxicity: further long-term studies are needed to follow acute CAR-T toxicities such as ICANS, CRS, and BCA, and also to detect subtle or subacute toxicities that might appear with longer observation times post infusion (27, 174).

• Efficacy: more data are needed on the long-term efficacy of CAR-T, especially focusing on therapies given in addition to the initial CAR T-cell infusion (e.g., re-infusions, secondary CAR-T products, immunomodulatory agents such as checkpoint inhibitors, molecular targeted therapies such as tyrosine kinase inhibitors, and consolidative HSCT while patients are still in remission).

• Cost: strategies based on sequential therapies (e.g., CAR-T followed by HSCT; HSCT followed by CAR-T; CAR-T followed by CAR-T; CAR-T followed by HSCT followed by CAR-T etc.) challenge healthcare system budgets. The overall costs for cure must be considered. Studies published to date did not fully disclose the overall longitudinal treatment journey of individual patients before definite therapy was applied. Sequential strategies are especially challenging in middle- and low-income countries.

Finally, there is a lack of Phase III studies that robustly compare current standard of care (which includes HSCT) to the CAR-T approaches aimed to replace HSCT. To be able to draw firm conclusions from such studies, the tremendous heterogeneity in previous Phase I/II cohorts regarding stage of BCP-ALL, cytogenetics, pre-treatments and products used need to be minimised or controlled by defining clear study entry criteria, cohorts and endpoints.



ONGOING AND PLANNED STUDIES TO CLOSE THE GAPS


Further Research on Approved CAR-T Indications

Currently, as of September 2021, tisagenlecleucel is the only CAR-T with market authorisation for paediatric patients and AYAs with BCP-ALL. As discussed above, the approved indications are ≥2 BCP-ALL relapse or a relapse after HSCT (Figure 2). In addition, refractory disease to standard chemotherapy, either in a primary or relapsed setting, is an indication for tisagenlecleucel.

As a post-market requirement applied by the regulatory authorities, data on patients receiving commercial tisagenlecleucel are collected in registries such as the CIBMTR (24), European Society for Blood and Marrow Transplantation (EBMT) registry (175, 176) or national registries (37). These “real-world” databases collecting data on a rapidly increasing number of patients will be valuable (but yet not monitored) resources to begin to evaluate in more detail (retrospectively and prospectively) multiple aspects of CAR-T planning, delivery, and outcome (Table 4).


Table 4. Aspects of CAR-T planning, delivery and outcome that could be researched using post-marketing registry data.
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In addition, a consistent definition of refractory BCP-ALL is lacking (i.e., MRD persistence vs. non-CR). It important to know how many patients received tisagenlecleucel for refractory BCP-ALL based on MRD persistence, and what the outcomes were for these patients.



Research in Primary BCP-ALL

The important question of whether CAR-T can circumvent the long-term adverse effects of HSCT is currently not being addressed in a randomised study design in any ALL disease stage. However, the CASSIOPEIA study (NCT03876769), a single arm, multi-centre, Phase II trial, will determine the efficacy and safety of tisagenlecleucel in paediatric patients and AYAs with de novo NCI-defined high-risk BCP-ALL who have received a four-drug induction and subsequent consolidation (~3 months of therapy in total) yet remain MRD positive at the end of consolidation, defined as an MRD of >0.01% by centralised FCM assessment (177). Such patients have a dismal prognosis with conventional high-intensive chemotherapy blocks consolidated by HSCT (178, 179), and experience substantial therapy-related toxicity (180). CASSIOPEIA is not randomising HSCT against CAR-T but will have a historic NCI-defined high-risk BCP-ALL cohort [COG study AALL0232 (179)] as the comparator. Tisagenlecleucel is being infused as a definitive therapy; only patients with an early loss of BCA or with MRD re-appearance and who are not responding to an optional CAR T-cell re-infusion will be eligible for additional HSCT. The endpoint of this study is 5-year DFS with secondary malignancy, death or morphological relapse defined as events. After ELIANA, this will be the first study to focus on further expansion of the indications for tisagenlecleucel in BCP-ALL and aims to investigate whether CAR-T can achieve outcomes in primary high-risk BCP-ALL that are comparable to those achieved with standard high-risk block therapies and HSCT but with reduced toxicity.



Research in First BCP-ALL Relapse

Despite a strong desire by paediatric haemato-oncologists, it has not yet been possible to set up a study with tisagenlecleucel for patients in first relapse. In the 2010 European IntReALL SR protocol (NCT01802814), patients with standard-risk first relapse were stratified to HSCT only if they responded insufficiently to re-induction treatment. In the IntReALL HR protocol (NCT03590171) patients with high-risk characteristics of first relapse were eligible for HSCT provided they entered remission on chemotherapy +/- blinatumomab. Only patients truly refractory to relapse therapy are within the current indication of commercial tisagenlecleucel.

However, studies are being conducted with CAR-T products other than tisagenlecleucel in which patients with a first relapse qualify for CD19 CAR-T. The ZUMA-4 trial (NCT02625480), which includes patients with a first relapse within 18 months of diagnosis, may broaden the CAR-T indication in the future. However, current long-term follow-up data on the brexucabtagene autoleucel product used in ZUMA-4 (CD28.CD3ζ CAR) indicate that consolidative HSCT is mandatory in all responding patients (27).

The TRANSCEND PEDALL study (NCT03743246), after establishing the recommended Phase II dose of the CAR-T product JCAR017, will also include patients with a first relapse and MRD positivity after re-induction therapy. A recent update of the PLAT-02 Phase I/II trial (JCAR017 in R/R BCP-ALL, NCT02028455) demonstrated an advantage of consolidative HSCT vs. watchful waiting with this CAR construct (181).

To answer the question of whether HSCT can be avoided in a first relapse setting, studies are needed with CAR-T products persisting for a sufficiently long time to serve as a stand-alone therapy. Ideally, these studies should randomise patients at relapse and include all patients currently allocated to HSCT to collect a T-cell apheresis product before the start of any chemotherapy. A proposed design is presented in Figure 4. Patients could be randomised (time point 1 in Figure 4) to either CAR-T or HSCT. In the CAR-T arm, an algorithm of different strategies for bridging would be essential to harmonise chemotherapy or immunotherapy before infusion according to variable prior toxicity and resistance patterns. After CAR-T (time point 3 in Figure 4), a subset of patients would either be primary refractory to CAR-T or relapse despite CAR-T and undergo HSCT. This cohort, although heavily selected, could be compared to historic controls to determine whether prior CAR-T impacts the outcome of HSCT. Children allocated to the HSCT arm would receive induction and consolidation chemotherapy and HSCT. However, as patients with persistent MRD (at a defined cut-off; time point 2 in Figure 4) have a notoriously poor prognosis, these patients would switch arm and be offered CAR-T as salvage treatment. Patients relapsing after HSCT would also be candidates for CAR-T, following the approved indication. A similar design could also be developed for upfront BCP-ALL treatment.
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FIGURE 4. Potential study design for a randomised study comparing chimeric antigen receptor (CAR) T-cell therapy with allogeneic haematopoietic stem cell transplantation (HSCT) in children with a first relapse of B-cell precursor acute lymphoblastic leukaemia. MRD, minimal residual disease; R, randomisation.


In addition, studies need an algorithm to define for which patients consolidation with HSCT is recommended despite MRD-negativity. Such an algorithm could be based on the different aspects discussed in this review. Factors will include the CAR-T product attributes, the duration of CAR T cell persistence/BCA, depth of remission based on MRD (potentially by NGS), salvage therapy options and genetic high-risk characteristics (e.g., TP53 mutations) at study inclusion. In the latter group, in which particularly little is known about the long-term efficacy of CAR-T (see section Factors influencing long-term efficacy - patient-related factors - genetic subgroups), it must be thoroughly considered whether CAR-T is indeed the most cost-effective treatment to induce remission or whether HSCT should be mandatory.

Another unanswered question is whether CAR-T in the event of a new BCP-ALL recurrence impacts on DFS after subsequent conventional high-dose chemotherapy followed by TBI-based HSCT.

Ideally, the above studies should be randomised, prospective, and longitudinal. The comparison of outcomes with historic control cohorts is complicated by the recent introduction of novel therapies (e.g., blinatumomab) into standard-of-care relapse protocols. Another complicating factor for study design is the proportion of patients who might crossover between treatment arms: patients randomised to chemotherapy and HSCT might become eligible for CAR-T in the event of an insufficient response (refractory or not achieving MRD-negativity), and, vice versa, patients receiving primary CAR-T therapy might receive HSCT as consolidation in the event of early loss of BCA or MRD reappearance. The DFS of children with an indication for HSCT in CR1 or CR2 and after standard-risk or high-risk salvage induction is not comparable. Therefore, future studies should stratify patients by the indication for HSCT or separate studies should be initiated.




DISCUSSION

The question of whether CAR-T is a stand-alone therapy or a bridge to transplant cannot generally be answered with the current data. There is a lack of randomised studies comparing approaches with consolidative HSCT vs. approaches in which patients will not proceed to HSCT but are strictly followed for CAR T-cell persistence and MRD remission post-infusion. The trials published to date are heterogeneous in terms of the CAR itself (design, target, and affinity), the CAR-T product attributes, the study population (fraction of patients with post-HSCT relapse at CAR-T study inclusion, genetic subgroups, age groups (e.g., <3 years of age), blast count prior to infusion, and the overall treatment strategy (consolidation by HSCT as part of the protocol).

There seems to be a consensus among researchers that CAR T cells need to persist for a while to be effective as stand-alone therapy; however, the necessary duration of persistence, measured either directly by CAR transgene levels or FCM, or using the duration of BCA as a surrogate marker, is unclear. The “short-lived” CAR-T products are mainly consolidated by HSCT, and very few patients have survived without HSCT. In patients who have received CAR-T products with potential long-term persistence, no definite general recommendation can be made.

However, looking at the data on tisagenlecleucel efficacy, there seems to be a subgroup of patients with a very favourable therapy course (a “low-risk group”) in which the chance of cure by CAR-T alone is very high (see Figure 5): age >1 year; no KMT2A rearrangement; no blinatumomab or inotuzumab ozogamicin pre-treatment; tisagenlecleucel product; infused in remission but with low level MRD (e.g., bone marrow blast count 1–5%); MRD-negativity at day 28 [by PCR (37) or even better, by NGS (182)]; and BCA lasting >6 months. In such a patient, we suggest a watch-and-wait strategy (with regular monitoring of CD19− clones) without consolidative HSCT.


[image: Figure 5]
FIGURE 5. Proposed approach to HSCT consolidation after CAR-T for paediatric patients and AYA with BCP-ALL based on treatment- and disease-related risk factors for relapse. *MRD positivity defined at >0.01%. AUC, area under the curve; AYA, adolescent and young adult; BCA, B-cell aplasia; CAR-T, chimeric antigen receptor T-cell therapy; FCM, flow cytometry; HSCT, haematopoietic stem cell transplantation; KMT2A, lysine methyltransferase 2A; MRD, minimal residual disease; NGS, next-generation sequencing; OOS, out of specification; PCR, polymerase chain reaction.


Conversely, there appears to be a subgroup of patients with an unfavourable course following CAR-T (a “high-risk group”) with a very high chance of treatment failure and, likely, an indication for consolidation by HSCT: MRD positivity at day 28 (by FCM or PCR), NGS-MRD positivity at ≥3 months, or any MRD re-appearance in the bone marrow (measured by any method); and early loss of BCA (<3 months) (Figure 5). Based on current data, these patients should be offered HSCT as further consolidation of MRD-negative remission.

For all other patients who may have identified risk factors for long-term CAR-T failure (e.g., high blasts count at infusion, TP53 mutation, certain high-risk cytogenetic subgroups, pre-treatment with inotuzumab ozogamicin or blinatumomab, OOS products, suboptimal pharmacodynamic parameters such as e.g., “low” expansion or “reduced” AUC, and loss of BCA 3–6 months post infusion), or after infusion of products other than tisagenlecleucel, no firm recommendations can be made on the advantage, timing or clear indication for consolidative HSCT because of a lack of sufficient data. The question of whether this “ambiguous risk group” will profit from HSCT consolidation cannot be answered currently. However, based on our clinical experience with tisagenlecleucel, the decision for or against HSCT in this group may be guided by the length of BCA, other potential salvage options and re-appearance of MRD (Figure 6). Larger cohorts and prospective studies with stringent protocols and endpoints will be necessary (including, for example, standardised measurement of CAR T cells, defined timepoints for MRD, and CAR-T quantification) to define the best treatment strategy for such patients.


[image: Figure 6]
FIGURE 6. Follow-up guidance after CAR-T for paediatric patients and AYA with BCP-ALL and an “ambiguous risk profile” (see Figure 5 for criteria for an ambiguous risk profile).




CONCLUSION

Paediatric patients and AYA with BCP-ALL who are candidates for CAR-T and HSCT represent very rare patient populations. The only way to get valid answers on the overarching questions of when and how to treat high-risk patients with one or other approach is broad, international collaboration on well-defined studies. Fortunately, paediatric oncology already has strong research networks and has a long tradition in cooperative efforts; thus, with additional data support from CAR-T and HSCT registries of the EBMT and CIBMTR and a willingness of companies to support necessary randomised trials, we would be positioned to address these questions altogether. The successful collaboration on the ALL SCTped 2012 FORUM trial, gathering investigators from 119 centres in 32 countries committed to answer one important randomised question, exemplifies what the field can achieve.
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Previously, the outcome of paediatric Philadelphia-chromosome–positive (Ph+) ALL treated with conventional chemotherapy alone was poor, necessitating the use of haematopoietic stem cell transplantation (HSCT) for the best outcomes. The recent addition of tyrosine kinase inhibitors (TKIs) alongside the chemotherapy regimens for Ph+ ALL has markedly improved outcomes, replacing the need for HSCT for lower risk patients. An additional poor prognosis group of Philadelphia-chromosome–like (Ph-like) ALL has also been identified. This group also can be targeted by TKIs in combination with chemotherapy, but the role of HSCT in this population is not clear. The impact of novel targeted immunotherapies (chimeric antigen receptor T cells and bispecific or drug-conjugated antibodies) has improved the outcome of patients, in combination with chemotherapy, and made the role of HSCT as the optimal curative therapy for Ph+ ALL and Ph-like ALL less clear. The prognosis of patients with Ph+ ALL and persistent minimal residual disease (MRD) at the end of consolidation despite TKI therapy or with additional genetic risk factors remains inferior when HSCT is not used. For such high-risk patients, HSCT using total-body-irradiation–containing conditioning is currently recommended. This review aims to provide an update on the current and future role of HSCT for Ph+ ALL and addresses key questions related to the management of these patients, including the role of HSCT in first complete remission, MRD evaluation and related actions post HSCT, TKI usage post HSCT, and the putative role of HSCT in Ph-like ALL.
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INTRODUCTION

Philadelphia-chromosome–positive (Ph+) acute lymphoblastic leukaemia (ALL) and, more recently, also Philadelphia-chromosome–like (Ph-like; also known as BCR-ABL–like) ALL have been identified to be associated with poor prognosis when patients receive standard chemotherapy regimens (1–3). Ph+ ALL is found in fewer than 5% of paediatric patients with ALL but in more than 20% of adults with ALL, with the incidence in adolescents falling in between. With the advent of tyrosine kinase inhibitors (TKI) (Figure 1), the prognosis for paediatric patients with Ph+ ALL treated with TKIs added to the chemotherapy backbones began to approach that of non-Ph+ ALL patients (4–8). However, subgroups of Ph+ patients (e.g., those with IKZF mutations) with a substantially less favourable prognosis have been identified (6, 9). Allogeneic haematopoietic stem cell transplantation (HSCT) for consolidation of remission in Ph+ ALL patients is now reserved for those with specific high-risk features (2, 7). The role of HSCT in Ph-like ALL is less clear. In this review, we summarize the current role of HSCT in Ph+/Ph-like ALL.
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FIGURE 1. Mechanism of action of tyrosine kinase inhibitors. AKT, protein kinase B; cGvHD, chronic graft-vs.-host disease; ERK1/2, extracellular signal-regulated kinase 1/2; GRB2, growth factor receptor-bound protein 2; MEK1/2, mitogen-activated protein kinase 1/2; mTOR, mammalian target of rapamycin; Pi, phosphorylation; PI3K, phosphatidylinositol-3-kinase; TK, tyrosine kinase.




RECENT ADVANCES IN THE CHEMOTHERAPY OF Ph+ ALL AND THEIR IMPACT ON THE ROLE OF HSCT

With the advent of TKIs, the role of HSCT in the treatment of paediatric Ph+ ALL has changed (summarized in Table 1) (4, 6, 8, 10–12). The non-randomized Children's Oncology Group (COG) AALL0031 trial added imatinib to an intensive chemotherapy backbone for the treatment of paediatric Ph+ ALL; only patients with a matched sibling donor (MSD) were stratified to undergo HSCT, with many patients taken off study for a matched unrelated donor (MUD) HSCT. No advantage of allogeneic HSCT was observed compared to the chemotherapy plus imatinib arm: 3-year event-free survival (EFS) was 87.7% for chemotherapy plus imatinib, 56.6% for MSD HSCT and 71.6% for MUD HSCT (5). The EsPhALL2004 trial, which also combined imatinib with chemotherapy for the treatment of paediatric Ph+ ALL, confirmed the outcome of the COG trial. In this trial, HSCT was indicated for poor-risk patients with any donor type and for good-risk patients with an MRD or MUD. When censored at the time of HSCT, the 2-year disease-free survival (DFS) was 81.2% in the good-risk group treated with imatinib vs. 65.4% in the good-risk group treated without imatinib. In the poor-risk group, in which 84% of patients underwent HSCT, the 4-year EFS was 53.5% (10). A third study in paediatric Ph+ ALL—EsPhALL2010—used a similar strategy to the AALL0031 study by giving imatinib continuously (300 mg/m2) but starting at an earlier timepoint of day 15 of the induction chemotherapy. Starting with the same HSCT indications as in the EsPhALL2004 protocol, the criteria were restricted in 2012 based on the consensus that good responders (defined by minimal residual disease [MRD] level at the end of consolidation) did not need HSCT. Thus, HSCT was reserved for the poor responders only (MRD ≥5 × 10−4). The 5-year overall survival (OS) for the group of patients undergoing HSCT in first complete remission (CR1) group was 77.3% compared to 73.6% for the non-transplanted patients (p = 0.63) (8).


Table 1. Summary of published trials investigating TKIs for Ph+ ALL in children and adolescents.
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Dasatinib in combination with chemotherapy was evaluated also in the COG AALL0622 trial of paediatric Ph+ ALL, with dasatinib added at day 15 to the identical chemotherapy backbone used in the AALL0031 trial. The 5-yr EFS was similar for the non-transplanted and transplanted groups (60 vs. 61%, respectively). The study concluded that HSCT should be limited to the high-risk group of slow responders as defined by the MRD levels. In addition, this trial suggested a potential role for transplantation in patients with additional IKZF1 deletions as a significant negative prognostic factor (6). In the COG AALL1122 phase 2 trial in paediatric Ph+ ALL, strategies from AALL0622 and EsPhALL2010 were merged and dasatinib (starting on day 15) administered with EsPhALL chemotherapy. The indication for HSCT in CR1 was restricted to patients with an MRD ≥0.05% at the end of consolidation or any MRD positivity following three additional high-risk chemotherapy blocks. An early study report showed that a substantially lower percentage of patients were transplanted in the trial compared to the percentages in the EsPhALL 2004 and 2010 trials, while similar outcomes were observed (5-year EFS was 54.6% in AALL1122 vs 60.3% in EsPhALL 2004 and 57% in EsPhALL 2010 for the whole pt cohort) (12).

With the possible benefit of dasatinib over imatinib remaining unestablished, the current EsPhALL2017/COG AALL1631 trial in paediatric Ph+ ALL (NCT03007147) was launched to study imatinib with randomization to EsPhALL (arm A) vs AALL1131-type chemo backbone using a non-inferiority design and imatinib in combination with the chemotherapy backbone. Only high-risk patients (MRD ≥5 × 104 at end of consolidation) are being allocated to allogeneic HSCT. For the HSCT patients, the study is investigating the feasibility of administering imatinib post HSCT.



HSCT IN Ph+ ALL

With the success of the addition of a TKI to a chemotherapy backbone for the treatment of paediatric and adolescent Ph+ ALL, the future role of HSCT in the treatment of paediatric and adolescent Ph+ ALL remains to be delineated. HSCT represents a multimodal immune therapy for Ph+ ALL through a comprehensive immune response including T, B, natural killer (NK) and professional antigen-presenting cells. Ph+ ALL appears to respond well to immune therapy mediated by HSCT, with the overall survival rates hovering at 70–80% (8, 13) as compared with other subgroups of high-risk paediatric ALL such as hypodiploid ALL (8). Yet, HSCT is limited as a potential therapy primarily by its associated, immune-mediated toxicity as acute and chronic graft-vs.-host disease (GvHD) (Figure 1).

Currently, the majority of paediatric ALL patients undergoing HSCT receive TBI-containing conditioning (14), especially those with a very high relapse risk (15). TBI-based conditioning regimens are also widely used to prepare children with Ph+ ALL for HSCT (14). Due to the known late effects associated with the use of TBI (endocrine effects, reduced cognitive function, infertility, cataracts, and an increased risk of secondary malignancies), it has for a long time been a matter of intense debate whether chemoconditioning can effectively replace TBI. In their retrospective study, Friend et al. (14) found that ALL patients who received a non–TBI-based conditioning regimen had a lower 3-year EFS compared to those who received TBI (52 vs. 77%, respectively; p = 0.03). In their paper, but without a subgroup analysis, a small group of Ph+ patients were included, mostly in the non-TBI arm. Importantly, MRD positivity as measured by next-generation sequencing (NGS) prior to transplant was highly predictive of relapse: NGS-MRD negative patients had a 0% rate of relapse compared to a 50% relapse rate for the NGS-MRD–positive patients prior to HSCT (p = 0.04).

To further compare outcomes of TBI vs. chemoconditioning regimens, a multicentre European Society for Bone and Marrow Transplantation (EBMT) Paediatric Diseases Working Party (PDWP) retrospective study was performed. Paediatric patients with all subgroups of ALL (N = 3,054) transplanted between 2000 and 2012 were included. For children undergoing HSCT in CR1, the survival rates after TBI and chemoconditioning were not significantly different. For patients transplanted in CR2, the outcomes after TBI were superior to those after chemoconditioning with regard to leukaemia-free survival (LFS; 53.7 vs. 29.4%, respectively) and relapse incidence (30.6 vs. 49.3%, respectively) (16). The For Omitting Radiation Under Majority age (FORUM) trial—a large prospective international, randomized trial of HSCT in paediatric ALL—compared conditioning with TBI and etoposide to chemoconditioning regimens of busulfan or treosulfan in combination with fludarabine and thiotepa. This study found TBI-based conditioning to be associated with a significantly lower risk of relapse and treatment-related mortality (TRM) than either chemoconditioning regimen. In the Ph+ ALL group, TBI was superior to chemoconditioning with a 2-year EFS of 89 vs. 60%, respectively (13, 17). As a result, TBI prior to the HSCT is recommended for children ≥4 years of age with Ph+ ALL. However, TBI should be omitted in those of younger age (<4 years) due to its massive, toxic impact on the rapidly growing and developing child.

Optimal donor selection for HSCT in Ph+ ALL patients continues to be explored. An MSD is still the optimal donor but the optimal alternative donor source remains to be determined. Currently, the choices include unrelated umbilical cord blood, an MUD or mismatched unrelated donor (MMUD) or a haploidentical related donor. It has been suggested that umbilical cord blood may give a superior outcome compared to an unrelated adult donor (18) or at least a comparable outcome (19). At this time, it appears that all donor sources give similar results. One new approach has been the use of haploidentical HSCT to expand the donor availability, with strategies including in vivo T-cell depletion with post-transplant cyclophosphamide (PT-Cy) or ex vivo T-cell depletion (TCD) prior to HSCT.

In vivo depletion of the expanding, allo-reactive T cells with PT-Cy 48–72 h after transplant has been used in paediatric ALL of all subtypes (20, 21) with a reduction in both GvHD and graft rejection observed (22, 23). In adult ALL, there is no difference in the outcome between an MUD-HSCT and a PTCy haploidentical transplant (24), especially when using a TBI-containing conditioning regimen (25). The largest retrospective multicentre study on haploidentical HSCT to date analysed outcomes of 180 children with ALL after haploidentical HSCT using the PT-Cy modality (20). The estimated 2-year LFS was 65, 44, and 18.8% for patients transplanted in CR1, CR2, and CR3 or more, respectively, while 1-year LFS was 3% for those not in CR. The use of peripheral blood stem cells (PBSCs) was an independent factor associated with a decreased OS and higher NRM as opposed to bone marrow (20).

The other main approach to haploidentical HSCT is to perform ex vivo T-cell depletion prior to HSCT. Data on 343 patients with ALL who were <21 years old and who received their first allograft (αβ T-cell/B-cell depleted) after myeloablative conditioning in CR were analysed (26). The incidence of transplant-related complications was 6% with an MUD, 28% with an MMUD and 9% with a haploidentical graft. With a median follow-up of 3.3 years, the 5-year probability of LFS in the three groups was 67, 55, and 62%, respectively.

A review by Rahman and colleagues in the current Frontiers in Pediatrics supplement explores the different approaches to haploidentical HSCT in detail.

Currently, there is no evidence about which platform for haploidentical HSCT—PT-Cy or ex vivo T-cell depletion—is better, and no specific data on their use in Ph+/Ph-like ALL are available. A Spanish, multicentre, retrospective analysis of 192 children and adolescents with high-risk haematological malignancies compared the data of haploidentical HSCT using PT-Cy (n = 41) or ex vivo T-cell depletion (n = 151) in 10 centres between January 1999 and December 2016. The results of this study show that there are no statistical differences between the two approaches in terms of OS, DFS, GvHD-free, relapse-free survival, relapse, and TRM at day +100 (27).



THE ROLE OF THE GRAFT-VS.-LEUKAEMIA EFFECT IN Ph+ ALL

The GvL effect is closely associated with GvHD. To date, there is no identified immune target specific to Ph+ ALL that can be used to predict the GvL effect beyond general criteria used in ALL such as the human leukocyte antigen (HLA) DP (28). However, the gene fusion BCR-ABL itself has been targeted with tumour-specific T-cell therapy (29). In the COG ASCT0431 study, the presence of grade I–III acute GvHD (aGvHD) was associated with a lower risk of relapse of B-ALL (30). This association was confirmed by the FORUM trial showing that a moderately severe aGvHD (grade II) was associated with a GvL effect (17). While the GvL effect may be achieved without GvHD, milder forms of both aGvHD and chronic GvHD (cGvHD) appear to be associated with an augmented GvL effect, with a greater impact by aGvHD for paediatric ALL (31–33).

In a large retrospective CIBMTR study, researchers examined the GvL effect as a function of GvHD in both children and adults. Among the 5,215 transplant recipients, 1,619 were paediatric ALL patients in CR1/CR2 (with 15 % Ph+), and 1,003 had advanced disease (15% with Ph+). According to this study, GvHD was associated with an enhanced GvL effect in ALL. The beneficial effect of GvHD-associated GvL on the OS was confirmed for both the adults and children in CR1/CR2 with low-grade aGvHD (hazard ratio [HR], 0.49–0.69), but not with cGvHD. In addition, a beneficial effect was shown in patients with advanced ALL and cGVHD with or without grade I or II aGvHD (reduction of mortality with HR, 0.83–0.76). The impact of pre-transplant MRD could not be evaluated as the MRD levels were unknown for 84% of patients (34).

A Japanese retrospective study on adult patients with Ph+ ALL failed to confirm the above CIBMTR study findings. The study evaluated 1,022 patients aged >15 years with Ph+ ALL who underwent HSCT to assess the impact of GvHD-associated GVL on the outcome of patients stratified by their MRD status. In contrast to the previous reports, the researchers did not observe a significantly better OS among those patients with a mild aGvHD or cGvHD regardless of MRD level (35).

What differentiates the treatment approach for Ph+ ALL from that used for other molecular subtypes of ALL is the addition of TKIs into induction therapy and, for some patients, also post-transplant. With use of post-transplant TKIs, their immunosuppressive effects become a consideration. The ability of TKIs to induce an immunomodulatory effect has been documented for T, NK and B cells. Also, regulatory T cell numbers are reduced among TKI-treated patients (36, 37). Pre-transplant TKIs increase the risk of infection, while post-transplant TKIs add to the immune suppression. The incidence and severity of cGvHD have been shown to be reduced by imatinib post HSCT (38).



THE ROLE OF HSCT IN TREATING Ph-LIKE ALL

A large subgroup of patients with a similar gene expression profile to Ph+ ALL without the classic BCR-ABL fusion gene (i.e., Ph-like ALL) were reported in 2009 as having a high rate of relapse with conventional chemotherapeutic regimens (39). Yet, the blast cells of these patients had rearrangements similar to Ph+ ALL such as CRLF2 rearrangements, a JAK mutation or a variety of additional kinase alterations (ABL1, JAK2, PDGFRB, EPOR, IL7R, SH2B3, FLT3 etc.). The resulting chimeric proteins showed substantial tyrosine kinase activity, even in the absence of high ABL expression (40).

The role of HSCT as a therapy for Ph-like paediatric ALL is uncertain (13). Childhood leukaemia study groups have focused on augmenting chemotherapy in combination with either Janus kinase 2 (JAK2) specific drugs, such as ruxolitinib, or ABL/platelet-derived growth factor receptor (PDGF-R) inhibitors, such as imatinib or dasatinib. Whether Ph-like ALL is as immunogenic and responsive to the HSCT-mediated GvL effect as Ph+ ALL needs to be determined. A retrospective evaluation through the CIBMTR or EBMT databases is needed to establish the efficacy of HSCT for Ph-like ALL. If it is similar to that in either infant KMT2A-rearranged or hypodiploid ALL, and thus relatively resistant to the GvL effect offered by HSCT, the outcomes with TKI therapy may not be as good as those seen for Ph+ ALL. While early results are promising, the ability of the targeted JAK2 or ABL/PDGF-R inhibitors to attain an MRD-negative state pre HSCT, putatively also of key importance in this, novel subgroup, remains to be established. The potential use of TKI therapy post HSCT in Ph-like also needs to be evaluated urgently. Either way, HSCT for Ph-like ALL is probably an important approach to offer as “total” immune therapy for this subpopulation of paediatric patients with ALL.



THE ROLE OF MRD IN HSCT FOR Ph+ AND Ph-LIKE ALL

Evaluation of treatment response in the form of sensitive MRD measurements in the post-induction period has been established as an indispensable tool for risk stratification in various ALL subtypes (41). The early European paediatric Ph+ ALL study, EsPhALL 2004, found that the achievement of MRD negativity after a consolidation phase resulted in a lower rate of relapse than that observed in patients with detectable MRD (5-year cumulative incidence of relapse: 14.3 vs. 35.3% respectively) (31). An end-of-consolidation MRD >5 × 10−4 or any MRD positivity at later timepoints stratifies patients into a high-risk arm to receive HSCT in CR1 in the current COG AALL1631/EsPhALL2017 trial. By contrast, the COG AALL0031 study using flow-cytometry–based MRD found that MRD positivity at the end of induction was not prognostic of outcome (4, 5).

In the next generation of international Ph+ ALL trials (AALL1631/EsPhALL2017 phase 3 trial), MRD measured by immunoglobulin (Ig) / T-cell receptor (TCR) real-time quantitative polymerase chain reaction (RQ-PCR) was selected as the primary method for measuring MRD (42). Although RQ-PCR quantification of genomic Ig/TCR and BCR-ABL RNA shows concordance (69% overall concordance in the EsPhALL2004 trial), BCR-ABL RQ-PCR remains more often positive at later timepoints, but without clear clinical significance, and appears to be less precise in predicting outcome (43). Use of BCR-ABL RQ-PCR was deemed impractical to measure MRD in the joint EsPhALL/ COG AALL1122 CA180-372 trial due to missing results caused by frequent, unmet assay requirements (44). The discordance between the Ig/TCR and BCR-ABL RQ-PCR results may be caused by the presence of BCR-ABL1 translocation in non-leukaemic myeloid or other cells, possibly due to a CML-like stem cell disease (45).

In the EsPhALL 2010 trial, nine (30%) of the 30 patients who were MRD negative at the end of consolidation and thus treated with imatinib plus chemotherapy relapsed vs. none of the 17 MRD-negative patients who underwent HSCT, similarly to EsPhALL 2004 (8). Thirty-three (37.8%) of the 87 MRD-negative patients treated with dasatinib plus chemotherapy in the EsPhALL/COG AALL1122 CA180-372 trial relapsed (44). This relapse rate of ≥30 % for the standard risk Ph+ ALL patients (MRD negative at the end of consolidation and no HSCT indication in CR1) suggests that the value of MRD negativity in Ph+ ALL for risk assessment is limited and differs from its role in the majority of the non-Ph+ ALL subtypes. Fortunately, a significant number of Ph+ ALL standard-risk patients can be salvaged after first relapse using TKI-containing chemotherapy regimens as bridging to HSCT (6, 8) (Figure 2).
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FIGURE 2. Proposed treatment algorithm for HSCT in paediatric Ph+ and Ph-like ALL. *There are no defined criteria for high-risk Ph-like ALL at present. ALL, acute lymphoblastic leukaemia; CAR, chimeric antigen receptor; HSCT, haematopoietic stem cell transplantation; IB, consolidation; MRD, minimal residual disease; Ph+, Philadelphia chromosome; TKI, tyrosine kinase inhibitor.


Negative MRD pre HSCT, as well as concurrent aGvHD, is predictive of a lower rate of relapse in paediatric patients with ALL overall (46, 47). This appears to be true as well for Ph+ ALL (5). The relapse rate post HSCT for patients assigned to HSCT in the EsPhALL 2010 was five of 15 (33%) (8). In the EsPhALL/COG AALL1122 CA180-372 trial it was four of 15 (44), a rate of relapse similar to other high-risk ALL patients undergoing HSCT for ALL in CR2. In the AALL0031 cohort, the 5-yr EFS rate for the MRD-negative patients after HSCT was 77% (5) and, interestingly, almost all patients in the EsPhALL2004 and EsPhALL/COG AALL1122 studies were Ig/TCR RQ-PCR negative or had low positivity before HSCT and had an excellent 5-yr EFS (86% in EsPhALL2004 and 91% in EsPhALL 2010). Thus, although MRD may not be as predictive for the outcome among patients receiving chemotherapy plus a TKI, it may be predictive for the HSCT outcomes (31). Moreover, the results of the AALL0622 study suggest that HSCT was able to abrogate the poor prognosis associated with MRD positivity at the end of consolidation (6).

The role of MRD monitoring for Ph+ ALL post HSCT is not well determined. The use of BCR-ABL PCR is uncertain and the results may come out as positive for a long time after HSCT and not predict relapse, at least not as previously described in adults (48). TCR-IgH PCR, flow cytometry or NGS are currently being utilized in several settings. While in CML peripheral blood BCR-ABL PCR correlates well with marrow measurements, evaluation of MRD in the marrow is still considered the standard for paediatric Ph+ ALL. Also uncertain is the optimal timing of MRD measurements after HSCT. Based on the high salvage rate of recurrent Ph+ ALL after chemotherapy plus TKI (6, 8), it is highly likely that patients who become MRD+ post HSCT will be reinduced into remission before a full relapse. In order to identify an early relapse post HSCT we recommend frequent monitoring of MRD after HSCT at 1, 2, 3, 6, 9, and 12 months after HSCT (c.f. Figure 2). These MRD evaluations may lead to a pre-emptive approach after HSCT although the level of MRD that should trigger the use of a TKI or another intervention is uncertain. Some experts have advised that a rise in MRD in measurements taken 2–4 weeks apart could be enough to launch a therapeutic intervention. Studies are needed to guide: (a) what method for the MRD measurement should be utilized; (b) what is an actionable “positive” MRD level; and (c) whether a TKI or other intervention is best.

Another unanswered question is for how long TKIs should be used pre-emptively in patients with MRD positivity. One year of treatment if MRD negativity is achieved is reasonable, with a close monitoring of the MRD once the TKI is discontinued. Another factor to consider is the impact of TKIs on haematopoiesis and immune responses, i.e., early TKI administration post HSCT (48) may require a lower dose than is standard. We expect that most clinicians would recommend imatinib as the preferred TKI to be used in a post-HSCT MRD-positive setting because it is the least marrow suppressive.

The role of HSCT for patients with BCR-ABL-like ALL is currently not known. Studies have been limited by data on the patients having a BCR-ABL-like translocation only recently being included in the data captured by the large HSCT databases of the CIBMTR and EBMT. Moreover, data on alternative immune therapies such as blinatumomab or CAR-T cell is only now being collected. It is reasonable to conclude that allogeneic HSCT is an excellent option for recurrent or refractory BCR-ABL-like ALL. Only through prospective clinical trials and retrospective analyses of the CIBMTR and EBMT databases with enough data will the relative efficacy of HSCT for this subtype of ALL be determined.



THE IMPACT OF TKIs POST HSCT IN Ph+ HSCT

The post-HSCT use of TKIs in both adult and paediatric Ph+ ALL has not been studied in a controlled way. In an EBMT retrospective study in adult with Ph+ ALL, a multivariate analysis found prophylactic TKI to significantly improve the LFS (hazard ratio, 0.44; p = 0.002) and lower the relapse incidence (hazard ratio, 0.40; p = 0.01) (49). On the other hand, the only randomized trial of post-transplant TKI reported that prophylactic and pre-emptive use of imatinib is equally effective in preventing relapse after allogeneic HSCT (50). A recent systematic review of 17 trials showed that the use of TKIs after allogeneic HSCT for patients in CR1 improved the OS when given either as a prophylactic or pre-emptive regimen but were of no benefit in patients with Ph+ ALL in CR2 or higher (51). Similarly, a retrospective analysis on 850 adult patients by the Japan Society for HSCT concluded that TKI prophylaxis was not associated with a decreased risk of relapse or superior OS in either MRD-negative or -positive patients in CR1 at HSCT (52). Also of importance are the immunosuppressive effects of TKIs, as demonstrated by imatinib's efficacy as a salvage treatment for steroid refractory cGvHD (53). While the EBMT retrospective study found a lower incidence of relapse only with aGvHD (49), a smaller retrospective study found that post-HSCT TKI prophylaxis was associated with a reduction in cGvHD (38). As opposed to the adult studies described above, no studies have evaluated the impact of post-HSCT prophylaxis or pre-emptive therapy on relapse and GvHD in children.

When the TKIs are administered post HSCT, the optimal type, timing and duration remain to be decided for both the adult and paediatric patients. Limited data support the use of the newer generation TKIs for patients after HSCT (50, 51, 54). Examination of the mutational status and amplification of the ABL kinase gene is recommended in relapsed and non-responding patients. The initiation of TKI post HSCT requires a stable graft function to tolerate the myelosuppressive effect of the TKIs, usually seen from 2 months after HSCT (54). A reasonable duration of the TKI treatment is 6 months to 1 year of MRD negativity (51, 54). A retrospective analysis on the stopping of the TKIs post HSCT found that administration for more than 6 months tended to be associated with a superior relapse-free survival (55). Stopping TKIs post HSCT is often not a planned decision, as illustrated by a single prospective randomized trial on prophylactic vs. pre-emptive TKI post HSCT, where most patients in each group (67 and 71%) discontinued the treatment prematurely (48). Since the outcomes are similar for prophylactic vs. pre-emptive TKI therapy, the less-toxic pre-emptive strategy appears to be favourable but a strict MRD monitoring schedule needs to be implemented. The decision to use pre-emptive TKI therapy may be guided by an assessment of the pre- and post-HSCT relapse risk (51, 54). In conclusion, currently available data do not support the use of prophylactic TKI post HSCT. We recommend a pre-emptive approach based on the post-HSCT MRD analysis for those Ph+ ALL patients who are MRD negative at transplant (Figure 3).
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FIGURE 3. Our recommendations for the use of MRD to plan HSCT in paediatric Ph+ and Ph-like ALL. ANC, absolute neutrophil count; ALL, acute lymphoblastic leukaemia; BM, bone marrow; CAR, chimeric antigen receptor; HSCT, haematopoietic stem cell transplantation; IgH, immunoglobulin H; MRD, minimal residual disease; NGS, next-generation sequencing; PCR, polymerase chain reaction; Ph+, Philadelphia chromosome; TCR, T cell receptor; TKI, tyrosine kinase inhibitor.




APPROACHES TO PERSISTENT MRD POSITIVITY AFTER HSCT IN Ph+ AND Ph-LIKE ALL

One of the biggest challenges for the HSCT physician is when a patient remains MRD positive post HSCT after a TKI is implemented. Other targeted agents may become more commonly used, especially when MRD positivity persists after the implementation of a TKI and there is no mutation to suggest TKI resistance.



THE ROLE OF NOVEL IMMUNOTHERAPEUTIC APPROACHES IN HSCT FOR Ph+ ALL

There are a number of targeted immune therapies that putatively will impact the role of HSCT in the treatment for high-risk Ph+ or Ph-like ALL in the paediatric population. One of the big questions to be answered is: “can HSCT be used to further improve outcomes in patients receiving a novel agent or can the novel immune therapies be used after HSCT to improve the outcome?”. The use of CAR T cells, blinatumomab or inotuzumab ozogamicin either to induce MRD negativity pre HSCT or as post HSCT prophylaxis or pre-emptive therapy remains to be elucidated. Their use in combination with TKIs may lead to novel approaches to achieve lower toxicity and higher efficacy in combination with HSCT.



RECOMMENDATIONS AND CONCLUSIONS

Our recommendations for HSCT in paediatric patients with Ph+ and Ph-like ALL are shown in Table 2. In summary, HSCT continues to offer an important therapeutic option for r/r Ph+ ALL in children and adolescents. However, the role of HSCT in Ph-like ALL, if any, is not clear, and additional studies are needed to establish the role of HSCT in this high-risk subpopulation. The role of TKIs in combination with HSCT for Ph-like paediatric ALL also requires further study.


Table 2. Key recommendations for the use of HSCT in paediatric Ph+ and Ph-like ALL.
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Optimal outcomes of HSCT for Ph+ ALL require the use of conditioning regimens with the lowest possible toxicity to establish MRD negativity pre HSCT, but should include TBI. Outcomes are similar for all donor sources. A better GvL effect may be achieved if either a low-grade aGvHD or cGvHD occurs after HSCT.

Routine MRD measurement are needed after HSCT and probably best performed by PCR for the IgH/TCR rearrangements or NGS rather than BCR-ABL PCR testing (56). There are currently no established data to support the consistent use of prophylactic TKIs post HSCT and, consequently, a pre-emptive approach based on close MRD monitoring post HSCT is probably the less toxic approach.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



FUNDING

This study received funding from the St. Anna Children's Cancer Research Institute, Vienna, Austria. The funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.



ACKNOWLEDGMENTS

Editorial support in the preparation of this manuscript was provided by Hannah Bridges of HB Health Comms Limited.



REFERENCES

 1. Moorman A. The clinical relevance of chromosomal and genomic abnormalities in B-cell precursor acute lymphoblastic leukemia. Blood Rev. (2012) 26:123–35. doi: 10.1016/j.blre.2012.01.001

 2. Arico M, Schrappe M, Hunger SP, Carroll WL, Conter V, Galimberti S, et al. Clinical outcome of children with newly diagnosed Philadelphia chromosome-positive acute lymphoblastic leukemia treated between 1995 and 2005. J Clin Oncol. (2010) 31:4755–61. doi: 10.1200/JCO.2010.30.1325

 3. Cario G, Leoni V, Conter V, Baruchel A, Schrappe M, Biondi A. BCR-ABL1-like acute lymphoblastic leukemia in childhood and targeted therapy. Haematologica. (2020) 9:2200–4. doi: 10.3324/haematol.2018.207019

 4. Schultz KR, Bowman WP, Aledo A, Slayton WB, Sather H, Devidas M, et al. Improved early event-free survival with imatinib in Philadelphia chromosome-positive acute lymphoblastic leukemia: a Children's Oncology Group study. J Clin Oncol. (2009) 27:5185–81. doi: 10.1200/JCO.2008.21.2514

 5. Schultz KR, Carroll A, Heerema NA, Bowman WP, Aledo A, Slayton WB, et al. Long-term follow-up of imatinib in pediatric Philadelphia chromosome-positive acute lymphoblastic leukemia: Children's Oncology Group study AALL0031. Leukemia. (2014) 28:1467–71. doi: 10.1038/leu.2014.30

 6. Slayton WB, Schultz KR, Kairalla JA, Devidas M, Mi X, Pulsipher MA, et al. Dasatinib plus intensive chemotherapy in children, adolescents, and young adults with Philadelphia chromosome-positive acute lymphoblastic leukemia: Results of Children's Oncology Group trial AALL0622. J Clin Oncol. (2018) 36:2306–14. doi: 10.1200/JCO.2017.76.7228

 7. Pui CH, Yang JJ, Hunger SP, Pieters R, Schrappe M, Biondi A, et al. Childhood acute lymphoblastic leukemia: Progress through collaboration. J Clin Oncol. (2015) 33:2938–48. doi: 10.1200/JCO.2014.59.1636

 8. Biondi A, Gandemer V, De Lorenzo P, Cario G, Campbell M, Castor A, et al. Imatinib treatment of paediatric Philadelphia chromosome-positive acute lymphoblastic leukemia (EsPhALL2010): a prospective, intergroup, open-label, single-arm clinical trial. Lancet Haematol (2018) 5:e641–52. doi: 10.1016/S2352-3026(18)30173-X

 9. Moorman A. New and emerging prognostic and predictive genetic biomarkers in B-cell precursor acute lymphoblastic leukemia. Haematologica. (2016) 101:407–16. doi: 10.3324/haematol.2015.141101

 10. Biondi A, Schrappe M, De Lorenzo P, Castor A, Lucchini G, Gandemer V, et al. Imatinib after induction for treatment of children and adolescents with Philadelphia-chromosome-positive acute lymphoblastic leukaemia (EsPhALL): A randomised, open-label, intergroup study. Lancet Oncol. (2012) 13:936–45. doi: 10.1016/S1470-2045(12)70377-7

 11. Shen S, Chen X, Cai J, Yu J, Gao J, Hu S, et al. Effect of dasatinib vs imatinib in the treatment of pediatric Philadelphia chromosome-positive acute lymphoblastic leukemia: a randomized clinical trial. JAMA Oncol. (2020) 6:358–66. doi: 10.1001/jamaoncol.2019.5868

 12. Hunger S, Saha V, Devidas M, Valsecchi M, Gastier-Foster J, Cazzaniga G, et al. Final results of CA180-372/COG AALL1122 phase 2 trial of dasatinib and chemotherapy in pediatric patients with newly-diagnosed Philadelphia chromosome positive acute lymphoblastic leukemia (PH plus ALL). Pediatr Blood Cancer. (2020) 67:S15–6. 

 13. Tasian SK, Peters C. Targeted therapy or transplantation for paediatric ABL-class Ph-like acute lymphocytic leukaemia? Lancet Haematol. (2020) 7:e858–9. doi: 10.1016/S2352-3026(20)30369-0

 14. Friend BD, Bailey-Olson M, Melton A, Shimano KA, Kharbanda S, Higham C, et al. The impact of total body irradiation-based regimens on outcomes in children and young adults with acute lymphoblastic leukemia undergoing allogeneic hematopoietic stem cell transplantation. Pediatr Blood Cancer. (2020) 67:e28079. doi: 10.1002/pbc.28079

 15. Dalle J-H, Balduzzi A, Bader P, Pieczonka A, Yaniv I, Lankester A, et al. The impact of donor type on the outcome of pediatric patients with very huge risk acute lymphoblastic leukemia. A study of the ALL SCT 2003 BFM-SG and 2007-BFM-International SG. Bone Marrow Transpl. (2021) 56:257–66. doi: 10.1038/s41409-020-01014-x

 16. Willasch AM, Peters C, Sedláček P, Dalle JH, Kitra-Roussou V, Yesilipek A. et al. Myeloablative conditioning for allo-HSCT in pediatric ALL: FTBI or chemotherapy?—A multicenter EBMT-PDWP study. Bone Marrow Transplant. (2020) 55:1540–51. doi: 10.1038/s41409-020-0854-0

 17. Peters C, Dalle JH, Locatelli F, Poetschger U, Sedlacek P, Buechner J, et al. Total body irradiation or chemotherapy conditioning in childhood ALL: a multinational, randomized, noninferiority phase III study. J Clin Oncol. (2021) 39:295–307. doi: 10.1200/JCO.20

 18. Onishi Y, Sasaki O, Ichikawa S, Inokura K, Katsuoka Y, Ohtsuka Ohba R, et al. Favorable outcome of unrelated cord blood transplantation for Philadelphia chromosome-positive acute lymphoblastic leukemia. Biol Blood Marrow Transpl. (2011) 17:1093–7. doi: 10.1016/j.bbmt.2011.01.010

 19. Konuma T, Kato S, Ooi J, Oiwa-Monna M, Tojo A, Takahashi S. Myeloablative unrelated cord blood transplantation for Philadelphia chromosome-positive acute lymphoblastic leukemia: comparison with other graft sources from related and unrelated donors. Ann Hematol. (2015) 94:289–96. doi: 10.1007/s00277-014-2195-9

 20. Ruggeri A, Galimard JE, Paina O, Fagioli F, Tbakhi A, Yesilipek A, et al. Outcomes of unmanipulated haploidentical transplantation using post-transplant cyclophosphamide (PT-Cy) in pediatric patients with acute lymphoblastic leukemia. Transplant Cell Ther. (2021) 27:424e1–9. doi: 10.1016/j.jtct.2021.01.016

 21. Klein OR, Buddenbaum J, Tucker N, Chen AR, Gamper CJ, Loeb D, et al. Nonmyeloablative haploidentical bone marrow transplantation with post-transplantation cyclophosphamide for pediatric and young adult patients with high-risk hematologic malignancies. Biol Blood Marrow Transpl. (2017) 23:325–32. doi: 10.1016/j.bbmt.2016.11.016

 22. Luznik L, O'Donnell PV, Symons HJ, Chen AR, Leffell MS, Zahurak M, et al. HLA-haploidentical bone marrow transplantation for hematologic malignancies using nonmyeloablative conditioning and high-dose, posttransplantation cyclophosphamide. Biol Blood Marrow Transpl. (2008) 14:641–50. doi: 10.1016/j.bbmt.2008.03.005

 23. Raiola AM, Dominietto A, Ghiso A, Di Grazia C, Lamparelli T, Gualandi F, et al. Unmanipulated haploidentical bone marrow transplantation and posttransplantation cyclophosphamide for hematologic malignancies after myeloablative conditioning. Biol Blood Marrow Transpl. (2013) 19:117–22. doi: 10.1016/j.bbmt.2012.08.014

 24. Sanz J, Galimard JE, Labopin M, Afanasyev B, Angelucci E, Ciceri F, et al. Post-transplant cyclophosphamide after matched sibling, unrelated and haploidentical donor transplants in patients with acute myeloid leukemia: a comparative study of the ALWP EBMT. J Hematol Oncol. (2020) 13:46. doi: 10.1186/s13045-020-00882-6

 25. Dholaria B, Savani BN, Hamilton BK, Oran B, Liu HD, Tallman MS, et al. Hematopoietic cell transplantation in the treatment of newly diagnosed adult acute myeloid leukemia: an evidence-based review from the American Society of Transplantation and Cellular Therapy. Transplant Cell Ther. (2021) 27:6–20. doi: 10.1016/j.bbmt.2020.09.020

 26. Bertaina A, Zecca M, Buldini B, Sacchi N, Algeri M, Saglio F, et al. Unrelated donor vs HLA-haploidentical (α/β) T-cell- and B-cell-depleted HSCT in children with acute leukemia. Blood. (2018) 132:2594–607. doi: 10.1182/blood-2018-07-861575

 27. Perez-Martinez A, Ferreras C, Pascual A, Gonzalez-Vicent M, Alonso A, Badell I, et al. Haploidentical transplantation in high-risk pediatric leukemia: a retrospective comparative analysis on behalf of the Spanish working Group for bone marrow transplantation in children (GETMON) and the Spanish Group for hematopoietic transplantation (GETH). Am J Hematol. (2020) 95:28–37. doi: 10.1002/ajh.25661

 28. van Besien KW, Orfali N. Alternative donor transplantation for lymphoid malignancies: How far have we come? J Clin Oncol. (2020) 129:582–6. doi: 10.1200/JCO.20.00177

 29. Comoli P, Basso S, Riva G, Barozzi P, Guido I, Gurrado A, et al. BCR-ABL-specific T-cell therapy in Ph+ ALL patients on tyrosine-kinase inhibitors. Blood. (2017) 129:582–6. doi: 10.1182/blood-2016-07-731091

 30. Pulsipher MA, Langholz B, Wall DA, Schultz KR, Bunin N, Carroll WL, et al. A randomized trial of sirolimus-based graft versus host disease (GVHD) prophylaxis after hematopoietic stem cell transplantation (HSCT) in selected patients with CR1 and CR2 ALL: results from Children's Oncology Group Study ASCT0431. Blood. (2014) 123:2017–25. doi: 10.1182/blood-2013-10-534297

 31. Cazzaniga G, De Lorenzo P, Alten J, Röttgers S, Hancock J, Saha V, et al. Predictive value of minimal residual disease in Philadelphia-chromosome-positive acute lymphoblastic leukemia treated with imatinib in the European intergroup study of post-induction treatment of Philadelphia-chromosome-positive acute lymphoblastic leukemia, based on immunoglobulin/T-cell receptor and BCR/ABL1 methodologies. Haematologica. (2018) 103:107–15. doi: 10.3324/haematol.2017.176917

 32. Stern M, de Wreede LC, Brand R, van Biezen A, Dreger P, Mohty M, et al. (2014). Sensitivity of hematological malignancies to graft-versus-host effects: an EBMT megafile analysis. Leukemia. (2014) 28:2235–40. doi: 10.1038/leu.2014.145

 33. Kataoka I, Kami M, Takahashi S, Kodera Y, Miyawaki S, Hirabayashi N, et al. Clinical impact of graft-versus-host disease against leukemias not in remission at the time of allogeneic hematopoietic stem cell transplantation from related donors. The Japan society for hematopoietic cell transplantation working party. Bone Marrow Transpl. (2004) 34:711–9. doi: 10.1038/sj.bmt.1704659

 34. Yeshurun M, Weisdorf D, Rowe JM, Tallman MS, Zhang MJ, Wang HL, et al. The impact of the graft-versus-leukemia effect on survival in acute lymphoblastic leukemia. Blood Adv. (2019) 3:670–80. doi: 10.1182/bloodadvances.2018027003

 35. Akahoshi Y, Igarashi A, Fukuda T, Uchida N, Tanaka M, Ozawa Y, et al. Impact of graft-versus-host disease and graft-versus-leukemia effect based on minimal residual disease in Philadelphia chromosome-positive acute lymphoblastic leukemia. Br J Haematol. (2020) 190:84–92. doi: 10.1111/bjh.16540

 36. Steegmann JL, Cervantes F, le Coutre P, Porkka K, Saglio G. Off-target effects of BCR-ABL1 inhibitors and their potential long-term implications on patients with chronic myeloid leukemia. Leuk Lymphoma. (2012) 53:2351–61. doi: 10.3109/10428194.2012.695779

 37. Hayashi Y, Nakamae H, Katayama T, Nakane T, Koh H, Nakamae M, et al. Different immunoprofiles in patients with chronic myeloid leukemia treated with imatinib, nilotinib or dasatinib. Leuk Lymphoma. (2012) 53:1084–9. doi: 10.3109/10428194.2011.647017

 38. Nakasone H, Kanda Y, Takasaki H, Nakaseko C, Sakura T, Fujisawa S, et al. Prophylactic impact of imatinib administration after allogeneic stem cell transplantation on the incidence and severity of chronic graft versus host disease in patients with Philadelphia chromosome-positive leukemia. Leukemia. (2010) 24:1236–9. doi: 10.1038/leu.2010.83

 39. den Boer ML, van Slegtenhorst M, De Menezes RX, Cheok MH, Buijs-Gladdines JGCAM, Peters STCJM, et al. A subtype of childhood acute lymphoblastic leukaemia with poor treatment outcome: a genome-wide classification study. Lancet Oncol. (2009) 10:125–34. doi: 10.1016/S1470-2045(08)70339-5

 40. den Boer ML, Cario G, Moorman AV, Boer JM, de Groot-Kruseman HA, Fiocco M, et al. Outcomes of paediatric patients with B-cell acute lymphocytic leukemia with ABL-class fusion in the pre-tyrosine-kinase inhibitor era: a multicentre, retrospective, cohort study. Lancet Haematol. (2021) 8:e55–66. doi: 10.1016/S2352-3026(20)30353-7

 41. Bader P, Kreyenberg H, von Stackelberg A, Eckert C, Salzmann-Manrique E, Meisel R, et al. Monitoring of minimal residual disease after allogeneic stem-cell transplantation in relapsed childhood acute lymphoblastic leukemia allows for the identification of impending relapse: results of the ALL-BFM-SCT 2003 trial. J Clin Oncol. (2015) 33:1275–84. doi: 10.1200/JCO.2014.58.4631

 42. Slayton WB, Shultz KR, Silverman LB, Hunger SP. How we approach Philadelphia chromosome-positive acute lymphoblastic leukemia in children and young adults. Ped Blood Cancer. (2020) 67:e28543. doi: 10.1002/pbc.28542

 43. Ladetto M, Bruggemann M, Monitillo L, Ferrero S, Pepin F, Drandi D, et al. Next-generation sequencing and real-time quantitative PCR for minimal residual disease detection in B-cell disorders. Leukemia. (2014) 28:1299–307. doi: 10.1038/leu.2013.375

 44. Reshmi S, Stonerock E, Borowitz M, Geese WJ, Healey D, Gastier-Foster JM, et al. International laboratory comparison of methodologies for determining minimal residual disease (MRD) in childhood Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph+ ALL). Blood. (2015) 126:2612. doi: 10.1182/blood.V126.23.2612.2612

 45. Hovorkova L, Zaliova M, Venn NC, Bleckmann K, Trkova M, Potuckova E, et al. Monitoring of childhood ALL using BCR-ABL1 genomic breakpoints identifies a subgroup with CML-like biology. Blood. (2017) 129:2771–81. doi: 10.1182/blood-2016-11-749978

 46. Pulsipher MA, Wayne AS, Shultz KR. New frontiers in pediatric allo-SCT: Novel approaches for children and adolescents with ALL. Bone Marrow Transpl. (2014) 49:1259–65. doi: 10.1038/bmt.2014.114

 47. Bader P, Salzmann-Manrique E, Balduzzi A, Dalle J-H, Woolfrey AE, Bar M, et al. More precisely defining risk peri-HCT in pediatric ALL: pre- vs post-MRD measures, serial positivity, and risk modeling. Blood Adv. (2019) 3:3393–405. doi: 10.1182/bloodadvances.2019000449

 48. Carpenter PA, Snyder DS, Flowers ME, Sanders JE, Gooley TA, Martin PJ, et al. Prophylactic administration of imatinib after hematopoietic cell transplantation for high-risk Philadelphia chromosome–positive leukemia. Blood. (2007) 109:2791–3. doi: 10.1182/blood-2006-04-019836

 49. Brissot E, Labopin M, Beckers MM, Socie G, Rambaldi A, Volin L, et al. Tyrosine kinase inhibitors improve long-term outcome of allogeneic hematopoietic stem cell transplantation for adult patients with Philadelphia chromosome positive acute lymphoblastic leukemia. Haematologica. (2015) 100:392–9. doi: 10.3324/haematol.2014.116954

 50. Pfeifer H, Wassmann B, Bethge W, Dengler J, Bornhäuser M, Stadler M, et al. Randomized comparison of prophylactic and minimal residual disease-triggered imatinib after allogeneic stem cell transplantation for BCR-ABL1-positive acute lymphoblastic leukemia. Leukemia. (2013) 27:1254–62. doi: 10.1038/leu.2012.352

 51. Warraich Z, Tenneti P, Thai T, Hubben A, Amin H, McBride A, et al. Relapse prevention with tyrosine kinase inhibitors after allogeneic transplantation for Philadelphia chromosome-positive acute lymphoblastic leukemia: a systematic review. Biol Blood Marrow Transplant. (2020) 26:e55–64. doi: 10.1016/j.bbmt.2019.09.022

 52. Akahoshi Y, Nishiwaki S, Mizuta S, Ohashi K, Uchida N, Tanaka M, et al. Tyrosine kinase inhibitor prophylaxis after transplant for Philadelphia chromosome-positive acute lymphoblastic leukemia. Cancer Sci. (2019) 110:3255–66. doi: 10.1111/cas.14167

 53. Olivieri A, Locatelli F, Zecca M, Sanna A, Cimminiello M, Raimondi R, et al. Imatinib for refractory chronic graft-versus-host disease with fibrotic features. Blood. (2009) 114:709–18. doi: 10.1182/blood-2009-02-204156

 54. Giebel S, Czyz A, Ottmann O, Baron F, Brissot E, Ciceri F, et al. Use of tyrosine kinase inhibitors to prevent relapsed after allogeneic hematopoietic stem cell transplantation for patients with Philadelphia chromosome-positive acute lymphoblastic leukemia: a position statement of the Acute Leukemia Working Party of the EBMT. Cancer. 122:2941–51. doi: 10.1002/cncr.30130

 55. Nakasone H, Kako S, Mori T, Takahashi S, Onizuka M, Fujiwara SI, et al. Stopping tyrosine kinase inhibitors started after allogeneic HCT in patients with Philadelphia chromosome-positive leukemia. Bone Marrow Transpl. (2021) 56:1402–12. doi: 10.1038/s41409-020-01206-5

 56. Pulsipher MA, Carlson C, Langholz B, Wall DA, Schultz KR, Bunin N, et al. IgH-V(D)J NGS-MRD measurement pre- and early post-allotransplant defines very low- and very high-risk ALL patients. Blood. (2015) 125:3501–8. doi: 10.1182/blood-2014-12-615757

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Vettenranta, Dobsinska, Kertész, Svec, Buechner and Schultz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 02 February 2022
doi: 10.3389/fped.2021.795833






[image: image2]

Bispecific Antibodies and Other Non-CAR Targeted Therapies and HSCT: Decreased Toxicity for Better Transplant Outcome in Paediatric ALL?

Krisztián Miklós Kállay1, Mattia Algeri2, Jochen Buechner3 and Aviva C. Krauss4*


1Pediatric Hematology and Stem Cell Transplantation Department, National Institute of Hematology and Infectious Diseases, Central Hospital of Southern Pest, Budapest, Hungary

2Department of Pediatric Hematology and Oncology, Scientific Institute for Research and Healthcare (IRCCS), Bambino Gesù Childrens' Hospital, Rome, Italy

3Department of Pediatric Hematology and Oncology, Oslo University Hospital, Oslo, Norway

4Division of Hematopoietic Stem Cell Transplantation, Department of Hematology-Oncology, Schneider Children's Medical Center of Israel, Petach Tikvah, Israel

Edited by:
Peter Bader, University Hospital Frankfurt, Germany

Reviewed by:
Tomasz Szczepanski, Medical University of Silesia, Poland
 Jeffrey R. Andolina, University of Rochester, United States

*Correspondence: Aviva C. Krauss, avivakr@clalit.org.il

Specialty section: This article was submitted to Pediatric Hematology and Hematological Malignancies, a section of the journal Frontiers in Pediatrics

Received: 15 October 2021
 Accepted: 15 December 2021
 Published: 02 February 2022

Citation: Kállay KM, Algeri M, Buechner J and Krauss AC (2022) Bispecific Antibodies and Other Non-CAR Targeted Therapies and HSCT: Decreased Toxicity for Better Transplant Outcome in Paediatric ALL? Front. Pediatr. 9:795833. doi: 10.3389/fped.2021.795833



This review will address the place of innovative, non-chemotherapy, non-CAR-T targeted therapies in the treatment of Acute Lymphoblastic Leukaemia (ALL), focusing on their use in the hematopoietic stem cell transplant (HSCT) context. The focus will be on the agent with the most experience to date, namely the bispecific T-cell engater (BiTE) blinatumomab, but references to antibody-drug conjugates (ADCs) such as inotuzumab ozogamicin and monoclonal antibodies such as daratumamab will be made as well. Specific issues to be addressed include: (1) The use of these agents to reduce measurable residual disease (MRD) prior to HSCT and their potential for improved transplant outcomes due to reduced toxicity compared to traditional chemotherapy salvage, as well as potentially increased toxicity with HSCT with particular agents; (2) the appropriate sequencing of innovative therapies, i.e., when to use BiTEs or antibodies versus CARs pre- and/or post-HSCT; this will include also the potential for impact on response of one group of agents on response to the other; (3) the role of these agents particularly in the post-HSCT relapse setting, or as maintenance to prevent relapse in this setting; (4) special populations in which these agents may substitute for traditional chemotherapy during induction or consolidation in patients with predisposing factors for toxicity with traditional therapy (e.g., Trisomy 21, infants), or those who develop infectious complications precluding delivery of full standard-of-care (SOC) chemotherapy during induction/consolidation (e.g., fungal infections); (5) the evidence we have to date regarding the potential for substitution of blinatumomab for some of the standard chemotherapy agents used pre-HSCT in patients without the above risk factors for toxicity, but with high risk disease going into transplant, in an attempt to decrease current rates of transplant-related mortality as well as morbidity; (6) the unique toxicity profile of these agents and concerns regarding particular side effects in the HSCT context. The manuscript will include both the data we have to date regarding the above issues, ongoing studies that are trying to explore them, and suggestions for future studies to further refine our knowledge base.
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INTRODUCTION

Relapse of B-cell precursor acute lymphoblastic leukaemia (BCP-ALL) in the paediatric population is relatively uncommon, with an incidence of about 15%. However, children with relapsed disease have a median 5-year survival rate of 25-50% (1). Allogeneic haematopoietic stem cell transplantation (HSCT) is currently the gold-standard treatment for patients with high-risk relapse, as well as for a subset of patients with high-risk primary disease, as chemotherapy alone produces dismal outcomes. Survival after HSCT is highly affected by the remission induction strategy before the procedure. A significant proportion of paediatric patients cannot proceed to HSCT because of serious adverse events from previous therapies, or an inability to achieve an acceptably deep remission with these therapies. Chimeric Antigen Receptor T-cell (CAR-T cell) therapy has yielded promising results in children and adolescents/young adults (AYAs) with relapsed or refractory (R/R) ALL, but carries the challenges of T-cell collection and manufacturing. In contrast, inotuzumab ozogamicin (InO), a humanised monoclonal antibody-drug conjugate (ADC) targeting CD22, can readily be administered. Blinatumomab, a bispecific anti-CD3/anti-CD19 T-cell-engager (BiTE), links the patient's CD3+ T cells to CD19+ blasts, inducing cytotoxicity; it is also available “off the shelf.” The substitution of standard chemotherapy consolidation with non-CAR-T cell immunotherapy promises a new approach to induce deeper remissions with less toxicity compared with current chemotherapy strategies. In this review we summarise the available data regarding these immunotherapy approaches in the paediatric population and try to provide some guidance on choosing between them. A separate review of CAR-T cell therapy in paediatric ALL is provided as a companion paper by Buechner et al. in this Frontiers in Pediatrics supplement.



STRATEGIES PRIOR TO HSCT


Blinatumomab Prior to HSCT

The first trial studying systematically the efficacy and safety of blinatumomab in children and adolescents was a phase I/II open-label, single-arm study performed at 26 study sites in Europe and the US (Clinicaltrials.gov identifier; 2, PMID: 27998223). Eligible patients were <18 years of age and had R/R BCP ALL with >25% bone marrow blasts at enrolment. Disease status was primary refractory, patients in first relapse after a full salvage induction regimen, in second or later relapse, or in any relapse after allogeneic HSCT. Forty-nine patients were treated in phase I and 44 patients in phase II. In phase I, the maximum tolerated dose (MTD) of blinatumomab was determined to be 15 μg/m2/day. The recommended phase 2 dose (RP2D) was determined as 5 or 15 μg/m2/day (1 week of 5 μg/m2/day followed by 3 weeks of 15 μg/m2/day during the first cycle and for all subsequent cycles). Of the 70 patients treated with the recommended dose, 39% achieved a complete remission (CR) within the first two cycles of blinatumomab, with 52% of the responders achieving complete measurable residual disease (MRD) negativity. Thirteen patients went on to allogeneic HSCT in blinatumomab-induced remission, seven of whom had been transplanted previously. The study showed that blinatumomab had antileukaemic activity and induced remissions across all age groups, including in patients with unfavourable cytogenetics (2).

In the blinatumomab expanded-access program (the RIALTO trial; NCT02187354), patients with a second or later relapse, any relapse after allogeneic HSCT, or who were refractory to other treatments, received blinatumomab for 1–2 induction cycles with the option to receive up to three additional blinatumomab consolidation courses. In total, 110 patients were enrolled. At screening, 11% of all patients had <5% bone marrow blasts, while the remained had ≥5%. Sixty-nine of the 110 study patients (63%) had CR as best response in the first two cycles; of these, 45 (65%) proceeded to HSCT. MRD response was dependent on the pre-infusion blast count, being 47 and 92% for patients with ≥5 or <5% blasts, respectively (3).

Keating and colleagues reported on 15 children (median age 9 years, range 0.5–19 years) with B-cell ALL from five North American paediatric centers who received blinatumomab in CR (10 CR1, 5 CR2) due to persistent MRD [0.01-2.2% by flow cytometry (FCM)] prior to HSCT. Fourteen of the 15 patients had MRD reduced to undetectable levels and were able to proceed to HSCT without significant delay or organ toxicity (4). Overall survival (OS) at 1 year was 93.3% and there was no 100-day treatment-related mortality (TRM), although one patient died past the 100-day mark of chronic graft vs. host disease (cGVHD).

Finally, the North American Children's Oncology Group (COG) designed a randomised trial for children and AYA to more rigorously assess blinatumomab in patients of this age group with a first high-risk B-ALL relapse (5). Enrollment was open from age 1 to 30 years, and 208 patients were included. After receiving re-induction chemotherapy, patients were randomised to either two cycles of blinatumomab or two cycles of multi-agent chemotherapy. The primary endpoint was disease free survival (DFS), with safety and toxicity as secondary objectives. The randomisation was terminated early based upon a data and safety monitoring committee (DSMC) recommendation despite not meeting the stopping rules for efficacy or futility, due to a combination of improved 2-year DFS (54.4% in the blinatumomab arm vs. 39% in the chemotherapy arm), 2-year OS (71.3 vs. 58.4%, respectively) and reduction in MRD at the end of cycle 2 (66 vs. 32%, respectively) with lower adverse event of special interest (AESI) rates in the blinatumomab arm. Moreover, the frequency of infections (15%), febrile neutropenia (5%), sepsis (2%), and mucositis (1%) in the blinatumomab arm were significantly lower compared to the chemotherapy arm (65, 58, 27, and 28%, respectively). Due to premature closure, the study was underpowered for the primary endpoint of DFS (p = 0.03); all statistics were descriptive, but as a whole they support the positive benefit: risk assessment regarding the utility of blinatumomab in the treatment of high-risk B-ALL in first relapse.

Locatelli et al. similarly randomised 108 children from age 28 days to 18 years with high-risk B-ALL in first relapse to either one cycle of blinatumomab or one cycle of chemotherapy as the third consolidation element (6). This study was terminated early as well, this time consistent with a stopping rule due to the benefit of blinatumomab. The primary endpoint was event-free survival (EFS). Events were defined as relapse, death, secondary malignancy and failure to achieve CR. The EFS was 66.2% in the blinatumomab arm and 27.1% in the chemotherapy arm (p < 0.001). All secondary and exploratory outcomes were in favour of blinatumomab.

In summary, current evidence points toward the efficacy and manageable toxicity of blinatumomab in paediatric patients with BCP-ALL. This is specifically the case in the context of MRD-positive disease prior to HSCT, and as a substitution for single chemotherapy blocks to induce deeper remissions and increase eligibility for subsequent HSCT.



Inotuzumab Ozogamicin Prior to HSCT

InO is a humanised monoclonal ADC targeting CD22-positive cells; it delivers the potent cytotoxin calicheamicin directly to leukaemic blasts. InO has demonstrated impressive single-agent activity in the adult setting [response rate 78.4 vs. 28.1% p < 0.0001; INO-VATE trial, (7)]. However, its efficacy and safety in children are less well-described. The ITCC-059 study [EU Clinical Trials Register (EudraCT) identifier 2016-000227-71] prospectively investigated the RP2D of InO in children aged 1-18 years with R/R CD22-positive ALL (8). Twenty-five patients (including five patients <6 years old) were treated, of whom 23 were evaluable for dose-limiting toxicities (DLTs). The approved dosage for adults (1.8 mg/m2 per dose, consisting of 0.8 mg/m2 on day 1, 0.5 mg/m2 on day 8 and 0.5 mg/m2 on day 15) was found to be the RP2D in children as well. Responses included 15 patients (60%) who achieved CR at one of the 2 dose levels studied, 1 patient who achieved a CR with incomplete platelet recovery (CRp), and 4 patients who achieved a CR with incomplete haematologic recovery (CRi); sixteen of the 19 responders for whom MRD data were available achieved MRD-negativity. Three patients treated at the RP2D or the dose level below experienced hepatic DLTs, prompting implementation of a protocol amendment regarding transaminase monitoring and stricter dose delays; no further hepatic DLTs occurred at the RP2D. One patient at experienced prolonged haematologic recovery at the RP2D. Notably, there were no cases of hepatic veno-occlusive disease/sinusoidal obstruction syndrome (VOD/SOS) reported during treatment with InO, nor in the seven patients who proceeded to HSCT after InO therapy. However, two patients treated with InO subsequently experienced VOD/SOS during treatment with multi-agent chemotherapy upon disease relapse.

Brivio and colleagues retrospectively reviewed the data on 15 patients under 3 years of age treated internationally with InO for the same indication. Seven patients achieved CR (47%) and one became MRD-negative after MRD-positivity. The 6-month OS was 47% [95% confidence interval (CI): 27-80%]; two patients developed VOD/SOS after transplant, including one patient for whom this was fatal (9). The authors noted that no specific safety concerns were raised in the two patients <1 year of age upon InO infusion, nor in the four additional patients whose weight was <10 kg at the time of the infusion (9).

Bhojwani et al. reported on 51 children (age 2.2-21.3 years, median 11.5 years) with R/R ALL treated on a paediatric InO compassionate use (CU) programme. Complete responses were seen in 67% of the patients who were treated for overt relapse, and 71% of responders achieved MRD-negativity in the bone marrow, in most patients after the first cycle (10). The administration of InO was initially generally well-tolerated, even by patients who were heavily pre-treated by multiple lines of therapies, and none of the patients developed VOD/SOS during InO therapy. However, 21 patients underwent HSCT after InO with a median time from last dose of InO to stem cell infusion of 26 days. Eleven of these 21 patients (52%) developed post-HSCT VOD/SOS, including 5 in whom this was severe (24%), and 2 in whom it was fatal. The 12-month EFS and OS rates were 23.4 and 36.3%, respectively. A small cohort of patients experienced CD22-negative relapse (3).

Bearing in mind the different treatment contexts, it is noteworthy that in the adult experience of InO, while demonstration of clinical benefit was shown based on durable CR and MRD-negative CR rates in the INO-VATE ALL trial, the analysis of OS did not meet the pre-specified boundary for statistical significance. Additionally, the US Food and Drug Administration (FDA)-approved label for relapsed/refractory adult B-ALL included a boxed-warning for hepatotoxicity, including fatal VOD as well as post-HSCT non-relapse mortality in the InO arm.

In line with the blinatumomab and InO data summarised above, Spanish data in 29 children indicate similar remission rates of 47.6% with either blinatumomab or InO, and reduction of MRD while avoiding further toxic chemotherapy prior to HSCT (11).

In summary, InO is a promising drug that is currently best studied in the setting of residual MRD or refractory disease. With current HSCT strategies, preventive supportive care and close monitoring according to paediatric guidelines, VOD/SOS might well be manageable in children. A systematic and prospective phase II study in children is currently ongoing (ITCC-059, EudraCT: 2016-000227-71), which is investigating InO both as monotherapy and in combination with chemotherapy for high-risk and very-high risk relapsed BCP-ALL in patients ≥ 1 to <18 years of age at the time of enrollment. Another COG study (NCT02981628) is investigating InO in combination with a chemotherapy backbone in patients 1-21 years of age with R/R BCP-ALL. The upcoming IntReALL trial may plan InO as an induction therapy in patients with high-risk relapsed B-ALL.



Blinatumomab in Combination With Other Targeted Immunotherapy, Prior to HSCT

A recent case report describes an 11-year-old child with primary refractory ALL in whom repeated cycles of blinatumomab and InO allowed achievement of molecular remission, serving as bridging therapy to a successful HSCT (12).

Brethon et al. reported an interesting case report where blinatumomab and gemtuzumab ozogamicin were combined in a 4-month old child with KMT2A-rearranged, mixed-phenotype leukaemia (13). Subsequently, the child was transplanted, relapsed and achieved remission again with CAR T-cell therapy.




LOOKING TOWARD THE FUTURE: THE OPTIMAL PRE-HSCT REGIMEN

Novel targeted regimens are evolving in diseases mostly affecting adults, such as chronic lymphocytic laeukemia (CLL), in which combinations of targeted biologic therapies (e.g., a Bruton's tyrosine kinase [BTK]-inhibitor and a monoclonal antibody; or a B-cell lymphoma 2 [BCL2]-inhibitor and a monoclonal antibody) can replace traditional chemotherapy (14). Patients treated with these protocols can enter the transplant unit without a history of sepsis, neutropenic fever, aplasia, organ injury or even alopecia. As our armamentarium of targeted therapies for B-ALL grows, we aim to find context for less toxic therapies for children with this disease as well.

Although the COG study (5) failed to demonstrate a significant improvement in DFS for patients with a first high-risk B-ALL relapse treated with blinatumomab due to premature study closure, this strategy was extremely well-tolerated, reducing many of the complications associated with repeated cycles of chemotherapy. The trial also trended toward higher OS using blinatumomab instead of chemotherapy consolidation. The goal of the treatment strategy in this trial was to bridge to HSCT, and blinatumomab appeared adequate to accomplish this. While the majority of patients became MRD negative after the first cycle, a few patients (10%) became MRD positive after the second cycle. These data support progressing to transplant after the first cycle of blinatumomab in the design of future clinical trials.

Thus, blinatumomab appears to be a highly-promising choice for consolidation therapy before allogeneic HSCT in children and AYAs with a first relapse of B-ALL. Unlike CAR-T cells, blinatumomab is readily available as a pre-manufactured drug, an important advantage in these clinical scenarios, as children with relapse often require immediate treatment. CAR-T cell therapy shows promising results in children with multiply relapsed or refractory disease. However, this therapy has yet to be rigorously evaluated in patients in first relapse or with de novo very high-risk disease and compared to other strategies, including blinatumomab and InO. Moreover, it necessitates patient-specific manufacturing processes that can take precious time.

InO is an off-the-shelf drug. It is convenient to administer as a short intravenous infusion in contrast to the continuous 28-day infusion of blinatumomab, and therefore it can be combined with other therapies, as is currently investigated in the paediatric ITCC-059 study. However, the risk of developing VOD/SOS during subsequent treatment warrants further investigation in the pre-HSCT setting, especially in children.

To date, there are insufficient data directly comparing the various non-chemotherapeutic strategies prior to HSCT to decisively clarify whether blinatumomab, InO or even CAR-T cell therapy are the optimal pre-HSCT therapy. Specifically, the decision to reserve the use of CARs for post-HSCT relapse or to use them in the relapse setting to achieve remission prior to allogeneic HSCT is a subject of considerable debate in the paediatric laeukemia community. Factors influencing the decision whether or not to consolidate CAR-T cell therapy with HSCT are discussed in detail in the companion paper by Buechner and colleagues in this same Frontiers in Paediatrics supplement. Of note, if CAR-T is being used solely as a “bridge” to HSCT- to induce remission pre-HSCT rather than as definitive therapy- it remains to be seen whether blinatumomab, given the advantages discussed above, might be a more appropriate choice.

The administration of blinatumomab in CR1, as a substitute to standard chemotherapy or even bridging to transplant is currently being evaluated in several trials (NCT03914625, NCT04604691, NCT05029531). Extrapolating data from the trials in ALL in first relapse predicts a high likelihood that blinatumomab can find its place in this setting as well, potentially lowering MRD with less associated toxicity and possibly improving HSCT outcomes in this population.



SPECIAL POPULATIONS

While mainly studied thus far in the R/R population, ongoing studies have capitalised on the relatively decreased toxicity profile seen with blinatumomab to explore its role in the treatment of subpopulations of patients with ALL for whom standard chemotherapy is particularly toxic. Two specific historic subpopulations are patients with Trisomy 21 (Down syndrome, DS) and infants, although patients who develop infectious complications that may interfere with their ability to tolerate standard chemotherapy are relevant candidates as well.


Patients With Down Syndrome

In addition to a higher risk of relapse, patients with DS have been shown to have an increased risk of treatment-related mortality with traditional induction and consolidation chemotherapy (15, 16), such that they have heretofore often been excluded from clinical trials in ALL or have received adapted treatment elements with reduced intensity. Interestingly, although numbers are limited, the data on transplantation in patients with DS and ALL suggest that the main obstacle these patients face is relapse rather than TRM post-HSCT (17). Therefore, patients with DS appear to be an ideal population to study targeted agents with the potential to reduce toxicity without sacrificing efficacy.

The data to date on the use of blinatumomab in patients with DS is limited to mostly case reports (18–20). At one of our centres we have utilised blinatumomab post-induction in a 6-year old patient with DS who developed vocal cord paralysis with vincristine, requiring prolonged intubation and ultimately tracheostomy; blinatumomab treatment allowed her to achieve a CR, which was consolidated with a matched-sibling HSCT over 9 months ago. Most ongoing studies investigating blinatumomab either up-front or at relapse are including patients with DS. Specifically, the randomised COG study AALL1731 (NCT03914625), explores the incorporation of blinatumomab into the post-induction phases of treatment for patients with protocol-defined standard-risk ALL that is average or high-risk (based on cytogenetic, molecular and other features) and who have reached an MRD level of <0.1 by the end of consolidation. AALL1731 allows for the inclusion of patients with DS; specifically, those who are standard risk, without high-risk features, and below a threshold MRD level at the end of induction may be randomised, as are patients with standard-risk ALL without DS, to receive post-consolidation therapy with or without blinatumomab. Patients with DS whose MRD at the end of induction is above the threshold required for randomisation have blinatumomab incorporated into post-consolidation therapy. In addition, the ALLTogether1 protocol (NCT04307576), which comprises both randomised and non-randomised interventions for various risk-strata in patients aged 1-45 years of age with newly-diagnosed ALL, includes an arm for patients with DS, in which standard “Consolidation 1” and “Consolidation 2” are replaced with blinatumomab. The primary endpoint for this study is EFS.

While it is premature to make any predictions regarding the safety or efficacy of blinatumomab in patients with DS, the results of these studies will inform decision-making for this cohort of patients and give a more objective answer as to whether the use of blinatumomab has the potential to improve their outcomes by decreasing treatment-related mortality without compromising efficacy. These studies will also provide a more granular toxicity profile for patients with DS who are treated with these agents, which could potentially allow for risk-mitigation strategies that will further enhance the safety of their use in this fragile population. Finally, if the use of blinatumomab in patients with DS is in fact shown to allow for an increased number of these patients to achieve an MRD-negative state with less toxicity than traditional chemotherapy, this could potentially affect the HSCT outcome of these patients as well, given the data referred to above (17) suggesting that relapse is the primary obstacle when patients with DS undergo HSCT.



Infant ALL

ALL in patients under 1 year of age, so-called “infant ALL,” has a particularly poor prognosis, especially for the approximately 75% of patients who have a KMT2A rearrangement, for whom the expected 5-year EFS is as low as 35% (21–23). Even patients without a KMT2A-rearrangement have outcomes that are poorer than those seen in children with ALL overall, with EFS as low as 60% at 5-years using the COG protocol (22), although more recent studies have shown 6-year EFS as high as 73% in these patients (23). As such, induction for infants with ALL is generally uniform regardless of cooperative group or region, and includes prednisone followed by dexamethasone, as well as the use of anthracyclines and the standard induction agents. In contrast, the decision to proceed with HSCT in infants with ALL varies, mostly being reserved for those with highest-risk disease (21). The role of HSCT in infant ALL is further discussed in the companion paper by Bierings and colleagues in this supplement.

In the recently published Interfant-06 protocol [NCT00550992; (23)], infants with newly-diagnosed ALL were defined as low-risk (LR) if they were KMT2A-wild type, high-risk (HR) if they had a KMT2A-rearrangement and were older than 6 months with a white blood cell (WBC) count of ≥300 x 109/L, or had a poor prednisone response, and medium-risk (MR) if they had a KMT2A-rearrangment without the other high-risk features. The protocol randomised MR and HR patients to a course of post-induction “lymphoid” therapy (Protocol IB of the standard ALL protocols; n = 161 patients), or two courses of post-induction “myeloid” therapy [cytarabine/daunorubicin/etoposide (ADE) and mitoxantrone/cytarabine/etoposide (MAE); n = 169 patients]. Patients in all risk-categories proceeded to two further courses of identical therapy before entering maintenance, with the exception of those proceeding to HSCT, who did so after the first identical cycle. Criteria for HSCT were all HR patients, and during the course of the study, this was extended as well as to MR patients with an MRD of ≥10−4 at the end of that cycle. The study had 80% power to detect a DFS difference of 16% at 3 years, assuming 41% DFS in the control arm, with an alpha of 0.05; the study failed to show a difference in DFS between the randomised arms, with 4- and 6-year DFS of 42.2% [standard error (SE) 3.9] and 39.3% (SE 4), respectively, in the “myeloid treatment” arm, and 37.8% (SE 3.9) and 36.8% (SE 3.9) in the “lymphoid treatment” arm. OS at 6-years was similar in the two arms, being 54.4% (SE 4.0) in the “myeloid” arm and 47.1% (SE 4.2) in the “lymphoid” arm, with a nominal p-value of 0.2706. Finally, cumulative incidence of relapse (CIR) at 6-years was similar between the arms (47.5%; SE 4.0 vs. 54.9%; SE 4.1), as were the rates of deaths in continuous complete remission (CCR; 10.2%; SE 2.4 vs. 8.3%; SE 2.2). However, relevant to the focus of this review, there was deviation from randomisation and outcomes for those patients who underwent HSCT in this study. Specifically, although all HR patients were to proceed to HSCT in CR1 after cycle 3 (lymphoid arm) or 4 (myeloid arm), only 76 of the 143 patients in the HR subgroup actually proceeded to transplant in CR1, due to earlier events in the 54 remaining patients, mostly relapses (numbers not specified). For the 76 patients who proceeded to HSCT, the 4-year DFS was only 44%, comprising 26 (34.2%) patients who relapsed, 14 (18.4%) who died in CR due to HSCT-related toxicity, and two patients who developed a second malignancy. Once the protocol was amended to include HSCT recommendations for MR patients who did not achieve MRD-negativity, only 16 of the 23 patients who met these criteria proceeded to HSCT, and the 4-year DFS in this cohort was only 18.8%. It is notable that the death rate in CR post-HSCT dropped from 26% (N = 50) in those undergoing HSCT between 2006 and 2011, who received busulfan, cyclophosphamide and melphalan conditioning, to 5% (N = 61), in those undergoing HSCT with busulfan, fludarabine, treosulfan, and thiotepa conditioning. Interestingly, in the patients treated with “myeloid” therapy, the death rate in CR was similar overall (10.1%) to that of those treated with “lymphoid” therapy (8.1%), but more of these deaths were considered related to HSCT in the latter (5%) than in the former (3%). This suggests that intensive therapy followed by HSCT in these patients carries with it a not-insignificant risk of mortality that may be related to the intensity of therapy required in these patients.

Although post-hoc analyses are limited, the lack of improvement in outcomes, the limitations of HSCT in either treatment arm, and the high number of relapses and toxic-deaths in this large study of patients with infant ALL, raises the question as to whether in this population, less-intensive, targeted therapy might improve outcomes overall and potentially also outcomes with HSCT in relevant subpopulation(s). This is the subject of a current pilot study (see below).

Experience with blinatumomab in infants is limited. The largest cohort of patients reported to date was a retrospective study done in the UK and the Republic of Ireland (24). They detailed the treatment of 11 patients with infant ALL treated between 2016 and 2019, after treatment per the Interfant-06 protocol, with blinatumomab either for persistent MRD or for disease relapse. One patient was over 1 year at the time of treatment for blinatumomab; the remainder ranged from 0.4 to 0.75 years old. Two patients received blinatumomab in CR1, 6 in CR2, 2 with primary refractory disease, and 1 in first relapse. Most patients received one cycle of blinatumomab, while two patients received two cycles. Of the 10 patients aged <1 year described in the paper, MRD ranged from 0.06 to 9% prior to treatment. In two patients with 9 and 0.3% MRD prior to blinatumomab therapy, MRD was 0.05 and 0.06%, respectively, following blinatumomab therapy. In the other seven patients, MRD was <0.005% after treatment with blinatumomab, with one patient receiving two cycles. One patient had grade 2 cytokine-release syndrome (CRS) and 2 had grade 1 CRS. The patient with grade 2 CRS also experienced neurotoxicity (somnolence and confusion) that required treatment interruption and dose reduction, which was tolerated upon re-challenge. All patients proceeded to HSCT after blinatumomab therapy; the median follow-up for all patients post-HSCT was 267 days (range 58-1,163). Notably, of four patients who relapsed post-HSCT, three relapsed with CD19+ disease and were able to receive CART therapy which induced another CR; one patient experienced a lineage switch to acute myeloid leukaemia (AML). One patient's death was attributed to transplant-related mortality, and at the time of publication, 3-year EFS for the cohort was 47% and OS was 81%, although due to its retrospective, non-randomised nature, comparison of outcomes to historical cohorts treated with traditional chemotherapy is subject to the usual limitations. The authors concluded that blinatumomab can be safely administered in this young age group, and was able to induce molecular remission in a majority of patients, allowing consolidation with HSCT, although they acknowledged the limitations of their small sample size.

Other case reports with even smaller numbers of patients yield similar outcomes to the study outlined above (13).

To allow for a more comprehensive assessment of the safety and efficacy of blinatumomab in infant ALL, the goal of the ongoing Interfant pilot study, Trial NL5993 (Netherlands Trial Register identifier: NTR6359) is to test the feasibility of adding blinatumomab to the Interfant-06 protocol. The group states that “the toxicity and safety data of this pilot study will directly influence the drug choice and schedule given to infants in the worldwide collaborative COG/JPLSG/Interfant group trial” (Netherlands trial register website). Of note, inclusion criteria require that patients enrolled in this study are in CR post-induction (25); since induction failure is not the major reason for treatment failure in this population, it does not appear that this bias will preclude interpretability of the results of this study regarding the toxicity and outcomes for patients with infant ALL treated with blinatumomab. One issue that has been raised is whether CD19 is the appropriate target in this population (21), and this question can only be answered by prospective studies described above.



Opportunistic Infections Precluding Standard Chemotherapy

A less well-defined niche in which blinatumomab may be especially suitable is on a case-by-case basis for patients in whom opportunistic infection or other organ toxicities preclude the use of standard chemotherapy. Because this population is not rigidly-defined, the data in these clinical contexts are limited to specific cases within a series or case reports, and the literature is scattered with accounts of patients (often in the R/R setting) in whom blinatumomab was administered to allow for disease control in the face of potentially fatal invasive fungal infections (IFI), including sinus and orbital zygomyces infection and pulmonary fungal infection (26). At one of our centres, we have successfully used blinatumomab as consolidation for a patient with face-distorting and cerebral mucormycosis who were treated radically with surgery and antifungals. In a series by Contreras et al. (27), 2 of 27 patients with B-cell ALL treated with commerical blinatumomab, outside the context of a clinical trial, between 2010 and 2018, were treated in MRD-negative remission to allow parallel delivery of aggressive anti-fungal treatment alongside non-myelosuppressive, anti-leukaemic therapy. As the use of blinatumomab and other targeted therapies becomes more common, the collection and analysis of real-world data (28, 29) will allow a more comprehensive understanding of the role of these therapies in patients with infections that preclude or delay the use of conventional chemotherapeutic agents.




BLINATUMOMAB AND INO IN THE POST-HSCT SETTING

During the last decade, several groups have investigated the prognostic impact of post-transplant MRD in paediatric ALL; MRD after HSCT is a dynamic process and variations of MRD over time are important in predicting outcome. While high levels of post-transplant MRD positivity are strongly predictive of disease recurrence, low level MRD values, especially if detected early after HSCT, are not invariably associated with relapse (30). By contrast, the further the patient is from HSCT, the more likely it is that even low levels of MRD will predict a poor prognosis (30–33). In particular, long-term outcome is excellent not only for those patients who remain MRD-negative, but also for those who achieve MRD-negativity (after an early low-level positivity) at late time-points after HSCT (32, 34). In a recent multicentre study, Bader et al. analysed the relative risk of pre- and post-HSCT MRD in paediatric ALL, showing that, when the two measures were simultaneously evaluated, post-HSCT MRD was more important in determining relapse risk compared with pre-HSCT MRD (34). For patients with detectable post-transplant MRD, the outcome may be influenced by additional factors, particularly by the occurrence of GvHD, supporting the assumption that low levels of residual leukaemic cells can be controlled by an immune-mediated Graft-vs.-Leukaemia (GvL) effect (34). Thus, the main approaches to tackle MRD-recurrence in the post-transplant period have focused on strategies to induce the development of a GvL effect, such as rapid discontinuation (or abrupt cessation) of immune suppression (35–38) and infusion of donor derived lymphocytes or cytokine-stimulated immune effector cells (39, 40). However, with such approaches, the benefit derived from GvL may be offset by the increased TRM associated with severe GvHD, and caution should be used when adopting interventions that stimulate excessive GvHD.

There is thus great interest in the application of blinatumomab and InO to eliminate detectable MRD following HSCT patients with BCP-ALL, in an attempt to prevent overt disease relapse. Furthermore, these approaches are particularly attractive as maintenance therapy, irrespective of MRD-results, for patients with disease deemed at high-risk of relapse, such as those with pre-HSCT MRD positivity or unfavourable cytogenetic features. Many groups are investigating the use of blinatumomab post-HSCT to consolidate remission status.

In the ALL SCTped 2012 For Omitting Radiation Under Majority Age (FORUM) Add-on Study, paediatric patients who are MRD-positive before HSCT or who become MRD-positive after HSCT are candidates to receive blinatumomab after tapering/discontinuation of immune suppression (NCT04785547). The University of British Columbia is conducting a trial in children and adults with B-cell ALL based on sequential post-transplant MRD-testing followed by blinatumomab administration in case of detectable MRD (NCT04044560). The Medical College of Wisconsin is evaluating blinatumomab in children and AYAs with high-risk B-ALL in two different experimental arms: patients who are MRD-negative by flow cytometry (FCM) and high-throughput sequencing (HTS) before transplant will receive reduced-intensity conditioning, while patients with with MRD-negativity by FCM but MRD-positivity by HTS will undergo myeloablative, TBI-based conditioning. All subjects will receive a T-cell receptor (TCR) α/β T-cell- and B-cell-depleted HSCT followed by blinatumomab continuous infusion starting from day 100 after-HSCT (NCT04746209).

The MD Anderson Cancer Center is investigating the use of blinatumomab as a maintenance strategy following allogeneic HSCT in children and adults (NCT02807883). Preliminary results in adults with high-risk B ALL have shown that blinatumomab started within 3 months post-HSCT is well-tolerated. Among the 12 patients treated, none of the 8 subjects with MRD negativity before treatment initiation has relapsed. By contrast, all subjects with positive post-transplant MRD progressed to overt disease recurrence. Of note, the 4 patients who relapsed had a lower CD8/CD4 ratio and higher expression of checkpoint proteins and molecules [particularly programmed death 1 (PD1) and T-cell immunoreceptor with Ig and ITIM domains (TIGIT)] compared to non-progressors (41).


Potential Post-HSCT Toxicities, and the “Right” Immunologic Milieu?

In the context of allogeneic HSCT, it has been hypothesised that blinatumomab could potentially induce a broader GvL effect by inducing polyclonal donor T-cells expansion, reactivating donor memory-T cells and suppressing B regulatory cells (42, 43). This raises concerns regarding an increased risk for GvHD when blinatumomab is administered in the post-HSCT setting. However, in adult patients who received blinatumomab for B-cell ALL relapse after allogeneic HSCT, GvHD was observed in 11% of cases; the majority of cases were of mild or moderate severity, and did not require blinatumomab discontinuation. Only 2 out of 19 patients with a history of GvHD experienced GvHD reactivation during treatment (44). Similarly, in a cohort of 28 paediatric patients who received blinatumomab after HSCT, no signs of GvHD were recorded (45).

Early administration of blinatumomab for detectable MRD after transplant has the advantage of exploiting the anti-leukaemic effect of blinatumomab in the context of low disease burden, thought to be associated with increased response rates (2), and T-cells of donor origin that have- in contrast to recipient T-cells prior to HSCT- not been exposed to chemotherapy. However, incomplete immune recovery after transplant may negatively affect the efficacy of blinatumomab. Indeed, although it has been previously reported that there is no correlation between response to blinatumomab therapy and absolute numbers of total T cells, higher percentages of CD3+ T-cells and of CD45+ CD3+ CD8+ T cells are associated with a great likelihood of MRD negativity and haematologic remission, respectively, following blinatumomab administration in the adult setting (2, 45, 46). The combination of donor-lymphocyte infusion (DLI) and blinatumomab administration has been proposed as a possible strategy to increase the anti-laeukemic activity of both therapeutic measures and overcome limitations related to partial T-cell reconstitution after transplant. Isolated reports suggest that this approach is safe and effective in adult patients (42, 47), and several groups are investigating this combination in clinical trials in children and adults (NCT03982992, NCT03849651). In order to limit the risk of severe GvHD associated with haploidentical DLI (48), infusion of CD45RA-depleted T cells following a TCRαβ depleted graft, and subsequent blinatumomab administration, is currently under investigation (NCT03849651). One of the main concerns regarding prophylactic blinatumomab administration after HSCT is related to the risk of inducing a loss of target CD19 expression on leukaemic blasts, which would preclude potential future benefit from CD19-directed CARTs (49). Presence of low leukaemia burden should theoretically reduce the risk of stochastic emergence of CD19-negative clones that could escape T-cell immunosurveillance. Despite that, previous exposure to blinatumomab has been associated with a significant higher risk of failure or relapse after CAR-T cell therapy, and shorter survival (50–52).

Like blinatumomab, pre-emptive administration of InO is also under investigation as a strategy to reduce leukaemia relapse after transplantation in both children (NCT03913559) and adults (NCT03104491, NCT03856216). As reviewed above, of particular concern using InO after HSCT is the potential for increased VOD/SOS risk [Brivio et al., 2021, (10)]. Despite that, in a preliminary report of 8 adult subjects with high-risk B-ALL who receive pre-emptive InO administration starting from 40 to 100 days after transplant, no cases of VOD/SOS were observed (53). Similarly, in another study describing the combination of InO and escalating doses of DLI in 8 adults with B-ALL who relapsed after allogeneic HSCT, no patients experienced VOD/SOS. Of note, six out of eight patients treated with this approach obtained MRD negativity after the 2nd course of InO, which was long-lasting in 4 of them (54). Thrombocytopenia is another known toxicity which may limit the application of InO in the post-transplant setting, especially for those patients experiencing delayed platelet recovery (53).

In conclusion, available data are scarce and do not allow one to draw any definitive conclusions regarding the role of pre-emptive blinatumomab or InO administration after HSCT. Although prophylactic immunotherapy is an intriguing strategy to optimise the outcome of HSCT in B-ALL, results of ongoing clinical trials, preferably those that include prospective monitoring of pre- and post-transplant MRD, are much awaited to clarify the efficacy and potential drawbacks of each strategy and to better identify those patients who are likely to most benefit from these approaches.




DISCUSSION

Table 1 summarises the knowns and unknowns with regard to blinatumomab and InO in the HSCT context. Both therapies have shown safety and efficacy in the treatment of R/R BCP-ALL in children, and show promise as consolidation therapy prior to allogeneic HSCT instead of the standard chemotherapeutic options. These therapies have advantages over CAR-T cell products with regard to universal availability and manufacturing, and rapid access. They may be particularly relevant in populations for whom toxicity is a major obstacle of current bridges to transplant, such as those with DS, infant ALL, or with serious opportunistic infections.


Table 1. Knowns and unknowns with regard to various alternatives to traditional cytotoxic chemotherapy before or after HSCT for paediatric BCP-ALL.

[image: Table 1]

Some of the critical unanswered questions with regard to blinatumomab and InO pertain to the presumed lower toxicity of these classes of agents in comparison to traditional chemotherapeutic agents. While caution must be exercised when comparing even therapeutics with similar mechanisms in different diseases, in general the InO story is vaguely reminiscent of the history of gemtuzumab ozogamycin (GO), an anti-CD33 targeting ADC linked to calcheamicin. While initially approved in 2000 for the treatment of older patients with relapsed AML, both lack of confirmation of clinical benefit as well as safety concerns, including treatment-related mortality (induction deaths) and VOD/SOS, were associated with its market withdrawal 10 years later (55). Extensive pharmacokinetic (PK) analyses of new dosing regimens as well as updated efficacy and safety data using these regimens led to its approval in 2017 for the treatment of R/R CD33-positive AML in paediatric and adult patients, as well as in combination with the standard “7 + 3” regimen for the treatment of newly-diagnosed CD33-positive AML in adults (56).

The results of ongoing studies will be crucial to inform decision-making in this arena, in particular whether these therapies can produce improved efficacy when given prior to allogeneic HSCT without untoward toxicity, such as VOD/SOS or GVHD, which will lead to enhanced EFS and OS in the long run. Until further, extensive data in children and adults are available, the potential for unique severe toxicities from these therapies, as well as the potential for improved efficacy with their use, should inform the risk-benefit calculus when making treatment decisions between InO, blinatumomab, and CAR-T cell therapies. Finally, we look forward to results of ongoing studies in the post-HSCT application of these therapies in the maintenance or relapse settings to appraise their relevance and potential in improving outcomes for paediatric patients undergoing HSCT for ALL.
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Haematopoietic stem cell transplantation (HSCT) in paediatric patients with acute lymphoblastic leukaemia (ALL) is associated with a variety of infectious complications which result in significant morbidity and mortality. These patients are profoundly immunocompromised, and immune reconstitution after HSCT generally occurs in astrictly defined order. During the early phase after HSCT until engraftment, patients are at risk of infections due to presence of neutropenia and mucosal damage, with Gramme-positive and Gramme-negative bacteria and fungi being the predominant pathogens. After neutrophil recovery, the profound impairment of cell-mediated immunity and use of glucocorticosteroids for control of graft-vs.-host disease (GvHD) increases the risk of invasive mould infection and infection or reactivation of various viruses, such as cytomegalovirus, varicella zoster virus, Epstein-Barr virus and human adenovirus. In the late phase, characterised by impaired cellular and humoral immunity, particularly in conjunction with chronic GvHD, invasive infections with encapsulated bacterial infections are observed in addition to fungal and viral infections. HSCT also causes a loss of pretransplant naturally acquired and vaccine-acquired immunity; therefore, complete reimmunization is necessary to maintain long-term health in these patients. During the last two decades, major advances have been made in our understanding of and in the control of infectious complications associated with HSCT. In this article, we review current recommendations for the diagnosis, prophylaxis and treatment of infectious complications following HSCT for ALL in childhood.
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INTRODUCTION

Allogeneic haematopoietic stem cell transplantation (allo-HSCT) is needed to cure a subpopulation of children with de novo and relapsed acute lymphoblastic leukaemia (ALL). However, allo-HSCT is associated with significant transplant-related mortality, ranging from 5 to 24%, due to serious infections or acute or chronic graft-vs.-host disease (GvHD), while secondary malignancies, organ dysfunction and compromised quality of life may pose additional problems (1–3). Despite advances in the HSCT procedure and refinements in supportive care strategies over the last 20 years, infections remain an important cause of morbidity and mortality after HSCT (4).



RISK FACTORS FOR INFECTIOUS COMPLICATIONS

A greater depth and longer duration of myelosuppression and immunosuppression increases the risk that ALL patients will develop an infection that will take a more severe and complicated course. Patients with expected neutropenia <500/μL for at least 8 days are regarded to be at high risk of developing an infection with a complicated course (5, 6). While it is generally presumed that patients after allo-HSCT are amongst those with neutropenia lasting for 8 days or longer, all are at high risk of complicated infection. In addition to the presence of indwelling central venous catheters (CVCs), a risk factor for severe infectious complications in paediatric patients undergoing allo-HSCT for ALL is delayed immune reconstitution (7, 8).

The risk of infectious complications and the type of pathogen varies according to the timing after HSCT, and pre-transplant, transplant and post-transplant factors contribute to this risk. Infections after HSCT may derive from a patient's microbial flora, be a reactivated latent infection, or be a primary infection, with the latter being a common situation in children (9). Assessing each patient's pretransplant infectious disease status is an important part of the HSCT procedure, allowing additional therapy prior to HSCT to be applied if required and/or to identify possible latent infections that may reactivate early in the post-transplant period. Moreover, careful assessment of each patient's history of pretransplant infection and colonisation is necessary to guide secondary antimicrobial prophylaxis and/or treatment if the patient develops neutropenic fever in the early phase after HSCT (10, 11).

The post-transplant period is traditionally divided into three phases: (1) the pre-engraftment phase (the period up to neutrophil engraftment, which is defined as an absolute neutrophil count of >500 cells/mL on three consecutive days); (2) the post-engraftment phase (from neutrophil engraftment until day 100); and (3) the late phase (day >100) (9).

In the pre-engraftment phase, infections are generally related to complications of prolonged and severe neutropenia and disruption to the normal host immune barriers (e.g., presence of mucositis and indwelling catheters). Bloodstream infections (BSI) occur most frequently during this time, although incidence rates and epidemiology in paediatric HSCT vary widely by institution, geographic location, centre and underlying HSCT factors (12, 13). After neutrophil engraftment, BSI may also occur, especially in children with renal or hepatic dysfunction and the presence of GvHD (14). In the post-engraftment period, infections are primarily related to ongoing profound defects in cellular immunity from the conditioning regimen and prophylaxis and/or treatment of GvHD. During this period, the reactivation of viruses, especially cytomegalovirus (CMV) and human adenovirus (hAdV) in haploidentival transplants predominates (15). Infections in the late phase are rare in HSCT recipients in ALL remission without GvHD (Figure 1). However, the risk of and severity of infections during this time period are directly related to GvHD and its immunosuppressive treatment. Immune defects associated with GvHD include those related to humoral and cellular immunity and functional hyposplenism. Thus, patients with GvHD are at greater risk of infections with viruses, filamentous fungi and encapsulated bacteria. In addition, steroid-refractory GvHD is treated with multiple immunosuppressive agents with distinct immune targets, further altering the risk of and clinical manifestations of infections (16, 17).
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FIGURE 1. Illustrative chronology of infectious complications after allogeneic HSCT. Greater depth of colour indicates more common infections. PTLD, post-transplant lymphoproliferative disease; HSCT, haematopoietic stem cell transplantation.


Although the risk of infections caused by bacteria, viruses and fungi may be different during certain timepoints after HSCT, each infectious complication may occur at any time until successful immune reconstitution (9).



THE PRINCIPLES OF DIAGNOSIS OF INFECTIOUS COMPLICATIONS

Diagnostic procedures for infectious complications can be divided into those performed before the onset of fever or other signs and symptoms of infections as routine screening and those performed in the event of fever or signs and symptoms of infection.


Screening

Routine surveillance using blood cultures in the absence of fever or other signs of infection are discouraged in allo-HSCT recipients (12, 13). Likewise, general screening for invasive aspergillosis by serial determination of galactomannan antigen or 1,3-β-D-glucan is not recommended by the European Society of Bone and Marrow Transplantation (EBMT) and European School of Haematology in patients who are receiving mould-active prophylaxis (18). In individual patients at increased risk of invasive infection with Aspergillus spp. who are in the deep neutropenic phase (e.g., pre-engraftment), twice-weekly galactomannan and/or 1,3-β-D-glucan surveillance may be considered (19, 20).

In all paediatric patients after allo-HSCT, the regular monitoring for CMV, Epstein-Barr virus (EBV) and hADV DNA should be routinely performed up to 60 days after transplantation. Monitoring for hAdV should be continued in haploidentical SCT until T cell recovery is observed. Monitoring for CMV and EBV should be prolonged for up to 180 days, when an unrelated donor was used and/or when GvHD is present (21). Screening for other viruses, including adenovirus, herpes simplex virus type 1 (HSV-1) or human herpesvirus 6 (HHV-6) is recommended by multiple guidelines in patients displaying additional risk factors for each type of viral infection (22–24). The routine use of polymerase chain reaction (PCR) quantification of viral load makes it possible to detect viraemia earlier (25).

In all HSCT recipients, especially those with fever or infection, regular thorough physical examination is mandatory and cannot be replaced by any laboratory test.



Diagnostic Tests in Those With Signs and Symptoms

It is recommended by multiple experts to obtain blood cultures from all CVC lumens and to consider also peripheral blood cultures in the event of fever or other signs or symptoms of infection (26–28). In BSI caused by Staphylococcus aureus or Candida spp., CVCs should be removed whenever possible, independent of the exact source of infection (14).

In the presence of fever or suspected infection, cultures of blood, urine and other specimens from possible sources of infection, PCR studies, blood gas analysis, biochemical analyses including C-reactive protein (CRP) and procalcitonin, as well as various imaging techniques should be ordered immediately with consideration of the most probable infectious agents to which the patient might have been exposed, medical history and previously encountered pathogens during past treatments (21). Chest X-rays are commonly discouraged to diagnose lung infection in cancer patients, since infiltrates are frequently invisible (29, 30). High-resolution thoracic computed tomography (CT) scanning without contrast enhancement has a significantly higher sensitivity than chest X-ray and is recommended in patients with respiratory symptoms or persisting fever despite antimicrobial treatment for 72–96 h (5, 28, 31). Moreover, it is suggested to consider imaging of abdomen in patients without localised signs or symptoms because studies have identified cases of imaging consistent with invasive fungal diseases (IFD) in patients without localised signs or symptoms (weak recommendation, low-quality evidence) (32, 33). The ideal imaging modality is not known, but ultrasound is readily available, is not associated with radiation exposure and usually does not require sedation; thus, ultrasound is likely to be preferable over CT or magnetic resonance imaging for abdominal assessment (28). Diagnostic bronchoscopy or bronchial or bronchoalveolar lavage for patients with pulmonary infiltrates should be applied whenever possible. Further diagnostics (e.g., abdominal or central nervous system [CNS] imaging) might also be required, depending on symptoms, clinical signs and laboratory parameters (5). However, simultaneously to intensive diagnostic procedures, antibiotic treatment should be administered immediately to all patients with signs and symptoms of a bacterial infection in the early post-transplant period.

Early diagnosis is also key to the successful management of IFDs. Standard procedures encompass blood cultures for yeast and some of the rare moulds; cultures and microscopic examination of appropriate specimens; and imaging studies as determined by clinical findings. In the recently updated ECIL-8 guidelines, a CT scan of the lungs is strongly recommended in patients with febrile granulocytopaenia that persists beyond 96 h or with focal clinical findings; since unspecific radiographic findings are common, typical and non-typical pulmonary infiltrates should prompt further diagnostic work-up and initiation of mould-active antifungal treatment. Of note, due to the high frequency of not always symptomatic CNS involvement (34), appropriate cranial imaging should be considered in all patients with probable or proven pulmonary mould infection (B-II) (35). Galactomannan testing of serum is strongly recommended in granulocytopaenic patients with prolonged or new fever and in patients with abnormalities in pulmonary CT imaging. Whenever specimens are obtained for diagnostic work-up for pulmonary or cerebral IFDs, galactomannan testing of bronchoalveolar lavage (BAL) and cerebrospinal fluid (CSF) is recommended; molecular methods for detection of fungal nucleic acids in BAL, CSF, aspirates and tissues are also recommended, preferentially in a national fungal reference laboratory. (35). However, it should be also emphasised that especially in small children some diagnostic procedures are more difficult to perform.



Prevention of Infections

Approaches to prevent infections are based on a careful risk-benefit assessment and include the general infection control measures of contact precautions and microbiological surveillance of both the patient and hospital environment, regular thorough physical examination, antimicrobial chemoprophylaxis, administration of immunoglobulins in hypogammaglobulinaemic patients, and post-transplant vaccinations.



General Precautions

To identify patients at risk of certain infectious diseases and to prevent transmissions of multidrug resistant (MDR) or highly virulent organisms, comprehensive screening is recommended prior to and during transplantation. Screening procedures should assess for colonisation with methicillin-resistant S. aureus, vancomycin-resistant Enterococci and MDR Gramme-negative bacteria. Additionally, appropriate tests for relevant viral diseases (e.g., adenovirus viraemia) that are particularly highly transmissible, CMV, EBV and toxoplasmosis are recommended to avoid their nosocomial dissemination or to initiate pre-emptive treatment (36, 37). In the event of the detection of a highly transmissible microorganism contact precautions are a prerequisite to exclude cross-patient transfer (37–39). Healthcare workers with transmissible diseases should not work in direct patient care and ideally should stay at home to prevent the nosocomial spread of their disease (37, 39).

All transplanted patients should be housed in a single protective environment room equipped with >12 air exchanges per hour, high efficiency particulate air (HEPA) filters, directed air flow and positive air pressure differential (Pa) between the room and the hallway of >2.5 Pa (10, 37–39) to maintain a low count of environmental spores. Apart from environmental surfaces, special attention has to be placed on the construction and hygienic maintenance of sanitary and water supply systems as they may serve as a source of biofilm-producing and other MDR organisms or Legionella spp (37, 40).

The dietary needs of paediatric patients after allo-HSCT are an important issue with little evidence-based foundation; as expressed elsewhere, general guidance such as a “cook it, peal it, or forget it” approach for selection of food items (37) and a “clean, separate, cook and chill” approach for preparing food items (39) is easy to understand and to follow and may serve as basis for dietary recommendations. Sources of infectious agents after discharge to the outpatient setting might include water, dust, plants and flowers, decaying biological waste, certain food items, pets and contact with other individuals. The findings of a recent study in children with acute myeloblastic leukaemia suggest that a strict neutropenic diet and strict policies regarding restriction of social contacts (e.g., school attendance) and restriction of pets at home do not decrease the rate of infections (41). In the absence of strong evidence, appropriate measures include attention to the cleanliness of sanitary systems, kitchen appliances and surfaces; the avoidance of carpets, flowers and plants in the house; avoidance of close contact to biological waste or hygienic interactions with pets; frequent hand disinfection and attention to personal hygiene; keeping distance from social contacts; wearing masks where appropriate; and avoidance of raw-meat products and unpasteurized milk products. Detailed recommendations that consider the dynamics of the net state of immunosuppression post-transplant including immune recovery (CD4+ T cell and granulocyte count), presence of GvHD, level of immunosuppression and infection rates have been elaborated by the Paediatric Diseases Working Party (PDWP) of the EBMT and can be found elsewhere (39).




CHEMOPROPHYLAXIS


Antibacterial Prophylaxis

In principle, antibacterial chemoprophylaxis including for Gramme-positive and Gramme-negative organisms is a valid consideration to reduce invasive bacterial infections post HSCT but the potential for adverse effects and the emergence of resistance have to be carefully weighed against hard endpoints of efficacy, including reduction of invasive infections and infection-related and overall mortality (42). Corroborating paediatric-specific guidelines developed by an international panel (43) and in line with recommendations issued by the PDWP of the EBMT (39), the recently published recommendations from the 8th European Conference on Infections in Leukaemia (ECIL-8) do not recommend the routine use of antibacterial chemoprophylaxis in children undergoing HSCT during the pre-engraftment phase (recommendation against use, evidence level I) (42). The recommendation is mainly based on a large, prospective, randomised study which did not find that levofloxacin prophylaxis given from day−2 until engraftment significantly reduced mortality or the risk of BSI (44) as well as available clinical trials and meta-analyses in paediatric and adult patients indicating that antibacterial prophylaxis might possibly lead to increased resistance to fluoroquinolone and other important broad-spectrum beta-lactam antibiotics in colonising bacteria (42). This recommendation does not exclude the use of antibacterial prophylaxis in individual patients for whom the potential individual benefit exceeds potential negative consequences.



Antifungal Prophylaxis

Primary antifungal prophylaxis is strongly advised in the pre-engraftment and post-engraftment phases until immune reconstitution and discontinuation of immunosuppression or in the context of augmented immunosuppression for GvHD to reduce disease-related morbidity and mortality in all transplanted patients (35, 39). Antifungal agents recommended for paediatric patients by the ECIL-8 group include fluconazole (; only if the institutional incidence of invasive mould infections is low, or if there are active diagnostic and therapeutic algorithms for mould infections; not to be used post engraftment in allo-HSCT where mould infections dominate), posaconazole, and, with lesser strength, itraconazole and voriconazole (35). Further options include liposomal amphotericin B, micafungin, and caspofungin (no grading). Drug–drug interactions and drug-associated adverse effects need to be considered on an individual basis (35, 45–47). These recommendations are based on efficacy data from Phase III clinical trials in adults, the existence of paediatric pharmacokinetic data and dosing recommendations, paediatric safety data and supportive efficacy data with consideration of regulatory approval for use of agents in paediatric patients (35, 45).



Pneumocystis jirovecii Prophylaxis

Pneumocystis jirovecii pneumonia is a life-threatening disease in allo-HSCT recipients and adequate prophylaxis is critical. Trimethoprim/sulfamethoxazole is the preferred drug combination for primary prophylaxis; recommended dosing regimens in children include 150/750 mg/m2/day in one or two doses per day or the same dose on 2 or 3 days per week (48). Inferior second-line alternatives include aerosolized pentamidine (300 mg once per month in children >5 years) and dapsone, atovaquone or intravenous pentamidine (39, 48, 49). Prophylaxis is usually started after engraftment and continued during immunosuppressive therapy until protective immune recovery is achieved (39, 48).



Antiviral Prophylaxis

Among CMV-seropositive HSCT recipients, approximately 80% develop CMV reactivation and 20–35% progress to CMV disease if no preventative steps are taken; mortality of established disease is up to 50% despite treatment. Because of the toxicities of ganciclovir, foscavir and cidofovir, pre-emptive therapy has been the preferred approach; nevertheless, pre-emptive therapy is started after CMV viraemia is detected and any level of viraemia is associated with an increased risk of overall mortality (39, 50–53). Letermovir is a new antiviral agent that inhibits CMV through a novel mechanism involving the viral terminase complex (54). It is available as an intravenous and oral formulation, has a favourable pharmacokinetic and safety profile, and has been approved on the basis of the results of a randomised, double-blind, placebo-controlled clinical trial in CMV-seropositive adult recipients of allo-HSCT for primary prophylaxis of CMV reactivation prior to engraftment (55). Paediatric development is under way and, pending paediatric approval, will fundamentally change the management of CMV-seropositive HSCT recipients.

The risk of reactivation of HSV and VZV in seropositive HSCT recipients at some point after transplantation is close to 80% for each virus. In consideration of the high morbidity and the potential for patient-to-patient transmission, antiviral drug prophylaxis with acyclovir, valaciclovir or famciclovir is strongly recommended for VZV-seropositive patients for 1 year or longer in the presence of GvHD and immunosuppressive therapy. For VZV-seronegative HSV-seropositive patients, the recommended duration of prophylaxis generally matches the duration of immunosuppression (36, 39, 56, 57). If breakthrough infection occurs, drug resistance should be considered and genotyping ordered to guide further treatment. Apart from foscarnet, options to target acyclovir-resistant isolates include agents that target the viral helicase-primase complex of HSV (pritelivir, amenamevir) and VZV (amenamevir). These agents are currently available for adults within a compassionate use program (pritelivir) or through international pharmacy (amenamevir is approved in Japan). Paediatric dosing recommendations are currently lacking (58).




ADMINISTRATION OF IMMUNOGLOBULINS

In both the inpatient and outpatient setting, severe hypogammaglobulinaemia (e.g., immunoglobulin G <4 g/L) may be associated with an increased rate of infections and, despite the lack of strong evidence, international guidelines produced by multiple societies currently recommend immunoglobulin substitution in HSCT recipients with severe hypogammaglobulinaemia for the prevention of invasive bacterial and viral respiratory infections (10, 37).


Management of Infectious Complications

The pre-engraftment phase after HSCT is complicated by mucosal damage and neutropenia; the severity and duration of these problems depend on the conditioning regimen given. In addition, a central venous line disrupts the skin barrier in most patients. Unfortunately, the management of CVC-related infections remains difficult, and there are still open questions such as whether catheters should be removed or not (59). All these factors significantly increase the risk of bacterial infections caused by Gramme-negative bacteria arising from the normal gastrointestinal flora and by Gramme-positive bacteria associated with indwelling catheters (Table 1) (60). Unfortunately, the prevalence of resistant bacterial pathogens has significantly increased over the last decade, which is a worldwide phenomenon (61). This is important because studies in adults with cancer who are infected with MDR Gramme-negative bacteria have demonstrated that these patients often receive inadequate empirical antibacterial therapy resulting in poorer outcome than Gramme-positive (62). Although a recent study in children undergoing HSCT for acute leukaemia reported low resistance rates for bacteria isoated from the stool (e.g., fluoroquinolone resistance 1%, cefepime 2.5%, imipenem 0%) (44) local resistance rates for colonisation and infection vary widely as reported in children undergoing therapy for cancer, which depends, at least in part, from antibacterial prophylaxis (63, 64). Therefore, regular local epidemiologic surveillance is critical and has an important impact on the choice of antibiotic compound used.


Table 1. Risk factors for bacterial infectious complications.
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It is the longstanding standard of care to start empirical antibacterial therapy in neutropenic children at the onset of fever or at any other sign or symptom of possible infection (28, 65). As a systematic review on empirical therapy in neutropenic paediatric HSCT recipients with fever found that aminoglycoside-containing combination therapy did not decrease treatment failures and mortality compared to guideline-consistent monotherapy (66), the ECIL-8 group strongly recommends an antipseudomonal non-carbapenem beta-lactam plus beta-lactamase inhibitor or monotherapy with a fourth-generation cephalosporin for clinically stable patients at low risk of resistant infections (42). In clinically unstable patients, a carbapenem with or without a second anti-Gramme-negative agent and/or glycopeptide is strongly recommended, whereas in patients who are colonised or had a previous infection with resistant Gramme-negative bacteria or in institutions with a high rate of resistant pathogens, empirical treatment should be adjusted based on results of resistance testing.

When a causative pathogen has been identified, there is a strong recommendation to narrow the empirical antibiotic regimen and to adapt it to this organism and to the results of in vitro susceptibility tests (42). In those patients who are colonised or had a previous infection with resistant pathogens, de-escalation after 72–96 h of initial empirical therapy should be strongly considered. In this respect, any aminoglycoside, fluoroquinolone, colistin or antibiotic directed against resistant Gramme-positive pathogens should be discontinued if given in combination and initial carbapenem therapy should be changed to a narrower-spectrum antibiotic. It is less clear whether in individual HSCT recipients with fever of unknown origin (i.e., without clinically or microbiologically documented infection), empirical intravenous antibiotics can be discontinued after a minimum of 72 h of therapy, even prior to signs of haematological recovery, if the patient has always been haemodynamically stable and has been afebrile for 24–48 h (42). Therefore, assessment of the safety and efficacy of early step-down strategies is a future goal of clinical trials, which might be facilitated by new serum biomarkers as diagnostic and monitoring tools. In addition, in view of the emerging resistance of bacterial pathogens, new antibiotics are urgently needed and must be used prudently.



Management of Viral Infections

The most common viral infections in the paediatric recipients of allo-HSCT belong to the Herpesvirus family. The majority of herpes virus infections after transplantation result from reactivation of latent virus. CMV, HSV and VZV account for most disease caused by the Herpesvirus family, although there has been increasing recognition of HHV-6 in this setting (67). EBV reactivation after HSCT can lead to clonal proliferation of CD20+ B cells, potentially causing EBV-related post-transplant lymphoproliferative disease (PTLD) which has become an increasingly common management problem in allo-HSCT recipients. Haemorrhagic cystitis due to human adenovirus or BK virus is a painful disease that is difficult to treat; alongside systemic adenovirus infection it can hamper the outcome of HSCT (68). Other potential causes of life-threatening infectious complications in allo-HSCT recipients are respiratory pathogens including influenza, parainfluenza, respiratory syncytial virus (RSV) and the recently recognised new member of the Paramyxoviridae family human metapneumovirus (69).

Infections due to human adenovirus, influenza, RSV, parainfluenza virus type 3 and other respiratory viruses are encountered in all phases after allo-HSCT, including the pre-engraftment, post-engraftment and late phases. Infections due to HSV are mostly seen during the pre-engraftment phase, whereas infections due to CMV and HHV-6 are seen in the early post-engraftment phase (<3 months) and EBV and VZV infections often occur after day 100 (late phase) (21).

Pre-emptive therapy for viral infections currently applied in allo-HSCT recipients aims to treat subclinical viral reactivation before clinical manifestations appear because during the immunocompromised state of transplanted patients there is insufficient host immunity to control viral replication. The first-line approaches to viral infections comprise tapering of immunosuppression and use of antiviral drug therapy. However, patients may not respond because of a lack of immune reconstitution, viral drug resistance or drug toxicity. Patients receiving serotherapy as part of conditioning (to deplete T cells) or glucocorticosteroids for control of GvHD are at higher risk of viral reactivation (68). Thus, routine monitoring of viral reactivation in the post-transplant setting usually includes molecular detection of viral DNA of the three most frequent viruses responsible for refractory infections, namely CMV, EBV andhAdV (70). Data on the incidence of viral reactivation, viral disease, standard treatment and rate of response are summarised in Table 2.


Table 2. Incidence of adenovirus, CMV and EBV reactivation, disease, pharmacological treatment and rate of treatment response in children after allogeneic HSCT.
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CMV infection, defined as the development of CMV viraemia, remains one of the most important viral infections after allo-HSCT, occurring in 15–20% children. Infection is usually the result of reactivation of endogenous virus, occurring in up to 80% of seropositive individuals. Seronegative individuals have a 30–40% chance of becoming infected when receiving unscreened blood products or stem cells from a seropositive donor (71). Two strategies are equally effective at preventing CMV infection after HSCT: (1) universal primary CMV antiviral prophylaxis given from the time of engraftment to day 100; or (2) viral surveillance with pre-emptive antiviral therapy when necessary (9).

Patients who have a reactivation of latent virus or become infected with CMV from an exogenous source may remain asymptomatic or develop clinical presentation with fever, bone marrow suppression and other organ involvement (with pulmonary involvement being the most common) (68). Other, rare localizations of CMV reactivation include gastrointestinal disease, hepatitis, encephalitis and retinitis, the latter if which was previously felt to be rare in allo-HSCT recipients (71).

Several drugs can be used to treatment CMV reactivation. The standard therapy is ganciclovir, although associated myelotoxicity precludes its useas standard preemptive therapy for CMV infection. Foscarnet is generally the next alternative to ganciclovir for CMV infections at this stage, although it is associated with a significant risk of renal toxicity. There are some early data on the use of oral valganciclovir in the bone marrow transplant setting, but myelotoxicity may still be a problem (68, 72, 73).

Further development of cellular therapies for viral infections focused on the specificities of T cells for different viruses, aiming to achieve higher response rates (74, 75). The first and most widely used protocols to develop virus-specific T cells were based on in vitro generation and expansion of T cells, leading to a final product comprising polyclonal T cells (recognising different immunogenic viral antigens). One of the main advantages of the ex vivo differentiation of virus-specific T cells is that it could overcome the potential obstacle represented by paucity of specific immunity for the virus in the donor immune system (68, 74). A novel and promsing approach may be the adoptive transfer of donor-derived T lymphocytes expressing an inducible human caspase 9 that may provide a robust immunologic benefit with immediate and sustained protection from major viral pathogens (76, 77).

After neutrophil engraftment, the absence of CD4-positive T-cell reconstitution predicts reactivation of viruses such as hAdV and EBV. Incidence of hAdV infection raises up to 30% being higher in children than in adult recipients (67) and its clinical manifestation varies from asymptomatic viremia to invasive localised and disseminated disease with mortality rate up to 80% (21). The most common transmission modalities are inhalation of aerosol droplets, direct conjunctival inoculation, faecal-oral route or contact with infected tissues or surfaces. Clinical disease syndromes associated with HAdV infections occur after primary infection or from reactivation of latent viruses. The optimal therapeutic strategy is unknown, although intravenous cidofovir may be used in patients with risk factors for disseminated hAdV disease. The outcome is usually hampered by T-cell lymphocytopenia and renal toxicity (74). Brincidofovir, a lipid conjugate of cidofovir, provided higher intracellular levels of active drugs and thus reduced adenoviral load more rapidly than cidofovir, however, due to organ toxicity, mainly related to the gastrointestinal tract is no longer in clinical development. Thus, within paediatric HSCT recipients, who apparently carry the greatest risk of severe and life-threatening infection courses, preemptive treatment based on virus detection prior to clinical manifestation should be applied.

Endogenous reactivation or graft-originated contamination may cause EBV-related disease among allo-HSCT recipients, and the most significant clinical syndrome is PTLD irrespective of acquisition route. Primary EBV infection, splenectomy, transplantation from a seropositive donor to a seronegative recipient, use of an unrelated and/or mismatched graft, use of T-cell depletion and anti-thymocyte globulin (ATG) are risk factors for PTLD (18). Thus, monitoring of EBV viral load in paediatric allo-HSCT recipients at high risk of PTLD is strongly recommended until the immunosuppressive therapy completed. The increased use of anti-CD20 monoclonal antibody (rituximab) has significantly reduced the incidence and mortality of EBV-driven PTLD in children; however, although such therapy can lead to excellent response rates when used as a pre-emptive strategy, efficacy as treatment of PTLD is around 60% (23, 68).

Infections due to HHV-6 may lead to engraftment delays or graft failure after paediatric allo-HSCT. They may also cause clinically relevant disease with a facial rash, occasional severe organ failure (lung, liver or CNS)—which is sometimes confused with encephalitis or acute GvHD—and, rarely, a fatal outcome in HSCT recipients. Viral reactivation needs to be distinguished from chromosomal integration. However, the exact prevalence of HHV-6 reactivation is not well documented since it is not part of routine viral monitoring in transplanted patients, and HHV-6 reactivation may be found in the absence of any associated clinical features (78). For now, there is no consensus on therapeutic, prophylactic or preventive strategies for HHV-6 infection/reactivation; however, ganciclovir, foscarnet or cidofovir are reported to be used in cases of HHV-6 reactivation (18).



Management of Fungal Infections

While the precise incidence of IFDs following allo-HSCT is difficult to assess because of the almost universal use of antifungal prophylaxis and variable stringency in performing diagnostic procedures, incidence rates of around 10% are consistently observed with case fatality rates ranging from 20 to 70% and the poorest outcomes observed in disseminated disease, CNS involvement or persistent granulocytopenia (35, 79, 80). In a more recent systematic literature review of paediatric studies published between 1980 and 2016, a number of factors commonly associated with an increased risk of IFD were confirmed including prolonged granulocytopaenia, high-dose steroid exposure, and acute and chronic GvHD (81). Additional risk factors observed in several case series included increasing age (without a precise threshold), a priori determined transplant-related mortality risk >20%, admission to the intensive care unit, late or no lymphocyte engraftment, and, limited to invasive candidiasis, the presence of a CVC (35, 81).

Candida and Aspergillus spp. account for the majority of proven and probable IFDs with variable relative distribution in different series, institutions and countries (35, 79, 80, 82). The spectrum of invasive candidiasis in children closely resembles that seen in adults, with a predominance of catheter-associated candidaemia (80). C. albicans, C. parapsilosis and C. tropicalis are the most frequent species isolated; C. auris is an emerging pathogen that is notable for its nosocomial spread and potential resistance to more than one class of antifungal agents (83). Dissemination is observed in 10–20% of paediatric patients with candidaemia, while severe sepsis and/or septic shock occur in approximately 30% (80, 84–86).

Similar to adults, most paediatric patients with invasive aspergillosis present with pulmonary aspergillosis; dissemination to other sites, particularly the CNS, occurs in approximately 30% of cases (82, 87). A. fumigatus is most common cause, followed by A. flavus and A. terreus, although local differences may exist. Azole resistance is emerging and needs to be considered specifically in A. fumigatus infection (86). IFDs caused by non-Aspergillus moulds (i.e., Fusarium spp., Scedosporium spp., the agents of mucormycosis and others) present similarly to invasive aspergillosis but some of them may cause fungaemia and are more frequently associated with extrapulmonary forms of disease. The incidence of IFD caused by non-Aspergillus moulds is variable and accounts for 0–35% of all proven/probable fungal infections (82, 86–89). Intrinsic resistance of non-Aspergillus moulds to antifungal agents is frequent, and mortality appears to exceed 50% for most of the non-Aspergillus moulds. Of note, new guidelines have been published on mucormycosis, rare moulds and rare yeasts; these include paediatric-specific recommendations (90–92).

Empirical antifungal treatment is a well-established approach for persistently febrile granulocytopenic patients at high risk of IFD. If chosen as a strategy, empirical therapy should be initiated in granulocytopenic patients after 96 h of fever of unclear aetiology that is unresponsive to broad-spectrum antibacterial agents and should be continued until resolution of fever and granulocytopenia in the absence of suspected or documented IFD. A similar approach can be chosen in those granulocytopenic patients who develop recurrent fever after defervescence upon the initiation of broad-spectrum antibacterial agents (35). Based on the results of a recently completed multicentre, randomised clinical study comparing empirical vs. pre-emptive antifungal therapy (93), pre-emptive or diagnostically driven therapy is now recommended as an alternative strategy to empirical therapy with the prerequisite of rapid availability of pulmonary CT imaging and of galactomannan test results (35).

General management principles for IFDs are well established and include the prompt initiation of appropriate antifungal therapy, identification and resistance testing of all invasive isolates, source control, and management of predisposing conditions, as feasible (94). Echinocandins or liposomal amphotericin B (95–97) are strongly recommended for the first-line treatment of invasive Candida infections before species identification, and voriconazole and liposomal amphotericin B for first-line treatment of invasive aspergillosis (98, 99). Recommendations for mucormycosis, rare moulds and rare yeasts are beyond the scope of this article but have been updated recently by the European Confederation of Medical Mycology (ECMM) consortium (90–92) (Table 3).


Table 3. Summary of ECIL-8 recommendations for empirical, pre-emptive, and targeted therapy of IFDs (modified from Groll et al. ECIL-8 recommendations; for management of mucormycosis, rare moulds and rare yeast, please see the updated recommendations of the European Confederation of Medical Mycology (ECMM) consortium (91, 92).
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Management of Other Rare Infections

The inevitable depletion of CD4+ lymphocytes post allo-HSCT is associated with a risk of rare but highly lethal opportunistic infectious diseases including but not limited to P. jirovecii pneumonitis and cerebral and disseminated toxoplasmosis. Critical host factors suggested in adults, but also referring to children are a CD4+ lymphocyte count <200 cells/mm3 and the use of therapeutic doses to the equivalent of >0.3 mg/kg prednisone for >2 weeks (100, 101). Outcome depends on early recognition, immediate institution of appropriate therapy, appropriate supportive care and the reversal of immunosuppression.

Pneumocystis pneumonitis occurs almost exclusively in patients not taking the recommended standard prophylaxis trimethoprim/sulfamethoxazole (48, 50) and presents with respiratory distress that rapidly evolves into respiratory failure. Imaging findings are typically significant for symmetric intra-alveolar and interstitial infiltrates; the microbiological diagnosis is made by the detection of the organism in respiratory specimens (BAL or induced or expectorated sputum) by microscopy or nucleic acid amplification (100, 102). First-line antimicrobial therapy includes high-dose trimethoprim/sulfamethoxazole (equivalent to 15–20 mg/kg/day of trimethoprim), and supportive treatment consists of appropriate respiratory support, reduction of immunosuppression if feasible, and, in moderate and severe diseases (partial pressure of oxygen [PaO2] <70 mmHg on room air) and on a case-by-case basis, the adjunctive use of systemic corticosteroids (102, 103). Response to treatment is determined by the extent of pulmonary damage and may be expected after 5–7 days of treatment. Resistance to trimethoprim/sulfamethoxazole is not an issue, even in breakthrough infections, and a change of agent for reasons other than toxicity is generally not indicated. Of note, other concomitant opportunistic pulmonary infections, in particular CMV, need to be considered and excluded (102, 103).

Toxoplasmosis post allo-HSCT most frequently occurs as reactivation of a latent infection in a seropositive patient; primary infections may occur but are considered very rare. Most frequently, the CNS is affected, leading to diffuse encephalitis with variable onset and a diverse pattern of clinical symptoms; other manifestations include pulmonary or disseminated disease (104–107). Serological screening for toxoplasmosis prior to allo-HSCT is recommended for all patients, and screening by nucleic acid amplification by PCR of blood samples is advised in all seropositive patients for at least 6 months post HSCT (10, 39, 101). Diagnosis in a given patient is based on the evaluation of risk factors, clinical signs and symptoms and targeted imaging but ultimately requires the direct detection of parasites or their nucleic acids by PCR in blood, CSF, BAL or biopsies (101). Standard treatment includes pyrimethamine plus folinic acid (but not folic acid) in combination with either sulfadiazine or clindamycin for at least 6 weeks (10, 101). Whereas approximately 60% of patients may respond to treatment, neurological late effects may be expected in survivors and mandate careful evaluation of appropriate rehabilitation measures (101).




SARS-CoV-2 INFECTIONS

The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections started in Wuhan, China, and the World Health Organisation classified it as a pandemic on 11 March 2020. The infection has had a major impact on paediatric haematology and oncology care, including HSCT. Over the recent months, national and international societies have made recommendations for the prevention and treatment of SARS-CoV-2 in the HSCT setting (108, 109). Most of the experience has been derived from adults and data in children are relatively scarce. Reports suggest that the majority of the children with cancer and post HSCT have either asymptomatic or mild SARS-CoV-2 infection (110) but severe disease courses with complications have also been described (111, 112). Two large registries reported on 11 and 19.9% of severe infections in paediatric cancer patients, and a mortality of 3 and 3.8%, respectively (112, 113). Overall, paediatric HSCT recipients seem to have similar risks of morbidity from SARS-CoV-2 as do healthy children (110). Interestingly, preliminary data reported by a Spanish group indicate that patients undergoing HSCT for immunodeficiencies have a higher risk of SARS-CoV-2 than general population, which may be due to the lack of development of thymus in these patients, which is associated with significant alteration of cellular immunity (114).

As in other infectious diseases such as influenza, prevention policies include the vaccination of household members and healthcare personnel (108, 115). All children undergoing HSCT, regardless of whether they have upper respiratory symptoms or not, should be tested for SARS-CoV-2, and test results should be negative prior to the start of conditioning. However, in case of a positive result, it is unclear whether it is always necessary to postpone HSCT and the final decision should be made on a case-by-case basis and according to the risk of cancer progression.

In addition, it has to be noted that access to the donor might be restricted by several factors, such as the infection of the donor by SARS-CoV-2 or logistical reasons such as travel restrictions across international borders due to the pandemic. Therefore, it is recommended to secure access to the stem cell product by freezing before the start of conditioning or to have an alternative donor as back-up (108).

Beside well-established supportive care strategies such as non-invasive ventilation and anti-coagulants, no specific treatment approach for HSCT recipients suffering from SARS-CoV-2 is evidence based and approved, in particular in the paediatric setting (108).

SARS-CoV-2 vaccination is now approved for children from the age of 12 years onwards in many countries but its value in paediatric HSCT recipients has yet to be evaluated. Studies in adult HSCT recipients have demonstrated that SARS-CoV-2 mRNA vaccines are well tolerated by HSCT recipients, that new GvHD developed in almost 10% of the patients after vaccination (116), and that 55% of the patients showed seroconversion after the first dose of the vaccine compared with 100% of controls (117). After the second dose, antibodies against SARS-CoV-2 were detectable in 82% of the patients (118). In children, however, data are lacking to date.



VACCINATION POLICIES

In children undergoing HSCT, transplant procedures as well as prevention and treatment of GvHD result in complex impairment of cellular and humoral immunity (60). It is well known that a significant proportion of HSCT recipients lose specific antibody titres against pathogens such as Streptococcus pneumoniae, Haemophilus influenzae type B and measles (119). The Infectious Diseases Society of America considers HSCT recipients as never vaccinated (119). During the first months after HSCT, most patients respond to vaccines to a lower extent than healthy individuals and so the timing of re-vaccination is a balance between the risk of immunisation failure if vaccination is given too early and risk of infection by vaccine-preventable diseases during the unprotected time period.

The PDWP of the EBMT recommends that re-vaccinations against diphtheria, tetanus, poliomyelitis, pertussis, hepatitis B, Haemophilus influenzae type B and pneumococci should be started at 6 months post HSCT in patients with leukocyte engraftment and a platelet count of ≥50,000/ μL irrespective of GvHD status and immune recovery and using the newborn diphtheria, tetanus, acellular pertussis (DTaP)/inactivated polio vaccine (IPV)/Hepatitis B virus (HBV)/Haemophilus influenzae type B (Hib) combination vaccine and the 13-valent pneumococcal conjugate (PCV13) vaccine (39). Notably, immunisation with non-live vaccines is safe during immunoglobulin replacement therapy as there is no specific risk besides non-response. Re-vaccination with live vaccines against measles, mumps, rubella and VZV should be started not earlier than 24 months post HSCT and should be given only to patients without GvHD, who ended immunosuppressive therapy ≥3 months ago, and who have ended immunoglobulin substitution (39).



SUMMARY

Allo-HSCT is an established treatment modality for paediatric patients with high-risk ALL. Infectious complications contribute significantly to patient morbidity and mortality after transplantation. However, over the decades, the manner in which HSCT is conducted has dramatically changed; this has had an impact on the type and timeline of infections in the post-transplant period. Not only transplant procedure but also recipient- and pathogen-specific factors may increase the risk of developing infectious complications after HSCT. Although the risk of bacterial, fungal or viral infections varies in different post-transplant phases, these infections can occur at any time until there is successful immunological reconstitution. Given the ongoing challenges in treating infectious complications after HSCT, research endeavours continue to evaluate novel diagnostic and therapeutic strategies. Moreover, continued investigation is necessary to help elucidate varying patterns of immune recovery after different methods of allo-HSCT. This may inform the development of an individualised approach to antimicrobial prophylaxis, empirical therapy and vaccination strategies in paediatric allo-HSCT recipients. A better understanding of the relationship between GvHD and infectious complications, as well as host–pathogen interactions, is required. All these efforts will result in improved graft selection, shortened neutropenia and enhanced immune reconstitution as well as the development of optimal prophylaxis and supportive care measures for all paediatric patients undergoing allo-HSCT for ALL.
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Herein we review current practice regarding the management of chronic graft-vs.-host disease (cGvHD) in paediatric patients after allogeneic haematopoietic stem cell transplantation (HSCT) for acute lymphoblastic leukaemia (ALL). Topics covered include: (i) the epidemiology of cGvHD; (ii) an overview of advances in our understanding cGvHD pathogenesis; (iii) current knowledge regarding risk factors for cGvHD and prevention strategies complemented by biomarkers; (iii) the paediatric aspects of the 2014 National Institutes for Health-defined diagnosis and grading of cGvHD; and (iv) current options for cGvHD treatment. We cover topical therapy and newly approved tyrosine kinase inhibitors, emphasising the use of immunomodulatory approaches in the context of the delicate counterbalance between immunosuppression and immune reconstitution as well as risks of relapse and infectious complications. We examine real-world approaches of response assessment and tapering schedules of treatment. Furthermore, we report on the optimal timepoints for therapeutic interventions and changes in relation to immune reconstitution and risk of relapse/infection. Additionally, we review the different options for anti-infectious prophylaxis. Finally, we put forth a theory of a holistic view of paediatric cGvHD and its associated manifestations and propose a checklist for individualised risk evaluation with aggregated considerations including site-specific cGvHD evaluation with attention to each individual's GvHD history, previous medical history, comorbidities, and personal tolerance and psychosocial circumstances. To complement this checklist, we present a treatment algorithm using representative patients to inform the personalised management plans for patients with cGvHD after HSCT for ALL who are at high risk of relapse.

Keywords: haematopoietic stem cell transplantation, chronic graft-vs.-host disease, paediatric, adolescent, management


INTRODUCTION

Allogeneic haematopoietic stem cell transplantation (HSCT) is a curative treatment for an increasing number of children and adolescents with various malignant and non-malignant haematological diseases, due to improved transplant procedures and reduced early mortality. However, successful long-term outcomes can be limited by chronic graft-vs.-host disease (cGvHD), which is often severe and is the most common complication post HSCT (1). This complex immune disorder resembles multiorgan autoimmune diseases and can result in adverse psychomotor development, functional impairment, disability and poor quality of life (2). It is believed to correlate with the graft- vs.-leukaemia effect (GvL) and contributes to a lower risk of relapse of malignancy (3). Moderate-to-severe cGvHD is the major cause of treatment-related mortality (TRM) and inferior overall survival (OS) following HSCT, and little progress has been made in recent decades regarding outcomes (4).

The publication of the National Institutes for Health (NIH) consensus criteria for cGvHD diagnosis and grading for use in clinical trials in 2005, as revised in 2014, represented a major advancement in the field (5, 6). Correspondingly, the German-Austrian-Swiss GvHD Consortium published a number of expert recommendations for daily clinical practice, including some considerations for the paediatric population (7). Recently, our understanding of cGvHD pathogenesis has improved substantially (8–10). The 2020 NIH Consensus Project has published documents aiming to move the field forward by summarising current knowledge and expert opinion, identifying the unmet needs of clinical care and gaps of knowledge, and outlining future research efforts (11–13).

Unfortunately, cGvHD in children and adolescents has been relatively understudied compared with in adults. Paediatric data on cGvHD pathophysiology, clinical manifestations, diagnosis and outcome are scarce. Furthermore, the NIH consensus criteria were primarily developed from adult data: their validation and clinical applicability for use in paediatric populations have been rarely investigated since their publication (14).

After HSCT to cure acute lymphoblastic leukaemia (ALL), paediatric patients are at high risk of developing various long-term sequelae, with cGvHD being one of the major risk factors (15). In view of the now longer life expectancy of children post HSCT and the significant cGvHD-related morbidities within a growing body, better understanding and management of paediatric cGvHD is imperative.

To aid this, we herein review the current knowledge regarding the management of paediatric cGvHD. Specific topics covered include: the epidemiology and pathogenesis of cGvHD, risk factors, biomarkers and paediatric aspects of the 2014 NIH criteria for diagnosis and grading. Furthermore, we present current options for treatment, with emphasis on topical therapy, immunomodulatory interventions and supportive care and with consideration for the delicate counterbalance between immunosuppression and immune reconstitution, risk of relapse and risk of infectious complications. We aim to present a new perspective on how management strategies can be tailored to the specific needs of individual patients and provide a framework for the personalised treatment of paediatric patients with cGvHD after HSCT for ALL to support clinicians in daily clinical practice.


Methods

We searched PubMed to find English-language articles from 1970 to 2021 emphasising on paediatric data whenever possible. We used the following terms: “chronic GVHD with and without paediatric/children,” “pathogenesis, pathophysiology,” “epidemiology, incidence,” “diagnosis and grading,” “risk factors,” “biomarker,” “immune reconstitution,” “treatment,” “management,” “topical treatment,” “ECP,” “MSC,” “supportive and ancillary care,” “relapse,” and “infections and infectious complications.” The reference lists in the selected studies were reviewed to identify additional articles. No limits were applied in the initial search, but we then excluded articles that contained only adult case series focusing on experimental approaches.




CURRENT KNOWLEDGE AND PRACTICE


Epidemiology of cGvHD in Children and Adolescents

Nowadays, the criteria for diagnosis of cGvHD are based on the combination of clinical manifestations and time of onset according to the NIH consensus criteria (5). This should be kept in mind for comparison of published data on the incidence of acute GvHD (aGvHD) and cGvHD.

The incidence of paediatric cGvHD shows great variety (ranging from 6 to 65%), with some differences explained by the specific transplant indication (malignant vs. non-malignant), heterogeneity of transplant procedures, and age-related immune reconstitution post transplantation (16). In general, paediatric cGvHD tends to be less common and somewhat milder than cGvHD in adults (17–19).

Stem cell source can influence risk of GvHD. The lowest incidence of cGvHD (6%) was observed among paediatric patients undergoing cord blood HSCT (20, 21). In historical data from the 1990s and early 2000s, the incidence of paediatric cGvHD after HSCT for haematological malignancies ranged from 28% with a sibling donor to 52–65% with an unrelated donor. The incidence and severity of cGvHD was higher in patients after peripheral blood stem cell (PBSC) HSCT than after bone marrow (BM) HSCT (22, 23).

Underlying disease and age can also affect cGvHD risk. Zecca et al. reported in 2002 a higher incidence of cGvHD in patients with malignant (35%) vs. non-malignant (13%) diseases in a retrospective analysis of 696 children. Furthermore, the lowest incidence of cGvHD (9%) was described for children <2 years of age, and the highest (44%) for patients >15 years of age (24). Likewise, Qayed et al. found in a retrospective analysis of 476 paediatric ALL patients after matched sibling donor (MSD) BM HSCT during the years 2000 to 2013 a cumulative incidence of cGvHD of 16%; a lower risk of cGvHD was observed for the age group 2 −12 years in comparison to patients >12 years old (25). A retrospective, single-centre analysis of 146 children with malignant and non-malignant diseases transplanted at the St. Anna Children's Hospital, Vienna, between 2004 and 2012 revealed a cumulative incidence of reclassified NIH-defined cGvHD (2005 criteria) of 18% and 21% at 1 and 3 years post HSCT, respectively. A multivariate analysis identified donor age >5 years as risk factor for the development of cGvHD but there was no association between recipient age and cGvHD risk (Lawitschka et al., unpublished data). One of the most recent prospective multicentre studies of paediatric cGvHD, by Cuvelier et al., indicated an incidence of 21% of accurately assessed NIH-defined cGvHD in 243 paediatric patients with various malignant and non-malignant diseases undergoing a range of transplant procedures. Recipients ≥12 years of age were at higher risk for cGvHD in comparison to younger patients, and de novo cGvHD occurred almost exclusively in patients ≥12 years, indicating a crucial role of aGvHD in the pathogenesis of cGvHD in infants (14).

The overall incidence of cGvHD in paediatric patients has decreased over recent decades. This is contrary to the pattern observed in adult studies, probably due to the widespread use of granulocyte colony-stimulating factor (G-CSF)–mobilised PBSCs over BM grafts in adults (26). The older age of transplanted patients, and the use of reduced intensity regimens which require GvL effect also contribute to the higher incidence of cGvHD in this group (27, 28).



Pathogenesis of cGvHD in Children and Adolescents

The immunobiology of cGvHD differs distinctly from that of aGvHD (29). Despite major advances in the field, the complex and multifactorial pathogenesis of cGvHD is not fully understood and incorporates failure of central and/or peripheral tolerance mechanisms in the presence of minor (and major) major histocompatibility complex (MHC) polymorphisms (30). It is well-known that cGvHD is a pleomorphic syndrome resembling many autoimmune diseases but, in addition, appreciation of its correlation with monogenic immune disorders may lead to better understanding of its pathogenesis, especially in paediatric populations (31).

Cooke et al. (8) has proposed a triphasic model of cGvHD pathogenesis which involves: (i) acute inflammation with tissue injury and vascular inflammation (which may be subclinical); (ii) dysregulated immunity, thymic damage and dysfunction with the transition to chronic inflammation; followed by (iii) dysfunctional tissue repair resulting in the deposition of collagen and development of fibrosis. Recently, major advances in cGvHD research have been made but these are largely based on murine models that do not reflect the whole clinical spectrum of human cGvHD (10).

In general, a complex cytokine-driven cellular network (32) involving damage of the thymus and germinal centres with aberrant interactions between donor-derived subsets of effector T and B cells contributes to both the immune pathology of cGvHD and innate immune responses with unusual antigen presentation. Of note, multiple pathogenic pathways may operate simultaneously.

Regarding the T-cell compartment, various models have demonstrated a critical role of naïve T cells with further dysregulation of CD4+ T helper (Th17), CD8+ T cell (Tc17) and T-follicular helper (Tfh) cell differentiation (32, 33) together with reduced numbers of regulatory T cells (Treg) (34). High interleukin (IL)-6 levels after HSCT lead to IL-17–secreting Th17 and Tc17 differentiation (35, 36). This process is augmented by stem cell mobilisation with G-CSF. Th17/Tc17 produce multiple cytokines, including interferon gamma (IFN-γ), tumour necrosis factor (TNF), IL-22, colony-stimulating factor-1 (CSF-1), and granulocyte-macrophage colony-stimulating factor (GM-CSF) which promote the migration and differentiation of monocytes into pathogenic macrophages. Simultaneously, Tfh produce IL-21 which is critical for germinal centre B-cell formation and antibody secretion (both autoreactive and alloreactive) (37).

Regarding the B-cell compartment, an expansion of germinal centre B cells with subsequent allo/autoantibody secretion has been shown (38). B cells of cGvHD patients have increased survival capacity and signal through B-cell activating factor (BAFF) and B-cell receptor (BCR) signalling pathways. BAFF is produced primarily by myeloid cells, stromal cells and some lymphoid cells. BAFF:B-cell ratios are elevated in patients with active cGvHD (39). The BCR-signalling molecules Syk and Bruton tyrosine kinase (BTK) appear to be hyper-activated in B cells during cGvHD (37).

Additionally, a role of the gut microbiome has been observed in cGvHD, with the loss of flora diversity after HSCT recently reported to correlate with inferior outcome (an increased risk of mortality) (40, 41).

In the context of the transition to fibrosis, the involvement of macrophages producing the profibrotic cytokines tumour growth factor beta (TGF-β) and platelet-derived growth factor alpha (PDGF-α) leads to the deposition of collagen secreted from activated fibroblasts (42).

Better understanding of the pathogenic pathways of cGvHD is being translated into the clinic in the form of rationales for specific treatment schedules. This may pave the way for novel promising therapeutic approaches that potentially target various cytokines, cell subsets and signalling pathways (30). Furthermore, it serves as a basis for more individualised treatment plans in cGvHD (10).



Biomarkers for Paediatric cGvHD

The multisystemic, polymorphic nature of cGvHD and challenges in clinical diagnosis such as lung involvement in infants (14) makes the identification of potential GvHD biomarkers of utmost importance. Biomarkers are defined as biochemical or cellular variables categorised according to how they are used. Three subtypes of biomarker in cGvHD are recognised: (i) diagnostic biomarkers used to identify GvHD patients at the onset of the disease and to aid differential diagnosis; (ii) prognostic biomarkers used to identify patients with different degrees of risk for GvHD occurrence, progression or resolution before the onset of clinical cGvHD manifestation of the disease; and (iii) predictive biomarkers used to categorise patients based on their likelihood to respond to therapy (43, 44).

Great effort has been put into identifying relevant cGvHD biomarkers. It is important to keep in mind that patients with cGvHD represent a heterogeneous group with various characteristics having only the diagnosis but not the phenotype in common. Variables such as age, primary disease for which HSCT was indicated, treatment modalities and transplant procedures, and post-transplant complications have a great impact on immune reconstitution (45) and may influence the biomarkers present (10, 44).

Among those considered to be validated plasma biomarkers are soluble BAFF, a panel consisting of 4 biomarkers [ST2, chemokine (C-X-C) motif ligand 9 (CXCL9), matrix metalloproteinase 3 (MMP-3) and osteopontin], CXCL10, and chemokine (C-C motif) ligand 15 (CCL15) (Table 1) (46–63). Validated cellular biomarkers include CD163, B cells expressing toll-like receptor 9 (TLR9), B cells defined as CD19+/CD21low B cells, a high BAFF:B cell ratio in the plasma, Tregs, CD4+CD146+CCR5+ T cells and Tfh cells (Table 1) (64). We briefly discuss these biomarkers below.


Table 1. Validated Biomarkers in cGvHD.
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Plasma Biomarkers
 
Soluble B-Cell Activating Factor

High levels of sBAFF have been found in patients with active cGvHD and have been linked with both early onset (3–8 months) and late onset (≥9 months) disease (46, 47). A significant decrease in sBAFF was found in responders to corticosteroids 2 months after their initiation (46). Moreover, Saliba et al. (47) described increased sBAFF levels at the time of diagnosis of cGvHD as a potential predictor of non-relapse mortality (NRM) (48). Because of its significant presence in various settings of cGvHD, sBAFF is described as both a diagnostic and prognostic biomarker (64). One major limitation is the steroid sensitivity of sBAFF, which becomes undetectable on steroid doses >0.5 mg/kg prednisolone independent of response to treatment.



A Panel of ST2, CXCL9, MMP-3 and Osteopontin

In a study of Yu et al. (61), a panel of 4 proteins (ST2, CXCL9, MMP-3, and osteopontin) was found to significantly correlate with cGvHD diagnosis, cGvHD severity and NRM. When measured at day +100, the panel could predict cGvHD occurring within the next 3 months, even in the absence of known clinical risk factors. In addition, increased MMP-3 is associated with the development of bronchiolitis obliterans (50). Solely elevated plasma concentrations of CXCL9 are considered to be an independent cGvHD biomarker (49, 50).



CXCL10 and CCL15

Similarly to CXCL9, CXCL10 is an inflammatory chemokine involved in the activation and recruitment of T cells, eosinophils, monocytes and natural killer (NK) cells. In a study by Kariminia et al. (52), CXCL10 met the criteria for replication as a clinical biomarker for the diagnosis of cGvHD. Although plasma concentrations of CCL15 were found to be elevated in cGvHD patients compared with controls and were associated with NRM, levels at day +100 could not predict cGvHD occurring within the next 3 months with clinically relevant sensitivity/specificity (63).




Cellular Markers

In a study of Inamoto et al. (54), a higher cellular expression of CD163 at day +80 was associated with de novo cGvHD. CD163—a macrophage receptor—is expressed at increased levels during oxidative stress; therefore, the authors concluded that monocyte or macrophage activation may contribute to the pathogenesis of cGvHD.

Sarantopoulos and colleagues in 2009 suggested that B cells play a role in cGvHD pathogenesis through the presence of alloantibodies and high plasma sBAFF levels: both are found in patients with cGvHD. Detailed phenotypic and functional analyses of peripheral B cells in patients after HSCT showed that, in patients with cGvHD, significantly higher BAFF:B cell ratios are observed compared with patients without cGvHD or with healthy donors (38, 47). Other B cell subsets associated with the development of cGvHD are those that express TLR9 (55) and CD21low B cells (56).

Tfh cells play an important role in the regulation of B cell immunity. Extensive phenotypic and functional analyses of circulating Tfh cells demonstrated that patients with active cGvHD had a significantly lower frequency of circulating Tfh cells compared with patients without cGvHD (60).

CD4+CD146+CCR5+ T cells are frequent in cGvHD patients. According to Forcade et al. (59), these cells proved to be sensitive to pharmacological inhibition (59).

Zorn et al. (58) conducted a phenotypic study of Tregs and demonstrated a decreased frequency in patients with cGvHD compared with patients without cGvHD (p < 0.001) and healthy individuals. A different study has connected an increased Th17:Treg ratio to the development of liver cGvHD (65). Moreover, Alho et al. (66) confirmed a decreased frequency of Tregs and shortened Tregs telomeres in patients with cGvHD.



cGvHD Biomarkers in Children: Children Are Not Small Adults

It is known that children have a lower rate and perhaps different presentation of cGvHD compared to that seen in adults (25). One of important aspects of cGvHD pathophysiology is the variability of immune reconstitution between patients after HSCT, which is age related and dependent on thymic hormones (as described in a companion article by Eyrich et al. in this supplement of Frontiers in Paediatrics). Therefore, it is important to determine differences among cGvHD biomarkers in adult and paediatric populations.

Few studies have investigated age-related differences in the biology of cGvHD (16, 67). Recently, Lawitschka et al. (45) demonstrated for the first time in a highly homogenous paediatric patient cohort that both cGvHD and its activity were associated with the perturbation of the B cell compartment, including low frequencies of CD19+CD27+ memory B cells and increased frequencies of circulating CD19+CD21low B cells. The immunological profile of patients with cGvHD in a paediatric cohort studied by Schultz et al. (67) had distinctive features, with increased activated T cells, naïve Th cells and cytotoxic T cells, loss of CD56bright regulatory NK cells, and increased levels of ST2 and soluble CD13. When cohorts of adults and children who had undergone HSCT were compared, significant differences were found (16). Elevated levels of ST2 and naïve Th cells, and depression of NK regulatory cells were present in both children and adults. However, children presented with broad suppression of newly formed B cells whereas adults demonstrated increased T1-CD21low B cells and decreased T1-CD24highCD38high B cells. Treg abnormalities in children were primarily present in memory Tregs, whereas in adults the abnormalities were in naïve Tregs. Aminopeptidase N (sCD13) and intercellular adhesion molecule 1 (ICAM-1) were significantly increased only in prepubertal children with cGvHD (16). The authors concluded that the recipient's age at the time of HSCT impacts on the immune profile of cell populations and cytokines occurring in cGvHD.

Even though there are several validated biomarkers for cGvHD, studies that associate biomarkers with severity, activity and resolution of the disease are lacking. Studies with mixed age cohorts may show trends, but immune reconstitution is age related and this needs to be taken into consideration when evaluating biomarkers and the pathophysiology of cGvHD. The verification and validation of candidate biomarkers in paediatric populations is highly relevant since this is a notoriously underrepresented population within clinical trials and adult data may not be extrapolated to the paediatric population (44). Thus, more age-specific studies of biomarkers are needed because children are simply not “small adults.”




Risk Factors for the Development of cGvHD and Prevention Strategies

Since cGvHD is a highly polymorphic complication of HSCT, much clinical research has been done to characterise disease severity at onset and to define risk factors for the development of cGvHD and for predicting poor survival (1, 68). However, published data on risk factors for paediatric cGvHD often stem from combined adult and paediatric studies and are mutually incomparable because important details of patient and transplant characteristics are incomplete, such as use of conventional vs. high-resolution human leukocyte antigen (HLA) disparity, details of GvHD prophylaxis including blood concentrations and duration of given agents, kinetics of engraftment and chimerism with imminent relapse, and antigenaemia and infections.

Below we provide an overview of risk factors for the occurrence of cGvHD (Table 2) (14, 17, 24, 25, 27, 69–82) and prognostic factors associated with poor outcomes in patients with cGvHD (Table 3) (75, 76, 81, 83–99), prioritising paediatric data wherever possible.


Table 2. Summary of risk factors for cGvHD identified in studies, with an emphasis of paediatric cohorts.
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Table 3. Summary of risk factors for higher NRM and lower OS in patients with cGvHD identified in studies.
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Risk Factors for the Development of cGvHD

The following risk factors for cGvHD post HSCT have been published and summarised in reviews and recommendations: preceding aGvHD, the use of an unrelated donor or mismatched donor, PBSCs as the donor source, older (≥12 years) recipient or donor age, female donor for a male recipient, parity of female donor, malignant primary disease and the use of total body irradiation (TBI) (Table 2).

By far the most powerful predictor for the development of cGvHD seems the severity of aGvHD (17, 24, 83). A lower incidence and severity of aGvHD and cGvHD has been associated with the use of ex vivo or in vivo T-cell depletion (TCD). However, use of TCD poses a risk of graft failure, infection and relapse (12); further data in paediatric HSCT for ALL are needed.



Prognostic Factors Associated With Higher NRM and/or Poorer OS

Regarding prognostic factors at the onset of cGvHD that are associated with increased mortality, the development, validation and the revision of the NIH consensus criteria for diagnosis and staging of cGvHD (5, 6) have moved the field forward substantially (see Supplementary Material). In children, Cuvelier et al. reported on the feasibility and reliability of the NIH consensus criteria and concluded that further refinement was needed (14). The NIH global severity score of cGvHD has been validated in various adult studies, but less so in children (84, 85, 87, 90) and adolescents (76). In a large paediatric Centre for International Blood and Marrow Transplant Research (CIBMTR) study including 1,117 patients, Jacobsohn et al. found the following variables to be associated with higher NRM in a multivariate analysis: mismatched unrelated donor (MMUD), PBSC as the stem cell source, Karnofsky/Lansky performance score <80, and platelet count <100 × 109/L. Regarding worse OS, the study reported age >10 years, an MMUD, advanced disease at transplantation, Karnofsky/Lansky score <80; and platelet count <100 × 109/L as significant risk factors (70). Additional risk factors associated with poor prognosis are direct progression from aGvHD to cGvHD and organ-specific aspects such as lung and gastrointestinal tract involvement and hyperbilirubinaemia (76) (Table 3).

Prior to publication of the NIH consensus criteria, a CIBMTR cGvHD risk score had been developed (89, 100). Studies in adults reported on improved prognostic stratification when combining the CIBMTR cGvHD score with the NIH criteria (95, 101).

To address the question of risk factors for cGvHD in paediatric patients, we studied retrospective data on 358 paediatric patients who underwent HSCT between 1980 and 2012 at the St. Anna Children's Hospital, Vienna, and who survived relapse-free beyond day +100. We identified in multivariate analyses older donor age (>5 years), prior aGvHD of grade 2–4, and a female donor for a male recipient as risk factors for the development of cGvHD. Overall mortality was significantly higher for patients >10 years old and for those with moderate-to-severe global severity score, while sclerotic cGvHD was independently associated with a lower risk of death (A. Lawitschka, unpublished data).

Within the NIH 2020 initiative a summary has been provided about the major advances in understanding of the aetiopathology of cGvHD and future efforts (11, 102, 103). The field is moving toward clinical studies targeting prevention strategies that decrease the risk of morbid cGvHD such as moderate-to-severe cGvHD without an increased risk of relapse or infection. Regardless of the incidence of cGvHD, morbid forms of cGvHD like fasciitis and lung GvHD lead to excess long-term morbidity and a future aim is to avoid these. Therefore, it is important to evaluate risk factors for the development and the outcome of cGvHD and to predict the highly morbid forms.

The 2020 NIH cGVHD consensus group agreed on the need for adoption of primary study endpoints measuring survival without moderate-to-severe cGvHD, such as cGvHD-free and relapse-free survival (CRFS). This remains challenging as studies need a minimum of 1 year of follow-up to assess relevant endpoints of cGvHD (12). In this regard, an important consideration for paediatric studies may be that endpoints should be tailored to non-malignant and malignant primary diseases separately because patient and HSCT characteristics, GvHD prophylaxis and treatment modalities differ distinctly between those patient groups (104).




NIH-Defined Diagnosis, Organ Scoring and Staging of cGvHD

The 2005 NIH Consensus Conference proposed new criteria for diagnosing and scoring the severity of cGvHD in clinical trials (6). The 2014 NIH consensus maintained the prior framework but revised the criteria and provided guidelines for cGvHD definition, endpoint reporting and trial design. The main revisions were made for the subcategory of overlap cGvHD and the distinction between active disease and past tissue damage (5). Recently, a joint task force added some specifications to the NIH consensus criteria, with focus in associated manifestations and steroid sensitivity (105).

The 2014 NIH consensus criteria include clinical symptoms in 8 organs, laboratory findings and pulmonary function tests. Each organ is graded from 0 to 3; the overall severity is classified as mild, moderate or severe depending on the number of affected organs and the involvement severity. Symptoms can be stratified as diagnostic, distinctive and in common with aGvHD (5).

Patients who are lacking diagnostic signs of cGvHD require histological confirmation if new systemic immunosuppressive treatment is to be introduced, especially in the case of treatment failure. Exclusion of differential diagnoses such as infection is required (105). The most commonly affected organ is the skin, followed by the eyes (14, 73). Patients may show other immune-mediated manifestations also (termed “other, associated” manifestations), which should be evaluated although they do not contribute to grading. Regarding the type of onset of cGvHD, the following definitions are applied: progressive (progression from aGvHD without resolution), quiescent (prior aGvHD with resolution), and de novo (without any history of aGvHD) (105).


Applying and Adapting the NIH Criteria to Paediatric Patients

Originally, the NIH consensus criteria were not validated in patients under 18 years of age. Lee et al. attempted to implement the 2005 criteria in paediatric patients (73). Furthermore, a paediatric adaption has been developed by Lawitschka et al. (1), which has been revised for clinical use within the paediatric transplant centres of the German-Austrian-Swiss Consensus Group (www.GVHD.de), but as yet is not validated. In 2019, Cuvelier et al. (14) reported important data from a prospective multi-institutional study on biomarkers in cGvHD in 302 paediatric patients for which the 2014 NIH criteria were not only applied but also reviewed by a study adjudication committee. Although 28% of cGvHD cases were reclassified, the authors reported that the application of NIH criteria was feasible and reliable in a paediatric population. In that study cohort, the incidence of late acute and classic cGvHD was similar (25 vs. 21%, respectively), which underlines the relationship between aGvHD and cGvHD; in fact, very few children have true de novo cGvHD and aGvHD of grade 2–4 is one of the main risk factors for developing cGvHD (see Table 2). The NIH criteria have also been adjusted for paediatric patients for the diagnosis and staging of pulmonary GvHD (14).




Treatment for Paediatric cGvHD
 
First-Line Classic Immunosuppressive Therapy

In mild cGvHD, patients may only require topical treatment depending on the organs involved and the risk of relapse of the underlying disease (106). In multiorgan involvement at cGvHD onset, moderate-to-severe or/and high-risk cGvHD (see section Risk Factors for the Development of cGvHD and Prevention Strategies on risk factors) immunosuppressive treatment is necessary. The recommended first-line immunosuppressive treatment comprises a corticosteroid (prednisone 1 mg/kg/day) with or without a calcineurin inhibitor (CNI) (107, 108), with topical therapy wherever possible; this applies to moderate and severe cGvHD at onset also (109). The addition of a CNI to corticosteroid therapy does not increase the response rate but allows for a reduction in corticosteroid dosing that can reduce long-term side effects. Koc et al. compared in a randomised study prednisone vs. prednisone plus cyclosporine in patients with cGvHD (n = 307; age 0.9–57.1 years) without thrombocytopenia and reported similar outcomes for both study groups, with the exception that steroid-associated toxicity was lower with prednisone plus cyclosporine (110).

Recently, rituximab was evaluated as a part of the first-line therapy of cGvHD. In a phase 2, prospective trial (n = 24 adults) it was added to a corticosteroid and CNI for newly diagnosed cGvHD (111). The overall response rate (ORR) at 1 year was 83% and the 1-year cumulative incidence of NRM was 14%. In two other studies on rituximab as the frontline therapy of cGvHD (112, 113), the cumulative incidence of cGvHD resolution at 3 years was 71–77% and the rate of NRM was 15–19%.

The efficacy of rituximab-based first-line treatment of cGvHD needs further investigation. In this regard, paediatric data are lacking. There is an ongoing clinical trial on the use of itacitinib and extracorporeal photopheresis (ECP) in adult patients (NCT04446182) as well as ibrutinib in patients over 12 years old (NCT02959944) as frontline cGvHD treatment.

For a risk-adapted, individualised approach to cGvHD management, not only the risk of relapse and infectious complications but additionally details of the pharmacological immunosuppression at onset of cGvHD may be considered (the intensity of any ongoing immunosuppression or time since termination of immunosuppression). Furthermore, the risk factors for cGvHD associated with poor prognosis (i.e., lung involvement, gastrointestinal involvement, hyperbilirubinaemia, thrombocytopenia and progressive onset) and the patient's general condition (Karnofsky/Lansky score) (91) may be of help to calibrate the intensity of first-line treatment.

Particularly for paediatric patients, the toxicity of long-term steroid therapy causes significant future problems (see Table 4) (114–138), such as effects on the musculoskeletal system resulting in growth and developmental retardation (117, 139). Therefore, the addition of an effective steroid-sparing agent and topical therapy is of crucial importance for long-term patient outcome.


Table 4. The main side effects of commonly used agents for cGvHD, other than infection risk.
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Topical Treatment and Ancillary Care

In general, topical treatment and ancillary care for cGvHD is less toxic than systemic therapy and can improve response, thereby facilitating systemic dose reduction with the aim to apply systemic immunosuppression at the lowest effective dose for the shortest possible duration. This approach allows for minimisation of treatment-related side effects, and, in case of high risk of relapse or infection, it may spare systemic immunosuppression saving the protective GvL effect. The latter aspect is supported by consensus opinion predominantly, and controlled data are scarce in this regard (140–142).

Ample topical treatment of cGvHD is important in mild cGvHD as systemic immunosuppression may not be required, while in moderate-to-severe cGvHD, topical treatment may hasten local responses in addition to systemic therapy. In patients with mixed responses (i.e., who have a response in one organ yet stable disease/progression in another organ) remaining symptoms may be addressed by topical treatment.

Of note, topical treatment in children bares two caveats: firstly, systemic levels of topical agents must be considered in infants because they have a larger surface area to body weight ratio than older patients and, secondly, the parents' assistance and compliance must be gained. In Table 5 (106, 135, 139–143, 158–167) we provide selected organ-specific modalities of topical treatment and ancillary care for use in daily clinical practice, providing paediatric data where possible. For more detail, we refer readers to comprehensive publications by Dignan et al., Wolff et al., and Carpenter et al. (108, 142, 143).


Table 5. Topical treatment and ancillary care for cGvHD.
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Steroid Refractoriness

Treatment of cGvHD aims to reduce symptoms, control activity of disease manifestations, improve OS and quality of life, and prevent impairment and tissue damage. Untreated cGvHD leads to disability and death. Steroids as first-line cGvHD therapy led to a complete response (CR) in 30–50% of patients, which may indicate that the remaining 50–70% have steroid-refractory or steroid-dependent disease. Therapy is usually long-lasting. The median duration of systemic cGvHD treatment was 28.7 months in one study of paediatric and adult patients (86). Among patients with cGvHD, approximately 50% discontinue systemic treatment within 7 years, 10% require continued systemic treatment beyond 7 years, and 40% experience recurrent malignancy or NRM (158).

In 2018, the following definitions of steroid-refractory and steroid-dependent cGvHD were suggested by the European Society of Blood and Marrow Transplantation (EBMT)-NIH-CIBMTR Task Force: (105).

• Steroid-refractory cGvHD (SR-GvHD): progression of cGvHD despite prednisolone ≥1 mg/kg/day for 1–2 weeks, or stable cGvHD without improvement for 1–2 months while on prednisolone ≥0.5 mg/kg/day

• Steroid-dependent cGvHD: two unsuccessful attempts, separated by at least 8 weeks in time, to taper steroids.

The incidence of SR-cGvHD is difficult to estimate. A prospective study by Martin et al. in adults (159) showed that >20% of the patients achieve CR or partial response (PR) to first line treatment based mostly on prednisone with or without calcineurin inhibitors with no secondary systemic treatment or recurrent malignancy at 1 year after the initial cGvHD treatment. This indicates a great need to search for and design new first-line treatment regimens.




Second- and Late-Line Therapy for cGvHD

So far there is no consensus regarding second and later lines of treatment for SR-cGvHD. There are numerous drugs and cellular therapy options that may be considered in this group of patients. Most of them were studied in retrospective analyses or small groups of patients, and there are very few prospective clinical trials regarding paediatric populations with cGvHD.

Paediatric data on the use of immunosuppressive and immunomodulating drugs in the treatment of cGvHD are summarised in Table 6 (62, 119, 120, 124, 126, 130, 133, 136, 160–205).


Table 6. Immunosuppressive and immunomodulatory agents used in the treatment of paediatric cGvHD.
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Second-line therapy should include agents with high efficacy and a good safety profile. In ALL patients, it is also important to spare the GvL effect. It is known that ECP preserves the antiviral and anti-leukaemic effect (206) and has a very low incidence of side effects. TKIs enhance the anti-leukaemic effect and are highly effective in SR-cGvHD but some studies reported a high incidence of infectious complications. Anyway, classical immunosuppressive agents like high-dose steroids, mycophenolate mofetil, rituximab, methotrexate, cyclophosphamide, pentostatin and mTOR inhibitors still find their place in SR-cGvHD management. Some of therapies are more effective than others for specific cGvHD manifestations, which also should be taken into account when selecting second and later lines of therapy (Table 6).


New and Emerging Therapies

In recent years various novel agents have been tested in the treatment of cGvHD. Among them tyrosine kinase inhibitors (TKIs) found their place in the therapy of SR-cGvHD and were approved by FDA in this indication. We discuss them below.

Belumosudil, a selective ROCK2 inhibitor, has been shown to be effective in recipients over 12 years of age with persistent cGvHD who failed 2–5 prior systemic lines of treatment and was approved by FDA in this age group (198). It decreases production of IL-17 and IL-21, which are pro-inflammatory cytokines and mediators of autoimmune disorders like rheumatoid arthritis and systemic lupus erythematosus. In a phase II clinical trial of 65 participants with predominantly severe cGvHD complete resolution was observed in 6% of patients and partial response in 69%, with a duration of response for a median of 50 weeks.

Bortezomib is a reversible proteasome inhibitor and has an inhibitory effect on B cells and plasma cells (207). It showed efficacy in murine models of cGvHD with maintained graft vs. tumour effect (208). Its efficacy in the initial therapy of cGvHD (together with prednisone) was evaluated in a study of 22 adults and showed 80% ORR (199). Paediatric data on its use in cGvHD treatment are very scarce.

Pomalidomide is a thalidomide derivative with 4,000-fold greater inhibition of TNF-alpha, which was originally used in the treatment of multiple myeloma. It has been evaluated in several adult studies for the treatment of SR-cGvHD with 54–67% ORR observed (201, 202). Paediatric data are lacking.

Abatacept, a costimulatory signal blocker which inhibits T cell activation, has been also evaluated in small cohorts of adult patients with SR-cGvHD and showed 40–44% ORR. As for pomalidomide, paediatric data are missing (203, 209).

Tocilizumab, a humanised IgG1 interleukin 6 (IL6)-receptor antibody, has shown efficacy in aGvHD and cGvHD. IL6 plays a significant role in the initiation of the inflammatory response, leads to increased immunoglobulin production by B cells and decreased differentiation of Tregs (210). It was investigated in a retrospective adult study showing ORR of 70%, as well as in a retrospective paediatric case series (204, 205). Infections were the primary adverse events associated with tocilizumab administration.



Tyrosine Kinase Inhibitors

TKIs are considered promising drugs in the treatment of SR-cGvHD. Tyrosine kinases play a role in cell processes such as differentiation, proliferation, anti-apoptosis, and B- and T-cell signalling. TKIs have the potency to block B- and T-cell activation and to inhibit the transcription of genes encoding pro-inflammatory cytokines (211). They have been used in the treatment of haematological malignancies including acute leukaemia, B-cell lymphoma, chronic lymphocytic leukaemia and chronic myeloid leukaemia (CML). Their inhibitory effect on B and T cells led to their use in preclinical and clinical trials of cGvHD treatment. The use of imatinib, ibrutinib and ruxolitinib for cGvHD treatment in paediatric patients is summarised in Table 6.

In a mouse model of cGvHD, it was shown that animals lacking BTK in B cells or IL-2-inducible kinase in T cells did not develop cGvHD. In addition, activation of T and B cells from patients with active cGvHD was inhibited by ibrutinib blockade of BTK and IL-2-inducible kinase. Based on these pre-clinical data, the first clinical trials with ibrutinib in cGvHD were designed (212). In 2017, ibrutinib became the only drug approved by US Food and Drug Administration (FDA) for the treatment of SR-cGvHD in adults; this approval was based of the study data by Miklos et al. (176). There are ongoing clinical trials on the use of ibrutinib for cGvHD, including in paediatric patients (NCT02959944).

Ruxolitinib was approved by the FDA in 2019 for salvage therapy in patients with aGvHD. Several retrospective studies have evaluated ruxolitinib in the treatment of SR-cGvHD in adults, with a 85.4% ORR observed in one multicentre retrospective survey (131). There was also a low recurrence rate of the underlying malignancy. Ruxolitinib has been evaluated also in paediatric patients with cGvHD, with a 70–91% ORR observed (see Table 6). The favourable results of the phase 3, randomised, multicentre study REACH 3, which investigated the efficacy of ruxolitinib in SR-cGvHD patients ≥12 years of age as add-on therapy to steroids and in comparison to best available therapy, formed the basis for the FDA approval of ruxolitinib in September 2021. Prospective clinical trials and pharmacokinetic studies of ruxolitinib in paediatric patients are currently ongoing [REACH 4 in aGvHD and REACH 5 in cGvHD (132)].




Immunomodulatory Interventions
 
Extracorporeal Photopheresis

ECP is an immunotherapy using the recipient's leukocytes to modulate inflammatory immune dysregulation in persons with cGvHD (213). The main technique fundaments of ECP are comprehensively outlined in Figure 1. This technique was approved by both the FDA and European Medicines Agency (EMA) for T-cell cutaneous lymphoma treatment (216). In the post HSCT setting, ECP can be applied both for the treatment of acute and chronic SR-GvHD (217).
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FIGURE 1. Proposed procedure of ECP and its hypothesised mechanism of action. 1. Collection of mononuclear cells (MNC) during leukapheresis from the peripheral blood and activation of platelets by the plastic surfaces of the tubing system. 2. Ex vivo incubation of leukapheretic product with a photosensitizing agent 8-methoxypsoralen (8-MOP) followed by ultraviolet-A light (UVA) irradiation which initiates apoptosis in MNC including lymphocytes. 3. Reinfusion of the ECP product. 4. Process of apoptosis continues in ECP exposed cells for days resulting to phagocytosis by antigen presenting cells (APC). Activated platelets engage with monocytes promoting their differentiation into dendritic cells (DC). 5. The internalisation of apoptotic cells decrease the inflammatory reaction of phagocytes, induces antigen specific immunotolerance and lower production of proinflamatory cytokines while increasing antiinflamatory cytokines production (213, 214). ECP- induced DC initiate T-cell tolerance with an increase of Th2 cytokines including IL-4, IL-10, IL-13 and TGF-β, while production of Th1 cytokines is suppressed (215). 6. APC promote generation of regulatory T-cells (Tregs) (216). MNC, mononuclear cells; 8-MOP, 8-methoxypsoralen; UVA, ultraviolet A light; APC, antigen presenting cells; DC, dendritic cells; Tregs, regulatory T-cells.


The exact working mechanisms of ECP are incompletely understood but its effects might be considered on different levels, as outlined below.

Firstly, ECP might have a mechanical effect (irrespective of the disease for which it is applied) driven by the movement of blood through plastic tubing. Changes in monocyte and dendritic cell differentiation and maturation have been documented when blood is processed over plastic, probably via activated platelet signalling (213). Additionally, 8-MOP and exposure to UVA induces cross-linking damage to DNA in leukocytes, which induces apoptosis. The uptake of apoptotic cells by activated dendritic cells leads to changes in dendritic cells and a switch to a more tolerogenic phenotype (217, 218). This change in dendritic cell morphology and function has been demonstrated in several different diseases and likely represents the primary effect of ECP (213, 214, 217).

Other effects of ECP occur downstream and reflect the disease process that is being treated, the age of the patient and extent of organ damage. Importantly, ECP can induce changes not only in cells in the inoculum which are directly exposed to 8-MOP and UVA but also in cells that are not directly harvested, suggesting that the immunomodulatory effects of ECP propagate beyond directly treated cells. ECP has been shown to induce a switch from a Th1- to Th2-type response with immunomodulatory cytokines in GvHD (213, 215). A switch from proinflammatory to anti-inflammatory cytokine production (with a decrease in IFN-γ, TNF-α, and IL-2 secretion and an increase in TGF-β serum levels) as well as increase in Treg numbers has been described (214, 216). Additionally, some authors have postulated that ECP impacts on B-lymphocyte homeostasis, with a decrease in CD19+/CD21− B-lymphocyte subsets, where others have described the possible expansion of CD8+ memory cells and differentiation of monocytes to immature antigen-presenting cells (219, 220). Therefore, the immune modulatory effect of ECP appears to be a complex response to the whole procedure, as depicted in Figure 1.

In contrast to conventional immunosuppression, ECP is safe and has limited side effects, confined mainly to risks associated with use of an indwelling central venous catheter (including infection), hypotension and photosensitivity related to 8-MOP exposure (215). In small children, the leukapheresis procedure itself may be technically challenging (215, 221).

Currently, there are three techniques in use for ECP: the in-line method (“closed” system), the off-line method (“open” system) and so-called mini-ECP which we briefly describe in Figure 2.
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FIGURE 2. Different approaches to extracorporeal photopheresis.


Importantly, ECP is not associated with an increased risk of infectious complications, likely because it spares antigen-specific activity against novel and recall antigens. Further benefits are the potential preservation of the GvL effect and—in contrast to systemic immunosuppressive treatment—the absence of metabolic or toxic side effects (222, 223).

Abu-Dalle et al. published a systematic review of the literature in 2014 including 9 studies (1 randomised trial) of ECP for cGvHD in 323 patients aged 1.4–67 years. In a pooled analysis, the ORR for cGvHD overall was 64% (95% confidence interval [CI], 47–79%) and the proportion of patients with CR in various organs was 26% (95% CI, 5–55%). The ORR for skin manifestations was 71% (95% CI, 57–84%), for gut it was 62% (95% CI, 21–94%), for liver it was 58% (95% CI, 27–86%), for oral mucosa it was 63% (95% CI, 43–81%), for the musculoskeletal system it was 45% (95% CI, 18–74%) and for the lung it was 15% (95% CI, 0–50%) (224). The majority of reported paediatric data are predominantly derived from non-randomised, single-centre or retrospective studies and are summarised in Table 6. Treatment schedules and durations of ECP for paediatric cGvHD management vary but most often involve two procedures applied every other week. The optimal approach has not been established yet.

The benefits of ECP include reduction in the need for conventional immune suppression, with corresponding reduction in the risk of infection, secondary malignancies and adverse effects attributable to those conventional immunosuppressive therapies. For example, patients reducing or ceasing glucocorticoids may have normalisation of blood pressure and blood glucose. Based on its efficacy and the excellent safety profile, several expert groups have reached the consensus that ECP has an established place as second-line or adjuvant therapy in cGvHD (216).

In 2013–2014, the Paediatric Diseases Working Party (PDWP) of the EBMT conducted a survey on the use of ECP in paediatric GvHD treatment in routine clinical practice; 52 EBMT centres responded (19%). Results of the analysis revealed that the majority of centres used ECP as an “add on” treatment during various lines of GvHD therapy in patients with a high risk of relapse or infection (81%) or with comorbidities (88%). Of note, 85% of responding centres agreed that, in children, a non-malignant disease and no need of GvL may be an indication for early implementation of ECP within a multimodal GvHD treatment schedule (Lawitschka et al., unpublished results).

The NIH 2020 initiative set the stage for future GvHD research projects including the further evaluation of ECP within a pre-emptive therapeutic setting for well-defined forms of highly morbid cGvHD, since ECP does not increase risk of relapse or infection. The expert group recommended the evaluation of ECP as a first-line therapeutic agent, applying rigorous biomarker panels pre- and post-intervention. Databases including biobanks should be analysed for a predictive biomarker of response to ECP (12, 13, 225, 226).



Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSCs) are a heterogeneous precursor cell population with some degree of pluripotency. Potential usefulness for treatment of GvHD was suggested early on as MSCs can modulate immune responses (227). Tissue regeneration properties were also noted.

According to current hypotheses, MSCs are injected as a “pro-drug.” They do not begin to secrete relevant mediators until they are immersed in an environment with certain cytokines, specifically IFNγ (228, 229), which is not a dominant mediator in cGvHD (230).

Clinical outcomes of studies provide conclusions that are limited only for the specific MSC product applied and clinical situation for which they were studied. In meta-analysis by Tarifa et al. infusion of MSCs (of variable provenance, variable dose, schedule, etc.) was associated with reduced cGvHD incidence (relative risk, 0.64; 95% CI, 0.47–0.88; I2 = 0%) and a trend toward lower incidence of extensive cGvHD (relative risk, 0.50; 95% CI, 0.25–0.10; p = 0.05), both in adults and children (231). Fisher et al. came to essentially similar conclusions (232) as does the meta-analysis by Wang et al. (233), albeit restricted to children.

Outcomes were reported in several case series comprising fewer than 100 patients and MSCs of various provenance and dose. While they may appear overall satisfactory, it is very important to bear in mind that all of these studies lack control groups, which could have answered the question of attributability of the improvement to the MSC infusion, i.e., could have distinguished between “improvement” and “response.”

Alternatively, proving the hypothesis that prophylactic infusion of MSCs might be able to prevent cGvHD is hampered by the poor predictability of (severe) cGvHD and its relatively low prevalence. Work by Lazarus et al., reports a high frequency of cGvHD (of 61% in patients surviving to day 90, almost a quarter of whom had severe cGvHD) which does not suggest a prophylactic benefit (234). In that study, MSCs were co-administered with the graft. A later double-blinded trial of umbilical cord blood MSCs (235) investigated this issue further. In a 1:1 randomised assignment, 124 haploidentical transplanted patients received umbilical cord blood MSCs or control (saline). Although the treatment schedule itself is described in somewhat vague terms, a signal indicating efficacy is reported. Whether dose, schedule (especially timing relative to the transplantation), source of MSCs or any other quality attribute of the MSCs is responsible remains elusive. The promising data certainly encourage further exploration of the issue.

To summarise, the role of MSCs in cGvHD treatment is unclear. For a specific preparation of umbilical cord blood MSC efficacy was demonstrated in a prophylactic setting in haploidentical transplantation, which begs confirmation.




Real-World Response Evaluation

The appropriate assessment of cGvHD treatment response is essential for making optimal therapeutic decisions and, thus, for optimising final outcomes of cGvHD treatment. The 2014 NIH consensus criteria on diagnosis and grading include definitions of overall and organ-specific therapeutic response in cGvHD for use in clinical trials (135).

The NIH consensus project recommends that clinicians assess organ-specific response for the skin, mouth, liver, upper and lower gastrointestinal tract, oesophagus, lung, eye, and joint/fascia (236).

Three general categories of overall response are proposed:

• CR: resolution of all manifestations in each organ

• PR: improvement in at least 1 organ or site without progression in any other organ

• lack of response: unchanged, mixed response, or progression

Regarding timepoints for assessment, response should not be assessed earlier than 8 weeks after induction of treatment. Subsequent measurements should be made at regular intervals, for example every 3 months, and whenever a new systemic immunosuppressive treatment is started or the patient stops treatment (1, 236). Generally, a measure of success in cGvHD treatment is the complete discontinuation of therapy or complete disease control on unimodal immunosuppressive treatment at a low dose.



Tapering Systemic Immunosuppressive Treatment

There is no “gold standard” for tapering schedules of cGvHD treatment because randomised prospective trials are lacking. Therefore, expert-based recommendations compensate for the lack of evidence-based data.

The choice to taper treatment should be patient specific and may start with the agent that is either less well-tolerated by the patient or that has more toxic side effects. The schedule of taper may best be guided by the organ pattern and severity of cGvHD as well as the patient's individual risk of poor outcomes of cGvHD, concomitant comorbidities and infectious complications. In paediatric patients, tapering should usually start with steroids because of the broad spectrum of possible adverse effects with these agents and to allow for best possible growth and development of the child.

Generally, drugs should be withdrawn gradually, one at a time, after gaining an objective clinical response to therapy. In our opinion, regular clinical examinations in shorter intervals, such as once or twice weekly in moderate-to-severe cGvHD, are important. Discussions and shared management decisions within a multidisciplinary team are strongly recommended. We have summarised different published approaches to tapering in Table 7 (106, 139, 141, 237).


Table 7. Summary of recommended approaches for the taper of immunosuppressive agents used in the treatment of cGvHD (review of recent literature).
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If cGvHD exacerbation occurs during the taper, other contributing causes, especially infections, must be excluded followed by a swift dose escalation. In the event of unresponsiveness or progression of cGvHD after 4 weeks, a new agent should be introduced. The same applies after two unsuccessful attempts to taper therapy. Ineffective treatment should be tapered and discontinued after successful induction of the new treatment to avoid unnecessary immunosuppression.

However, management of paediatric cGvHD requires continuous recalibration of immunosuppressive treatment in order to avoid over- or undertreatment. Usually, in paediatric patients the treatment intensity decreases over time and a specific threshold can be set individually for each patient by repetitive attempts to decrease treatment intensity.



Anti-infectious Prophylaxis

It is important to recognise that the complete management of cGvHD includes optimal supportive care. During cGvHD, patients are immunocompromised due to both immunosuppressive medication and immune dysregulation by cGvHD itself. The prolonged use of immunosuppressants in cGvHD is common (with only 18% of patients being off immunosuppressive therapy after 2 years in a combined paediatric/adult study) and is associated with an increased incidence of infection and mortality (238). cGvHD is a risk factor for bacterial, fungal and viral infections (239–241) and increased TRM (240, 242).

Therefore, prophylaxis against multiple types of infection is indispensable to minimise the risk of life-threatening infections (243). The 2014 NIH consensus project included recommendations on ancillary therapy and supportive care in cGvHD, including the strength of each recommendation (143). Recently, paediatric expert recommendations stemming from workshops of the EBMT PDWP were published regarding the prevention of infections in patients after HSCT (244).


Antibacterial Prophylaxis

In patients with cGvHD, the risk of infections caused by encapsulated bacteria is more than double that in those without cGvHD (245).

Prolonged antibiotic prophylaxis is recommended only for preventing infection with S. pneumoniae among cGvHD patients receiving active cGvHD treatment (level A-III) (243, 245, 246). Oral phenoxymethylpenicillin has been shown to prevent encapsulated bacterial infection and, thus, may be suitable (level A-III) (243, 245). However, it is recommended to make a choice of antibiotic agent according to local antibiotic susceptibility data (243, 246).



Pneumocystis Jirovecii Prophylaxis

In general, patients with active cGvHD taking immunosuppressive treatment (especially multimodal treatment including steroids) and/or with neutropenia and/or with CD4+ T cells <200 × 109/L may be at risk of Pneumocystis jirovecii infection, taking into account that the initially HIV-derived CD4+ T-cell threshold has been not evaluated in the cGvHD setting and Pneumocystis jirovecii infections have been observed in patients above the proposed threshold. For prophylaxis against Pneumocystis jiroveci interstitial pneumonia, trimethoprim/sulfamethoxazole is recommended (level A-I) (7).



Antifungal Prophylaxis (Systemic and Topical)

If tolerated, a mould-active azole is recommended for prophylaxis in patients undergoing treatment for cGvHD (level A-I) (7, 243). Suitable agents include posaconazole and voriconazole (level A-I) or itraconazole with regular monitoring of plasma levels (level B-II) (243). If there is a history of invasive aspergillosis, secondary prophylaxis using antimycotics that are active against Aspergillus (level B-I) including weekly or biweekly liposomal amphotericin B should be administered (7, 247).



Antiviral Prophylaxis

In at-risk patients, the stringent monitoring of cytomegalovirus (CMV) levels by quantitative polymerase chain reaction (qPCR) should be continued throughout the period of cGvHD (level B-I) to enable pre-emptive treatment or maintenance of prophylactic management if needed (89, 243). Due to the high risk of post-transplant lymphoproliferative disease, it also is reasonable to monitor patients with cGvHD on T cell suppressive agents (i.e., a CNI, mycophenolate mofetil, or ruxolitinib) for Epstein-Barr virus reactivation by qPCR (243, 248).

In patients who are seropositive for herpes simplex virus or varicella zoster virus, acyclovir is recommended to prevent reactivation (level B-II) (7).



Toxoplasmosis Prophylaxis

In patients who were seropositive for toxoplasma pre transplant, there is a risk of reactivation during cGvHD treatment. Regular monitoring by qPCR is recommended. Of note, Pneumocystis jirovecii prophylaxis with trimethoprim/sulfamethoxazole potentially may be protective against toxoplasmosis because the majority of post-transplant cases occur in patients not receiving this prophylactic medication (243).



Tuberculosis Prophylaxis

If there is a history of tuberculosis, secondary prophylaxis using isoniazid should be used (level C-III) (7).



Intravenous Immunoglobulin

Substitution of polyvalent immunoglobulins either intravenously or subcutaneous is recommended in the presence of IgG deficiency (below 400 mg/dL) post transplant, post rituximab treatment and in patients with recurrent infections (7, 244). Immunoglobulin substitution does not inhibit the immune response to inactivated vaccines. For live virus vaccines, vaccination should be delayed until the patient is immunocompetent (at least 24 months post HSCT).



Vaccination of Patients and Close Contacts

There are data on vaccination responses in children after HSCT but very limited data are available specifically in children with cGvHD. A prospective study by Meisel et al. reported on the safety and immunogenicity of a heptavalent pneumococcal conjugate vaccine (7vPCV) administered to 53 children. Patients were immunised with 3 consecutive doses (at monthly intervals) starting 6–9 months after HSCT (249). Ten of the 53 patients had been on systemic immunosuppressive treatment, while patients with uncontrolled cGvHD were excluded. There were indications that the responses to 7vPCV in patients with active cGvHD were suboptimal, with low B cells and low IgG being risk factors for a suboptimal response (249, 250). Data from a combined paediatric/adult cohort where pneumococcal conjugate vaccination was triggered by milestones in immunity (CD4+ cells >200 × 106/L and IgG >0.5 g/L), show that cGvHD patients respond just as well as patients without cGvHD to vaccination but are vaccinated significantly later after transplant than patients without cGvHD (the median time 1.8 vs. 1.1 year post HSCT, respectively) (251).

Importantly, there is no evidence that inactivated vaccines induce or aggravate GvHD (252, 253) and, therefore, the start of vaccination (or revaccination) with a diphtheria, tetanus, acellular pertussis, polio, hepatitis B and Haemophilus influenzae type B combination vaccine (DTaP/IPV/HBV/Hib) and 13-valent pneumococcal conjugate (PCV13) vaccine is recommended 6 months after allogeneic HSCT for patients with and without cGvHD (7, 244, 254). Cordonnier et al. showed that a fourth dose of PCV13 increased antibody levels significantly in children and this has been implemented in the current EBMT recommendations (level A-ll) (169, 255). The additional effectiveness of the polysaccharide vaccine Pneumo23 is potentially limited in patients who suffer from cGVHD after HSCT (244, 255).

In view of the especially high risk of encapsulated bacterial infection in cGvHD, all patients with cGvHD should receive vaccination against Haemophilus influenzae (level B-1) and Streptococcus pneumoniae (level A-ll) (243, 249, 254). Conjugate vaccines, which also achieve good vaccination success in infants, are preferred (7, 254).

Serum tests are recommended to monitor response to vaccination in patients receiving immunosuppression to assess the immunologic response to vaccination and/or need for subsequent booster immunisation (7, 244, 254).

Recommendations for optional and conditional vaccines can be found in the EBMT recommendations by Ifversen et al. (244). Of the recommended inactivated vaccines, influenza vaccine can be given from 4 to 6 months post transplant and immunisation should be repeated on an annual basis (7, 243, 244, 253). However, it has been observed that a greater percentage of adults with cGvHD do not respond to the H1N1 vaccine in comparison to healthy individuals (256). This is of particular interest in the light of the coronavirus pandemic and mass vaccination with COVID-19 vaccine of all patients with ALL, where impaired responses have indeed also been observed to the COVID-19 vaccine. The recommendations are continuously updated but the EMA currently advises to give three doses of COVID-19 vaccine to all adult immunocompromised patients (recommendations published on 04/10/2021, https://www.ema.europa.eu/en/news/comirnaty-spikevax-ema-recommendations-extra-doses-boosters) (257). As the vaccine has recently been EMA- approved for use in children over 5 years old it is likely that this recommendation will soon include children with ALL of 5 years and older, and after transplant regardless of cGvHD development (258). There are strong indications that patients with B cell depleting therapies impairing their antibody responses, are still able to mount adequate T cell responses against natural infection and COVID-19 vaccination (259, 260).

A strong recommendation is that live vaccines must not be administered in patients with cGvHD (level A-I) (243, 244, 254).

Household contacts should also receive routine vaccinations plus the seasonal influenza vaccine (254) and the COVID-19 vaccine (see EBMT website, COVID-19 vaccines).






PERSONALISED MANAGEMENT OF PAEDIATRIC CGVHD

The 2020 NIH initiative clearly set out all the unmet needs in paediatric cGvHD management and pointed out that future efforts must aim for prompt recognition and intervention to limit organ damage and significant morbidity (11, 12).

Nonetheless, despite the advances brought through and driven by the 2014 NIH consensus conference, the diagnosis of paediatric cGvHD remains challenging in daily clinical practice since clinical onsets can be infection associated and insidious. Moreover, patients may present with clinical manifestations of cGvHD beyond the NIH-defined diagnostic and distinctive features. These are referred to as “associated cGvHD symptoms” and may consist of endothelial dysfunction and polyserositis, immune-mediated cytopenias, and atypical manifestations regarding the kidneys, the central and peripheral nervous system and others (226) (see supplemental cGvHD documentation form in Supplementary Material). However, standardised diagnostic criteria for associated manifestations are lacking and may be missed as being cGvHD associated. These atypical cGvHD manifestations are understudied in paediatric patients but may contribute significantly to morbidity and mortality and may share cGvHD pathophysiology (67). An additional challenge can be the differentiation of cGvHD manifestations from pre-existing toxicities and specific residual phenotypes of inborn errors appearing alongside paediatric cGvHD symptoms.

Another problem specific to cGvHD is the waxing and waning nature of the disease with high inter- and intraindividual heterogeneity. This impedes clinicians' decisions on when and how to best implement therapeutic agents, with the added difficulty of a lack of standardised recommendations, including taper schedules for treatments.

A further difficulty lies in how and when to best implement therapeutic approaches for the individual patient. Many research activities have provided new pathophysiological insights allowing for therapeutic approaches that may more accurately target involved pathways. However, substantially fewer data are available on how the various pathways intersect and how they apply to the various phenotypes of cGvHD. Of note, single-target inhibitors may have a beneficial or detrimental effect at different phases of immune cell development and immune dysfunction. In this regard the results of a randomised phase 2 trial evaluating the response of pomalidomide in 34 adult patients with moderate to severe cGvHD may serve as an example: authors reported that the use of pomalidomide early after HSCT may cause cutaneous inflammation in contrast to the treatment responses observed in late sclerotic cGvHD (201).

Another difficulty is that the rather promising results from early studies of these agents are yet to be confirmed in large prospective studies, and our understanding of drug interactions in children is currently incomplete. The FDA approval of ruxolitinib as the first agent for SR-cGvHD in patients over the age of 12 years in September 2021 will likely change the cGvHD field, but paediatric data from large prospective trials are missing. There is an ongoing REACH 5 trial evaluating ruxolitinib in patients under the age of 18 years with moderate to severe cGvHD.

Moreover, with respect to difficulties in the clinical management of paediatric cGvHD, a plethora of potential infections and drug-induced toxicities make a patient-specific approach of crucial importance. In this regard, the 2020 NIH initiative has emphasised the benefit of applying immunomodulatory agents as opposed to broad immunosuppressive agents (225).

A comprehensive review on the management of cGvHD in children was provided by Jacobsohn (106), but since that publication major advances, as outlined in detail within this manuscript, have been made and an update is pending. Recently, an individualised and patient-centred cGVHD management offering continuing care embedded in a multidisciplinary team has been described (103, 141). To fill this gap regarding paediatric cGVHD patients was the central aim of this manuscript.

In consideration of the unmet needs as outlined above, coupled with the debilitating morbidity of the disease, we have developed a model for a personalised approach for the management of paediatric cGvHD. This model integrates published evidence, expert opinions, clinicians' experience and patient-specific considerations.


Holistic View of Paediatric cGvHD and Associated Manifestations (The See-Saw of cGvHD)

We propose that clinicians take a holistic view of paediatric cGVHD interpreting classical cGvHD, atypical cGvHD and other manifestations not only in the context of allo/auto-immunity after HSCT but rather as a kind of chronic graft dysfunction. This chronic graft dysfunction of the transplanted immune system involves multiple layers and effectors of the innate and adaptive aberrant immune system (30) which interfere with functional tolerance; chronic inflammation mediated by GvHD and/or infections play a central role.

Figure 3 illustrates the possible insidious onset of cGvHD and the complex interplay with functional correlates. With better insight, the individualised clinical management of paediatric cGvHD and enhanced early intervention may be supported.
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FIGURE 3. The see-saw of cGvHD.



Risk of ALL Relapse

The association between cGvHD and leukaemic disease control has long been debated and study results are contradictory. A study of Boyiadzis et al. performed in cohort of 7,489 patients with leukaemia including 599 paediatric patients with ALL demonstrated a protective effect of cGvHD against late relapse only for patients with CML (4). Moreover, the presence of cGvHD was associated with significantly higher TRM and worse OS across all diseases studied. Kato et al. described a cohort of 1,030 paediatric patients with ALL in which cGvHD was not found to reduce the risk of post-transplant relapse (3). However, most recently, Yeshurun et al. studied the impact of the GvL effect on survival in 5,215 patients with ALL. In this study were 1,619 paediatric patients and 2,593 adults in CR1/CR2 as well as 1,003 patients with advanced ALL (i.e., CR3 or greater or active disease) (261). The study demonstrated that, both for patients in CR1/CR2 and for patients with advanced ALL, development of cGvHD was associated with a lower risk of relapse.

Thus, it is important to identify the setting in which cGvHD would be most beneficial for leukaemia control by means of developing better cGvHD prevention and therapies in order to improve leukaemia- and event-free survival (4). In addition, it is important to monitor as precisely as possible the post-transplant ALL status of patients during the treatment of cGvHD and to assure early detection of impending relapse and early therapeutic intervention where possible.


Monitoring of ALL Status

All subjects with active cGvHD undergoing immunosuppressive treatment should be systematically screened for ALL relapse based on physical examination and results of routine haematological tests, post-transplant haematopoietic chimerism and minimal residual disease (MRD) level. In patients on distinct immunosuppressive treatment for cGvHD, MRD monitoring should be prolonged, especially in those patients who demonstrate a high- or very-high risk score for post-transplant ALL relapse, as proposed by Bader et al. (262). To date, no general recommendation can be given on the best methods or frequency of MRD monitoring in patients with active cGvHD but careful and meticulous execution of the above-mentioned approaches should allow the timely detection of any leukaemia relapses in these patients.




cGvHD-Related Immune Impairment and Risk of Infection

Murine studies in combination with biomarker studies have demonstrated a role for T cells as well as B cells in cGvHD. Increased percentages of peripheral naïve CD4+CD45RA+CD31− Th cells and naïve CD8+CD45RA+PD-1+ cytotoxic T cells as well as activated T cells (CD3+CD69+) were observed in children with cGvHD compared with patients without cGvHD post HSCT (67). Increased levels of T cells have been observed also in severe compared to moderate cGvHD in children and adolescents (45).

However, GvHD biomarker studies suggest that the hallmark of cGvHD-related immune dysregulation is a profoundly disturbed B-cell profile, with low numbers of transitional memory B cells and lack of differentiation to the switched memory B cell phenotype (56). The most severe cGvHD disease in children and adolescents correlated significantly with a distorted B cell profile consisting of increased CD19+CD21low B cells along with an increased CD19+CD21low to CD19+CD27+ B cell ratio (45). Elevated percentages of CD21low B cells have been shown to correlate with the occurrence of severe infections (56). In a third of adult cGvHD patients, this perturbed B cell differentiation leads to significant hypogammaglobulinaemia (57). Conversely, hypergammaglobulinaemia can occur in a subgroup of patients with cGvHD and is associated with the occurrence of allo/autoantibodies, targeting various tissues. Bacterial infections are common in cGvHD and may be the result of dysgammaglobulinaemia aggravated by a degree of functional asplenia (263).

Skin cGvHD was demonstrated to be a specific risk factor for late Staphylococcus aureus bacteraemia in a paediatric cohort receiving BM transplants, probably as a result of skin barrier breakthrough (264).

Both aGvHD and cGvHD are risk factors for viral infection and reactivation in paediatric transplant patients, with the highest cumulative incidence for CMV (265, 266). Other pathogens for which risks of infection/reactivation are increased by GvHD include Epstein-Barr virus, adenovirus, BK virus and varicella zoster virus, as well as respiratory infections. Even varicella zoster virus can be fatal in patients with active GvHD on immunosuppressive therapy (267).

A continued risk of invasive fungal infection exists in patients with cGvHD and also paediatric patients who receive high-dose steroids post HSCT (268–270). For patients who develop pulmonary aspergillosis post HSCT yet who continue to need immunosuppressive treatment, the risk of mortality is high, with reports varying from 50–70% (268–270).


Infections in Association With Specific Treatment Options

Treatments for cGvHD are often combined making it near impossible to ascertain the risk of infection associated with each separate drug, with the exception of rituximab which in known to cause hypogammaglobulinaemia that directly correlates to increased risks of bacterial and viral infections (271). Most secondary agents are given on a backdrop of some level of steroids. With regards to the newer small molecule therapies, in a study of 22 paediatric patients on ibrutinib for cGvHD, severe bacterial infection (n = 2), Epstein-Barr virus reactivations (n = 1), and no fungal infections were seen (129). However, data from lymphoma treatment with ibrutinib provide a warning regarding the risk of Pneumocystis jirovecii pneumonia and fungal infections (including Aspergillus) (272).

Patients with bronchiolitis obliterans syndrome may be at particularly high risk of opportunistic infections when treated with ruxolitinib (273). In an adolescent/adult cohort receiving ruxolitinib/steroid treatment for bronchiolitis obliterans syndrome, a serious infection of grade 2 or higher occurred in 47% of patients, with two thirds of these being fungal infections (273). The myelosuppressive side effects of ruxolitinib result in neutropenia; moreover, its mechanism of action of widely blocking innate and specific immune intracellular cytokine signalling makes cGvHD patients receiving this therapy more prone to developing all types of infection (especially viral infections but also candida, fungal and mycobacterial infections) (186, 273, 274).

Of all treatments for cGvHD discussed above, ECP appears to be associated with the lowest rate of infection (275).




cGvHD-Related Organ Toxicity and the Risk of Complications and Late Effects

Both the highly inflammatory state and immune dysregulation seen in cGvHD and the side effects of medications can damage organ systems. This can lead to new organ dysfunctions that will require new medical interventions over time. The long-term toxicities and complications of paediatric cGvHD are the result of a complex interplay of symptoms and dysfunctions which impact on physical functioning and quality of life, with inferior outcomes associated with severe cGvHD (2). A summary of the main treatment-related toxicities is shown in Table 4.

The long-term consequences of these late complications in children are possibly: (i) an impairment of future developmental potential within a growing organ system (276), and (ii) an increase in morbidity of chronic health conditions occurring throughout life (277). The occurrence and patterns of late toxicity and complications associated with cGvHD and its treatment depend on the intensity of conditioning (especially TBI-based conditioning) and patient age at transplant (278, 279) and at beginning of complications. These complications contribute to late comorbidities (280). Nearly any organ might be affected by them, including the development of secondary malignancies (15, 281, 282). As the life expectancy of paediatric patients post HSCT continues to increase, these chronic health conditions are a significant burden in the population of transplant survivors.



Proposal for the Personalised Management of Paediatric CGvHD From the Clinicians' Viewpoint
 
A Checklist for Individualised Risk Evaluation With Aggregated Considerations

As intervention and treatment decisions in daily clinical practice are both clinician and patient specific, we summarise here the most important aspects including evaluation of the individual's risk and prognostic indicators as well as an assessment of aggregated considerations. The evaluation of individual risk and prognostic indicators covers details of GvHD and immune reconstitution, the primary disease and relapse risk, comorbidities and infectious complications. Aggregated considerations cover details of the patient's individual psychosocial and socio-economic circumstances and take into account their personal tolerance and preferences. To capture all these details, we created a comprehensive colour-coded checklist for routine clinical use (Figure 4). This walk-through checklist will provide the clinician with a summary of the patient's status and should be used at baseline and each timepoint of clinical evaluation, helping the clinician to identify various co-existing aspects at one glance.


[image: Figure 4]
FIGURE 4. Individualised risk assessment and aggregated considerations (cheque as appropriate). *Platelets < 100 Gil. GI, gastrointestinal tract; PBSC, peripheral blood stem cells; HSCT, hematopoietic stem cell transplantation; MMD, mismatched donor; TBI, total body irradiation; IST, immunosuppressive therapy.


The rationale behind this approach is to better identify the appropriate time point for the most appropriate treatment approach in a patient-centred manner, keeping in mind that prevention of severe cGvHD is of utmost importance (11).



A Treatment Algorithm for Paediatric cGvHD Patients at High Risk of Relapse

The desirable therapeutic approach to managing paediatric cGvHD patients at high risk of relapse would consist of a safe treatment with minimum short-and long-term adverse events, embedded within an evidence-based protocol and supported by reliable predictors of response. Currently, data are not available to support such a therapeutic approach and it is likely that therapeutic interventions will not benefit all patients. Therefore, we propose a treatment algorithm to inform the personalised management plans of high-risk patients, which we developed based on the literature and joint clinical experience (Figure 5). The algorithm uses representative paediatric patients with cGvHD following HSCT for ALL who are at high risk of relapse.


[image: Figure 5]
FIGURE 5. Treatment algorithm for paediatric cGvHD patients at high risk of relapse.


We recommend that, for patients at high risk of relapse, clinicians use both our checklist for risk evaluation and our treatment algorithm to inform personalised management plans. Given the variety of organ-specific cGvHD manifestations and comorbidities that patients may present with and various patient-specific considerations, we recommend that each patient's cGvHD management plan is discussed within a multidisciplinary team.






DISCUSSION

Similarly to adults, cGVHD in children presents as a complex multi-system disease with high interindividual heterogeneity and with a distinctly inconsistent intraindividual disease course. Given the debilitating consequences and the potentially life-threatening nature of cGvHD, recognition of the earliest signs and symptoms and an early timepoint of intervention are of utmost importance. The prevention of severe and highly morbid forms of paediatric cGvHD is a main goal of management (11–13). Within the limits of this review, current knowledge has been summarised and gaps in knowledge have been identified. To facilitate the early recognition of this complex disease for the clinician, we have put forth a theory of a holistic view of paediatric cGvHD and its associated manifestations.

Improved understanding of the immunobiology of cGvHD, more precise diagnosis by the application of various biomarkers, and the identification of new therapeutic targets is required. Beside this, the treatment choices of paediatric cGvHD—and especially SR-cGvHD—remain clinician and patient specific in daily clinical practice. As no standardised recommendations exist regarding when and how to modify treatment, and in light of a risk of relapse, infection and comorbidity, we developed an individualised cGvHD management plan aiming for the titration of immunosuppressive treatment according the current status of the patient.

We have proposed a walk-through checklist for individualised risk evaluation with aggregated considerations to provide the clinician with a summary of the patient's status. Ideally this checklist should be used at baseline and each timepoint of clinical evaluation, helping the clinician to identify various co-existing aspects at one glance during clinical follow up.

Moreover, using representative cases of paediatric cGvHD after HSCT for ALL, we have proposed a treatment algorithm for those patients at high risk of relapse. ECP with its GvL sparing and immunomodulatory effect and no serious side effects seems beneficial for this patient group, although standardised recommendations regarding the ECP treatment schedule in paediatric patients are lacking. The mode of vascular access, the benefit of earlier introduction of ECP after paediatric HSCT, and the broader use of mini ECP remain areas where further research is warranted.

Our proposed approach is mainly based on the literature and expert opinions and will require confirmation via well-designed studies. In lieu of the evidence-based data needed to inform individualised cGvHD management in paediatric patients, we hope our proposed approach that focuses on patients' individual needs will help clinicians to improve their clinical management of cGvHD.

Evidence-based data from ongoing studies are eagerly awaited, especially regarding the recently FDA-approved treatment ruxolitinib, allowing more targeted treatment. The possible risk of infectious complications with ruxolitinib must be taken into account, again pointing out a possible advantage of ECP in this regard.

In conclusion, as a complex multiorgan disease with manifold pathogenetic pathways and the presentation of multiple manifestations over time, paediatric cGvHD requires optimal patient-adjusted management with flexible regimens chosen for specific clinical findings according to each patient's risk profile and circumstances.
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The ALL SCTped 2012 FORUM (For Omitting Radiation Under Majority age) trial compared outcomes for children ≥4 years of age transplanted for acute lymphoblastic leukaemia (ALL) who were randomised to myeloablation with a total body irradiation (TBI)-based or chemotherapy-based conditioning regimen. The TBI-based preparation was associated with a lower rate of relapse compared with chemoconditioning. Nevertheless, the age considered suitable for TBI was progressively raised over time to spare the most fragile youngest patients from irradiation-related complications. The best approach to use for children <4 years of age remains unclear. Children diagnosed with ALL in their first year of life, defined as infants, have a remarkably poorer prognosis compared with older children. This is largely explained by the biology of their ALL, with infants often carrying a KMT2A gene rearrangement, as well as by their fragility. In contrast, the clinical presentations and biological features of ALL in children >1 year but <4 years often resemble those presented by older children. In this review, we explore the state of the art regarding haematopoietic stem cell transplantation (HSCT) in children <4 years, the preparative regimens available, and new developments in the field that may influence treatment decisions.
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INTRODUCTION

Risk-adapted treatment stratification is the basis for modern paediatric acute lymphoblastic leukaemia (ALL) treatment. In general, children with ALL are considered eligible for haematopoietic stem cell transplantation (HSCT) when a dismal outcome is expected with standard chemotherapy (1). Early response to treatment is monitored by repeated measurements of minimal residual disease (MRD) based on either molecular sequences measured using polymerase chain reaction (PCR) or immunological cell surface markers measured using flow cytometry. Pre-defined MRD cut-offs are well-accepted for therapy stratification (1). See also the companion paper by Merli and colleagues in this supplement of Frontiers in Pediatrics.

In addition to suboptimal therapy response, other features of poor prognosis have been identified that stratify patients in most protocols to treatment intensification by HSCT (see companion paper by Truong and colleagues in this supplement). The most notable genetic lesions in leukaemic cells associated with a very poor prognosis are hypodiploidy, clonal abnormalities involving the KMT2A gene (previously known as MLL), TP53 alterations and the rare t(17;19) translocation, responsible for the TCF3-HLF fusion gene (1, 2).

In the case of relapsed disease, the timing and site of relapse, immunological lineage, as well as early treatment response after relapse (also defined by MRD analysis), are well-accepted factors used for defining an indication for HSCT (1).

An arbitrary threshold of 1–2 years of age has been historically used to determine the eligibility of paediatric patients for total body irradiation (TBI)-based myeloablative conditioning therapy prior to HSCT, as the younger the patient the more severe are the long-term side effects expected from radiation (3–5). Such an age threshold was raised to 4 years of age within the ALL SCTped 2012 FORUM (For Omitting Radiation Under Majority age) trial, according to which children ≥4 years with ALL eligible for HSCT were to be randomised between TBI-based and chemotherapy-based myeloablative conditioning, whereas children <4 years were allocated to the chemoconditioning arm in order to spare a larger proportion of the youngest children from the late effects of TBI (6).

The underlying biological features of ALL in children <4 years are very diverse, ranging from initial standard-risk features [i.e., B-cell precursor (BCP) ALL with t(12;21) translocation] to very high-risk features such as KMT2A gene rearranged ALL in infants, with HSCT being often indicated in first complete remission (CR1). Transplant indications in patients >1 year of age are, in general, not differentiated by age; however, treatment results vary by age, as described in more detail later (1).

Infant ALL (i.e., ALL diagnosed below the age of 1 year) is characterised by hyperleukocytosis, organomegaly, more frequent central nervous system (CNS) involvement, worse prognosis and substantially higher risk of early treatment-related mortality (TRM) compared with older children. Infant patients often require several therapy modifications due to toxicity compared with older patients (7).

Three main factors potentially influence HSCT indications in children ≤4 years old: disease biology, treatment-related toxicity during initial therapy, and the conditioning regimen. In addition, several novel therapeutic approaches that are available for the treatment of paediatric ALL may have a major impact on the decision making process, by decreasing early toxicity in the youngest patients, allowing HSCT to be performed with fewer and less-severe complications in this very fragile population with poor prognosis (7). Novel agents include blinatumomab (a bispecific CD3/CD19 antibody), inotuzumab ozogamicin (a toxin-conjugated anti-CD22 antibody), and chimeric antigen receptor (CAR) T-cell therapy, besides additional compounds, such as daratumumab and isatuximab (both anti-CD38 antibodies), nelarabine (a purine nucleoside analogue pro-drug) and venetoclax (a bcl-2 inhibitor) (2). Specific experiences with these approaches in this age group are mostly very limited.

The target of this paper is to review and summarise the state of the art and discuss unmet needs for patients below 4 years of age affected by ALL.



CONVENTIONAL STRATEGIES INCLUDING HAEMATOPOIETIC STEM CELL TRANSPLANTATION


Infants
 
Results of Frontline Trials

Children diagnosed with ALL in their first year of life (defined worldwide as infants) have a remarkably poorer prognosis compared with older children; this is largely explained by the biology of their ALL, as ~75–80% of them carry a KMT2A gene rearrangement. An event-free survival (EFS) of 50% or lower is reported in this age/biological group.

The cytogenetic hallmark of infant ALL is rearrangement of the KMT2A gene, previously called MLL (mixed lineage leukaemia), located at chromosome 11q23. KMT2A rearrangement originates from the fusion of KMT2A with a partner gene, resulting from translocations or other chromosomal rearrangements (2). The KMT2A-AFF1 fusion (previously MLL-AF4) is the most common fusion of KMT2A, accounting for approximately 50% of cases. Almost 100 other fusion partner genes to KMT2A have been identified so far.

Children below 1 year old at diagnosis are treated, in general, according to specific protocols because of the particular biology and fragility of the infant patient. An HSCT indication in CR1 is still not uniformly settled in this age group, with most high-risk infants being often stratified to HSCT, according to age at diagnosis (usually <6 months), a KMT2A rearrangement, high leukocyte count (>300 109/L) and/or poor prednisone response, in European, but not US protocols.

Data from previous trials including infants with ALL undergoing HSCT reveal a considerable risk of relapse (around 30%) and toxicity, with TRM around 20%. Highlights are reported in Table 1 (8–14). Sison and Brown presented a clear mini review of the available literature (16 articles) in 2013 (15). In general, many studies described infant cohorts treated several decades ago and often included limited patient numbers treated with non-homogeneous transplant procedures. More recent data are also given below.


Table 1. Results of trial protocols using HSCT in infants with ALL.

[image: Table 1]

A trial in 17 infants with ALL in CR1 conditioned with TBI (13.5 Gy in most cases, combined with cyclophosphamide) prior to HSCT in 1982–2003 was described by Sanders et al. Overall survival (OS) was 79%, with apparently mild-to-moderate long-term toxicity at a median post-transplant follow-up of 6 years (maximum 17 years), throughout which growth, endocrine and neuropsychiatric development disorders were most common (16).

No survival advantage of transplant was found by Dreyer et al. in a US cohort of infants with ALL treated in 1996–2000 who were allocated to HSCT or chemotherapy based on the availability of a suitable donor. The 5-year EFS rate was 49% for both the 53 infants who underwent HSCT and the 47 infants treated with chemotherapy only (17). Despite several study limitations, including small patient numbers and the analyses being run by treatment performed and not by intention to treat (17), the lack of benefit of HSCT in the cohort was the basis for chemotherapy-based treatment without HSCT being selected in a subsequent study cohort and for most infants with ALL in North America (7).

Attempts to improve outcomes by performing HSCT for all infants with KMT2A-rearranged ALL have been carried out in Japan through three consecutive clinical trials, but evidence has emerged that HSCT did not benefit every infant with ALL. The use of early HSCT in 62 infants with ALL in Japan in the late 1990s who were treated with short-course intensive chemotherapy and transplanted within 4 months of induction yielded a 4-year EFS of 43% and OS of 67%. The high relapse rate observed in the trial jeopardised the efficacy of the early HSCT approach, with the further limitation that pre-transplant MRD was not systematically studied in this cohort (12). Within the MLL-10 trial, enrolling 90 infants between 2011 and 2015 in Japan, 3-year EFS and 3-year OS rates for the 75 patients with KMT2A-rearranged ALL were 66.2% [standard error (SE), 5.6%], and 83.9% (SE, 4.3%), respectively, overall. The multivariable analysis showed that MRD at end of consolidation was the most powerful predictor of unfavourable EFS with a hazard ratio of 82.96 (8). High risk infants were eligible for transplant. Of the 56 high risk infants enrolled on study, 38 received HCST according to protocol and 5 received HSCT off protocol, with 29 of these 43 patients alive in first CR (8).

In 472 infants transplanted for malignant diseases in 2000–2014 and reported to the Centre for International Blood and Marrow Transplant Research (CIBMTR), 182 of whom had ALL, Parikh et al. observed no improvement in the outcome measures over time, as opposed to the general improvement of transplant results for most other ages and disease groups over time. Both the rate of relapse and the rate of toxicity remained high, with a high incidence of sinusoidal obstruction syndrome (SOS) (18). These data illustrate the challenges in infant ALL with high risks of both toxicity and relapse.

Within the Interfant-99 trial of frontline chemotherapy in ALL, enrolling patients diagnosed with ALL <1 year of age in 1999–2006, the recommended conditioning regimen for patients eligible for HSCT consisted of busulfan, cyclophosphamide and etoposide, as described by Mann et al. (Figure 1A). The survival advantage of the 37 transplanted patients vs. the 240 treated with chemotherapy only was restricted to a subgroup carrying at least two additional poor-risk features: being <6 months of age and either having a poor steroid response on day 8 of treatment or a high leukocyte count at diagnosis (>300 ×109/L). HSCT resulted in a 64% reduction in the risk of failure due to either relapse or death in CR vs. chemotherapy alone (hazard ratio 0.36, 95% confidence interval, 0.15–0.86) (19).


[image: Figure 1]
FIGURE 1. Visual summary of the most common conditioning regimens reported in this review. (A) Busulfan associated with cyclophosphamide and etoposide; (B) busulfan associated with cyclophosphamide and melphalan; (C) treosulfan associated with fludarabine and thiotepa; (D) busulfan associated with fludarabine and thiotepa; (E) TBI plus etoposide. BU, busulfan; CY, cyclophosphamide; FLU, fludarabine; HSCT, haematopoietic stem cell transplantation; Gy, Grey; HSCT, hematopoietic stem cell transplantation; i.v., intravenous; MEL, melphalan; TBI, total body irradiation; TDM, targeted drug monitoring; THIO, thiotepa; TREO, treosulfan; VP-16, etoposide.


Results from the subsequent Interfant-06 trial, running from 2006 to 2016, remained somewhat disappointing. Patients who had a KMT2A rearrangement and were younger than 6 months with a white blood cell (WBC) count of >300 ×109/L or a poor prednisone response were defined as high-risk and were eligible for HSCT. The eligibility for HSCT in the trial was extended in June 2009 to include also KMT2A-rearranged patients older than 6 months (medium risk) with persisting high MRD levels at time point 5 after MARMA chemotherapy. The recommended conditioning regimen consisted of busulfan, cyclophosphamide and melphalan (Figure 1B). Between 2006 and 2011, 13 of 50 (26%) patients who underwent transplantation died of HSCT-related complications. In 2012 the conditioning regimen was changed from busulfan, cyclophosphamide and melphalan into fludarabine and thiotepa associated with either treosulfan or busulfan (Figures 1C, D). Subsequently, only 3 of 61 (5%) patients died in CR after HSCT (10). However, the relapse rate remained high in these patients despite transplantation, being 34% in high-risk patients and 50% in medium-risk patients; 18 and 6% of the patients, respectively, died of non-leukaemic death. Conversely, none of the 7 medium-risk patients who were eligible for HSCT due to MRD but who did not undergo HSCT survived (10). The 6-year EFS rate of patients in the high-risk group was 20.9% (SE, 3.4), with many early events meaning that only 46% of these patients were transplanted. KMT2A rearrangement was the strongest prognostic factor for EFS, followed by age, WBC count, and prednisone response (10). In total, treatment translated into heavier toxicity in the infant population compared to older children. For comparison, TRM in the Interfant-06 trial for transplanted patients was 14.4%, whereas TRM was 4–9% in the FORUM study in children 4 years or older (6).



Indications for Transplantation

Due to their very poor prognosis, patients younger than 6 months at initial diagnosis who present with a WBC count above 300 ×109/L and poor prednisone response are allocated to HSCT in CR1 in the Interfant-06 protocol, as are medium-risk patients with poor molecular response at timepoint 5 (10). The previously reported poor results were a combination of early toxicity, leading to HSCT contraindication, and very high relapse rate with or without further HSCT (10).

The upcoming Interfant protocol is in its planning phase. Blinatumomab will for the first time be introduced into an infant frontline protocol to reduce chemotherapy-related toxicity and with the aim to allow more eligible patients to proceed to transplant. Based on the uncertain benefits of HSCT in infants, it would be indicated for all high-risk patients and those medium-risk patients who are MRD positive (>0.01%) after a first blinatumomab cycle or who have increasing MRD after the MARMA chemotherapy element (personal communication).




Children Younger Than 4 Years
 
Results of Transplantation

The clinical presentation and biological features at initial diagnosis of ALL are not generally different in children younger than 4 years of age compared to older children. Therefore, the same treatment protocols apply and results are rarely reported separately for this age group. Most relevant results in children younger than 4 years of age are highlighted in Tables 2, 3 (20–30).


Table 2. Outcome of HSCT after conditioning regimens based on TBI in children with ALL.
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Table 3. Outcome of transplantation after conditioning regimens based on chemotherapy only in children with ALL.
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For 40 years, the combination of TBI, usually consisting of 12 Gy divided into 6 fractions, has been considered as the standard myeloablative conditioning regimen for children with ALL, most often in combination with cyclophosphamide (120 mg/kg divided over 2 days).

Since 1995, another TBI-based myeloablative conditioning regimen has been investigated for children 1 year of age or older, namely TBI in combination with etoposide (60 mg/kg as a single dose) (Figure 1E). An advantage of HSCT over chemotherapy could be demonstrated in very high-risk ALL patients after randomisation by the genetic chance of the availability of a compatible related donor (31).

Within the Berlin-Frankfurt-Münster (BFM) group (ALL SCT 2003 study) and, subsequently, the International-BFM Study Group (ALL SCT 2007 study), the TBI plus etoposide regimen was adopted for HSCT in patients 2 years or older (Figure 1E), whereas children younger than 2 years were conditioned with a TBI-free combination of busulfan, cyclophosphamide and etoposide (Figure 1A; body-weight-adjusted busulfan given orally or intravenously with dose monitoring and adjustment according to levels, every 6 h on days −7 through −4 for a total of 16 doses; cyclophosphamide 60 mg/kg/dose on days −3 and −2; and etoposide 40 mg/kg on day −1) (23–25).

Patients with a KMT2A rearrangement, regardless of age and based on their immature clonal phenotype, were eligible for an acute myeloid leukaemia (AML)-oriented conditioning regimen, consisting of busulfan, cyclophosphamide and melphalan (140 mg/m2 as a single dose on day −1) (Figure 1B) (24).

Overall, in the transplanted patients ≤2 years old, 4-year EFS was 67% (SE, 27%) for those grafted from a matched sibling donor (MSD) and 33% (SE, 16%) for those grafted from a matched donor (MD) (p = 0.2), whereas the 4-year non-relapse mortality was 0 and 33%, respectively (24).

The overlapping period between the transplant-specific BFM ALL-SCT-2003 and I-BFM ALL-SCT-2007 studies and the two infant chemotherapy trials, which were activated with different timings throughout centres, and the interaction between age and the presence of KMT2A rearrangements explained the multiple conditionings received by the youngest children, with busulfan, cyclophosphamide and etoposide being the treatment of choice according to Interfant 99 and the ALL-SCT trials and busulfan, cyclophosphamide and melphalan being the treatment of choice according to the Interfant 06 trial and overall for patients carrying a KMT2A rearrangement (19, 23, 24). Thus, the optimal conditioning therapy for children <4 years could not be defined due to the limited patient numbers and the lack of specific studies.

The phase III FORUM trial, comparing TBI plus etoposide vs. either a busulfan- or treosulfan-based myeloablative chemoconditioning in children (Figures 1C–E), raised the age cut-off for TBI eligibility up to 4 years. The FORUM study demonstrated the superiority of the TBI-based regimen compared with two chemoconditioning regimens (6).

However, patients <2 years old in BFM 2003 and I-BFM 2007 and patients <4 years old in the FORUM trial who were ineligible for randomisation were allocated to chemoconditioning upfront, since TBI in younger ages was felt to induce unacceptably severe multiple-organ long-term dysfunctions and neurocognitive abnormalities in survivors, being most pronounced in the youngest children (6, 16, 32, 33).

Results from the FORUM trial in children ≥4 years old demonstrated that omitting TBI from the conditioning regimen translated into an increased relapse risk (6). FORUM results on patients <4 years have not been analysed yet but may influence HSCT indications in young children. Whether TBI should remain excluded from the conditioning regimen of children 2–4 years of age may remain an object of discussion.



Indications for Transplantation

As described above, indications for HSCT in young patients, other than infants, are usually the same as those for children 4 years or older. For patients in CR1, these indications are mainly based on MRD response, monitored either by flow cytometry or reverse transcription PCR (RT-PCR). The algorithm for an HSCT indication may include biological and molecular features at initial diagnosis. HSCT indications are further discussed in the companion paper by Troung and colleagues in this supplement.

Some study consortia, such as FORUM, differentiate the indication for HSCT according to the donor type available [human leukocyte antigen (HLA)-identical sibling vs. other donors] and degree of HLA-matching (fully matched vs. partially matched donor), amongst patients with very high risk features, with patients carrying the best risk profile being eligible for HSCT from matched donors only and patients at highest risk profile being eligible for HSCT from any donor (<9/10 HLA compatible donor or 6/8 cord-blood and haploidentical donor) (23–25).

Currently, according to the IntReALL 2010 protocol, all patients in CR2 are eligible for HSCT from any available donor, except patients relapsing late in extramedullary sites.

The use of haplo-identical HSCT in this setting still remains controversial, as consolidated data about youngest patients are missing. Most paediatric reports, mainly retrospective and monocentric, were published without specific details about the youngest patients and it is thus difficult to draw conclusions. A Chinese group described better results in a HSCT cohort transplanted from haploidentical donors (n = 37) vs. tyrosine kinase inhibitor (n = 24) in high-risk paediatric patients with Philadelphia positive ALL. For the 14 patients <10 years, being younger than 10 year-old was associated with increased OS and EFS and lower TRM (34, 35). The same group published the results of haploidentical HSCT in 38 paediatric patients presenting with KMT2A rearranged ALL in either CR1 or CR2 but excluding infant patients. Overall results were comparable to those reported in the FORUM study within the MSD and MUD setting for the patients undergoing HSCT and significantly better than those obtained in non-transplanted patients. Authors used age 7 as cut-off prognostic factor without any impact on overall outcome (36). Readers may refer to the seminal paper about haplo-identical HSCT from Arrifin et al. in the same issue.




Conditioning Regimens
 
TBI-Based Conditioning

Multiple TBI-based conditioning regimens have been adopted over time and throughout cooperative groups in paediatric ALL. Highlights are reported in Table 2.

The conditioning regimen TBI [9.9–12 Gy total dose, divided over 3 consecutive days (days −7 to −4)], thiotepa (10 mg/kg in 2 doses on day −4) and cyclophosphamide (60 mg/kg/day on days −3 and −2) was prospectively evaluated in 40 paediatric ALL patients by the Associazione Italiana Ematologia Oncologia Pediatrica (AIEOP) in the late 1990s and yielded a 3-year EFS of 85% for patients in CR1 and 56% for those in CR2. In the subgroup of patients aged 1–4 years, nine of 13 patients were alive at the end of the study period (20).

A study conducted by Tracey et al., including patients with ALL aged ≤18 years old, concluded that neither a TBI dose in excess of 13 Gy nor the addition of etoposide to cyclophosphamide could improve OS after HSCT but did increase TRM (18). TRM, as expected, was generally higher in patients >10 years old compared to in patients <10 years old (21).

The outcome of HSCT after multiple TBI-based conditioning regimens was retrospectively analysed in 767 ALL patients (in CR1 or CR2) by Kato and colleagues. In the HLA compatible setting, TBI both in combination with cyclophosphamide (120 mg/kg) and etoposide (30–60 mg/kg) or with melphalan (180–200 mg/m2) provided superior EFS rates compared with other regimens. The etoposide-containing regimen yielded a lower relapse rate and a non-significant increase in TRM while the melphalan-containing regimen yielded the lowest risk of relapse overall, despite an increased risk of TRM (22).

The ALL-SCT-BFM-2003 trial, as described above, included 411 paediatric ALL patients who underwent HSCT from either an MSD or MUD matched at 9 or 10 out of 10 HLA loci. Patients were stratified into 4 subgroups: 0–2, 2–12, 12–18, and >18 years old. The conditioning regimen used differed by age: patients ≥2 years received fractioned TBI (12 Gy in 6 fractions over 3 days) and etoposide (60 mg/kg) (Figure 1E); children <2 years old or children with contraindications to TBI (e.g., CNS irradiation before HSCT) were treated with intravenous busulfan with therapeutic drug monitoring plus cyclophosphamide (120 mg/kg total dose) plus etoposide (40 mg/kg total dose) (Figure 1A). OS, EFS and relapse incidence were similar for patients who had an MSD or MUD, but lower TRM was observed for MSD recipients (23).

The I-BFM ALL-SCT-2007 trial, which extended to 10 countries, confirmed the non-inferiority of HSCT from an MUD compared with HSCT from an HLA-identical sibling, with no significant difference in OS, EFS, probability of relapse or TRM observed (24).

The use of mismatched grafts (compatibility <9 out of 10 HLA loci matched, including haploidentical grafts) yielded an inferior outcome (4-year OS, 56%), as assessed within the ALL SCT 2003 and 2007 merged studies of the I-BFM Study Group, compared with 69% in the ALL SCT 2003 and 70% in the ALL SCT 2007 (25).

A different approach to classical TBI-based conditioning was assessed by Yanir et al. in a study that included 124 paediatric ALL patients undergoing HSCT, 71 of whom were in the younger age subgroup of 1–10 years. The addition of arabinoside cytosine to a regimen of TBI (1,200 cGy for MSD and 1,400 cGy for unrelated donors) and cyclophosphamide allowed the reduction of the cyclophosphamide dose from 120 to 90 mg/m2, with an aim to reduce long-term toxicity. Serotherapy with anti-CD52 (alemtuzumab) was added for unrelated and haploidentical HSCT. Patients with contraindications to TBI received busulfan-based regimens. HSCT from an MSD or MUD yielded similar EFS (63 and 58%, respectively) and relapse incidence (20 and 24%, respectively). However, patients transplanted from a haploidentical donor had worse outcome, with an EFS of 35% and a probability of relapse of 47% (26).

As the main reasons to refrain from the use of TBI in young children are either the presence of comorbidities or toxicities from pre-HSCT therapies as well as the expected long-term toxicity associated with TBI, it remains difficult to assess from these studies whether the use of TBI in children over 2 years of age was warranted.



TBI-Free Conditioning Regimens

Similar to the case for TBI-based conditioning (see above), most reports regarding TBI-free conditioning regimens discussed here were not restricted to or separately analysed for patients <4 years of age but rather involved or reported a more extensive age group. Highlights are reported in Table 3.

A 5-year OS of 47% was reported in a study in Iran after a TBI-free conditioning regimen consisting of busulfan (1 mg/kg once daily on days −7 to −4; weight adjusted after 2009) plus cyclophosphamide (60 mg/kg/day on days −3 and −2) in 184 patients aged 18 years or younger undergoing peripheral blood HSCT from HLA-identical siblings between 1991 and 2011. Cranial irradiation (1,200–1,800 cGy) was applied before admission to the transplant unit for patients with intermediate-to-very-high risk T-cell ALL and very-high-risk B-cell ALL (27).

The inclusion of treosulfan into conditioning regimens for paediatric ALL is relatively recent. An early experience in 40 patients younger than 18 years who were affected with acute leukaemia and myelodysplastic syndrome (MDS), including 23 paediatric patients with ALL, was reported by Kalwak et al. The body surface area (BSA)-adapted conditioning was fludarabine 30 mg/m2/day on days −7 through −3, intravenous treosulfan on days −6 through −4 (10 g/m2/day for BSA <0.5 m2, 12 g/m2/day for BSA 0.5–1 m2 and 14 g/m2/day for BSA >1 m2) and thiotepa 10 mg/kg used at the investigator's discretion on day −2. In the full cohort, 3-year OS was 73.8% and the probability of relapse was 26.1%; both of these outcomes are comparable to data using a classic myeloablative regimen. Exploratory analyses of all included patients indicated that the OS was higher in the eight patients aged 28 days to 23 months (100%, 90% CI: 100–100%), compared with the 32 patients aged 12–17 years (74.9%, 90% CI: 59.5–85.1%) (28).

A busulfan- and TBI-free conditioning regimen in patients with high-risk acute leukaemia undergoing HSCT from unrelated donors was reported by Kato et al. The conditioning consisted of granulocyte-colony stimulating factor (G-CSF; 5 μg/kg) 12 h before cyclophosphamide (1–3 g/m2/day) on days −10 to −6, fludarabine (30 mg/m2/day) on days −9 to −6, and melphalan 60 mg/m2/day on days −5 to −3. In the full cohort, two patients relapsed and died, whereas the remaining eight survived (29).

Willasch et al. analysed outcomes of 3,054 transplants performed in children aged 2–18 with ALL between 2000 and 2012 reported to the European Society for Blood and Marrow Transplantation (EBMT) registry. Most patients were conditioned with a TBI-based regimen, combined most often with cyclophosphamide or etoposide. Chemotherapy-only regimens were mainly busulfan based, most often used in association with cyclophosphamide. TBI-based regimens led to superior survival for patients in CR2, compared with that obtained in patients in CR1. Both relapse rates and TRM were lower with TBI-based regimens vs. chemoconditioning approaches (30).

The allocation to each chemoconditioning arm within the FORUM trial was based on a decision taken upfront on a country level between busulfan vs. treosulfan use in association with fludarabine and thiotepa (Figures 1B, C). Preliminary analyses presented at the EBMT Meeting 2021 did not identify the superiority of one chemoconditioning regimen over the other, even when separately analysed by B or T immunophenotype (37).

A novel TBI-free conditioning regimen consisting of clofarabine, fludarabine and busulfan has been recently reported in 60 children affected with ALL in The Netherlands. The reported 2-year EFS of 72% and a 2-year TRM of 5% in ALL allow one to define such a strategy as effective and having low toxicity. Despite having only 9 ALL patients younger than 4 years—which is too limited to allow conclusions for this age group—this conditioning regimen deserves to be explored further, especially for infants, for whom the TRM rate with other conditioning regimens is still unacceptably high (38).

In general, these studies do not allow the identification of an optimal chemotherapy-based conditioning regimen in children 4 years or younger. This emphasises the need to analyse the non-randomised cohort of the FORUM trial, which is currently underway.





INNOVATIVE APPROACHES

In all age groups, the primary cause of treatment failure after HSCT is relapse, thus a more efficient anti-leukaemic treatment prior to HSCT is warranted. Nevertheless, toxicity of increased treatment intensity is a limiting factor for its use, especially in the youngest patients. This makes the clinical management of younger patients particularly challenging. Further intensifying chemotherapy doesn't seem an option, thus new treatment modalities with lower toxicity aimed to bridge to HSCT are warranted. Many new drugs are being tested currently (2).

During the last decade, novel targeted immunotherapy approaches, e.g., blinatumomab, inotuzumab ozogamicin and anti-CD19 CAR T-cell therapy, have emerged. These novel strategies might offer the potential for improving cure rates in the youngest children by: (a) inducing deeper molecular remissions prior to HSCT; (b) substituting intensive chemotherapy and thereby reducing the burden of pre-transplant toxicity; and/or (c). potentially replacing the HSCT procedure with non-/less toxic targeted cellular strategies.


Pre-transplant Immunotherapy
 
Blinatumomab

Blinatumomab—a CD3/CD19 bispecific T-cell engaging antibody—has been studied in several paediatric BCP ALL settings in different disease phases and age groups, including infants. However, the experience in the youngest age groups remains limited.

In 2011, Handgretinger et al. reported on the first clinical experience in three paediatric patients who received blinatumomab for BCP ALL relapses after HSCT (34). All three patients were >4 years of age and received blinatumomab after multiple relapses and allogeneic HSCT. This very first report on the use of blinatumomab in children demonstrated that blinatumomab could be safely administered to children. It also showed that engaging donor T cells post transplantation did not provoke graft-vs.-host disease (GvHD) and that blinatumomab was able to induce MRD responses even in patients with chemo-refractory disease after multiple relapses (39).

The first trial studying systematically the efficacy and safety of blinatumomab in children and adolescents was a phase I/II open-label, single-arm study performed at 26 study sites in Europe and the US (Clinicaltrials.gov: NCT01471782) (35). Eligible patients were <18 years of age and had relapsed or refractory (R/R) BCP ALL with >25% bone marrow blasts at enrolment. The BCP disease status was primary refractory, in first relapse after full salvage induction regimen, in second or later relapse, or in any relapse after allogeneic HSCT. Forty-nine patients were treated in phase I and 44 patients in phase II. Eight and two patients in these phases were <2 years of age, respectively. In phase I, the maximum tolerated dose of blinatumomab was determined to be 15 μg/m2/day for all age groups. The recommended phase II dose for all ages was determined as 5 or 15 μg/m2/day (1 week of 5 μg/m2/day followed by 3 weeks of 15 μg/m2/day during the first cycle and for all subsequent cycles). Among the 10 patients who were <2 years of age, 6 (60%) achieved CR (including five of the eight patients with KMT2A translocations), with 4 (40%) being able to proceed to HSCT while in CR. Overall, 39% of patients achieved CR within the first 2 cycles of blinatumomab, with most responders achieving complete MRD negativity. The study showed that blinatumomab had anti-leukaemic activity across all age groups, including in patients <2 years and in those with unfavourable cytogenetics (40).

In the blinatumomab expanded-access program (the RIALTO trial; Clinicaltrials.gov: NCT02187354), patients with a second or later relapse, any relapse after allogeneic HSCT, or who were refractory to other treatments received blinatumomab for 1–2 induction cycles with the option to receive up to three additional blinatumomab consolidation courses (36). In total, 110 patients were enrolled, of which 13 and 31 patients were in the age groups 0–1 and 2–6 years, respectively. At screening, 11% of all patients had <5% bone marrow blasts, while the remainder had ≥5%. Sixty-nine of the 110 study patients (63%) had CR as best response in the first 2 cycles; of these, 45 (65%) proceeded to HSCT. MRD response was dependent on the pre-infusion blast count, being 47 and 92% for patients with ≥5 or <5% blasts, respectively. No age-specific subgroup analyses were detailed for the age groups 0–1 or 2–6 years (41).

In a single-centre experience, outcomes for 38 patients treated with blinatumomab over a 10-year period were reported (42). All patients had R/R (first to fourth relapse) disease. Median age upon blinatumomab initiation was 9.8 years, ranging from 1 to 21 years; eight patients were in CR with MRD positivity and 30 patients had blast counts of >5%. Thirteen patients (34%) responded to therapy; patients aged 2–10 years responded more frequently (7 of 10) than older children or children 1–2 years of age.

A retrospective analysis from the United Kingdom and the Republic of Ireland focused specifically on the blinatumomab experience in patients initially diagnosed with BCP ALL at <1 year of age (43). The analysis included 11 patients with KMT2A-rearranged BCP ALL aged a median of 0.5 years (range 0.2–2.9 years) who were in first remission or first relapse and who received blinatumomab with the aim to reduce pre-transplant MRD. Nine of the 11 patients achieved molecular remission and 2 had at least a 1-log reduction in MRD as best response. All patients proceeded to HSCT after 1–2 cycles of blinatumomab, without further intervention. Time from start of blinatumomab to HSCT was 51 days (range 34–119). The treatment was well-tolerated, with three patients experiencing cytokine release syndrome (CRS) of grade 1–2 and one experiencing immune effector cell-associated neurotoxicity syndrome (ICANS) (confusion and somnolence). Three-year OS and EFS after HSCT were 47 and 81%, respectively. Of the four patients who relapsed after HSCT, one experienced a lineage switch to AML. The report concluded that blinatumomab can be safely administered in this young group of patients with R/R BCP ALL and is able to induce molecular remission in the majority of patients, allowing consolidation with HSCT (43).

Sutton et al. reported on the real-world experience of blinatumomab in Australia and included 24 children (mean age 7 years, range 0.5–16.5 years) (44). Ten patients were <4 years of age at blinatumomab infusion, 9 had KMT2A rearrangements, and 7 were <2 years of age. Patients received 1–2 cycles of blinatumomab with the intention to achieve a deep molecular remission as a bridge to a first, second or third HSCT. Of the 10 patients <4 years at infusion, 4 (40%) responded to blinatumomab with either a complete or partial MRD response. The authors discussed that the lower response rate compared to that reported by Clesham et al. (43) could be explained by a higher proportion of patients with >5% blasts and more patients having had post-HSCT relapse or having received extensive salvage regimens prior to blinatumomab, all impacting on CD3+ T-cell number and function. Genetic factors might also have influenced blinatumomab effectiveness, especially in infants and young children with a KMT2A rearrangement.

In a report from five North American paediatric centres, 15 patients in remission (10 CR1, 5 CR2) but with persistent MRD prior to HSCT received blinatumomab with the aim to reduce MRD (45). Median age was 9 years (range 0.5–19 years); five patients were <4 years old at blinatumomab infusion. No patient experienced grade 3 or 4 CRS; one patient experienced grade 3 ICANS. Of the five patients <4 years of age, four in CR1 responded (three of them had a KMT2A rearrangement) and one in CR2 did not respond.

Finally, two randomised phase III studies evaluating blinatumomab in patients with a first BCP ALL relapse were recently published back-to-back in the Journal of the American Medical Association (46, 47). Enrolment into each study was prematurely terminated by recommendation of the respective independent data monitoring committee due to significant better outcomes in the blinatumomab arm vs. the control arm. In the study by Locatelli et al., 108 patients were randomised following initial induction therapy and two consolidation blocks to receive either a chemotherapy consolidation block according to the IntReALL high-risk (IntReALL HR) 2010 protocol or 1 cycle of blinatumomab (4 weeks of 15 μg/m2/day) (46). Thirty-nine patients (72%) were in the age group 1–9 years. The 24-month EFS rate was 66.2% in the blinatumomab group and 27.1% in the consolidation chemotherapy group. More patients in the blinatumomab group than in the consolidation chemotherapy group were able to proceed to HSCT. The cumulative incidence of relapse 24 months after transplantation was 24.9% in the blinatumomab group and 70.8% in the consolidation chemotherapy group.

In a parallel study performed at Children's Oncology Group sites and reported by Brown et al., patients between 1 and 30 years of age with first B-cell ALL relapse were randomised after 4 weeks of UKALLR3 induction therapy to either receive 2 courses of blinatumomab or chemotherapy consolidation (47). Randomisation was prematurely stopped due to the combination of higher disease-free survival and OS, lower rates of serious toxicity, and higher rates of MRD clearance with blinatumomab compared with chemotherapy. Seven patients in the blinatumomab arm and 10 patients in the chemotherapy arm were <1 year of age at the time of initial diagnoses (relapse timepoint); however, no detailed subgroup analyses were presented for these patients or patients <4 years of age.

Brethon et al. reported an interesting case report where blinatumomab and gemtuzumab ozogamicin were combined in a 4-month-old child with KMT2A-rearranged, mixed-phenotype leukaemia (48). Subsequently, the child was transplanted, relapsed and achieved remission again with CAR T-cell therapy.

In summary, current evidences point towards the efficacy and manageable toxicity of blinatumomab in patient groups <4 years of age, specifically in the context of MRD-positive disease prior to HSCT and as a substitution for single chemotherapy blocks in clinical situations in which toxic and intensive chemotherapy needs to be avoided (e.g., severe infection and/or surgical interventions) (49). Challenges for blinatumomab therapy are lineage switch as an escape mechanism, treatment beyond CR1, and specific genetic alterations such as KMT2A rearrangements.

Whether moving blinatumomab to upfront therapy, as planned in the upcoming Interfant trial, might improve outcomes was preliminarily investigated in a single-arm pilot trial in infants treated according to Interfant-06. The study was conducted to test feasibility, safety and efficacy of the addition of blinatumomab after induction in infants with KMT2A-r ALL and with <25% medullary blasts at the end of induction (EudraCT: 2016-004674-17) (50). MRD negative CR occurred in 54% of the cases after 2 and 4 weeks of blinatumomab, which tended to be higher compared to the end of consolidation in Interfant-06 (40%, p = 0.16). The 1-year EFS was 96.2% (SE 3.8) at a median follow-up of 11 month (range 1.5–33).



Inotuzumab Ozogamicin

Inotuzumab ozogamicin is a CD22-targeted antibody–drug conjugate which in phase I and II studies in adults has shown a beneficial efficacy-to-toxicity ratio. In an adult phase III trial of 326 patients with R/R ALL, the drug was highly efficient with an overall response rate (ORR) of 81% in the inotuzumab ozogamicin arm vs. 29% in the standard-of-care chemotherapy arm (51).

So far, few data have been published in children. In a retrospective report summarising the experience from the paediatric compassionate use program (52), 51 patients aged 2.2–21.3 years (median 11.5 years) were treated with inotuzumab ozogamicin for R/R BCP-ALL between 2013 and 2016, with only three of them being 2–4 years of age. CR was seen in 67% of the patients who were treated for overt relapse; 71% of responders achieved MRD negativity in the bone marrow—in most patients after the first cycle. Responses were independent of age and no separate data for the three patients younger than 4 years were reported. However, the single patient with a KMT2A rearrangement in the cohort responded well and achieved MRD-negative CR. Inotuzumab ozogamicin was generally well-tolerated, even by patients who were heavily pre-treated by multiple lines of therapy. Twenty-one patients underwent HSCT after inotuzumab ozogamicin with a median time from last dose of inotuzumab ozogamicin to stem cell infusion of 26 days. Eleven of 21 patients (52%) developed post-HSCT SOS, with 5 and 2 being severe and fatal, respectively. The 12-month EFS and OS rates for the entire cohort were 23 and 36%, respectively.

In the Innovative Therapies for Children with Cancer in Europe (ITCC) phase I dose-finding study of inotuzumab ozogamicin, 25 patients (including five patients <6 years old), were included (53). Although safety (dose-limiting toxicity) was the primary endpoint, the overall remission rate across dosing levels was 80%, with 84% of the responders being MRD negative, comparable to results from adult studies. The one patient who had KMT2A-rearranged ALL responded to inotuzumab ozogamicin. Hepatotoxicity was the primary dose-limiting toxicity, with two patients experiencing SOS; however, this occurred not during inotuzumab ozogamicin therapy but during subsequent multi-agent chemotherapy for non-response. None of the seven patients who underwent HSCT post inotuzumab ozogamicin developed SOS. The recommended phase II dose for children was determined to be the same as for adults. In the adult cohort (51) and the paediatric compassionate-use cohort (46), SOS was more frequently seen than in the phase I study, both under inotuzumab ozogamicin therapy (adults) and during later HSCT (adult and paediatric cohort). One could speculate that the burden of overall toxicity from previous lines of therapy might have been different in these cohorts and contributed to the differences in SOS occurrence. In the same cohort, subgroup analysis showed that those who could undergo HSCT had superior outcomes whether MRD positive or MRD negative at HSCT, indicating that inotuzumab ozogamicin potentially is a relevant option to bridge to HSCT (54).

Data from a series of 15 patients with R/R BCP-ALL aged <3 years treated with inotuzumab ozogamicin were recently published (53). Of these, 12 patients were <1 year of age at the initial diagnosis of ALL (i.e., patients with infant ALL) and 80% had a KMT2A rearrangement. In all but 1 patient, inotuzumab ozogamicin was used as third-line therapy. Overall, seven patients (46.6%) achieved CR and one additional patient who was MRD positive at start of inotuzumab ozogamicin therapy achieved MRD negativity. Overall, seven of these eight responders were MRD negative. Seven patients proceeded to HSCT, of whom three were alive at a median follow up of 342 days (range 19–361 days) for the whole study. Two of the seven patients receiving HSCT developed SOS of which one case was fatal. No patient developed SOS while receiving inotuzumab ozogamicin. EFS and OS at 6 months were 18 and 47%, respectively. The authors concluded that further investigation of the drug is warranted in this age group. Of note, in neither of the two patients younger than 1 year of age upon inotuzumab ozogamicin infusion nor in any of four additional patients <10 kg at infusion were any specific safety concerns raised.

The increased risk of SOS is particularly relevant in this fragile population who are already at risk due to their age.

In summary, inotuzumab ozogamicin is a promising drug, currently best studied in the setting of residual MRD or refractory disease. With current HSCT strategies, preventive supportive care and close monitoring according to paediatric guidelines, SOS should be manageable in children. A systematic and prospective phase II study in children is currently ongoing (ITCC-059, EudraCT: 2016-000227-71) investigating inotuzumab ozogamicin both as monotherapy and in combination with chemotherapy for patients with high-risk and very high-risk relapsed BCP-ALL ≥1 and <18 years of age at the time of enrolment. Another study by the COG (ClinicalTrials.gov: NCT02981628) is investigating inotuzumab ozogamicin in combination with a chemotherapy backbone in patients 1–21 years old with R/R BCP-ALL. The upcoming IntReALL trial might plan to include inotuzumab ozogamicin as induction therapy in high-risk relapsed patients.




Chimeric Antigen Receptor T-Cell Therapy

Immunotherapy with autologous T cells that have been genetically modified to express an anti-CD19-specific CAR is a very promising new approach to treat acute leukaemia. See also the companion paper by Buechner and colleagues in this supplement. A CAR T-cell strategy has the potential to: (a) replace HSCT for a fraction of patients that is yet to be defined, or (b) to induce a deep remission prior to HSCT, also with shorter CAR T cell living variants, possibly limiting the use of high-dose chemo- or radiotherapy conditioning regimens and potentially reducing the risks of severe acute and chronic GvHD. There are, however, limitations to its efficacy, including the development of CD19− relapses or the premature loss of CAR T cells associated with a CD19+ relapse.

T-cell apheresis and manufacturing of CAR T cells in infants are challenging but feasible, as described by several groups (55–57). In a recent meta-analysis on 953 patients treated with tisagenlecleucel (Kymriah®) (58) (a CD19-directed CAR T-cell therapy which is approved and commercially available for R/R BCP-ALL in patients aged 1–25 years), no differences in outcome were seen across the different age groups. However, it must be emphasised that the ELIANA registration trial for tisagenlecleucel (ClinialTrials.gov: NCT02435849) (59), excluded patients <3 years of age. The youngest age group has been included per an amendment of the expanded access programme B2001X which followed subsequently. After the approval of tisagenlecleucel by the US Food and Drug Administration in August 2017 and by the European Medicines Agency in August 2018, data from real-world experience have more recently emerged (55, 57), but the number of patients under 3 or 4 years of age is still very limited and this age group is most often not specifically addressed in the reports. In a conference abstract by Moskop et al. (56), real-world data on 14 infants (80% of them with a KMT2A rearrangement) treated with tisagenlecleucel were reported. Although apheresis and manufacturing of cells were feasible, the outcome (64% of the patients achieved an MRD-negative CR at day 28) was slightly lower than that reported for older children, both in the real-world (55, 57) and in the earlier registration study (59). However, compared to standard-of-care chemotherapy approaches, and considering the fact that these patients had R/R disease, the outcomes are still promising and need further prospective and comparative investigations.

One concern of using CD19-targeted therapies, including CD19-directed CAR T-cell therapy, is the risk of lineage switch as an escape mechanism, especially in cells with a KMT2A rearrangement. Gardner et al. described two relapses among seven patients with KMT2A-rearranged leukaemia treated with CAR T-cell therapy (60). Both patients presented with a myeloid phenotype with a loss of expression of B lymphoid lineage antigens. Jacoby et al. have unravelled and described the molecular events during lineage switch following CD19-directed CAR T-cell therapy in detail (61).

Ghorashian et al. reported at the European Haematology Association conference 2021 a study in which 27 children younger than 3 years (median age 17 months) were infused with tisagenlecleucel out of 30 eligible patients, 80% of whom carried a KMT2A rearrangement and 70% of whom had undergone prior HSCT. Leukaphereses and product manufacturing were feasible in 90% of cases. Ninety-two percent of patients achieved CR (confirmed by negative MRD), 1-year OS was 88%, and EFS was 58%. Of the responding patients, 37% were in continuous CR after further treatment post CAR T-cell infusion, whereas 22% experienced relapse, which was CD19− in 33% of the cases. The probability of persistent B-cell aplasia at 1 year was 68% and the probability of EFS without further treatment was 49%. Risks of CRS, severe CRS, ICANS or persistent cytopenia were similar compared with the other age strata (62).

Hu et al. reported a cohort of paediatric and young adult patients presenting with relapsed/refractory Philadelphia chromosome negative B-cell ALL. Among 81 screened patents, 75 were enrolled for receiving CAR-T cells as bridging therapy to haplo-HSCT. Seventy-three received CAR-T, 57 were transplanted, 52 of whom from haploidentical donor, with a median time of 62 days elapsing from CAR-T cell therapy to haplo-HSCT. With this combined treatment, the 2-year EFS and OS were 76.0% (95% CI, 64.2–87.7) and 84.3% (95% CI 74.3–94.3), respectively, with a cumulative incidence of relapse of 19.7% (95% CI 15.3–24.0) (63).

CAR T-cell therapy seems to have a favourable toxicity profile compared to conventional therapy, yet currently it is not clear in infants or in older children whether or how it could replace allogeneic HSCT or chemotherapy elements. It may also have a role in achieving deeper remissions before a consolidating transplant.



Emerging Options for Managing T-Cell ALL

T-cell ALL is rare in the youngest children. However, drugs like nelarabine and daratumumab have been used to reduce MRD levels prior to HSCT in these patients.

In a phase III study from the COG, 323 patients who received nelarabine added to standard therapy had superior disease-free survival compared with 336 patients randomised to standard therapy without nelarabine (88 vs. 82%, p = 0.029) without any difference in neurotoxicity between arms (64). Whether HSCT following nelarabine adds to the risk of neurotoxicity remains unclear and should be taken into account in the planning phase (65).

Daratumumab—an unconjugated monoclonal anti-CD38 antibody—is currently being investigated in a phase II study for the treatment of children >1 year old with BCP- or T-cell ALL (ClinicalTrials.gov: NCT03384654). Both T-cell ALL and B-lineage ALL cells can overexpress CD38 and are potential targets for treatment with daratumumab, which has been shown to have efficacy in adult cancers, especially in CD38+ multiple myeloma. Since CD38 is expressed on haematopoietic stem cells, awareness of the long half-life of daratumumab has led researchers to question the applicability of the drug for bridging to HSCT but data to date on the use of daratumumab prior to HSCT in multiple myeloma do not indicate reduced engraftment rates (66).

Another CD38-targeted naked antibody, isatuximab, is currently being investigated for safety and efficacy in a phase II study (ISAKIDS, ClinialTrials.gov: NCT03860844). This study is enrolling paediatric patients aged ≥28 days up to 18 years of age with B- and T-cell ALL.




CONCLUSIONS

Children 4 years or younger affected with ALL are a fragile population both in terms of disease refractoriness, especially in the infant population, and a predisposition to relevant acute and long-term toxicities.

As relapse risk is still high, especially in the infants, better disease control is required. Possible interventions aiming at reducing the risk of relapse might include strategies to reduce MRD before HSCT, to improve the anti-leukaemic efficacy of the conditioning regimen, and to add therapeutic elements or immunomodulation in the post-HSCT phase.

Post-HSCT interventions such as earlier tapering of immunosuppression have been attempted. The use of small molecules, such as programmed death ligand 1 (PDL-1) inhibitors, has been attempted. The use of blinatumomab after transplantation in cases of MRD persistence or reappearance is currently under investigation within the FORUM trial. Novel targeted therapeutic options such as inotuzumab ozogamicin or CAR T cells might lead to a deeper level of remission upon HSCT.

Currently, treosulfan or busulfan used in combination with agents like thiotepa and fludarabine are probably the most frequently used conditioning regimens in this age group. Adding and/or substituting agents, such as etoposide or clofarabine, might lead to better outcomes. Although proven most efficacious in older children, as demonstrated by the FORUM trial, TBI is generally not used in those under 4 years because of the high risk of severe long-term side effects. However, at which age long-term side effects are comparable to older children is not known. The use of TBI for better leukaemia control is still controversial in the youngest patients. Doses lower than 12 Gy as well as innovative irradiation techniques with potentially reduced long-term toxicity might be worth exploring in controlled trials according to the same principle which drove novel investigations in older adults (67, 68).

The concept of fully replacing HSCT by long-lasting CAR T-cell therapy is appealing. It is well-known that at least a proportion of children, adolescents and young adults achieved long-term remission with this approach, but thoroughly designed prospective studies in larger international cohorts are needed to establish the proportion of patients who could possibly be spared HSCT.

Challenges are even greater in infants who are often very fragile and usually have a different ALL biology, often exhibiting KMT2A rearrangements. Worldwide collaborative groups studying this rare disease in children will provide the backbone of evidence required to drive improved outcomes, evaluating the various new developments described in this review.
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Hematopoietic cell transplant is a curative therapy for many pediatric patients with high risk acute lymphoblastic leukemia. Its therapeutic mechanism is primarily based on the generation of an alloreactive graft-versus-leukemia effect that can eliminate residual leukemia cells thus preventing relapse. However its efficacy is diminished by the concurrent emergence of harmful graft-versus-host disease disease which affects healthly tissue leading to significant morbidity and mortality. The purpose of this review is to describe the interventions that have been trialed in order to augment the beneficial graft-versus leukemia effect post-hematopoietic cell transplant while limiting the harmful consequences of graft-versus-host disease. This includes many emerging and promising strategies such as ex vivo and in vivo graft manipulation, targeted cell therapies, T-cell engagers and multiple pharmacologic interventions that stimulate specific donor effector cells.
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INTRODUCTION

Hematopoietic cell transplantation (HCT) is a curative treatment for many children with high-risk or relapsed acute lymphoblastic leukemia (ALL). Its primary benefit comes from the generation of an effective alloreactive immune response that targets leukemia cells termed the graft-versus-leukemia (GVL) effect. However, its efficacy is hampered by the simultaneous occurrence of a graft-versus-host disease (GVHD) process in which the alloreactive donor cells attack healthy tissue leading to significant non-relapse related morbidity and mortality. These two processes are closely but not invariably linked; therefore the ultimate goal of the HCT community is to develop strategies that maximize GVL while preventing GVHD.



THE GRAFT-VERSUS-LEUKEMIA (GVL) EFFECT

The efficacy of HCT is based on two principles. First, the use of high-dose myeloablative conditioning before HCT reduces the risk of graft rejection facilitating full donor chimerism and directly kills leukemia cells. Several cohort studies of pediatric patients with ALL demonstrate that full donor chimerism is associated a lower risk of relapse (1–4). Secondly, the donor graft mediates a graft-versus-leukemia GVL effect, via alloreactive T, NK and B cells. The primary mechanisms underlying the GVL effect involves donor T-cells attacking cells expressing recipient self-antigens and NK cells attacking recipient cells lacking expression of inhibitory ligands. The therapeutic potential of donor T-cells has been surmised from: (1) clinical studies demonstrating that recipients of syngeneic HCT have a higher incidence of relapse with a reduction in GVHD (5); (2) increased relapse risk associated with extensive ex vivo T-cell depleted donor grafts (6); (3) cure of patients who underwent non-myeloablative and reduced intensity HCT where the conditioning would provide minimal anti-leukemia effect; (4) the successful use of donor lymphocyte infusions post-HCT in treating relapse and most importantly (5) a decreased risk of relapse associated with grade I-II acute GVHD (aGVHD) and chronic GVHD (cGVHD).

NK cells are part of the innate immune system, kill cancer cells without prior sensitization and have demonstrated an important role in GVL, particularly in T-cell depleted haploidentical HCT. Their function is dictated by a range of inhibitory and activating cell surface receptors including killer cell immunoglobulin-like receptor (KIR) and C-type lectin receptors. Major ligands for KIR are MHC class I molecules that define “immune self.” Specific MHC-I-binding inhibitory KIR receptors on NK cells prevent these cells from attacking normal cells that have the matching MHC-I surface molecules. This allows donor NK cells to preferentially attack abnormal cells that have down-regulated surface MHC-I molecules, an event that occurs in cancer and virus-infected cells termed missing self-recognition, or recipient cells with incompatible inhibitory KIR ligands arising from HLA-disparate transplants. To date, KIR-ligand mismatch in the graft-versus-host direction has only been shown to be associated with a significant reduction in relapse in acute myeloid leukemia, primarily in the setting of T-cell depleted haploidentical transplantation (7, 8). A large analysis of donor KIR in the pediatric acute leukemia population did not support the use of KIR in the selection of unrelated donors for children undergoing T-replete transplantation (7).

B cells may also play an important role in GVL. It is well described that both major histocompatibility complex and minor histocompatibility antigens can elicit B-cell antibody responses. The presence of circulating HLA donor-specific antibodies increases the risk of primary graft failure in HLA-mismatched allografts (9). It is possible that alloantibodies may also play a role in disease remission. Studies have shown a highly significant association between H-Y antibodies and decreased relapse in male patients with female donors (10, 11). However, this effect is also directly related to increased rates of chronic GVHD.

The most serious consequence of the GVL effect is the potential risk of both acute and chronic GVHD, where alloreactive T-cells attack recipient antigens expressed on healthy tissue, in addition to those restricted to hematopoietic lineages containing the malignant cells. The ultimate goal of the GVL effect is to direct donor T-cells to attack antigens unique to leukemia cells whilst sparing other recipient antigens that are ubiquitously expressed.



IMPACT OF GVHD ON ALL RELAPSE

The first description of the GVL effect was in ALL, where post-HCT recipients with moderate to severe chronic GVHD (cGVHD) were significantly less likely to relapse (12). The most recent comprehensive analysis to evaluate the relative roles of both aGVHD and cGVHD on the GVL effect following HCT for ALL was performed by the Center for International Bone Marrow Transplant Research (CIBMTR) on 5,215 transplant recipients (13). Three cohorts were assessed: 2,593 adults in first or second complete remission (CR1/CR2), 1,619 pediatric patients in CR1/CR2, and 1,003 patients with advanced (CR≥3 or active disease) ALL. For children with ALL in CR1/CR2, aGVHD of any grade was associated with lower risk of relapse compared to no GVHD, however, grade III-IV aGVHD with or without cGVHD was associated with increased non-relapse mortality (NRM), resulting in decreased disease free and overall survival. For pediatric and adult patients with advanced ALL, development of grades III-IV aGVHD or de novo cGVHD was associated with lower relapse rates, however increased NRM resulted in significantly worse DFS, compared to significantly improved OS among patients with cGVHD with or without lower grade aGVHD.

The relative importance of aGVHD for children with ALL was confirmed by the Westhofen Intercontinental Group (N = 616) analysis from both European and North American patient cohorts (14). This analysis focused on the role of both minimal residual disease (MRD) and aGVHD on event-free survival and relapse rates. Patients with and without MRD had a three-fold decrease in relapse rates post-HCT if they developed aGVHD. Importantly, as in the CIBMTR analysis, aGVHD grade IV resulted in poorer outcome due higher non-relapse mortality, negating any benefit of GVL. This study did not assess the impact of cGVHD on relapse. The occurrence of aGVHD was also been found to be important in defining relapse risk of a pre-HCT next generation sequencing (NGS)-MRD positive population of pediatric patients with B-ALL. Among 19 pre-HCT MRD positive patients, the estimated 2-year relapse probabilities were 73% for patients with no aGVHD by day +55 and 17% for those who experienced aGVHD by day +55 (P = 0.02) (15). An earlier Italian study that evaluated the impact of cGVHD on pediatric HCT outcomes included 450 patients with malignancy, including 268 with ALL (16). In the cohort of patients with malignant disease, cGVHD was associated with decreased risk of relapse, and this effect seemed strongest in patients with ALL. When the entire cohort was analyzed, no impact of aGVHD grades 0-I vs. II-IV was observed on the risk of relapse.

While there is evidence that both aGVHD and cGVHD contribute to the GVL effect in children with ALL, it is difficult to translate this understanding into actionable clinical interventions for any given patient because despite both acute and chronic GVHD being associated with GVL, severe GVHD results in increased NRM and decreased survival. New post-HCT strategies are needed to further augment GVL with minimal to no acute or chronic GVHD.



INTERVENTIONS TO PROMOTE GVL

GVL and GVHD have similar but not identical targets. The goal for the HSCT field remains the enhancement of the GVL effect while limiting or eliminating GVHD. The purpose of this review is to describe several strategies that have been undertaken in an attempt to tip the alloimmune balance toward GVL (Table 1; Figure 1).


Table 1. Cellular and pharmacologic approaches to modify graft vs. leukemia effect post-HCT for ALL.
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FIGURE 1. Strategies postulated to augment GVL response, and/or enhance GVL without increasing GvHD: (i) Enhance selective T-cell populations; (ii) Drive T-cell activation against tumor antigen; (iii) Engage non-T-cell immune responses.



1. Early Withdrawal of Immunosuppression and Donor Lymphocyte Infusions

Early withdrawal of immune suppression and donor lymphocyte infusions are commonly used strategies for relapse post-HCT, although there is a lack of published evidence as to their efficacy in pediatric ALL. Clinically meaningful effects related to donor lymphocyte infusion (DLI) have been described in chronic malignancies such as follicular, mantle cell, small lymphocytic, Hodgkins lymphoma, chronic myeloid leukemia and myeloma (17, 18, 49, 50). Withdrawal of GVHD prophylaxis to reduce relapse risk is an intervention that can only be done early post-HCT. There is broad consensus, despite the absence of published standardized pediatric guidelines, that the duration of GVHD prophylaxis after HSCT for malignant disease should be 180 days (19). In a survey of European pediatric HSCT centers, the duration of GVHD prophylaxis was shortened to 60–120 days post-HSCT if the relapse risk was categorized as high (20). It is reasonable to define fast withdrawal of immunosuppression (FWI) as occurring prior to 60 days post-HSCT. Therefore, FWI really only applies to early relapse, which implies high-risk disease and may be expected therefore to have limited benefit. Immunosuppression is usually withdrawn as a prelude to another interventions, such as DLI. DLI used alone or in combination with additional agents has been employed to enhance GVL in the setting of relapse after HCT. However, the use of DLI is limited by development of GVHD. Data for DLI alone have largely come from adult studies that demonstrate minimal efficacy in lymphoid malignancies with a high risk of GVHD (21, 22). A single center retrospective review of 30 pediatric patients (myeloid, n = 23; lymphoid (ALL), n=7) receiving DLI for relapse after HCT reported a 5-year disease free survival of 32% for all patients. The lymphoid group had a 5-year survival rate at 71±17% compared to the myeloid group at 22 ± 9%. In the case of HLA-matched donors the initial median CD3/kg doses were 1–5 × 107/kg with escalation to 8 × 107/kg for subsequent doses. For HLA-mismatched donors, the initial median CD3/kg dose was lower at 5 × 105/kg with subsequent infusions escalated to median of 5 × 106/kg. In this retrospective study, the development of GVHD did not affect overall survival (23). In an attempt to improve effectiveness while minimizing toxicity, several centers are trialing dose escalating schedules of DLI or repetitive administration of low dose DLI (51, 52).

An alternate strategy would be to pre-emptively withdraw immune suppression combined with DLI early in select patients based on high-risk features such as pre- and post-HCT MRD or mixed chimerism post-HCT. One study of pediatric patients with mixed chimerism undergoing immune withdrawal and DLI included 17 patients with ALL out of total of 43. The first step was FWI with evidence of mixed chimerism post-HCT, followed by increasing DLI doses if mixed chimerism persisted after withdrawal of immunosuppression. Twenty-six (60%) patients with mixed chimerism were assigned to immune withdrawal, which started at a median of 49 days (range, 35 to 85 days) after HCT. Fourteen patients proceeded to DLI after withdrawal at a median of 118 days (range, 85 to 194 days). The DLI dose for matched donor transplant recipients was 1 × 106 CD3/kg escalating to 1 x 108/kg; 1 x 105/kg to 1 x 107/kg for mismatched donor transplant recipients. The intervention cohort had a similar 2-year event-free survival (EFS) [73; 95% confidence interval (CI), 55 to 91%] compared with patients who achieved full donor chimerism spontaneously (83; 95% CI, 62 to 100%). There were no late relapses in the observation group with full donor chimerism, but 50% of all relapses in the intervention group occurred more than 2 years after transplantation and their EFS declined to 55% (95% CI, 34 to 76%) at 42 (SD, 11) months. Nineteen percentage of patients undergoing the intervention developed GVHD. Consistent with previous observations, the development of cGVHD was protective against relapse (53).

There are a number of strategies being investigated to reduce the risk of GVHD associated with DLI while maintaining GVL including depleting the DLI product of alloreactive T-cells by ex vivo photodepletion and inserting an inducible suicide gene in donor lymphocytes so that they can be eliminated when GVHD occurs (54, 55).



2. Post-HCT Cyclophosphamide (PTCy) and TCR αβ+/CD19+ Depletion

The last decade has seen a rise in the use of HLA haploidentical allogeneic HCT for pediatric and adult ALL. Several T-cell replete and T-cell depleted haploidentical transplant strategies are currently used to overcome the barriers of GVHD and graft failure. In T-cell replete haploidentical HCT, which involves the infusion of unmanipulated stem cell product followed by in vivo depletion of alloreactive T-cells, the use of post-transplant cyclophosphamide (PTCy) has rapidly increased due to its simplicity and efficacy. In terms of ex vivo T-cell depletion strategies, TCR αβ+/CD19+ depletion is increasingly being used as it maintains NK cell alloreactivity while limiting GVHD. Given excellent outcomes in the haploidentical setting, both of these approaches are increasingly being explored in the matched unrelated and sibling donor setting. An interesting observation seen with both approaches has been acceptable leukemia free survival but with relatively lower incidences of severe grades III-IV aGVHD and cGVHD (56–60). This suggests preservation of a GVL effect but with diminution (although not complete abrogation) of GVHD.

Initial models suggested the mechanism by which PTCy induced immune tolerance involved the selective killing of highly proliferative host-alloreactive donor T-cells after cyclophosphamide infusion on day +3. Longer-term immune tolerance induction then occurred through intrathymic clonal deletion of donor HSC-derived anti-host T-cells (61). Clinical observation, however, has shown that grade II aGVHD is still frequent after PTCy (20–40% range) and when present, improves progression free survival in hematologic malignancies (62–65). This suggests that alloreactive donor T-cells capable of inducing both GvHD and GVL persist after cyclophosphamide. Murine models have provided further insight into PTCy mechanisms of action, raising questions about the original mechanisms believed to underly PTCy immune tolerance (66– 69). More contemporary working models of PTCy suggest: (1) CD4+CD25+Foxp3+ regulatory T-cells (TREGS) are imperative in the early prevention of GVHD after PTCy, helping to control alloreactive effector donor T-cells. High levels of aldehyde dehydrogenase in TREGS, the major detoxifying enzyme for cyclophosphamide, prevents their killing to the same extent as effector T-cells after PTCy, allowing early and expanded post-transplant TREG reconstitution despite CD4 lymphopenia (24, 25). Preferential TREG reconstitution following PTCy has also been demonstrated to be time and dose dependent in an MHC-haploidentical murine mouse model, with greatest impact on TREG reconstitution when cyclophosphamide is given on day +4 (24). The suppressive effects of TREGS appear to constrain new host-alloreactive effector T-cells both early and late after PTCy HCT, thus keeping severe aGVHD and cGVHD in check (27). (2) Highly proliferative host-alloreactive donor CD8+ effector T-cells are not eliminated after PTCy, but are intact and made functionally impaired, reducing their ability to cause GvHD (26). This impairment is likely related to both direct effects of PTCy (immediate) and preferential reconstitution of TREGS (late). (3) Host-alloreactive donor CD4+ effector T-cells are killed and have reduced proliferation after PTCy, a phenomenon that appears important in preventing aGVHD. Providing PTCy in either reduced dose or on different days increases CD4+ effector T-cells and results in rapid death in an MHC-haploidentical acute GVHD mouse model (28). Our understanding of how PTCy modulates immune tolerance, while still allowing GVL to develop and prevent leukemia relapse, remains incomplete. The impact of other concurrently administered GVHD prophylaxis medications used in clinical practice, such as calcineurin inhibitors, mycophenolate mofetil and anti-thymocyte globulin and the selective infusion of other effector cells on GVHD and GVL after PTCy, require further investigation. For example, there is a phase II pilot study investigating whether the infusion of ex-vivo expanded natural killer cell infusions in children wih myeloid leukemia receiving HLA-haploidentical HCT with PTCy decreases relapse rates and infectious complicaitons without increasing GVHD (NCT#04836390). In addition, recent registry data suggest that HLA matching still matters with PTCy, with lower rates of grade III-IV aGVHD in adults with acute leukemia following matched unrelated donor compared to HLA-haploidentical transplant when a common PTCy backbone was compared (25).

By comparison, ex-vivo graft manipulation to remove GVHD causing TCRαβ+ T-cells (TCRαβ+/CD19+ depletion) has also gained traction in pediatric acute leukemia to overcome HLA disparity (60). The selective removal of most TCRαβ+ T-cells appears to reduce both aGVHD and cGVHD, while maintaining NK cells and TCRγδ+ T-cells that have less host alloreactivity but are able to mediate GVL (26). A number of potential mechanisms exist by which TCRγδ+ T-cells and NK cells mediate GVL, including the shared presence of activating receptors (e.g., NKG2D) that are independent of tumor antigen recognition in the context of MHC, thus able to bypass tumor escape through MHC class I downregulation (27). NK alloreactivity through killer immunoglobulin-like receptor (KIR) recognition of MHC class I KIR/KIR-ligand mismatch in a donor-versus-recipient direction has been also purported to exert a GVL effect although this has not been seen to impact leukemia-free survival in one large acute leukemia study in children (69).



3. Non-HCT Cellular Therapy

Some anti-leukemic strategies used in the pre-HCT setting are also being used in the setting of relapse post-HCT, including CAR-T and CAR-NK (29). However, a significant proportion of patients relapse after cellular immunotherapy without HCT consolidation, suggesting that lasting GVL may require immune responses that are oligoclonal. Therapeutic efficacy has been observed with the use of tisagenlecleucel, a CD19-directed CAR-T therapy that is FDA approved for the treatment of relapsed, refractory pre-B ALL and has demonstrated durable remissions in patients that relapse after transplant (70). However, there are limitations to this approach, including the ability to generate autologous CAR-T cells from patients that may be lymphopenic after transplant, time to manufacture product, and antigen escape. To address some of these barriers, donor-derived CAR-T cells have been successfully tested by several groups, with low risk of GHVD and response rates ranging from 50 to 80% (30, 31). Donor-derived virus-specific T-cells, engineered to express CD19. CAR, have also demonstrated antitumor activity early post-HCT for relapsed B-cell malignancies (71).

Other groups have explored the utility of CAR-NK cells to avoid the CAR-T related toxicities of cytokine release syndrome (CRS), neurotoxicity, and prolonged B-cell aplasia. Herrera et al. explored the utility of CAR-NK cells obtained from peripheral blood or cord blood as a potential candidate for allogeneic therapy (72). Additionally, due to the shorter lifespan of NK cells, they hypothesized that B-cell aplasia may not be as prolonged as typically seen after CAR-T cell infusion. Indeed, a recent Phase I/II trial of adult patients with lymphoid malignancy demonstrated a 73% response rate in 11 patients treated with CAR-NK cells with no patients developing CRS, neurotoxicity, or GVHD (73).



4. Pharmacologic Agents During/After HCT That Stimulate Donor Immune Effector Cells


A. Blinatumomab

Blinatumomab is a bispecific T-cell engager (BiTE) consisting of CD3 and CD19 single-chain variable regions that allow cytotoxic T-cells to specifically target and lyse CD19-positive cells, i.e., malignant and normal B cells. Unlike more traditional antibody-drug conjugate such as inotuzumab, BiTEs form a link between T-cells and leukemia cells. In the post-HCT setting, it is hypothesized that blinatumomab could redirect an otherwise unengaged polyclonal donor T-cells to attack CD19+ ALL cells. Blinatumomab could serve as an adjuvant for the GVL effect by redirecting donor T-cells toward malignant lymphoblasts. This approach could be especially beneficial in patients with genomic loss of HLA expression on malignant cells post-HCT, which occurs in up to 30% of haploidentical HCTs (74, 75). This renders them invisible to donor T-cells attacking minor histocompatibility antigens. However, the usage of blinatumomab post-HCT may be limited by its' increased use as a bridging therapy pre-HCT to achieve MRD negativity, which unfortunately leads to the downregulation of CD19 expression on leukemic cells in a significant proportion, up to 25%, of cases (76). The role of blinatumomab post-HCT is currently being evaluated in a number of single arm, open label studies, including a multi-centre Canadian phase II study using blinatumomab for treatment of detectable MRD in the first year following allogeneic HCT for patients with B-ALL (NCT#04044560), as well as studies examining TCRαβ and CD45RA depleted haploidentical HCT followed by blinatumomab in the early post-engraftment period and TCRαβ/CD19-depleted haploidentical HCT followed by CD45RA-depleted DLI and blinatumomab in pediatric patients with CD19+ malignancy (NCT#02790515 and NCT#03849651).



B. Protein Kinase Inhibitors

Some pharmacologic strategies may produce a synergistic effect of GVHD suppression while generating GVL, for instance tyrosine kinase inhibitors (TKIs). Whether the use of TKIs in GVHD results in improved GVL or lower relapse rates has not been elucidated, but could be anticipated given that tyrosine kinases, including Syk, Btk, and Itk, are key molecular targets in both, hematologic malignancies (32) and in alloreactive T-and B cells in GVHD (77). Given expanding therapeutic use of TKIs for GVHD (33, 34) the potential impact on GVL could be evaluated. Similarly JAK inhibitors, including ruxolitinib (35, 36) and itacitinib, that are either approved or undergoing clinical testing for GVHD, respectively, have the potential to impact on GVL (less clear whether positively or negatively), which warrants further study. In a randomized phase 3 COG/PBMTC trial, the addition of sirolimus, an mTOR inhibitor, to tacrolimus/methotrexate GVHD prophylaxis in children with ALL decreased grade 2–4 aGVHD but did not improve survival as the occurrence of grades 1–3 aGVHD showed a trend toward decreased relapse and improved EFS (37).



C. Zoledronic Acid

A previous study showed that subsets of γδ T-cells taken from children following αβ+T cell and CD19+ B cell depleted HLA-haploidentical HCT, display a cytotoxic phenotype and degranulate when challenged with lymphoid leukemic blasts. These cells have been shown to expand in vitro following exposure to zoledronic acid and are able to efficiently lyse primary lymphoid blasts (38). Zoledronic acid infusions were shown to induce differentiation and increase cytotoxicity of the Vδ2 subset in vivo (39). This led to an open-label, feasibility, proof-of-principle study in 46 children on the use of zoledronic acid to enhance TCRγδ+ lymphocyte function after TCRαβ/CD19-cell depleted haploidentical HCT (40). However, due to the limited number of patients enrolled and events observed, it was not possible to draw any firm conclusions on reduction in relapse. Further investigation is needed and a non-randomized prospective trial is ongoing (NCT02508038).



D. Vaccines With Immune Adjuvants

Another active area of research is the use of vaccines in the immediate post-HCT setting to expand donor derived leukemic specific T-cells while taking advantage of the strong lymphopenia-triggered drive for lymphocyte expansion post-HCT (41). This immune response can be further boosted using adjuvants as TLR agonists and exogenous cytokines which induce expression of effector cytokines and chemokines, recruit and activate immune cells and enhance antigen uptake and presentation (42, 43, 78). In murine models, treatment with synthetic oligodeoxynucleotides, containing unmethylated cytosine-phosphate-guanosine (CpG) motifs that bind TLR9, enhanced GVL effects without worsening GVHD (44–46). CpG stimulation of primary precursor B-ALL samples induced the release of proinflammatory cytokines and IL-10 and shifted allogeneic T-cell responses toward a Th1 pattern of cytokine production (47).

There have also been pilot trials assessing the feasibility of a WT1 peptide-loaded donor-derived dendritic cell (DC) vaccine given with DLI to enhance and direct the GVL effect (48, 79).



E. Immune Checkpoint Inhibitors

PD-1 blockade has been used in patients with refractory/relapsed B-cell ALL with CAR T-cell loss or insufficient response to anti-CD19 CAR T-cell therapy (80). There are only 3 reported cases of immune checkpoint inhibitor (CPI) therapy being used in adult patients with relapsed ALL post-HCT (81, 82). Only one patient experienced a therapeutic response. Risk of GVHD with CPI exposure is around 23% if given to a post-allo-HCT population (83). About 14% of cases were reported with aGVHD and 9% of patients suffered from cGVHD. Fatal GvHD has been reported in relapsed lymphoma post-HCT (84, 85). The studies so far in other hematological malignancies suggest the frequency and severity of immune-related adverse events and GVHD are higher in anti-PD-1 treated patients than in anti-CTLA-4 treated patients in the post-HCT setting (86). It remains to be seen whether a particular dosage or proper timing of CPI can increase efficacy while lowering the risk of GVHD. There are several open phase I studies investigating the augmentation of the GVL effect via checkpoint blockade in adult patients with relapsed ALL post-HCT (NCT03286114, NCT03588936, NCT03146468, NCT01822509).



F. Targeting Alloreactive T-Cell Metabolism

It has been proposed that T-cells follow 2 different differentiation pathways post-HCT based on their metabolic activity. Some activated naïve T-cells rapidly increase their metabolic activity by switching from fatty acid β-oxidation and pyruvate oxidation via the tricarboxylic (TCA) cycle to aerobic glycolysis and glutaminolysis (87–89). This population is driven toward a terminally differentiated effector state that is associated with limited lifespan, diminished replicative potential, and ultimately earlier cell senescence. It is hypothesized that these T-cells are associated with GVHD. In contrast, lower metabolism rates during T-cell activation may favor the formation of longer-lived memory T-cells that enhance the GVL effect (90). Therefore, it is possible that inhibition of glycolysis could inhibit GVHD driven by hypermetabolic terminally differentiated effector T-cells while preserving a GVL effect reliant on long term memory T-cells.





CONCLUDING REMARKS

The development of better strategies to preferentially augment GVL will only come from the further elucidation of the mechanisms underlying the alloreactive immune responses post-HCT. It is clear that the GVL effect is intimately related to GVHD but emerging evidence from laboratory models and translational research suggest there are differential mechanisms which can be exploited. By isolating and amplifying those immune processes that specifically target leukemia cells we can tip the balance toward a beneficial alloreactivity while limiting toxicity. The ultimate goal of fully separating GVL from GVHD has yet to be realized.
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DLBCL > 18 years

Third-ne folicular
lymphoma > 18 years
R/RMCL

Third-ine PMBCL, DLBCL,
and follicular lymphoma
>18 years

Fourth-line multiple
myeloma

Year of approval

2017 FDA
2018 EMA

2018 FDA+EMA

2017 FDA
2018 EMA

2021 FDA

2020 FDA
2021 EMA

2020 EMA
2021 FDA

2021 EMA+FDA

Landmark study

EUANA (12)

JULIET (42)

ZUMA-1 (43, 44)

ZUMA-S (45)

ZUMA2 (46)

TRANSCEND (47)

KarMMa (48, 49)
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Institution

Autologous T cells
Baylor College of Medicine

Baylor College of Medicine
Baylor College of Medicine

Bambino Gest Children’s
Hospital
City of Hope

Fred Hutchinson Cancer
Research Centre

Guangdong Provincial
People’s Hospital
Hebei Senlang
Biotechnology

Kite, A Gilead Company

MD Anderson Cancer
Centre

Mermorial Sloan Kettering
Cancer Centre

Mermorial Sioan Kettering
Cancer Centre

National Cancer Institute
National Cancer Institute
Seattle Children’s Hospital
Sheba Medical Centre
Southwest Hospital
University College London
University of Pennsylvania
University of Pennsylvania
University of Pennsylvania
University of Pennsylvania
Uppsala University

Wuhan Sian Medical
Technology Co.
Xuzhou Medical University

Zhejiang University

Hospital Ciinic/ Hospital
Sant Joan de Déu de
Barcelona

Chinese PLA General
Hospital

Medical College of
Wisconsin

Chinese PLA General
Hospital

Hebei Yanda Ludaopei
Hospital

City of Hope

Beijing Boren Hospital
National Cancer Institute
Baylor College of Medicine

Allogenic T cells

Childrens Hospital of Fudan
University

Chinese PLA General
Hospital

Institut de Recherches
Internationales Servier

MD Anderson Cancer
Centre

National Cancer Institute
Peking University
Chinese PLA General

Hospital

Baylor College of Medicine

Precision BioSciences

The First Affiliated Hospital
with Nanjing Medical
University

Cellectis S.A.

NK cells
Fate Therapeutics

MD Anderson Cancer
Centre

ID (disease)

NCT01853631 (B, C,
N
NR

NR
NCT03373071 (B, N)
BB-IND-11411 (N)
NCTO1865617 (B, C,
N

NCT02822326 (B)
NCT02063038 (B, N)
NCT02614066 (B)
NCTO1497184 (8, C,
N

NCTO1044069 (B-, C)
NCTO1860937 (B)
NCT00924326 (N)
NCTO1593696 (8, N)
NCT02028455 (B)
NCT02772198 (B, N)
NCT02349698 (B, C,
N, H)

NCT02443831 (B, N)
NCTO1029366 (B, C,
N

NCTO1626495 (8, C,
N, H)

NCT02374333 (8, N)
NCT02435849 (B)
NCT02132624 (B, C,
N, H)

NCT02065092 (B, N,
H)

NCT02782351 (C)
ChiCTR-OCC-
15007008 (B, N,

H)

NCT03144583 (B, C,
N

NCT03097770 (B, C,
N

NCT03019055 (C, N)
NCT03185494 (B, C,
N

NCT04129099 (B)
BB-IND-8513 (N)

NR

NCT02316612 (8, N)

NCT00881920 (C, N,
MM)

NCT04173988 (B)
NCT01864889 (B-, C,

N)
NCT02808442 (B)

NCTO0968760 (N)
NCT01087294 (B, N,
H

NCT03050190 (8
malignancy)

NCT03398967 (8, C,
N, H)

NCT00840853 (B, C,
N

NCT04030195 (C, N)

NCT04176913 (N)

NCT04150497 (B)

NCT04245722 (C, N)

NCTO03056339 (B, C,
N

Cohort
age

P/A
NR

NR
PiyA
A

YA
PYA/A
PIYA/A
YA
PHNA
YA
PiyA
YAA
PiyA
PIyA
PIYAA
PYA/A
PYA
YA
PYA
PiYA
PYA
YA
PYA/A
PIYAA

PYA/A

PYA/A

PAAA
YA
PYA/A
PYA/A
A

NR
PYA/A

YA

YAA

YAA
YAA
PAYNA

PAYA/A

PYNA

YAA

YAA

PIYAA

YAA

PIYAA

Target

cD19

CcD19

CcD19

cD19

CcD19

CcD19

CcD19

CcD19

cD19

CcD19

cD19

cD19

CcD19

cD19

cD19

CcD19

cD19

CcD19

CcD19

CcD19

CcD19

CcD19

cD19

CcD19

CcD19

cD19

cD19

scFv
(clone)

FMC83

FMC63

FMC63

FMC83

FMC63

FMC63

FMC83

FMC83

FMC83

FMC63

SJ25C1

SJ25C1

FMC63

FMC83

FMC83

FMC63

Humanised

CAT

FMCB3

FMC83

Humanised

FMC63

NR

NR

Humanised

FMC83

A3B1

Spacer

CH2-
CH3

CH2-
CH3

GCH2-
CH3
cp8
GCH2-
CH3
1gG4
NR
NR
cD28
NR
cD28
cD28
cD28
cD28
NR
cD28
cp8
cp8
et
cp8
cp8
cp8
CH2-
CH3
NR

CcD8

NR

CcD8

CD19/CD20 FMCB3+Leu16CD8

CD19/CD20 NR

NR

CD19/CD22 FMC63+m971 NR

CD19/CD22 FMC63+m971 NR

CcD20

CcD22

Ccb22

« light
chain

CcD19

cD19

cD19

CD19

CD19

CD19

CD1Y/

CD20
orCD22

CD19+
i

specific
virus
cp20

CD20

CD22

CD19

CD19

Leu-16

Humanised

Humanised

FMC83

NR

HM852952

NR

FMC63

FMC63

FMC63

4G7

FMC63

NR

NR

NR

NR

FMC63

CH2-
CH3
NR
NR

CH2-
CH3

NR

CcD8

NR

NR

cb28

NR

NR

CH2-
CH3

NR

NR

NR

NR

cb28

Trans-
membrane
‘domain

cD28

CD4

cD28

CcD8

CD4

CcD28

CcD28

NR

CcD28

NR

cD28

cD28

CcD28

cD28

NR

cD28

CcD8

CcD8

cD8

CcD8

CcD8

CcD8

cD28

NR

CcD8

NR

CcD8

cD8

NR

CcD8

cD8

CD4

CcD8

CcD8

cD28

NR

CcD8

NR

NR

CD28

NR

NR

CD28

NR

NR

NR

NR

CD28

Construct

CD28. 4-1BB.CD3;
cD3g

CD28.008;
4-1BB.CD3G+CO
cD3g
4-1BB.CD3{+EGFR
CD28.0D3+TLR2
cD28.
4-1BB.CD3G+EGFR
CD28.003;
CD28.008;
CD28.0D3;
CD28.0D3;
CD28.008;
CD28.0D3;
4-1BB.CD3G+EGFR
CD28.008;
4-1BB.CD3g
4-1BB.CD3g
4-1BB.CD3;
4-1BB.CD3g
4-1BB.CD3g
4-1BB.CD3g

CD28. 4-1BB.CD3;
4-1BB.CD3g
4-1BB.CD3G+EGFR

4-1BB.CD3g

4-1BB.CD3g

4-1BB.CD3g
4-1BB.CD3g
4-1BB.CD3g
4-1BB.CD3g
cD3;

4-1BB.CD3g
4-1BB.CD3g

CD28.003;

NR

4-1BB.CD3g

4-1BB.CD3¢ + ACD20

CD28.C03
CD28.C03
CD28.CD27.CD3¢+IC9

4-1BB.CD3g + ACD20

CD28.C03¢

NR

NR

4-1BB.CDSg

NR

CD28.CO3+IL15

Cell
origin

Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells

Auto T
cells

Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells
Auto T
cells

AloT
cells

AloT

cells

Alo T

cells
(«TCR/CDS2
depleted)
AloT

cells

AloT

cells

AloT

cells

AloT

cells
(@TCR/CD52
depleted)
AloT

cells

Allo T
cells
Alo T
cells

AloT

cells
(€TCR/CD52
depleted)

NK cells
PSC)
NK cells
(cord
blood)

Trans-
duction
platform

Retroviral
Retroviral
Retroviral
Retroviral
Electro-
poration
Lentiviral
Lentiviral
Lentiviral
Retroviral
Electro-
poration
Retroviral
Retroviral
Retroviral
Retroviral
Lentiviral
Retroviral
Lentiviral
Lentiviral
Lentiviral
Lentiviral
Lentiviral
Lentiviral
Retroviral
Lentiviral

Lentiviral

Lentiviral

Lentiviral

Lentiviral
Lentiviral
Lentiiral
Lentiiral
Electro-

poration
Lentiviral

Retroviral

Retroviral

Lentiviral

Lentiviral

Lentiviral

Electro-
poration
Retroviral

Lentiviral

Lentiviral

Retroviral

NR

NR

Lentiviral

NR

Retroviral

References

()]

@7)

©)

@8)

(€]

(©0)

@

(16)

(52, 81)

(18)

©2)

©)

(84, 85)

28)

(22,86

(13)

@®n

(12)

©)

(©8)

(89)

(©0)

©1,92)

©)

©4)

(95)

(%6)

©n

(98)

9)

©9)

(100)

(101)

(102)

(103)

(104)

(105)

(108)

(107)

(108)

A, Adult; Allo, allogeneic; Auto, autologous; B, B-cell precursor acute lymphoblastic leukaemia; CAR, chimeric antigen receptor; C, chronic lymphoblastic leukaemia; H, Hodgkin lymphoma; IgGd, immunoglobulin 4; iPSC, induced

pluripotent stem cells; MM, multiple myeloma; N, non-Hodgkin lymphoma; NK, natural killer; NR, not reported: P, Paediatric

YA: young adult





OPS/images/fped-09-784024/fped-09-784024-t004.jpg
Theme

Determinants of outcomes

Long-term efficacy variables (beyond 1-month overall response rate, early
event-free survival and overall survival)

Interventions post-infusion

Longitudinal follow-up per patient (route to cure)

Cost

Example topics of research

« Disease-specific characteristics prior to CAR-Tinfusion e.g., age, cytogenetics,
timing and site of relapse, previous therapies (ncluding blinatumomab and
inotuzumab ozogamicin), and pre-existing toxicities

« Choice of bridging therapy

« Product-specific variables (apheresis starting material, CAR T-cell dose,
manufacturing failures or delays, out-of-specification products)

« MRD-negativity over time (including by next-generation sequencing)

o Lineage switches (KMT2A-1/BCR-ABL1+ patients)

« Persistence of GAR T cells and duration of B-cell aplasia

« Incidence, duration and impact of immunoglobulin substitutions

* CD19* vs. CD19- relapses: ratio and determinants

« Consolidative HSCT, analysed as an event and/or study endpoint (‘HSCT- and
MRD-free sunvival’)

« Role and rate of CAR-T re-infusion

« Tyrosine kinase inhibitors or any other BGP-ALL-targeted therapy

+ Total number of therapies

« Sequence of therapies

o Length of overall therapy

« Total costs of BCP-ALL treatment (from diagnoss to cure)

« Comparison of CAR-T as a bridge to transplant with other bridging therapies
e.g., blinatumomab

ABL1, tyrosine-protein kinase ABL1; BCP-ALL, B-cell precursor acute lymphoblastic leukaemia; BCR, breakpoint cluster region protein; CAR, chimeric antigen receptor; CAR-T, CAR
T-cell therapy; HSCT, haematopoietic stem cell transplantation; KMT2A-r, lysine methyltransferase 2A rearranged.
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Consortium Treatment N Patients  Endpoint  Conditioning EFS os References Comments

years 1-4ynn
AEOP 19021997 40 13 3yr TBI-TT-Cy CR1:85% 65% (20) Better results in
CRH. Study before
CR2: 86% 2000. Limited
number of
patients.
CIBMTR 1998-2007 765 NA Syr Cy-TBI < 1,200 44% @1 TBI = 1,300 cGy
Gy associated with
Cy-VP16-TBI < 40% higher TRM.
1,200 cGy
Cy-TBI > 1,300 48%
Gy
Cy-VP16-TBI = 36%
1,300 cGy
JSHCT (ALL 20002012 767 NA Syr oy-Tel 62.2% [c2) MEL-TB: superior
working group) MEL-TBI 714% EFS for HSCT
Cy-VP16-TBI 67.6% from MSD.
Cy-AraC-TBI 52.6%
Others-TBI 59.1%
1-BFM 20032011 411 NA 4yr <2y MSD: 79% MSD: 80% ©3) Lower TRM for
ALL-SCT-2003 Bu-Cy-VP16 MSD recipients.
trial S2yrTBIVPIS  MUD:71% MUD: 78%
1-BFM 20072013 438 NA ayr <2y MSD: 65% MSD: 72% @4
ALL-SCT-2007 Bu-Cy-VP16
trial >2yr: TBI-VP16 MD: 61% MD: 68%
-BFM-ALL-SCT 20032013 1,150  69(0-4  4yr <2yr:BuFl-Cy  MSD/MD: MSD/MD: (25)
2008 & 2007 w >2 69% 60%
y:TBRFUVP16  MMD:45%  MMD: 42%
Houston, USA 20082016 124 NA 3yr TBI-Cy-AraC <1 MSD: 63% (26) Single-centre
yr: Bu-based experience. Similar
regimens MUD: 58% outcome for
Haplo: 35% MRD:-negative
patients regarding
donor type.

AIEOP, Associazione ltaliana i Ematologia e Oncologia Pedatrica; ALL, acute lymphoblastic leukaemia; AraC, cytarabine; BFM, Berln-Franklurt-Minster; Bu, busulfan; CIBMTR,
Center for International Blood and Merrow Trensplant Research; Cy, cyclophosphamide; CR1, first complete remission; CR2, second complete remission; EFS, event-free survival; Flu,
fludarabine; Heplo, haploidentical donor; HSCT, haematopoietic stem cell transplentation; JPLSG, Japanese Pediatric Leukemia/Lymphoma Study Group; JSHCT, Japan Society for
Hematopoietic Cell Transplantation; MD, matched donor; MEL, melphalan; MMD, mismatched donor; MSD, matched sibling donor; MUD, matched unrelated donor; MRD, minimal
residual disease; NA, not applicable; TBI, total body irradiation; TRM, transplant-related mortality; TT, thiotepa; VP16, etoposide.
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Consortium  Treatment Pt N Fraction EFS os References  Comments
years age wHSCT
inCR1

Japan (JPLSG)  2011-15 <t 0 4% 713y, SE4.9) 85(5-y, SE3.9) ® 43 of 49 eligible HR pt w HSCT in
CRH, of these 67% alive. HSCT
eligibility: KMT2A rearrangement, <6
months old, WBC >300 x 10%/L o
PPR

Argentina 1990-18 <1 118 9% 32 5y, SE 4.6) 34 (5+y, SE4.6) © Retrospective. Twenty-four
percentage death in CR1, 42%
retapsed. MRD and MLL risk factors
for failure

Interfant 06 2006-16 <t &5 18% 48 (4-y, SE 2.0) 59 (4-y, SE2.0) (10) 54 of 143 HR-patients experienced
an event before HSCT in CR1. 4-y
DFS in all transplanted infants 44%,
14% died of TRM

coG 2001-06 <t 147 0% 42 (5-y, £6%) 53 (5-y, £6.5%) (11 Cohort 8 only. No HSCT in CR1
according to protocol

Japan (JPLSG)  2004-09 <t 62 85% 43 (4-y, 95% CI 67 (4-y, 95% CI (12 Only HR-pts, all w HSCT indication.
31-56) 54-77) Bu/Cy/VP16. 18/43 relapsed

Interfant 99 1999-05 <1 482 8% 47 (4-y, SE 2.6) 55 (4-y, SE2.7) (13) HSCT in CR1 if PPR and available
donor. DFS in HSCT group 50 vs. 37
in non HSCT pts (n.s)

Japan (JPLSG)  1995-02 <1 102 49% 51 (5, £9.9%) 61 (5, £9.8%) 14 20/74 in HSCT arm relapsed, one
TRM before HSCT. 27/49 HSCT
patients in CR1. Fifty percentage had
TBI; 50% had Bu-based conditioning.
No difference in outcome

Bu, busulfan; C1, confidence interval; COG, Children’s Oncology Group; CRI, first complete remission; Cy, cyclophosphamide; DFS, disease-free survivel; EFS, event-free survival;
HSCT, haematopoietic stem cell transplantation; HR, high risk; JPLSG, Japanese Pediatric Leukemia/Lymphoma Study Group; MLL, mixed-ineage leukaemia; MRD, minimal resicuel
disease; OS, overall survivel; PBC, Pediatric blood and Cancer; PPR, predhisolone poor response; SE, standerd error; T8, total body imadiation; TAM, transplant related mortality;
VP16: etoposide; WBC, white blood cell: yr, year.
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References Timing of taper initiation

Sarantopoulos et al, After 3-4 weeks of the initial
(141) prednisone dose.
Wolft et al. (139) As soon as disease control has been

achieved.

Jacobsohn (106) After 2 weeks of the intial prednisone

dose.

Flowers and Martin As soon as dlinical improvement is
(37) achieved.

GCGVHD, chronic graft vs. host disease.

Approach to taper

Not specified

Not specified

Taper to alternate-day predinisone by
1-2 months.

20-30% dose reduction every 2
weeks, with smaller absolute
decrements toward the end of the
taper schedue; the prednisone dose
is reduced to 0.1 mg/kg every other
day within 22 weeks; it equates to
adrenal replacement therapy and is
continued for at least 4 weeks.

Approach to dose increase in the
event of cGVHD relapse or
exacerbation

Not specified

If cGvHD flares during steroid taper,
increasing the dose by 1 or 2 taper
steps may be enough to control
symptoms.

Not specified

2-log increase in dose with daily
administration for 2-4 weeks,
followed by resumption of
alterate-day administration which is
continued for at least 3 months
before next attempt of taper.
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Therapeutic agent

Mycophenolate mofeti
(MMF)

Rituximab

Methotrexate

Tacrolimus

Cyclophospharmide

mTOR inhibitor
(sirolimus, everolimus)

Pentostatin

Belumosudil

Bortezomib

Pomalidomide

Abatacept

Tocilizumab

Imatinio

Ibrutinib

Ruxaolitinib

Mechanism of action

Depletes guanosine nucleotides in T and 8
lymphocytes leading to inhibition of their
prolfferation (119)

Humanised chimeric monocional anti-CD20
antibody that induces kiling of CD20* cells by
direct and indirect mechanisms (126)

Multiple actions: (1) suppresses many
inflammatory and immune reactions; (2)
induces T-cell apoptoss; (3) increases the

expression of long non-coding RNA p21, which

regulates many immune and inflammatory
processes; (4) modulates signaling pathways
in T cells, macrophages, endothelial cells and
fibrobiast-like synoviocytes (162)

Calcineurin phosphatase inhibitor (inhibits
Tymphocyte signal transduction and IL-2
transcription) (165, 228).

Alkylating agent

Inhibits mTOR, a kinase regulating mRNA
translation and protein synthesis; stops
cytotoxic T-cell proliferation and dendritic cell
activity; promotes generation of Treqs; and has
antifibrotic, antineoplastic and antiviral effects.
(170)

Inhibitor of adenosine deaminase which is
active mainly in lymphoid system cells,
especially T cells.

Selective Rho-associated
colled-coil-containing protein kinase 2
(ROCK2) inhibitor, decrease of IL-17 and IL-21

Reversible proteasome inhibitor. Inhibits T cells
and prevents activation of dendritic cells that
mediate antigen presentation and cytokine
transcription

Derivative of thalidomide (4,000-fold greater
inhibition of TNF-o than thalidomide)

Blocker of costimulatory signal—it binds to the
costimulatory receptors CD80 and CD86 on
antigen presenting cells and counteracts the
costimulatory signal mediated by the ligand
©D28 > T cell activation inhibitor

IL-6 receptor inhibitor

Tyrosine kinase inhibitor; inhibits BCR-ABL1
fusion protein and inhibits other tyrosine
Kinases of the PDGFR and TGF-p pathways
which play a role in fibrosis.

Tyrosine kinase inhibitor. Inhibits Bruton's
tyrosine kinase which promotes B cell survival
and IL-2-inducible T cell kinase which is
involved in the selective activation of T cells.

Selective JAK1/JAK2 inhibitor. JAK signalling
plays a role in B-cell development and
activation (178) and denditic cell differentiation
and migration (179). Ruxaitinib decreases
T-cell proliferation and activation and reduces
cytokine release (180). Data from murine
models suggest that ruxaoliinib does not inhibit
GuL activity (181).

Response

ORR 60% in a study of 15 pasdiatric patients
3-16 years (220). Best responses in Gl tract
(60% CR), mouth (33% CR) and
non-sclerodermatous skin involvernent (43%
CR). ORR 69% in a prospective study of
imatinib + MMF for 13 paediatric patients (age
5-20 years) with sclerotic / fibrotic SR-cGvHD
(160)

ORR 86.4% in 37 patients (age 8-57 years):
8/37 OR, 24/37 PR. The responses were better
for skin, oral cavity and musculoskeletal
involvement (161)

Meta-analysis by Nassar et al. (163) of 125
patients (age 2-60 years): ORR 77.6%, CR
49.6%, PR 28%. Best responses were
achieved in skin (77%) and liver (72%); 2 out of
2 patients with pulmonary involvement
responded.

ORR 46% in combination with MMF for
refractory cGVHD in 26 patients (7 patients
under 20 years old) (166)

ORR 53% in 13 patients (age 28-67) with
SR-cGVHD (CR 1/18, PR 6/13) (168)

ORR 48.6% in 138 patients (7 patients under
20 years old) at 6 months when used with
prednisone as frontline cGVHD therapy (171)

ORR 53% in paediatric phase 2 trial of
pentostatin for SR-cGvHD in 51 children,
median age 9,8 years (175).

ORR 55% in a prospective phase 2 tral (174) of
58 patients (age 5-64 years)—the response
rate was better among patients <33 years old
vs. >33 years old (77 vs. 37.5%).

Best ORR 74-77% in 65 patients aged > 12
years with persistent cGVHD after 2 to 5 prior
systemic treatment lines (198)

ORR 80% (10% CR, 70% PR) in 22 aduts
receiving bortezomib-+prednisone for nitial
therapy (199)

successful discontinuation of steroids in 2 of 3
paediatric patients with skin GVHD (200)

ORR 67% in 24 adlults with SR-cGvHD at 6
months (201)

ORR 54% in 13 adults with SR-cGvHD (only
PR) (202)

Best ORR 40% in a retrospective study of 15
adults (209)

ORR 44% (PR) in a phase | study of 16 adults
with SR-cGVHD (203)

ORR 70% (PR) in a retrospective study of 11
adults with severe SR-cGvHD (204)

% paediatric patients with refractory cGVHD
decreased NIH overall Grade by one (205)
ORR 79% (37/42% CR/PR) in refractory
CGVHD with fibrotic features (19 patients, age
10-62 years) (124)

ORR 76.9% in 13 paediatric patients with
bronchiolitis obliterans (136)

36% PR (225% improvement) in range of
motion of joints imited by skin fibrosis (20
patients, age 7-60 years) (62).

ORR 85% (PR) at 6 months in 14 paediatric
patients (median age 13,6 years) with cGvHD
who completed the study (8/22 stopped
ibrutinib by 3 months due to side effects or
death) (129) ORR 41.1% at 48 weeks ina
prospective study of 193 patients >12 years
old in the first-line treatment (177)
ORR70-91%

‘Comments

No benefit was found from adding MMF to
first-line treatment for cGVHD (120)

Attention must be paid to anti-infectious
prophylaxis.

Grade lIl-IV haematologic toxicities observed in
17.6%.

Methotrexate is one of the most cost-effective
drugs used in the treatment of SR-cGvHD (164)

799% treatment failure in 39 patients treated
with tacrolimus after first-ine treatment failure
(CsA + prednisone) (167)

Very few retrospective studies. Three of three
adults with cGvHD showed response in liver
and oral cavity (169)

ORR 63-81% in SR-cGVHD in adult studies
(172,173)

Main adverse events include renal toxicities
(when used with CNIs), hyperlipidaemia,
cytopenia and thrombotic microangiopathy.

Toxicity requiring drug discontinuation occurred
in25%.

The drug had a significant steroic-sparing
effect (175)

Overall median time to response was 5 wecks
(range, 4-66)

38% of subjects had > 1 SAE; the most
common was pneumonia (7%), nausea,
diarthoea, asthenia.

Meain side effects: nausea, diarthoea,
thrombocytopenia, peripheral neuropathy

Lack of paediatric data

The most frequent adverse events:
Iymphopenia, infection, and fatigue, muscle
cramps, tremors, neuropathy.

May cause cutaneous inflammation early
after HSCT

Lack of paediatric data

Serious infectious complications in 20%
(mostly puimonary)

Neutropenia, infectious complications

Oedema and fluid disturbances

FDA approval for aduts with refractory cGvHD
~ORR 67% in a study by Mikios et al. (176)
High incidence of infections, bleeing disorders
and hepatotoxicity.

Paediatric pharmacokinetic studies are needed.

High incidence of infection. Phase 3 REACH3
study: (197) significantly greater ORR
compared to best available therapy (49.7 vs.
25.6%) at week 24. The most common
adverse events were anaemia (29.1%),
thrombocytopenia (21.2%), hypertension
(15.8%), and pyrexia (15.8%)

Ruxolitinib for cGVHD in paediatric patients

References

Mozo et al. (182)
Yang et al. (183)
Wang et al. (130)
Moiseev et al. (184)
Uygun et al. (185)

Gonzalez Vicent et al.
(186)

Escamila Gomez et al.
(196)

Zeiser et al. (197)

ECP for the second-line

treatment of cGvHD
References

Salvaneschi et al. (187)
Seaton etal. (188)
Couriel et al. (189)
Kanold et al. (133)
Perseghin et al. (190)
Dignan et al. (191)
Hautmann et al. (192)
Berger et al. (193)
Perotti et al. (194)
Messina et al. (195)

N

19
36
20
17
29

56 (7 patients <14 years old)

330

14
2
7
27
12
82
32
10
2
4

Age range (years)

Response

2-16 ORR91%, CR8.3%

3-17 ‘ORR 80.6%, CR 27.7%

526 ORR 70%, CR 10%

2-17 ORR 81%, CR 20%

03-17 ORR 80%

05-18 ORR 89%

0-73 Best ORR 57,1%

124 REACH 8—Phase il randomised study

(NCT03112603)
Best ORR 49,7%

Age range (yrs) Corticoid sparing ORR (%)
5.4-18.1 Yes 64
18-51 No 36
570 Yes 61
5-18 No 73
917 NA 80
14.1-69.5 Yes 79
6-67 No a4
7-185 Yes 4
Mean 118 Yes 695
03-205 Yes 73

ALL, acute lymphoblastic leukaemia; cGvHD, chronic graft- vs.-host disease; CML, chronic myeloid leukaemia; CN, calcineurin inhibitor; CR, complete response; CsA, cyclosporine A;
ECP, extracorporeal photopheresis; G, gastrointestinal; JAK, Janus kinase; MMF, mycophenlate mofeti; mTOR, mammaian target of rapamycin; N, number of patients; ORR, overall
response rate; PDGFR, platelet-derived growth factor receptor; PR, partial response; SR, steroid refractory; TGFp, tumour growth factor B.
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Comments

Lichenoid and sclerodermoid cGvHD.

« Possible risk of cutaneous infection, skin
atrophy and steroid acne

« Interference with skin healing

* Systemic side effects

« Face: pimecrolimus preferred; if needed, low
potency corticosteroids

Lichenoid and sclerodermoid cGvHD

* Well-tolerated, feasible

* 35 times/week

 Does not reach the dermal layers involved in
deeper sclerotic cGVHD

* Voriconazole and cotrimoxazole: increased
phototoxicity

« Possible risk of cutaneous neoplasm

* Well-tolerated

* 3times/week

« Voriconazole and cotrimoxazole: increased
phototoxicity

« Possible risk of cutaneous neoplasm

* Sclerodermoid cGvHD

* Well-tolerated, feasible

* 3times/week

« Voriconazole and cotrimoxazole:
increased phototoxicity

Lichencid and sclerodermoid cGvHD

Lichencid and sclerodermoid cGvHD
* No skin atrophy
 Possible systemic side effects in infants

Caveat fungal overgrowth

Caveat comeal thinning, infectious keratitis,
glaucoma, cataract

Burning sensation
Well-tolerated

Caveat fungal overgrowth

Ancillary care

Emolients

Occlusive dressings

Systemic antihistamines

Exclusion of infection

Sun protection

In erosions/ulcerations:

Microbiologic cultures

Topical antimicrobials, wound dressings
Consultation of wound care specialist and
GVHD experienced dermatologist

Topical analgesics

Therapy for oral dryness (e.g., salivary
stimulants, sialogogues)

Routine dental care and prevention of related
complications (i.., dental decay)

Lips: topical tacrolimus or pimecrolimus
preferred because of
corticosteroid-associated atrophy of the

Tip vermilion

Exclusion of infection
Consultation of a paediatiic and GvHD
experienced ophthalmologist

Atificial tears, ocular cintments

Punctal occlusion, humidified environment,
coclusive eye wear, moisture chamber
eyeglasses, scleral contact lens

Exclusion of coexisting infection
Water-based or siicone lubricants

Early gynaecology consultation

Avoid glycerin, paraben, fragrance and other
addtive products.

Exclusion  of  coexisting
gastroesophageal reflux
Avoidance of hepatotoxins
Dietary modification
Enzyme supplementation for
insufficiency

Gastroesophageal reflux management
Ursodeoxycholic acid

infection  or

pancreatic

Exclusion of coexisting infection

Fluticasone, azithromycin and montelukast
(FAM)

To enhance mucociliary clearance: inhalation
with hypertonic saline 3-6%

Optimal supportive care

Immunoglobulin substitution

Pulmonary rehabiltation

A, adults; Ad, adolescents; cGvHD, chronic graft- vs.-host-disease; Gl, gastrointestinal; P, paediatric; PUVA, Psoralen ultraviolet light A; UVB, ultraviolet light B.





OPS/images/fped-10-808103/fped-10-808103-t004.jpg
Therapy Side effect

Blood Cardiovascular Visceral Mobility Neurological Hormonal Other
Steroids (114-117) Leucocytosis Hypertension, Peptic ulcer Myopathy, avascular Depression, Insulin resistance, Striae, weight gain,
metabolic syndrome, bone necrosis behavioural changes hyperglycaemia hirsutism, glaucorma,
thrombosis (264), sexual cataract, fatigue
dysfunction
Mycophenolate mofetil Gl toxicity, nausea Peripheral neuropathy Increased risk of skin
(118-122) diarrhoea, abdominal cancer, fatigue
discomfort, hepatitis
Calcineurin Inhibitors ~ Anaemia, Hypertension, Acute and chronic Peripheral neuropathy  Central neuropathy, Impaired glucose Hirsutism, increased
(114) thrombo-cytopenia transplant-refated nephropathy, tubular (264) tremor, psychosis, tolerance, diabetes tisk of skin cancer,
microangiopathy dysfunction PRES, seizures (264) fatigue
(nyperkalaemia,
hyponatraernia,
hypomagnesaemia,
hypercalciuria, and
hyperuricaeria)
Sirolimus (114, 123) Pancytopenia Hypertension, Renal insufficiency, Avascular bone Pneumonitis, fatigue
hyperlipidaemia, proteinuria, coliis, necrosis
peripheral oederma pancreatitis
Imatinib (124, 125) Leukopenia Peripheral oedema Nausea Abdorminal Muscle spasms Sexual dysfunction Oral ulcers, fatigue
discomfort Stifiness
Rituximab B-cell aplasia, hypo- or Depression Fatigue
(111, 118, 125-128) a-gammaglobulinaernia
Ibrutinib (129) Low platelets, bleeding  Hypertension, cardiac ~ Nausea Muscle spasms, Peripheral neuropathy Oral ulcers (137, 138),
arhythmia peripheral neuropathy fatigue
Ruxoltinib (130-132) ~ Pancytopenia, bleeding  Hypertension, Hepatitis, Gl bleeding Dizziness, headaches Weight gain, fatigue
hyperlipidaermia
ECP (133-135) Vascular acoess
complications,
thrombosis

This summary lsts the most common or most severe persistent side effects of therapeutic regimens. For a fulllst of sice effects for each agent, please refer to the most recent product information. cGvHD, chronic graft-vs.-host disease;
ECR, extracorporeal photopheresis; Gi, gastrointestinal: PRES, posterior reversible encephalopathy syndrome (114-122).
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(14-69)
Cho et al. (85) 211 sC AdA v 0s
mean 34 yr
(15-60)
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08-67)
Kim et al. (87) 196 SC P/A v v v v v v NRM/OS
(10-59) u
Pidalactal 68) 427 MC A v v 7 v NRWOS
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Arai ot al. (75) 28 MC A v v v NRM/OS
(19-78)
Arora et al. (89) 5,343 MC P/A v v v v v v v v v v NRM/OS
mean 36 yr MMD CIBMTR risk
(<1-72) score: 6
risk groups
Pérez-Siménetal. 836 MC  P/A v v v v v NRM/OS
(©0) mean 50 yr
(1-69)
Jacobsohnetal. 1,117 MC P ARG v v NAW/OS
) mean 12 yr
(<1-19)
Jacobsohn et al. 458 MC E: v NRM/OS
©) s2yr
Tecchioetal. (93 159 SC  NR v v NRM
Bardetal (04) 189 MC A v v os
(NR)
Inamoto et al. 376 MC A v v v v v s v v v Y NRM/OS
(81,95) (NR) MMD
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(19-79)
Moon et al. (96) 346 SC A v v v v v NRM/OS
mean 46 yr
(18-70)
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=2y
Ayuk et al. (98) 201 SC A v v NRM/OS
median 54 yr
(18-75)
Grbeetal. (16) 243 SC  AdA v v v NRM/OS
mean 48 yr
(16-69)
Moonetal (99 807 SC A v v G v v v v v v v 08, revised
median 46 yr MMD CIBMTR risk
(18-70) score

A, adult; Ad, adolescent; aGvHD, acute graft- vs.-host disease; cGvHD, chronic graft- vs.-host disease; CIBMTR, Centre for International Blood and Marrow Transplant Research; Gl, gastrointestinal; HLA, human leukocyte antigen;
LALG, lower absolute lymphocyte count; MC, multicentre; MMD, mismatched donor; NIH, National Institutes for Health; NR, not reported; NRM, non-relapse mortaliy; OS, overall survival; P, paediatric; PBSC, peripheral biood stem
cell: SC, single centre; UD, unrelated donor; yr, year.
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V', associated with the risk of cGvHD; A, adult; BOS, bronchiolitis obliterans syndrome; Ad, adolescent patients; CMV-+, cytomegalovirus seropositivity; Gr, grade; MC, multicentre; MMD, mismatched donor; MMUD, mismatched
unrelated donor; NR, not reported: P, paediatric; PBSC, peripheral blood stem cell: RIC, reduced-intensity conditioning; SC, single centre; TBI, total body irradiation; TCD, T-cell depletion; UD, unrelated donor; yr, years.
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Study* Patients (V) age Disease Radiation targets TMI dose (fractionation) Chemotherapy Outcomes

range (years)
Wong et al. (317), 20 Relapsed or refractory  Bone, nodes, testes, spleen 12 or 13.5Gy Bu 4,800 pM‘min NRM: 8 of 20 patients
Phase |, 23-52 AML 12 Gy: liver, brain (1.58ID) VP16.80 mg/kg CR: 5 of 20 patients at 20.8-49.4 months
NCT00540995
Stein et al. (311), 51 AML, refapsed or Bone, nodes, testes, spleen 12-20Gy Oy 100 mg/kg NRM: 8.9% at day 100, 8.1% at 1 year
Phase |, 16-57 refractory ALL 12 Gy: liver, brain (1.5-2.0 BID) VP16 60 mg/kg PFS: 40% at 1 year
NCT02446964 08:55.5% at 1 year, 41.5% at 2 years
Steinetal. (311,318), 57 AML or ALL, IF; relapsed  Bone, spleen, node 20Gy Oy 100 mg/kg NRM: 4% at day 100, 6% at 1 year
Phase Il, 16-59 or >CR2 12 Gy: liver, brain (2.08ID) VP16 60 mg/kg PFS: 48% at 1 year
NCT02094794 0S:67% at 1 year
Patel et al. (319), 14 Refractory or relapsed  Bone 3-12Gy Flu 40 mg/m?/day x 4 NRM: 29%
Phase |, 20-65 AML, ALL, MDS, MM, (1.5B8ID) Bu 4,800 pM‘min RFS: 43%
NCT00988013 oML 08:50%
Hui et al. (320), 12 High-risk ALL, AML Bone 15 0r 18Gy Flu 25 mg/m?/day x 3 NRM: 42% at 1 year
Phase |, 255 CR2, CR3, relapse, IF @.08ID) Oy 60 mg/m?/day x 2 Relapse rate: 36%
NCT00686556 DFS: 22%at 1 year
0S: 429% at 1 year
Rosenthal et al. (309), 61 AML, ALL >50 years old  Bone, nodes, spleen 126Gy Flu 25 mg/m?/days x 4 NRM: 80% at 2 years, 33% at 5 years
Jensenetal. (321),  9-70 or comorbidties ALL: testes, brain (1.5BID) Mel 140 mg/m? EFS: 49% at 2 years, 41% at 5 years
Pilot, 0S: 50% at 2 years, 42% at 5 years
NCT00544466
Weliver etal. (322), 16 High-risk AML, ALL, MDS  Bone, brain, testes 12Gy o NRM: 4 of 16 patients
Pilot, 18-75 >50 years old or (2.08ID) Median OS: 313 days
NCT02122081 comorbidities and unable
to undergo TBl-based
regimens.
AlMalkietal (323, 29 AML, ALL, MDS Bone, spleen, nodes 12-20Gy Flu 25 mg/m?/day x 5 NRM: 9.3% at 1 year
Arslanand Al Maki  21-58 CRH high risk, CR2, CR3, 12 Gy: iver, spleen (1.5-2.0 BID) Oy 14.5 my/kg/day x 2 0S: 83% at 1 year
@24), refractory 16 Gy: testes in ALL PTCy 50 mg/kg/day x 2 Relapse rate: 24% at 1 year
Phase |, Haplo-identical 12 Gy: brain in ALL
NCT02446964
50 AML Bone, nodes
3865 CR1, CR2, PR TMLI: bone 13.5Gy; nodes  Thio 5-10 mg/kg NRM: 10 patients
NCT03977108 Haplo-identical 11.7Gyif >60 yearsold  Flu 150-200 mg/m? Relapse: 2 patients
TBI: 135 Gy in nine Oy 30 mg/kg/day Moderate/severe cGvHD: 1 patient
fractions or an 8Gy single  T-cell manipulated graft Moderate/severe cGVHD/RFS: 75%
fraction if <50 years old
Stein et al. (307), 18 AML Bone, spleen, node 20Gy PTCy 50 mg/kg/day x 2 Mild cGVHD: 5 patients
Pilot, 19-56 CR1 and CR2 12 Gy: liver, brain (2.08ID) 0S: 100% at 1 year
NCTO03467386 Matehed donor RFS: 80.8% at 1 year

NRM: 0% at both day 100 and 1 year
Relapse: 3 patients (16.7%)

NCT numbers are Clinicatrials.gov identiers. AML, acute myeloblastic leukaemia; ALL, acute lymphoblastic leukaemia; BID, twice per day; Bu, busulfan; cGvHD, chronic graft-versus-host disease; CML, chronic myeloid leukaemia; CR1,
first complete remission; CR2, second complete remission; CR3, third complete remission; Cy, cyclophosphamide; DFS, disease free survival; EFS, event-free survival; Flu, fidarabine; Gy, Gray; IF, induction failure; MDS, myelodysplastic
syndrome; Mel, melphalan; MM, multiple myeloma; NRM, non-relepse mortaliy; OS, overall survival: PFS, progression-free survival; PR, partal response; PTCy, post-transplant cyclophosphamide; RFS, relapse-free survival; T8, total
body irradiation; Thio, thiotepa; TMI, total marrow iradiation; TMLI, total marrow and lymphoid irradiation; VP-16, etoposide.
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Acute toxicities References

During and n the days to weeks after myeloablative TBI, patients can suffer from toxicities such as parofits, nausea, vomiting, (152, 153)
diarhoea, xerostomia, mucositis, oesophagitis, skin erythema, headache, alopecia, loss of appetite, and fatigue.

Consequence for fractionated TBI

These effects are generall transient. Supporting measures during hospitalisation such as dexamethasone, supplemental IV fluids and

antiemetics, pain medication, and skincare can alleviate complaints.

Lung toxicity References
Interstitial pneumonitis (also: idiopathic interstitial pneumonitis/pneurnonia syndrome): A potentially fatal semi-acute compiication

that can develop in days to months after HSCT conditioning, with a peak incidence at 60-90 days post-HSCT.
General observations

Distinction between idiopathic vs. non-idiopathic pulmonary toxicity in publications is oftentimes ambiguous; standardisation in (154)
diagnostic workup and definitions is needed to clearly correlate IP incidence with TBI parameters in children.

IP occurs more commonly after allogeneic HSCT than autologous HSCT. (155)

After single-fraction TB, IP occurred more frequently (occurting in up to 60% of patients) and was associated with 50% fatality in (156)

studies in the 1970s.

Most series assessing IP after fractionated TBI included adult and paediatric patients with different hematolymphoid diseases and (83, 116, 154, 157-161)
HSCT conditioning protocols.

IP incidences in children vary from O to 35%, typically with a fatal outcome observed in fewer than 20%. (14, 111, 115, 155, 162-169)
1P incidence is affected by lung radiation dose. Factors that reduce the BED (such as lower total dose, more fractionation, lung (97, 115-117, 158, 160, 161, 170)
shielding, and lower dose rates) decrease IP risk.

Specific articles

Esiashvili et al. analysed 127 children with ALL who received allogencic HSCT after TBI-based conditioning in different centres, along 11

with cyclophospharmide, thiotepa, or etoposide. TBI doses of 12 or 13.2 Gy were given as six or eight twice-dally fractions, and lung
doses were variable according to TBI set up and mode of shielding. Although study-reported grade 4 and 5 adverse events were not
clearly related to reported lung doses, OS was significantly better after mean lung doses of <8 vs. =8 Gy (HR 1.85; p = 0.043). Lung
shielding did not cause higher disease relapse.

Sampath et al. performed a retrospective review of 1,090 patients in 20 studies assessing 26 TBI-based and chemo conditioning (117)
regimens; their IP risk model identified lung dose, total dose, fraction dose, cyclophosphamide dose, and busulfan use as predictive

factors for IP. Once-daily fractionated 12 Gy TBl induced an IPS incidence of 11% as compared to 2.3 with 50% lung shielding (p <

0.05). No dose-rate effect was observed.

A 2011 meta-analysis of randomised trials comparing chemoconditioning with TBI-based conditioning (mostly fractionated TBI [}
11-13.5 Gy with variable amounts of lung shielding of 6-13.2 Gy) for allogeneic HSCT in leukaemia patients found no significant

differences for occurrence of IP between these conditioning regimens (RR 1.22, 95% CI 0.79-1.88; p = 0.37).

Long-term lung toxicities (restrictive/obstructive fibrosis and lung function reduction)

Busulfan may be associated with more chronic lung toxicity than fractionated T8I, with restrictive pulmonary disease occurring in up (171-173)
1o 75% of busulfan-treated patients after a median of 3 years.

Development of restrictive/obstructive lung disease after HSCT is multfactorial, including the transplant regimen, diagnosis, donor

major histocompatibilty complex mismatch, chronic GHD, and time after transplant.

‘Consequence for fractionated TBI

Paediatric oncology radiotherapy centres reduce the dose given to the lungs, mostly to a mean dose of 8-10Gy. (@7, 28)
Liver toxicity References
Sinusoidal obstructive syndrome (SOS) is a semi-acute complication of allogeneic HSCT with a mean incidence of 14% after HSCT (174-177)

and high mortality rate for severe SOS.
General observations

Numerous HSCT-conditioning chemotherapies, among which busulfan, as well as TBI are associated with SOS. (175,176, 178)
Higher SOS incidences may be seen with the addiion of other rugs such as sirolimus. (179
In precinical studies and ciinical studies in patients with a haematologic malignancy, busulfan and cyclophosphamide conditioning (17,33, 180, 181)

showed more frequent SOS occurrence than TBI conditioning, although both regimens can cause damage to liver sinusoid
endothelial cells resulting in SOS.

Speci
In a retrospective analysis of 305 leukaemia patients, as well as in a tral of 157 hematolymphoid malignancy patients with (113, 182)
randomised TBI fractionation and dose rates, investigators found no relationship between use of single-fraction 10 Gy vs. fractionated

12Gy in six fractions or different dose rates and SOS incidence.

Girinsky et al. found a significantly higher 8-year incidence of SOS after single-fraction 10Gy T8I (n = 73; 14%) vs. fractionated (112)
14.85Gy TBI (1 = 74; 4%; p = 0.04) in a randomised trial of TBI in acult patients with haematologic malignancies.

Consequence for fractionated TBI

articles

In dose-escalation studies of fractionated TB, SOS was the dose-limiting toxicity at 16 Gy in 2-Gy fractions twice per day, or (82,163, 170)
14-14.4Gy in 1.2- to 1.6-Gy fractions three times per day.
A dose reduction of 10% of 14 Gy over the liver was associated with a lower risk of fatal SOS after fractionated T8I in one studly (/20 (170)

patients without shielding had fatal SOS vs. 5/98 patients with shielding) without an apparent reduction in engraftment (96%)
Itis unclear whether shielding the liver during TBI increases leukaemia relapse risk.

Renal toxicity References

Chronic renal disease (CRD) occurs in ~17% of patients after HSCT (reported range 3.6-89%) and has multiple risk factors including (183-185)
acute renal failure, GVHD, type of transplant, sex, age, TBI (single-fraction vs. fractionated), impaired baseline renal function,

long-term cyclosporine, nephrotoxic drugs, and development of SOS.

General observations

Children are less likely to experience CRD after HSCT than are adults. In a cohort of 148 patients sunviving 2 years after HSCT, 12% (186)
of 91 aduits had CRD vs. 0% of 57 children aged <15 years old.

Fractionated TBl is variably reported as risk factor in children. (118, 166, 187-189)
Radiotherapy-related CRD develops in different stages and is caused by pathological mechanisms such as inflammation, fibrosis, (190)

and vasculopathy.

Specific articles

Ells et al. caloulated a pooled odds ratio for CRD of 2.56 for TBI doses >11 Gy from seven combined cohorts in a meta-analysis. (183)

Based on a meta-analysis, Kal et al. advised to keep the BED <16 Gy, by shielding of the kidneys if needed, to keep the risk of ©7)

TBl-refated CRD below 3%.

Igaki et al. treated 109 adult and paediatric leukaemia patients with 12 Gy TBI in six fractions with and without Kicney shielding; while (191)
2 year survival rates were not significantly different between arms, patients without shielding experienced 21.5% renal dysfunction at
2 years compared with 0% of patients after shielding.

Lawton et al. performed 14 Gy fractionated TBI on 157 adult patients with various hematolymphoid diseases, with varying amounts of (192)
shielding and found lower rates of post-HSCT GRD when higher amounts of shielding were used (actuarial risks of CRD at 2.5 years
were 29 = 7% SE with no shielding, 14 = 5% with 15% shielding, and O with 30% shielding).

‘Consequence for fractionated TBI
Dose reduction to the kidneys to a BED <16 Gy should be considered to reduce the risk of CRD.

Cataracts References

Lenses are very radiosensitive and cataracts frequently develop after TBI-containing conditioning for HSCT.
General observations

Cataract development is more common after single-fraction TBI than after fractionated TBI and is related to dose rate. (121, 122)
TBI when given as 12-14.4 Gy in six to eight fractions is associated with fewer occurrences of cataracts than when given as 12 Gy in (160, 193)
four fractions.

Specific articles

In 2,149 patients in the EBMT registry, Belkacemi et al. reported a 10-year estimated cataract incidence of 60% after single-fraction (121)

TBI (6-11.8Gy), 43% ater fewer than six fractions, 7% after more than six fractions (8.5-16 Gy) (p < 0.001), 30% with dose rate
<0.04 Gy/min, and 59% with dose rate >0.04 Gy/min (p < 0.001).

In a study of 174 paediatric patients with acute leukaemia who received HSCT, cataract incidence after a median of 10 years’ (151)
follow-up was 51.7%, and most patients received 12 Gy TBI in si fractions.
A meta-regression model included 1,386 patients from 21 series in which TBI was administered to a total dose of 0 to 15.75 Gy in (194)

single-fraction or fractionated schedules and dose rates of 0.04-0.16 Gy/min. Dose, dose x dose per fraction, paediaric status
instead of adult, and standard follow-up by an ophthalmologist were predictive of 5-year cataract incidence after HSCT.

In a model established from 17 reports, Kal et al. caloulated that the risk of development of a severe cataract needing surgery was (195)
<5%if lens BED was <40Gy.
Few pacdiatric radiotherapy centres apply eye shielding during T8I, although partial shielding did not increase risk of NS recurrence (27, 196)

in a study of 188 children receiving single-fraction 5-8 Gy or two fractions of 6 Gy TB.
Consequence for fractionated TBI
Dose reduction to the lenses to a BED <40 Gy should be considered.

Endocrinopathies References

General observations

Endocrine dysfunctions have a high prevalence after allogeneic HSCT, even without T8I (197)

The most commonly reported endocrine deficiencies after HSCT are growth hormone deficiencies, subclinical or overt

hypothyroidism, metabolic dysregulation, and pre- or post-pubertal gonadal failure. TBI may cause disturbances throughout

hormonal axes, from the pituitary to secreting organs.

Various researchers did not find significant differences in the rate of endocrinopathies between those paediatric patients receiving (151, 198-200)
fractionated TBI vs. chemoconditioning before HSCT, e.g., In a retrospective multicentre study of paediatric recipients of HSCT with a

median follow-up of 10.1 years, Bernard et al. found higher incidences of hypothyroidism for TBl-conditioned patients than

busulfan-conditioned patients (28.2 vs. 16.2%, respectively, p = 0.04), and equivalent gonadal dysfunction (3.9 vs. 48.1%,

respectively, p = 0.47), but any significant influence of TBI disappeared in multivariate analysis.

Other studies found more endocrine abnormalities atter fractionated TBI than after chemoconditioning, e.g., In a single-centre study (12, 164, 201-205)
after a median follow-up of 13.1 years, significantly more endocrinopathies were observed in 23 children conditioned with TBI than in

17 children receiving chemoconditioning (=1 endocrine deficiency: 91 vs. 41%, respectively, p < 0.05).

Metabolic syndrome, insulin resistance, and abnormal glucose tolerance can oceur in HSCT survivors i the absence of obesity; (206-208)
refated factors such s increased waist-to-hip ratio, abnormal glucose tolerance, fasting hyperinsulineria, diabetes meliitus,

dyslipidaemia, and hypertriglyceridaemia have been observed in retrospective studies in inconsistent numbers and relationships to

TBI.

Consequences after fractionated TBI

With increasing age of childhood ALL sunvivors receiving allogeneic HSCT, disturbances in endocrine systems and the metabolic

syndrome spectrum should be monitored and corrected where possible.

Growth impairment References

‘General observations

Childhood ALL survivors are at risk of growth impairment, especially when treated before puberty, after receiving higher-dose cranial (209)
radiotherapy (220 Gy) or radiotherapy to the spine, and gis are more at risk after gonadal faiure.

TBI is associated with growth impairment through growth hormone reduction and a direct effect on bone growth plates; the latter (210, 211)
occurs mainly after radiation doses of more than the equivalent of 15 Gy in 2-Gy fractions (EQD2)

Final height can be diminished by —1.0 to —2.5 standard deviation scores compared to the average height of the population or the (@12-214)
expected final height calculated from parental heights.

Younger children are more greatly affected than older children, and single-fraction TBI causes a greater decrease i final height than (87, 212-215)
fractionated TBI.

Even after fractionated TBI, the mjority of patients (>75%) reach a final height within the normal range of the average population. [co)
Consequences after fractionated TBI

Growth hormone treatment has a positive effect on growth rate and final height but does not induce a “catch-up effect” and may be (216-218)

less effective in ALL patients than in children receiving HSCT for other reasons.
‘Cardiovascular complications References

‘General observations

After HSCT, endothelial damage s induced by conditioning regimens with or without TBI and by HSCT complications such as GvHD. (219, 220)
Patients receiving HSCT have a higher prevalence of metabolic syndrome and atherosclerosis than general, both of which predispose (220-227)
to cardiovascular adverse events such as myocardial infarction, stroke and peripheral vascular disease.

TBI (as compared to chemoconditioning), TBI dose (<10 vs. > 10 Gy) and T8l fractionation (single-fraction vs. multiple fractions) were (228, 229)

not associated with direct cardiovascular outcomes in several studies.
However, use of TBI conditioning and a higher TBI dose both emerged as risk factors for cardiometabolic traits such as metabolic (208, 206, 223, 230-235)
syndrome, higher fasting insulin, higher blood pressure, adverse lipid profile, subdlinical decreased systolic and diastolic heart

function, and higher waist-to-hip ratio in studiies that followed children after HSCT.

Speci
Accumulated data in 24,215 patients on cardiovascular disease risk 5 years after treatment for chiidhood cancer show an increase in (236)
clinically manifested cardiac sequelae decades after radiotherapy: low-to-moderate radiotherapy doses (5-19.9 Gy) to large cardiac

volumes (=50% of the heart)—as s true for TBI—were associated with an increased rate of cardiac disease (relative rate 1.6, 95% CI

1.1-2.3) compared with no cardiac radiotherapy.

Consequences after fractionated TBI

With prolonged follow-up, TBl-treated patients are at risk for cardiovascular adverse events and should be chronically monitored to

ameliorate risk factors where possible.

articles

Neurocognitive effects References

Itis diffcult to compare studies of neurocognitive function with one other. Different study methodologies, patient characteristics, (237, 238)
treatment schedlules, use or lacking of baseline testing, comparisons with control groups, and the length and manner of follow-up

hamper direct comparisons. Moreover, cogritive function does not always directly relate to educational functioning.

General observations.

Regarding paediatric leukaemia patients who received radiotherapy only in the form of single-fraction or fractionated TBI before (147, 148, 287, 239-243)
HSCT, studies report mostly ciinically insignificant but statistically significant decrements in intelligence quotient (IQ) or sensory-motor

and cognitive functioning, with however profound effects in children receiving TBI before the age of 34 years. This is one of the main

reasons to refrain from TBI at such young ages.

In contrast, various studies of patients with mixed diagnoses found no significant changes in children’s cognitive status after HSCT, (244-247)
even with TBI.

‘The difference may be the additive adverse effect of methotrexate therapy. Even in children with ALL treated without radiotherapy, IQ (248, 249)
deficits of 6-8 points and deficits in several neurocognitive domains as compared with healthy controls are frequent.

Specific articles

The PENTEG group recently modelled the detrimental interaction between cranial radiation and methotrexate. Methotrexate (250)

increased the risk of an IQ <85 to a level equivalent to a generalised uniform brain dose of 5.9 Gy; this effect should be added to any
received cranial radiotherapy dose in the PENTEC risk computation model.

Arecent study by Zajac-Spychala et al. evaluated differences regarding neuropsychological outcomes and anatomical changes on (251)
MRl at a median of 6 years after therapy between paediatric patients with high-risk ALL who were treated with or without HSCT with

fractionated TBI, and newly diagnosed ALL patients. Transplanted patients had significantly lower volumes of white and grey matter

and lower cognitive performance in several neuropsychological domains than the non-transplanted patients. This underlines the.

added detriment of TBI-based HSCT in high-risk ALL patients.

Consequences after fractionated TBI

An expert review from the CIBMTR and EBMT on the neurocognitive dysfunction in both adult and paediatric HSCT recipients (238)
recommends neurocognitive testing in chidren before and 1 year after HSCT and then at the beginning of each new stage of

education.

The vast majority of these children will il display neurocognitive functioning skills within the average population range and their (252)

very-long-term neurocognitive quality of life is likely to be only moderately affected.
Secondary malignancies References
Second malignant neoplasms (SMNs) are a distressing compiication for childhood ALL survivors. Children who have received HSCT (253-257)

form a spedial risk category.
General observations

Chronic GvHD may have influence on the risk of SMN but this has not been systematically observed. (204, 258-260)
Prolonged immunosuppression may play a role in the correlation between chronic GHD and SMN. (261)
Specific articles

In a cohort of 3,182 childhood acute leukaemia survivors who underwent HSCT, 25 solid tumours and 20 post-transplant (260)

lymphoproliferative disorders were observed after a median of 6 years (range 0.4-14.3 years). The cumulative risk of solid cancers
increased to 11% at 16 years and multivariate analyses showed increased risks of solid tumour associated with high-dose T8I of
210Gy as a single fraction or =13 Gy as a fractionated dose, and younger age (especially <5 years old at transplantation).

In a study of 426 children after allogeneic HSCT for multiple indications, 18 out of 20 SMNs occurring at a median follow-up of 11.7 (255)
years (range 5.4-21.5 years) developed after 12-14.4 Gy fractionated TBI.
A study of 826 adolescents and young adults who received HSCT for AML extrapolated a 10-year cumulative incidence of SMN of (262)

4%, which was equally distributed between those patients conditioned with TBI or chemotherapy; 16 tumours were diagnosed after
a median follow-up of 77 months (range 12-194).

Consequences for after fractionated TBI

AIHSCT recipients and their caregivers should be advised about SMN risks and undergo appropriate screening based on the (261)
patient’s predisposition.

Additional late effects References
Additional late effects ocourring in patients who received TBI conditioning before HSCT in childhood include oral/dental sequelae, (263-267)
potential splenic dysfunction, changes in body mass index, and body composition and musculoskeletal complications.

ALL survivors should be followed for late effects according to appropriate risk-based protocols in long-term screening programs. (6,268)

AML, acute myeloblastic leukaemia; AL, acute lymphoblestic leukaemia; CIBMTR, Centre for intemational blood and marrow transplent research; CNS, central nervous system;
CRD, chronic renal disease; EBMT, European society for blood and marrow transplantation; GvHD, Graft versus host disease; HSCT, haematopoietic stem cell transplantation; 10,
intelligence quotient; MR, magnetic resonance imaging; OS, overall survivel; PENTEC, Paediatric normal tissues effects in the ciinic; SMN, secondery malignant neoplasm; SOS,
sinusoidal obstructive syndrome; TBI, total body irradiation.
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References Method  Patients,N  MRD subgroups Outcomes Notes
Knechti et al. (37) PCR 64 Negative CIR: 20% Semi-quantitative PR
>1075 to <103 45%
>10"% 10 <102 100%
van der Velden etal. (38) qPCR 17 Negative CIR: 20% First use of real-time qPCR
Positive 67%
Bader etal. (39) PCR 4 Negative EFS: 78% Semi-quantitative PR
Low-level positivity 48%
(>107% to <107%)
High-level positivity 23%
(>10-3)
Sramkova et al. (40) aPCR 2 Negative LFS: 94%
Positive 0%
Bader et al. (41) gPCR 91 <1074 CIR: 13%
2104 57%
Leung et al. (42) MFC ert <1074 0S: 87%
>107* to <6102 48%
25102 0%
Pulsipher et al. (30) MFC 105 Negative CIR: 25% This was a randomised controlled trial evaluating the addition of
<1073 35% sirolimus to standard GvHD prophylaxis in children with ALL.
>10-3 60%
Balduzzi et al. (43) aPCR 82 <104 CIR: 11% In the same study, post-HSCT MRD was evaluated (see Table 2).
=104 61%
Pulsipher et al. (36) NGS 56 Negative CIR: 0% First study evaluating NGS-MRD in paediatric ALL. NGS-MRD
Positive 16% predicted relapse and survival more accurately than MFC-MRD.
In the same study, post-HSCT MRD was evaluated
(see Table 2).
Sutton et al. (44) aPCR 69 Negative LFS: 83%
Positive 41%
Umeda et al. (45) MFC 36 <104 CIR: 27%
=104 66%
Lovisa et al. (46) aPCR 119 Negative CIR: 20% The level of MRD positivity had a different impact on EFS
<1073 50% according to disease phase at HSCT (CR1 vs. CR2). In the same
>10-3 73% study, post-HSCT MRD was evaluated (see Table 2).
Iiversen et al. (47) MFC and 66 <10-% CIR: 5% Al patients were in CR1 following the same response-driven
aPCR >10-4 23% frontline protocol aiming to achieve pre-HSCT MRD <10~
Bader et al. (48) MFC and 616 Negative CIR: 20% Largest, multicentre study available. The combination of pre-HSCT
GPCR <1074 19% and post-HSCT measurement increased the predictive value of
>107" to <10-% 35% the model.
>10-3 44%

TComplete data were available for 33 ALL patients. ALL, acute lymphoblastic leukaemia; CIR, cumulative incidence of relapse; EFS, event-free survival; HSCT, haematopoietic stem
cell transplantation; LFS, leukaemia-free survival; MFC, multiparametric flow cytometry; MRD, minimal residual disease; NGS, next-generation sequencing; OS, overall survival; PCR,
polymerase chain reaction; qPCR, quantitative polymerase chain reaction.
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Method

GPCR
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NGS

GPOR

MFC and
aPCR

Timing after
HSCT

Days +30, +60,
+90, +180,
+270, +365

Days +30, +60,
+90, +180, +365

Days +30, +100,
+240, +360

Day +30

Day +90

Days +30, +60,
+90, +180, +360

Patients, N

82

13

53

98

59

Median 353
(range
218-386)

MRD subgroups.

Positive (any value, any
time)

>10~4 to <103 (any time)
21072 (any time)

Negative

<1074

=104

Negative
Positive

Negative
<102
=108
Negative
<10-¢
>10-2

Negative
<104

21074 to <10-3
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Outcomes

EFS: 40%

28%
0%

CIR (day +60): 23%
42%

75%

CIR: 13%
73%

EFS: 63%
30%

25%

EFS: 84%
44%

0%

HR (vs. MRD
negative): 1
1.65

439

1458

Notes

Al patients who experienced >1 log
increase in MRD after transplant
ultimately relapsed.

The accuracy of MRD measurements
for predicting relapse was
investigated with time-cependent
receiver operating curves at days
++30, +60, +90, and +180. From day
+60 onward, the discriminatory
power of MRD detection to predict
the probabilty of relapse after 1, 3, 6
and 9 months was >96, >87, >71,
and >61%, respectively.

Relapses in NGS-MRD negative
patients may reflect incomplete
sampiing of hypoplastic marrow;
indeed, NGS-MRD libraries prepared
at the 30-day time point contained
significantly fewer total sequences
than those prepared at any other time
point.

The *kinetics” of MRD (L., increase
or decrease between the different
time points) influenced outcome.

A Cox regression model, which
considered MRD levels pre HSCT in
the context of post-HSCT MRD
assessments, showed that patients
with high and very-high pre-HSCT
MRD positivity who obtained
post-HSCT MRD negativity had low
CIRand high EFS.
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Definition of
AYA

12-18y/o

6-20y/0

13-30y/o

18-85 y/o

15-44 ylo

12-25ylo

10-29y/o0

Not specified

17-26 y/o

Not specified

10-35y/0

Not specified
(>18y/o)

14-2 ylo

12-18y/o

Not specified
(>18y/0)

Not specified
(<18 y/0)

11-18y/o

15-40 y/o

10-18y/0

number of
AYA/number
of patients

116/348

20/43

34/80

405/601

414/522

27/57

1,386/1,993

Unknown/115

84/221

Unknown/1521

69/151

Unknown/593

110/418

150/411

Unknown/528

Unknown/2584

312/765

1,218/2,668

36/70

Aim of the study Type of conditioning:
MAGC TBI-based, MAC

w/o TBI, RIC

Transplantation in Children
and Adolescents with Acute
Lymphoblastic Leukaemia
from a Matched Donor vs.
an HLA-dentical Sibling

* 88% of MSD graft
recipients and 86% of
MUD graft recipients:
MAGC TBl-based.

« The others: MAC w/o TBI

Busulfan vs. total body
irradiation containing

MAC TBI-based vs. MAC
w/o T8I (BU-Cy vs.

conditioning regimens for  TB1-VP16)
children with acute

lymphoblastic leukaemia

Comparison of survivalin ~ Cyclophosphamide (120

HSCT for ALL between
children and AYA

mgrkg) with or without
fludarabine (75 mg/m?) with
total body irradiation (1,320
oGy): 96%

Donor type: MSD, MUD,  Donor source: BM,

MMUD, haplo PBSC, UCB
« MUD (43) « MSD: BM in 83%, PBin
« MSD (44) 15%, and CB in 2%

* MUD: BMin 51%, PBin

43%, CBIn 6%

* MSD BM, PBSC and UCB
« Haplo
« MUD

71% MSD, 19% MUD, 10%  * 51% related UCB

busulfan/cyclophosphamide/fludarabine

or etoposide/total body
iradiation: 4%

523 patients (87%) received
ahigh-dose TBI-based
regimen 78 patients (13%)
received chemotherapy-only
regimens.

Impact of TBl-conditionning
in adult TALL

Role of allogeneic stem cell
transplantation in adult
patients with Ph-negative

10 patients received
reduced-intensity
conditioning regimen 17

acute lymphoblastic patients were conditioned
leukaemia without total body
inaclation

* All other: MAC TBI based

MAC TBI Based vs. MAC
w/o TBI

Impact of total body
irradiation-based regimens
'on outcomes in children and
young adults with acute
lymphoblastic leukaemia

MAC TBl-based, MAC w/o
T8I, RIC

Differences in ciinical
outcomes and
complications across age
groups of patients who
underwent HSCT for ALL

BU- vs. TBl-based
conditioning for adult
patients with ALL.

MAC TBl-based, MAC w/o
T8I

MAC TBl-based, MAC w/o
T8I

Outcome of ALL patients
receiving a related or
unrelated stem-cell graft
from matched donors.

Outcome of full-intensity and reduced-intensity
conditioning for matched sibling or unrelated donor
transplantation in adults with Philadelphia
chromosome-negative acute lymphoblastic levkaeria in
first and second complete remission

Single- vs. double-unit cord  MAG TBI-based, MAC w/o
blood transplantation for T8I

children and young adults

with acute leukaemia or

myelodysplastic syndrome

Comparison of
haploidentical bone marrow
vs. Matched unrelated
donor peripheral blood stem
cell transplantation with
posttransplant
cyclophosphamide in
patients with acute
leukaemia

MAGC TBl-based, MAC w/o
T8I, RIC

Total body iradiation or MAC TBl-based, MAC w/o

chemotherapy conditioning T8I
in childhood ALL
Comparing sibling donors ~ TBI-VP16

with matched unrelated
donors in childhood ALL

MAC TBl-based, MAC w/o
TBlor RIC

Comparison of outcomes
after unrelated cord blood
and unmanipulated
haploidentical stem cell
transplantation in adults
with acute leukaemia

Peripheral biood stem cell
compared with bone
marrow in hematopoietic
transplantation for
pacdiatric acute
lymphoblastic leukaermia

MAC TBl-based, MAC w/o
TBI

Effect of 4 commonly used  MAC TBI based
transplantation conditioning

regimens on leukaemia

relapse,

transplantation-related

mortality, and overall survival

Survival improvements in
adolescents and young
aduts after myeloablative
allogeneic transplantation
for acute lymphoblastic
leukaemia

Role of allogeneic hematopoletic stem cell
transplantation (allo-HSCT), particularly haploidentical
(haplo)- HSCT, in paediatric patients with Philadelphia
chromosomepositive (Ph-+) acute lymphoblastic
leukaermia (ALL)

MMUD * 40% bone marrow
« 10% PBSC

MSD or MUD BM or PBSC

* 139 MSD BM in 184 patients, PBSC

* 143 MUD in 85, UCB in 13.

. 9210710

* 389/10

* 13UCB

MSD, MUD, MMUD, and ~ BM, PBSC

Haplo

MSD, MUD, MMUD, and

Haplo

MSD or MUD BM or PBSC

MSD or MUD BM or PBSC

MSD, MUD, or MMUD BM or PBSC

UCB 6/6 HLA-identical unit  UCB

was preferred to a 5/6

HLA-identical and a 5/6 unit

toad/6.

MUD or Haplo BM for haplo and PBSC for
MUD

MSD or MUD BM, PBSC, UCB

MSD, MUD, or MMUD BM for MSD and BM or

PBSC for MUD/MMUD

Unmanipulated UCB or UCB or unknown

Haplo

MSD or MUD/MMUD PBSC or BM

MSD, MUD/MMUD PBSC, BM or CB

MSD, MUD/MMUD PBSC or BM

MSD, MUD, or MMUD,
Haplo

BMor UCB

Principal outcomes

Risk of ¢-GVHd was double in patients
age >12 years than in patients age
< 12 years (HR, 2.35; 95% Cl, 1.36-
4.08; P = 0.002) Risk of death was
higher in patients age >12 years
compared with those age 2-12 years
(HR, 1.62; 95% Cl, 1.04-2.53; P =
0.034) Risk of non- leukemic death
was almost 3-fold higher in patients
age >12 years compared with those
age < 12 years (HR, 2.91; 95%
Cl, 1.50-5.65; P = 0.001) Among
patients age >12 years:

o d-year EFS was 59 % 8% for MSD
graft recipients and 62 = 6% for
MUD gratt recipients (P = 0.806),
4-year NRM was 19 & 7% for the
former and 20 5% for the latter (P
=0577).

EFS and OS were not significantly
associated with age

EFS > 6y/o: BU
36.3%(11.2-62.7)/TBI
56.3%(27.2-77.6) P = 0.31

Redluction in OS for the AYA group
hazard ratio [HR), 1.74, 95% Cl,
1.04-2.95; P = 0.03 Cumulative
incidence of TRM at 1 year was
higher in the AYA patients compared
with those age <13 years (28% [95%
Cl, 16-41%) vs. 14% [95% Cl,
6-21%); P 1/4.04)

o Syear LFS and OS was 41%
(95% confidence interval (Cl), 37~
46%) and 45% (95% Cl, 40-49%),
respectively.

* The overall 5-year NRM was 25%

(95% Cl, 22-29%) and the 5-year

relapse incidence was 33% (95%

Cl, 29-37%).

Patients who received a TBl-based

regimen had a 5-year LFS of 44%

(95% O, 40-48%) vs. 25% (95%

Cl, 15-85%) for chemotherapy-only

regimen (P= 4 x 10-4)

In the TBI group, the cumulative

incidence of grade II-IV acute

GVHD at day 100 was 40% (95%

Cl, 35-45%) vs. 27% (95% C,

16-38%) for the chemotherapy

group (P = 0.02).

Relapse Free Sunvival (HR, 0.80;

95% Cl, 0.60-1.06; P 5.12) and

0S (HR, 0.76; 95% Cl, 057~

1.02; P 5.069) were not significantly

improved in the SCT cohort.

* The lower cumulative incidence of
relapse (HR, 0.50; 95% Cl,
0.35-0.70; P 0.001) observed in
the SCT cohort was
counterbalanced by a higher
Non-Leukaemia Relapse Mortality
(HR, 1.46; 95% Cl, 1.09 to0 1.95; P
5.011) Advanced age and
administration of a higher number
of pretransplant consolidation
cycles were both associated with a
significantly higher
post-transplant NRM

Patients that received a
non-TBl-based regimen had lower
3-year EFS compared to those who
received TBI: 52 vs. 7%, P = 0.03
Non-TBl-based regimens showed a
higher 3-year cumulative incidence of
relapse: 34 vs. 18%, P=0.13

S-year survival rates of children,
adolescents, and young adults: 70%
(95% confidence interval [Cl],
66-74%), 64% (95% Cl, 60-68%),
and 64% (95% Cl, 60-68%),
respectively, TRM was significantly
higher for adolescents and young
adults compared with children (P <
0.001 and P = 0.005, respectively)
EFS was better among patients
transplanted with a TBl-based
preparative regimen (P = 0.046)
compared with regimens containing
BU. No significant difference in the
cumulative incidence of either acute
or chronic GVHD in patients treated
‘with TBI compared with those treated
with BU (P = 0.56 and P = 0.63,
respectively).

TRM was similar in matched related
and unrelated transplantation. Trend
for higher incidence of severe grade
acute GVHD in matched unrelated
transplants in comparison with
matched related transplants (P =
0.055). In the multivariate analysis,
tendency toward improved DFS in
patients 17-26 years of age

TRM for the older RIC group was
comparable with that seen in the
younger full-intensity cohort.

« Cumulative incidence of relapse
was 14.9 £ 4.2% in the single-unit
armand 23.4 + 4.9% in the double-
unit arm (P = 0.21)

The overall incidences of acute and
chronic GVHD did not differ, but
chronic GVHD was more frequently
extensive after double-unit UCBT.
The 2-year cumulative incidence of
extensive chronic GVHD was 31.9
#+ 5.7% after double-unit vs. 14.7
+ 4.3% after single-unit
transplantation (P = 0.02)

Risk of grade 2-4 acute GVHD (HR
= 058, P = 001) and chronic
GUHD (HR = 0.50, P = 0.02) was
significantly lower in the haplo-BM
group compared with the UD-PB
group.

No significant difference between
the study groups with respect to
relapse incidence, non relapse
mortality, leukaemia-fee survival,
overall sunvival, or GvHD-free and
relapse-free survival.

08 was significantly higher following
TBI vs. chemo conditioning, with a
2-year probability of OS of 0.91 (95%
Cl, 0.86-0.96) vs. 0.75 (96% C,
0.67-0.81), respectively (P = 0.0001).
Two-year EFS was significantly higher
following T8I vs. chemo conditioning
(0.86 [95% CI, 0.79-0.90) v 0.58
[95% Cl, 0.50-0.66), respectively; P
=0.0001). Two-year CIR was 0.12
(95% Cl, 0.08-0.17) folowing T8I and
0.33 (95% C, 0.25-0.40) following
chemo conditioning (P = 0.0001)

* No differences in  incidence
or severity of aGVHD were
observed between MSD-HSCT
and MUD-HSCT patients.
Extensive cGVHD occurred more
frequently after MSD-HSCT. The
incidence of grade 8-4 infection
was significantly higher in the MUD
group. The 4-year EFS rate after
MUD-HSCT was similar to that
after MSD-HSCT (0.67 4 0.03 vs.
0.71 4 0.05; P = 0.405)

Relapse was not statistically different
between the two treatment groups:
HR = 0.82, P = 0.31 NRM was not
different between UCBT and Haplo
recipients: HR = 1.23, P = 0.23. After
Haplo and UCBT, the probabilty of
LFS at 2 years was 28 and 34% (P =
0.49)

3-year probabiity of OS was
significantly higher after BM vs. PB
transplantation (67%; 95%
confidence interval (Cl): 66-68 vs.
62%; 95% Cl: 60-64%; P = 0.0004).
3-year probability of LFS was
significantly higher after BM
transplantation (59%; 95% Cl:
58-60%) than after PB
transplantation (54%; 95% Cl:
53-55%; P = 0.0007). NRM was
significantly higher after PB
transplantation (hazard ratio (HR)
1.38; 95% Cl: 1.04-1.83; P= 0.02)
CIR at 3 years was similar between
the two groups: 29% (95% Cl:
28-30%) and 26% (95% Cl: 24-28%)
after BM and PB transplantation,
respectively (P = 0.29).

Risk of relapse was similar among the
4 treatment groups. Risk of
transplantation-related mortality
differed by conditioning regimen:
those who received TBI > 1,320 cGy
+ Oy + etoposide were at greater risk
for transplantation-related mortality.
Age >10 years (HR, 1.93; 95% Cl,
1.45-2.56; P < 0.001) was
associated with a higher risk of
transplantation-related mortality.
Overall mortality isk also differed by
transplantation conditioning regimen:
Recipients of TBI > 1,320 cGy who
received Cy + etoposide had a higher
mortality risk compared with those
who received Cy alone. Mortality risk
was higher in patients age >10 years
(HR, 1.05;95% CI, 1.22-1.85; P <
0.001)

Older patients having lower 5-year
0S and LFS rates than AYAs, who in
turn had lower OS and LFS rates than
children AYAs having higher 5-year
TRM than children and adults having
higher TRM than AYA Older age was
shown to be associated with poorer
sunival (hazard ratio [HR], 2.04 for
older aclults and 1.57 for AYAS vs.
children, P < 0.001

08, EFS, and CIR rates were
significantly better in the transplant
am in the high-risk group
Haplo-HSCT showed a significant
survival advantage in the high-risk
group only.

MAC, Myeloablative conditioning; RIC, reduced intensity conditioning; TBI, total body iradiation; MSD, Matched sibling donor; MUD, matched unrelated donor; MMUD, mismatched unrelated donor; haplo, haploidentical donor; BM,
Bone marrow; PBSC, peripheral blood stem cell; UCB, unit of cord blood; CIR, cumulative incidence of relapse; LFS, leukaemia free survival; EFS, event free survival; OS, overall survival; DFS, disease free survival; NRM, non-relapse
‘mortality; TRM, treatment related mortality; AYA, adolescents and young adults; ALL, acute lymphoblastic leukaemia; SCT, stem cell transplantation.
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Recommended screening/Prevention

Immunity

Ocular

Ocular clinical symptom evaluation (particularly sicca
symptoms)
Ocular fundus exam

Oral complications

Clinical assessment
Dental assessment

Respiratory

Clinical pulmonary assessment

Smoking tobacco avoidance (active and passive)
Pulmonary function testing/Chest radiography
Cardiac and vascular

Cardiovascular risk-factor assessment

Liver

Liver function testing

Serum ferrtin testing

Kidney

Blood pressure screening

Urine protein screening

Bun/creatinine testing

Muscle and connective tissue

Evaluation for muscle weakness

Physical activity counseling

Skeletal

Bone density testing (adult women, all allogeneic transplant
recipients and patients at high risk for bone loss)

Nervous system
Neurologic clinical evaluation

Evaluate for cognitive development and achievement of
developmental milestones

Endocrine
Thyroid function testing

Growth velocity and growth hormone function in children
Gonadal function assessment (prepubertal men and women)
Gonadal function assessment (postpubertal women)
Gonadal function assessment (postpubertal men)
Mucocutaneous

Skin seff-exam and sun exposure counseling

Gynecologic exam in women

Second cancers

Second cancer vigiance counseling

Screening for second cancers

Psychosocial

Psychosocial/QOL ciinical assessment

Sexual function assessment

6 month

1year

PO

Annually

O

‘Comments

Consider increased risk of cGVHD and infectious
complications in AYA and adapt frequency and duration of
regular monitoring

Consider increased risk of SSC in cGVHD, avoid smoking,
sugar and piercing

PCR monitoring in case of HBV and HCV infection

Avoid nephrotoxic medication

In cGVHD: joint motiity testing, sclerotic changes of skin

Vitamin D and Ca-++ substitution, physical exercise
Risk factor: glucocorticoid treatment, calcineurin inhibitor
exposure

Consider hormonal replacement

Adequate sunprotection of skin

Self exam; risk factor: UV exposure, TBI-based conditioning,

Include mammography in women after irradiation

1, recommended for all patients; 2, recommended for patients with ongoing cGvHD/Immunosuppression; #, reassessment recommended for abnormal findings.
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TCRop-depleted PTGy GIAC

Conditioning MAC or RIG MAG or RIC MAG

Stem cell source  PB BM or PB BMand PB

GVHD risk Low LowwithBM  High

Moderate with PB

Graft failure risk ~ Low Moderate Low

Cost High Low Low/Moderate

Applicabilty Sophisticated Easy Easy
infrastructure needed

Viral infection risk ~High Moderate Moderate

BM, bone marmow; GIAC, GCSF-Intensive immunosuppression-ATG-Combined stem cell
source (Bejiing protocol); GVHD, graft-vs.-host disease; MAC, myeloablative conditioning;
PB, peripheral blood; PTCy, post-transplentation cyclophosphamide; RIC, reduced-
intensity conditioning; TCRB, T-cell receptor of.
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T-cell-depleted hHSCT

1. For a recipient with donor-specific
anti-HLA antibodies, a donor without
the corresponding HLA antigen is
preferred (MFI <1,000)

2. NK-cell alloreactive donor if
available

3. Younger donor over older donor
4. Amale donor for a male recipient
5. First-degree relative over
second-degree HLA-haif-matched
donor

6. Between parent donors, mother is
preferred over father

7. ABO-matched donor

8. CMV-seropositive donor for
CMV-seropositive recipient

T-cell-replete hHSCT

1. For a recipient with donor-specific
anti-HLA antibodies, a donor without
the coresponding HLA antigen is
preferred (MFI <1,000)

2. Younger donor over older donor

3. Amale donor for a male recipient
4. Sibling or offspring donor over
parent donor

5. Between parent donors, father is
preferred over mother donor

6. An ABO-matched donor is preferred
to a minor ABO-mismatched donor,
and a minor ABO-mismatched
donor is preferred to  major
ABO-mismatched donor.

7. First-degree relative over second-
degree  HLA-half-matched  donor
(Beiing protoco))

8. Donor with KIR ligand match
(Bsijing protocol)

9. Donor with NIMA mismatch over
NIPA mismatch (Beijing protocol)

Table modified from Ciurea et al. (73). MFi, mean fluorescence intensity; NK, natural killer;
NIMA, non-inherited maternal antigens; NIPA, non-inherited paternal antigens.
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Characteristic
Total, n (%)
Female
Male
Median age at HSCT, years (interquartile range)
Time from ALL diagnosis to HSCT, n (%)
<1 year
>1 year
Remission status at HSCT, n (%)
CR1
>CR1
Number of TBI fractions, n (%)
6
8
Additional radiotherapy close thyroid before HSCT, n (%)
Stem cell source, n (%)
Bone marrow
Peripheral blood stem cells
Doror type, n (%)
Matched unrelated donor
Matched sibling donor
T-cell depletion (anti-thymocyte globulin), n (%)
aGvHD of Grade II-IV, n (%)
CGVHD, n (%)
Miid
Moderate
Severe
Humoral immune dysregulation, n (%)
Antinuclear antibodies (with or without others)
Thyroid antibodies
Outcome
Functional thyroid disorders, 1 (%)
Overt hypothyroidism
Subclinical hypothyroidism
Immune thyroiditis
Structural thyroid disorders (of 61 evaluable patients)”, n (%)
Volume changes
Benign nodules
Oysts
Adenoma
Papilary carcinoma

97 (100%)
30 (31%)
67 (69%)

10.3 (2.4-26.2)

63 (64%)
34 (36%)

73 (75%)
24/(25%)

63 (64%)
34 (36%)
28 (28%)

78 (80%)
19 (20%)

55 (56%)
42 (44%)
54 (55%)
29 (29%)
22 (28%)
3(14%)
2(9%)
17 (717%)
56 (58%)
17 (80%)
10/(18%)

39 (40%)
8(20%)
28 (72%)
3(8%)
36 (59%)
23 (84%)
7 (19%)
3(8%)
18%)
2(6%)

*Ih 61 patients, resuits of ultrasound examination were avaiable for analysis of
structural thyroid changes (percenteges are out of 61). aGvHD, acute graft-versus-host
disease; cGYHD, chronic graft-versus-host disease; CR, complete remission; HSCT,

haematopoietic stem cell transplantation; TBI, total body irradiation.
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Parameter

Univariate analysis
Interval between <1 year
ALLand HSCT =1 year

Age at HSCT <6 years
6-10 years
=10 years
Sex Fernale
Male
Stem cell source  PBSC
BM
Doror MSD
MUD
Antithymocyte  No
globuiin Yes
Number of T8I 6
fractions 8
Additional Yes
radiotherapy No
cGVHD Moderate or severe
None or mild
Parameter

Binary logistic regression
CGVHD (any severity)

cGVHD (moderate/severe vs. none/mild)
Prolonged immunosuppressive treatment
Humoral immune dysregulation

Functional thyroid disorders (39 of 97 patients)

n (%)

19 (49%)
20 (51%)
11 (28%)
10 (26%)
18 (46%)
13 (33%)
26 (67%)
8(20%)
31 (80%)
13 (33%)
26 (67%)
13 (34%)
26 (66%)
30 (30%)
9(9%)
6(6%)
33 (34%)
4(10%)
35 (90%)

10-year cumulative
incidence

56%
32%
63%
26%
36%
38%
40%
42%
30%
30%
46%
28%
49%
56%
18%
15%
48%
21%
45%

0Odds ratio

1.467
0.303
0.590
25612

P-value (x?)

0038 (4.318)

0345 (2.127)

0825 (0.04)

0530 (0.394)

008 (2.937)

0044 (4.037)

0001 (11.44)

0017 (5.730)

0.047 (3.945)

Structural thyroid disorders (36 of 61 evaluable patients*)

n (%)

16 (45%)
20 (55%)
11(31%)
10 (28%)
15 (41%)
10 (28%)
26 (72%)
7 (19%)
29(81%)
10 (28%)
26 (72%)
9(25%)
27 (75%)
28 (78%)
8 (22%)
10 (28%)
26 (72%)
6(17%)
30 (83%)

95% confidence interval

10-year cumulative
incidence

79%
7%
81%
76%
79%
76%
83%
81%
7%
78%
79%
78%
79%
82%
62%
84%
76%
66%
80%

0.656-3.279
0.092-0.993
0.216-1.610
0.832-7.681

P-value (x?)

0.985 (0.0003)

0.240 (2.784)

0.476 (0.507)

0511 (0.430)

0.730 (0.116)

0.730 (0.116)

0.265 (1.230)

0,656 (0.198)

02111 (1559)

P-value

0.350
0.048
0.302
0.102

*In 61 patients, reslts of ultrasound examination were available for analysis of structural thyroid changes (percentages are out of 61). BM, bone marrow; cGvHD, chronic graft-versus-host
disease; HSCT, haematopoietic stem cell transplantation; MUD, matched unrelated donor; MSD, matched sibling donor; PBSC, peripheral blood stem cells; TBI, total body irradiation.
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Organ Severity Modified Glucksberg (Keystone aGvHD consensus) MAGIC criteria (68)

stage criteria and IBMTR criteria (66, 67)
Skin 0 No rash
1 Rash <25% BSA
2 Rash 25-50% BSA
3 Rash >50% BSA
4 Generalised erythroderma with bullous formation Generalised erythroderma (>50% BSA) plus bullous
formation and desquarmation >5% BSA
Liver 0 Total serum bilirubin <2 mg/dL.
1 Total serum bilirubin 2-3 mg/dL.
2 Total serum birubin 3.1-6 mg/dL
3 Total serum biliubin 6.1-15 mg/dL_
4 Total serum bilirubin > 15 mg/dL
Upper Gl tract 0 No persistent nausea and no histologic evidence of No or intermittent anorexia or nausea or vomiting*
GVHD in the stomach or duodenum
1 Persistent nausea with histologic evidence of GVHD in Persistent anorexia o nausea or vomiting"
the stomach or duodenum
Lower Gl tract 0 Diarrhoea <500 ml/day Diarrhoea <10 ml/kg/day or <4 episodes/day!
1 Diarrhoea >500 ml/day Diarrhoea 10-19.9 ml/kg or 4-6 episodes/day"
2 Diarrhoea >1,000 mi/day Diarrhoea 20-30 mi/kg/day or 7-10 episodes/dayt
3 Diarhoea >1,600 mi/day Diarthoea >80 ml/kg/day or >10 episodes/day’
4 Severe abdominal pain with or without fleus Severe abdominal pain with or without leus or grossly

bloody stools (regardiess of stool volume)

Adepted with permission from Schoemens et al. (70).

*Anorexia accompanied by weight loss, nausea lasting >3 days or accompanied by >2 vomiting episodes per day for =2 days.  One episode of diarrhoea in chidren weighing <50kg
s considered equivalent to 3 mL/kg. aGvHD, acute grat versus host disease; BSA, body surface area; G, gastrointestinal; IBMTR, Interational blood and marrow transplent registry;
MAGIC, Mount sinai acute GvHD intemational consortium.
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Overall grade (modified  Modified glucksberg MAGIC criteria (69) Minnesota criteria (68)  IBMTR criteria (67) Overall

glucksberg/MAGIC/ criteria (keystone grade
Minnesota) aGVHD consensus) (66) (IBMTR)
0 No organ invalvement 0
1 Skin stage 1 or 2, without liver/Gl involvement A
I Skin stage 8, and/or liver stage 1, and/or Gl stage 1 Skin stage 2, and/or lver B
stage 1 or 2, and/or GI
stage 1 or 2
] Liver stage 2 or 3, and/or  Liver stage 2 or 3, and/or  Liver stage 24, and/or GI  Skin stage 3, and/or lver G
Gl stage 2-4 Gl stage 2 or 3 stage 2 or 3 stage 3, and/or Gl stage 3
Y Skin stage 4, and/or liver  Skin stage 4, and/or liver  Skin stage 4, and/or GI Skin stage 4, and/or lver D
stage 4 stage 4, and/or Gl stage 4 stage 4 stage 4, and/or Gl stage 4

Adapted with permission from Schoemens et al. (70).
aGvHD, acute graft versus host disease; Gl, gastrointestinal: IBMTR, International blood and marrow transplant registry; MAGIC, Mount sinai acute GvHD international consortium.
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Grade

Grade | aGvHD

Grade Il aGVHD with
isolated skin or upper
gastrointestinal tract!
Grade Ill aGvHD beyond
isolated skin or upper
gastrointestinal tract

Grade Ill and IV aGvHD

Treatment

Topical treatment with either steroids or
calcineurin inhibitor (tacrolimus or
pimecrolimus)". In younger children, side effects
may occur more frequently due to the larger
ratio of skin surface to body weight. Potent
steroids should ot be applied to the face

Low-dose steroids: 1 mg/kg/day prednisone or
methylprediisolone plus topical treatrment
(Combine with topical treatment)

Steroids: 2 mg/kg/day prednisone or
methylprednisolone. For patients with
gastrointestinal involverent or oral intake
impairment, the intravenous route would be of
choice (Combine with topical treatment)
Steroids: 2 mg/kg/day prednisone or
methylprednisolone. For patients with
gastrointestinal involvement or oral intake
impairment, the intravenous route would be of
choice (Combine with topical treatment)

*Topical treatment to refleve itching and prevent skin breakdown: (1) hydrocortisone 0.5~
1% when the skin involvement is very superfiial and also for delicate areas, such as
the face and genital area, (2) betamethasone and triamcinolone in the case of more
intense affectation but avoiding use in delicate areas; o (3) a topical calcineurin inhibitor
tecrolimus and pimecrofimus). T Gastrointestinal aGvHD mey benelit from topical steroids
inanon-absorbable form, i.e., beclomethasone or budesonide. aGvHD, acute graft versus

host disease.
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Methodology

Reference(s)

Type of study

ALL patients, n

Cumulative incidence
of relapse

Overall survival

Leukaemia-free survival

ALL, acute lymphoblastic leukaemia; CIR, cumulative incidence of relapse; CR, complete remission; HSCT, haematopoietic stem cell transplantation; LFS, leukaemia-free survival; OS,

PTCy

Ruggeri et al. (60)

Retrospective, registry based
(EBMT, multicenter)

180

2-year CIR: CR1: 25% CR2:
37% CR3: 50%

2-year OS: CR1: 76% CR2: 61%
CR3: NR

2-year LFS: CR1: 66% CR2:
44% CR3: NR

overall survival: NR, not reported; Ph, Philadelphia chromosome.

Beijing Protocol

Xue et al. (15), Xue et al. (63), Xu
etal. (66)

Retrospective, single center

B-cell ALL: 42
Ph* ALL: 37
T-cell ALL: 48

3-year CIR:
B-cell ALL: 11.9%
Ph* ALL: 16.9%
T-cell ALL: 30.8%
3year:

B-cell ALL: 81%
Ph* ALL: 87%
Tecell ALL: NR
3year LFS:

B-cell ALL 81%
PhALL 77%
Tecell AL 54.4%

Ex vivo T-cell depletion

Bertaina et al. (35)
Retrospective, multicenter

68

5-year CIR: 29%

5-year OS: 68%

5-yoar LFS: 62%

Diaz etal. (74)

Prospective, observational,
single center
28

2-year CIR: 28%

NR

2-year LFS: 36%
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References N Median age

(range), years

Post-transplant cyclophosphamide

Ruggeri ot al. 180 9
(60)

Katsanis et al. 13 19.4 (4.6-26.1)
(99)

Medina et al. 52 9(1.1-17)
(78)

Trjllo etal. 42 1217
(100)

Bergeretal. 33 12 (1-21)

(75)

Hongetal. 84 11.1(0.9-20.8)
(101)

Uygunetal. 62 83(0.4-20)
(102)

Dufortetal. 23 15 (1-26)

79

Perez- 4“1

Martinez et al.

(95)

Ex vivo T-cell depletion

Bertaina et al. 98
39

66(0.1-17.3)

Locatelii et al. 80
41

9.7 (0.9-20.9)

Dufortetal. 17

(79)

6(05-17)

151

Perez-
Martinez et al.
©9)

9.05 (IGR: 7.92)

Lang etal. (9) 41 9(2-18)
Diazetal. 60(63  9(1-19)
(74) HSCT)

Wang etal. 756 25 (3-67)
(103)

Wangetal. 103 26 (18-56)
(14

Di 80 37 (6-71)
Bartolomeo

etal. (12)

664 (IOR 9.035) ALL (58.5%) AML

HSCT indication  Disease status at
HSCT

ALL (100%) CR1 (24%)
CR2 (45%)
>CR3(12%)

Active disease (19%)

ALL (0 =7;53.8%) ALL:

AML (0 =3; 23.1%) ORI (1= 1; 14.3%)

Lymphoma(n= CR2 (n="5;71.4%)

2; 15.4%) CR4 (n=1; 14.3%)

Undifferentiated

leukaemia (0 =

1,7.7%)

ALLE1%)AML  Leukemia (0 = 45):

(25%)MDS (8%)  CR1 (42.2%)

CML (2%) NHL (2%) >CR2 (48.9%)

HL (2%) Active disease (9.8%)

ALL(62%)AML  CR1 (33%)

(31%) JMML (6%) ~ CR2 (50%)

CML (2%) CR3 (14%)
Refractory (3%)

ALL (45%) AML CR1 (24.2%)

(21%) Denditic cell  CR2 (30.3%)

leukaeria (3%) MDS CRS (15.2%)
(12%) CML(3%)  Other (30.3%)
Lymphoma (HL and
NHL) (15%)

ALL (82.4%) AML
(20.6%) MPAL
(8.8%) Other
malignant (5.9%)
Non-malignant
(82.4%)

Malignant (63%) ALL CR1 (28%)

(= 22; 56.4%) AML >CR2 (72%)
(n=7; 18.0%) SAML
(1=2:5.1%) NHL (0

7.7%) MDS (0 =

7.7%) IMML (0 =

2;,5.1%)

Non-malignant (37%)

ALL (0 = 12; 52.2%) CR1 (0

CR1 (47.1%)
>CR2 (20.6%)
N/A (32.3%)

Refractory (1 = 3;
13%)

Other (0 = 3; 13%)
MRD in leukaemia:
<0.01(63.9%)
2001 (36.1%)

(24.4%) MDS (7.3%)
JMML (2.4%) CML
(2.4%) Biphenotypic:
(4.9%)

ALL (68%) AML
(32%)

ALL:
CR1 (28%)
CR2 (57%)
Other (15%)
AML:

CR1 (77%)
CR2 (23%)
Other (0%)
ALL:

CR1 (19%)
CR2 (46%)
>CR3 (5%)
AML:

CR1 (20%)
CR2 (10%)
CR1(n
CR2 (n

ALL (70%) AML
(30%)

47%)
41.2%)

Other (n = 2; 11.8%)
23.5%) CML (n

1;5.9%) MDS (0 =

1;5.9%)

ALL(54.3%) AML  MRD in leukaenia:
(33.8%) MDS (6%)  <0.01 (62.4%)
JMML (4.6%) >0.01 (37.6%)

Biphenotypic (1.3%)

ALL (1 = 20; 48.8%) Malignancies (n =
AML (0 =9; 21.9%) 36):

MDSWMML (= First HSC
3; 7.3%) Relapsed CR1/CR2 (n =
solid tumours (n = 6;16.7%)

4;9.8%) >CR3 (n=4; 11.1%)

Non-malignant (= Active disease (1 = 4;

5;12.2%) 11.1%)
Subsequent HSCT:
CR1/CR2 (n =
16.7%)
=ORB (0 = 8; 22.2%)
Active disease (1 = 8;
22.2%)

ALL(44%)AML  CR1 (36%)

(439%) MDS (8%) HL CR2 (32%)

(3%) NHL (2%) >CR3 (32%)

AML (42.5%) ALL  AML:

(89.5%) CMLL (18%) CR1 (0 = 284;
30.9%)

CR2 (1 = 29;3.8%)
>CR3(n=5;0.7%)
Non-remission (0 =
53, 7.0%)

ALL:

CR1 (0= 183;
24.2%)

CR2 (0 = 38;5.0%)
>CR3 (0= 4 0.5%)
Non-remission (n =
14; 1.9%)

Ph (0 = 60; 8.0%)
oML:

First chronic phase (1
=77,102%)

Later chronic phase
(n=59;7.8%)

ALL, high-risk (100%)CR1 (100%)

ALL (n = 15; 18.8%) ALL (0
AML (0 = 45; 56.2%) CR1 (0
CML (n=5:62%) CR2(n

MDS (0= 3;8.8%) >CR3(n=5;33.3%)
HL (0 = 5;6.2%) NHLAML (0 = 45):
(n=2;2.5%) PlasmaCR1 (n = 21; 46.7%)
cell leukaemia (1 = CR2 (n = 13;28.9%)
3,3.8%) Other (1= >CR3(n=11;
2;,2.5%) 24.4%)

15):
53.4%)
2;13.3%)

Stemcell  Conditioning T cell depletion Immuno- Median aGvHD cGvHD
source  regimen (in vivo/ex vivo) suppression follow-up (range)
(duration)
Grade Grade All  Extensive
- -
Cy dose mg/kg
(days)
BM (64%)  TBl-based 50(+3,44)  CNIMMF MTX 2.7-years 283% 12.4% 21.9% 95%
PBSC (36%) (25.6%) (no dataon
MAC/chemother. duration)
(61.7%)
RIC (22.7%)
Nodata  TBi-based (n=7; 69.2%:50 (+3, MMF(8d)+ 156 308% 0%  231% 16.4%
100% of ALL)  +4); 15.4%: 50 tacrolimus (1.5-31.2) months.
Busulfan-based (1 (+3) and 40 (+4); (median 149 d;
=6,100% of  15.4%:50 (+3) range 95-222)
others) and 20 (+4)
BM(60%) Busuffan-based 50 (+3,+4)  81% CsA+MTX Nodata 42%  85% 19%  Nodata
PBSC (40%) (1 = 50) (no data)
19% CSA + MMF
(no data)
PBSC TBl-based (100%) 50 (+3, +4) MMF (60d)+ 45 months 43% 17%  29%  Nodata
(100%) CsA(6months)  (sunviving patients)
BM@1%)  MAC (42%) 50 (+3, +4) MMF(85d)+  383(61-1203) 22% 8% 4%  Nodata
PBSC (9%) NMA (57%) 60.6% tacrolimus days
(180 ), 39.4%
CsA (180 d)
PBSC (100%)Busulfan-based 50 (+3, +4) MMF (35d)+ 26 (1-50) months 38.2% 5.9%  Nodata 9.1%
(100%) tacrolimus (812
months)
BM (31%) BMBusUlfan-based  47% 50 (+3, +4, 35% CNI+Mp; 26 (6-57) months 47%  Nodata 11% 5%
+ (73%) +6); 53% (+4, +5)85% CNI (6-12  (survivors)
PBSC (66%) TBI-based (3%) months) + MMF
PBSC (8%) Other 24%) (1-8 months)
PBSC (100%)MAC (16) 50 (+3, +4) MMF (45 d) + CSA17 (7-76) months 45% 5%  53%  12%
RIC (7) ©0d) (survivors)
PBSC (78%) Busulfan- 50 (+3, +4) MMF + tacrolimus 722 (QR914.5)  52.6% 282% 47.7% Nodata
BM (22%)  /melphalan-based (4 months) days
(100%)
Type of depletion
PBSC TBl-based (74%) f/CD19neg.  ATLG odate) 33 (15-7.0,for 16% 0% 6% 1%
(100%) Busulfan-based  selection surviving patients)
(18%) years
Treosulfan-based
7%)
Other (1%)
PBSC (100%) TBI-based (75%) o/CD19neg.  ATLG (d -5 to ~3)46 (26-60) months30% 0% 6% 0%
Busulfan-based  selection
(25%)
PBSC (100%)RIC (100%) 100%: CD3 neg. CsA (30 d) 86(30-128)  20% 7% 9% 9%
selection, 64.7%: months (survivors)
additional CD34
pos. selection
PBSC (100%)Busulfan- 54.3%: CsAorMMF  596(QR1203) 30.6% 147% 286% Nodata
/melphalan-based CD3/CD19 neg. (30 d) days
(most) selection; 22.6%:
Heterogenous  of/CD19 neg.
(other centres) selection; 14.6%:
CD34-+ purified
and CD45RA
naive depleted;
8.6% CD34+
purified
PBSC (100%)Melphalan-based of/CD19neg.  17%: OKT3 (d —8 1.6-years 0% 15%  18% 9%
(100%) selection to—1) (survivors)
83%
ATG-Fresenius (d
~12t0-9)
PBSC (100%)Busulfan-based  of/CD19neg.  CsA (until 28 (4-72) months 34%  30%  25%  10%
(100%) selection engraftment)
BM + PBSC Busulfan-based  n.a. CsA(d-9t09 1,154 43% 4% 53%  28%
(100%) (100%) months) + MMF (d(335-3,511) days
~9t0 +60) + MTX
d+1,3,7;
intervals of 7d
max. 8 doses)
BM + PBSC Busulfan-based  n.a. GCsA-+MMF+ 1,031 28% 6%  38%  14%
(100%) (100%) MTX (no data) ~ (370-1,638) days
BM + PBSC MAC (80%) na. ATG Fresenius (d 18 (6-74) 24% 5%  12% 5%
(100%) RIC (20%) —4t0 —1); CsA (d months
~7 10 d 365); MTX
(d+1,3,6,11);
MMF (d 7 tod
100); basiliximab
(d0,d4)

aGvHD, acute greft-vs.-host disease; ALL, acute lymphoblastic leukaemia; AML, acute myeloid leukaemia; ATG, anti-thymocyte-globuli; BM, bone marrow; CML, chronic myeloid leukaemia; cGvHD, chronic graft-vs.-host disease;
CR, complete remission; CsA, Cyclosporine A; Cy, Cyclophosphamide; HL, Hodghin lymphoma; HSCT, haematopoetic stem cell transplantation; IQR, interquartile range; JMML, juvenile myelomonocytic leukaemia; LCH, Langerhans
cell histocytosis; MAC, myeloablative conditioning; MDS, myelodysplastic synrome; MMF, mycophenolate mofetii: MPAL, mixed-phenotype acute leukaemia; MTX, methotrexate; Ph, Phiadelphia chromosome; NHL, non-Hodgkin
lymphoma; PBMC, peripheral blood stem cells; RIC, reduced-intensity conditioning; SAML, secondary AML; TB; total body irradiation.





OPS/images/fped-09-784377/crossmark.jpg
©

2

i

|





OPS/images/fped-09-782785/fped-09-782785-t001.jpg
Children’s oncology group (35)

Low

Late B-ALL marrow, end-block 1
MRD <0.1%

Late IEM, end-block 1 MRD <0.1%

Intermediate

Late B-ALL marrow, end-block 1
MRD =0.1%

Late IEM, end-block 1 MRD >0.1%

High
Early B-ALL marrow

Early IEM

T-ALL relapse, any site and timing

BFM group (36)

Low (S1)
Late IEM relapses

Intermeciate (S2)
Early IEM relapses

Late B-ALL isolated marrow relapses.
Early/late B-ALL combined relapses
Very early [EM relapses

High (83 and S4)

Very early and early B-ALL marrow
relapses

Very early B-ALL combined relapses
T-ALL marrow relapses (regardiess
of timing)

UK group (37)

Standard
Late IEM relapse

Intermediate

Early [EM relapses

Late B-ALL isolated marrow relapses
Early/late B-ALL combined relapses

High
Very early IEM relapse

Very early and early B-ALL marrow relapses.
Very early B-ALL combined relapse

T-ALL marrow or combined relapse,

any timing

IntReALL consortium

Standard ($1 and some §2)

Early and late IEM relapses, of B-ALL or
TALL

Late B-ALL isolated marrow relapses
Early/late B-ALL combined relapses

High (83, 4 and some S2)

Al very early relapses, irespective of site
and phenotype

Early B-ALL isolated marrow relapses
TALL marrow relapses, combined or
isolated (regardless of timing)

COG definitions: IEM relapse (<18 months from diagnosis), late IEM (=18 months from diagnosis); early marrow relapse (<36 months from diagnosis), and late marrow relapse (=36

months from ciagnosis).

BFM and UK definitions: very early (<18 months from diagnosis), early (18 months from diagnosis but <6 months after end of treatment), and late (6 months after end of treatment).
IEM, isolated extramedulary disease; B-ALL, B-cell-acute lymphoblastic leukemie; MRD, minimal residual disease; BFM Group, Berln-Frankfurt-Munster Group; T-ALL, T-cell-acute

Iymphoblastic leukemia.
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B-ALL Newly
Diagnosed

Hypodiploid AL
Induction Failure
Positive MRD

1(17;19)
TCF3-HLF
IKZF1Pue

T-ALL Newly
Diagnosed

ALL Relapse

Special Groups
Infant ALL

Ph+ALL

MPAL

COG

Positive EOC-MRD
Positive EOC-MRD

NCI HR: EOC MRD any value
NCI SR: EOC MRD >1%

coG

Positive EOC MRD >0.1%

T-ALL with PIF

coa

Marrow relapse: early or late with
MRD >0.1%

IEM relapse: early or late relapse with
MRD >0.1%

Tcell ALL: any relapse

CoG

KMT2A-AFF1 rearrangement and
positive EOC-MRD

coG

Positive EOC-MRD

COG

Positive EOC-MRD

BFM-AIEOP

Positive EOC-MRD
Positive EOC-MRD
AlPCR-MRD =5 x 10~ at EOC

Al cases of TCF3-HLF, irrespective of
MRD

IKZF1P%s and FCM MRD d15 >10%
and PCR-MRD EOI pos, EOC pos <5
x 104

IKZF1P5 and FOM MRD d15 <10%
and EOC 26 x 107#

BFM- AIEOP
T-ALL: PPR and/or FCM-MRD d156
>10% with either:

PCR-MRD positive at EOI, or
EOCMRD 25 x 10 -4

IntReALL

ALLTogether1

As below, according to MRD

Al patients < 18 years of age:

MRD 20.05% at EOC (TP2) or

MRD 5% at EOI (TP1) and 20.5% mid-consolidation day 50
(TP1.5) unless targeting for CASSIOPEIA

MRD re-appearance (early B-cell recovery following CAR T
cell(re-Jinfusion in CASSIOPEIA

Additionally, in patients =16 years at diagnosis:

MRD at TP1 25% regardless of subsequent MRD levels or
NI high-risk disease at diagnosis and MRD at TP2 20.01%
or

Extramedullary disease not in CR1 at TP2

Al cases, irrespective of MRD levels at TP1, TP1.5 or TP2

As above, according to MRD

ALLTogetherd

MRD >6% at TP1 and MRD >0.5% at TP1.5 or

MRD 25% at TP1, MRD <0.5% at TP1.5, but detectable at
TP2or

MRD <5% at TP1, but MRD >0.05% at TP2 or
Extramedullary disease, who are not in CR1 at TP2

Al HR relapse (see IntReALL risk groups in Table 1)

SR relapse with positive MRD EOI, or early isolated EM relapse if MD available

Interfant group

Interfant-06 criteria: KMT2A-rearranged and age <6 months at diagnosis with either WBC >

300,000/l or PPR

EsPhALL

Current EsPhALL criteria: EOG MRD =5 x 10~* (high positive) or <5 x 10~ (low positive) at EOC
and siill positive at any level at end of HR block 3

BFM- AIEOP

Positive EOC-MRD

1-BFM AMBI 2018

No CR at defined time points during ALL or AML therapy

[EM, isolated extramedullary disease; MPAL, mixed phenotype acute leukemia; PIF, primary induction failure; COG, Children’s Oncology Group; EOC, end of consolidation; NCI, National
Cancer nstitute; HR, highrisk; SR, standerd risk; BFM-AIEOR, Berlin-Frankfurt-Munster-Associazione ltaliana Ematologia Oncologia Pediatrica protocol; PCR, polymerase chain reaction;
FCM, flow cytometry; MD, matched donor; ESPRALL, European study for pediatrics Ph-+ ALL; CR, complete remission; CR1, first complete remission; TP1, time point 1; TP2, time
point 2: CAR, chimeric antigen receptor.
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Immune cell  Interaction with acute GVH Age group References  Comments.
subset
CD4* Theells  Higher numbers attenuate aGvHD Pacdiatric ©8) Often, CD4* T cells not only include
Th but also Treg (98)
CD4* IR had no impact on aGvHD @9
Increased CD4* at day +28 associated with increased risk of aGVHD ~ Paediatric/adolescent (100)
Early CD4* IR predictive for better outcome after aGvHD Pacdiatric (10)
No impact of CD4-+ IR on aGvHD 1
TREC lovel High S|TREC levels correlate with lower incidence of aGvHD grade I-IV Adult/adolescent  (101) Ratio of S[TREC to BTREC may mark
thymic prolferation
jand BTRECS levels lower in aGvHD at >6 months
Recovery of thymic output in resolved aGvHD at >12 months in (102)
adolescents (<25 years old)
CD8* Teells  Early recovery associated with increased risk of aGvHD Aduit (100)
Increased CD4* T cells at day +28 associated with increased risk of
2GVHD
High numbers of Tey (CD389CD8* effector memory T cells) prediot Paediatric/adut )
aGVHD
Increase of Tey in median 8 days before aGvHD onset
CD4* Ty cells  Higher numbers associated with less aGvHD Pacdiatric/adult ©8) Tugs can be subdivided into naturally
occurring and induced cells
Inverse correlation between T, numbers and grade of aGvHD Pacdiatric/adolescent (108)
Low CD4*FoxP3 Tregs at day +30 are associated with increased risk of (104)
grade IV aGVHD
Boels Early recovery associated with decreased risk of aGvHD Pacdiatric (105) Most paediatric data on B-cell IR
and aGVHD cover CD19+ cells only
(5). Most studies on B-cell IR and
aGVHD report on cGVHD (105)
Low numbers of B cells and naive B cells at day +56 associated with ~ Adult (100)
increased risk of grade I-IV aGVHD
Lower B cells numbers in patients with a history of grade lI-IV aGVHD (18)
INKT cells Early recovery associated with lower risk of aGvHD Paediatric (108)
Paediatric/adult ©8)
Lower levels independent risk factor for aGvHD Aduit (106)
b Teels No association with aGVHD Paediatric/adult (1079)
Lower numbers of y T cells associated with history of grade IV~ Adult (18)
aGVHD
Lower numbers of y T cels in aGVHD (108)
Risk of aGVHD lower with higher numbers of y8 T cells at day +28 (19)
MAIT cells Low numbers are a risk factor for aGVHD Paediatric/adult (109)
Lower MAIT cell counts (peripheral blood) in aGVHD Aduit (110)

In vitro MAIT celis suppress T cell proliferation, which may impact
aGVHD

aGvHD, acute graft-vs.-host disease; iNKT, invariant natural killer T IR, immune reconstitution; MAIT, mucosal associated variant T; siTREC, signal joint T-cell receptor rearrangement

excision; TEM, T effector memory; Th, T helper cell; TREC, T-cell receptor excision circle.
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Factor/method

Soluble factors

Interleukin-7*

Interleukin-12

Interleukin-15

Interleukin-21

Interleukin-22

FMS-like tyrosine kinase 3 (FLT) ligand
Insuiin-like growth factor 1

Keratinocyte growth factor®

Receptor activator of NF-«B ligand (RANKL)
Stem cell factor

Thymosin alpha 1

Sex hormone ablation*

Growth hormone*

Cellular therapies

Precursor T cells (ex vivo generated by Notch-1 ligand
delta-like-1 or Notch ligand delta-like-4 containing cocktails
from HSC)*

Target

Haematopoietic progenitor cells, thymocytes, peripheral T lymphocytes
Thymooytes

NK/NKT cells, CD8* T cells

Thymocytes, haematopoietic progenitor cells

Thymic epitheiial cells

Hematopoietic progenitor cells

Thymic epithetial cells, myeloid cells

Thymic epithelial cells

Thymic epithefial cells

Thymooytes

Thymic epitheiial cells, thymocytes

Thymic epithelial cells, thymocytes, haematopoetic progenitor cells
Thymic epitheiial cells, thymocytes

Thymic epithelial cels, thymocytes

Thymic epithelial cells (ex vivo generated by Foxn1 containing Thymic epithelial cells, thymocytes

cocktail from fibroblasts, embryonic stem cells or iPSCs)
Mesenchymal stromal cells (ex vivo expanded)”
Anti-Viral Central Memory CD8 Veto Cells*

Regulatory T cells

Endothelial cells (ex vivo expanded)

Injectable thymus organoids

Haematopoietic progenitor cells, thymic epithefial cells, T cells
Donor-specific host T cels, host leukemic cells, virally infected cells
Alloreactive conventional donor T cells

Thymic epithelial cells

Common lymphoid precursors, peripheral T cells

Selected recent references

(24, 158-161)
(162, 163)
(164, 165)

(166)
(167, 168)
(169-171)
(172,173)
(116, 174-177)
(178), Montero-(179)
(180)
(181), (182)
(183-186)
(187)

(188, 189)

(190-192)

(193, 194)
(195, 196)
(197, 198)
(199)
(200, 201)

Table adapted from Veelardi et al. (6). *Principles alreadly investigated or being investigated in ongoing clinical studies. HSC, haemopoietic stem cell; iPSC, induced pluripotent stem cells.
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Factor/method Description Age group Clinical trials in the HCT setting References
Donor lymphocyte infusions (DLIs)
Unselected CD3* T Unseparated donor T cells Paediatrics/adolescents/  Treatment and prevention of relapse in malignant (02)
cells adults haematological diseases
Virus-specific CD3* T Enrichment of Pre-emptive treatment or therapy of infection by several (203-206)
cells IFN-y-secreting viruses (EBV, CMV, adenovirus, HHV-6, BK polyomavirus)
virus-specific T cels or by
binding to viral peptide HLA
tetramers after short
stimulation in vitro
DLis armed with a Herpes simplex virus « Haploidentical HCT: HSV-TK cells (28 pts., Phase ) (207, 208)
sticide gene thymidine kinase suicide « i09T cells in malignant diseases, FHL, and XLP (15
gene (HSV-TK cells); pts., Phase I, active, not recruiting, NCT01494103), in
inducible caspase 9 suicide malignant and non-malignant diseases (~200
gene (COT cells) paediatric pts., Phase Il study, active, not
recruiting, NCT02085869)
CD4SRA*-depleted In vitro depletion of naive T * Allogensic HCT, prophytactic and pre-emptive (14, 200-211)
CD3* T cells cels following MNC infusions (6 pts., pilot study)
apheresis * High risk leukaemia, CD34-selected graft +
CD45RA*-depleted DLI (35 pts., pilot stucly)
 HLA-mismatched HCT in CID, chronic viral infections.
(5 paediatric pts., piot study)
« Treatment of CMV disease (1 pt)
Allo-depleted CD3*+ T In vitro depletion of « Congenital haematological disorders (15 paediatric Andre-(212-
cells allo-reactive T cells following pts., Phase V) 215)
MNGC apheresis—via « Haploidentical HCT (15 pts., Phase |
immunotoxins, reagents * CD25/71 allo-depleted donor T cells vs. standard
reacting with activation practise in adult malignancies (37 pts., randomised
markers (CD25) or Phase U, completed 2020, NCT01827579)
photodepletion « Haploidentical HCT, allo-depleted vs. PTCy in adult
malignancies (250 pts., randormised Phase Il, active,
not recruiting, NCT02999854)
Donor Treg Ex vivo positively selected « Haploidentical HCT, patients aged 18-65 years with (216,217)
Teeg Without expansion high-risk acute leukaemias lacking a matched donor.
* Haplo Ty (2 x 10%/kg) day —4 combined with haplo
Teon (1 x 10%/kg) day O
Anti-viral central Central memory donor « Haploidentical HOT after reduced intensity ©18)
memory CD8 veto cells  CD8* T cells cultivated ex conditioning, Phase Vll, actively recruiting,
vivo under cytokine NCT03622788.
starvation in the presence of « Patients aged 12-75 years with haematologic
viral peptides. malignancies, aplastic anaemia, severe immune
deficiency or non-malignant bone marrow failure.
Soluble factors
Interleukin-7 Target: HSPCs, thymooytes,  Adults/adolescents * Tcell-depleted HCT: expansion of effector memory (161,219)
peripheral T lymphooytes cells, enhanced TCR diversity (8 pts. >15 years old,
Phase |, published)
 Non-HCT: treatment of HIV-1 pts. (Phase I;
NCT00477321; NCTO1190111, NCTO1241643)
« Idiopathic CD4 lymphocytopenia (21 pts.; Phase I,
completed, NCT00839436, published)
Keratinocyte growth Target: thymic epithelial cells  Adults * Allogeneic HCT in malignancies (6 adult pts.;
factor (palifermin) randomised Phase I; completed, NCT01233921)
* Autologous transplant in NHL (17 adult pts.; Phase |,
completed; NCT03042585)
« Haploidentical HCT in haematological malignancies (9
adult pts., randomised phase I, terminated
NCT00593554)
* Allogeneic HCT in malignancies (50 adult pts., phase
VI, recruiting; NCT02356159)
Thymosin alpha 1 Target: thymocytes Adults HCT in malignant diseases (6 adult pts., randorrised (181)
phase Vil study, completed, NCT00580450)
LHRH antagonist Sex steroid ablation, target: Paediatrics/adolescents/  HCT in malignant diseases (76 pacdiatric and adut pts.,  (185)
(degareli) thymic epithelial cells, bone adults randomised pilot study, completed; NCT01338987)
marrow hematopoietic stem
and progenitor cells,
thymocyts
GnRH analogue Aduts T-cell-depleted HOT in malignant diseases: palfermin +
(leuprolide) leuprolide (82 adult pts., single-arm phase I, recruiting;
NCTO1746849)
Growth Hormone Target: thymic epithelial cells  Adults « HIV patients (NCT00071240, NCT00287677, (220, 221)
and thymooytes NCTO0119769, NCT00050921)
* No clinical tral in HOT setting
Stem cell engineering
TBX-1400 Culture system with fusion Paediatrics Allogeneic HCT in SCID pts. (8 paediatric pts., single (222)
(Tat-MYC-transfusion proteins of the protein am, Phase |, not yet recruiting; NCT02860559)
protein) transduction domain of the
HIV-1 transactivation protein
(Tat) and MYC using HSC
Precursor T cells Feeder-cellfree culture Paediatrics Haploidentical HCT in SCID pts. (12 paediatric pts., (189)
system based on the single amm, phase VI, recruiting; NCTO3879876)
immobilised Notch ligand
deta-like 4 using
CDB4*-selected HSC
MSCs Ex vivo expanded Adults Autologous transplantation in malignant lymphoma and (194)

mesenchymal stromal cells

multiple myeloma (pilot study)

CID, combined immunodeficiency; CMV, cytomegalovirus; EBV, Epstein-Barr virus; FHL, Follicular Hodgkin lymphoma; GnRH, gonadotropin releasing hormone; HHY, human
herpesvirus; HIV, human immunodeficiency virus; HCT, haematopoietic stem cell transplantation; HSPC, haematopoietic stem and progenitor cells; MSC, mesenchymal stroma
cells; NHL, non, Hodgkin lymphoma; PTCy, post-transplant cyclophosphamide; SCID, severe combined immunodeficiency; TCR, T-cell receptor; Treg, regulatory T cell; XLP, X-inked

lymphoproliferative disease.
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Terminology Definition(s)

Steroid-Refractory aGvHD ~ Progression of aGVHD within 3-5 days
of therapy onset with =2 mg/kg/day of
prechisone

- Failure to improve within 5-7 days of
treatment initiation with =2 mg/kg/day of
prednisone

- Incomplete response after > 28 days of
treatment with >2 mg/kg/day of prednisone

Steroid-Dependent ~ Inability to taper predhisone <2 mg/kg/day
2GVHD after an initially successful treatment of >7
days

~ Recurrence of aGvHD activity during
steroid taper

Steroid-Intolerant aGVHD - Occurrence of unacceptable toxicity due to
the use of corticosteroids

Adapted with permission from Schoemans et al. (70).

aGuHD, acute graft versus host disease; EBMT, European society for bone and marrow
transplantation; CIBMTR, Centre for interational blood and marrow transplant research;
NIH, National institutes for health (US).
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Investigational
agent

Ruxolitinib

Mofetil
mycophenolate

Anti-TNF

antivody
infliximab

ATG

Alemtuzumab

Anti IL-2
receptor
antibody
daclizumab

Anti IL-2
receptor
antibody
basiliximab

Basiiximab +
stanercept

Pentostatin

Study design

Phase Ill

Phase Il

Phase Il

Retrospective

Retrospective

Retrospective

Retrospective

Phase IIIl

Retrospective

Phase Il

Phase I/l

Retrospective

Phase Il

Retrospective

Retrospective

Retrospective

Retrospective
(haploidentical
HSCT)

Prospective

Phase |

Patients,
Niyears

154/12-73

26 (13with
aGVHD)/17-53

19/4-54

14/0-17

2422
assessable for
response)/0-18
32/2-66

T9/NA

ABX-CBL:
48/2-65; Horse
ATG: 47/2-65

18/1-69

18/13-68

16/1.4-27

13/pacdiatric

62/1-63

57/0-67

34/2-38

230 (74 < 18
vears)

100M1-17

65/9-65

23(22
assessable for
response)/0-63

overall
response rate

62%

31%

47%

79%

82%

59%

54%

ABX-CBL:56%;
ATG:57%

83%

99%

67%

92%

90%

54%

82%

787

85%

90.8%

7%

Complete
response rate

40% (durable
response on day
56)

15%

31%

50%

54%

19%

20%

ABX-CBL:29%;
ATG:32%

33%

28%

40%

46%

68,8%

76% for patients
<18 years old

32%

60.9

74%

75.4%

64%

Overall survival
rate

53% at 1 year

33% at 2 years

16%at 1 year

85%, median
follow-up 35
months

46% at 1 year;
21% at 2 years

41%

32% at 1 year

ABX-CBL:35%
at 18 months;
ATG: 45% at 18
months

55% at 11
months

33% at 36.5
weeks

80% at 6
months.

46% at 14
months

54.6% at 4 years

Median survival:
3.6 months

20% at 5 years

61.7%at 4 years

76,2% at 3 years

54.7%at 2 years

26%, median
survival 85 days

Main toxicities

Thrombocytopenia: 33%
Anaemia: 30%
CMV infection/reactivation: 39%

For the whole population:
Gastrointestinal: 27%
Infection: 31%

CMV: 11%

Neutropenia:10.5%
Abdominal pain: 5%

Pulmonary infiltrates: 5%
Neutropenia-+gastroitestinal
toxicity: 15,8%

Infection as cause of death: 32%
CMV reactivation: 29%

CMV reiniis: 7%

ADV infection: 7%
Haemorrhagic cystitis: 14%
Aspergilosis: 7%

Neutropenia: 7%
Thrombocytopenia: 7%

Bacterial infection: 77%

Viral infection: 329%

Fungal infection: 13.6%
Infections in 72%

Septicaemia and septic shock: 22%
Pneumonia: 28%

Enteritis: 12.5%

Encephalitis: 3%

CMV reactivation: 41%

Invasive fungal infection: 6%
Bacterial infection: 37%

Fungal infection: 18%

CMV: 10%

Infections: 98% (ABX-CBL), 100%
(ATG)

Fever: ABX-CBL 20%, ATG 30%
Hypertension: ABX-CBL 30%, ATG
28%

Hyperglycaemia: ABX-CBL 24%,
ATG 26%

Abdominal pain: ABX-CBL 16%,
ATG 33%

Infection: 78%

CMV reactivation: 67%

Grade 3 neutropenia: 33%
Grade 3 thrombocytopenia: 22%
Chills, fever and headache: 28%
Tuberculosis: 1 patient

Sepsis: 28%

Preumonia: 39%

Viral infection: 44%

Fungal infection: 22%

CMV: 56%

EBV: 11%

Fever: 26%

Thrombocytopenia: 53%
Vireria: 100%

CMV disease: 2 patients

EBV PTLD: 1 patient

CMV reactivation: 54%

WVZ reactivation: 15%

Sepsis: 8%

EBV reactivation15%

CMV reactivation: 39%
Infections as cause of death: 11%

Opportunistic infection: 95%
Bacterial infection: 88%
Fungal infection: 51%

Viral infection: 53%

CMV: 35%

EBV: 7%

NA

Bacterlal infection: 52.6%
Fungal infection: 16.1%
Viral infection: 3.8%
Bacterial infection: 11%
Fungal infection: 7%

CMV viremia: 53%

EBV viremia: 11%

HHV-6 viremia: 7%
Cytopenia: 49.2%
Haemorrhagic cystitis: 28%
Fungal infection: 36%

CMV reactivation: 57%
EBV reactivation: 6.2%

Lymphopenia: 100%
Thrombocytopenia: 4%
Infection: 9%

References

Zeiser etal. (107)

Kim et al. (108)

Furlong et al.
(109)

Inagaki et al.
(110)

Sleight et al.
(111)

Patriarca et al.
(112)

MacMillan et al.
(113)

MacMillan et al.
(114)

Gomez-
Almaguer et al.
(115)

Schub etal.
(118)

Khandewall et al.
(117

Miano et al. (118)

Bordigoni et al
(119)

Perales etal.
(120)

Funke et al. (121)

Liuetal. (122)

Tang et al. (129)

Tanetal. (124)

Bolafios-Meade
etal. (125)

aGVHD, acute grat versus host disease; ATG, anti-thymocyte globulin; CMV, cytomegalovirus; EBV, Epstein-Barr virus; HSCT, haematopoletic stem cell transplantation; HHV-6, human

herpesvirus

, interleukin; PTLD, post-transplant lymphoproliferative disorder; TNF, tumour necrosis factor.
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Strategy

Promote intestinal repair in
patients with denuded
mucosa

Reduce dysbiosis of the
gut microbiome
Modification of alloreactive
Teells

JAK-1 inhibitor, cytokine
blockade, combination
therapy

Induce apoptosis of
activated T lymphocytes

Pharmacological and
non-pharmacological options

Lithium (160), glucagon-like peptide 2 (161),
Visiizumab (1gG2 Fe) (162)

Faecal microbiota transfer (163)

Anti-integrin a7 (vedolizumab) (164);
Natalizumab (165)

taitinib + tociizumab (anti IL-6 receptor
antibody) (166)

Neihulizumab (binds CD162) (Clinicaltrials.gov
Identifier: NCT03327857)

aGvHD, acute graft versus host disease; IL, interleukin; JAK-1, Janus kinase 1.
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Recommendation and grading

Empirical and pre-emptive antifungal therapy
If chosen as a strategy, empirical therapy should be initiated in
granulocytopenic patients after 96 h of fever of unclear astiology that is
unresponsive to broad spectrum antibacterial agents

Options approved for this indication include caspofungin or
liposomal amphotericin

Pre-emptive or diagnostically driven therapy is recommended as an
alternative strategy to empirical therapy but requires rapid availability of
pulmonary CT imaging and of galactomannan test results

Targeted therapy of invasive Candida infections

Echinocandins or liposomal amphotericin B are strongly recommended for
first line therapy before species identification;

Voriconazole and fluconazole are secondary alternatives in this
situation

Targeted therapy of invasive Aspergillus infections
Recommendations for first-line therapy of invasive aspergillosis include
voriconazole and liposomal amphotericin B
The combination of voriconazole and an echinocandin is
recommended with marginal support in the first-line setting
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Virus

Human adenovirus
cMv
EBV

Viremia incidence

15-30%
15-20%
1%

Viral disease incidence
6-11%

4%
1-7%

Pharmacological treatment

Cidofovir, brincidofovir
Ganciclovi, foscarnet, valganciclovir
Rituximab

CMV, cytomegalovirus; EBV, Epstein-Barr virus; HSCT, haematopoietic stem cell transplantation. Adapted from Ottoviano et al. (68).

Response rate

60-80%
70-80%
60-70%
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Intention

Antibacterial
prophylaxis

Empirical
antibacterial
therapy

Therapy of
documented
bacterial infection

Prophylaxis of
fungal infections

Empirical
antifungal therapy

Pre-emptive or
diagnostic-driven
antifungal therapy

Therapy of proven
or probable fungal
infections

Recommendation and grading

Whereas systemic antibacterial prophylaxis may be considered in
children with AML and relapsed AL receiving intensive
chemotherapy, this recommendation is not given for neutropenic
children undergoing HSCT (Weak recommendation; high-quality
evidence)

Routine antibacterial prophylaxis for paedatric patients with
neutropenia during the pre-engraftment stage of HCT is not
recommended (grade D recommendation, level of evidence i)

a. Use monotherapy with an antipseudomonal b-lactam, a
fourth-generation cephalosporin, or a carbapenem as empirical
therapy in paediatric high-risk FN (strong recommendation,
high-qualty evidence)

b. Reserve the addition of a second gramme-negative agent or a
glycopeptide for patients who are clinically unstable, when a
resistant infection is suspected, or for centres with a high rate of
resistant pathogens (strong recommendation, moderate-quality
evidence).

Cinically stable patients at low risk of resistant infections:
monotherapy with an antipseudomonal non-carbapenem p-lactam
and -lactamase inhibitor combination, or with fourth-generation
cephalosporin (grade A recommendation, level of evidence Il
Cinically unstable patients, even when at low risk of resistant
infections: carbapenem, with or without a second
anti-Gramme-negative agent, with or without a glycopeptide
(grade A recommendation, level of evidence ).

Patients who are colonised or were previously infected with
resistant Gramme-negative bacteria, or in centres with a high rate
of resistant pathogens: empirical treatment should be adjusted on
the basis of the results of resistance testing (grade A
recommendation, level of evidence litu)

If a causative pathogen is identified, the patient should be treated
according to the causative organism identified (assuming it is
plausible pathogen). the choice of which should be guided by
in-vitro susceptibilty tests, including minimurm inhibitory
concentrations when available (recommendation 4, grade A, level
of evidence litu)

Primary antifungal prophylaxis is strongly recommended for
patients undergoing allogeneic HCT in the pre-engraftment and in
the post-engraftment phase until immune reconstitution, or

in situations of augmented immunosuppressive treatment in the
context of graft-vs.-host disease (ie., use of aditional
immunosuppressive interventions to control overt graftvs.- host
disease, including, but not limited to, the use of
glucocorticosteroids in therapeutic doses (=0-3 mg/kg per day
predhisone equivalent) or anti-inflammatory antibodies) (grade A
recommendation, level of evidence: Iit).

Administer systemic antifungal prophylaxis to children and
adolescents undergoing allogeneic HSCT pre-engraftment and to
those receiving systemic immunosuppression for the treatment of
graft-vs. host (strong recommendation, moderate quality
evidence).

If empirical therapy is chosen as a strategy, it should be initiated in
granulocytopenic patients after 96 h of fever of unclear cause that
is unresponsive to broad-spectrum antibacterial agents (grade B
recommendation, level of evidence: Il

Initiate empirical antifungal therapy in patients with
granulocytopenia and prolonged (= 96 h) fever unresponsive to
broadspectrum antibacterial agents (strong recommendation,
high-qualty evidence).

If chosen as a strategy, rapid availabilty of pulmonary CT and
galactomannan assay results is a prerequisite and capability of
performing bronchoscopies with bronchoalveolar lavage is
desirable. The sensitiity of galactomannan in serum might be
lower in patients on mould-active prophylaxis (grade B
recommendation, level of evidence: Il)

Treatment of proven or probable invasive fungal infections include
general magament principles including prompt initiation of
antifungal therapy, resistance testing, source control and control of
predisposing conditions. Echinocandins or liposomal amphotericin
B are recommended for the first-line treatment of invasive Candida
spp infections before species identification (grade A
recommendation, level of evidence: Iit) and intravenous
voriconazole (grade A recommendation, level of evidence: litior
liposomal amphotericin B (grade B recommendation, level of
evidence: II) for invasive Aspergils infections.

(adapted from Lehmbecher et al. J Pediatr Hematol Oncol 1997: 19;399-417).

Comment

Recommendations based on the results of a
systematic review of randormised trials of
systemic antibacterial prophylaxis (Egan
Cancer Med 2019)

Recommendation by ECIL-8 based on data
from randomised trials and meta-analyses,
information from long-term observational
studies on resistance

International Paediatric Fever and Neutropenia
Guideline Panel includes representation from
pacdiatric oncology, infectious diseases,
nursing, and pharmacy, as well as a patient
advocate and a guideline methodologist from
10 different countries

ECIL-8 recommendations

ECIL-8 recommendations

ECIL-8 recommendations based on risk
assessment in paedatric HCT patients and
results of interventional studies in adults

Recommendations developed by an
international mulicisciplinary panel on the basis
of a systematic review of systemic antifungal
prophylaxis in children and adults with cancer
and HSCT recipients.

ECIL-8 recommendation based on clinical trials
in paediatric and adult patients.

Recommendations developed by an
international mulicisciplinary panel on the basis
of a systematic review of empirical
management of fever and neutropenia in

children and adults with cancer and HSCT
recipients.

ECIL-8 recommendation based on clinical trials
in paediatric and adult patients.

ECIL-8 recommendation based on clinical trials
in paedatric and adult patients.

References

Lehrmbecher et al. (43)

Lehrnbecher et al. (42)

Lehmbecher et al. (28)

Lehrnbecher et al. (42)

Lehrnbecher et al. (42)

Groll et al. (35)

Lehmbecher et al. (43)

Grol et al. (35)

Lehrnbecher et al. (28)

Groll et al. (35)

Groll et al. (35)
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Autoantibody positive, n (%) No GvHD cGvHD P-value
h=32 (=16

Any autoantibody 32(60%)  16(76%) 028
Antinuclear antibody 22(69%)  14(88%) 007
Anti-rheumatoid factor IgG, IgA, orlgM 13 (41%)  6(38%) ns
antibody

Anti-single-stranded or 2(6%) 0 ns
double-stranded DNA antibody

Anti-alpha-galactosidase antibody 9(28%) 1(6%) ns
Anti-mitochondrial M2 antibody 1(3%) 1(6%) ns
Anti-mitofilin antibody 13%) 0 ns
Anti-centromere autoantigen A or 3(9%) 2 (13%) ns
alpha-1 antichymotrypsin antibody

Anti-collagen antibody 3(9%) 4(25%) ns
Anti-beta-2 glycoprotein antibody 1(3%) 3(19%) ns
Anti-Sjogren’s syndrome type B 1(3%) 1(6%) ns
antibody

Anti-Sjégrens-syndrome-related 1(3%) 0 ns
antigen A antibody

Anti-citron (Rho-interacting 1(3%) 1(6%) ns
serine/threonine kinase 21) antibody

Anti-Smith antibody 16%) 0 ns
Anti-ribonucleoprotein antibody 2(6%) 0 ns
Anti-exosome antibody (scleroderma) 1(3%) 0 ns
Anti-histicyl tRNA synthetase antibody 13%) 0 ns
Anti-fiver-kidney microsormal antibody 1(3%) 0 ns
Anti-thyroid antibody 1(3%) 2 (13%) ns
Anti-neutrophil cytoplasmic antibody 2(6%) 1(6%) ns
Anti-liver cytosolic antigen type 1 1(3%) 0 ns
antibody

Anti-thrombocyte antibody 1(3%) 0 ns
Anti-nucleobindin 1 antibody 1(3%) 0 ns
Anti-cardiolipin G/M antibody 1(3%) 0 ns
Anti-complement C3 antibody 0 1(6%) ns

P-value generated with Fisher test. cGvHD, chronic graft-versus-host disease; Ig,
immunoglobulin; ns, not significant.
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Autoantibody positive, n (%)

Antinuclear antibody
Anti-rheumatoid factor IgG, IgA, or IgM antibody

Anti-alpha galactosidase antibody

Anti-mitochondrial M2 antibody

Anti-centromere autoantigen A or alpha-1 antichymotrypsin AB
Anti-collagen antibody

Anti-beta-2 glycoprotein antibody

Anti-Sjégren’s syndrome type B antibody

Anti-citron (Rho-interacting serine/threonine kinase 21) antibody
Anti-thyroid antibody

Anti-neutrophil cytoplasmic antibody

Anti-complement C3 antibody

*14 patients had classic chronic GvHD and 2 had late acute GvHD. cGvHD, chronic graft-versus-host disease; Ig, immunoglobulin.

Skin

12 (75%)
4(25%)
1(6%)
1(6%)
2(13%)
3(19%)
2(13%)
1(6%)
1(6%)
2(13%)
1(6%)
1(6%)

GGVHD organ involvement

Scleroderma and joints

8 (50%)
1(6%)
1(6%)
1(6%)
1(6%)
1(6%)
1(6%)
1(6%)
1(6%)

0
1(6%)
0

Liver

4 (25%)
3(19%)
1(6%)
1(6%)
1(6%)
3(19%)
2(13%)
1(6%)
o
1(6%)
1(6%)
0

Eyes

5(31%)
1(6%)
1(6%)
1(6%)

0
1(6%)
1(6%)
1(6%)

0

0
1(6%)
1(6%)

Oral

8 (50%)
4(25%)
1(6%)
1(6%)

0
3(19%)
1(6%)
1(6%)
1(6%)

0

0

0
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Name

Antinuciear antibody
Anti-rheumatoid factor IgG, IgA, or IgM antibody

Anti- (single-stranded or) double-stranded DNA antibody
Anti-alpha-galactosidase antibody

Anti-mitochondrial M2 antibody

Anti-mitofiin antibody

Anti-centromere autoantigen A or

alpha-1 antichymotrypsin antibody

Anti-collagen antibody

Anti-beta-2 glycoprotein antibody 1G/igM

Ant-Sjdgren’s syndrome type B antibody
Anti-Sjégren’s-syndrome-related antigen A antibody
Anti-citron (Rho-interacting serine/threonine kinase) antibody
Anti-Smith antibody

Anti-ribonucleoprotein antibody

Anti-exosome antibody (scleroderma)

Anti-histidyl tRNA synthetase antibody

Anti-iver-kidney microsomal antibody

Anti-thyroid antibody

Anti-neutrophil cytoplasmic antibody
Anti-iver cytosolic antigen type 1 antibody
Anti-thrombocyte antibody

Anti-nucleobindin 1 antibody
Anti-cardiolipin G/M antibody

Anti-complement C3 antibody

Method of detection Kit
manufacturer
Indirect IMMCO
Immunofiuorescence (IF)
ELISA Orgentec
IF IMMCO
IF IMMCO
ELISA Orgentec
IF IMMCO
ELISA Orgentec
IF Euroimmun
ELISA In house
ELISA Orgentec
ELISA Orgentec
ELISA Orgentec
ELISA Orgentec
ELISA Orgentec
ELISA Orgentec
ELISA Orgentec
ELISA Orgentec
ELISA Orgentec
ELISA Orgentec
IF INOVA
ELISA Orgentec
Simultaneous analysis of Immucor
specific platelet antibodies,
Luminex (PakLx Assay)
ELISA Orgentec
ELISA Orgentec
Nephelometry Siemens

Reference
value

<1:160

<20

<1:10
<1:80
<10

<1:80

<10
<1:100

<5

<15
<15

20

<15
<25

<15
<15
<1
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TG =100
<1:40
<1

<20
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IgM <7

90-180
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U/ml
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U/ml
U/ml
U/ml
U/ml
U/ml
U/ml
U/ml
U/ml
Uml
1U/mi

Uil
pos./neg.
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Median age at HSCT, years (range)

Male, 1 (%)

Female, n (%)

Conditioning regimen, n (%)
Chemotherapy-based myeloablation
Total-body-irradiation-based myeloablation
Reduced-intensity conditioning

Stem cell donor, n (%)

Related donor

Matched unrelated donor

Mismatched unrelated donor
Stem cell source, n (%)

Bone marrow

Peripheral blood stem cells

Median number of infused GD34* cells x 10%/kg (range)

GVHD prophylaxis
Cyclosporine A only
Cyclosporine A + methotrexate
Cyclosporine A + mycophenolate mofeti
Included anti-thymocyte globuiin®
Acute GVHD, n (%)
Grade II-IV
Grade llI-IV
Late acute GVHD, n (%)
Chronic GVHD, n (%)
Onset type of cGVHD, 11 (%)
Progressive
Quiescent
De novo
NIH classification of cGVHD, 1 (%)
Classic chronic
Overlap
Overall severity of cGVHD, 1 (%)
Mid
Moderate
Severe
Organ involvement of GVHD, n (%)
Skin
Scleroderma
Oral mucosa
Eyes
Joints
Gastrointestinal
Liver
Genital
Lungs
Other
Median duration of cGVHD, months
10-year OS, n (%)
Relapse of ALL, death, n (%)
Relapse of ALL, alive, n (%)

Al patients
N=74)

10.74 (1.08-23.85)
47 (64%)
27 (36%)

73 (99%)
67 (91%)
1(1%)

28 (38%)
18 (24%)
28 (38%)

60 (81%)
14 (19%)
37 (0.9-62)

28 (38%)
45 (61%)
1(1%)
39 (53%)
56 (76%)
27 (36%)
8(11%)
3(4%)
18 (24%)

7/18 (39%)
10/18 (56%)
1718 (5%)

10/18 (56%)
8/18 (44%)

3/18 (17%)
2/18(11%)
18/18 (72%)

14/18 (78%)
918 (50%)
10/18 (66%)
7118 (39%)
5/18 (28%)
318 (17%)
7118 (39%)
0
3/18 (17%)
218 (11%)
426
66/74 (89%)
474 (5%)
6/74.(8%)

Autoantibody positive
(n=48)

11.19 (2.67-22.23)
31 (65%)
17 (35%)

47 (98%)
45 (04%)
12%)

18 (37%)
10 (21%)
20 (42%)

40 (84%)
8(16%)
3(0.9-62)

20 (42%)
28 (58%)
0
27 (56%)
38 (79%)
18 (38%)
6(13%)
2(4%)
14 (29%)

5/14 (36%)
814 (57%)
1714 7%)

/14 (64%)
5/14 (36%)

314 (21%)
2/14 (14%)
914 (64%)

12/14 (86%)
7/14 (50%)
814 (57%)
5/14 (36%)
4114 (29%)
2/14 (14%)
5/14 (36%)

0

o
114 7%)

36

44/48 (92%)
2/48 (4%)
2/48 (4%)

Autoantibody negative
(n=26)

9.08 (1.04-23.85)
16 (62%)
10 (38%)

26 (100%)
22 (85%)
0

10 (38%)
8(31%)
8(31%)

20 (77%)
6(23%)
48(1.2-17)

8(31%)
17 (65%)
1 (4%)
12 (46%)
18 (69%)
9(35%)
2(8%)
1(4%)
4 (16%)

2/4,(50%)
2/4 (50%)
0

1/4 (25%)
3/4 (75%)

0
0
4/4 (100%)

2/4 (50%)
2/4(50%)
2/4 (50%)
2/4 (50%)
174 (25%)
1/4 (25%)
2/4 (50%)
0
3(75%)
1/4(25%)
473
22/26 (85%)
2/26 (8%)
4/26 (15%)

P-value generated with Fisher test; all ifferences were not significant. *Anti-thymocyte globuiin was given as part of the conditioning regimen in adtion to other compounds. ALL,
acute lymphoblastic leukaemia; cGVHD, chronic GvHD; GVHD, graft-versus-host disease; HSCT, haematopoietic stem cell transplantation; NIH, Netional Institutes for Health; OS,

overall survival
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Population Conditioning regimen TDM dose adjustment?
N=674 IVQ6hand Q24h Yes, target defined by the
Age range: BuCy (52%) treatment centres

~30.4 (median 4.5) BUFlu (38%)

Haematological BuCyMel (10%)

malignancies: 41%

N=102 IV g6h and G2dh Yes, three different
Age range: BuCyMel (43%) AUCcum targets:
0.1-21.0 years Others (57%): 788mgh/L
(median 3.1) Bucombined with Gy, 62.4mg.hvL
Haematological Flu or/and VP16 700mgh/L

malignancies: 46%

N=T75 IV g6h Yes, from the 5th dose for
Age range: 0.1-20 BuCy (89%) atarget Oss of

years BUC/VP16 (8%) 600-900 ng/mL (AUCcum
(median 6.2) BuMel (3%) 57.6-86.4mg/L)
Haematological

malignancies: 64%

N=108 IV g6h Yes, target defined by the
Age range: 0.1-19.9 BuCy (76.8%) treatment centres

years BUCYVP16 (10.9%)

(median 5.8) BuMel (1.4%)

Haematological BuCyMel (10.9%)

malignancies: 64%

N=52 Oral q6h Bu with Oy No
Age range: 0.1-53

years

(median 9.2)

Haematological

malignancies:

100% (AML)

N=674 IV g6h and 24 h Yes, target defined by the
Age range: 0.1-30.4 BuCy (52%) treatment centres

years (median 4.5) BuFlu (38%)

Haematological BuCyMel (10%)

malignancies: 41%

N=36 IV g6h Yes, from the 5th dose for
cord blood BuCy (91.7%) atarget Css of
transplanted patients  BUC,VP16 (5.6%) 600-900 ng/mL (AUCcum
Age range: 0.6-19.3 BuMel (28%)HC 57.6-86.4mg /L)

years

(median 5.9)

Haematological

malignancies: 100%

(AML or MDS)

N=38 Oral q6h Bu followed by~ No

Age range: oy

06-18 years

Haematological

malignancies:

37% (AML)

N=39 Oral g6h Bu followed by Yes, following a test dose,
Age range: oy andat dose 5, 9, and/or
06-18.5 years 13 if necessary to a Css
Haematological range of 600-900 ng/mi &
malignancies: 41% 10% (AUCum 57.6
(23% AML) 86.4mg.h/L  10%)
N=28 Oral g6h Bu followed by~ No

Age range: oy

4-54 years (6 patients

<18 years)

Haematological

malignancies: 100%

N =202 IV G24h Buwith other Yes, according to test
Age:31% <18years  agents (Cy, Flu, Mel, dose PK.
Haematological and/or Thio) Three defined AUCcum
malignancies: 81% Oral g6h Bu followed targets
(10% ALL) by Cy 49.3mg L
65.7mg.h/L
82,1 mgL
Historical control group:
no TOM
N=30 Oral g6h Bu followed by~ No
Age range: NR oy
Included paediatric
patients and
haematological malignancies.
N=59 IV g6 or q24h Bu Only in 24 h patients
Age range: followed by Oy
02-18.7 years
Diagnoses non-
reported
N=172 Oral g6h Bu followed by~ No
Age range: oy
1.2-65 years (median
36)
Haematological

malignancies: 100%

N=293 IV g6h, q12h, and 24h  Yes, to target an AUCe of
Age range: Bu with Oy, Flu, Mel, 900-1,500 uM.rmin
02-21 years “Thio, or/and VP16 (8.7-6.1mg hL)

(mean 6.5)

Haematological

malignancies: 42.7% (1

ALL patient)

N=381 IV g6h Bu Yes, from the 2nd day of
Age range: BuCy (35%) treatment

022-14 BuCyMel (48%)

(median 5.0) BUC,VP16 (6%)

Haematological FIuBUCy (10%)

malignancies: 58%

N=53 Oral g6h Bu followed by From the 2nd day of

Age range: Cy treatment

12-65

(median 36)

Haematological

malignancies: 55% (1

AL patient)

N=138 IV g6h Bu with Cy, Flu, Yes, to target an AUCs, of
Age range: Mel, Thio, or/and VP16 980-1,250 h.min (4.0~
0.147-21 5.1 mg.L)

(median 5)

Haematological

malignancies: 50.7%

(13 ALL patients)

N =47 IV g6h Bu with Cy, Mel,  Yes, to target an AUCen of
Age range: Thio or/and VP16 900-1,500 uM.min
025-16.2 (8.7-6.1mg L)
(median 5.1)

Haematological

malignancies: 29.7%

(No ALL patients)

N=45 Oral g6h Bu with either No

Age range: Mel or Thio

12-20

(median 5.1)

1 Lymphoma patient.

Mainly neurobiastorna,

medulloblastoma or

Ewing

sarcoma diagnoses

Tested outcome

EFS

os

Graft failure/relapse

TRM

Acute toxicity: SOS
grade II-IV and aGvHD
grade II-IV

cGVHD

cGvHD-free, event-free
survival

EFS

os
Graft failure/relapse

SO (grade I-IV)

aGVHD (grade II-1V)

Mucositis

Acute lung toxicity
EFS

0s

NRM

Relapse

2GVHD (grade II-V)

Lung toxicity

Haemorrhagic cystitis

EFS

os

TRT

Relapse
os

DFS

NRM

aGvHD
EFS

EFS

os

NRM

Neutrophil recovery

Platelet recovery

sos
aGVHD grade I-IV
Lung-toxicity
Hemorthagic cystitis
Relapse

Grat rejection

TRT

Graft rejection

TRT

Early TRM (6 months
post transplantation)
sos

Relapse
Late NRM
EFS
cGVHD

Obstructive
bronchiolitis

SOs

Oral mucositis
Relapse

EFs

os

TRM

0s

DFS

Relapse

Engraftment

sos
0s
Engraftment
Relapse

Graft rejection
TRT

S0S-free survival at 1
month post HSCT
sos

Engraftment

0s

Relapse

Exposure-response result

AUCeum < 78mg.hvL: 66.1% EFS at 2 years.
vs. AUCcum < 78mg.h/L:

AUCcum 78-101 mg.hvL: 81% EFS at 2 years HR =
064, p =0.004

AUCeum >101mg.h/L: 49.5% EFS at 2 years, HR =
121,Ns

Vs. AUCqum < 78mg.h/L:

AUCcum 78-101 mg hv/L: HR = 053, p = 0.016
AUCeum >101mgh/L: HR = 1.03, NS

Vs. AUCcum < 78mg.h/L:

AUCcum 78-101 mg.hvL: HR = 057, p = 0.004
AUCeum >101mgh/L: HR = 0.41, p = 0.094

Vs. AUCcum < 78mg.h/L:

AUCcum 78—101 mghvL: HR = 1.07, NS

AUCcum >101mgh/L: HR = 2.99, p < 0.001

Vs. AUCqum < 78mg./L:

AUCcum 78-101 mgvL: HR = 1.14,p = NS
AUCcum >101mgh/L: HR = 1.69, p = 0.013
AUCcum < 78mg.HvL: 4.3% cGvHD

AUCeum >78mg/L: HR = 13, NS

Vs. AUCqum < 78mg.h/L:

AUCcum 78-101 mghvL: HR = 057, p < 0.001
AUCeum >101 mg.h/L: HR = 1.38, NS

AUCcm 72-80mg hL: highest EFS (o = 0.028)
Optimal AUCcun: 74-82 mg.h/L

AUCoum 72-80mg.hvL: highest OS (o = 0.021)
AUCoum >72.5mg.hvL: HR = 0.47, p = 0.004 vs.
AUCoum < 72.5mgh/L

In patients given BuCyMel:

AUCoum >T4mgvL: HR = 4.1, p = 0.012 vs.
AUCoum < 74mgh/L

AUCoum is a significant predictor of aGvHD (HR =
1.56; p = 0.019)

In patients given BuGyMel:

AUCoum >74mgvL: HR = 4.5,p = 0.016 vs.
AUCqum < 74mg./L

NS
NS
First dose Css >600ng/mL (AUCg, >3.6mg.h/L):

higher event incidence, HR=5.14, p < 0.001 vs.
Css <600 ng/ml

First dose Css >600ng/mL (AUCen >3.6mg.h/L):
higher mortality, HR = 7.56, p = 0.001 vs. Css
<600ng/mi

First dose Css >600ng/mL (AUCen >3.6mg.h/L):
higher NRM, HR = 7.5, p = 0.001 vs. Css
<600ng/mi

First dose Css >600ng/mL (AUCq, >3.6mg.h/L):
tendency of higher incidence of relapse (41 vs.
23%, p = 0.13) vs. Css <600 ng/ml

First dose Css >600ng/mL (AUCe;, >3.6mg.h/L):
higher incidence of aGVHD (21 vs. 5%, p = 0.04)
vs. Css <600ng/mi

First dose Css >600ng/mL (AUCe, >3.6mg.hvL):
tendency of higher incidence of SOS (p = 0.12) vs.
Css <600ng/ml

First dose Css >600ng/mL (AUCen >3.6mg.h/L):
tendency of higher incidence of lung toxicity (o =
0.06) vs. Css <600 ng/ml

First dose Css >600ng/mL (AUCsn >3.6mg.h/L):
tendency of higher incidence of HC (p = 0.07) vs.
Css <600 ng/ml

First dose Css <600ng/mlL (AUCe;, <3.6mg.h/L):
event incidence of 17%

First dose Css 600-900 ng/mL (AUCe

3.6-5.4mg L) event incidence of 50%

First dose Css >900ng/mL (AUCen > 5.4 mg.h/L):
event incidence of 65%

p <0001

First dose Css<600ng/mL (AUCen <3.6mg.hL):
event incidence of 7%

First dose Css 600-900 ng/mL. (AUCen
3.6-5.4mg.h/L): event incidence of 38%

First dose Css >900ng/mL (AUCen > 5.4 mg.h/L):
event incidence of 60%

p <0001

First dose Css<600ng/mL (AUCe, <3.6mg.h/L):
event incidence of 40%

First dose Css 600-900 ng/mL (AUCen
3.6-5.4mg.h/L): event incidence of 48%

First dose Css >900ng/mL (AUCs, >5.4mg.h/L):
event incidence of 85%

p <0.001

First dose Css >900 ng/mL_: significantly higher TRT
in GSTA1-slow-metabolising patients (88 vs. 37%, p
<0.0005)

NS

First dose Css <578ng/mL (AUCe, <3.5mg.h/L):
trend of improved OS (69 vs. 49% at 3 years, p
0.07) vs. Css >578ng/ml

First dose Css <578ng/mL (AUCs, <3.5mg.h/L):
improved DFS (63 vs. 42% at 3 years, p = 0.05) vs.
Css >578ng/ml

First dose Css >578ng/mL (AUCs, >3.5mg.h/L):
higher risk of NRM (30 vs. 8% at 3 years, p = 0.06)
vs. Css >678ng/ml

NS

AUCGm 78-101 mg.h/L vs. AUCcum 59-99mg L.
(EMA): HR =091, p = NS

AUCcum 78-101 mg.h/L vs. AUCcum 59-89mg.hVL
(FDA): HR = 0.66, p = 0.024

AUCcm 78-101mg.h/L vs. AUCcum 59-78mg.L:
HR=0.78,p = 0,085

First dose Css >600ng/mL (AUCsn >3.7 mg.h/L):
higher incidence of event, HR = 3.83, p = 0.01 vs.
Css <600ng/ml

First dose Css >600ng/mL (AUCg, >3.7 mg.h/L):
higher mortality, HR = 5.2, p = 0.02 vs. Css
<600ng/ml

First dose Css >600ng/mL (AUCen >3.7 mg.h/L):
higher NRM (286 vs. 0%, pp = 0.009) vs. Css
<600ng/ml

First dose Css >600ng/mL (AUCen >3.7 mg.h/L):
lower neutroph recovery incidence (95.5 vs.
75.5%, p = 0.01) vs. Css <600ng/mi

First dose Css >600ng/mL (AUGen >3.7 mg.h/L):
lower platelet recovery incidence (67.9 vs. 100%, p
= 0.04) vs. Css <600 ng/ml

NS

NS

NS

First dose Css >600ng/mL (AUCe, >3.7 mg.h/L):
higher HC incidence (50.0 vs. 18%, p = 0.04) vs.
Css <600ng/ml

NS

First dose Css >600ng/mL (daily AUC
<14.4mg.hL): lower incidence of graft rejection (0
vs.35%, p = 0.018) vs. Css <600 ng/ml

NS

Overall Gss 600-900ng/m. (daily AUC 14.4 —
21.6mg.hvL): higher rate of engraftment (94 vs.
74%, p = 0.043) vs. Css <600 ng/ml

Trend of increased grade lI-IV TRT with increasing
Bu overall CSS

Trend of early TRM associated with high first dose
AUCE, (o = 0.06)

SOS significantly associated with high first dose
AUCG (0 = 0.03)

NS
NS
NS
NS
NS

Increased SOS with AUC,4 >5,000 pM.min
(AUC24n >20.5mg.vL (HR = 3.39, p = 0.034) vs.
AUCzan <5,000 kM.min

NS

NS

NS

NS

The incidence of SOS correlated with first dose
AUCg, >3.200 uM.min (AUCe, >13.1 mg.hvL: (x2
=18; p < 0.0001) vs. AUCe <3,200pM.rmin

The incidence of SOS correlated with higher first
dose AUC only in g6h patients (o < 0.05)

Bu concentration 2721 ng/mL: increased TRM
during the 1st year after transplantation (29 vs.
14%, p = 0.01) vs. Css <721 ng/ml

Bu concentration =721 ng/mL: decreased OS (56
vs. 40%, p = 0.05) vs. Css <721 ng/ml
Autologous HSCT only: NS

Bu concentration 2721 ng/mL_: decreased DFS(51
vs.37%, p = 0.03) vs. Css <721 ng/ml
Autologous HSCT only: NS

NS

Univariate analysis: first dose AUC, Crmx,
percentage of time above 1,300 ng/mL associated
with SOS.

Multivariate analysis: highest Cmax associated
with SOS

AUCq, associated with engraftment

No association between AUCou, and SOS
No association between AUCcm and OS

No association between AUCm and engraftment
No association between AUCcu and refapse

Risk of rejection decreasing with increased Css (P =
0.0024)
Severe TRT were not related to Gss

No difference between patients within a local AUC
range (AUCen 4.0~ 5.1mg.h/L) and the EMA AUC
range (AUCsn, 3.7 - 6.2mg L)

No correlation between first dose AUC and
cumulative AUC with SOS.

No difference between patients within a local AUC
range (AUCS 4.0 - 5.1 mg.hvL) and the EMA AUC
range (AUCS 8.7 - 6.2mg.hvL)

No correlation between first dose AUC and
cumulative AUC with SOS.

No difference between patients within a local AUC
range (AUCs, 4.0 - 5.1 mg.hvL) and the EMA AUC
range (AUCs» 3.7 - 6.2mg.hvL)

higher probabilty with AUCcUm<3.7 mg.L,
42.9%) than in patients within EMA target range
(AUCs 3.7 - 6.2mg.h/L)

Higher Cmax in patients who developed SOS (4.2 &
068 vs. 4.8 + 0.73M; P = 0.035)

BuThio patients with SOS had a significantly higher
AUCe after the 13th dose (6.201 + 0.607 mg.vL)
than those who did not (5.024 = 0.978mg.h/L) (P
<0.05)

This difference was not observed in patients that
received BuMel

Other covariates
influencing the
outcome

Immunodeficiency
diagnoses vs. other
non-malignant diseases

Use of three alkylating
agents

Use of three alkylating
agents,
transplant after 2006

HLA disparity, age

HLA disparity, age

Mel-containing regimens.

Mel-containing regimens.

Mel-containing regimens

GSTAT polymorphisms

GSTAT polymorphisms

MDS, cord blood
compativilty (trends)

Age <3 years, weight
<9kg, severe combined
immunodeficiency or a
lymphohistiocytoss,
VP16

Weight, age,
haematological malignant
disease, Cy
co-administration
associated with
engraftment

Flu co-administration
associated with rejection

Patients < 9kg

Non-malignancies

Second alkylating agent:
Mel or Thio

aGVHD, acute graft-versus-host disease; AML, acute lymphobiastic leukaemia; AUC, area under the curve; Bu, busullan; cGvHD, chronic graft-versus-host disease; Css, steady state concentration; Cy, cyclophosphamide; DFS,
disease-free survival; EFS, event-free-survival: EMA, European Medicines Agency; FDA, US Food and Drug Administration; Flu, fludarabine; GSTA1, glutathione S-transferase AT; HC, haemorhagic cystitis; HLA, human leukocyte
antigen; HR, hazard ratio; IV, intravenous; MDS, myelodysplastic syndrome; Mel, melphalan; NRM, Non-relapse mortalty; NS, not significant; OS, overall survival; G24h, every 24 hours; q6h, every 6 hours; SOS, sinusoidal obstruction

syndrome; TDM, therapeutic drug monitoring; Thio, thiotepa; TRM, treatment-related mortality; TRT, treatment-related toxicity; VP16, etoposide.
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References N malignancy ~Agerange  Busulfan Structural Tested covariates Included Final CL equation Targetdaily ~ Recommended ini
IN total (vears) dosing model covariates exposure dose
(AUC in
mg.h/L)
Model-informed dosing studies based on population PK models
Bartelink etal.  Model 0.1-35 IVg6h,qi2h 2 compartment  ABW, BSA, age, ABWforCL  OLi = 38.32 (Uh) x (BW/ Target AUC:  Bodyweight-based
(80, 81) development: and g24h model Supportive care and Vg 16.3kg)1-S7xBWORY 225 nomogram (80)
114/245 Linear treatments, baseline Dosingday  Faaz-4 Target
Model elimination biological variables, for CL window: 195~
valication: 39/158 parameters diagnosis (malignancy 253
vs. non-malignancy),
dosing day
Ben Hassine  Model 0.1-20.1 IVg6h, q12h 2 compartment  ABW, age, sex, ABW,PMA, Ol = 4.92(L/h) x Target AUC:  Dose (mg) = AUCiarget X
etal. (82) development: and g24h model diagnosis (malignant  the 1stday of  (BW/20kg) I PMAM 197 492 (Uh) x
191/302 Linear elimination vs. non-malignant), conditioning,  Fuayt X Fostar X Feudarsbine  Target (BW/20 kg) - 14xPMA-O2
Model Fludarabine Fludarabine window: 14.8-  Faayt X Fastat X Fendarabine
validation: co-administration, the  co- 246
67/100 day of conditioning, administration,
GSTAT haplotypes, and
GSTAT metabolic GSTAT
capacity (three groups  metabolic
based on promoter capacity for
haplotypes), oL
Transplantation centre,  ABW for V ¢
treatment number.
Boothetal.  15/24 03-16.7 IV g6h 1 compartment,  ABW, BSA, age ABWforCL  CLj = 4.04 (h) x Target AUC:  Forg6h:
©3) linear and Vg (ABW/20°74 185 <12 kg: 1.1 mg/kg/dose
elimination Target >12 kg: 0.8 mg/kg/dose
window: 14.8-
222
Ghoi et al. 33/36 18-64 IV g6h 1 compartment  ABW, BSA, sex, drug  ABW and CLi=11.0 (Uh) x Target AUC:  NA
©3) model with interaction with azoles, ~ GSTAT(A”A  (BW/B0kg)>**x Fasrar NA
linear AST, ALT, GSTA1, vs. *A/B) for Target
elimination GSTM1, GSTT1, oL window: 15.6-
GsTP1 246
Diestelhorst  Model Building: ~ 0.1-18.9 Model building: 1 compartment  ABW, BSA, age, ABWforCL  CLi =3.04 (/) x Target AUC:  Dose (mg) = AUCrurget
etal. (84) NR/82 IV g6h model with height, sex BSAforVy  (BW/16.1kg)07%" 188 3.04 () x
Model Model validation: ~ linear Target (BW/16.1kg)> 7"
Validation: NR/24 IV q24 h elimination window: NS
Kawazoe NR/54 0.3-535 IV g6h 2 compartment  Based on the mode! from McCune CLi=11.8(Uh) x Target AUC:  Dose (mg) = 118 (LUh) x
etal. (85) model with etal. (86) (NFMg/70kg)%7S x Frat x  NR (NFMg/70kg)°7 x Fnay x
linear Fro Target Frou
elimination window: 14.8
246
Langenhorst  231/385 0.16-73 v 2 compartment  ABW, BSA, age, ABWforCL  OLi=7.48 (Uh) x Target AUC:  NA, only tested for
etal. (87) model with supportive care and Vy (BW/43Kg)OxBWOTE o 205 TDM-guided cumulative
linear treatments, baseline Dosing day Faayz-a Target exposure
elimination biological variables, for CL window: 20.3~
diagnosis (malignancy 248
vs. non-malignancy),
dosing day
Langenhorst  231/385 0.1673 v 2 compartment  Based on Based on CLi=7.61 (Uh) x Target AUC:  NA, only tested for
etal. (87) model with Bartelink et al. (80, 81)  Bartelink etal.  (BW/43kg)' 0BV 225 TDM-guided cumulative
linear (©0,81) + Target exposure
elimination and Age for GSH window: 20.3-
a theoretical depletion factor. 248
compartment
for theoretical
glutathione
depletion
Long-Boyle  Model 0.124 IV g6h 1 compartment  ABW, BSA, height, ABWforCL  <12kg:CLi=432(Uh) x  TargetAUC:  <12kg:
etal. (88) development: model with age, sex, baseline and Vg (BW/22Kkg)0.75 x (1+ 180 Dose (mg) = AUCtarget x
NR/SO non-iinear biological variables Age- Si<bp x age) Target 4.32 (Uh) x (BW/22kg)0.75
Model elimination dependent  >12kg: window: 14.4-  x (14 0.032 x age)
validation: NR/21 maturation CLi =432 (Uh) x 216 >12kg:
for CL (BW/22kg)0.75 x (1+ Dose (mg) = AUCtarget x
Sl<bp x Bp) x [1- Sl>bp 4.32 (Uh) x(BW/22kg)0.75
x (age-12)] x (140.032 x 12) x
[140.0138 x (age-12)]
McCune etal.  978/1,481 0.1-65.8 IV g6h, g8h, 2 compartment  ABW, height, NFM CLy = 12.4 (Uh) x Target AUC:  Dose (mg) = AUCkurget
@6) q12h, and q24h  model with post-menstrual age, (dependent of  (NFMa/70kgl®™ x Frat x 185 12.4 (L) x
linear age, sex, diagnosis ABW, height  Fr o Target (NFMg/70kg)7® x Froay
elimination (malignancy vs. and sex) for window: 14.2-
non-malignancy), time  CL and Vy 231
since Bu treatment PMA-
initiation dependent
maturation
(Fmat) for CL.
Sex for Vg
Time since Bu
treatment
initiation (FT_CL)
Nava et al 52/112 0.1-20 IV g8hand 1 compartment,  ABW, age, sex, ABW and CLy =137 (Uh) x Target AUC:  Dose (mg) = AUCkurget X
89) q24h linear diagnosis (malignant PMA- (BW/70kg)*™® x Fmat x 185 18.7 (Uh) x (BW/70kg)*™®
elimination vs. non-malignant), dependent  Festar Target X Frnat X FassTat
co-administered maturation window: 14.6-
chemotherapy, GSTA1  (Fmat) for CL 246
metabolic capacity GSTAT
(three groups based on  metabolic
promoter haplotypes)  capacity for
oL
PMA for V 4
Neelyetal.  Modelbuiding: ~ 0.1-21 IV g6h 1 compartment  ABW, IBW, age IBW and age Target AUC:  ForgBh:
(©0) NR/S3 non-parametric forKeandVa Ko = KeSxIBW-0.25 x 180 <12 kg: 1.1 mg/kg
Model model with (051 +0.10xAge - 0.01 x  Target >12 kg: 1.0 mg/kg
validation: NR/136 linear Age2 +0.00029 x Age3)  window: 14.4-
elimination Va = VS x IBW x 216
(estimated (0.71-0.016 x Age +
parameters are 0.0017 x Age2)
K, and V)
Nguyenetal.  15/24 0.45-16.7 IV g6h 1 compartment  Height, age, BSA,ABW ABWforCL  CLi=297 (Uh)+ 457 x  TargetAUC:  Forg6h:
©7 model with and Vg [LN(ABW-3)] 185 <9kg: 1.0 mg/kg/dose
linear Target >9to <16kg: 1.2
elimination window: 14.8-  mg/kg/dose
246 21610 <23 kg: 1.1
mg/kg/dose
22810 <B4 kg: 0.95
mg/kg/dose
2834 kg: 0.8 mg/kg/dose
Pacietal (66) 82/115 0.1-15 IV g6h 1 compartment ~ ABW, BSA, age, sex,  ABWforCL  <9kg: Target AUC: < 9kg:
model with seizure prophylaxis, and Vg CLi = 2.18 (Uh) x 19.7 Dose (mg) = AUCtarget x
linear baseline biological (BW/9Kg)1.26 Target 2.18 (/h) x (BW/9Kg)1.26
elimination variables >9 window: 14.8-  >9kg:
ClLi = x 2.18 (Uh) 246 Dose (mg) = AUCtarget x
x (BW/9KgI0.76 2.18 (/h) x (BW/9Kg)0.76
Philppe etal.  84/163 0.17-21 IV g6h 1 compartment  NA BWandage  CL=KeNd Target AUC:  Based on the highest
©1 non-parametric forKeandVe Ke= NA cumulative probabilty of
model with KeSxIBW-0.25x(0.61 +  Target target interval attainment
linear 0.10 x Age - 0.01 xAge2 +  window: 14.8-
elimination 0.00029 x Aged) 246
(estimated Vd=VS x IBW x
parameters are (0.71-0.016 x Age +
Ko and V) 0.0017 x Age2)
Poinsignon  140/540 (75%  0.02-24.1 IV gh 1 compartment  ABW, age ABW and CLi =290 (Uh) x Target AUC:  For -
etal. (92) model model with PMA- (BW/12kg) ' 19xBWO 1D o 19.7 <11 kg: 1.16 mg/kg/dose
development linear dependent  Fruat Target >11to<17kg:1.25
and 26% model elimination maturation window: 14.8-  mg/kg/dose
validation) (Fat) for CL 246 >17to <25 kg: 1.05
and Vg mg/kg/dose
>2510 <40 kg: 0.9
mg/kg/dose
>40 kg: 0.8 mg/kg/dose
Rhee et al. NR/137 (708 0.6-22.2 IV q24h 1 compartment  ABW, BSA, age, BSAforCL  OLi=10.7 (Uh) x Target AUC:  Age and BSA based
(93) % acute model with height, sex, dosing day, ~and Vg (BSA/1.73)107 x. 18.75 nomogram [Rhee et al. (93)]
leukaemia) linear baseline biological (1-6(-0893/0320xA00)  Fy Target
climination variables. x Fast window: 16.0-
25
Savic et al. NR/149 0.1-33 IV gshand 1 compartment  ABW, BSA, age, ABWforGL  CLi=23(Uh) x (Matmag + Target AUC:  Dose (mg) = AUCirgat x
©7 a24h model with height, sex and Vg Age- (1~ Matmag) x [1 - 180 (0.46+(1-0.46) x [1 -
linear dependent (-ogoxkmat]  BW/BKgI0TS  Target (-gox 1] 5 [BW/BKg)0TS
elimination maturation for window: 14.4~
oL 216
Shuklaetal.  Model buiding:  Model IVgsh, gi2h,  1compartment ~ABW, age, height, sex, FFMbased  CLi=3.96 (Uh) x (Matmsg ~ NA Dose (Mg) = AUCiuget X
©4) NR/299 building: NR ~ and g24h model with dosing day, CloFluBu~ on ABW, + (1~ Matmag) x [1 € 3.96 (L) x (Matmeg + (1~
Model Model validation:0.2- linear regimens height and agoxkinat) Matygg)  [1 - e (-3g0xKmai)
validation: NR/59 20 elimination sex for CL (FFM/12kg)%75 x Faayt x x (FFM/12kg)*7® x Foayr x
and Vg Frogimen Frogimen
Age-
dependent
maturation for
oL
Day of
conditioning
CloFluBuregimens
Trameetal.  NR/94 0.1-188 Oral g6h 1 compartment  ABW, BSA, age BSAforCL  CLi=4.16 (Uh) x BSA Target AUC:  Dose (mg) = AUCiarger X
(95)BSA V24 h model with 188 4.16 (Uh) x BSA
based linear Target
elimination window: 14.8-
246
Trameetal.  NR/94 0.1-188 Oral g6h 1 compartment  ABW, BSA, age ABWforGL  CLi=4.11(Uh) x Target AUC:  Dose (mg) = AUCharget X
(95) weight V24 h model with (ABW/27.2)078 18.8 4.11 (Uh) x
based linear Target (BW/27 2kg)*7®
elimination window: 14.6-
246
Wuetal.(96)  63/53 7.0-59.0 IV g6h 1 compartment  ABW, BMI, AIBW, BSA, BSAforCL  CL=11.1(Uh) x NA Dose (mg) = AUCrgat
model with sex, serum creatinine and Vd (BSA/1.587)0.955 11.1 (Uh) x
linear (BSA/1.587)0955
elimination
Yuan et al. Model buiding: ~ 05-15.2 IV g6h 1 compartment  BSA, AST, GSTAT BSAforCL  CL=4.92(Lh) x Target AUC:  GSTAT-"AZA:
©7) 26/69 model with (‘A”Avs. *A/B) and Vg (BSA/0.67)°8 x 185 BSA 0.2-0.4 m?: 45 mg/m?
Model linear AST and (AST/20.10)02" x Fosrar  Target BSA 0.4-0.7 m?: 42 mg/m?
validation: 4/14 elimination GSTAT for CL window: 14.6-  BSA 0.7-1.6 m?: 38 mg/m?
222 GSTAT-A/B:
BSA0.2-0.4 m2: 40 mg/m?
BSA0.4-0.7 m2: 37 mg/m?
BSA 0.7-1.6 m?: 34 mg/m?
Zwaveling 35/77 0.2-23 IV g8hand 1 compartment  ABW, BSA, Age, ABWforCL  CLi=4.8 (Uh) x NA NA
etal. (98) a24h model with diagnosis (malignant  and Vg (ABW/ 19103
linear vs. non-malignant)
elimination GSTA1,
GSTM1,
GSTPI,
GSTT1
Dosing recommendations not based on population PK studies
Ansarietal. 75 0.1-20 IV g6h NA NA NA NA Target For qeh:
@8 window: <3 months: 16
14.4-21.6 mg/m2/dose
>3 months to <1 year: 0.8
mg/kg/dose
>1 year old to <4 years old:
1 mg/kg/dose
>4 years old:
0.8 mg/kg/dose
Bufferyetal. 150 05-58 OralorVash  NA NA NA NA Target For qeh:
©9) IV 24 h window: 10-16 kg: 1.2 mg/kg/dose
152-22.2in  17-18kg: 1.1 mg/kg/dose
children, 19-22 kg: 1 mg/kg/dose
148-230in  23-25 kg: 0.9 mg/kg/dose
adults >26 kg: 0.8 mg/kg/dose
Wall et al. 24 05-16.7 IV g6h NA NA NA NA Target For qeh:
(100) window: <4 years: 1 mg/kg/dose
14.8-22.2 >4 years: 0.8 mg/kg/dose

ABW, actual body weight; AIBW, adjusted ideal body weight; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC, area under the curve; BMI, body mass index; BSA, body surface area; Bu, busultan; BW, body
weight; CL, clearance; Crmax, meximum concentration; F; fraction absorbed (bioavaiabilty); FFM, fet-free mass; GSTAT, glutathione S-transferase AT, i intrinsic; IBW, ideal body weight; IV, intravenous; Ko, elimination rate constant;
‘mag, magnitude; met, maturation; LI, naturallogarithm; NA: Not applicable; NFM, normal fat mass; NR, not reportod; PIMA, post-menstrual age; 12h, every 12 hours; q24h, every 24 hours; a6h, every 6 hours; q8h, every 8 hours;
Vy, volume of distribution.
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NALL/Ntotal  Age range
(vears)

0185 4BAML  05-66

patients)

2/28 0.4-19.8

6/69 0.1-19.9

044 (only 15417

thalassaemic

patients)

12/138 0.1-99

447402 (302 0.1-20.1

for model

building, 100

for model

validatior)

35/185 18-59

patients

received Bu

18/114 16-65

13/36 18-64

0718 (only 08-16

congenital

haemoglobinopathies)

071 (only 1.6-27

thalassaemic

patients)

2/29 0.1-18.3

6/58 16-58

7124 09-18.1

107101 0.1-21.0

/112 0.1-20.0

0/20 (9 AML 05-17

patients)

0/114 (only 2-16

thalassaemic

patients)

NR/84 (31 Mean 6.1

patients with years (£ 5.4

haematological  SD)

malignancies

including ALL)

6/66 0.1-19.9

8/25 13-61

5/69 (model 05-15.8

building) +

R/44 (model

validatior)

NR/77 (35 0.2-23

patients with

malignancies)

Conditioning
regimen(s)

IVBu (N = 57): q12h
orgeh

Oral Bu (N = 128):
q6h

Combinations with
Cy, Flu, Thio,

VP16, Mel

6h IV Bu with Oy

g8h IV Bu:
BuCy
BUC,VP16
BuMel

GBh IV Bu with Gy

G6h IV Bu with other
agents (Oy, Mel,
VP16)

q24h, q12h, gsh IV
Bu with other agents

6h IV Bu with Cy or
Flu

Bh IV Bu with Gy

aBhorq24h IVBu
with Gy or Flu

Oral Bu g6h

G6h IV Bu with Oy or
Thio

aBhorqi2hIVBu
with Cy or Flu

a6h IV Bu alone or
with Gy or Flu

G24h IV Bu with Fiu,
VP16 was added for
ALL patients

a6h IV Bu-based
conditioning:
BuCy

BuFlu
BUC,VP16
BuMel

gBhand q24h IV
Bu-based
conditioning:
BuCy

BUCYVP16
BuMel

BuCyMel
BuMelAraC

aBh IV Bu with other
agents (O, Flu, Mel,
VP16)

qBh oral Bu with Cy

G24h 1V Bu with Oy
or Flu and other
agents (Cy or Flu,
Thio, Mel, VP16, Clo)

6h IV Bu-based
conditioning
BuCy

BUFiu
BUCVP16
BuMel

G6h IV Bu with other
agents (Oy, Flu, Mel,
VP16, AraC,
Decitabine,
Semustine)

a6h IV Bu with other
agents (Cy, Flu, Mel,
VP16, AraC,
decitabine,
semustine)

q24hor g8h IV Bu
with other agents (O,
Mel, Flu, VP16)

Tested
marker(s)

GSTA1
GSTM1

GSTAT
GSTP1
GSTM1

GSTAT GSTP1
GSTM1

GSTAT GSTM1

GSTAT
GSTM1
GSTP1

GSTAT

30 genes
including GSTAT
GSTM1

asTT1

GsTA2

GSTA1 GSTT1
GSTM1 GSTP1

GSTA1 GSTT1
GSTM1 GSTP1
GSTA1 GSTT1
GSTM1 GSTP1

GSTA1 GSTT1
GSTM1 GSTP1

GSTAT GSTM1
GSTP1

GSTAT GSTTT
GSTM1

GSTA1 GSTT1
GSTM1

GSTAT

GSTAT

GSTA1 GSTT1
GSTM1

GSTM1 GSTT1

GSTAT
ABCB4
CYP39A1
CYP2C19
SLC7A8
SLC22A4

CYP2C9
cyp2c19
CcYP286
FMO3

GSTA1 GSTP1

GSTA1

GSTA1 GSTT1
GSTM1 GSTP1

Tested Bu PK.
parameters in relation
to the marker

oL
Dose adjustments

Crnax
AUC
Css
CcL

Cmax
AUC
CcL

Cnax

o

AUCocum

CcL

Initial/adjusted dose ratio

CcL
Va

AUC

CUF
Css

oL
AU
Cmax
AUC
AUC/kg
CUF
T2
VdF
Cmax/AUC ratio
Css
AUC
oL
Tip
cL
AUC
Gss

C max

cL
AUC

AUC first-day
oL
Dose modification

CL
AUC

cL
\
AUC first-dose

CcL
AUC
Ko

CUF

CcL
AUC

Bu/sulfolane metabolic
ratio

AUC

oL

[
Tie

Vg

oL
AUCogn

cL

PK findings

No association with IV Bu
Decreased CL of oral Bu in
GSTAT*B individuals

GSTM1-null genotype associated
with:

1.2-fold higher AUC

1.3-fold higher Crmax

1.2-fold higher Css.

1.3-fold lower CL

Higher CL in presence of
GSTAT-"A2

Lower CL with GSTM1-null in
patients >4 years

Higher CL in presence of
GSTAT-A

Higher Bu exposure and lower
clearance in GSTAT-"B/'B patients
(p<0.01)

Higher CL and lower AUCeum with
GSTAT diplotypes associated with
rapid metabolising capacity

Lower CL and higher AUCcum with
GSTAT diplotypes associated with
slow metabolising capacity

Lower CLin patients >4 years
with GSTM1-null

GSTA1-G3 (slow metabolising
capacity) associated with 12%
lower CL.

GSTAT-G1 (rapid metabolising
capacity) associated with 10%
higher CL

1.5-fold higher AUC in GSTA2
S112T serine/serine patients
compared to threonine amino acid
substitution patients

CUJF 11% and 18% lower when 1
or 2 GSTA1-"B alleles are present,
respectively.

60% higher Css with GSTAT-'B/'B
and GSTT1/GSTM1 double-nuil
15% lower CL in heterozygous
GSTA1-"B

Association between GSTAT and
GSTP1 genotypes with Cmax and
AUC

10% lower GL in patients carrying
GSTAT'B

30% lower CL with GSTA1-*B or
‘88

Significant differences in AUC, Css
and Cpax between GSTAT-*A/A,
*A/'B and *B/'B genotypes (lower
exposures with *A/%A and higher
exposures with ‘B/'B)

Higher AUCs with GSTAT-"A
Lower Bu CL in GSTM1/GSTT1-
double-null patients

NS

Tendency of higher AUC in carriers
of GSTAT-*A/'B genotype or
GSTT1-null genotype

GSTA1-diplotype-based metabolic
groups associated with the mean
prediction error of CL

CyGSTA1 slow metabolising
capacity associated with AUCs
within therapeutic window

GSTA1 rapid metabolising capacity
associated with

subtherapeutic AUCs

GSTA1-G3 (slow metabolising
capacity) associated with 11%
fower CL

GSTA1-G1 (rapid metabolising
capacity) associated with 7%
higher CL

Doses considering GSTAT resulted
in no G1 patients outside the
target AUC

Poor metabolizers, defined as
patients canying =1 GSTAT-"8 or
GSTM1-double-null genotypes,
had lower 28%, lower CL and 52%
higher AUC than extensive
metabolizers

Lower Bu CUF with GSTM1-null

8% lower CL with GSTAT-'A/"B
and 26% lower CL with
GSTAT-"8/'8 compared to
wild-type (‘A/*A), with a larger
effect of GSTAT in patients <2
years of age

13% lower CL.

With heterozygous CYP39AT
variant and 17% lower clearance
with homozygous mutant
CYP39AT

39% lower CL with homozygous
cartiers

for both haplotypes of GSTAT
and CYP39AT

Higher metabolic ratio in
CYP2C9*2 and *3 (decreased
function) allele carriers

Lower metabolic ratio in
CYP2C19*17 (ncreased function)
allele carriers

Lower CL and higher exposure in
GSTAT-*A/"B patients compared
with *A/*A patients

Higher CL in presence of GSTP1
313A-"G (dominant llele)

17% lower CL in heterozygous
GSTAT-B

NS

Clinical findings in relation
to the biomarker

NA

NA

Higher risk of SOS with GSTAT
homozygous and
heterozygous *B1b (HR 10 and
5.6, respectively)

4-fold higher risk of aGVHD
with GSTM1-null in patients
>4 years

5-fold higher risk of aGVHD
and TRT with GSTM 1-null

Higher incidence of SOS,
aGvHD and combined TRT,
with GSTAT diplotypes with
slow metabolising capacity
GSTP1 313GG associated
with acute GVHD grade -V
GSTM1-non-null genotype
associated with HC

NA

NA

Higher mortality within the first
30 days post-HSCT with
GSTM1-null

NA

Association between
GSTM1-null genotype with
acute/chronic GvHD and with
graft rejection

NA

NA

NA

NA

NA

NA

NA

3-fold higher risk of SOS with
GSTM1-null

NA

Higher metabolic ratio (<5)
associated with lower graft
failure risk

Higher incidence of relapse
and gratt failure in patients with
malignant disease with
homozygous reduced-function
CYP286 alleles

NS

Worse neutrophil recovery and
lower survival in heterozygous
GSTAT-"B patients.

1.7-fold higher risk of SOS in
GSTM1-null patients (trend, p
=007

ALL, acute lymphoblastic leukaemia; AML, acute lymphoblastic leukaemia; AUC, area under the curve; AUCcun, cumulative area under the curve; Bu, busulfan; CL, clearance; Grax, maximum concentration; Css, steady state
concentration; Cy, cyclophosphamide; F; fraction absorbed (bioavailabilty); Flu, fludarabine; GSTAT, glutathione S-transferase A1; GuHD, graft-versus-host disease; HC, haemorthagic cystits; HR, hazard ratio; IV, intravenous; Ko,
elimination rate constant; Mel, melphalan; NS, not significant; NR, not reported;: q12h, every 12 hours; q24h, every 24 hours; qbh, every 6 hours; G8h, every 8 hours; SOS, sinusoidal obstruction syndrome; Tz, half-ife; Thio, thiotepe;
TRT, treatment-related toxicity; Vg, volume of distribution; VP16, etoposide.
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References ALL (N) / study Age range ning regimen(s) Treo dose Tested outcome(s) Toxicity (grade =Ill)
population (N) (vears)
Wachowiak et al. (142); 17/51 0.7-17 TreoVP16Cy (25%) 30-42 g/m? Engraftment: 94% Day +100:
retrospective (median 8) TreoFluMel (18%) Graft faiure: 6% Mucosal: 12%
TreoCyMel (16%) CC:90% Renal: 2%
TreoCy (18%) RI:22%
TreoFlu (18%) DFS: myeloid malignancy:
TreoMel (6%) 71%
lymphoid
malignancies: 41%
Beler et al. (143); 16/109 0-18 TreoFluThio (43%) 21-42 g/m? Engraftment: 100% Skin grade IV: 3.5%
retrospective TreoFlu (31%) 0S in malignant group: Pulmonary grade IV: 2%
TreoFluMel (15%) 49%
TreoMel (4%) TRM: 11.9%
TreoCy (29%)
TreoMelCy (2%)
TreoFuCy (1%)
Boztug et al. (144); 711198 0.4-18 TreoFluThio 33% 3345 g/m? “3-year 0S: 51% “Stomatitis: 36%
retrospective (median 9.1) TreoCy 25% *3-year EFS: 39% “Diarthosa: 24%
TreoFlu 22% “TRM: 14% “Vomiting: 11%
TreoFluMel 13% *Respiratory toxicity: 14%
Other 7% “Elevated biliubin: 14%
“Elevated SGOT: 27%
“CNS toxicity: 4%
“Peripheral neurotoxicity: 4%
*VOD: 0%
Kalwak et al. (145); 23/65 1-17 (median TreoFluThio 30-42 g/m? Engraftment: 98.5% Mucosits oral: 43.1%
prospective, Phase Il 12) CC at Day +100: 92.2% Nausea and vomiting: 16.9%
“0S: 78.3% Infections and infestations: 30.8%
“RI: 26.1% Diarrhoea: 15.4%
“RIPFS: 69.6% Skin and subcutaneous: 12.3%
NRM: 3.1% VOD: 0%
Peters et al. (34); 93/93 “4-18 “TreoFluThio “42 g/m? “08: 7% “Vomiting: 20%
prospective, Phase Il “EFS: 58% “Stomatitis: 56%
“CIR: 31% “Infection: 65%
“TRM: 12% *Peripheral neurotoxictty: 6%
*HLH: 3%
*PTLD 7%

*Skin changes: 9%
“Aspiration: 4%

" Data specific to the subgroup of patients with ALL.

ALL, acute lymphoblastic leukaemia; Bu, busulfan; CC, complete donor chimerism; DFS, disease-free survival; EFS, event-free survival; Flu, fludarabine; HLH, haemophagocytic lymphohistiocytosis; Mel, melphalan; NRM, non-relapse
OS, overall survival; PTLD, post-transplant lymphoproliferative disorder; R/PFS, relapse/progression-free survival; Ri, relapse incidence; SGOT, serum glutamic oxaloacetic transaminase; SOS, sinusoidal obstruction syndrome;
Thio, thiotepa; Treo, treosulfan; TRM, treatment-related mortality; TRT, treatment-related toxicity; VOD, veno-occlusive disease; VP16, etoposide.
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Biomarker References Age range, Association Use

years with cGVHD
Plasma SBAFF (@6) 1-29 t Diagnostic
@n 21-68 1+ Diagnostic
(@8 18-68 1+ Diagnostic/prognostic
4 biomarker panel (49) 1-79 1+ Diagnostic/prognostic
(ST2, CXCL9, MMP-3, and
osteopontin)
cxcLe (9) 13-59 t Diagnostic
0) 0-79 1 Diagnostic
CXCL9, CXCL10 1) 21-68 t Diagnostic
cXcL10 2 <18 + Diagnostic
coLis ©3) 19-79 1 Diagnostic/prognostic
MMP-3 ©3) 19-73 + Diagnostic
Cellular cD163 %) 19-73 t Diagnostic
TLRO* B cells (65) 1-29.9 1 Diagnostic
CD21" B cells (6) 20-66 t Diagnostic
SBAFF:B cell ratio @1 19-66 + Diagnostic
©7) 23-59 1 Diagnostic
Troge 9 NR 1 Diagnostic
CD4*CD146+CCRS* T ©9) 259-756 + Diagnostic
cells
Thh cells (©0) 25756 1 Diagnostic

1, increased in cGVHD; |, decreased in cGVHD; CCL15, chemokine (C-C moti) ligand 15; cGvHD, chronic graft- vs.-host disease; CXCL, chemokine [C-X-C] motif ligand; MMP-3,
matrix metalloproteinase 3; NR, not reported; SBAFF, soluble B-cell activating factor; T, T follicular helper; TLR9, toll-lke receptor 9; Tregs, regulatory T cells.
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Acute neurotoxicity

Infections
- Viral

- Fungal

- Bacterial

- Toxoplasmosis

Drug neurotoxicity; Posterior
reversible encephalopathy syndrome
(PRES), acute toxic
leukoencephalopathy (ATL),
leukencephalopathy, seizures,
peripheral neuropathy, headaches,
hallucinations, somnolence, cranial
nerve palsies, weakness

- Fludarabine

- Busulfan

- Nelarabine

Posterior reversible encephalopathy
syndrome (PRES)

NS GVHD; cerebrovascular disease,
demyelinating disease,
immune-mediated encephalitis

Immune effector cell-associated
neurotoxicity syndrome (CANS)

Long-term neurotoxicity

Cerebrovascular accident (CVA)

Secondary CNS malignancy

Peripheral neuropathy

Neurocognitive effects

Fatigue

Decreased HRQoL

Risk factors

Pre-transplant viral status; EBV, CMV,
HSV, V2V,

HHVS, (JOV)
Toxoplasmosis

GvHD
Immunosuppression
Fludarabine

Busulfan

Nelarabine

Vincristine

Previous CNS disease
Advanced disease status
Older age

Calcineurin inhibitors

Sirolimus

Everolimus

Dexamethasone

Fludarabine
Hypomagnesaemia

Umbilical cord stem cell source
G-CSF

Acute and chronic GvHD
autoimmunity

High disease burden pre CAR-T cells
High peak CAR T cell expansion

in blood

Extramedullry disease

Younger age Pre-existing
neurological abnormalities

High CAR T cell dose

Cytopaenias

High grade cytokine release
syndrome (CRS)

Risk factors

Cranial irradiation

TBl-based conditioning regimen
Cardiovascular risk profile
Metabolic syndrome

Disease status at HSCT (>CR1)
>2 transplants.

Cranial irradiation

TBl-based conditioning regimen
CNS leukaemia before HSCT Young
age (<6 years old at HSCT, <3
higher risk)

Unrelated donor stem cell source
NF-1

Chronic GvHD/immunosuppression
Vincristine

Nelarabine

Chronic GVHD
Immunosuppressive drugs
(eyclosporine, tacrolimus)

Cranial radiotherapy

T8I

Young age (<3-4 years old at HSCT)
Methotrexate

Other CNS prophylaxis therapy
Low socioeconomic status

Low pre-HSCT

neurocognitive functioning
Chemotherapy

Cranial radiotherapy

Medical comorbities
Immunosuppression

Psycho-social status

Reduced physical activity

Tl

Chronic health conditions after HSCT
Chronic pain

Anxiety

Fatigue

Unemployment/sick leave
Reduced physical activity

ATL, acute toxic leukoencephalopathy; CAR-T, chimeric antigen receptor T-cel;, MY,
cytomegalovirus; CNS, central nervous system; CVA, cerebrovascular accident; EBY,
Epstein-Barr virus; G-CSF, granulocyte colony-stimulating factor; GvHD, graft versus host
disease; HHV, human herpes virus; HRQoL, health-related quality of Ife; HSV, herpes
simplex virus; ICANS, immune effector cel-associated neurotoxicity syndrome; JCV, JC
polyomavirus; NF-1, neurofibromatosis type 1; PRES, posterior reversible encephalopathy
syndrome; TBI, total body iradiation; V2V, varicelia zoster virus.
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Parameter Autoantibody Autoantibody P-value
positive with  positive without

cGVHD CGVHD

Mean numbers of immune

cells x 10° cells/mL.
Leukocytes 6534.1 48504 0.000
Lymphocytes 2204.7 1,422.3 0.000
Monocytes 504.1 363.0 0.001
Granulocytes 37387 3,000.6 0018
CDS6*CD3* NK cells 236.1 1656 0023
CD3* T-cells 15015 1,364.2 0.005
CD4*CD3*T cells 632.6 3840 0.000
CD8*CD3*T cells 759.3 447.2 0.000
CD19* Bcells 539.6 2763 0.003
CD19*CD21°" B cells 238 18 0044

Ratio CD21°* B 17 0.4 0.006

Cells/CD27+B cells

Mean concentrations of

immunoglobulins, mg/dL
196 1,503 9169 0,009
IgM 1208 88.0 0038
1963 774 458 0.000

Differences between groups were compared using the student's t-test or the Mann-
Whitney U-test for continuous variebles. cGyHD, chronic graft-versus-host disease;
Ig, immunoglobulin.
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Parameter Autoantibody
positive with
active cGVHD

CD19+21°" B cells, x 36.8
10° cells/mL

Ratio CD19+CD21°" B 24
cells/CD27+B cells

CD19+CD27+ B cells, 91
%

CD19+CD27+IgD", % 35

Autoantibody  P-value
positive without
active cGVHD

1.8 0.013
0.4 0.034
14.9 0.028
5.1 0.013

Differences between groups were compared using the student's t-test or the Mann-
Whitney U-test for continuous variables. cGvHD, chronic graft-versus-host disease.
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Parameter

Mean numbers of immune cells x
10° cells/mL.

Leukocytes
Lymphocytes
Monocytes
Granulocytes
CD56+3" NK cells
CDB3* T cells
CD4+3+ T cells
CDB*3* T cells
CD19* B cells
CD19+210% B cells, %
CD19+21°% B cells
Ratio CD4*/CD8* T cells
Ratio CD21B cells/CD27+ B cells

Mean concentrations of
immunoglobuiins, mg/dL

196
IgG1
1963

<cGvHD

6,280.4
2,154.2
489.9
3,602.9
2623
14449
619.7
779
430.9
9.7
31.0
1.1
16

993.0
687.7
75.0

No cGvHD

48780
1,476.1
365.4
29218
166.1
1,0863
476.4
446.6
2955
66
17.9
12
13

895.3
580.7
51.8

P-value

0.000
0.000
0.000
0.000
0.000
0.008
0.000
0.000
0.000
0.019
0.000
0.017
0.013

0.022
0.014
0.000

Differences between groups were compared using the student's t-test or the Mann-
Whitney U-test for continuous variables. cGvHD, chronic graft-versus-host disease;

Ig, immunoglobulin.
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Parameter Survivors

Mean numbers of immune cells x 10°

cells/mL.
CD56+3~ NK cells 2388
CD4*3*+ T cells 595.1
CD19* B cells 406.1
CD19+CD27+ B cells 549
CD27+ IgD~ B cells 212
CD19+21°% B cells, % 153
Ratio CD4+/CD8*T cells 11
Ratio CD27+ IgD*/CD27+lgD~ B cells 22
Mean concentration of lgGd, mg/dL 409

Non-survivors

314.1
440.0
289.4
30.6
5.0
30.1
08
59
19.4

P-value

0.019
0.043
0.042
0.050
0.000
0.002
0.041
0.003
0.000

Differences between groups were compared using the student's t-test or the Mann-

Whitney U-test for continuous variables. lg, immunoglobulin.
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Parameter Autoantibody  Autoantibody  P-value

positive negative

Mean numbers of immune

cells x 10° cells/mL.
Leukooytes 64488 57006 0.002
Lymphocytes 2,1595 1,910.1 0.001
Monocytes 504.2 437.7 0.005
Granulocytes 37154 3,200 0.002
CD3* Tcells 1,507.7 12763 0016
CDB*CD3*T cells 7208 6166 0013
CD19* B cells 5072 3356 0.006

Mean concentrations of

immunoglobuiins, mg/dL
19G 1,079.9 896.1 0.000
IgM 1149 86.5 0.009
19G3 773 63.9 0.047
19G4 438 36.7 0.050

Differences between groups were compared using the student’s t-test or the Mann-
Whitney U-test for continuous variables. lg, immunoglobulin.





