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Editorial on the Research Topic

Novel Immunological Biomarkers for Allogeneic HSCT Outcome

Allogeneic hematopoietic stem cell transplantation (HSCT) is a curative treatment option for many
malignant and non-malignant hematological disorders (1, 2). Recent improvements in the
transplant procedure, better supportive care of patients, together with advances in the prevention
and treatment of HSCT-related complications, have led to a decrease of transplant-related
morbidity and mortality in the last decade (3). Nonetheless, HSCT is still burdened with
remarkable toxicities, which have a major impact on transplant outcome, in long and short term.
Leading causes of transplant-related morbidity and mortality include infections and acute and
chronic graft-versus-host disease (GvHD). Moreover, the recent introduction of novel medications
for disease control has further increased the occurrence of less frequent complications such as
transplant-associated microangiopathy (TAM) and veno-occlusive disease (VOD).

Unfortunately, clinically based risk scores such as the standard hematopoietic cell
transplantation-comorbidity index (HCT-CI) (4), often fail to identify patients who will develop
the most severe complications. Thus, developing more effective strategies for the prediction and
prevention of transplant complications is still an important unmet medical need. In this setting, the
use of immunological biomarkers holds promise as these non-invasive and reliable laboratory tests
will potentially allow to predict transplant complications before clinical signs appear, predict their
peak severity before clinical progression, and even identify patients who will not respond to
treatment and are at particularly high risk for subsequent morbidity and mortality. Recently, several
potential immunological biomarkers have been identified in the setting of allogeneic HSCT, ranging
from serum proteins and other small molecules to immune cell subsets.

In this Research Topic, we invited expert clinicians and scientists to summarize the latest
advances on novel immunological biomarkers predicting comprehensive allogeneic HSCT
outcomes, not only overall survival and transplant-related mortality (TRM), but also incidence of
related short and long-term complications.
org March 2021 | Volume 12 | Article 67082216
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The Research Topic starts with the mini review from Chen
and Zeiser, where the great potential of many clinically relevant
biomarkers to predict the development of acute GvHD,
responsiveness of affected patients to immunosuppressive
treatment, risk of relapse and subsequent disease and
treatment-related mortality, has been summarized. In the next
article, Adom et al. have reviewed the tools used in the
identification of biomarkers, defining them as diagnostic,
prognostic, predictive or response to treatment variables.
Moreover, their review summarizes the biomarkers currently
validated for acute and chronic GvHD, and graft-versus-tumor
(GVT), and the possible application of ‘omics’ technologies and
new mathematical analysis, such as machine learning, to identify
novel biomarkers in this setting.

The next four manuscripts explore the role of immune cell-
derived biomarkers. Leotta et al. focus on the association between
overall survival (OS) and plasma levels of soluble IL-2 receptor a
(sIL-2Ra) and soluble extracellular domain of T cell
immunoglobulin and mucin domain 3 (TIM3), while TRM
was predicted by sIL-2Ra, early after HSCT procedure. They
have constructed a composite scoring system able to distinguish
three different groups of patients with varying rates of TRM
according to the different plasma levels of these two
inflammatory cytokines. Greco et al. have investigated the role
of another pro-inflammatory cytokine, interleukin (IL)-6,
measured baseline (before HSCT) and 7 days after allogeneic
transplant using post-transplantation cyclophosphamide (PT-
Cy). They validated that increased levels predicted OS, TRM and
development of grade II-IV and severe acute GvHD. Recently,
also the non-classical human leukocyte antigen (HLA) molecules
have gained more attention in the setting of allogeneic HSCT.
Kordelas et al. provided a detailed analysis on the correlation of
soluble HLA-E with extended chronic GvHD and OS,
independently from the most frequent HLA-E genotypes. In
the subgroup analysis, this association was confirmed mainly in
patients not receiving anti-thymocyte globulin (ATG). Finally,
Lia et al. have reviewed the current knowledge and potential
applications of extracellular vesicles (EVs) in allogeneic HSCT, in
particular those derived frommesenchymal stromal cells (MSCs)
and carrying immune-modulating properties. Their clinical
relevance has been analyzed also in terms of potential
therapeutic strategy to improve transplant outcomes.

The Research Topic continues with two manuscripts
exploring the possible use of tissue injury-derived biomarkers,
not directly involved in the pathogenesis of acute GvHD, but
rather indicate end-organ tissue injury caused by the
inflammatory processes in GvHD. Solán et al. describe their
original research on suppression of tumorigenicity 2 (ST2), a
member of the IL-1 receptor family, and regenerating islet-
derived protein 3a (REG3a), a C-type lectin secreted by Paneth
cells, as predictive biomarkers in the context of haploidentical
HSCT using PT-Cy as GvHD prophylaxis. Levels of these tissue-
specific proteins at day+30 after HSCT were associated with the
development of acute GvHD, TRM and OS. Further exploring
the context of PT-Cy based platforms, Solán et al. have validated
the role of elafin as predictive biomarker of acute skin GvHD.
Frontiers in Immunology | www.frontiersin.org 27
Higher elafin plasma levels at day+15 after HSCT correlated with
higher incidence of grade III-IV skin acute GvHD, providing
new insights for the early identification of patients at major risk
of severe skin GvHD and potentially improving treatment
delivery and prognosis.

The next four articles describe the latest advances on cellular
biomarkers. Parameters of long-term immune reconstitution were
evaluated in a large cohort of pediatric patients by Lawitschka et al.,
who report a perturbation of the B-cell compartment in correlation
to chronic GvHD and its clinical aspects, particularly in terms of
CD19+CD27+ memory B-cells and circulating CD19+CD21low

B cells. Cheung et al. outline a new perspective on the use of
potential mechanism-based biomarkers to predict or monitor the
therapeutic effects of MSCs for the treatment of GvHD. The recent
finding that apoptosis of MSC is essential for their therapeutic
efficacy represents a paradigm shift in the field, reconciling
previously contradictory experimental observations. In the next
article, Yang et al. provide characterization of autoantibodies in
patients experiencing chronic GvHD after allogeneic HSCT. Anti-
nuclear (ANA), anti-Ro52 and anti-mitochondrial autoantibodies
appear to be the most frequently detected autoantibodies in patients
with active chronic GvHD. Following this, Sheng et al. uncover the
mechanism and immunoregulatory role of NK cells in acute GvHD.
Cytotoxicity of donor NK cells toward allo-reactive T cells appears
central in the regulation of acute GvHD after allogeneic HSCT. The
authors provide evidence that degranulation activity of NK cells is
an independent risk factor for the development and severity
of GvHD.

In addition, recent studies indicate that metabolic and
malnutrition biomarkers might be important factors for the
outcome of allogeneic HSCT, deeply interacting also with the
intestinal microbiota. With reference to malnutrition, Morello
et al. have conducted a systematic search trying to identify
biomarkers of nutritional status potentially useful for post-
transplant immune monitoring. A focus was given to citrulline,
deeply connected with immune functions and useful to monitor
gastrointestinal function after allogeneic HSCT. Further
exploring the ‘non-classical’ biological effects and the immune-
modulatory properties of vitamin D, Soto et al. reviewed the
complex function in immune and cytokine regulation of vitamin
D and the conflicting results when used as biomarkers for
transplant outcomes and complications, such as acute and
chronic GvHD.

Finally, the topic approached the impact of major
complications on transplant outcomes, driving the reader into
six manuscripts able to provide a detailed view on the monitoring,
clinical management and immunological aspects of these
transplant complications. The focus of the review by Annaloro
et al. is the complex and controversial relationship between viral
infections and allogeneic HSCT. Virome components potentially
represent new markers of immunological recovery after HSCT.
Pradier et al. have embraced the attractive idea to evaluate the
quality of post-transplant immune reconstitution through the
quantification of the non-pathogenic Torque Teno Virus (TTV).
TTV titers at day +100 after transplant represent a potentially
useful biomarker to predict complications (i.e. acute GvHD,
March 2021 | Volume 12 | Article 670822
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infections) and transplant outcomes. With reference to
complications involving the central nervous system and
potentially related to autoimmunity, Das et al. reported a
controversial case of ‘multiple sclerosis-like’ relapsing remitting
encephalomyelitis following allogeneic HSCT. Sandler et al. have
provided a detailed survey of EBMT centers reviewing current
diagnosis and management of secondary hemophagocytic
lymphohistiocytosis (sHLH) and macrophage activation
syndrome (MAS), life-threatening hyperinflammatory
syndromes following HSCT and CAR-T cell therapy. The topic
continues with the review from Bonifazi et al. highlighting the
impact of endothelial cell injury on the development of a severe
transplant complication known as hepatic veno-occlusive disease
(VOD) or sinusoidal obstruction syndrome (SOS). The authors
describe the pathogenesis, clinical presentation, diagnostic criteria,
risk factors, prophylaxis and treatment of this severe complication.
Mankarious et al. explore the potential applications of biomarkers
to guide individualized treatment decisions in patients affected by
acute and chronic GvHD. The incorporation of GvHD biomarkers
into the patient treatment pathway alongside extracorporeal
photopheresis (ECP) and other specialized treatments support a
proof of concept for their potential use in routine clinical
management of GvHD.
Frontiers in Immunology | www.frontiersin.org 38
In conclusion, this Research Topic collection provides a
comprehensive state-of-the-art summary of the evolution of novel
biomarkers in allogeneic HSCT and their implications for clinical
practice. When clinically validated, biomarkers provide a powerful
means of prompt and effective identification of high-risk patients at
risk of major complications of HSCT, in strategies for individualized
prophylaxis, pre-emptive or other early treatment interventions,
thereby improving patient survival and other outcomes following
allogeneic HSCT.
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With Parameters of Long-Term
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Gerhard Fritsch 1, Dorothea Bauer 1, Christina Peters 1, Hildegard T. Greinix 3,

Winfried F. Pickl 2 and Zoya Kuzmina 1

1Children’s Cancer Research Institute, St. Anna Children’s Hospital, Medical University of Vienna, Vienna, Austria, 2Center

for Pathophysiology, Infectiology and Immunology, Institute of Immunology, Medical University of Vienna, Vienna, Austria,
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Recent data revealed the importance of immune reconstitution (IR) for the evaluation of

possible biomarkers in National Institutes of Health (NIH)–defined chronic graft-vs.-host

disease (cGVHD) and its clinical aspects. In this large pediatric study (n = 146), we

have analyzed whether cellular and humoral parameters of IR in the long-term follow-up

(FU) with a special emphasis on B-cell reconstitution correlate with NIH-defined cGVHD

criteria. HYPOTHESIS: we were especially interested in whether meaningful cGVHD

biomarkers could be defined in a large pediatric cohort. We here demonstrate for the

first time in a highly homogenous pediatric patient cohort that both cGVHD (n = 38) 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, a well-known hyperactivated B-cell subset frequently found

elevated in chronic infection and autoimmunity. Notably, resolution of cGVHD correlated

with expansion of CD19+CD27+ memory B-cells and normalization of CD19+CD21low

B-cell frequencies. Moreover, we found that the severity of cGVHD had an impact on

parameters of IR and that severe cGVHD was associated with increased CD19+CD21low

B-cell frequencies. When comparing the clinical characteristics of the active and

non-active cGVHD patients (in detail at time of analyses), we found a correlation between

activity and a higher overall severity of cGVHD, which means that in the active cGVHD

patient group were more patients with a higher disease burden of cGVHD—despite

similar risk profiles for cGVHD. Our data also provide solid evidence that the time point of

analysis regarding both hematopoietic stem cell transplantation (HSCT) FU and cGVHD

disease activity may be of critical importance for the detailed investigation of pediatric
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cohorts. Finally, we have proven that the differences in risk factors and patterns of

IR, with cGVHD as its main confounding factor, between malignant and non-malignant

diseases, are important to be considered in future studies aiming at identification of novel

biomarkers for cGVHD.

Keywords: pediatric hematopoietic stem cell transplantation, biomarker, B-cells, immune reconstitution, chronic

graft-vs.-host disease

INTRODUCTION

Chronic graft-vs.-host disease (cGVHD) is a multisystem
immune disorder occurring in 40–70% of patients after
allogeneic hematopoietic stem cell transplantation (HSCT). It
is the leading cause of long-term non-relapse mortality (NRM)
mainly associated with delayed immune reconstitution (IR) and
infections (1). In pediatric patients, the incidence is lower (5–
30%), but the sequelae may be more detrimental since they occur
in a growing organism (2). However, GVHD can also be regarded
as being “protective,” since patients who experienced cGVHD
have lower rates of recurrence of their underlying malignant
disease (3). One important aspect regarding pediatric patients
undergoing HSCT is the fact that up to 50% of transplantations
are being performed for non-malignant underlying diseases. In
all such cases, no benefit from the graft-vs.-malignancy effect due
to cGVHD can be deduced.

The kinetics of IR seem to be disturbed in cGVHD patients
(4), while other commonHSCT complications such as infections,
relapses or secondary malignancies are also associated with the
failure of proper IR (5–7). Data on pediatric IR mainly cover
the first year after transplantation (8) and compare IR and
outcome data by various graft sources and the use of serotherapy
(9). Studies on pediatric IR regarding the various underlying
malignant and non-malignant diseases are limited. Moreover,
since pediatric IR is dependent on age-related physiological
aspects (e.g., thymic function, hormones), there is a need—
currently unmet—of harmonized pediatric studies, covering the
dynamics over time (9).

Recently, the National Institutes of Health (NIH) cGVHD
Consensus Group made a number of recommendations
regarding criteria for diagnosis, staging, response evaluation, and
biomarkers for cGVHD (10, 11). At present, meaningful cGVHD
biomarkers are scarce, especially in larger pediatric cohorts
(12). As recently outlined by Hilgendorf et al. (13), pediatric
data seem limited by either evaluating CD19+ cells alone (9) or

Abbreviations: ATG, antithymocyte globulin; AUC, area under the curve;
BCR, B-cell receptor; BM, bone marrow; CI, confidence interval; CsA,
cyclosporine; CVID, common variable immunodeficiency; FK506, tacrolimus;
HSCT, allogeneic hematopoietic stem cell transplantation; HLA, human leukocyte
antigen; HIV, human immunodeficiency virus; GVHD, graft-vs.-host disease;
MTX, methotrexate; MMF, mycophenolate mofetil; IR, immune reconstitution;
Ig, immunoglobulin levels; IFN, interferon; FU, follow-up; M-CSF, macrophage
colony-stimulating factor; MAC, myeloablative conditioning; MRD, matched
related donor; MUD, matched unrelated donor; MMRD, mismatched related
donor; MMUD, mismatched unrelated donor; NIH, National Institutes of Health;
NK cell, natural killer cell; NRM, non-relapse mortality; RIC, reduced-intensity
conditioning; ROC, receiver operating characteristic; PB, peripheral blood; PBSC,
peripheral blood stem cells; SLE, systemic lupus erythematosus; VNTR, variable
number tandem repeat; TBI, total body irradiation; TCD, T-cell depletion.

patient subgroups without the influence of underlying diseases
or age (14).

In 2004, we started an observational study with the aim to
implement the NIH criteria into daily clinical routine. In parallel,
we conducted a prospective, non-interventional study on IR with
the aim to identify possible biomarkers for pediatric cGVHD
and implemented those parameters into our routine of post-
transplant care. Herein, we merged the data of these two studies
and investigated associations between NIH-defined cGVHD
and pediatric aspects, such as age and underlying malignant
or non-malignant disease, covering not only the influence
of myeloablative conditioning (MAC) vs. reduced-intensity
conditioning (RIC) regimens but also the influence of pre-
HSCT treatment and genetic disposition. Since IR might differ
between patients with malignant and non-malignant diseases,
we investigated whether patterns of cGVHD are different and
correlated them with cellular and humoral parameters of IR with
a special focus on B-cell perturbations, which have been described
to be of importance in adult cGVHD patients recently (15, 16).
We have chosen the long-term follow-up (FU) to minimize
effects of engraftment kinetics and to enhance the number of
evaluations of cGVHD patients.

Chronic hyperactivation of the immune system, as observed in
cGVHD, might generate an inflammatory milieu advantageous
for breaking B-cell tolerance and inhibiting negative selection
and maturation of B-cells (17–19). Accordingly, levels of
hyperactivated, exhausted CD19+CD21lowCD27− tissue-like
memory B-cells and reduced B-cell receptor (BCR)–induced
immunoglobulin-secreting capacity, as observed frequently in
individuals with hepatitis C infection (20), Sjogren’s syndrome
(21, 22), and HIV (23, 24), might become apparent also
in pediatric patients suffering from cGVHD. Of relevance,
distortions involving several B-cellular subsets/maturational
stages such as low proportions of CD19+CD27+ memory B-
cells and increases in CD19+CD21− B-cells have been observed
as risk factors/biomarkers in adult cGVHD patients in previous
studies (15, 16, 25–27); however, no such investigations could
be performed in large pediatric patient groups due to the lack
of homogeneous study collectives. Because of our previous
findings in adult cGVHD patients, we were especially interested
in whether the B-cellular compartment is dynamically formed
and influenced after HSCT in the presence or absence of cGVHD
and whether its actual configuration at given time points after
HSCT would correlate with the activity of cGVHD.

Consequently, we followed a large cohort of children (n= 146)
who underwent HSCT for various reasons and during different
stages of childhood development. Both the interval from HSCT
and the activity of NIH-defined cGVHD at the time of analyses
were considered, as we aimed for clinical meaningfulness and
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reflection upon the reconstitution process, making this study one
of the largest pediatric studies on long-term IR and NIH-defined
cGVHD described so far (28).

METHODS

Patients
Between February 2004 and March 2012, 146 pediatric patients
(defined as number = n) who were a minimum of 100
days after HSCT or suffering from ongoing cGVHD were
enrolled into this study at the HSCT Outpatient Clinic of St.
Anna Children’s Hospital. Of these, 35 patients participated
in a prospective, non-interventional study on IR; results were
then merged with IR parameters routinely performed during
aftercare. Analyses (defined as analyses = a) were grouped
according to (i) the interval from HSCT, i.e., early FU (before
day +365) and late FU (after day +365), and (ii) cGVHD
activity, i.e., no (never) cGVHD or active and resolved cGVHD.
Supplemental Tables 1, 2 include general patient characteristics
as well as age at time point of analyses and interval from HSCT
to analyses.

Inclusion criteria covered first HSCT, lack of life-threatening
infections, survival expectation more than 5 months, and
complete remission of the underlying disease. Exclusion
criteria were incomplete engraftment and prior treatment with
rituximab. Written informed consent in accordance with the
Declaration of Helsinki and the institutional review board of the
Medical University of Vienna and St. Anna Children’s Hospital
had been obtained. Laboratory and clinical evaluations were
done after day +100 every 3–4 months in the first year, every
6 months in the second year, once a year afterwards, and when
clinically indicated.

Standard GVHD prophylaxes were applied according
to international and institutional protocols. Patients were
monitored for cytomegalovirus, Epstein–Barr virus, and
adenovirus reactivation with polymerase chain reaction assays,
and received antimicrobial and antifungal prophylaxis according
to institutional guidelines. Chimerism was tested on sorted
leukocyte subsets in peripheral blood (PB) by standardized
variable number tandem repeat (VNTR) analysis until persistent
full donor or stable mixed chimerism was reached. Acute GVHD
(aGVHD) was scored using the modified Glucksberg criteria
(29). NIH consensus criteria were applied for diagnosis and
staging of cGVHD patients after 2005 and re-evaluated in all
other patients (10).

Samples
We analyzed numbers and distribution of leukocytes and
major T- and B-cell subsets in PB and measured serum
immunoglobulin (Ig) levels at consecutive time points after
HSCT. The following assessments were done longitudinally:
leukocytes, lymphocytes, monocytes, granulocytes, total IgG
and IgG subclasses 1–4, IgM, IgA, IgE, T-cell subpopulations
(CD3+, CD4+, CD8+, ratio CD4+/CD8+), natural killer
(NK) cells (CD3−CD56+CD16+), and B-cell subsets (CD19+,
CD19+CD27+, CD19+CD27+IgD+ non-class-switched
and CD19+CD27+IgD− class-switched memory B-cells,
CD19+CD21low B-cells). Optimal concentrations of directly

conjugated monoclonal antibodies (Supplemental Table 3)
were added to 50 µl of patients’ whole blood and incubated
at room temperature for 20minutes. 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 described (15). Reference serum levels of IgG/M/A/E
were quantified by nephelometry (BNII, Dade Behring, Marburg,
Germany). Supplemental Table 4 shows reference values for Ig
and IgG-subclasses for the different age groups.

Statistical Analyses
Fisher’s exact test was used to examine the significance of
the association between two variables. Statistical pair-wise
comparisons of cellular subsets within each patient group were
made using the unpaired Student’s t-test. For univariate analyses,
different subpopulations and clinical cGVHD details at the time
of analyses throughout the long-term FU were selected. Pearson’s
correlation and logistic regression analyses for factors impacting
cellular and humoral parameters were performed. Area under the
curve (AUC) and corresponding 95% confidence intervals (CIs)
were computed non-parametrically. Covariates with a P-value
<0.05 were entered into the multivariate analyses. The data were
calculated using SPSS 20.0 (IBM Company, Chicago, IL).

RESULTS

The 146 pediatric study patients (defined as n = number
of patients) with a median FU of 8.6 years (range, 0.4–19.3
years) underwent consecutive measurements, and overall, 659
specimens (defined as a = number of analyses) were collected
(flow diagram). Acute GVHD was diagnosed in 93 patients
(64%); after NIH-defined re-evaluation, 7 patients (8%) with
late aGVHD were excluded. Chronic GVHD was diagnosed in
38 patients (26%) at a median onset of 6 months (range, 2.5–
48 months) after HSCT, with manifestations of classic cGVHD
in 25 (66%) and overlap syndrome in 13 children (34%). Risk
factor evaluation included a history of aGVHD in the majority of
patients (87%) and thrombocytopenia (i.e., platelet counts <100
G/L) in 10 cases (26%) at onset of cGVHD. In the subgroup
of cGVHD patients with malignant underlying diseases (n =

29), which we will focus on as described later, the median
onset interval and the percentage of classic chronic and overlap
cGVHDwere similar. The onset type of cGVHDwas quiescent in
21 (55%), progressive in 13 (34%), and de novo in 4 patients (10%).

When comparing patient and transplant characteristics
between the cGVHD and no-cGVHD group, no significant
differences were observed regarding age, gender, underlying
diseases, conditioning regimen including total body irradiation
(TBI), donor and stem cell sources, median number of CD34+

cells/kg transplanted, survival, and FU. In contrast, the cGVHD
group received significantly less antithymocyte globulin (ATG)
accompanied by a higher incidence and greater severity of
aGVHD (S1).

Age and time interval since HSCT—both of which may be
crucial for IR—were evaluated at all study time points. Notably,
patients of the cGVHD group were significantly older (median
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age 13.4 vs. 12 years, p = 0.02) with longer intervals from HSCT
when compared to the no-cGVHD group (S2).

Significant Differences Regarding Risk
Factors and Incidence of GVHD When
Comparing Malignant and Non-malignant
Underlying Diseases
Next, we performed a sub-analysis of patients and transplant
characteristics according to the malignant and non-malignant
underlying diseases (Table 1), and the following significant
differences were observed: median age (11.1 vs. 5.6 years), RIC
(18% vs. 94%), TBI conditioning (66% vs. 4%), TCD (7% vs. 30%),
MMRD (mostly haploidentical, 3 vs. 16%), and stem cell source
(BM 78% vs. 56%; peripheral blood stem cells (PBSC) 22% vs.
44%). The wider application of PBSCs in non-malignant HSCT
is reflected by the difference in CD34+ cells/kg transplanted. In
addition, GVHD prophylaxis significantly differed between the
two groups: CsA + MTX (44% vs. 8%), CsA + MMF (11%
vs. 48%), and ATG (64% vs. 88%). Notably, the incidence of
both aGVHD and cGVHDwas higher in patients with malignant
disease (significant for aGVHD). Characteristics of cGVHD like
overall severity, organ scoring, onset time, and duration of FU
did not differ significantly.

Immune Reconstitution in a Homogenous
Cohort Without the Effect of cGVHD:
Several Cellular and Humoral Parameters
Still Reconstitute After Day +365 Post
HSCT, but Frequencies of Circulating
CD19+ B-cells Decrease
Since we observed significant differences between malignant and
non-malignant diseases regarding factors that may influence
IR, we focused our subsequent evaluations on patients with
malignant underlying diseases as HSCT indication (Figure 1).

Concerning the kinetics of IR during long-term FU, we
compared “early” (before day +365, n = 88 analyses) to “late”
(after day +365, n = 196 analyses) time points only in patients
without any cGVHD (Table 2). Notably, we found significantly
lower lymphocyte (1,885.7 vs. 2,323.5 × 103/ml, p = 0.002) and
monocyte (420.1 vs. 471.1 × 103/ml, p = 0.043) numbers during
early FU. Analyses of T-lymphocyte subpopulations revealed
significantly lower overall CD3+ T-cells (1,122.9 vs. 1,521.9
× 103/ml, p < 0.0001) and CD4+ T-cells (393.3 vs. 716.8 ×

103/ml, p < 0.0001) and, due to the CD4+ deficiency, a distorted
CD4/CD8 ratio (0.867 vs. 1.21, p< 0.0001) when comparing early
with late FU, respectively. Furthermore, patients during early
FU presented with lower IgG levels (975.7 vs. 1,091.5 mg/dl, p
= 0.007), which was mostly due to the reduction of the IgG1
subclass; the same applied to IgA (98.4 vs. 149.5 mg/dl, p <

0.0001) and IgE (64.4 vs. 166.7 kU/L, p= 0.005) when compared
to late FU.

While CD19+ B-cells did not differ, the proportion of memory
CD19+CD27+ B-cells was diminished during early FU (12% vs.
17.9%, p = 0.008). Moreover, absolute numbers of both class-
switched and non-class-switched memory (CD19+CD27+ IgD−

and CD19+CD27+ IgD+) B-cells were significantly decreased

TABLE 1 | Patient characteristics regarding underlying disease (malignant vs.

non-malignant).

Number of patients Malignant

n = 91 (%)

Non-malignant

n = 48 (%)

p (x2 test/test)

Median age at HSCT in

years (range)

11.1

(1–23.8)

5.6

(0.1–24.8)

<0.0001

Male 63 (69) 28 (58) n.s.

Female 28 (31) 20 (42)

Conditioning regimen

MAC 75 (82) 3 (6) 0.0001

RIC 16 (18) 45 (94)

TBI containing 60 (66) 2 (4) 0.0001

TBI+MAC 57 (95) 0 0.0053

TCD ex vivo 6 (7) 15 (30) 0.0003

Stem cell donors

MRD 34 (37) 17 (35) n.s.

MUD 52 (57) 21 (44) n.s.

MMRD 3 (3) 8 (16) 0.0081

MMUD 2 (2) 2 (4) n.s.

Stem cell source

Bone marrow 71 (78) 27 (56) 0.0075

PBSCs 20 (22) 21 (44)

Median number of CD34+

cells × 106/kg (range)

6.0

(0.4–62)

10.7

(0.24–40)

<0.0001

Post-transplant immunosuppressive prophylaxis

No GVHD prophylaxis 2 (2) 3 (6) n.s.

CsA only 37 (41) 13 (27) n.s.

CsA+MTX 40 (44) 4 (8) 0.0001

CsA+MMF 10 (11) 23 (48) 0.0001

CsA+MTX+MMF 1 (1) 3 (6) n.s.

CsA+FK506 1 (1) 0 n.s.

+ATG* 61 (64) 44 (88) 0.0018

Acute GVHD 66 (73) 19 (40) 0.0005

Grade 0 25 (27) 29 (60)

Grade 0–I 63 (69) 43 (90) 0.025

Grade II–IV 28 (42) 5 (24) 0.0825

Chronic GVHD 29 (30) 9 (18) n.s.

Median time from HSCT

to onset of cGVHD in

months (range)

6 (3–18) 10 (3–50) n.s.

*ATG was given additionally to other conditioning medications.

during early compared to late FU, with 10.5 vs. 27.8 × 103/ml
(p < 0.0001) and 25.2 vs. 46.9× 103/ml (p= 0.026), respectively.
Accordingly, early FU showed significantly higher frequencies of
CD19+CD21low B-cells when compared to late FU (11.1% vs.
7.29%, p= 0.006, Figure 2). No further changes in reconstitution
profiles were detected.

Activity of cGVHD Is Associated With Low
Frequencies of CD19+CD27+ Memory
B-cells and Increased Frequencies of
CD19+CD21low B-cells
For a precise assessment of cGVHD activity, we differentiated
at time of analysis between (i) active cGVHD and (ii)
resolved cGVHD using the no-cGVHD group as a control
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FIGURE 1 | Flow diagram. S1 General patient characteristics of study cohort (after exclusion of late acute GVHD); S2 age at time point of analyses and interval from

HSCT to analyses; (1) patient characteristics regarding underlying diseases (comparison between malignant and non-malignant cohorts); (2) IR parameters in

malignant diseases in no cGVHD cohort early (n = 47, a = 88) vs. late FU (n = 56, a = 197); (3) comparison between active (n = 29, a = 63) vs. no cGVHD (n = 67,

a = 308) malignant only; (4) comparison between active (n = 29, a = 63) vs. resolved (n = 20, a = 65) cGVHD; malignant only; (5) comparison of resolved vs. no

cGVHD, malignant only; (6) impact of NIH overall severity on IR parameters, malignant only; (7) clinical cGVHD characteristics of patients with malignant diseases.

a, number of analyses. n, number of patients.

group (Tables 3–5). Notably, the no-cGVHD category excluded
patients with future and resolved cGVHD.

When comparing parameters of the “active” cGVHD to the
“no” cGVHD subgroup, disease activity was associated with a
significant increase of leukocytes (7,592.4 vs. 6,469.9 × 103/ml),
monocytes (599.0 vs. 454.3 × 103/ml), granulocytes (4,812.5 vs.
3,738.6 × 103/ml), and NK cells (305.7 vs. 258.1 × 103/ml,
p = 0.027, Table 3). IgG levels were within the physiological
range in all patients but found to be increased in active when
compared to no cGVHD (1,199.5 vs. 1,061.9 mg/dl, p = 0.016)
and concerning IgG1–3 subclasses. Likewise, elevated IgM levels
(146.8 vs. 115.5 mg/dl, p= 0.045) were found. The proportion of
CD19+ B-cells was slightly elevated in active cGVHD (23.3% vs.
19.4%, p= 0.008).

However, CD19+CD27+ memory B-cells were diminished in
active cGVHD (11.5% vs. 16.3%, p = 0.018; 13.9 vs. 22.3 ×

103/ml, p = 0.002). In contrast, CD19+CD21low B-cells were
significantly expanded in active cGVHD (12.1% vs. 8.2%, p =

0.007, Figure 2); similarly, the CD19+CD21low/CD19+CD27+

B-cell ratio was elevated (1.8 vs. 1.0, p= 0.009, Table 3).

Resolution of cGVHD Correlates With
Expansion of CD19+CD27+ Memory
B-cells and Normalization of
CD19+CD21low B-cell Frequencies
To assess the impact of resolution of cGVHD, data were
compared between the “resolved” and the “active” cGVHD

subgroup. Of note, we observed a significant trend toward
normalization of the B-cell compartment with significant
increases in (i) the percentages of CD19+CD27+ memory B-
cells (p = 0.005) and of non-class-switched memory B-cells (p
= 0.030) and (ii) class-switched memory B-cells (absolute count
and percentage, p < 0.0001) in resolved cGVHD. Moreover,
the increased frequencies of CD19+CD21low B-cells during
active cGVHD significantly decreased from 12.1 to 7.8% (p
= 0.03), with resolution of cGVHD being accompanied by a
significant decrease of the CD19+CD21low/CD19+CD27+ ratio
(p= 0.009, Table 4).

To determine whether cGVHD resolution would lead to
improved and somehow normalized IR, we correlated data of
patients with resolved cGVHD with those of the no-cGVHD
group (Table 5). Patients with resolved cGVHD still presented
with significantly increased leukocyte (7,506.3 vs. 6,469.9 ×

103/ml, p = 0.006), monocyte (532.7 vs. 454.3 × 103/ml,
p = 0.004), and granulocyte counts (4,687.3 vs. 3,738.6 ×

103/ml, p = 0.001). Serum IgG levels (1,177.4 vs. 1,061.9
mg/dl, p = 0.015), mainly caused by an increase of the
IgG1 (916.4 vs. 777.0 mg/dl, p = 0.007) and IgG3 (73.9 vs.
57.3 mg/dl, p = 0.004) subclass, were elevated along with
increased IgE levels (235.1 vs. 126.6 kU/L, p = 0.035). In
contrast, IgM levels normalized. Remarkably, class-switched
memory B-cells improved significantly. Signs of aberrant B-cell
reconstitution, such as increased frequencies of CD19+CD21low

B-cells along with an increased CD19+CD21low/CD19+CD27+

ratio, showed a clear tendency toward normalization and were
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TABLE 2 | Immune reconstitution in patients with malignant diseases and without

cGVHD (no cGVHD): comparison of early (day + 100 till + 365) to late (>day +

365) time points after HSCT.

Parameters Early FU

a = 88

Late FU

a = 197

P-value

Lymphocytes × 103 cells/ml 1,885.7 2,323.5 0.002

Monocytes × 103 cells/ml 420.1 471.1 0.043

IgG mg/dl 975.7 1,091.5 0.007

IgA mg/dl 98.4 149.5 <0.001

IgE kU/L 64.4 166.7 0.005

IgG1 mg/dl 717.2 804.1 0.050

CD3+ T-cells × 103 cells/ml 1,122.9 1,521.9 <0.001

CD4+ T helper cells × 103 cells/ml 393.3 716.8 <0.0001

CD4/CD8 ratio 0.867 1.21 <0.0001

CD19+CD27+ % 12.0 17.9 0.008

CD19+CD27+ × 103 cells/ml 34.8 74.7 <0.0001

CD19+CD27+ IgD+
× 106 cells/ml 25.2 46.9 0.026

CD19+CD27+ IgD− % 3.2 7.0 <0.0001

CD19+CD27+ IgD−
× 103 cells/ml 10.5 27.8 <0.0001

CD19+CD21low % 11.1 7.29 0.006

Ratio CD19+CD27+ IgD+/IgD− 4.9 2.1 0.001

Ratio

CD19+CD21low/CD19+CD27+
2.0 0.6 <0.0001

Mean values are depicted, and only significant values are shown.

a, number of analyses; FU, follow-up.

FIGURE 2 | Box plots depict frequencies of CD19+CD21low B-cells during

long-term follow-up in malignant underlying diseases only, without the effect of

cGVHD (a, number of analyses).

similar in both groups. These results could be confirmed by
Pearson’s correlations tests, in which cGVHD resolution strongly
correlated with the expansion/normalization of CD19+CD27+

memory B-cells, involving both the class-switched and non-
class-switched compartment, and negatively correlated with
the CD19+CD21+/CD19+CD27+ ratio (data not shown).

TABLE 3 | Parameters of immune reconstitution in patients with malignant

underlying diseases: analyses of patients with active cGVHD compared to no

cGVHD.

Parameters Active cGVHD No cGVHD p

Number of analyses a = 63 a = 308

Leukocytes × 103 cells/ml 7,592.4 6,469.9 0.005

Monocytes × 103 cells/ml 599.0 454.3 0.001

Granulocytes × 103 cells/ml 4,812.5 3,738.6 0.001

IgG mg/dl 1,199.5 1,061.9 0.016

IgM mg/dl 146.8 115.5 0.045

IgG1 mg/dl 901.9 777.0 0.038

IgG2 mg/dl 291.4 238.9 0.013

IgG3 mg/dl 74.9 57.3 0.020

CD56+ × 103 cells/ml 305.7 258.1 0.027

CD19+ % 23.3 19.4 0.008

CD19+CD27+ % 11.5 16.3 0.018

CD19+CD27+ IgD−
× 103 cells/ml 13.9 22.3 0.002

CD19+CD21low % 12.1 8.2 0.007

CD19+CD21low × 103 cells/ml 49.4 27.8 0.002

Ratio CD19+CD21low/CD19+CD27+ 1.8 1.0 0.009

Mean values are depicted, and only significant values are shown.

a, number of analyses.

TABLE 4 | Parameters of immune reconstitution in patients with malignant

underlying diseases: analyses of patients with active cGVHD compared to

resolved cGVHD.

Parameters Active cGVHD Resolved

cGVHD

P-value

Number of analyses a = 63 a = 65

IgG2 mg/dl 291.4 233.4 0.023

CD19+CD27+ % 11.5 19.7 0.005

CD19+CD27+ IgD+ % 6.9 12.2 0.030

CD19+CD27+ IgD− % 4.6 7.5 0.006

CD19+CD27+ IgD−
× 103 cells/ml 13.9 29.9 0.001

CD19+CD21low % 12.1 7.8 0.030

Ratio CD19+CD21low/CD19+CD27+ 1.8 0.9 0.009

Mean values are depicted, and only significant values are shown.

a, number of analyses.

Moreover, the performed Spearman correlation analyses revealed
the following significantly distorted parameters during active
cGVHD: leukocytes, monocytes, granulocytes, CD56+ NK cells,
CD19+CD21low B-cells, and the CD19+CD21low/CD19+CD27+

ratio were all significantly elevated. A negative correlation was
observed regarding the number of CD19+CD27+ memory B-
cells (class-switched and non-class-switched), indicating both
immunological reconstitution and association with resolution of
cGVHD (data not shown).

As age and interval from HSCT significantly varied between
the cGVHD and the no-cGVHD group, we performed a logistic
regression analysis by additionally adjusting both parameters
for the two groups: no significant influence on cellular and
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TABLE 5 | Parameters of immune reconstitution in patients with malignant

underlying diseases: analyses of patients with resolved cGVHD compared to no

cGVHD.

Parameters Resolved cGVHD No cGVHD P-value

Number of analyses a = 65 a = 308

Leukocytes × 103 cells/ml 7,506.3 6,469.9 0.006

Monocytes × 103 cells/ml 532.7 454.3 0.004

Granulocytes × 103 cells/ml 4,687.3 3,738.6 0.001

IgG mg/dl 1,177.4 1,061.9 0.015

IgA mg/dl 157.4 131.7 0.023

IgE kU/L 235.1 126.6 0.035

IgG1 mg/dl 916.4 777.0 0.007

IgG3 mg/dl 73.9 57.3 0.004

CD19+CD27+ IgD− % 7.5 5.9 0.020

CD19+CD27+ IgD−
× 103 cells/ml 29.9 22.3 0.018

Mean values are depicted, and only significant values are shown.

a, number of analyses.

humoral markers was observed. Stepwise logistic regression
for active cGVHD revealed a significant correlation between
higher frequencies of CD19+CD21low B-cells and the following
parameters: younger age, high CD3+ and CD8+ T-cell numbers,
lower CD4/CD8 ratio, lower CD19+ B-cells, and lower frequency
of class-switched memory B-cells (data not shown).

NIH-defined Severity of cGVHD Has an
Impact on IR: Severe cGVHD Is Associated
With Increased CD19+CD21low B-cells
Finally, we examined whether parameters of IR would correlate
with NIH-defined overall severity (mild, moderate, and severe) in
several sub-analyses. Where analyses of the mild and moderate
cGVHD group were compared with the severe cGVHD group,
the latter showed a significant expansion of leukocytes (p =

0.007), monocytes (p = 0.013), granulocytes (p = 0.031), IgG4
(p = 0.014), CD3+ T-cells (p = 0.021), and CD8+ T-cells (p =

0.002). Again, the most severe disease manifestation correlated
significantly with a distorted B-cell profile consisting of increased
CD19+CD21low B-cells (19.6% vs. 7.6%, p < 0.0001) along with
an increased CD19+CD21low/CD19+CD27+ B-cell ratio (2.7%
vs. 1.2%, p= 0.001, Table 6).

We then correlated the expansion of CD19+CD21low B-cells
in all analyses with the activity and severity of cGVHD. Box
plots depict the different characteristics of cGVHD according
to CD19+CD21low B-cells and show a significant expansion
of CD19+CD21low B-cells in association with the activity and
severity of cGVHD (Figures 3, 4, Table 7). In fact, a mean of
19.6% of CD19+CD21low B-cells was observed in the NIH severe
group, while 7.6 and 8.2% were observed in the no-cGVHD and
mild-to-moderate groups, respectively.

Sensitivity and Specificity of Biomarkers in
cGVHD
Subsequently, we evaluated the above identified parameters
pointing toward cGVHD activity by receiver operating

TABLE 6 | Correlation of NIH-defined cGVHD overall severity (mild and

moderate vs. severe) with parameters of immune reconstitution in patients with

malignant underlying diseases.

Parameters Mild+moderate

cGVHD

Severe cGVHD P-value

Number of analyses a = 42 a = 21

Leukocytes × 103 cells/ml 6,807.7 8,560.0 0.007

Monocytes × 103 cells/ml 550.5 708.0 0.013

Granulocytes × 103 cells/ml 4,301.0 5,400.0 0.031

IgG4 mg/dl 64.5 13.6 0.014

CD3+ × 103 cells/ml 1,219.6 1,641.9 0.021

CD8+ × 103 cells/ml 632.0 1,002.9 0.002

CD19+CD21low % 7.6 19.6 0.001

Ratio

CD19+CD21low/CD19+CD27+
1.2 2.7 0.001

Mean values are depicted, and only significant values are shown.

a, number of analyses.

characteristic analysis to identify a cutoff value and the sensitivity
that corresponded to a >80% specificity in the malignant disease
group. We determined a conservative cutoff value for each
parameter with what should be considered to be positively
correlated with activity of cGVHD for the following: percentages
of CD19+CD21low B-cells (>11.49%), CD56+ NK cells (>360×
103/ml), IgM (>168 G/L), CD19+CD21low/CD19+CD27+

B-cell ratio (>1.32), monocytes (>600 × 103/ml), and
CD19+CD27+ IgD− class-switched memory B-cells (≤7.76%) at
80% specificity (Table 8).

DISCUSSION

Here, we have analyzed whether cellular and humoral parameters
of IR in 146 children during long-term FU of a median of 8.6
years including 659 individual analyses would correlate with
the stratification of NIH-defined cGVHD. We here show for
the first time in a pediatric cohort that both cGVHD and
its activity during the disease course are associated with the
perturbation of the B-cell compartment, including the previously
described circulating CD19+CD21low B-cells. Our findings are of
importance since failure to properly immune-reconstitute after
HSCT may lead to complications such as GVHD, infections,
relapses, or secondary malignancies (5–7), and published data
on pediatric IR are limited, i.e., lacking validated markers for
pediatric cGVHD. Moreover, immune monitoring parameters
are difficult to harmonize due to the considerable variety
of underlying diseases (malignant and non-malignant), the
generally lower incidence of GVHD, and thus the limited number
of comparable patients within study collectives (30). Herein, a
long-term observational period was chosen on purpose to (i)
reduce the influence of engraftment kinetics and (ii) enhance
the number of evaluations of individual cases with cGVHD
activity (2, 31).

Data about IR, cGVHD, and possible biomarkers often
combine adult and pediatric patients and fail to differentiate
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FIGURE 3 | Box plots depict frequencies of CD19+CD21low B-cells in correlation with activity of cGVHD at time of analyses (a, number of analyses).

FIGURE 4 | Box plots depict frequencies of CD19+CD21low B-cells in correlation with NIH-defined overall severity of cGVHD (a, number of analyses). In SPSS, small

circle identified an outlier whereas * is an extreme value.

between the underlying diseases (3, 7, 17). We observed
significant disparities concerning (i) age, which may influence
the kinetics of IR (32, 33), and (ii) transplant characteristics,
like the use of mismatched donors, PBSCs, TBI, TCD, and
ATG between the malignant and the non-malignant cohort. The
use of TBI, mismatched donors, and PBSCs are known risk
factors for aGVHD (29), consistent with the significantly higher
incidence of aGVHDwe observed in the malignant disease group
(Table 1). As aGVHD is the main risk factor for subsequent
cGVHD, these parameters are crucial when studying the impact
of cGVHD. Moreover, IR may be affected by the stem cell

source used and the application of ATG (9). In accordance,
we observed a higher incidence of cGVHD occurring at a
significantly shorter interval from HSCT (30% vs. 18%; median,
6 months vs. 10 months, respectively) for the malignant cohort.
Therefore, it remains questionable if parameters of cGVHD-
related immune dysfunction are comparable between malignant
and non-malignant pediatric HSCT patients.

In our study, we initially monitored IR dynamics in
the absence of the immunopathology/dysregulation caused by
cGVHD during long-term FU. The comparison between early
and late FU data demonstrated the efforts of the newly
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established immune system to reconstitute the host, similar
to studies by D’Orsogna et al. (5) and van den Brink et al.
(34) investigating adult collectives after HSCT and children
(9), recently (35, 36). Although, overall CD19+ B-cell numbers
normalized within the first 365 days post-transplant, dissection
of the B-cell compartment showed a protracted reconstitution
with low proportions of memory B-cells and a high degree
of naivety/immaturity due to the constant recruitment of B-
lymphocytes from the BM, which is a typical feature of the newly
establishing immune system (9, 37). Concomitantly, antibody

TABLE 7 | Chronic GVHD characteristics of patients with malignant

underlying diseases.

n = 29 (%)

Median time from HSCT to onset of

cGVHD in months (range)

6

(3–18)

Median duration of cGVHD

at time of analysis (median, range) in months

20

(2–208)

Acute GVHD 26 (90)

Grades III–IV 8 (31)

Grades II–IV 15 (58)

Onset type of cGVHD

Progressive 9 (31)

Quiescent 17 (59)

De novo 3 (10)

NIH classification at onset

Classic chronic 18 (62)

Overlap 11 (38)

Overall severity grading of cGVHD at maximum

Mild 4 (14)

Moderate 6 (21)

Severe 19 (65)

Organ involvement at maximum

Skin 26 (90)

Oral mucosa 25 (86)

Eyes 13 (45)

Joints 11 (38)

Gastrointestinal 7 (24)

Liver 9 (31)

Genital 5 (17)

Lung 5 (17)

production deficiency, with low IgG and IgA levels, was evident
during early FU. The maturation block of IgM memory B-cells
contributed to impaired humoral IR in children early after HSCT
as demonstrated recently (38). In addition, even in the absence of
cGVHD, we found CD19+CD21low B-cells significantly elevated
until day+365 when compared to late FU.

Subsequently, we analyzed the correlation between cGVHD
and the parameters of IR. Here, we observed a significant
elevation of distinct parameters such as leukocytes, monocytes,
granulocytes, and NK cells (Table 3). Elevated NK cells are an
early prognostic factor for GVHD development, while prolonged
NK cell expansions have been described to be associated
with chronicity of GVHD (39). The observed monocytosis
highlights the importance of further studying the etiology of
cGVHD, which might be related to chronic inflammation, as
observed in autoimmune processes (40) or functional asplenia
(41). Macrophage colony-stimulating factor (M-CSF) is a well-
known inducer of monocytosis, and its administration to
patients undergoing HSCT was shown to attenuate cGVHD (42),
implicating that also, after HSCT, elevated M-CSF levels might
drivemonocyte expansion and alleviate cGVHD.Higher absolute
monocyte counts were related with cGVHD, future cGVHD
onset, higher NRM rate, as well as poor outcomes of allogeneic
HSCT (43), and vice versa, monocyte recovery during the first
year after HSCT may be associated with better outcome (44).

In addition to the innate, the adaptive immune system
also was compromised by the occurrence of cGVHD in
patients included in the current study. In particular, active
cGVHD correlated with a low proportion of CD19+CD27+

memory B-cells, confirming memory B-cell deficiency as a risk
factor/marker for persistence of cGVHD (8, 15, 45). Although
we observed that CD19+CD27+ memory B-cells tended to
increase during long-term FU, the increase was significantly
lower in the active when compared to both the resolved
cGVHD and the control group (Tables 3, 4). This may identify
continuously low numbers of memory B-cells as a predictive
marker for developing cGVHD during later FU in pediatric
HSCT patients. The association of cGVHD with perturbed B-cell
homeostasis has been shown in a number of studies performed
previously (25, 46). In fact, the correlation between severity
and activity of cGVHD has been clearly demonstrated (15,
25), with CD19+CD21low B-cells identified as a marker in a
prospective study (15). While in children, the clinical relevance
of certain B-cell subsets (CD19+CD21low B-cells) has been

TABLE 8 | ROC curve analysis for patients with malignant diseases.

Parameter Cutoff within 80% specificity P-value AUC 95% confidence interval

CD19+CD21low % 11.49 0.04 0.581 0.529–0.632

CD56+ × 103 cells/ml >360 0.062 0.576 0.522–0.629

IgM mg/dl >168 0.62 0.522 0.466–0.578

CD19+CD27+ IgD−
× 103 cells/ml ≤7.76 0.0002 0.643 0.581–0.702

Monocytes × 103 cells/ml >600 0.0045 0.624 0.570–0.676

Ratio CD19+CD21low/CD19+CD27+ >1.32 <0.0001 0.671 0.609–0.729

AUC, area under the curve; ROC, receiver operating characteristic.
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proposed in patients with common variable immunodeficiency
(CVID) (47), no such data were available for pediatric
HSCT patients.

Whether the observed accumulation of CD19+CD21low/neg

B-cells in the collective of cGVHD patients is primarily due
to persistent activation/inflammation within the cGVHD milieu
or, alternatively, the consequence of CD19+CD21low/neg B-
cells being causally involved in disease pathogenesis remains
an unresolved issue (15, 27). An elevation of exhausted
CD19+CD21−CD27−CD10− B-cells in active cGVHD was
described recently (48), implicating these cells as a potential
biomarker for severity of cGVHD (48). Enlargement of the
CD19+CD21lowCD27− tissue-like memory B-cell pool along
with features of B-cell exhaustion and reduced BCR-induced
Ig-secreting capacity was also demonstrated in individuals with
hepatitis C infection (20), Sjogren’s syndrome (21, 22), and
HIV (23, 24).

Moreover, expanded CD19+CD21lowCD38low B-cell subsets
were observed in CVID (49, 50), SLE (51), and rheumatoid
arthritis (52). These innate-like B-cells were refractory to
antigenic stimulation via their BCR and contained broadly
autoreactive, tissue homing clones (17, 52–54). It is well-accepted
that chronic hyperactivation is generating a milieu advantageous
for breaking B-cell tolerance and inhibiting negative selection
and maturation of B-cells (17–19). A pathophysiologic link
between the abundance of IFN-producing CD4+ T follicular
helper cells and the appearance of CD19+CD21low B-cells
was made in CVID patients recently (55), which might be
linked to the overexpression of spleen tyrosine kinase (56).
However, increased C3d generation and the formation of
immune complexes might similarly account for downregulation
of the CD21 molecule associated with altered/autoagressive B-
cell function (57). The elevation of IgM and IgG1–3 subclasses
observed herein in the active cGVHD study group might result
from such autoreactive B-cells, which are frequently detected in
GVHD (58–60).

Importantly, the resolution of cGVHD significantly correlated
with the expansion of CD19+CD27+ memory B-cells, which
was accompanied by the normalization of CD19+CD21low B-
cell frequencies, involving both non-class-switched and class-
switchedmemory B-cells, resulting in a significant decrease of the
CD19+CD21low/CD19+CD27+ ratio. While the proportions of
CD19+CD21low B-cells significantly decreased in the no-cGVHD
group and normalized in the resolved cGVHD cohort, they
remained significantly higher (cutoff within 80% of specificity
>11.49%) in the active cGVHD group (Table 4; Figure 2). IgG
and IgE levels were significantly (pathologically) elevated in
resolved cGVHD (61). Elevated IgE levels have been observed
in patients with aGVHD and solid allograft rejection previously
(62, 63), the latter cohort mounting functionally relevant HLA-
specific IgE (64). These findings are in contrast to other studies,
including our study, implying elevated serum IgE as marker for
robust, post-transplant IR (65).

Our study has certain limitations because features of
exhaustion, expression of chemokine/adhesion molecules
determined in detail, and functional analyses could not be
conducted, due to limited biological material from patients.

As outlined by cGVHD expert groups elsewhere, details of
immunosuppressive treatment would be important in the
context of studies on IR and are an unmet need.

In summary, we here report on the significant association
of the activity and the severity of NIH-defined cGVHD with
low CD19+CD27+ B-cells and the expansion of CD19+CD21low

B-cells in a well-defined pediatric HSCT cohort. Likewise, we
show other significant but, compared to adult data, different
disturbances of IR, such as early reconstitution of circulating
CD19+ B-cells without the influence of cGVHD, and a significant
elevation of leukocytes, monocytes, granulocytes, NK cells, and
both CD3+ and CD8+ T-cells but not CD4+ T-cells in cGVHD
patients. Our data also provide evidence that the interval from
HSCT as well as cGVHD activity may be of critical importance
for the detailed investigation of pediatric cohorts (9, 13). Finally,
we prove that the differences in risk factors and patterns of IR
betweenmalignant and non-malignant diseases are important for
identifying cGVHD biomarkers.
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Background: Although the outcome of allogeneic hematopoietic stem cell

transplantation (allo-HSCT) has dramatically improved in the past decade, it is still

compromised by transplant-related mortality (TRM), mainly caused by Graft-vs. -Host

Disease (GvHD).

Methods: We conducted a prospective observational study to ascertain the

potential of serum interleukin-6 (IL6) levels, measured before conditioning and 7 days

after allo-HSCT, in predicting acute GvHD, TRM and survival after allo-HSCT with

Post-Transplant Cyclophosphamide (PT-Cy) based GvHD prophylaxis.

Results: Between April 2014 and June 2017, we collected samples from 166

consecutive allo-HSCT patients. By ROC analysis, we identified a threshold of 2.5

pg/ml for pre-transplant IL6 and 16.5 pg/ml for post-transplant IL6. Both univariate and

multivariate analyses confirmed the ability of high baseline IL6 levels to predict worse

OS (HR 4.3; p < 0.01) and grade II–IV acute GvHD (HR 1.8; p = 0.04), and of high

post-transplant IL6 to identify patients with worse OS (HR 3.3; p < 0.01) and higher

risk of grade II–IV (HR 5; p < 0.01) and grade III–IV acute GvHD (HR 10.2; p < 0.01). In

multivariate analysis, both baseline (HR 6.7; p < 0.01) and post-transplant high IL6 levels

(HR 3.5; p = 0.02) predicted higher TRM.

Conclusions: IL6 may contribute to the risk stratification of patients at major risk for

aGvHD and TRM, potentially providing a window for additional prophylactic or preemptive

strategies to improve the quality of life in the early post-transplant phase and the outcome

of allo-HSCT.

Keywords: allogeneic hematopoietic stem cell transplantation, interleukin-6, graft-vs.-host disease, transplant-

related mortality, overall survival
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BACKGROUND

Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) is a curative treatment option for many malignant
and non-malignant hematological disorders (1–3), still
limited by severe complications and transplant-related
mortality (TRM).

Acute Graft-vs.-Host Disease (aGvHD) is a leading cause
of morbidity and TRM after allo-HSCT. Despite prophylactic
treatment with immunosuppressive agents, historically 20–
80% of recipients develop aGvHD after allo-HSCT (4).
Post-transplant cyclophosphamide (PT-Cy) has emerged as a
promising pharmacological strategy in the setting of allo-HSCT
(5–7), thanks to its safety profile and effectiveness in reducing
GvHD and finally TRM (6).

New diagnostic and therapeutic tools are still needed to
customize the administration of immunosuppressive drugs for
patient care optimization. To that end, there has recently
been considerable research effort devoted to the discovery and
validation of GvHD-relevant biomarkers (8).

The paucity of validated biomarkers for aGvHD is partly
because of the complex physiopathology of GvHD that can be
considered in a framework of three distinct sequential phases
of immune system cellular activation and cytokine production,
which would be expected to influence specific cellular and protein
levels in patient’s blood (8, 9).

Thus, biomarkers that are GvHD and target-organ specific
may improve the diagnosis, management, and prognosis
of post-transplant complications (8). Potential applications
include predicting response to treatment, defining new
risk stratification that incorporates biomarker values,
and initiating preemptive therapy before onset of clinical
symptoms (8).

The balance between pro- and anti-inflammatory cytokines
influences the risk of aGvHD. Interleukin-6 (IL6) is a cytokine
associated with several inflammatory diseases (10) and a
modulator of the immune responses involved in aGvHD
pathogenesis (11, 12).

With increasing insight into the complex signaling events
induced by IL-6, more specific blockade of the anti-inflammatory
functions of IL-6 has been developed to treat autoimmune and
neoplastic disorders (12, 13).

In a previous preliminary experience, we analyzed
IL6 levels in combination with other biomarkers
(ceruloplasmin, cholinesterase, albumin, immunoglobulin
A, gammaglutamyltransferase, white blood cells, neutrophils,
hemoglobin, platelets, and glycaemia), observing that pre-
transplant IL6 levels are able to predict aGvHD and TRM
(unpublished data), and paving the way for the current
prospective study.

Aim of this study is the early identification of patients at
increased risk of HSCT-related complications, with a focus on
aGvHD, according to a new potential biomarker, IL6.

We report herein the results of a prospective observational
study to ascertain the potential of serum IL6, measured before
conditioning and 7 days after allo-HSCT, in predicting main
transplant outcomes with PT-Cy.

MATERIALS AND METHODS

Patient and HSCT Procedures
All adult patients were treated according to current Institutional
programs upon written informed consent for transplant
procedures, the use of medical records for research and for
immunological studies.

Patients were affected by high-risk hematological
malignancies.

The conditioning regimen was treosulfan-based. All patients
received a conditioning regimen based on treosulfan (14
g/m2/day) on days −6 to −4 and fludarabine (30 mg/m2/day)
on days −6 to −2, classified as reduced intensity conditioning
(RIC), and nowadays largely considered a full-intensity but
reduced-toxicity conditioning regimen (14–16). The majority of
patients received an intensified conditioning with the addition
of melphalan 70 mg/m2/day on days −3 and −2 or thiotepa
5 mg/kg/day on days −3 and −2, classified as myeloablative
conditioning (MAC) regimen.

All patients received PT-Cy (50 mg/kg/day) on days 3 and
4 (17, 18). Sirolimus was given from day 5, and withdrawn
between months 3 and 6 after HSCT in absence of GvHD or
relapse. Mycophenolate mofetil (MMF) was added from days 5
to 30, if the donor was a matched unrelated donor (MUD) or
haploidentical donor (mismatched related donor; MMRD). Graft
source was predominantly unmanipulated peripheral blood stem
cells (PBSCs).

Study End Points and Definitions
The aim of the present study is to evaluate IL6 as early biomarker
to predict the major outcomes and complications (particularly
aGvHD) in patients undergoing allo-HSCT.

Clinical and blood IL6 analysis were prospectively conducted
on consecutive patients undergoing allo-HSCT with PT-Cy at the
Hematology and Bone Marrow Transplant Unit of Ospedale San
Raffaele between April 2014 and June 2017.

Acute GvHD was defined and scored assessed following the
IBMTR Severity Index and the Glucksberg criteria (19–21).

Sample Collection and Analysis
Peripheral blood samples were collected from patients at
two different timepoints (Figure 1). The first sample was
collected at baseline, on the day of the initiation of the pre-
transplantation conditioning regimen (i.e., 7–14 days before
the transplant). The second sample was collected 7 days after
the transplant, in correspondence to the period of full aplasia,
before engraftment. At each timepoint, after centrifugation
samples were stored at −20◦C in different tubes until further
processing. Serum measurement of IL6 was performed by ELISA
assay with the IL-6 Human Instant ELISATM Kit (BMS213INST,
eBioscience) by Thermo Fisher Scientific-Invitrogen and theDSX
SER/MET/090 automated ELISA processing system. According
to the manufacturer instructions, serum IL6 reference values are
set at 0–10 pg/ml.

Statistics
Categorical variables were described as frequencies and
continuous variables as median value.
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FIGURE 1 | Timepoints of blood samples collection and clinical outcomes assessment. IL6, Interleukin 6; HSCT, hematopoietic stem cell transplantation; aGvHD,

acute graft-vs.-host disease; TRM, transplant-related mortality; OS, overall survival.

TABLE 1 | Patient and transplant characteristics.

Patient and transplant characteristics

Total number, n 166

Patient age y, median (range) 48.5 (15-72)

Patient sex, male (%) 105 (63)

HCT-CI, median (range) 2 (0–7)

Type of diagnosis, n (%) Acute leukemia 104 (63)

MDS or MPN 31 (19)

Lymphoma/MM 29 (17)

Other 2 (1)

DRI at HSCT, n (%) Low-intermediate 74 (44)

High 74 (44)

Very high 18 (12)

Conditioning, n (%) MAC 143 (86)

RIC 23 (14)

Type of donor, n (%) MMRD 89 (53)

MRD 36 (22)

MUD 41 (25)

Stem cell source, n (%) PBSC 151 (91)

BM 15 (9)

Graft content, median (range) CD34+ cells × 106/kg 5 (1-11)

CD3+ cells × 105/kg 2046 (164–8061)

H/D CMV status, n (%) Neg/neg 11 (6)

Neg/pos 8 (5)

Pos/neg 33 (20)

Pos/pos 114 (69)

HCT-CI, Hematopoietic cell transplantation-comorbidity index; MDS, myelodysplastic

syndromes; MPN, myeloproliferative neoplasms; MM, multiple myeloma; DRI, Disease

Risk Index; MAC, myeloablativeconditioning; RIC, reduced-intensity conditioning; MMRD,

mismatched related donor; MRD, matched related donor; MUD, matched unrelated

donor; PBSC, peripheral blood stem cells; BM, bone marrow; H/D, host/donor;

CMV, cytomegalovirus.

The Receiver Operating Characteristics (ROC) curve analysis
was adopted to identify the optimal cut- off values of baseline
and post-transplant IL6 levels for prediction of aGvHD and
TRM (22). We transformed these outcomes into binary endpoint

(aGvHD at 100 days; TRM at 1 year) and, therefore, only patients
who had a minimum of 100 days and 1 year, respectively, of
follow-up, or who died within these timeframes were considered
in the analysis. Patients experiencing a competing event for
aGvHD and TRM were excluded from ROC curve analysis.
IL6 levels were then tested on a validation cohort of patients
receiving allogeneic HSCT with anti-thymocyte globulin as
GvHD prophylaxis.

The Fisher’s exact test was performed to determine differences
in the frequencies of categorical variables between the two groups
defined by the identified cut-off values of baseline and post-
transplant IL6 levels. The Mann-Whitney U test was used to
determine differences in the median of continuous variables
between the two groups (Tables 2, 3).

Overall survival (OS) was defined as the interval from allo-
HSCT to death whatever the cause, and patients were censored at
the date of last contact if alive. TRM was defined as death from
any cause while in continuous remission of the primary disease.

Cumulative incidences were estimated for acute GvHD and
TRM and to accommodate competing risks (23). Relapse or
progression was a competing risk for TRM. Relapse/progression
and death from any causes were competing risks for GvHD.

The probability of OS was estimated using the Kaplan-
Meyer estimator (24). Log-rank test was used for univariate
comparisons of survival curves (25), while the Gray’s test was
conducted to compare cumulative incidences of competing-risks
endpoints (26).

Factors predicting aGvHD and TRM incidence and OS
were studied using Cox regression model (27). The variables
included in the regression analysis were: patient age (according
to median values), Disease Risk Index (DRI) score (28), Sorror-
comorbidity index (CI) according to median value (29, 30),
type of donor, stem cell source, CMV serostatus and IL6
levels (according to cut-off points derived by ROC analyses).
Interactions between each covariate and IL6 levels were tested
and not found. The proportional hazard assumption was met for
all variables.

A p-value of 0.05 was considered significant for determination
of factors associated with time to event. Statistical analyses were
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FIGURE 2 | ROC curves for the ability of serum IL6 levels to predict transplant outcomes. Baseline IL6 and TRM (A), post-HSCT IL6 and TRM (B), post-HSCTIL6 and

grade II–IV aGvHD (C), post-HSCT IL6 and grade III-IV aGvHD (D). IL6, Interleukin 6; HSCT, hematopoietic stem cell transplantation; aGvHD, acute graft-vs.-host

disease; TRM, transplant-related mortality; OS, overall survival; AUC, the area under the ROC curve; CI, 95% confidence interval; sens, sensitivity; spec, specificity.

performed with R (R Development Core Team, Vienna, Austria)
software package.

RESULTS

Patient and HSCT Characteristics
We collected samples from 166 consecutive adult patients who
underwent allo-HSCT with PT-Cy in San Raffaele BMT Unit,
between April 2014 and June 2017. Median follow-up on
survivors was 469 days (range 69–1,269).

Patient and HSCT characteristics are shown in Table 1. Most
patients were affected by myeloid malignancies (AML = 55%,
MDS = 14%). According to the Disease Risk Index (DRI) the
patients were stratified in low-intermediate (44%), high (44%),
and very high (12%).

The majority of patients (91%) received unmanipulated
PBSCs. Conditioning was myeloablative in most of the patients
(86%). Stem cell donors were MUD (n = 41), MMRD (n = 89),
and matched related donor (MRD; n = 36). Post-transplant
GvHD prophylaxis was PT-Cy in all patients. Sirolimus and

Frontiers in Immunology | www.frontiersin.org 4 October 2019 | Volume 10 | Article 231925

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Greco et al. IL6 as Early Biomarker in Allogeneic HSCT

TABLE 2 | Comparison of patients and transplant characteristics according to

pre-HSCT IL6 levels.

Pre-HSCT IL6

<2.5 pg/mL

(n = 111)

Pre-HSCT IL6

≥2.5 pg/mL

(n = 55)

p

Patient age y, median (range) 48 (15-76) 50 (22-77) 0.17

Patient sex, male 66 39 0.17

HCT-CI, median (range) 2 (0–7) 3 (0–7) 0.02

Type of diagnosis, n 0.53

Acute leukemia 69 35

MDS or MPN 22 7

Lymphoma or MM 19 12

other 1 1

DRI at HSCT, n <0.01

Low or intermediate 60 14

High 45 29

Very high 6 12

Conditioning, n 0.49

RIC 17 6

MAC 94 49

Type of donor, n 0.19

MRD 26 10

MUD 31 10

MMRD 54 35

Stem cell source, n 0.78

PBSC 100 51

BM 11 4

H/D CMV status, n 0.94

Neg/neg 8 3

Neg/pos 5 3

Pos/neg 23 10

Pos/pos 75 39

HSCT, Hematopoietic stem cell transplantation; HCT-CI, hematopoietic cell

transplantation-comorbidity index; MDS, myelodysplastic syndromes; MPN,

myeloproliferative neoplasms; MM, multiple myeloma; DRI, Disease Risk Index; MAC,

myeloablativeconditioning; RIC, reduced-intensity conditioning; MMRD, mismatched

related donor; MRD, matched related donor; MUD, matched unrelated donor; PBSC,

peripheral blood stem cells; BM, bone marrow; H/D, host/donor; CMV, cytomegalovirus.

MMF were used as additional prophylaxis (MMF only in MUD
and MMRD).

In this population, CI of grade II–IV aGvHD at 100 days
was 29% (16% grade III–IV). The median time to aGvHD onset
was 30 days (range 11–267), similarly for the RIC and MAC
populations. The CI of TRM at 100 days was 8%, with an OS
of 70% at last follow-up. Overall, 51 patients died during the
follow-up; the primary cause of death was for disease relapse
in 27 patients, infections in 15 cases, GvHD in 8 patients and
multi-organ failure in one patient. In our cohort of patients,
no signs of active infection were present at baseline. At day
+7 after transplant, 54% of patients (90/166) showed signs of
active infection.

IL6 and HSCT Outcomes
We identified a threshold (Figure 2) of 2.5 pg/ml for pre-
transplant IL6 levels in correlation with TRM (AUC 0.74;

TABLE 3 | Comparison of patients and transplant characteristics according to

post-HSCT IL6 levels.

Post-HSCT IL6

<16.5 pg/mL

(n = 87)

Post-HSCT IL6

≥16.5 pg/mL

(n = 79)

p

Patient age y, median (range) 48 (19-71) 48 (15-77) 0.91

Patient sex, male 53 52 0.52

HCT-CI, median (range) 2 (0–7) 3 (0–7) 0.07

Type of diagnosis, n 0.56

Acute leukemia 56 48

MDS or MPN 15 16

Lymphoma or MM 16 13

other 0 2

DRI at HSCT, n 0.01

Low or intermediate 47 27

High 35 39

Very high 5 13

Conditioning, n 0.11

RIC 16 7

MAC 71 72

Type of donor, n 0.33

MRD 22 14

MUD 23 18

MMRD 42 47

Stem cell source, n 0.79

PBSC 80 71

BM 7 8

Graft content, median:

CD34+ cells × 106/kg 5 5 0.61

CD3+ cells × 105/kg 1,960 1,660 0.82

H/D CMV status, n 0.67

Neg/neg 7 4

Neg/pos 3 5

Pos/neg 19 14

Pos/pos 58 56

HSCT, Hematopoietic stem cell transplantation; HCT-CI, hematopoietic cell

transplantation-comorbidity index; MDS, myelodysplastic syndromes; MPN,

myeloproliferative neoplasms; MM, multiple myeloma; DRI, Disease Risk Index; MAC,

myeloablativeconditioning; RIC, reduced-intensity conditioning; MMRD, mismatched

related donor; MRD, matched related donor; MUD, matched unrelated donor; PBSC,

peripheral blood stem cells; BM, bone marrow; H/D, host/donor; CMV, cytomegalovirus.

sensitivity 71%, specificity 72%, p < 0.001) and a threshold of
16.5 pg/ml for post-transplant IL6 as predictor of grade II–
IV acute GvHD, grade III–IV acute GvHD and TRM (AUC
0.754, sensitivity 76%, specificity 67%, p < 0.001; AUC 0.82,
sensitivity 91%, specificity 63%, p < 0.01; AUC 0.69, sensitivity
76%, specificity 57%, p= 0.005, respectively).

We stratified patients into groups according to whether IL6
concentration was above or below the identified thresholds. Out
of 166 patients, 55 patients had baseline IL6 levels higher than 2.5
pg/ml, while 79 patients had IL6 levels higher than 16.5 pg/ml
after day +7. Around 67% of patients with high baseline IL6
levels presented IL6 concentrations higher than 16.5 pg/ml at
day +7 after transplant, with similar rates between the RIC and
MAC populations.
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FIGURE 3 | Acute GvHD incidence according to serum IL6 levels. Baseline IL6 and grade II–IV aGvHD (A), baseline IL6 and grade III–IV aGvHD (B), post-HSCT IL6

and grade II–IV aGvHD (C), post-HSCT IL6 and grade III–IV aGvHD (D). CI of acute GvHD were calculated 100 days after HSCT. IL6, Interleukin 6; HSCT,

hematopoietic stem cell transplantation; aGvHD, acute graft-vs.-host disease.

Clinical variables were comparable between the groups
stratified according to baseline and post-HSCT IL6 levels
(Tables 2, 3), except for DRI score, with a higher percentage
of very-high risk patients belonging to group with higher IL6
levels, both at baseline and 7 days after HSCT. Moreover,
we found a trend toward high HCT-CI (Hematopoietic Cell
Transplantation-Comorbidity Index) in patients with increased
IL6 levels, mainly at baseline (Tables 2, 3). We did not see
any difference in the distribution of C-reactive Protein (CRP)
values according to the identified thresholds of baseline and
post-transplant IL6. Moreover, the frequencies of patients with
active infections between the two groups of post-IL6 levels,

defined according to the threshold of 16.5 pg/mL, was not
statistically significant.

Although baseline CRP values correlated with acute GvHD
incidence (p = 0.001 for grade 2–4 acute GvHD; p = 0.002 for
grade 3–4 acute GvHD), this association did not affect TRM or
OS. On the other hand, CRP levels at +7 days after HSCT were
associated only with OS (p= 0.04).

Rates of grades II-IV and III-IV acute GvHD were higher
in patients with post-transplant IL6 levels higher than 16.5
pg/ml (47 vs. 14%, p < 0.001; 32 vs. 3%, p < 0.001,
respectively), as shown in Figure 3. Instead, baseline IL6 levels
higher than 2.5 pg/ml were associated with grade II–IV aGvHD
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FIGURE 4 | Two-year overall survival (OS) after HSCT according to serum IL6 levels. Baseline IL6 and OS (A), post-HSCT IL6 and OS (B). IL6, Interleukin 6; HSCT,

hematopoietic stem cell transplantation; OS, overall survival.

TABLE 4 | Multivariate Cox model of pre-HSCT IL6 levels and association with HSCT outcomes.

Multivariate Analysis: Baseline IL6

Grade II–IV aGvHD Grade III–IV aGvHD TRM OS Relapse

Risk factor HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% CI) p

Age ≥ median 0.7 (0.4–1.3) 0.32 0.8 (0.3–1.7) 0.48 1.7 (0.5–5.1) 0.38 1.1 (0.6–2.2) 0.70 0.8 (0.4–1.7) 0.65

HCT-CI ≥ median 1.0 (0.6–1.8) 0.93 1.3 (0.6–2.7) 0.49 1.3 (0.5–3.7) 0.58 1.1 (0.6–2.0) 0.76 0.9 (0.5–1.7) 0.76

DRI

High vs. low/intermediate 1.1 (0.6–2.0) 0.80 1.1 (0.5–2.5) 0.87 3.1 (0.8–11.2) 0.09 3.2 (1.4–7.1) 0.004 2.1 (1–4.6) 0.04

Very high vs. low/intermediate 0.9 (0.4–2.5) 0.93 1.5 (0.5–4.8) 0.49 0.7 (0.1–4.1) 0.66 2.9 (1.1–7.8) 0.03 5.2 (1.9–14) 0.001

Donor type

MRD vs. MMRD 0.4 (0.2–0.9) 0.04 0.4 (0.1–1.2) 0.10 0.2 (0.02–1.3) 0.09 0.5 (0.2–1.1) 0.09 1.1 (0.5–2.3) 0.84

MUD vs. MMRD 0.5 (0.3–1.1) 0.08 0.6 (0.2–1.5) 0.26 0.5 (0.2–1.9) 0.35 0.5 (0.2–1.2) 0.11 0.9 (0.4–2.1) 0.86

Stem cell source

PBSC vs. BM 0.98 (0.4–2.3) 0.97 1.6 (0.4–6.9) 0.52 0.5 (0.1–1.8) 0.27 1.3 (0.5–3.8) 0.60 1.5 (0.5–4.2) 0.48

CMV H/D status

Neg/pos vs. neg/neg 0.6 (0.1–7.1) 0.69 0.9 (0.1–17) 0.97 7.8 (0.4–154) 0.18 4.2 (0.7–25) 0.12 1.3 (0.1–16.2) 0.82

Pos/neg vs. neg/neg 3.1 (0.7–14) 0.15 2.1 (0.2–18) 0.49 1.6 (0.2–17) 0.67 0.8 (0.2–3.1) 0.73 0.9 (0.2–5.1) 0.96

Pos/pos vs. neg/neg 1.7 (0.4–7.1) 0.49 1.6 (0.2–12.5) 0.65 0.66 (0.1–5.9) 0.71 0.8 (0.2–2.9) 0.81 1.8 (0.4–7.6) 0.45

Baseline KPS ≤ 90% 1.5 (0.8–2.9) 0.23 1.9 (0.8–4.7) 0.16 1.3 (0.4–3.9) 0.67 0.7 (0.3–1.3) 0.27 0.5 (0.3–1.1) 0.09

Baseline IL6 ≥ 2.5 pg/mL 1.9 (1.1–3.6) 0.03 1.7 (0.7–3.8) 0.22 7.1 (2.3–21.5) 0.001 4.0 (2–7.7) <0.001 1.3 (0.6–2.6) 0.50

HSCT, Hematopoietic stem cell transplantation; aGvHD, acute graft-vs.-host disease; TRM, transplant-related mortality; OS, overall survival; HR, hazard ratio; HCT-CI, hematopoietic

cell transplantation-comorbidity index; DRI, Disease Risk Index; MRD, matched related donor; MMRD, mismatched related donor; MUD, matched unrelated donor; PBSC, peripheral

blood stem cells; BM, bone marrow; H/D, host/donor; CMV, cytomegalovirus; KPS, Karnofsky Performance Status. Significant values are in bold.

(36 vs. 26%, p = 0.03), as shown in Figure 3. In particular,
high post-transplant IL6 levels were observed in aGvHD
with grade II–IV gut involvement (47 vs. 7%; p < 0.001).
Moreover, high post-transplant IL6 levels were associated with
the development of steroid-refractory aGvHD (28 vs. 2%; p
< 0.001); around 94% of patients with a steroid-refractory

aGvHD showed IL6 levels higher than 16.5 pg/ml at day +7
after transplant.

We found a trend toward a worse TRM in patients presenting
high post-transplant IL6 (36 vs. 23%; p= 0.06).

Elevated IL6 concentrations, at baseline and post-transplant,
were associated with OS. Indeed, survival analysis confirmed a
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TABLE 5 | Multivariate Cox model of post-HSCT IL6 levels and association with HSCT outcomes.

Multivariate Analysis: Post-HSCT IL6

Grade II–IV aGvHD Grade III–IV aGvHD TRM OS Relapse

Risk factor HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% CI) p

Age ≥ median 0.98 (0.4–2.3) 0.97 1.6 (0.4–6.9) 0.52 0.5 (0.1–1.8) 0.27 1.3 (0.5–3.8) 0.60 1.5 (0.5–4.2) 0.48

HCT-CI ≥ median 1.1 (0.6–1.9) 0.78 1.2 (0.6–2.5) 0.60 1.9 (0.7–4.8) 0.19 1.2 (0.7–2.2) 0.47 0.9 (0.5–1.7) 0.74

DRI

High vs. low/intermediate 0.9 (0.5–1.8) 0.88 0.8 (0.3–1.9) 0.62 3.3 (0.9–11.7) 0.07 3.8 (1.7–8.6) 0.001 2.1 (1.1–4.5) 0.04

Very high vs. low/intermediate 0.7 (0.3–1.8) 0.49 1.0 (0.3–3.0) 0.99 1.8 (0.3–10.3) 0.48 5.2 (2–13.6) 0.001 5.3 (2.1–13.4) <0.001

Donor type

MRD vs. MMRD 0.4 (0.2–1) 0.06 0.4 (0.1–1.4) 0.16 0.2 (0.1–1.5) 0.11 0.5 (0.2–1.1) 0.10 1.1 (0.5–2.4) 0.79

MUD vs. MMRD 0.5 (0.3–1.1) 0.08 0.6 (0.2–1.5) 0.26 0.5 (0.2–1.7) 0.29 0.5 (0.2–1.1) 0.08 0.9 (0.4–2.1) 0.81

Stem cell source

PBSC vs. BM 1.3 (0.6–3.2) 0.49 2.5 (0.6–10.7) 0.22 0.8 (0.2–3.1) 0.78 1.9 (0.7–5.5) 0.22 1.5 (0.5–4.4) 0.43

CMV H/D status

Neg/pos vs. neg/neg 0.3 (0.1–3.8) 0.36 0.4 (0.1–7.3) 0.52 3.9 (0.2–72) 0.36 3.9 (0.6–25) 0.16 1.4 (0.1–17.1) 0.81

Pos/neg vs. neg/neg 2.7 (0.6–12.2) 0.20 1.8 (0.2–15) 0.59 1.1 (0.1–11.7) 0.91 0.9 (0.2–3.9) 0.93 1.0 (0.2–5.7) 0.95

Pos/pos vs. neg/neg 1.3 (0.3–5.5) 0.72 1.2 (0.1–9.1) 0.88 0.4 (0.1–4.1) 0.46 0.8 (0.2–3.0) 0.78 1.8 (0.4–7.8) 0.44

Baseline KPS ≤ 90% 1.3 (0.7–2.7) 0.39 1.7 (0.7–4.4) 0.25 0.5 (0.1–1.4) 0.17 0.3 (0.2–0.6) 0.002 0.5 (0.2–0.9) 0.03

Post-HSCT IL6 ≥ 16.5 pg/mL 5.1 (2.7–9.7) <0.01 10.4 (3.5–30.6) <0.01 4.4 (1.5–13.5) <0.01 4.0 (2–7.7) <0.01 1.8 (0.9-3.4) 0.07

HSCT, Hematopoietic stem cell transplantation; aGvHD, acute graft-vs.-host disease; TRM, transplant-related mortality; OS, overall survival; HR, hazard ratio; HCT-CI, hematopoietic

cell transplantation-comorbidity index; DRI, Disease Risk Index; MRD, matched related donor; MMRD, mismatched related donor; MUD, matched unrelated donor; PBSC, peripheral

blood stem cells; BM, bone marrow; H/D, host/donor; CMV, cytomegalovirus; KPS, Karnofsky Performance Status. Significant values are in bold.

significantly decreased 2-year OS in patients with baseline IL6
levels higher than 2.5 pg/ml (38 vs. 79%; p < 0.001) and/or post-
transplant IL6 concentrations higher than 16.5 pg/ml (47 vs. 83%;
p < 0.001), as shown in Figure 4.

Moreover, relapse incidence was increased in patients with
high post-transplant IL6 levels (35 vs. 17%; p = 0.03); no
correlation was found with baseline IL6 (p= 0.23).

Finally, we performed a multivariate analysis, as shown in
Tables 4, 5, adjusting for age, Sorror-CI, DRI, donor type, stem
cells source and CMV-status. Baseline IL6 concentrations were
significantly associated to grade II–IV aGvHD (HR 1.8, 95% CI
1–3.3; p <0.05), TRM (HR 6.7, 95% CI 2.3–20.2; p < 0.01), and
OS (HR 4.3, 95% CI 2.3–8.1; p < 0.01). Instead, post-transplant
IL6 levels correlated with grade II–IV aGvHD (HR 5, 95%CI 2.6–
9.6; p < 0.01), grade III–IV aGvHD (HR 10.2, 95% CI 3.5–29.9; p
< 0.01), TRM (HR 3.6, 95% CI 1.2–10.5; p = 0.02), and OS (HR
3.3, 95% CI 1.7–6.4; p < 0.01).

Further independent prognostic factor for OS was DRI
category, while MRD experienced lower hazards for grade II–
IV aGvHD, as illustrated in Tables 4, 5. DRI category was the
primary prognostic factor for disease relapse.

No interactions were found between DRI score and both
baseline and post-HSCT IL6 level thresholds for all endpoints.

Validation of the Model
To test the predictive accuracy of the new biomarker, we tested
it on a retrospective cohort of patients (validation set, n = 44),
who received allogeneic HSCT with anti-thymocyte globulin as
GvHD prophylaxis. To assess uniformity between the training

and validation cohorts, we compared patient data between the
two populations (Table 6).

Within this retrospective cohort of patients, the survival
analysis confirmed a significantly decreased 2-year OS in patients
with baseline IL6 levels higher than 2.5 pg/ml (40 vs. 77%;
p= 0.001) and/or post-transplant IL6 concentrations higher than
16.5 pg/ml (36 vs. 81%; p 0.001).

Rates of grades III–IV acute GvHD were higher in
patients with post-transplant IL6 levels higher than 16.5 pg/ml
(19 vs. 4%; p= 0.05).

High levels of post-transplant IL6 achieved a statistically
significant association with worse TRM at 2-year (35 vs. 4%;
p= 0.009).

DISCUSSION

There are shortcomings in the prediction of aGvHD, indicating
the urgent need for non-invasive and reliable laboratory tests to
allow a tailored prophylactic approach.

Timely recognition of patients who are at high risk for
aGvHD early in the course of transplantation, may lead to more
stringent monitoring, better preventive care, and introduction
of alternative and more effective immunosuppressive strategies
earlier in the course of treatment (31). In this setting, the
use of biomarkers may potentially allow to predict aGvHD
before clinical signs appear, predict peak severity of aGvHD
before clinical progression, and even identify patients who will
not respond to steroids and are at particularly high risk for
subsequent morbidity and mortality (31). For the past 20 years,
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TABLE 6 | Patient and transplant characteristics of the training and validation cohorts.

PTCy-based GvHD prophylaxis ATG-based GvHD prophylaxis p

Total number, n 166 44

Patient age y, median (range) 48.5 (15-72) 54 (19-70) 0.44

Patient sex, male (%) 105 (63) 30 (68) 0.54

Year of transplant, median (range) 2016 (2014–2017) 2014 (2014–2015) <0.001

HCT-CI, median (range) 2 (0–7) 2 (0–6) 0.13

Type of diagnosis, n (%) Acute leukemia 104 (63) 24 (54) 0.63

MDS or MPN 31 (19) 10 (23)

Lymphoma/MM 29 (17) 10 (23)

Other 2 (1) 0

DRI at HSCT, n (%) Low-intermediate 74 (44) 25 (57) 0.13

High 74 (44) 18 (41)

Very high 18 (12) 1 (2)

Conditioning, n (%) MAC 143 (86) 34 (77) 0.15

RIC 23 (14) 10 (23)

Type of donor, n (%) MMRD 89 (53) 12 (27) <0.001

MRD 36 (22) 0

MUD 41 (25) 32 (73)

Stem cell source, n (%) PBSC 151 (91) 43 (98) 0.13

BM 15 (9) 1 (2)

H/D CMV status, n (%) Neg/neg 11 (6) 3 (7) 0.08

Neg/pos 8 (5) 0

Pos/neg 33 (20) 16 (36)

Pos/pos 114 (69) 25 (57)

HCT-CI, Hematopoietic cell transplantation-comorbidity index; MDS, myelodysplastic syndromes; MPN, myeloproliferative neoplasms; MM, multiple myeloma; DRI, Disease Risk

Index; MAC, myeloablativeconditioning; RIC, reduced-intensity conditioning; MMRD, mismatched related donor; MRD, matched related donor; MUD, matched unrelated donor;

PBSC, peripheral blood stem cells; BM, bone marrow; H/D, host/donor; CMV, cytomegalovirus; PTCy, post-transplant cyclophosphamide; ATG, anti-thymocyte globulin; GvHD,

Graft-vs.-host disease.

various groups have been investigating potential biomarkers and
many have been identified. Nevertheless, no single biomarker or
panel of biomarkers has been yet validated for clinical use via
large multicenter trials (31–33).

The candidate biomarker of our study was IL6, a cytokine
associated with several inflammatory diseases, and a modulator
of the immune responses involved in aGvHD pathogenesis (12,
34–36). IL6 can be targeted with a selected inhibitory strategy
based on anti-IL6 receptor antibody (10), tocilizumab (TCZ).
Moreover, IL6 could be easily and rapidly tested by many
centers as routine clinical practice, thanks to the availability
of commercial assays. Certainly this represent an important
additional value as compared to other proposed biomarkers for
GvHD, validated in large clinical trials but still hardly accessible
on large scale (37). However, available data on its potential role
as systemic biomarker predictive of GvHD are still limited and
conflicting (38–44).

We conducted this prospective observational study to
ascertain the potential of serum IL6, measured before
conditioning and 7 days after allo-HSCT, in predicting aGvHD,
TRM and survival after transplant.

We investigated IL6 role in the new transplant setting with
PT-Cy. Among 166 consecutive patients who received allo-
HSCT with PT-Cy, baseline IL6 levels equal or superior to
2.5 pg/ml identified patients at risk for grade II–IV aGvHD,

higher TRM and worse OS. When measured 7 days after
HSCT, IL6 levels equal or superior to 16.5 pg/ml were
significantly associated with grade II–IV aGvHD, severe aGvHD,
higher TRM and lower OS. The correlation between post-
transplant IL6 levels and subsequent aGvHD development could
be an early index of suboptimal in-vivo depletion of allo-
reactive T-cell clones. Interestingly, IL6 was also associated
with the risk of developing aGvHD with gut involvement and
the occurrence of steroid-refractory forms, paving the way
for the investigation of IL-6 blockade in prophylaxis and/or
treatment of aGvHDwith gut involvement and steroid-refractory
forms (45–48). Steroid refractory aGvHD is associated with
an appreciable morbidity and mortality despite the addition
of multiple immunosuppressive agents, and surviving patients
often develop chronic GvHD, reducing life expectancy and
quality of life (49). Biomarkers, such as IL6, could help to
early identify patients who are likely to develop a steroid-
refractory aGvHD.

Moreover, IL6 resulted a more reliable predictor of major
transplant outcomes in comparison to other biomarkers such
as CRP, which conversely appeared a far most non-specific
marker, potentially influenced by confounding events. In our
analysis, we did not see any difference in the distribution of
CRP values according to the identified thresholds of baseline and
post-transplant IL6.
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In spite of the potential clinical impact of our results,
this study has some limitations. The study was limited to
patients receiving PT-Cy and sirolimus as GvHD prophylaxis.
Although it has the advantage of a homogeneous policy of GvHD
prophylaxis, it is based on a single-center experience and limited
numbers thus before generalizing our conclusions it is necessary
to validate these results in a larger, multicenter study, possibly
expanding to patients receiving anti-thymocyte globulin and
calcineurin inhibitors. Unfortunately, the design of this study
did not include longitudinal samples in the long-term follow-
up, preventing us to draw any correlation between IL6 and
chronic GvHD.

The timepoints of IL6 measurements were chosen for their
clinical relevance in the allo-HSCT course, when there is still the
possibility to modify clinical strategies. Baseline IL6 levels may
contribute, together with other clinical variables, to modulate
the intensity of the transplant strategy, in order to improve final
outcomes. Post-transplant IL6, measured when patients are in
aplasia and before aGvHD occurrence, should be investigated
to early identify patients at risk of severe aGvHD and to
provide a window for additional prophylactic and preemptive
interventions. Interestingly, a more personalized approach, able
to pharmacologically target IL6 by TCZ or Ruxolitinib (46, 50,
51), could be explored also in this setting.

In conclusion, IL6 may contribute to the risk stratification of
patients at major risk for aGvHD and TRM, potentially providing

a window for additional prophylactic or preemptive strategies to
improve the quality of life in the early post-transplant phase and
the outcome of allo-HSCT.
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Allogenic hematopoietic stem cell transplantation (allo-HSCT) is a curative procedure for

several hematological malignancies. Haploidentical HSCT (haplo-HSCT) using high-dose

post-transplantation cyclophosphamide (PTCy) makes transplantation possible for

patients with no HLA-matched sibling donor. However, this treatment can cause

complications, mainly infection, graft-vs.-host disease (GVHD), and conditioning-related

toxicity. In recent years, different biomarkers in the form of tissue-specific proteins have

been investigated; these may help us to predict complications of allo-HSCT. In this

study we explored two such biomarkers, suppression of tumorigenicity 2 (ST2) and

regenerating islet-derived 3α (REG3α), in the largest series reported of T cell–replete

haplo-HSCT with PTCy. Plasma samples drawn from 87 patients at days +15 and

+30 were analyzed. ST2 and REG3α levels at day +15 were not associated with

post-transplant complications. ST2 levels at day +30 were higher in patients with grade

II-IV acute GVHD, mainly those who received reduced intensity conditioning (RIC; median

2,503 vs. 1,830 ng/ml; p = 0.04). Of note, patients with higher plasma ST2 levels at day

+30 also presented a higher incidence of non-relapse mortality (HR, 7.9; p = 0.004)

and lower 2-year overall survival (25 vs. 44 months; p = 0.02) than patients with lower

levels. Patients with REG3α levels higher than 1,989 pg/ml at day+30 presented a higher

incidence of acute gastrointestinal GVHD in the whole cohort (HR, 8.37; p = 0.003) and

in the RIC cohort (HR 6.59; p = 0.01). These data suggest that measurement of ST2

and REG3α might be useful for the prognosis and prediction of complications in patients

undergoing haplo-HSCT with PTCy.

Keywords: hematopoietic cell transplantation, haploidentical, non-relapse mortality, graft vs. host disease,

biomarkers, ST2, REG3α
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INTRODUCTION

Post-transplant high-dose cyclophosphamide (PTCy) provides
effective prophylaxis against graft-vs.-host disease (GVHD)
in patients undergoing unmanipulated haploidentical stem
cell transplantation (haplo-HSCT). It has enabled extended
use of haploidentical donors for treatment of hematologic
malignances with unmanipulated peripheral blood stem cells
(PBSC) (1–3). Several reports have shown comparable outcomes
between haplo-HSCT and historical series of matched related
donors, matched unrelated donors and mismatched unrelated
donors (4–8).

Despite these clinical successes, the cumulative incidence of
non-relapse mortality (NRM) at 2 years in haplo-HSCT is up
to 25%, with the most important complications being GVHD
and infections (9, 10). Pre-transplant clinical scales can help
to identify patients with a higher risk of mortality during
the transplant process (11–13), although these are imprecise
and non-specific.

Similarly, the prediction and diagnosis of acute GVHD
(aGVHD) is often difficult and requires clinical data to be
combined with histopathological confirmation, an approach
that is not always possible. The severity of symptoms at onset
of GVHD does not accurately define risk, and all patients
are treated similarly with high-dose systemic corticosteroids
as initial therapy (14). Thus, in the last few years, various
biomarkers have been studied to enable the prediction, diagnosis,
and prognosis of NRM and GVHD (15–17). Such biomarkers
could potentially guide treatment decisions, leading to intensive
clinical surveillance of patients at high risk of developing
complications. Plasma biomarkers have been identified and
validated as promising diagnostic and prognostic tools for post-
transplant complications. These biomarkers can facilitate timely
and selective therapy but should be more widely validated and
incorporated into a new grading system for stratification of risk
and better-customized treatment (18, 19). Two of themost widely
studied biomarkers in HLA-identical allo-HSCT are regenerating
islet-derived 3 alpha (REG3α) and suppression of tumorigenicity
2 (ST2). REG3α is produced in the pancreas and small intestine,
and its expression is enhanced during inflammatory processes. It
has been postulated that REG3α levels are directly proportional
to the endothelial damage caused by GVHD. This biomarker
is useful in the diagnosis of gastrointestinal aGVHD, since
it correlates with inflammatory activity in GVHD and can
distinguish between other causes of diarrhea (e.g., autoimmune
disease, toxicity, and infection). An estimate of total damage to
the mucosal barrier may also help to explain the prognostic value
of REG3α with respect to response to therapy and NRM (20–22).
ST2, on the other hand, is a member of the interleukin-1 receptor
family and has been directly related to the risk of treatment-
resistant aGVHD and 6-month NRM after onset of aGVHD
independently of clinical severity (23–25). Most of these studies
are performed in identical HLA or umbilical cord–based allo-
HSCT. To our knowledge, only one study has been performed
on patients receiving PTCy. Kanakry et al. (15) explored seven
plasma-derived proteins in 58 HLA-haploidentical and 100
HLA-matched related or unrelated T cell–replete bone marrow

transplants. Levels of ST2 and REG3α at day +30 predicted
occurrence of NRM at 3 months in both cohorts. In this context,
our objective was to analyze plasma levels of REG3α and ST2
at days +15 and +30 after transplant and to correlate them
with complications in a large cohort of patients who underwent
unmanipulated haplo-HSCT with high-dose PTCy.

PATIENTS AND METHODS

Patient Population
We retrospectively analyzed plasma samples from 110
consecutive patients who underwent haplo-HSCT between
2009 and 2016 at a single center. We excluded 23 cases, nine
due to early death (before day +30) and 14 due to lack of
plasma samples. Only one patient had pre-transplant anti-HLA
antibodies which, after treatment according to the center
protocol, were undetectable at the day of infusion. All patients
received PTCy 50 mg/kg/day (days +3, +4), mycophenolate
mofetil, and cyclosporine as GVHD prophylaxis from day +5.
Donor lymphocyte infusion was performed in 10 patients, and a
further 3 patients received CD34+-selected stem cell boosts.

Sample Collection and Processing
Samples were collected at days +15 and +30 after
transplantation. All patients analyzed had at least one sample
from one of the two timepoints. Plasma was obtained from
peripheral blood samples by refrigerated (4◦C) centrifugation at
2,000 rpm for 30min in the 2–6 h following extraction. Samples
were aliquoted without additives into cryovials and stored
immediately at −80◦C. ST2 and REG3α were detected using
ELISA according to the manufacturer’s instructions (Critical
Diagnostics, San Diego, California, USA for ST2 and MBL
International Corp, Woburn, Massachusetts, USA for REG3α).
For the determination of ST2 and REG3α, samples (diluted 1:10
in the case of ST2) and standards were run in duplicate, and

absorbance was measured using the VICTOR2 D fluorometer
TM

(multilabel plate reader). ST2 plasma levels were available on
day +15 in 70 patients and on day +30 in 66 patients. Similarly,
REG3α plasma levels samples were available on day +15 and
+30 in 75 and 71 patients, respectively.

Statistical Analysis
Numerical and categorical variables were expressed as median
(range) and frequency (percentage), respectively. The Mann-
Whitney test was used to compare differences between two
independent variables. The determination of the best cut-off
for ST2 and REG3α levels to stratify patients was derived
from receiver operating characteristic (ROC) curves. Also, time-
dependent ROC curves for competing endpoints were calculated.
Predictive accuracy was estimated based on the area under the
ROC curve at 3, 6, 9, and 12 months for NRM, at 500, 1,000,
1,500, and 2,000 days for death and at 30, 60, 90, and 180
days for aGVHD. Univariate regression analysis was performed
using Cox regression [hazard ratio (HR)] and the Fine-Gray
model was performed to assess the association of each biomarker
with postransplant outcomes. Estimates of grade III–IV aGVHD
and relapse were calculated using cumulative incidence rates.
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For the analysis of GVHD, those patients who received donor
lymphocyte infusion, relapsed, or died before day 180 were
censored. Overall survival (OS) and event-free survival (EFS)
were calculated using the Kaplan-Meier method. Survival curves
were compared using the log-rank test. Statistical analyses were
performed using SPSS v18 for Windows (SPSS Inc., Chicago,
Illinois, USA). Cumulative incidence rates were calculated using
the statistical package R ver. 3.3.2 (https://cran.r-project.org).

RESULTS

Data from 87 patients who underwent haplo-HSCT with
PTCy (Table 1) were retrospectively analyzed. The median
follow-up period was 41 months (range, 15–109 months).
Median age was 46 years (range, 16–66), and the most
common indications for transplantation were acute myeloid
leukemia (32%) and Hodgkin’s lymphoma (23%). Peripheral
blood was the main stem cell source used. The cumulative
incidence of grade II–IV and grade III–IV aGVHD at 100 days
was 51.5 and 14.2%, respectively. The cumulative incidence
of moderate-to-severe chronic GVHD at 2 years was 10%,
and that of relapse and NRM at 2 years was 27 and
22.2%, respectively. Two-year OS and EFS were 62 and
50%, respectively.

ST2
No association was found between median ST2 levels and clinical
variables (age, sex, stem cell source, donor sex, hematological
malignancy, disease status at transplant, hematopoietic cell
transplantation–associated comorbidity, previous transplant,
conditioning regimen intensity, and number of infused CD34+
cells; data not shown). We correlated median ST2 levels
with post-transplant complications for the whole cohort
(Table 2) and for patients who received only reduced intensity
conditioning (RIC; Table 3). No differences were found between
the occurrence of post-transplant outcomes and ST2 levels
in patients who received myeloablative conditioning (data
not shown).

In both groups (whole and RIC cohort), we observed that
ST2 levels at day +15 were not associated with post-transplant
complications (Tables 2, 3). Instead, at day +30, median ST2
levels were higher in patients with grade II-IV aGVHD, mainly
in those who had received RIC (2,503 vs. 1,830 ng/ml, p= 0.045).
Of note, patients with higher ST2 plasma levels at day +30 had
a higher incidence of NRM and lower OS than those with lower
levels in both, the whole cohort [2,975 vs. 2,015 ng/ml (p= 0.02);
2,499 vs. 2,015 (p = 0.08), respectively] and the RIC cohort:
(3,299 vs. 1,830 ng/ml, p= 0.004; 2,709 vs. 1,935 ng/ml, p= 0.045,
respectively; Tables 2, 3).

Based on these results, we calculated the best cut-off for
ST2 levels at day +30 according to aGVHD, NRM, and
OS derived from ROC curves. We were unable to find an
optimal cut-off ST2 level to stratify patients correctly regarding
development of aGVHD in either cohort (data not shown).
Univariate analysis was performed in the whole cohort and in
the RIC cohort and included a comparison between clinical
variables and ST2 levels and incidence of NRM and death.

TABLE 1 | Clinical features of patients and transplants.

Characteristics Value

Recipient median age, years (range) 46 (16–66)

Recipient sex, female/male, n 25/62

Female donor/Male recipient, n (%) 28 (32)

Donor median age, years (range) 40 (14–68)

Primary malignancy, n (%)

Acute myeloid leukemia 28 (32)

Hodgkin lymphoma 20 (23)

Non-Hodgkin lymphoma 11 (13)

Acute lymphoblastic leukemia 9 (10)

Myelodysplastic syndrome 7 (8)

Myelofibrosis 3 (3)

Multiple myeloma 2 (2)

Chronic lymphocytic leukemia 2 (2)

Aplasia 1 (1)

Others 4 (5)

Disease risk index, n (%)

Very high + high 35 (40)

Intermediate 50 (57)

Low 2 (2)

Pretransplant disease status, n (%)

Complete remission 46 (53)

Partial remission 33 (38)

Active disease 8 (10)

Previous autologous transplant, n (%) 28 (32)

Previous allogeneic transplant, n (%) 10 (11)

Recipient/donor CMV serostatus, n (%)

Matched 58 (67)

Mismatched 26 (30)

Missing 2 (2)

Conditioning regimen intensity, n (%)

Myeloablative* 35 (40)

Reduced intensity conditioning ∧ 52 (60)

Stem cell source, n (%)

Bone marrow 10 (12)

Peripheral blood 77 (88)

CD34+ cell dose infused, median (range)

Bone marrow 3.07 × 106/kg (1.07–4.73)

Peripheral blood 5.34 × 106/kg (2.24–11.4)

*Myeloablative conditioning regimen: Fludarabine 40 mg/m2 for 4 days and Busulfan 3.2

mg/kg 3 or 4 days.
∧Reduced intensity conditioning regimen: Fludarabine 30 mg/m2 for 4 days,

Cyclophosphamide 14.5 mg/kg on days −6 and −5 and Busulfan 3.2 mg/kg from day-3

for 1 or 2 days.

We found that only ST2 levels at day +30 (HR, 7.9; p =

0.004) were associated with the occurrence of NRM (Table 4,
Figure 1A). Similar results were obtained in the RIC cohort;
in the univariate analysis, only ST2 levels at day +30 (HR,
5.4; p = 0.01) correlated with a higher incidence of NRM
(Table 4, Figure 1B). In both cohorts, most patients died of
infection or GVHD (Table 5). However, in the whole cohort,
five patients presented NRM (cataloged as GVHD) with ST2
levels <3,230 ng/ml; four of these five patients died of a lower
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TABLE 2 | Association between ST2 levels at day +15 and +30 and GVHD (acute and chronic), NRM, relapse, and OS in the whole cohort (n = 87).

Whole cohort (n = 87) ST2 +15 (ng/ml) p-value ST2 +30 (ng/ml) p-value

Median (range) Median (range)

aGVHD II-IV Yes 2,296 (376–4,903) 0.85 2,466 (524–5,275) 0.37

n = 38 n = 38

No 2,319 (1,045–4,633) 2,127 (1,048–3,981)

n = 29 n = 32

aGVHD III–IV Yes 2,067 (376–3,933) 0.17 2,499 (524–5,275) 0.28

n = 12 n = 10

No 2,337 (688–4,903) 2,154 (809–4,572)

n = 55 n = 60

Chronic GVHD

(moderate and severe)

Yes 1,991 (860–4,320) 0.67 2,019 (524–5,100) 0.92

n = 11 n = 13

No 2,319 (376–4,903) 2,163 (809–5,275)

n = 47 n = 49

Relapse Yes 2,319 (1045–4,903) 0.61 2,317 (524–6,072) 0.35

n = 19 n = 22

No 2,311 (376–4,633) 2,146 (809–6,072)

n = 51 n = 53

Non-relapse mortality Yes 2,315 (376–4,633) 0.68 2,975 (1,352–6,072) 0.02*

n = 15 n = 16

No 2,260 (688–4,311) 2,015 (809–5,275)

n = 37 n = 38

Status at las follow up Dead 2,315 (376–4,903) 0.53 2,499 (524–6,072) 0.08

n = 29 n = 34

Alive 2,319 (688–4,311) 2,015 (869–5,275)

n = 41 n = 41

*Indicates statistical significance.

respiratory tract infection during immunosuppressive treatment
for GVHD. The remaining patient died of febrile syndrome
(no microbiological isolates) associated with polyserositis and
elevation of liver enzymes compatible with GVHD (no
confirmatory biopsy).

Likewise, we found that only plasma ST2 levels >1,882 ng/ml
on day +30 were associated with death (including relapse of the
underlying disease) both in the whole cohort (HR, 5.49; p= 0.01)
and in the RIC cohort (HR, 3.47; p= 0.05) (Table 4).

To confirm the association of ST2 with NRM and death, the
linear effect of the biomarker on the CI was estimated using the
Fine-Gray model in both cohorts (Table 6). ST2 levels at day+30
were significantly associated with greater CI of NRM and death
(SHR 1.7; p = 0.007 and SHR 1.5; p = 0.01, respectively, in the
whole cohort and SHR 1.9; p= 0.001 and SHR 1.6; p= 0.01 in the
RIC cohort). Moreover, time-dependent ROC curves, generated
to assess the overall accuracy of ST2 for predicting outcomes,
showed high area under the curve (AUC) values for both NRM
and death (respectively, 0.72 at 3 months and 0.65 at 500 days in
the whole cohort, as well as 0.89 at 3 months and 0.75 at 500 days
in the RIC cohort; Figure 2).

Mean OS at 2 years was higher in patients with low ST2 levels
at day +30 in the whole cohort (44 vs. 25 months, p = 0.02,
Figure 3A) and in the RIC cohort (not reached vs. 21 months,
p= 0.03, Figure 3B).

In our study, we did not find differences between ST2 levels
at days +15 and +30 and therapy-resistant GVHD. This may be
due to the low number of patients (five) who showed resistance
to treatment with steroids.

REG3α

Plasma concentrations of REG3α at day +15 were too low
in all samples, which prevented us from including the results
obtained. We analyzed the association between REG3α levels
at day +30 and the usual clinical variables (age, sex, stem
cell source, donor sex, hematological malignancy, disease
status at transplant, conditioning regimen intensity, and
number of infused CD34+ cells) and found no association
(data not shown). We also analyzed the association
between REG3a levels and post-transplant complications,
namely, GVHD (acute and chronic), NRM, relapse, and
OS (Table 7).

We did not find any association between levels of REG3α at
day +30 and chronic GVHD or relapse. Similarly, no differences
were found when we carried out these analyses in the RIC cohort
(data not shown).

Patients with grade II-IV aGVHD presented higher levels
of REG3α at day +30 (1,358 vs. 500 pg/ml; p = 0.09).
Interestingly, these levels were also higher in patients who
developed gastrointestinal aGVHD than in patients who did not
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TABLE 3 | Association between ST2 levels at day +15 and +30 and GVHD (acute and chronic), NRM, relapse, and OS in the RIC cohort (n = 52).

RIC cohort (n = 52) ST2 +15 (ng/ml) p-value ST2 +30 (ng/ml) p-value

Median (range) Median (range)

aGVHD II-IV Yes 2,287 (376–4,903) 0.89 2,503 (524–5,275) 0.045*

n = 24 n = 26

No 2,319 (1,045–3,569) 1,830 (1,394–3,529)

n = 15 n = 17

aGVHD III-IV Yes 2,067 (376–3,109) 0.27 2,496 (524–5,275) 0.37

n = 8 n = 7

No 2,319 (688–4,903) 2,019 (809–4,572)

n = 31 n = 36

Chronic GVHD

(moderate and severe)

Yes 1,809 (869–2,333) 0.09 1,868 (524–5,100) 0.87

n = 5 n = 9

No 2,319 (376–4,903) 2,146 (809–5,275)

n = 29 n = 29

Relapse Yes 2,319 (1,045–4,903) 0.59 2,527 (524–5,715) 0.79

n = 11 n = 13

No 2,282 (376–4,472) 2,085 (809–6,072)

n = 31 n = 35

Non-relapse mortality Yes 2,282 (376–4,472) 0.95 3,299 (1,820–6,072) 0.004*

n = 11 n = 13

No 2,267 (688–4,150) 1,830 (809–5,275)

n = 20 n = 22

Status at las follow up Dead 2,293 (376–4,903) 0.68 2,709 (524–6,072) 0.048*

n = 19 n = 23

Alive 2,319 (688–4,150) 1,935 (809–5,275)

n = 23 n = 25

*Indicates statistical significance.

TABLE 4 | Association between ST2 levels at day +30, clinical variables and cumulative incidence of NRM and death in the whole cohort (n = 87) and the RIC cohort

(n = 52).

Variables Whole cohort RIC cohort

NRM Death NRM Death

HR p-value HR p-value HR p-value HR p-value

Age, >50 years 0.15 0.6 0.1 0.7 0.08 0.7 0.37 0.5

Female sex 0.16 0.6 0.1 0.6 0.55 0.4 0.24 0.6

Sorror >3 0.16 0.6 0.3 0.5 0.12 0.7 0.24 0.6

Previous HSCT 0.01 0.8 0.7 0.3 0.07 0.7 0.38 0.5

Underlying disease not AML 2.1 0.2 0.08 0.7 0.5 0.4 0.02 0.8

Stem cell source (BM) 1.2 0.2 0.6 0.4 2.3 0.1 0.79 0.3

Infused TNC > 6*108/kg 0.18 0.6 0.005 0.9 0.07 0.7 0.007 0.9

RIC conditioning regimen 2.2 0.13 0.07 0.7

ST2 (per 1,000 units) 7.9 0.004* – – 5.43 0.01* – –

ST2 (per 1,000 units) – – 5.49 0.01* – – 3.47 0.05*

*Indicates statistical significance.

(2,483 vs. 1,011 pg/ml; p = 0.19). This trend was not observed
in GVHD affecting other tissues (skin or liver). Similarly,
patients with NRM and patients who died for any other reason
presented higher levels of REG3α on day+30, with no significant
differences [1,161 vs. 500 pg/ml (p = 0.1) and 1,183 vs. 702

pg/ml (p = 0.08), respectively]. ROC curve analysis revealed
that the best cut-off value for REG3α levels at day +30 for
gastrointestinal aGVHD was 1,989 pg/ml. Patients with levels
higher than 1,989 pg/ml at day +30 presented a significantly
higher incidence of gastrointestinal aGVHD in the whole cohort
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FIGURE 1 | (A) Cumulative incidence of NRM according to ST2 levels at day +30 (cut-off 3,230 ng/ml) in the whole cohort (n = 75). (B) Cumulative incidence of NRM

according to ST2 levels at day +30 (cut-off 2,085 ng/ml) in RIC patients (n = 48).

TABLE 5 | Non-relapse mortality.

Cause, n (%) NRM (Whole cohort) NRM (RIC cohort)

ST2 >3,230ng/ml (n = 8) ST2 <3,230ng/ml (n = 8) ST2 >2,085ng/ml (n = 11) ST2 <2,085ng/ml (n = 2)

aGVHD 1 (13) 4 (50) 3 (27) 1 (50)

cGVHD 1 (13) 1 (13) 1 (10) 1 (50)

Infection 3 (37) 1 (13) 3 (27) 0

Non-bacterial endocarditis 1 (13) 0 1 (10) 0

Secondary neoplasms 2 (25) 0 2 (17) 0

Ischemic heart disease 0 2 (25) 1 (10) 0

(HR, 8.37; p= 0.003; Figure 4A) and in the RIC cohort (HR, 6.59;
p = 0.01; Figure 4B). No other clinical variables were associated
with gastrointestinal aGVHD.

In testing associations of REG3α levels at day +30 with
gastrointestinal aGVHD development after day 30, time-
dependent ROC curves showed high AUC values in the RIC
cohort (Figure 5).

Finally, patients with lower levels of REG3α at day +30
presented better OS both in the whole cohort and in the RIC
cohort, although the differences were not statistically significant
(Figure 6).

DISCUSSION

Interest in plasma biomarkers for prediction, diagnosis, and
prognosis of post-transplant complications has grown in
recent years. Non-invasive biomarkers in peripheral blood
can anticipate life-threatening complications and therefore
improve therapeutic strategies in advance. Despite their proven
usefulness, they are not yet part of the routine clinical practice.
Most studies in this regard have been performed on HLA-
identical or umbilical cord allo-HSCT only one study analyzed
haplo-HSCT with PTCy (15). In the present study, we explored
plasma levels of ST2 and REG3α in the largest single-center
cohort of haplo-HSCT with PTCy investigated to date.

This is the first report in which biomarkers (ST2 and REG3α)
aremeasured at day+15. Although other authors have postulated
its possible utility, our results do not support it.

ST2 is a specific cellular marker that differentiates Th2
from Th1 cells; its soluble form is secreted by endothelial
cells, epithelial cells, and fibroblasts. Soluble ST2 acts by
promoting the Th1 phenotype, which has been associated with
the pathophysiology of acute GVHD (26).

Our results show that ST2 levels at day +30 were higher
in patients who presented acute GVHD II-IV, especially those
who had received a RIC regimen. These patients tend to be
older, present more comorbidities, and/or had received more
previous lines of treatment. This may explain the greater
endothelial damage observed and, therefore, the higher incidence
of GVHD. The association of ST2 and occurrence of aGVHD
is intriguing. Killer Ig-like receptors (KIR) play a central role
in modulating NK effector function after haplo-HSTC. Acute
GVHD is associated with the secretion of IL-12 and IL-18,
which are known to promote NK cell functional maturation.
This raises the possibility of effect on NK cells as IL-33/ST2
axis augments NK cell production of IFN-γ in response to IL-
12 (27). Some studies did not find a statistically significant
association between these entities (23, 25), whereas others,
consistent with our study, observed a correlation between ST2
levels and GVHD (16, 24, 28, 29). However, such studies
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TABLE 6 | Univariable associations between ST2 levels at day +30 and clinical variables with NRM and death in the whole and RIC cohorts using the Fine-Gray model.

Variables Whole cohort RIC cohort

NRM Death NRM Death

SHR (95%CI) p-value SHR (95%CI) p-value SHR (95%CI) p-value SHR (95%CI) p-value

Age, >50 years 1.2 (0.4–2.7) 0.7 1.1 (0.6–2.1) 0.8 1.1 (0.4–2.9) 0.9 1.2 (0.6–2.7) 0.6

Female sex 0.8 (0.3–2.1) 0.6 1.2 (0.6–2.4) 0.6 0.6 (0.2–1.9) 0.4 1.2 (0.5–2.8) 0.7

Sorror >3 0.2 (0.5–2.7) 0.7 1.1 (0.6–2.1) 0.7 1.04 (0.4–2.8) 0.9 1.1 (0.5–2.4) 0.9

Previous HSCT 0.8 (0.2–4.1) 0.8 1.5 (0.7–3.5) 0.3 0.8 (0.2–3.8) 0.7 1.3 (0.5–3.4) 0.6

Underlying disease

not AML

2.1 (0.8–5.2) 0.1 1.2 (0.7–2.3) 0.5 1.6 (0.5–5.1) 0.4 1.1 (0.5–2.6) 0.8

Stem cell source (BM) 0.5 (0.2–1.7) 0.3 0.8 (0.3–2.1) 0.6 0.4 (0.1–1.3) 0.1 0.7 (0.2–1.9) 0.5

Infused TNC >6 × 108/kg 1.2 (0.5–2.9) 0.6 0.9 (0.5–1.8) 0.7 1.1 (0.4–2.9) 0.9 0.9 (0.4–2.2) 0.9

RIC conditioning regimen 2.6 (0.9–8) 0.08 1.3 (0.7–2.5) 0.4

ST2 (per 1,000 units) 1.7 (1.2–2.6) 0.007* – – 1.9 (1.3–2.8) 0.001* – –

ST2 (per 1,000 units) – – 1.5 (1.1–2.1) 0.01* – – 1.6 (1.1–2.1) 0.01*

*Indicates statistical significance.

FIGURE 2 | Time-dependent ROC curves for NRM and death using ST2 levels at day +30 in both, the whole cohort (A) and the RIC cohort (B).

were not fully comparable with ours, since none of them
included patients with haplo-HSCT or used PTCy as GVHD
prophylaxis. In most of them, donors were HLA-identical

(related and unrelated) and a minority were unrelated donors.
One of the studies was performed on umbilical cord blood
allo-HSCT (24).
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FIGURE 3 | (A) Overall survival according to ST2 levels at day +30 (cut-off 1,882 ng/ml) in the whole cohort (n = 75). (B) Overall survival according to ST2 levels at

day +30 (cut-off 1,882 ng/ml) in RIC patients (n = 48).

TABLE 7 | Association between REG3α levels at day +15 and +30 and GVHD (acute and chronic), NRM, relapse, and status.

Whole cohort (n = 87) REG3α +15 (pg/ml) p-value REG3α +30 (pg/ml) p-value

Median (range) Median (range)

aGVHD II–IV Yes 128 (0–2,983) 0.17 1,358 (0–7,798) 0.09

n = 35 n = 37

No 14 (0–2,311) 500 (0–7,491)

n = 28 n = 30

aGVHD III–IV Yes 189 (0–2,983) 0.31 1,068 (0–7,798) 0.92

n = 10 n = 10

No 110 (0–2,311) 1,055 (0–7,491)

n = 53 n = 57

GI aGVHD Yes 59 (0–2,475) 0.55 2,483 (0–5,904) 0.19

n = 11 n = 10

No 134 (0–2,983) 1,011 (0–7,798)

n = 52 n = 57

Chronic GVHD

(moderate and severe)

Yes 0 (0–1,008) 0.08 895 (0–5,904) 0.97

n = 11 n = 13

No 145 (0–2,983) 1,106 (0–7,798)

n = 44 n = 47

Relapse Yes 34 (0–2,311) 0.40 1,183 (0–7,491) 0.65

n = 19 n = 19

No 146 (0–2,983) 1,042 (0–7,798)

n = 47 n = 52

Non-relapse mortality Yes 355 (0–1,928) 0.39 1,161 (0–5,904) 0.10

n = 14 n = 15

No 119 (0–2,983) 500 (0–7,798)

n = 34 n = 38

Status at las follow up Dead 137 (0–1,928) 0.92 1,183 (0–7,491) 0.08

n = 28 n = 31

Alive 119 (0–2,983) 702 (0–7,798)

n = 38 n = 40
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FIGURE 4 | (A) Cumulative incidence of gastrointestinal GVHD according to REG3α levels at day +30 (cut-off 1,989 pg/ml) in the whole cohort (n = 10).

(B) Cumulative incidence of gastrointestinal aGVHD according to REG3α levels at day +30 (cut-off 1,989 pg/ml) in RIC patients (n = 6).

FIGURE 5 | Time-dependent ROC curves for gastrointestinal GVHD using REG3α levels at day +30 in both, the whole cohort (A) and the RIC cohort (B).

The results of the only study performed on haplo-HSCT (15)
differed from those of the present study. Unlike ours, the authors
included a high proportion of patients with bone marrow as stem
cell source, therefore, the number of patients presenting with
aGVHD in their cohort was lower (n= 10), of which half started
the clinic before day+30.

Furthermore, our results showed that high ST2 levels at day
+30 were correlated with increased risk of NRM. In this case, our
results are comparable to those obtained by the Baltimore group
in the haplo-HSCT cohort, but also in HLA identical HSCT
group with PTCy as GVHD prophylaxis (15). Other studies (23–
25) performed in different transplant platforms showed the same
results, therefore ST2 at day+30 seems to be a relevant biomaker
for the development of NRM, regardless the stem cell source or
GVHD prophylaxis.

The association between ST2 and aGVHD does not justify
all causes of NRM in these patients. Kanakry et al. described
10 cases of NRM in a cohort of patients who underwent T

cell–replete bone marrow haplo-HSCT. Most patients died of
multi-organ failure and infection, and none of them died from
GVHD. In this sense, differences in the causes of NRM may
result from immune dysregulation or endothelial damage, in
which ST2 is directly involved. Prospective studies are required
to clarify the involvement of ST2 in the pathophysiology of
post-transplant complications.

REG proteins act by protecting intestinal stem cells through
binding of bacterial peptidoglycans. These proteins are thought
to regulate uncontrolled inflammation by reducing pro-
inflammatory cytokine production in ulcerative colitis (30).
The correlation between mucosal damage and high REG3α
levels suggests that microscopic breaches in the mucosal
epithelial barrier caused by severe GVHD enable REG3α to
cross into the bloodstream (21). In our study, we found that
plasma REG3α levels at day +30 were higher in patients who
developed gastrointestinal aGVHD than in patients without this
complication. In our cohort, all patients but one presented
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FIGURE 6 | (A) Overall survival according to REG3α levels at day +30 (cut-off 1,989 pg/ml) in the whole cohort (n = 71). (B) Overall survival according to REG3α

levels at day +30 (cut-off 1,989 pg/ml) in RIC patients (n = 43).

gastrointestinal GVHD after day+30; therefore, measuring levels
of this biomarker could help us to anticipate this complication
and optimize immunosuppressive treatment. We also found
elevated levels in patients with grade II-IV aGVHD (difference
not statistically significant). Consistent with our results, Nomura
et al. (28) reported higher levels of REG3α on day 14 in
patients who developed aGVHD (affected organ not detailed).
Despite these results, few studies have analyzed the predictive
role of this biomarker, since most focus on its diagnostic role.
High levels of REG3α have been reported at the onset of
diarrhea, with a difference between lower gastrointestinal GVHD
and non-GVHD diarrhea. In addition, higher concentrations
were correlated with histological severity, poorer response to
treatment and, therefore, greater 1-year NRM (19, 20). Since
most of the patients in these studies hadmatched donors, it would
be of great interest to perform the same analyses at diagnosis
in a cohort treated with haplo-HSCT and PTCy in order to
decrease the use of other invasive diagnostic techniques such
as colonoscopy and biopsy. In our study, REG3α plasma levels
were not associated with NRM (levels of REG3α on day +30
were higher in patients with NRM, although the differences were
not significant). Kanakry et al. (15) found that REG3α plasma
levels were significantly associated with a greater cumulative
incidence of NRM in the HLA-haploidentical cohort. However,
we found no such association. This association between high
levels of REG3α and NRM but not with GVHD has also been
described in studies with mostly HLA-identical donors (22, 26).
More prospective andmulticenter studies are required in patients
receiving haplo-HSCT with PTCy.

It is also important to standardize the ELISA technique in
plasma biomarkers to be able to establish a reproducible cut-off.
Several cut-offs have been defined for ST2 (e.g., 33.9 ng/ml or
740 pg/ml) (23, 24). In contrast with previous findings, we found

that the cut-off for NRM was 3,230 ng/ml. Cut-off levels of ST2
could also be affected by HLA disparity, stem cell source, and the
intensity of the conditioning regimen. Other issues to consider
include the commercial ELISA kits used, the sample (plasma or
serum), and the processing of the sample (fresh or frozen).

Similar results were obtained with REG3α values. Ferrara
et al. reported 151 ng/ml to be the cut-off for the diagnosis of
gastrointestinal GVHD at onset of diarrhea, whereas in our study
the best cut-off point on day +30 was 1,989 pg/ml. In contrast
to our approach, these values were usually obtained at the onset
of gastrointestinal symptoms (they behave as diagnostic values),
while in our study the values were obtained on day 30 and
demonstrated a predictive role. Therefore, algorithms to assign
specific thresholds for intervention will need to be established,
ideally in prospective multicenter trials.

Our analysis is subject to a number of limitations. We
collected plasma samples on days +15 and +30 after transplant.
Samples that are more appropriate for the clinical outcomes
assessed should be collected more frequently early after
transplant and in the following months. Such an approach
could prove crucial for future proteomic biomarker studies.
Consequently, the use of biomarkers in routine clinical practice
should be validated in a larger cohort in a prospective multicenter
study. Another limitation of this study is that the number of
transplants is quite low. In order to confirm our results several
statistical analyses have been performed. We have included the
Fine-Gray model to directly estimate the effect ST2 on the
cumulative incidence function of the outcome (in the presence of
competing risks) and also attempt a time-dependent ROC curve
methodology for competing risks to quantify potential predictive
accuracy of ST2 and REG3α. Despite being the longest haplo-
HSCT cohort studied so far, a validation in an independent
cohort could be needed to verify the results.

Frontiers in Immunology | www.frontiersin.org 10 October 2019 | Volume 10 | Article 233842

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Solán et al. Prognostic Biomarkers for Haploidentical HSCT

Recent years have seen significant developments in the field
of biomarkers for the prediction of post-HSCT outcomes.
However, inconsistent results from clinical centers and studies
have been reported, possibly resulting from heterogeneity in
patient groups, underlying diseases, conditioning regimens, and
GVHD prophylaxis, as well as from a lack of automation in
laboratories using ELISA kits for proteomic biomarker analysis.
According to our results, detection of ST2 and REG3α in plasma
on day +30 after haplo-HSCT with PTCy can predict NRM and
gastrointestinal aGVHD, respectively. Adding these biomarkers
to risk algorithms could help to better classify groups of high-risk
patients and thus modify risk with more intensive monitoring,
immunosuppressive treatment, or other novel interventions.
Moreover, the optimal cut-offs for high-risk, the standardization
of laboratory methods, and the timepoints for analysis of plasma
samples need to be better defined before these results can be
applied in clinical practice.
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HLA-E is a member of the non-classical HLA molecules and by interaction with activating

or inhibitory receptors of NK and T cells, HLA-E can lead to immune activation

or suppression context-dependently. Recently, the non-classical HLA molecules gain

more attention in the setting of allogeneic hematopoietic stem cell transplantation

(HSCT). Most studies so far have focused on the two most frequent genotypes (HLA-

E∗01:01 and HLA-E∗01:03) and investigated their potential association with clinical

endpoints of HSCT, like graft-versus-host disease (GvHD), relapse, and overall survival

(OS). However, these studies have produced inconsistent results regarding the role

of HLA-E and the clinical endpoints after HSCT. We therefore here investigate the

amount of soluble HLA-E (sHLA-E) in patients following HSCT and relate this to

the clinical endpoints after HSCT. In univariate analysis, we observe a significant

association of reduced levels of sHLA-E with severe acute GvHD, extended chronic

GvHD and with inferior OS. Using receiver operating characteristic analyses specific

thresholds obtained 1, 2, or 3 month(s) after HSCT were identified being indicative

for severe acute GvHD, extended chronic GvHD, or inferior OS. In sub-group

analyses, this effect can be confirmed in patients not treated with ATG, but is

derogated in ATG-treated patients. Notably, we could not detect any association of the

course of sHLA-E levels post-HSCT with the three most frequent HLA-E genotypes

(HLA-E∗01:03/∗01:03, HLA-E∗01:01/∗01:01, HLA-E∗01:01/∗01:03). However, with

regard to 5-year-OS there was an association of HLA-E∗01:03 homozygosity

with inferior OS. Taking ATG-treatment, recipient and donor HLA-E genotypes

into consideration among other well-known risk factors, the sHLA-E status was

found as an independent predictor for the development of extended cGvHD
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and inferior OS following HSCT irrespective of the sHLA-E thresholds. These findings

shed some light on the possible impact of reduced sHLA-E levels after HSCT on GvHD

and OS. Thus, sHLA-E appears to be a novel promising candidate for the prediction of

clinical HSCT outcome with regards to extended cGvHD and OS.

Keywords: allogeneic hematopoietic stem cell transplantation, graft-versus-host disease, GvHD biomarker, HLA,

HLA-E, HLA-G

INTRODUCTION

Immunological processes of self-recognition and tolerance are
essential for the success of allogeneic hematopoietic stem cell
transplantation (HSCT) and the reconstitution of donor-derived
hematopoiesis. Moreover, immunological processes significantly
influence the degree of morbidity and mortality after HSCT,
as they determine the incidence and severity of Graft-versus-
Host-Disease (GvHD). The Human Leukocyte Antigens (HLA)
system plays a central role in the innate and adaptive immune
system. HLA molecules are divided into classes I and II. In both
classes, classical and non-classical molecules are distinguished:
The classical molecules are HLA-A, -B and -C in class I (“Ia”)
and HLA-DR, -DQ and -DP in class IIa. In contrast to these,
the non-classical molecules in class I (“Ib”) are HLA-E, -F and
-G, MICA and MICB and in class IIb HLA-DM and -DO (1).
For many years, the classical HLA-molecules have been in the
focus. Recently, there is growing evidence for the importance of
non-classical HLA molecules in HSCT.

HLA-E is the least polymorphic of all HLA class I molecules
and acts as a ligand for the innate and adaptive immune system
(2). There are 15 alleles described encoding six proteins, but
only two phenotypes (HLA-E∗01:01 and HLA-E∗01:03) exist at
high frequency (3, 4). In contrast to the ubiquitously expressed
classical HLA class I proteins, the expression of the non-classical
HLA-E is restricted to specific cells. In non-lymphoid organs,
HLA-E protein expression is mainly restricted to endothelial
cells (EC); in lymphoid organs (lymph nodes, spleen) HLA-E
is strongly expressed in B and T lymphocytes, NK cells, and
macrophages (5) By interaction with activating and inhibitory
receptors of NK and T cells, HLA-E can lead to immune
activation or suppression. HLA-E is the pre-dominant ligand for
the inhibitory NK cell receptor CD94/NKG2A that prevents NK-
cell-mediated lysis (6). In contrast, binding of HLA-E with the
activating NK cell receptor CD94/NKG2C delivers an activation
signal to NK cells. HLA-E shows a six-fold higher affinity to
the inhibitory CD94/NKG2A receptor than to the activating
CD94/NKG2C receptor (7).

Similar to HLA-G, HLA-E is expressed during pregnancy on
trophoblasts and contributes to the tolerance against the “semi-
allograft” fetus by engagement with inhibitory NK cell receptors
(8–10). Moreover, there is ample evidence for the involvement
of HLA-E in immune surveillance but also in immune evasion
mechanisms in virally infected or malignantly transformed cells
(1). In virally infected cells HLA-E is “hijacked” to up-regulate
HLA-E expression to mimic normal levels and thus to escape
from immune surveillance (4). HLA-G and HLA-E interaction
establishes an immunosuppressive microenvironment, which

facilitates escape from tumor surveillance (9). Several reports
describe worse outcome in solid tumors if HLA-G and HLA-
E are co-expressed [reviewed in (9)]. Recently, elevated soluble
HLA-E plasma levels were associated also with worse outcome in
hematological malignancies (11).

Given its context-dependent immune modulation by
interacting with activating or inhibitory receptors, the role
of HLA-E has also been investigated in the context of HSCT.
However, the studies have described partly contradictory results
regarding the influence of the three most frequent genotypes
(HLA-E∗01:01/01:01, HLA-E∗01:01/01:03, HLA-E∗01:03/01:03)
on transplant-related mortality (TRM), acute, and chronic
GvHD, relapse, disease free survival (DFS), and overall survival
(OS) after HSCT (12–22). We have previously observed in a
cohort of 32 patients that elevated soluble HLA-G levels after
HSCT are associated with less severe acute and chronic GvHD
(23). Here, we investigated soluble HLA-E (sHLA-E) levels in
93 patients post-HSCT and HLA-E genotypes of donor and
recipient pairs. The results were related to relevant clinical
outcomes of HSCT like acute and chronic GvHD, relapse,
and OS.

MATERIALS AND METHODS

Study Design and Patient Recruitment
This monocentric study was planned prospectively, approved by
the Ethical Board of the University Hospital of Essen (07-3503)
and carried out in accordance to the Declaration of Helsinki. All
patients signed a written consent form to participate in this study.
We categorized acute and chronic GvHD according to accepted
standards (24–26). Ethylenediaminetetraacetate (EDTA) plasma
samples were serially procured from the patients 1, 2, 3, 4, 5, 6, 9,
and 12 month(s) before and after transplantation.

Patients’ and HSCT-Characteristics
Ninety-three patients, 49 female and 44 male, were enrolled in
the study. Median age was 54 years (range 19–75 years). The
majority [55 patients (pts.)] were diagnosed with Acute Myeloid
Leukemia (AML). Other diagnoses included Myelodysplastic
Syndrome (MDS, 10 pts.), Acute Lymphoblastic Leukemia
(ALL, 5 pts.), Non-Hodgkin Lymphoma (NHL, 5 pts.),
Myeloproliferative Neoplasms (MPN, 6 pts.) and other (12
pts.). These patients underwent HSCT between October 2008
and December 2018 at the Department of Bone Marrow
Transplantation of the University Hospital Essen, Germany.
Median CD34+ transplanted was 7.0 × 106/kg body weight
(BW) of the recipient (range 3.0–19.5). The patients’ and HSCT
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TABLE 1 | Demographic and HSCT characteristics of patients.

All patients ATG-treated* Non-ATG-treated p-value**

Number of patients 93 54 39

Median age [years (range)] 54 (19–75) 57 (19–75) 50 (20–69) n.s.

Gender (female/male) 49/44 30/24 19/20 n.s.

Diagnosis at alloSCT n.s.

AML 55 30 25

MDS 10 8 2

ALL 5 2 3

NHL 5 3 2

MPN 6 3 3

Other 12 7 5

CD34 × 106/kg BW [median (range)] 7.0 (3.0–19.5) 6.9 (3.0–15.0) 7.1 (3.1–19.5) n.s.

Conditioning n.s.

TBI (8–12Gy) & flu, Cycloph or Etopos 29 15 14

Fludarabine and busulfan 27 20 7

Fludarabine and treosulfane 24 16 8

Fludarabine, thiotepa ± melphalan 9 2 7

Other 4 2 2

Donor related/unrelated Dec-66 3/51 24/15 <0.0001

HLA-identical yes/no 76/17 48/6 28/11 n.s.

Female donor to male patient yes/no 12/81 4/50 8/31 n.s.

Follow-up time after allo-SCT [days (median, range)] 427 (38–3874) 419 (55–3640) 427 (38/3874) n.s.

GvHD prophylaxis 0.0067

CSA and MTX 60 43 24

MMF and CSA/Steroids 16 5 11

Steroids ± CSA 11 2 9

Other/None 6 4 2

GvHD***

Acute GvHD grade 0–I 58 34 24 n.s.

Acute GvHD grade II–IV 35 20 15

No or limited chronic GvHD 68 27 41 n.s.

Extended chronic GvHD 17 10 7

Relapse (yes/no) 12/81 9/45 3/36 n.s.

Survival (yes/no) 62/31 36/18 28/11 n.s.

*All but one patient received ATG NeoviiTM in a cumulative dosage of 30–60 mg/kg BW. One patient received Thymoglobulin GenzymeTM in a dosage of 6 mg/kg BW.

**Comparisons between patients treated with ATG and non-treated with ATG (Fisher’s exact test or unpaired t-test); n.s., not significant.

***GvHD not evaluated for all patients due to death/missing clinical data.

characteristics are detailed in Table 1. Fifty-four of the ninety-
three patients received anti-thymocyte globulin (ATG) as in
vivo T-cell depletion. At our center, ATG was given in case of
unrelated donors. Hence, out of the total 54 cases with ATG,
the majority of HSCTs were with matched unrelated (MUD) and
mismatched unrelated donors (MMUD). Only in three cases with
related donors, ATG was applied for exceptional and individual
reasons (haplo-identical donor; CD34+ positive selection and
no other GvHD prophylaxis; putatively anti-proliferative effect
in T-NHL).Twenty-nine patients received total body irradiation
(TBI) as part of the conditioning regimen. Twenty-seven patients
received grafts from related donors; the remaining 66 patients
received grafts from unrelated donors. In 76 cases the HSCT

was HLA-identical, 17 patients were transplanted with an HLA-
mismatched graft. ATG- and non-ATG-cohorts were largely
equally distributed. There was no significant difference in
median age, gender, diagnoses, CD34+ cells/kg BW, conditioning
regimes, HLA-identical vs. mismatched, gender mismatch, acute
GvHD grade 0-I vs. II-IV, no/limited vs. extended chronic
GvHD, relapse and OS when comparing the ATG- and the
non-ATG-cohort. Only the frequency of unrelated donors
was significantly higher in the ATG-cohort and the GvHD
prophylaxis differed significantly in the two cohorts (Table 1). At
a median follow-up of 427 days (range: 38–3,874) after HSCT,
12 patients (13%) had suffered a relapse and 62 patients (67%)
were alive.
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Definitions of Disease Stage
Disease stage was classified according to the EBMT risk score
for outcome after HSCT (27). Briefly, early disease stage
included acute leukemia (AL) transplanted in first complete
remission (CR), MDS either untreated or in first CR, NHL, and
multiple myeloma (MM) transplanted untreated or in first CR.
Intermediate stage included AL in second CR, MDS in second
CR or in partial remission (PR), NHL and MM in second CR, in
PR or in stable disease. All other disease stages were considered
as late stages.

Quantification of sHLA-E
Determination of soluble HLA-E levels was performed as
previously described (11). To capture sHLA-E the monoclonal
antibody (mab) 3D12 (eBioscience, Frankfurt, Germany) was
used in a final concentration of 6.7µg/ml. Plasma samples were
diluted 1:2 in PBS and tested in duplicate. Purified HLA-E∗01:03
protein served as standard reagent (28).The concentration of
standard reagent ranged from 0.0 to 4,000 pg/ml. For the
detection of bound molecules biotinylated anti-HLA-E mab
(MEM/07, Exbio, Praha, Czech Republic) was used in a final
dilution of 1.25µg/ml, followed by Streptavidin HRP (R&D,
Minneapolis, USA). 3,3,5,5 tetramethylbenzidine Super Slow
(Sigma, Munich, Germany) served as substrate solution. After
30min. the enzyme reaction was stopped with 1M H2SO4 and
the optical density was measured at 450 nm (Biotek Instruments,
Winooski, VT). Determination of sHLA-E plasma levels was
performed by four-parameter curve fitting. The intra- and inter-
assay variation of the ELISA was 5.5 and 11.9%, respectively.

HLA-E Genotyping
Recipients and corresponding donors were typed for HLA-E with
a sequence-specific primer-(SSP)-PCR, as described previously.
Genomic DNA was isolated from buffy-coats of peripheral blood
using QIAamp R© DNABloodMini Kit (QIAGENGmbH,Hilden,
Germany) and adjusted to a final concentration of 50 ng/µl.
HLA-E amplifications were performed in a Geneamp 9700 PCR
thermal cycler (Applied Biosystems, Waltham, USA) DNA (50
ng) in a final volume of 10 µl containing 3 µl PCR Master
Mix (Olerup R© SSP AB, Stockholm, Sweden), 0.6 units of Taq
DNA Polymerase (QIAGEN GmBH), 15 pmol of detection
primers, and 15 pmol of each positive control primer. The initial
denaturation of the sequence-specific products was performed
for 2min at 94◦C, followed by a two stage PCR program: 10
cycles of 10 s at 94◦C and 20 s at 65◦C and 20 relaxed cycles
of 10 s at 94◦C, of 1min at 61◦C, and of 30 s at 72◦C. HLA-
E alleles were identified at the resolution level of the second
field. Human growth hormone was used as a positive control for
PCR amplification (29, 30). The HLA-E genotype distributions
of recipients and donors fit to the expectations of Hardy-
Weinberg equilibrium.

Statistics
Statistical analyses and presentation were performed by using
SPSS 23.0 (SPSS Inc., Chicago, IL, USA) or GraphPad Prism
V8.1.2 software (GraphPad Software, San Diego, CA, USA).

Data are presented as mean ± SEM (standard error of mean).
After testing for Gaussian distribution, continuous variables
were compared by T-test and non-parametric Mann-Whitney
or two-way analysis of variance. For categorical data, 2-sided
Fisher’s exact test was used. Using BIAS 11.08 software program
(https://www.bias-online.de/) receiver operating characteristic
(ROC) analysis was performed to define the optimal threshold
value for sHLA-E regarding sensitivity and specificity for the
prediction of aGvHD, cGvHD, and OS. In univariate analysis
of time-to-event, the probabilities of the patients’ OS were
estimated by the Kaplan-Meier method and compared using
log-rank between groups of interest. Stepwise multivariate Cox
regression according to proportional hazards assumption or
binomial logistic regression was used to identify prognostic
factors for OS and cGvHD, respectively. Covariates were included
into the multivariate analyses based on conceptual evaluation
of literature or being associated with a p < 0.05 to certain
clinical parameters in univariate analysis. Statistical significance
was defined as p ≤ 0.05.

RESULTS

Reduced sHLA-E Levels Are Associated
With Severe Acute and Extended Chronic
GvHD and Inferior OS Following HSCT
Pre-HSCT it appeared that sHLA-E levels were independent
of the patients’ gender, HLA-E genotype, and disease of
the patients. No significant difference of the sHLA-E levels
were observed pre-HSCT and the first month post-HSCT
(Supplementary Figures 1A–D). Overall, the course of sHLA-
E plasma levels did not substantially vary over the observation
period of 12 months post-HSCT (Supplementary Figure 2).
However, patients (n = 35) experiencing moderate to severe
aGvHD grade II–IV after HSCT displayed significantly (p =

0.0004) reduced sHLA-E levels (mean ± SEM) compared to
patients (n= 58) without or with only mild acute GvHD (aGvHD
0-I, Figure 1A). Similarly, sHLA-E levels were significantly (p =

0.0007) diminished in patients (n = 17) with extended chronic
GvHD compared to patients (n = 68) without or with limited
cGvHD (Figure 1B). Furthermore, lower sHLA-E levels were
significantly associated with the mortality post-HSCT (p =

0.0056, Figure 1C). The course of sHLA-E levels post-HSCT was
not associated with relapse post-HSCT (data not shown).

Threshold Values of sHLA-E Indicative for
Severe Acute and Extended Chronic GvHD
Can Be Identified
To establish sHLA-E levels as an early biomarker for the
prediction of clinical outcome, the optimal threshold values in
terms of sensitivity and specificity were defined for sHLA-E
levels obtained 1, 2, and 3 month(s) post-HSCT by ROC analysis
(Supplementary Figure 3; Supplementary Table 1). The sHLA-
E cut-off levels of month 1 and 2 were not found to be associated
with aGvHD, whereas sHLA-E cut-off of month 3 (cut-off: 652
pg/ml, sensitivity: 63.3%, specificity: 68.5%, AUC: 0.655; p =
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FIGURE 1 | Association of reduced sHLA-E levels with severe acute,

extended chronic GvHD, and inferior OS following HSCT. (A) The courses of

sHLA-E levels in patients with (A) aGvHD grade II–IV (red line) vs. aGvHD

grade 0–I (black line), (B) extended cGvHD (red line) vs. no/limited cGvHD

(black line), or (C) patients having died (red line) vs. patients being alive (black

line) during the follow-up time. Data are presented as mean ± SEM.

Manifestation of aGvHD or cGvHD could not be evaluated for all patients due

to death or missing clinical data.

0.019) related to severe aGvHD grade II-IV post-HSCT. Using
this cut-off value, an Odd-Ratio (OR) of 3.8 with 95% confidence
interval (95% CI) of 1.4–9.2 was obtained (Table 2). Considering
cGvHD, sHLA-E levels below 450 pg/mL in the first month,

TABLE 2 | Association of sHLA-E cut-off levels with aGvHD, cGvHD, and 5-year

overall survival (OS).

HSCT endpoint sHLA-E cut-off p OR 95% CI

aGvHD 1,595 >0.999 0.889 0.335–2.315

608 0.113 2.167 0.859–5.031

652 0.006 3.759 1.409–9.180

cGvHD 450 0.034 3.656 1.173–10.05

523 0.018 4.211 1.342–14.03

652 0.007 6.013 1.516–21.23

OS 450 0.013 3.643 1.442–9.704

523 0.012 3.656 1.388–9.156

1,244 0.301 1.907 0.714–5.168

Cut-offs were given in pg/ml, p-values were calculated by Fisher’s exact test. OR, odds

ratio; CI, confidence interval.

below 523 pg/mL in the secondmonth, or below 652 pg/mL in the
third month post-HSCT were significantly indicative for patients
developing extended cGvHD with ORs (Table 2) of 3.7 (95% CI:
1.2–10.1, p = 0.034), 4.2 (95% CI: 1.3–14.0, p = 0.018), and 6.0
(95% CI: 1.5–21.2, p= 0.007), respectively.

Association of Low sHLA-E Plasma Levels
at Month 1 and 2 Post-HSCT With Reduced
Probabilities of OS
Levels of sHLA-E below 450 pg/mL in the first month were
also significantly associated with mortality, as defined by ROC
analysis (sensitivity: 50.0%, specificity: 78.5%, AUC: 0.639;
Supplementary Figure 3; Supplementary Table 1) with an OR
of 3.6 (95% CI: 1.4–9.7, p = 0.013, Table 2). Kaplan-Meier
probabilities of 5-years OS were reduced with a median survival
of 30 months for patients below this cut-off level (n = 28)
compared with patients having sHLA-E levels >450 pg/mL (n =

65) with an undefinedmedian survival time (p= 0.0086, log-rank
Hazard Ratio (HR) 2.58, 95% CI of ratio 1.12 to 5.89, Figure 2A).
Similarly, using a sHLA-E cut-off of 523 pg/mL (sensitivity:
58.3%, specificity: 72.5%, AUC: 0.651; Supplementary Figure 3;

Supplementary Table 1) calculated as optimal threshold level for
the second month post-HSCT, the probability of 5-year OS was
significantly lower for patients below this value (n = 32) with a
median survival of 37 months than for patients above this level (p
= 0.0195, HR: 2.6, 95% CI: 1.1–7.1, n= 57, Figure 2B).

The Course of sHLA-E Levels Is Not
Associated With the HLA-E Genotypes, but
Donor HLA-E∗01:03/∗01:03 Genotype Is
Associated With Reduced Probabilities of
5-Years-OS
As the amount of sHLA-E plasma levels has been associated
with certain HLA-E genotypes, HLA-E typing was performed for
recipients and donors (10). The allele and genotype frequencies
were comparable with previous reports and they did not
differ between recipients and donors (Supplementary Table 2)
(3, 22). The course of sHLA-E levels post-HSCT was neither
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FIGURE 2 | Association of low sHLA-E levels with reduced 5-year OS probabilities. Patients were divided in two groups according to cut-off levels obtained (A) 1 and

(B) 2 month(s) post-HSCT. Patients with sHLA-E levels below the thresholds (red line) had a significantly reduced 5-year OS by Kaplan-Meier analysis combined with

log-rank test. Dashed line indicates the median survival time.

FIGURE 3 | No relationship of sHLA-E post-HSCT and HLA-E genotypes. Patients’ sHLA-E levels were divided into two groups according to the HLA-E*01:03/01:03

status genotype (red line) of the recipient (A) or of the donor (B). Data are presented as mean ± SEM.

FIGURE 4 | Association of the donor HLA-E*01:03/*01:03 genotype with reduced probabilities of OS. Patients were divided in two groups according (A) to the

recipient HLA-E genotype status or (B) to the donor HLA-E genotype status. In Kaplan-Meier analysis combined with log-rank test the donor HLA-E*01:03/*01:03

genotype (B, red line) but not the one of the recipient showed a significantly reduced 5-year OS post-HSCT.

associated with the recipient nor with the donor HLA-E
genotypes HLA-E∗01:03/∗01:03 and HLA-E∗01:01/∗01:01 or
HLA-E∗01:01/∗01:03 (Figures 3A,B). Moreover, neither the
frequencies of HLA-E genotypes nor the frequencies of alleles
of recipient and donor were significantly related to the OS

post-HSCT (Supplementary Table 2). However, taken the time
course into consideration the Kaplan-Meier curve analysis
combined with log-rank revealed that the 5-year OS probability
was significantly reduced for patients (n = 21) receiving an
allograft with an HLA-E∗01:03/∗01:03 genotype (p = 0.0237;
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HR: 3.0, 95% CI: 1.1–7.8, Figure 4B). HLA-E recipient genotypes
(Figure 4A) or HLA-E mismatch situation were not relevant for
the OS post-HSCT (data not shown).

FIGURE 5 | Effects of ATG-conditioning on the course of sHLA-E levels

post-HSCT. Patients’ sHLA-E levels were divided into two groups according

ATG conditioning. Data were presented as mean ± SEM.

sHLA-E Levels Decrease in ATG-Treated
Patients, and Subgroup Analysis Confirms
sHLA-E Association With Severe aGvHD,
Extended cGvHD and Inferior OS Only in
Non-ATG Treated Patients
Next, the influence of ATG treatment on sHLA-E levels after
HSCT was analyzed. Comparing ATG-treated patients (n = 54)
with patients without ATG treatment (n = 39) revealed that
in the ATG-treated cohort sHLA-E levels started to decrease
from month 6 post-HSCT, whereas in non-ATG treated patients
the sHLA-E started to increase at that time point (p = 0.0220,
Figure 5). Although lower sHLA-E levels were observed in
ATG-treated and non-ATG-treated patients experiencing acute
GvHD grade II-IV or extended chronic GvHD (Figures 6A–D),
significant associations of low sHLA-E plasma levels with the
clinical endpoints aGvHD (p= 0.0002) and cGvHD (p < 0.0001)
were only observed in the non-ATG-cohort during the time of
observation of 12 months. Finally, only in the non-ATG-treated
cohort patients with low sHLA-E levels (<450 or <523 pg/mL)
showed significantly inferior 5-year OS (p = 0.0113 and p =

0.0388, respectively, Figures 7A–D). At variance to sHLA-E, the
donor HLA-E∗01:03/∗01:03 genotype was exclusively associated

FIGURE 6 | The impact of ATG conditioning on the course of sHLA-E levels with respect to GvHD. sHLA-E levels in non-ATG-treated patients (A,C) and ATG-treated

(B,D) were stratified according to the manifestation of severe aGvHD (A,B) or extended cGvHD (C,D). In patients without (w/o) ATG treatment (A,C) but not in

ATG-treated patients (B,D) sHLA-E levels were significantly lower in patients experiencing aGvHD grade II–IV (red line) or extended cGvHD compared to patients with

aGvHD patients grade 0–I (black line) or no/limited cGvHD. Manifestation of aGvHD or cGvHD could not be evaluated for all patients due to death or missing

clinical data.
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FIGURE 7 | The impact of ATG conditioning on the association sHLA-E levels and donor HLA-E genotype with 5-year OS probability. 5-years OS probabilities were

analyzed by Kaplan-Meier analysis combined with log-rank test in patients without (w/o) ATG (A,C,E) and with ATG treatment (B,D,F) concerning the sHLA-E cut-off

levels obtained 1 (A,B) and 2 month(s) (C,D) post-HSCT and concerning the donor HLA-E genotype status (E,F). Dashed lines indicate the median survival of

patients post-HSCT. Only in patients without (w/o) ATG treatment (A,C) a significantly lower 5-year probability was evident for patients with sHLA-E levels below the

thresholds (A,C). Contrary to sHLA-E threshold levels, a significantly reduced 5-year OS probability was only found for ATG-treated patients receiving a

HLA-E*01:03/01:03 allograft.
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with an impaired 5-year OS (p = 0.0339, HR: 4.1, 95% CI: 1.1–
15.4) in the ATG-treated cohort, but not in the untreated patient
group (Figures 7E,F).

Low sHLA-E Levels Post-HSCT Were
Confirmed as an Independent Marker for
Extended cGvHD and OS in Multivariate
Analysis
To establish the prognostic relevance of sHLA-E levels post-
HSCT or of HLA-E genotype for the prediction of extended
cGvHD, binomial logistic regression analysis was performed
including ATG treatment as co-variate besides other risk factors
such as age at time point of HSCT, ATG treatment, disease status,
gender mismatch, HLA-mismatched HSCT, donor, and recipient
HLA-E∗01:03/01:03 status, and sHLA-E status using the different
cut-off levels (450, 523, or 652 pg/mL) obtained from month
1, 2, or 3 post-HSCT as co-variates (Tables 3A–C). Irrespective
of the sHLA-E threshold the sHLA-E status was found as an
independent predictor for the development of extended cGvHD
post-HSCT (p= 0.012, HR: 4.5, 95% CI: 1.3–14.7; p= 0.021, HR:
3.8, 95% CI: 1.2–12.1; p= 0.009, HR: 6.2, 95% CI: 1.5–24.6).

Moreover, multivariate analysis using Cox regression
including the same co-variates revealed that the sHLA-E status
with a threshold value of 523 pg/mL (p = 0.041, HR: 2.1, 95%
CI: 1.0–4.7) was an independent predictive marker for OS,
whereas the sHLA-E cut-off of 450 pg/mL (p = 0.054, HR: 2.1,
95% CI: 1.0–4.7) did not reach significance (Tables 4A,B). The
HLA-E genotypes of donor or recipient were not found to be of
prognostic relevance for both, the prediction of cGvHD or OS
post-HSCT (Tables 4A,B).

DISCUSSION

In recent years, the non-classical HLA-molecules have gained
increasing attention with respect to their role regarding clinical
endpoints in HSCT. We have previously investigated the
influence of the non-classical HLA-molecule HLA-G after HSCT
and observed in 32 patients a correlation of elevated soluble
HLA-G levels with less severe acute or chronic GvHD, and with
a superior overall survival (23). Here, we present data on the
role of the non-classical HLA-molecule HLA-E in a larger cohort
of 93 patients. In summary, (a) we observed that severe acute
GvHD grade II-IV, extended chronic GvHD, and inferior OS are
associated with reduced sHLA-E plasma levels during the first
year post-HSCT; (b) we identified specific sHLA-E cut-off levels
obtained 1, 2, or 3 month(s) post-HSCT related to severe aGvHD
grade II-IV and extended cGvHD as well as to inferior OS by
ROC analysis; (c) we found no association of sHLA-E levels post-
HSCT with the recipient or with the donor HLA-E genotype;
(d) we evidenced an inferior 5-year OS for patients receiving
an allograft with HLA E∗01:03 homozygosity; (e) in subgroup
analyses, the association of severe acute and extended chronic
GvHD and of inferior OS with diminished sHLA-E plasma levels
could be confirmed only in non-ATG-treated patients, but not
in patients treated with ATG; (f) multivariate analyses including
ATG treatment as co-variate among other risk factors confirmed

TABLE 3 | Multivariate analysis for the prediction of extended cGvHD.

Risk factors cGvHD

p HR (95% CI)

(A)

Age 0.672 1.0 (0.9–1.0)

ATG Yes 0.617 1.3 (0.4–4.9)

No

Female to male HSCT Yes 0.978 1.0 (0.2–6.9)

No

HLA-identical HSCT Yes 0.111 0.3 (0.1–1.3)

No

sHLA-E status <450 pg/ml 0.012 4.5 (1.3–14.7)

>450 pg/ml

Donor HLA-E*01:03/*01:03 status Yes 0.415 1.8 (0.4–8.2)

No

Recipient HLA-E*01:03/*01:03 status Yes 0.903 1.1 (0.2–8.2)

No

Disease status Early/intermediate 0.048 8.7 (1.0–74.8)

Late

(B)

Age 0.755 1.0 (0.9–1.0)

ATG Yes 0.304 1.8 (0.5–6.3)

No

Female to male HSCT Yes 0.845 1.2 (0.2–7.9)

No

HLA-identical HSCT No 0.546 0.6 (0.1–3.0)

Yes

sHLA-E status <523 pg/ml 0.021 3.8 (1.2–12.1)

>523 pg/ml

Donor HLA-E*01:03/*01:03 status Yes 0.143 2.8 (0.7–11.5)

No

Recipient HLA-E*01:03/*01:03 status Yes 0.957 0.9 (0.1–6.8)

No

Disease status Early/intermediate 0.100 5.9 (0.7–50.1)

Late

(C)

Age 0.677 1.0 (0.9–1.0)

ATG Yes 0.131 2.7 (0.7–10.3)

No

Female to male HSCT Yes 0.700 1.4 (0.2–10.7)

No

HLA-identical HSCT No 0.520 0.6 (0.1–3.1)

Yes

sHLA-E status <652 pg/ml 0.009 6.2 (1.5–24.6)

>652 pg/ml

Donor HLA-E*01:03/*01:03 status Yes 0.134 3.2 (0.7–14.6)

No

Recipient HLA-E*01:03/*01:03 status Yes 0.493 1.9 (0.3–14.1)

No

Disease status Early/intermediate 0.192 4.3 (0.5–39.9)

Late

sHLA-E thresholds levels obtained 1 month (A), 2 months (B), or 3 months (C) post-HSCT

were used as risk factors. P-values were evaluated by binomial logistic regression analysis.

The bold values indicate the significant p-value of the sHLA-E threshold.
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TABLE 4 | Multivariate analysis for the prediction of 5-year OS.

Risk factors 5-Year OS

p HR (95% CI)

(A)

Age 0.262 1.0 (0.9–1.0)

ATG Yes 0.465 0.7 (0.3–1.7)

No

Female to male HSCT Yes 0.047 2.5 (1.0–6.2)

No

HLA-identical HSCT Yes 0.057 2.3 (0.9–5.8)

No

sHLA-E status <450 pg/ml 0.054 2.1 (1.0–4.7)

>450 pg/ml

Donor HLA-E*01:03/*01:03 status Yes 0.087 2.2 (0.9–5.5)

No

Recipient HLA-E*01:03/*01:03 status Yes 0.619 1.4 (0.4–5.3)

No

Disease status Early/intermediate 0.048 0.4 (0.2–1.0)

Late

(B)

Age 0.183 1.0 (1.−1.1)

ATG Yes 0.793 0.9 (0.3–2.7)

No

Female to male HSCT Yes 0.510 1.5 (0.5–4.5)

No

HLA-identical HSCT No 0.117 1.8 (0.8–4.3)

Yes

sHLA-E status <523 pg/ml 0.041 2.1 (1.0–4.7)

>523 pg/ml

Donor HLA-E*01:03/*01:03 status Yes 0.156 1.9 (0.8–4.3)

No

Recipient HLA-E*01:03/*01:03 status Yes 0.653 1.3 (0.3–5.2)

No

Disease status Early/intermediate 0.041 0.4 (0.2–1.0)

Late

sHLA-E thresholds levels obtained at 1 month (A) and 2 months (B) were used as risk

factor. P-values were evaluated by Cox Regression analysis.

The bold values indicate the significant p-value of the sHLA-E threshold.

low sHLA-E levels but not donor HLA E∗01:03 homozygosity as
an independent predictor for extended cGvHD and OS.

Studies investigating the role of HLA-E in the context of HSCT
have produced inconsistent results regarding the influence of
HLA-E genotypes on clinical endpoints like TRM, acute and
chronic GvHD, relapse, disease free, and overall survival after
HSCT (12–17). Tamouza et al. described already in 2006 in
187 matched related HSCT a lower incidence of aGvHD and
TRM at day 180 when the genotype was HLA-E∗01:03/E∗01:03,
either in the donor or in the recipient (17). Danzer et al.
confirmed the association of HLA∗103 homozygosity with a
significantly decreased incidence of TRM and in addition also an
improved DFS and OS in a cohort of 83 related and unrelated
HSCT (12). The authors attribute these beneficial effects to the

prevention of NK-cell dependent lysis by HLA-E interaction
with CD94/NKG2A. Finally, Hosseini et al. observed a lower
frequency of acute GvHD (grade II or more; p = 0.02) and
extensive chronic GvHD (p = 0.04) (14), besides also a lower
TRM and better OS in 56 patients with HLA-E∗01:03/01:03
genotype (16).

These findings, however, were challenged by an analysis
of 116 HSCT patients and their matched unrelated donors
published in 2012 (13). Fürst et al. report that neither
univariate nor multivariate analysis shows any influence of HLA-
E polymorphisms on acute GvHD, TRM, DFS, or OS. In contrast
to the early publications, Tsamadou et al. in 2017, too, could
not confirm the association of HLA-E 01:03/01:03 with better
outcome; they rather described a worse outcome albeit without
reaching statistical significance (21). Moreover, according to
this study HLA-E mismatch was significantly associated with
improved NRM, DFS, and OS, especially patients with advanced
disease stage benefit from HLA-E mismatch. However, the
same authors could not confirm the putative beneficial effect
of HLA-E mismatch between donor and recipient in a larger
cohort analyzed 2 years later (22). In this study, the authors
observed a significant association of donor and recipient HLA-
E∗01:03/01:03 homozygosity with worse DFS and higher risk of
relapse. Specifically, according to the authors, the donor genotype
is mainly driving the effect, however, only in a T cell replete
setting; in vivo T cell depletion (with ATG or campath) abrogates
the effect of donor HLA-E genotype.

In contrast to the aforementioned publications, which
obviously have produced contradictory results and conclusions,
we assume that rather the factual measurable amount of soluble
HLA-E exerts more influence on immune modulation. Hence,
the clinical endpoints of HSCT like acute and chronic GvHD
and OS have to be associated rather with sHLA-E than with
HLA-E polymorphisms. To test this hypothesis, we determined
the soluble HLA-E levels and enquired any association with
these and the clinical endpoints, which produced the results
we have reported. In our study, the pre-HSCT levels appeared
to be independent from gender, HLA-E genotype, and type
of disease of patients. So far, increased sHLA-E levels have
been described for chronic lymphocytic leukemia (11) and
acute leukemia patients (31) compared to healthy individuals.
Nevertheless, the mean pre-HSCT level of our patients (1,352
± 210 SEM pg/ml) were in range of the reported mean
sHLA-E levels (1,222 ± 101) of healthy individuals (11).
Most importantly, we could not detect any association of
the course of sHLA-E levels post-HSCT with the three HLA-
E genotypes (HLA-E∗01:03/∗01:03, HLA-E∗01:01/∗01:01, HLA-
E∗01:01/∗01:03). Consequently, the course of sHLA-levels can
be enquired independently of the HLA-E genotype. Notably,
we observed significant associations of sHLA-E plasma levels
with clinical endpoints after HSCT. Reduced sHLA-E plasma
levels appear to increase the risk for severe acute GvHD and
even more pronounced for chronic GvHD and overall survival
in all univariate analyses. However, this effect is obviously
derogated when ATG conditioning of the patients is taken
into account: a strong association of low sHLA-E levels with
aGvHD, cGvHD, and inferior 5-years OS was observed only
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in patients without ATG-treatment, whereas the donor HLA-
E∗01:03 homozygosity was only related with reduced OS in
patients treated with ATG. The latter finding is at variance
to a recent study of Tsamadou and colleagues, who report an
abrogation of the effect of donor HLA-E genotype in ATG-
treated patients (22), although we confirm the observations of
this study group regarding survival, as we describe an association
of donor HLA-E∗01:03 homozygosity with inferior 5-year-OS
(21, 22). Regarding relapse, we did not observe any association
of the course of sHLA-E levels post-HSCT with the occurrence of
relapse following HSCT.

The findings reported here emerged out of prospectively
collected data of patient population with as well-unrelated and
related HSCT and with a variety of hematological diseases.
We paid attention to both HLA-E genotypes and amounts
of soluble HLA-E molecules. However, limitations of our
study can result from a single-center effect, limited number
of patients, and limited median follow-up time of roughly
14 months. Yet, taken together our findings shed some light
on the impact of the non-classical HLA molecule HLA-E in
HSCT and specifically associates decreased levels of soluble
HLA-E with a higher incidence of severe acute and chronic
GvHD and inferior OS. Our data could be useful to develop
effective strategies for the prediction and prevention of HSCT
complications and besides, be instrumental to identify patients
who might be candidates for a reduction in immunosuppressive
treatment, which is particularly important in patients with high
relapse risk. Obviously, these data have to be validated in
larger patient cohorts and its pathophysiological functionality
ought to be further elucidated in mechanistical in vivo and
in vitromodels.
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As the use of hematopoietic stem cell transplantation (HSCT) has become a more

widespread and effective treatment for hematological malignant and non-malignant

conditions, the need to minimize the harmful effects of graft- vs.-host disease (GvHD) has

become more important in achieving good outcomes. With diagnosis of GvHD reliant on

its clinical manifestations, research into biomarkers for the diagnosis, progression, and

even for the prediction of disease, is imperative to combating the high levels of morbidity

and mortality post-HSCT. Despite the development of novel treatment approaches to

GvHD, corticosteroids remain the standard first-line treatment, with immunosuppressant

therapies as second-line options. These strategies however have significant limitations

and associated complications. Extracorporeal Photopheresis (ECP) has shown to be

effective and safe in treating patients with symptomatic GvHD. ECP has been shown

to have varied effects on multiple parts of the immune system and does not appear

to increase the risk of relapse or infection in the post HSCT setting. Even so, ECP

can be logistically more complex to organize and requires patients to be sufficiently

stable. This review aims to summarize the potential role of biomarkers to help guide

individualized treatment decisions in patients with acute and chronic GvHD. In relation

to ECP, robust biomarkers of GvHD will be highly useful in informing patient selection,

intensity and duration of the ECP schedule, monitoring of response and other treatment

decisions alongside the concurrent administration of other GvHD therapies. Further

research is warranted to establish how GvHD biomarkers are best incorporated into ECP

treatment pathways with the goal of tailoring ECP to the needs of individual patients and

maximizing benefit.

Keywords: extracorporeal photopheresis, GvHD, immunomodulation, biomarkers, apoptosis, dendritic cells

INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) has become an established routine treatment
for hematological malignancies, with over a million transplants having taken place across five
continents (1). However, a major limiting factor of this curative treatment is the development of
graft vs. host disease (GvHD), which is a key cause of morbidity and mortality to patients following
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allogeneic HSCT (2), where control of GvHD is central to
optimizing long-term outcomes. The therapeutic action of HSCT
relies on the graft vs. leukemia (GvL) effect, which therefore
makes systemic immunosuppression for GvHD prevention and
treatment undesirable (3). Effective prevention and treatment
of GvHD is therefore a challenging balance between targeting
GvHD whilst maintaining the GvL effect.

Increased understanding of the pathophysiology of
GVHD has driven strategies to enable earlier diagnosis,
alter management and apply new therapeutic interventions (4).

GRAFT VS. HOST DISEASE (GvHD)

GvHD presents as two distinct clinical syndromes, acute
(aGvHD) and chronic (cGvHD).

Acute GvHD
Acute GvHD is characterized by a marked inflammatory
reaction thought to be mediated by donor T lymphocytes
recognizing the host tissue as non-self relatively soon after
transplantation. The most commonly seen sites of involvement
are the skin (maculopapular rash), liver (bile duct damage and
cholestasis with hyperbilirubinemia), and the gastrointestinal
tract (vomiting, anorexia, and severe diarrhea) (5, 6). aGvHD is
reported to manifest in 30–50% of allogenic-HSCT recipients,
of which 14% experience severe aGvHD (grades III-IV on the
modified Glucksberg-Seattle criteria), associated with poor
outcomes (6). In practice aGvHD is diagnosed clinically,
supported by exclusion of differentials and histological
confirmation, with risk of development related to donor-
recipient histocompatibility (7, 8). Biopsy and histological
examination is a crucial part of the work up and can be
logistically challenging to obtain before starting treatment
but is very useful in confirming the diagnosis and in disease
staging (7, 8). Corticosteroid treatment remains standard first
line therapy though there is no standard effective second line
treatment for those failing steroids (9).

Chronic GvHD
Chronic GvHD is reported to affect 30–40% of patients
receiving allogeneic HSCT (10). The pathophysiology of cGvHD
comprises of complex pathways involving both T and B cells,
the mechanisms of which are yet to be fully understood
(11). The myriad clinical manifestations of cGvHD can make
diagnosis and monitoring response to treatment challenging.
FollowingNIH 2014 working group recommendations, diagnosis
is made clinically based on presence of at least one diagnostic
manifestation or at least one distinctive manifestation supported
by relevant tests such as histology, which should differ from the
hallmark signs of aGvHD (dermatitis, enteritis and cholestasis)
with recommendations made also to standardize monitoring
and response assessment (12). Treatment of cGvHD comprises
first line of corticosteroids, usually prednisolone, often in
combination with a calcineurin inhibitor (13). Around 50% of
patients with established cGvHD respond to steroids, but only
20% are living without disability after 4 years (14). Steroids
with adjuvant therapies have also shown to have no overall

benefit when compared to steroids alone (14). Further therapies
of cGvHD include inhibition of B cell signaling (Ibrutininb),
Inhibition of T cell signaling (Ruxolitininb), Depletion of B
cells (Rituximab), T reg sparing therapy (Sirolimus), and T reg
expansion (ECP, IL2) (4).

Overview of Biomarkers in GvHD
Significant progress has been made in identifying and validating
biomarkers for GvHD (15). Based on the 2014 NIH consensus
(16), these biomarkers have been investigated for diagnostic,
prognostic, and predictive use, and additionally to assess
treatment response. Given the heterogeneity of the condition
and differing clinical practice the consensus statement also
highlighted the need for any potential biomarkers to be validated
by at least two independent cohorts prior to investigation in
clinical setting including trials and patient management. Such
prediction of risk and prognostic information would allow the
stratification of patients according to their individual risk and a
tailoring of treatment regimens and prophylaxis to reduce the
severity of tissue damage. Diagnostic biomarkers could allow
pre-emptive treatment to be started before clinical manifestation
of GvHD and further monitoring with biomarker-mediated
assessment of treatment response.

Biomarkers in aGvHD

The most validated serum biomarker for aGvHD (Table 1) is ST2
(suppression of tumorigenicity 2). A serum level of ST2measured
on Day 14 post transplantation has been shown to be associated
with significantly increased risk of aGvHD, including treatment-
resistant aGvHD with increased non-relapse mortality (NRM)
and predictive of transplant related mortality (TRM) (17, 18).
An additional study described levels of ST2 to be predictive of
NRM within 1 year (19). Due to its functional relationship to
tissue damage and immune function, ST2 has been considered
the best candidate biomarker to indicate severity and prognosis
of aGvHD (20). The role of ST2 in GvHD pathogenesis has
been explored further with monoclonal antibody blocking of
soluble ST2 in the peri-transplant period showing protection
against GvHD whilst preserving GvL activity (21). Regenerating
Islet-derived 3-alpha (Reg3α) has been validated as a prognostic
and diagnostic biomarker specific to gastrointestinal aGvHD.
Increased serum Reg3α levels post-transplantation have shown
to indicate an increased incidence of severe aGvHD, thought to
be caused by the destruction of GI paneth cells and impaired
epithelial function (22), which was also indicative of poor
prognosis following treatment (23). A 2 biomarker panel based
algorithm combining ST2 and Reg3α levels measured 7 days
post-transplant has been shown to stratify patients on the basis
of NRM into two distinct high risk and low risk groups (24).
It has to be borne in mind that such biomarkers can also be
elevated in other pathologies associated with an inflammatory
milieu in this period such as thrombotic microangiopathy,
cytokine release syndrome, mucosal inflammation and idiopathic
pneumonia. These confounding variables may have an impact
on the rate of false positive results (19, 25, 26). Similarly, T-cell
immunoglobulinmucin-3 (TIM3), thought to exacerbate aGvHD
severity, has been shown to be useful identifying patients with
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TABLE 1 | Summary of biomarkers in acute GvHD.

Biomarker Study Use Cohort Findings

ST2 Vander et al. (17) Predictive First 3m post-transplantation in 673 patients, at

start of GvHD treatment in 381

ST2 levels measured at the initiation of therapy for GVHD

and during the first month after transplantation improved

risk stratification for treatment-resistant GVHD and death

without relapse after transplantation

Ponce et al. (18) Predictive Day 28 samples from 113 cord blood

transplant patients

ST2 was the only biomarker associated with grades II-IV

and III-IV aGVHD and transplant related mortality

McDonald et al. (19) Predictive 149 GvHD patients across 2 cohorts, 167

GvHD-free patients

ST2 was found to be useful in predicting more severe

GvHD and non-relapse mortality.

Reg3α Zhao et al. (22) Diagnostic 28 allogeneic transplant patients who

developed GI GvHD symptoms

Reg3α serum levels rose in systematic circulation as

GVHD progressively destroyed Paneth cells and reduced

GI epithelial barrier function

Cai et al. (23) Diagnostic/

Prognostic of GI

aGvHD

103 allo-HSCT patients, serum collected

before and after transplantation and following

GvHD treatment

Increased plasma Reg3α level after transplantation

suggests the incidence of grades III-IV GI-aGVHD. The

high level of plasma Reg3α in patients with grades III-IV

GI-aGVHD after the immunosuppressive treatment for 4

weeks indicates a poor prognosis.

Shin et al. (27) Predictive Discovery set of 5 aGVHD patients and 5

controls, compared to an independent

validation set of 89 patients

Plasma-derived protein biomarkers including Reg3α can

be used to predict aGVHD and NRM before the onset of

clinical manifestations.

TIM3 Abu Zaid et al. (28) Predictive Multicenter study with uniform GVHD

prophylaxis, conditioning regimen, and donor

source, explored correlation biomarkers with

outcomes in 211 patients

High plasma TIM3 at day 28 correlated with 2-year

non-relapse mortality in multivariate analysis and overall

survival

McDonald et al. (29) Predictive 165 patients after 14 days of glucocorticoid

therapy to evaluate associations with treatment

failure and non-relapse mortality

Clinical findings (serum bilirubin, skin GVHD) and plasma

biomarkers (TIM3, ST2, sTNFR1) can predict failure of

GVHD treatment and NRM. However, inadequate

positive predictive values for identifying high-risk GVHD

cohorts

sTNFR1IL-6 McDonald et al. (19) Predictive 149 GvHD patients across 2 cohorts, 167

GvHD-free patients

Levels of IL6 and sTNFR1 had utility in predicting

development of grade 3–4 GVHD. sTNFR1 predicted

non-relapse mortality within 1 year after transplantation

higher risk of severe GvHD andmortality, and additionally shows
potential in predicting failure of corticosteroid treatment (28, 29).
sTNFR1 (soluble tumor necrosis factor receptor-1) and IL-6 have
been found to be valuable in predicting incidence of severe
aGvHD and NRM (19), with sTNFR1 additionally predicting
treatment failure (29). Biomarkers have also been studied with
respect to the affected organ with specific targets including skin
(Elafin) (30).

Lower GI(Reg3α,TIM3) (22) and liver (HGF, KRT18) (31)
IL-6 has been implicated as a pro inflammatory agent in the
context of GvHD and blocking this appears to have a dampening
effect on GvHD (32). C-reactive protein (CRP) as a surrogate
marker for IL6 is a routinely available inflammatory marker,
has been shown to be a good indicator of aGvHD risk in a
PRISM compliant meta-analysis (33), and a 2012 study has
shown potential of fecal calprotectin and α-1-antitrypsin as
biomarkers (34), which again are markers readily available in
routine practice. An alternative approach to soluble biomarkers
has been to look at changes in patterns or counts of cellular
mediators as predictive biomarkers of aGvHD. One of the
earliest targets of aGvHD is the vascular endothelium resulting
in endothelial GvHD (35). In a prospective sequential analysis of
90 allo-HSCT patients circulating endothelial cells (CEC) counts
increased 1–2 weeks before and peaked at onset of aGvHD (36).

Conversely, CEC counts returned to pre-transplant baseline after
treatment response. Another method is detailed monitoring and
statistical analyses of multiple subsets of lymphocytes by flow
cytometry; in a study of 50 HSCT patients aGvHD development
was significantly associated with increased frequencies of central
memory CD4T cells (Tcm) and memory B-cells pre-HSCT and
by increased frequencies of memory, naïve, T-reg and recent
thymic emigrant (RTE) T-cell subsets at aGVHD onset (37).

Although aGVHD is primarily mediated by alloantigen-
specific donor lymphocytes, the initial trigger for disease
development is thought to be the activation of antigen-presenting
cells (APCs) by danger signals from damaged tissues and
pathogen-associated molecular patterns (PAMPs) through a class
of highly evolutionarily-conserved pattern recognition receptors
called Toll-like receptors (TLRs) (38). In a prospective study
of the expression of all 9 human TLRs in a cohort of 34 allo-
HSCT patients, development of aGVHD correlated with high
monocyte and T-cell expression of TLR5 and low expression of
TLR1 and TLR9 (39). TLR5 recognizes flagellin, a component
of the flagella of motile bacteria, including intestinal bacteria
(40), which translocate to the blood following damage to the
intestinal mucosa (41). High expression of TLR5 might lead
to increased responses to TLR5 agonists leading to enhanced
stimulatory capacity and pro-inflammatory cytokine production
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TABLE 2 | Summary of biomarkers for chronic GvHD.

Biomarker Study Use Cohort Findings

BAFF Allen et al. (42) Ex vivo analyses of peripheral B cells from 51

patients with and without cGVHD 1-year post

HSCT

Exogenous BAFF treatment amplified cell size and

survival in B cells from patients

Ahmed et al. (43) Diagnostic Two center study, biomarkers evaluated

pre-HSCT and serially post-transplant, with

time-matched control samples from patients

without GVHD

BAFF levels were increased in chronic GVHD patient sera

Rozmus et al. (44) Cohort of 44 post-HCT patients with cGVHD

and 63 time-matched recipients without

cGVHD

Onset of cGVHD was associated with higher soluble

BAFF levels

Jacobson et al.

(45)

Prognostic Prospectively monitored 412 patients in the first

year after allogeneic transplantation

Patients without cGvHD showed gradually decreasing

BAFF levels as B cell numbers increased after

myeloablative conditioning

Significantly different BAFF/B cell ratios at 3 months

post-HSCT in patients who subsequently

developed cGVHD

4 protein panel

(ST2, CXCL9,

MMP3,

Osteopontin)

Yu et al. (46) Diagnostic

Prognostic

Compared pooled plasma samples obtained at

matched time points after HSCT (median, 103

days) from 35 patients with cGVHD and 18

without cGVHD. Second verification cohort of

172

Panel with an AUC of 0.89 and significant correlation

with cGVHD diagnosis, severity, and non-relapse

mortality. In a second verification cohort, this panel

distinguished patients with cGVHD (AUC, 0.75), and

measured at day +100 could predict cGVHD occurring

within the next 3 months with an AUC of 0.67 and 0.79

without and with known clinical risk factors

Measurements at diagnosis or day +100 may allow

patient stratification according to risk

CXCL9 Abu Zaid et al. (28) A prospective, multicenter study with uniform

GVHD prophylaxis, conditioning regimen, and

donor source, measured biomarkers from

plasma samples collected in 211 patients

CXCL9 levels above the median were associated with

chronic GVHD compared with levels below the median in

a time-dependent proportional hazard analysis

Hakim et al. (47) Analysis of gene expression in circulating

monocytes

Found elevated levels of CXCL9 in cGvHD plasma, as

compared to levels in normal control or non-cGvHD

plasma

CXCL10 Kariminia et al. (48) Two independent replication cohorts (total of

134 cGVHD cases and 154 controls

CXCL10 strongly correlated in both replication sets when

GVHD cases and controls were evaluated for several

clinical covariates, and their impact on biomarkers was

identified by univariate analysis

Hakim et al. (47) Analysis of gene expression in circulating

monocytes

Found elevated levels of CXCL10 levels in cGvHD

plasma, as compared to levels in normal control or

non-cGvHD plasma

by APCs and increased activation and proliferation of effector T-
cells (49). Similarly, ligation of TLR1 (which recognizes bacterial
lipopeptides) and TLR9 (which recognizes viral and bacterial
DNA) both stimulate pro-inflammatory cytokine production
(50). How low levels of expression of these TLRs is associated
with aGvHD is unclear, but may be linked to cross-regulation of
TLRs (51).

Biomarkers in cGvHD (Table 2)
Compared to aGvHD, less has been accomplished in the
validation of biomarkers for cGvHD; however several candidates
of note have substantial evidence for their potential use. B-
cell activating factor (BAFF) is one such candidate, and one of
the first biomarkers associated with cGvHD. Increased BAFF
has been linked with the pathogenesis of cGvHD, through
increased abnormal B-cell survival and BAFF levels were shown
increased in chronic GVHD patient sera (42, 43). A recent study

confirmed the correlation between onset of cGvHD and increased
soluble serum BAFF (44), and a further study found patients
without cGvHD showed gradually decreasing BAFF levels as
B cell numbers increased after myeloablative conditioning and
significantly different BAFF/B cell ratios at 3 months post-
HSCT in patients who subsequently developed cGVHD (45). A
2016 study across two cohorts aimed at identifying diagnostic
and prognostic biomarkers for cGvHD resulted in a panel
of 4 proteins (ST2, CXCL9, matrix metalloproteinase 3, and
osteopontin) shown to indicate prediction of cGvHD diagnosis,
and additionally prognostic risk stratification post-HSCT (46).
This study showed strength in the reproducibility of its results
across a second cohort, with samples from eight different
sites used (46). With ST2 shown to be a valid biomarker for
aGVHD and a target for monoclonal antibody blocking (21),
additional therapeutic benefit might be derived in cGvHD. The
CXCR3 chemokine receptor has interferon-inducible ligands
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CXCL9 and CXCL10, which have previously been shown to
have a role in trafficking CXCR3+ T cells toward the peripheral
tissues (59). These ligands have been shown to be useful as
potential cGvHD biomarkers. CXCL9 levels were shown in one
prospective, multicentre study to be associated with cGvHD
(28), and similarly found to be elevated in cGvHD plasma when
compared to healthy or non-cGvHD controls (47). CXCL10 was
also shown to be elevated in cGvHD plasma (47), and was the
only biomarker investigated to meet the criteria of Kariminia
et al. for replication as a clinical biomarker for the diagnosis of
cGVHD (48).

EXTRACORPOREAL PHOTOPHERESIS
(ECP) AS AN IMMUNOMODULATORY
TREATMENT MODALITY FOR GVHD

ECP is a cell-based immuno-modulatory treatment whereby
the buffy coat of peripheral blood, containing leukocytes and
platelets, is separated, treated to a photosensitizing agent (8-
methoxypsoralen) and exposed to UVA light and re-infused
back to the patient. This treatment was initially reported by
Edelson who published on the use of ECP in the treatment of
erythrodermic cutaneous T-cell lymphoma (CTCL) in context of
a multicentre trial (60). It is a mature treatment modality and for
over 20 years has been used for chronic and acute graft vs. host
disease (cGVHD) and solid organ transplant rejection (61, 62).

Clinical Application of ECP in Acute GvHD
There is no standard second line treatment for patients who are
either refractory to first line steroids or have steroid dependent
aGvHD (63). There is an unmet need for a modality of
treatment which offers immunomodulation rather than immune
suppression as a way of reducing the effect of GvHD. Given
its potential impact on T cell mediated responses, ECP has
been studied as a treatment option in aGvHD where there is
an immunological donor T cell response to host alloantigens.
In a pioneering phase II study, 59 patients with acute steroid-
refractory GVHD grades II to IV were treated with ECP
weekly and response and long-term survival were assessed (64).
Eighty-two percent of patients with cutaneous involvement,
61% with liver involvement and 61% with gut involvement
achieved complete response (CR). Among responders the
survival probability was 59% compared to 11% in patients
not responding completely. Further at 4 years the transplant
related mortality was significantly lower for patients achieving
a CR to ECP (14 vs. 73%) with an overall survival (OS) at
4 years 59 vs. 11% in those achieving CR. Similar responses
were noted in another study of 27 patients for steroid resistant
GvHD (65) with a suggestion of better response at the
early initiation of ECP in steroid resistant disease. This was
confirmed in another report with higher response rates when
treatment was started within 35 days of onset of aGvHD (66).
ECP has also been studied in relation to the use of anti-
cytokine therapy for aGvHD with a multicentre comparative
analysis showing significantly higher response in the ECP arm
compared to etanercept or inolimumab arm with patients

receiving ECP showing a survival advantage (67). Looking at
the response to ECP in a systematic review, Abu-Dalle et al.
(68) showed aGvHD overall response rates to ECP were 69%
across 323 patients in 9 studies (95% confidence interval 0.34
to 0.95) (49). Highest response was seen in cutaneous aGvHD,
followed by gastrointestinal. The American Society of Blood
and Marrow Transplantation have developed recommendations
for treatment of aGvHD based on evaluation of 29 studies (9).
In regard to ECP there was no increase in overall rates of
infection particularly viral reactivations, which can be a major
concern with ongoing immunosuppressive treatment though it
did not specify any single agent in the second line setting.
This view is also echoed by the guidelines issued by the
British Society for Blood and Bone Marrow Transplantation
(BSBMT) (69). Similar recommendations have been made by
the Italian scientific societies the Italian Society of Hemapheresis
and Cell Manipulation (SIdEM) and the Italian Group for
Bone Marrow Transplantation (GITMO) in their best practice
recommendation for the use of ECP in acute and chronic GvHD
in adults and children (70). Currently ECP is considered a
potential treatment option for patients with aGvHD grades II-
IV who are steroid refractory, steroid dependent or steroid
intolerant in the HSCT setting and for solid organ transplant
rejection (61, 62).

Clinical Application of ECP in Chronic
GvHD
Since the initial report of its use in 1994 to successfully
treat cGvHD (71), ECP has been shown as an effective and
recommended treatment for cGvHD, including steroid refractory
GvHD (72, 73). In a review of both prospective and retrospective
studies in the secondary treatment of cGvHD published between
1990 and 2011, ECP was the most frequently studied therapy
(74). Flowers et al. reported a phase 2 randomized controlled
prospective study of ECP treatment in cGvHD (72). The study
compared standard treatment alone with the addition of ECP
in cutaneous cGvHD. The proportion of patients who had
at least a 50% reduction in steroid dose and at least a 25%
decrease from baseline in TSS was 8.3% in the ECP arm at
week 12 and 0% in the control arm (P = 0.04). The non-
blinded investigator assessment of skin complete or partial
responses revealed a significant improvement in favor of ECP
(P < 0.001). A limitation of this study was that skin score was
the main focus of assessment and physicians were aware of
study assignment. Progressive improvement in symptoms and
increased steroid sparing effect was seen in longer ECP treatment
of 24 weeks, reported by Greinix et al. in a follow up study
(75). A recent randomized control prospective study with 60
patients compared addition of ECP to standard of care in the
first line setting using the NIH 2015 criteria for diagnosis and
response assessment. ORR at week 28 was 74.1% (ECP arm)
vs. 60.9% (control arm). Furthermore, patients in the ECP arm
tolerated the treatment well and crucially maintained quality of
life (QoL) whilst there was a decline in QoL scores in patients
in the standard care arm (76). In a prospective trial evaluating
the efficacy of ECP in both skin and visceral cGvHD (77),
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Foss et al. enrolled 25 patients with extensive, steroid-refractory
cGvHD. 20 patients had improvement in cutaneous GVHD
and six had healing of oral ulcerations. Steroid sparing or
discontinuation of immunosuppressive medications was possible
in 80% of patients with similar response rates between patients
receiving treatment weekly vs. fortnightly treatments. A review
of 27 studies including 725 adults treated with ECP for steroid-
resistant, intolerant, or dependent cGvHD of (61). The mean
response rate for cutaneous cGvHD 74% (reported in 23 studies)
hepatic cGvHD was 62% (15 studies), 60% for ocular cGvHD (4
studies), and 62% for mucosal cGvHD (reported in 12 studies).
Pierelli et al. reviewed 23 studies reporting on 735 patients treated
with ECP for steroid-resistant, -intolerant, or -dependent cGvHD
(70). As a whole, overall and complete responses were observed
in 64 and 35% of cases with cutaneous involvement and in 56
and 27% with hepatic cGvHD, respectively. Overall response
rate was also 47 to 57% in oral mucosa and gastrointestinal
tract cGvHD. High response rates, near 50%, were also reported
in children with ocular involvement. In 2012, Del Fante et al.
reported on a retrospective analysis of 102 patients with cGVHD
treated with ECP over a 14 year period, assessing whether
the NIH consensus classification better predicted survival and
response to ECP (78). The study found no correlation between
response and NIH clinical subtype, number, or degree of organ
involvement, and found no response in patients with lung
involvement. A retrospective multicentre evaluation of ECP as
second line treatment for acute and chronic GvHD reported a
response in at least 80% with long term survival of at least 50%
of the cases (79). Abu Dalle et al. in their systematic review
evaluating the efficacy of ECP treatment in steroid refractory
or steroid dependent GvHD, similarly suggest organ-specific
response to be higher in cutaneous, gastrointestinal, hepatic,
and oral mucosa, with very limited effect of ECP on pulmonary
cGvHD (68).

An important therapeutic effect of ECP in cGvHD is
steroid reduction whilst controlling GvHD thereby having an
impact on the morbidity and mortality related to prolonged
immunosuppression (77, 80, 81). ECP has also been shown to
maintain responses to viral infection and does not increase the
risk of relapse (82, 83) QoL is an important measure of outcome
for patients undergoing allogeneic HSCT comparable with scores
reported for systemic sclerosis, systemic lupus erythematous, and
multiple sclerosis (84). In a prospective study evaluating the effect
of ECP on clinical response and QoL in cGVHD using two
validated questionnaires, there was significant improvement in
both cGVHD symptoms scale and DLQI scores in patients who
completed 6 months of ECP (85).

Immunological Mechanisms of ECP Action
Over 30 years after ECP was invented its definitive modes
of action remain elusive. While ECP may be considered
one of many apoptotic cell therapies being exploited for
inducing immunotolerance to auto- and alloantigen, its lack
of immunosuppressive effect and proven clinical effectiveness
against CTCL as well as GVHD is both confounding and
intriguing. Exposure to 8-MOP/UVA induces cross-linking
of DNA, triggering a series of apoptotic events including loss

of mitochondrial membrane potential, caspase activation
and phosphatidylserine exposure (86). The flipping of
phosphatidylserine from the inner plasma membrane leaflet
to the outer surface is one of an array of “eat-me” signals
recognized by professional phagocytes such as macrophages
and dendritic cells which facilitates the specific removal of
dead, damaged, and dying cells (87). The removal of apoptotic
cells by phagocytes is termed “efferocytosis” meaning “to bury”
and is essential for tissue and immune system homeostasis
(88, 89). ECP has direct effects on lymphocytes, NK cells,
neutrophils, and monocytes with neutrophils and NK cells
being most readily affected while monocytes and myeloid
dendritic cells have been reported to show the greatest resistance
(90, 91). The data for the effects of ECP on monocyte cell
death are conflicting. While some groups report that monocytes
are as susceptible to ECP-induced apoptosis as other PBMC
(92–94), others show marked survival (95–97) or showed no
greater levels of cell death than untreated controls (98, 99).
The reported preferential survival of monocytes may be
facilitated by integrin-mediated survival signals generated
through interaction of monocytes with plasma proteins bound
to plastic surfaces in the ECP instrument, which subsequently
directed differentiation into monocyte-derived dendritic cells
(100). While neutrophils constitute the largest fraction of
leukocytes treated and ultimately rendered apoptotic by ECP
(90), infusion of ECP-treated leukocytes has been reported
to rapidly mobilize patient neutrophilic myeloid-derived
suppressor cells (MDSC) into the circulation (101). Functionally,
these MDSC could suppress Th1 and Th17 responses and
longitudinal studies showed a relationship between therapeutic
response to ECP and progressive increase in peripheral blood
MDSC frequency.

ECP results in the functional suppression and subsequent
deletion of large numbers of pathogenic leukocytes from the
circulation, however, it is thought that since only 5–10% of
circulating leukocytes are directly affected, this is unlikely to
be the primary mechanism of effect (102). Instead, it is the
indirect, wider and sustained immunomodulatory effect of the
uptake and processing of ECP-treated cells on the effectors
of disease, which confers therapeutic benefit. ECP primes
massive numbers (> 2 × 109–dependent on size and state
of the patient) of leukocytes for cell death which are infused
in high density (>20 × 106 cells/ml) back into the patient
through venous return within 4–6min, but in vitro analysis
suggests apoptotic features are not induced until at least 4 h
after ECP treatment (90). Tracking of infused radiolabelled
ECP-treated PBMC and neutrophils in patients revealed that
both were detected in the lungs, spleen and liver within
10min, but had different patterns of migration, with PBMC
being initially retained in the lungs in greater quantity than
neutrophils, but then subsequently trafficking to the liver and
spleen (103), suggesting that ECP-treated leukocytes retain
homing ability for at least a few hours post-infusion. These
observations are consistent with in vivo tracking studies of
apoptotic cells in murine models where intravenously infused
apoptotic cells are phagocytosed by macrophages and dendritic
cells located in the lung, liver and spleen (104, 105). The
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FIGURE 1 | Stages of proposed primary hypothesis for mechanism of immunomodulation of GVHD by ECP. (a) Apheresed peripheral blood leukocytes are separated

from red blood cells and concentrated before exposure to 8-methoxypsoralen (8-m-psoralen) and photoactivated by UV-A light (UVA). (b) ECP-treated leukocytes now

primed to die by apoptosis are infused into the circulation. (c) Apoptotic leukocytes are recognized, engulfed and phagocytosed by antigen presenting cells (APC:

macrophages and dendritic cells) in phagolysosomes (Phl). (d) Recognition of apoptotic cells induces an anti-inflammatory tolerogenic response by APCs resulting in

lower production of pro-inflammatory cytokines IL-6, IL12, IL-23, and TNFα and induces production of anti-inflammatory IL-10, TGF-β1, and prostaglandin E2 (PGE2).

Tolerogenic APCs promote the priming and expansion of regulatory T-cell (T-regs), which suppress the function of alloantigen-specific effector T-cells involved in GVHD.

uptake of apoptotic cells by macrophages induces a suppression
of IL1-β,IL-6, IL-12, and TNF-α proinflammatory cytokine
production while inducing the secretion of TGF-β1 and PGE-
2 (106). Similarly, dendritic cell uptake of apoptotic cells
induces a tolerogenic phenotype characterized by low levels of
expression of costimulatory molecules, suppressed production
of proinflammatory cytokines and enhanced production of anti-
inflammatory IL-10 producing an APC with low capacity to
stimulate the generation of T-cell effectors, instead, generating
the priming of TGF-beta 1-dependent FoxP3 regulatory T-cells
(105) (Figure 1).

In an in vivo model of ECP treatment of acute GVHD,
weekly infusion of splenocytes from an allogeneic donor with
acute GVHD, given after HSCT, strongly enhanced survival, and
reversed established GVHD symptoms (107). The mechanism
of protection was dependent on donor-derived CD25hi FoxP3
T-regs found in increased numbers in the spleen and was
coupled with a decrease in splenic CD8+ T-cell effectors. GVHD
is characterized by a lack of circulating T-regs, which can
potentially exert regulatory effects on T-cell effectors and DCs at
all stages of GVHD as well as facilitating tissue repair through
the secretion of factors such as amphiregulin (6, 108, 109).
T-regs mediate immunotolerance and part of the therapeutic
effect of immunosuppressive drugs such as rapamycin and
glucocorticoids is mediated through the promotion of induced T-
regs (110, 111). However, while ECP facilitates immunotolerance

there are conflicting data regarding the role of T-regs in
ECP immunodulation of GVHD. While some groups report
an expansion of circulating numbers of T-regs (92, 112–114),
others show expansion, but no correlation to response in terms
of steroid tapering or disease score (115). In a randomized
prospective trial of ECP for cGVHD there was no significant
change in the frequency of circulating T-regs or skin-homing
T-regs (116). Similarly, in a trial combining ECP with low-
dose IL-2, which has shown promise in expanding T-regs in
cGVHD patients (117), there were no differences in the absolute
counts of circulating T-regs between ECP-responders and non-
responders although both showed marked T-reg expansion in
the first few weeks of starting IL-2 treatment (118). Such
observations in patients do not readily fit a model of ECP being
primarily mediated through the induction of T-regs and other
experimental data challenge this paradigm in the understanding
of autologous ECP- treatment of ongoing inflammatory disease.
A more recent in vivo model has shown that infusion of
ECP/PUVA-treated cells from an allogeneic healthy donor failed
to provide protection or reverse acute GVHD development,
whereas splenocytes from an allogeneic donor of the same
genetic background with acute GVHD provided significant
protection (119). Further, in an in vivomodel of ECP-modulation
of rheumatoid arthritis, only ECP-treated splenocytes from
arthritogenic donors could suppress inflammation, whereas
those from healthy donors had no significant effect (120). Such
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observations suggest that supply of apoptotic cells alone is
insufficient to control ongoing severe inflammatory diseases. It
is of note that most of the studies using apoptotic cell therapy to
prevent allograft rejection use donor cells that are from healthy
donors and are thus from an immune environment that is
in the steady state and the cells are resting or non-activated.
In contrast, ECP for treatment of GVHD is autologous and
many PBMC are activated. While apoptotic resting cells are
tolerizing, activated or damaged cells can be immunogenic (121).
This is illustrated in an in vivo delayed type hypersensitivity
model where infused apoptotic resting naive CD4 T-cells induced
tolerance, but apoptotic activated CD154+ CD4 T-cells were
immunogenic and licensed DCs to recruit and prime CD4 T-
cell effectors (122). Hannani et al. have observed that ECP-
treated HLA-DR+ activated lymphocytes from GVHD patients
die quicker than their non-activated counterparts (123) and have
proposed a novel model where these would be preferentially
phagocytosed and their antigens processed and presented before
the slower dying non-activated fraction (124). Through being
activated these are potentially immunogenic and might license
DCs to prime anti-clonotypic cytotoxic T-cells to target and
delete the alloantigen-specific pathogenic clones mediating
GVHD. This model is compatible with ECP being free of
general immunosuppression and can accommodate the apparent
contradiction of ECP being effective for both immunotolerizing
against GVHD and immunostimulatory against CTCL (124).
Indeed, recent data suggests that tolerogenic and immunogenic
effects can be potentially exerted by different cell types in the
same ECP-treated sample since apoptotic neutrophils down-
regulated LPS-induced DC and macrophage inflammatory
cytokine production and reduced overall APC activation. In
contrast, co-culture with apoptotic CD3 T-cells activated both
APCs and enhanced LPS-induced proinflammatory cytokine
production, particularly of TNF-α, coupled with enhanced APC
allostimulatory capacity (125).

Biomarkers in Relation to ECP Treatment
of GvHD (Table 3)
An early study by French et al. (52) was one of the first on
biomarkers for ECP response in GvHD. The authors investigated
whether circulating clonal T cells in peripheral blood and clonal
T cell receptor γ (TCRγ) rearrangement, could be linked to
response to ECP, as was previously demonstrated in cutaneous
T cell lymphoma (CTCL) (53). Using fluorescent based PCR
and capillary electrophoresis, peripheral blood samples of 27
patients post-allogenic HSCT were analyzed for TCRγ gene
rearrangement. Seventeen of the patients studied had extensive
cGvHD and 10 were without GvHD. TCRγ gene rearrangements
and amplified clonal T cell populations were found in 60% of the
patients without cGvHD and in 76.5% of patients with cGvHD,
compared to 0% of the healthy controls. Twelve of the cGvHD
patients received ECP treatment, 8 of which had significant
response. It was found that all the patients who responded to
ECP had amplified clonal T cell populations and those who did
not respond to treatment did not. It was therefore concluded
that expanded clonal T cell populations in the patients with
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cGvHD before treatment increased significantly the probability
of cutaneous response to ECP. A subsequent study by Kuzmina
et al. (54) investigated levels of immature B lymphocytes in 49
patients with moderate and severe cGvHD, measuring immature
CD19+CD21− B cells and memory CD19+CD27+ cells before
ECP and 6, 12 and 21 months into ECP treatment. Patients who
showed no response to ECP after 6 months had significantly
higher proportions of immature CD19+CD21− cells prior to
ECP treatment, compared to patients with complete and partial
response. The proportions of memory CD19+CD27+ cells prior
to ECP were not significantly different between the groups,
however there was a significantly higher ratio of CD21− to
CD27+ cells before treatment in patients showing no response. A
2010 study reported by Akhtari et al. (55) investigated correlation
of response to ECP with patients’ baseline circulating dendritic
cells (DCs) and T lymphocytes. Twenty-five patients with cGvHD
were treated with ECP, with 2 procedures on consecutive days
every week for the first 2 months, then every other week
for 2 months, followed by once monthly. Baseline number
of myeloid and plasmacytoid DC precursors, and CD4+ and
CD8+ T lymphocytes, were measured using flow cytometry.
The study concluded that patients who responded to ECP had
higher baseline circulating DCs and T cells, which can predict
response to ECP in cGvHD patients. The study noted that apart
from a decrease in CD4+ cells in responsive patients, there
was no significant change in T cell of DC populations over the
year following ECP treatment. Following the focus of Kuzmina
et al. on B lymphocytes as predictive biomarkers, Whittle
and Taylor (56) investigated serum BAFF measurements in 46

cGvHD patients undergoing ECP treatment and demonstrated
the potential use of BAFF as a biomarker to predict treatment
response in cutaneous GvHD. BAFF levels after 1 month of
ECP predicted response at 3 and 6 months. Patients with
BAFF concentrations of<4 ng/mL showed decreased skin GvHD
and complete resolution in 11 patients and those with high
BAFF concentrations showed worsened skin GvHD at 6 months
and resolution in only 1 patient. Subsequent measurement of
BAFF after 3 months of treatment was reported to predict
probability of maintaining improvement at 6 months. The
study reported BAFF concentration only to correlate to skin
GvHD but full responders to ECP in skin GvHD also had
more improvements in other organs than those who did not.
Bertani et al. (57) focused on the T lymphocyte population
including CD3+. They reported a 2015 retrospective study on
the response of steroid-refractory cGvHD to ECP, linking CD3+

lymphocyte count in harvested peripheral blood during ECP
procedures to clinical response to treatment. Flow cytometry
analyses of 726 procedures in 15 patients over at least 6 months
were used. Standard ECP procedure was used, with patients
undergoing two procedures twice monthly until partial response,
followed by monthly procedures until complete response, with
response assessed monthly throughout. Analysis showed that
CD3+ numbers from apheresis in ECP during the early stages of
treatment were correlative to subsequent clinical response. This
prediction of responsemay identify patients early on in treatment
who are responding to ECP and exclude those who are unlikely
to achieve clinical response. Such lymphopenia is indicative of
patients with more severe GVHD (126) The corollary of this

*Possible addi�on of second line agent such as ECP if high risk

acute GvHD Grade II-

IV

First line 

Prednisolone 1-2 

Progression a!er 72 hrs or no improvement a!er 7 days at 

1mg/kg  ,Op�mise CsA

Clinical trial if

feasible

Possible biomarkers 

test to risk stra�fy *

ECP* Trial agent Ruxoli�nib

Second line based on tolerability,infec�on 

profile,toxicity ,logis�cs,organ involved

An�-TNF Ab

FIGURE 2 | Proposed algorithm for incorporating ECP in the management of aGvHD. *Possible addition of second line agent such as ECP if high risk.
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would be that patients who are responsive to ECP have higher
levels of circulating T-cells indicative of less severe GVHD. The
distinction between genuine ECP responses from milder forms
of GVHD that may resolve spontaneously will need randomized
clinical trials. On the other hand, these data may indicate that a
minimum dose of, and hematopoietic capability, to supply ECP-
treated T-cells is needed to exert therapeutic effect or that the
infusion includes circulating allo-reactive T-cell clones (52, 113)
More recently, Iniesta et al. (58) reported in 2018 a prospective
analysis of 32 GvHD patients undergoing 552 ECP treatments
for both, investigating correlation between response to ECP and
CD56bright natural killer (NK) cell population. 11 aGvHD and 21
cGvHD patients underwent ECP treatment during a minimum
3-month period, using a standard ECP protocol, with 1–2
procedures every week for 6 weeks, followed by one procedure
every 2 weeks for 6 weeks, then one procedure every month until
greatest response was seen. Flow cytometry was used to analyze
lymphocyte populations from peripheral blood taken before, and
at regular intervals throughout ECP treatment. Complete clinical
response to ECP, defined as complete resolution of clinical signs
and symptoms, was shown to correlate to increased percentages
of CD56bright NK cells, or an increased CD56bright/dim ratio. This
study demonstrated the change in immune populations to be
indicative of better response to ECP, particularly in the first 3
months of treatment and irrespective of GvHD type.

CONCLUSION

There has been a great increase in recent years in our
understanding of the mechanisms underpinning the
development of GvHD, its diagnosis and treatment, including
mechanisms of ECP. As progress is made from the bench
to bedside we can now consider harnessing immunological
hallmarks of the condition to develop tests for better and
more rapid diagnosis, monitoring and treatment in order
to optimize management. In relation to ECP, understanding
the immunological basis for the mechanism of action will
enable development of robust biomarkers informed algorithms
(Figure 2) which will be highly useful in informing patient
selection, intensity and duration of the ECP schedule, monitoring
of response and decisions regarding combinations with other
GvHD therapies. Further research is warranted to establish
how GvHD biomarkers are best incorporated in ECP treatment
pathways with the goal of tailoring ECP to meet the needs of
individual patients and maximizing benefit.
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Assays of cytokines in the plasma at the onset of graft-vs. -host disease (GVHD) can

predict disease severity and treatment-related mortality (TRM); however, the optimal

time during which cytokines should be tested and the specific panel of cytokines

with the highest predictive ability remain unknown. We chose a predefined time

point, 18 days after hematopoietic stem cell transplantation (HSCT), to measure

the levels of six cytokines in the plasma: soluble interleukin-2 receptor alpha

(sIL2-Rα), T-cell immunoglobulin domain and mucin domain-3 (TIM-3), suppression

of tumorigenicity-2 (ST-2), intercellular adhesion molecule (ICAM-1), interferon-gamma

(IFN-γ), and interleukin-6 (IL-6). The study included 95 patients, who underwent

allogeneic hematopoietic transplantation at our institution. Plasma levels of sIL2-Rα and

TIM-3, measured as continuous data, had predictive value for overall survival (sIL2-Rα,

p = 0.002; TIM-3, p = 0.0007), while TRM could be predicted by sIL2-Rα (p = 0.0005),

IFN-gamma (p = 0.01), and IL-6 (p = 0.0001). No cytokine was associated with the

risk of relapse. Patients were categorized into groups, according to cytokine thresholds

determined by receiver operating characteristic curve analysis (sIL2-Rα ≤ or > 8,100

pg/ml; TIM-3 ≤ or > 950 pg/ml) and multivariate analysis was conducted. High levels

of both TIM-3 and sIL2-Rα were significant predictors of poor survival [TIM-3 > 950

pg/ml: hazard ratio (HR) = 6.214 (95% CI 1.939–19.910), p = 0.002 and sIL2-Rα

> 8.100 pg/ml: HR = 2.644 (95% CI 1.308–5.347), p = 0.006]. Using these cutoff

thresholds, we constructed a composite scoring system that could distinguish three

different groups of patients with varying rates of TRM: high risk, 41.7%; intermediate risk,

10.8%; and low risk, 7.1% (Gray’s test: p = 0.001). If confirmed in a validation cohort,

this composite scoring system could be used to guide the modulation of post-transplant

immune suppressive therapy.

Keywords: graft-vs.-host disease, Tim 3, sIL2-Rα, cytokines, hematopoietic stem cell transplantation
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INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) is an effective
treatment for patients with hematological tumors; however, its
use is limited by the high risk of treatment-related mortality
(TRM), which ranges from 15 to 25% (1). The elevated risk
of TRM is attributable to the alloreactivity of donor T cells,
which contributes to the development of numerous transplant-
related complications. The most evident clinical expression
of alloreactivity after HSCT is acute-graft-vs.-host disease (a-
GVHD). Severe a-GVHD or cortico-refractory a-GVHD is
associated with high rates of TRM (2). Patients at high risk
of developing cortico-refractory a-GVHD can be identified by
assessing cytokine levels in the plasma at the onset of a-GvHD (3).

Biomarker assays with a high predictive value at the onset of
a-GVHD include single cytokines, such as soluble suppression
of tumorigenicity-2 (sST-2), a protein encoded by the IL1RL1
gene; interleukin 6 (IL-6); soluble interleukin-2 receptor (sIL-
2R); and soluble tumor necrosis factor receptor 1 (sTNFR1) (4–
6). Alternatively, a panel of various cytokines can be constructed.
An array consisting of sIL2-Rα, sTNFR1, interleukin 8 (IL8), and
hepatocyte growth factor (HGF) was proposed by Paczesny et al.
(7), while Levine et al. developed an array comprising sTNFR1,
sIL2-Rα, and regenerating islet derived protein 3-alpha (REG-3-
α) (8). High values of sST-2 and soluble T-cell immunoglobulin
domain and mucin domain-3 (sTIM-3) are correlated with both
TRM and overall survival (OS) (9).

Moreover, Major-Monfried et al. showed that the Hartwell
algorithm, based on serum levels of REG-3 α and s-ST2, when
assayed 7 days after the onset of a-GVHD, can stratify patients
at risk of 1 year TRM better than other clinical scores (10). The
optimal time at which to conduct a predictive cytokine assay may
not be at the onset of a-GVHD, and both sTIM-3 and sST-2 have
high predictive value for TRM and severe a-GVHDwhen assayed
earlier, on day+7 after transplantation (6, 11).

We hypothesized that a panel of cytokines analyzed on day
+18, before the onset of a-GVHD, may be clinically useful in
terms of its ability to predict outcome. We chose this time
point based on the observation of the presence of biological
expression of alloreactivity at that time in patients who later
develop clinically overt a-GVHD (12).

METHODS

Study Design
In this prospective study, we measured plasma levels of sIL2-
Rα, TIM-3, ST-2, intercellular adhesion molecule (sICAM-
1), IFN-γ, and IL-6 at a fixed time point after allogeneic
hematopoietic transplantation; that is, day +18 after allogeneic
hematopoietic transplantation.

Patients
The present study included 95 patients, who underwent
allogeneic hematopoietic transplantation at our institution
between January 2013 and September 2017. It was a biological
study aimed to assess at day +18 an array of cytokines
in the plasma, as well as the frequency of clonogenic
precursors in marrow aspirates. The study was approved by

the Ethical Committee of our institution (35/2013VE), as an
observational study. All patients received relevant information
and gave consent.

Diagnoses included acute leukemia (n = 60), multiple
myeloma or lymphoma (n = 16), and others (n = 19).
Diagnoses were grouped into two categories: acute leukemia,
lymphoma, and multiple myeloma (AL/LYM/MM) and
aplastic anemia, myelodysplastic syndromes, and chronic
myeloproliferative neoplasms (AA/MDS/MPN). Conditioning
schedules were classified as myeloablative (MA) or reduced
intensity conditioning (RIC), according to recently proposed
criteria (13). MA conditioning was used in 82.5% of cases, and
RIC was used in 17.5%. Intravenous busulfan (12.8 mg/kg), plus
either fludarabine 160 mg/m2 or cyclophosphamide 120 mg/kg,
comprised the most commonly used MA conditioning regimen
(42% of all MA conditioning). A further 8% of MA conditioning
comprised total body irradiation (12Gy) plus cyclophosphamide.

In 84% of cases, GVHD prophylaxis was cyclosporine +

short course methotrexate (MTX). The MTX was routinely
administered in four doses after matched unrelated donor
(MUD) transplantation, or transplantation from an identical
family donor, from whom the source was hematopoietic
progenitor cells obtained from peripheral blood stem cells. Three
doses of MTX were administered to patients with transplants
from identical family donors, from whom the source was bone
marrow. Anti-thymocyte globulin was routinely used only after
MUD transplantation. The GVHD prophylaxis was grouped
into two categories, CSA + MTX + ATG vs. others forms of
prophylaxis. Criteria for acute GVHD scoring and treatment
have been previously reported (12). Clonogenic precursors
(colony forming unit–granulocyte, monocyte [CFU-GM] and
burst-forming unit–erythroid [BFU-e]) in the marrow were
studied on day +30 (n = 39). Demographic and disease-related
features of patients are reported in Table 1. At the time of
analysis, median follow-up for patients still alive was 198 weeks
(range, 99–344 weeks).

Cytokine Assay
Blood was drawn on day +18/+19 after transplantation, and
plasma was obtained by centrifugation within 2 h. Samples were
stored at −70◦C until further analysis. Cytokines were assayed
by automated ELISA, and each sample was tested in duplicate.
A titration curve was constructed for known concentrations
of various cytokines in the plasma, obtained from the kit
manufacturer. Both ST-2 and TIM-3 were assayed using Bio-
Rad ELISA kits, while high sensitivity IFN-γ, IL-6, and sIL2-Rα

assays were conducted using Diaclone ELISA kits. The ELISAs
were conducted by one of the authors (VF) in a central laboratory
at our hospital, which specializes in this type of assay, and data
analysis was supervised by AEM. Owing to missing data, TIM-3
and sIL2-Rα results were available for only 75/95 patients.

Statistical Analysis
Comparisons of cytokine concentrations between groups, or
other data with a non-normal distribution, were performed
using the non-parametric Mann–Whitney U-test. Median and
interquartile ranges (IQR) were used to describe the data. The
values of cytokines as continuous variables were tested using a
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TABLE 1 | Patient demographics and transplant-related features.

n 95

Male 51 (53%)

female 44 (46%)

Age, years (median) 46.0 years (IQR 15.7)

acute leukemia 60 (63%)

myeloma 8 (8.4%)

lymphoma 8 (8.4%)

other diagnosis 19 (20.2%)

HTC-comorbidity score

0–2 85 (89%)

3–5 10 (10.5%)

early phase 34 (35.5%)

advanced phase 61 (64.5%)

Full myeloablative 78 (82.5%)

Reduced intensity 17 (17.5%)

HLA-identical sibling 39 (41.0%)

MUD 47 (49.5%)

Haploidentical 9 (9.5%)

Source

BM 51 (53%)

PBSC 44 (46%)

GVHD Prophylaxis

CSA + MTX + ATG 46 (48%)

CSA + MTX 35 (36%)

CTX post 12 (12.6%)

CSA + 6MP 2 (2%)

BM: Infused CD34+ x10e6/kg 2.6 IQR 2.0

PBSC: infused CD34+ x10e6/kg 6.0 IQR 4.5

BM: N engraftment days 20.0 IQR 4

PBSC: N engraftment days 17.5 IQR 3.7

Acute GVHD grade 0–1 52 (54.7%)

Acute GVHD grade 2–4 43 (45.2%)

Cox proportional hazard model for OS, and a Fine and Gray
proportional hazard model for competing events test for TRM
and relapse risk (RR).

Receiver operating characteristic (ROC) curves were used
to identify cutoff values for cytokine levels and determine the
best combination of sensitivity and specificity with respect to
OS. These cutoff values were used to divide patients into two
groups. Gray’s test was used for comparison of the cumulative
incidence of competing risks (TRM and RR). A value of p ≤ 0.05
was considered to indicate statistically significant differences.
Statistical analyses were performed using the StatView 5.0 (Cary,
NC) or R software (EZR, version 3.1.1; 2014, R Foundation for
Statistical Computing, Vienna, Austria).

RESULTS

High Cytokine Levels at Day +18 Are
Associated With Low OS and High TRM,
but Not With High RR
Plasma levels of cytokines on day +18 are reported in Table 2.
Patients with transplants from MUD or haploidentical donors

TABLE 2 | Day +18 cytokines in plasma according to donor type and to

HSC source.

All patients MUD/HAPLO SIBLINGS BM PBSC

REC IL2

(pg/ml)

Median (IQR)

6,779

(5,980)

7,700

(5,531)

5,100

(4,719)

6,790

(6,633)

6,613

(4,818)

P = 0.002 P = 0.47

TIM-3 (pg/ml)

Median (IQR)

1,450

(927)

1,559

(745)

1,172

(924)

1,357

(894)

1,550

(1092)

P = 0.009 P = 0.73

IL6 (pg/ml)

Median (IQR)

3.7

(6.2)

4.4

(9.0)

3.4

(2.1)

3.8

(5.5)

3.6

(7.1)

P = 0.05 P = 0.85

IFN-gamma

(pg/ml)

Median (IQR)

6.2

(12.4)

6.3

(12.6)

5.9

(12.2)

11.7

(12.9)

5.7

(9.2)

P = 0.48 P = 0.17

ST2 (pg/ml)

Median (IQR)

22,336

(23,324)

29,800

(21,713)

16,200

(23,480)

22,800

(23,170)

22,256

(23,892)

P = 0.11 P = 0.7

sICAM-1

(ng/ml)

133.5

(129)

168

(145)

107

(119)

126

(105)

170

(163)

P = 0.03 P = 0.67

had higher plasma levels of sIL2-Rα (p = 0.002), TIM-3 (p =

0.009), ICAM-1 (p = 0.03), and IL-6 (p = 0.05) than those who
received transplants from HLA-identical siblings.

For all patients under investigation, the OS at 2 years was
58.6% (95% confidence interval [CI]), 48–67%), while the TRM
at 2 years was 17.9% (95% CI, 10.9–26.3%). The overall RR
at 2 years was 24.2% (95% CI, 16.1–33.3%). Factors important
for OS were age (HR = 1.034, p = 0.01), marrow as the
source of HSCs (HR = 2.053; 95% CI, 1.142–3.691; p = 0.01),
use of a-GVHD prophylaxis other than CSA + MTX + ATG
(HR 1.794; 95% CI, 1.011–3.184; p = 0.04) and AA/MDS/MPN
diagnosis type (HR = 0.223; 95% CI, 0.054–0.920; p = 0.03).
In contrast, no significant association was observed between OS
and Haplo-MUD donor type, hematopoietic cell transplantation
HCT-comorbidity score, disease stage, or conditioning type.
When evaluated as continuous data, sIL2-Rα (HR = 1.005,
p = 0.002) and TIM-3 (HR = 1.054, p = 0.0007) were also
significantly associated with OS (Table 3). The levels of sIL2-Rα,
IFN-gamma, and IL-6 were found to be important predictors
of TRM (Table 3). No biomarkers were significantly associated
with RR.

ROC Curves and Identification of Cutoff
Levels for Selection of the Most
Informative Cytokines for the Prediction of
OS
We wished to identify threshold levels of cytokines with
clinical importance for predicting OS. Thus, the area
under the curve (AUC) was calculated for the ROC curves
(Supplementary Table 1) and the best cutoff values were
identified. The ROC curve for TIM-3, with regard to the end
point of OS, had an AUC of 0.616 (95% CI 0.488–0.744), with
a cutoff of 950 pg/ml. The ROC curve for sIL2-Rα had an AUC

Frontiers in Immunology | www.frontiersin.org 3 February 2020 | Volume 10 | Article 315873

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Leotta et al. Composite Cytokines Score

of 0.605 (95% CI 485–0.726), with a cutoff of 8,100 pg/ml. The
ROC curve for IL-6 had an AUC of 0.563 (9% CI 0.434–0.692),
with a cutoff of 3,490 pg/ml. The ROC curve for IFN-γ had an
AUC of 0.602 (95% CI 0.474–0.730), with a cutoff of 6,360 pg/ml
(Supplementary Figures 1, 2).

The predictive power of cytokines for OS was then evaluated
by grouping patients, based on these cutoff values. Data were
then analyzed using a multivariable stepwise Cox proportional
model, which included the variables age, source of HSCs,
diagnoses categorized into two groups (AA/MDS/MPN vs.
AL/LYM/MM), GVHD prophylaxis, and donor type. Factors
significantly associated with OS were HSC source, diagnosis,

TABLE 3 | Importance of cytokine levels studied as continuous data for OS, TRM,

and relapse rate (univariate analysis).

OS TRM RR

HR

95% CI

P HR

95% CI

P HR

95% CI

P

Rec IL-2 1.005 0.002 1.046 0.0005 1.000 0.88

1.002–1.008 1.015–1.078 0.999–1.000

TIM-3 1.054 0.0007 1.000 0.22 1.000 0.14

1.027–1.082 0.999–1.001 0.999–1.001

sICAM-1 0.999 0.16 1.003 0.15 1.002 0.72

0.999–1.005 0.992–1.006 0.997–1.005

ST-2 1.000 0.15 1.000 0.91 1.000 0.23

1.000–1.000 1.000–1.000 1.000–1.000

IFN-gamma 1.024 0.15 1.060 0.01 0.984 0.48

0.991–1.057 1.012–1.110 0.919–1.029

IL-6 1.015 0.05 1.039 0.0001 0.987 0.35

1.000–1.031 1.023–1.055 0.942–1.014

GVHD prophylaxis, and levels of both TIM-3 and sIL2-Rα above
their respective cutoff values (HSC source: p to remove, p= 0.003;
diagnosis: p to remove, p = 0.01; GVHD prophylaxis other than
CSA + MTX + ATG: p to remove, p = 0.002; TIM-3 over the
threshold: p to remove, p = 0.001; sIL2-Rα over the threshold: p
to remove, p= 0.008).

Patients with TIM-3 and sIL2-Rα levels over these thresholds
had lower OS rates, according to univariable and multivariable
analyses (Table 4).

TRM in Patients Grouped According to
TIM-3 and sIL2-Rα Cutoff Values
When patients were grouped based on TIM-3 levels, according
to the determined cutoff value, those with TIM-3 levels <950
pg/ml had a TRM of 5.3% (95% CI, 0.3–22%) vs. 23.7% (95% CI,
13.7–35.2%) in patients with higher plasma levels of this cytokine
(p = 0.05). Further, TRM in patients with low levels of sIL2-Rα

(<8,100 pg/ml) was 10.5% (95% CI, 4.2–20.1%) vs. 34.5% (95%
CI, 17.7–51.9%) in the group with higher plasma levels of the
same cytokine (p= 0.002).

Composite Scoring System Based on
TIM-3 and sIL2-Rα Levels
Given the importance of sIL2-Rα and TIM-3 for OS and
TRM, we constructed a composite scoring system, based on the
frequency with which the two biomarkers showed levels over
their respective threshold values. A score of 0 was attributed to
patients with both TIM-3 and sIL2-Rα levels below the respective
cutoff values; a score of 1 was attributed to patients with levels of
only one of the two biomarkers over the threshold; and a score of
2 was attributed to patients with levels of both biomarkers above
the respective cutoff values.

TABLE 4 | Univariate and multivariable analysis for OS incorporating values of Tim-3 and sIL2-Rα dichotomized in two groups.

OS Univariate OS Multivariate***

HR 95% CI P HR 95% CI P

Tim3

over 950 pg/ml

4.699 1.652–13.080 0.003 6.214 1.939–19.910 0.002

REC IL-2

over 8,100 pg/ml

2.762 1.530–4.988 0.0007 2.644 1.308–5.347 0.006

Age 1.034 1.007–1.062 0.01 1.001 0.974–1.028 0.95

Source:

Marrow vs. PBSC

2.053 1.142–3.691 0.01 2.328 1.082–5.007 0.03

Diagnosis:

MDS/AA/MPN

0.223 0.054–0.920 0.03 0.097 0.013–0.726 0.02

Donor type:

MUD-HAPLO vs.

HLA-ID SIBLING

1.450 0.814–2.585 0.20 1.100 0.484–2.502 0.82

GVHD prophylaxis:

other than CSA + MTX + ATG vs.

CSA + MTX + ATG

1.794 1.011–3.184 0.04 2.313 1.030–5.192 0.04

Conditioning regimen

FMA vs. RIC

1.038 0.503–2.139 0.92

***Studied in the set of 75 patients in which both data on TIM-3 and REC IL-2 were available.
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FIGURE 1 | Overall survival of patients identified by combined cytokines score. (A) Overall survival curve of patients identified by combined cytokines score. Overall

survival at 2 years is 95% for patients “score 0,” 65% for “score 1” patients, 30% for “score 2” patients (trend log-rank: p = 0.0001), median OS in score 2 patients is

26 weeks. (B) Overall survival curve of patients identified by combined cytokines score and adjusted for the effect of diagnosis, GVHD prophylaxis, and HSC source.

TABLE 5 | Evaluation of importance of the composite score for OS, using Cox proportional hazard multivariate analysis.

Univariate for OS Multivariate for OS***

HR 95% CI P HR 95% CI P

Both IL-2 rec and TIM-3 over the

cutoff vs. all other patients

4.089 2.179−7.673 0.0001 4.188 1.948–9.004 0.0002

Age

(continuous data)

1.034 1.007–1.062 0.01 1.012 0.986–1.039 0.37

Source

(Marrow vs. PBSC)

2.053 1.142–3.691 0.01 1.860 0.852–4.061 0.11

Donor type

(MUD-HAPLO vs. HLA-ID SIBLING)

1.450 0.814–2.585 0.20 1.300 0.567–2.982 0.53

Diagnosis

MDS/MPN/AA vs. Others

0.223 0.054–0.920 0.03 0.131 0.018–0.971 0.04

GVHD prophylaxis

other than CSA+MTX+ATG

1.794 1.011–3.184 0.04 2.551 1.138–5.717 0.02

***Studied in the set of 75 patients in which both data on TIM-3 and REC IL-2 were available.

Kaplan–Meier analysis evaluating OS in patients grouped
according to the composite score, both unadjusted and adjusted,
for the effects of diagnosis, GVHD prophylaxis, and HSC source,
is presented in Figure 1. The OS rates were projected to be 95,
65, and 30% at 2 years in patients with scores of 0, 1, and 2,
respectively (trend log-rank, p = 0.0001). Multivariate analysis
indicated that patients with both sIL2-Rα and TIM-3 levels over
the respective threshold values had an HR of 4.188 (95% CI,
1.948–9.004) for death, relative to all other patients (p = 0.0002)
(Table 5).

Patients with scores of 0 (n = 14) had 2 years TRM rates of
7.1% (95%CI, 4–28%); those with scores of 1 (n= 37) had 2 years

TRM rates of 10.8% (95%CI, 3.4–23.3%); and those with scores of
2 (n= 24) had 2 years TRM rates of 41.7% (95% CI, 21.5–60.7%)
(Gray’s test, p= 0.001) (Figure 2). Fulfillment of criteria for score
2 had a sensitivity of 0.688 (95%CI, 0.413–0.890) and a specificity
of 0.780 (95% CI, 0.653–0.877) in predicting TRM (Table 6).

The combined score was also highly informative in the
stratum of Haplo-MUD transplantation, both with respect to OS
(Trend log-rank: p = 0.0001) and TRM (Gray’s test p = 0.001)
(Figure 3).

Results were not different if analysis was performed in the
stratum of patients affected by acute leukemia. In fact, when we
selected AML, ALL, and MDS patients (n 65), group 0 patients
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FIGURE 2 | Cumulative incidence of TRM in groups of patients identified by

combined cytokines score. In “score 0” patients (both TIM-3 AND sIL2-Rα

below the threshold) the TRM, at 2 years, resulted 7.1%. In “score 1” patients

(either TIM-3 or sIL2-Rα over the threshold), the TRM was 10.8%. In “score 2”

patients (both TIM-3 and sIL2-Rα over the threshold), TRM was 41.7% (Gray’s

test: p = 0.001).

had, at 2 years, an OS, of 92.9% (CI 59.1–99.0%) and a TRM
of 7.1% (CI 0.4–28.5%); group 1 patients had an OS of 58.3%
(CI 40.6–72.4%) and a TRM of 10.8% (CI 3.4–23.3%); group
2 patients had an OS of 20.8% (CI 7.5–38.5%) and a TRM of
45.8% (CI 24.7–64.7%). Difference in OS was significant (log-
rank: p = 0.00004) as difference in TRM was significant (Gray’s
test p= 0.001).

The ROC curve of this combined score had an AUC of 0.738
(95% CI, 0.637–0.840) for OS and an AUC of 0.744 (95% CI,
0.612–0.875) for TRM (Supplementary Figure 3).

Composite Score and Clinical Features at
Day +18
The incidence of Grades II–IV a-GVHD during the first 100 days
was higher in patients with scores of 2 vs all other patients (54 vs
36%, respectively); however, this difference was not significant.
Further, the incidence of lower gastrointestinal tract involvement
in GVHD was 33, 8.5, and 7.1% in patients with scores of 2, 1,
and 0, respectively (p= 0.007) (Supplementary Table 2).

Patients presenting with scores of 2 at day +18 had a reduced
number of total lymphocytes relative to all other patients (0.050
× vs. 0.220 × 109/L, respectively; p = 0.0001), as well as a lower
median absolute neutrophil count (0.345 × vs. 0.540 × 109/L,
p = 0.04). Evaluation of BFU-e growth, using marrow samples
collected on day +30 in 39 patients, revealed significantly
reduced levels of BFU-e in patients with scores of 2 (p = 0.005)
(Supplementary Table 2). Score 2 patients had, in respect to
all other patients, a higher need for blood red cell transfusion,
median 5 units vs. 2 units (p = 0.009). A higher number of
platelets transfusion were registered in score 2 patients, median

TABLE 6 | Accuracy of the prediction of TRM by identification of score 2 patients

(criteria “TIM3 over 950 ng/ml and sIL-2rec over 8,100 ng/ml” assayed at

Day +18).

TRM yes TRM no Totel

Criteria for SCORE 2 fulfilled 11 13 24

Criteria for SCORE 2 not fulfilled 5 46 51

Total 16 59 75

Point estimates and 95% CIs:

Estimation Lower CI Upper CI

Apparent prevalence 0.320 0.217 0.438

True prevalence 0.213 0.127 0.323

Sensitivity 0.688 0.413 0.890

Specificity 0.780 0.653 0.877

Positive predictive value 0.458 0.256 0.672

Negative predictive value 0.902 0.786 0.967

Diagnostic accuracy 0.760 0.647 0.851

Likelihood ratio of positive test 3.120 1.742 5.588

Likelihood ratio of negative test 0.401 0.191 0.840

9 units vs. 4 units (p = 0.0002). Moreover, patients with scores
of 2 had higher rates of fever between days +10 and +18 (58, vs.
45 and 14% in patients with scores of 1 and 0, respectively; p =

0.02). No differences were detected in the incidence of positive
hemoculture (p = 0.70) or cytomegalovirus (CMV) reactivation
rate during the first 25 days (p= 0.52) among the three groups.

Among the patients with scores of 0–1 (n = 51 patients), 20
died and five of those deaths were due to TRM. Of those five
deaths due to TRM, four were ascribed to a-GVHD or infections.
Among patients with scores of 2 (n = 24), 20 died, and 11 of
those deaths were due to TRM; of those 11 deaths, eight were
ascribed to a-GVHD or infections. Thus, deaths due to a-GVHD
or infections were recorded for 4/51 (8%) patients in the group
with scores of 0–1, and 8/24 (33%) in the group with a score of 2
(chi-squared, p= 0.001).

DISCUSSION

In the present study, we found that high plasma levels of
the two biomarkers, sIL2-Rα and TIM-3, at a predefined
time point (+ 18 days after transplantation) were predictive
of increased TRM and low OS. Using cutoff levels of these
biomarkers, determined by ROC analysis (TIM-3 > 950 pg/ml
and sIL2-Rα > 8,100 pg/ml), we were able to distinguish three
separate groups: a high-risk group (patients with levels of both
biomarkers above threshold levels), an intermediate-risk group
(patients with only one biomarker above its threshold level),
and a low-risk group (patients with both biomarkers below
the cutoff levels). The TRM rates in the three groups were
41.7, 10.8, and 7.1% in the high-, intermediate-, and low-
risk groups, respectively. The difference in mortality between
the high-risk and low-risk groups, according to our scoring
system, was notable. Our findings suggest that this system could
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FIGURE 3 | OS and TRM in HAPLO-MUD transplants in groups of patients identified by combined cytokines score. (A) OS resulted significantly different (trend

log-rank: p = 0.0001); score 2 patients had a median survival of 26 weeks. (B) TRM evaluated by Gray’s test resulted significantly different (p = 0.001).

be useful for guiding both pre-emptive and intensified first-
line treatment in high-risk patients who develop GVHD and
modulating immunosuppression by rapid de-escalation in low-
risk patients (14). A discrete heterogeneity was present in our
series of patients; however, the importance of our combined
score on OS was maintained also when we analyzed subgroups
homogeneous in diagnosis (only acute leukemia patients), in
donor type (excluding transplants from a haploidentical donor),
or in concomitant immunosuppressive treatment (excluding
patients already in corticosteroid when blood was drawn for
cytokine assay).

Both IL-2 and sIL2-Rα play central roles in the pathogenesis
of GVHD. The levels of sIL2-Rα in the early stages of disease
show a clear correlation with the incidence of Grades II–IV
GVHD and TRM (15–17). In a panel comprising HGF, IL-8,
TNFR1, and IL-2Rα, the latter two biomarkers were the most
accurate predictors of a-GVHD occurrence. Moreover, only sIL2-
Rα predicted response to treatment at 4 weeks (7). In a recent
study of T-cell depleted allo-HSCT, sIL2-Rα, in combination
with four other markers (elafin, REG3-α, sTNFR-1, and HGF),
were included in a scoring system that correlated with a-GVHD
severity (9); however, despite the high sensitivity of sIL2-Rα as a
predictor of GVHD and TRM, it yielded low specificity. This was
likely due to its possible involvement in inflammatory processes
other than GVHD, such as veno-occlusive disease, sepsis, and
CMV reactivation (18–20). Nevertheless, different results, in
this regard, have been obtained by other authors (21). Many
complications of HSCTmay be related to alloreactivity and share
the common pathogenetic denominator of endothelial damage
(22, 23). Recent studies have been focused on the prevention
of endothelial damage, and consequently its complications, by
measuring biomarkers for GVHD (24).

As a cytokine involved in immune regulation, TIM-3 is
expressed on activated T cells. Binding of TIM-3 to its ligand
results in the inhibition of T-cell proliferation, cytotoxicity, and
induction of apoptosis. The soluble form of TIM-3 (sTIM-
3) interferes with immune regulation and plays a significant
role in the pathogenesis of GVHD (25). Elevated levels of
sTIM-3 have been found in plasma samples from patients
with GVHD, and is a strong predictor of mid-gut GVHD
(25). In a study by McDonald (6), TIM-3 was one of the
most informative biomarkers for Grades III–IV a-GVHD and
TRM at 1 year.

In the present study, high-risk patients with a score of 2 had
a higher frequency of a severe pattern of a-GVHD that included
the presence of lower gut involvement. Thus, our results confirm
what has already been reported by Hansen et al. (25). We found
no association between CMV reactivation or sepsis and a score
of 2 (the high-risk group). We also observed that on day +18,
patients with a score of 2 had a reduced lymphocyte count.
The association between a reduced lymphocyte count and high
plasma cytokine levels may partially explain the significance of
a poor prognosis with a reduced lymphocyte count (26, 27).
Further, in high-risk patients with a score of 2, in addition to
the delay in lymphocytic recovery, we observed reduced marrow
function. This may suggest that early damage in the marrow
microenvironment could be the determining mechanism of both
these findings.

One limitation of our scoring system was the lack of
validation in an independent set of patients. Such validation
will be required before the system can be considered for
clinical implementation.

In conclusion, we found that an assay of cytokine
levels at day +18 was highly informative. In
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addition, the combined assessment of TIM-3 and
sIL2-Rα levels at that time could be useful for the
identification of subgroups with substantial differences in
TRM and OS.
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Extracellular vesicles (EVs) play an important role in the cellular crosstalk by transferring

bioactive molecules through biological barriers from a cell to another, thus influencing

recipient cell functions and phenotype. Therefore, EVs are increasingly being explored as

biomarkers of disease progression or response to therapy and as potential therapeutic

agents in different contexts including in hematological malignancies. Recently, an EV

role has emerged in allogeneic hematopoietic cell transplantation (allo-HCT) as well.

Allogeneic hematopoietic cell transplantation often represents the only curative option

in several hematological disorders, but it is associated with potentially life-threatening

complications that can have a significant impact on clinical outcomes. The most

common complications have been well-established and include graft-versus-host

disease and infections. Furthermore, relapse remains an important cause of treatment

failure. The aim of this review is to summarize the current knowledge, the potential

applications, and clinical relevance of EVs in allo-HCT. Herein, we will mainly focus on

the immune-modulating properties of EVs, in particular those derived from mesenchymal

stromal cells, as potential therapeutic strategy to improve allo-HCT outcome. Moreover,

we will briefly describe the main findings on EVs as biomarkers to monitor graft-versus-

host disease onset and tumor relapse.

Keywords: extracellular vesicles, allo-HCT, immune-reconstitution, GvHD, disease-relapse

INTRODUCTION

Allogeneic hematopoietic cell transplantation (allo-HCT) is an effective therapeutic procedure
applied to a broad range of hematological disorders, most frequently acute leukemias and
myelodysplastic syndromes (1). Hematopoietic cell transplantation consists of the intravenous
infusion of hematopoietic stem and progenitor cells, from a fully or partially human leukocyte
antigen (HLA)–matched healthy donor, which aims to reestablish a normal hematopoiesis and
immune functions. Before HCT infusion, a conditioning regimen is necessary to provide an empty
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stem cell niche in the host bone marrow (BM) for new stem
cells. Following engraftment, allo-HCT contributes to control the
underlying malignancy through a graft-versus-leukemia (GvL)
effect that is mainly mediated by donor-derived alloreactive
T cells and/or natural killer (NK) cells (2). However, HCT is
still limited by potentially life-threatening complications, the
management of which has markedly improved, although still
associated with high morbidity and mortality (3).

The most important complications after allografting are acute
and chronic graft-versus-host disease (GvHD), which remain the
main cause of morbidity and mortality despite the high number
of clinical trials aimed at improving prophylaxis and therapy
(4, 5).

Acute GvHD (aGvHD) usually develops within 100 days after
allo-HCT in 30% to 50% of patients (1). Typical aGvHD target
organs are the skin, gastrointestinal tract, and liver. Chronic
GvHD (cGvHD) is a pleiotropic entity observed in 30–70% of
patients and deeply affects patients’ quality of life. It involves
potentially most organ systems including, among the others, the
lung, oral mucosa, eyes, joints, hair and nails, musculoskeletal,
and genital tract (6, 7).

Graft-versus-host disease occurs when immune cells of donor
origin recognize the recipient tissues as foreign. The first step
in aGvHD pathogenesis is the conditioning regimen-induced
tissue damage and infiltration of the gastrointestinal tract by
neutrophils and monocytes. Moreover, release of reactive oxygen
species, DAMP (damage-associated molecular pattern), and
PAMP (pathogen-associated molecular pattern) molecules elicit
inflammation and activation of both innate and adaptive immune
responses (8). Donor alloreactive T cells recognizing major or
minor histocompatibility antigens of the host is the key event in
aGvHD pathogenesis. The targeting of host cell death is mediated
by the expression of Fas Ligand and by release of granzyme B and
perforins (9). Another significant factor in aGvHD pathogenesis
is the production of cytokines and chemokines [e.g., interleukin
(IL)-1, interferon γ (IFN-γ), tumor necrosis factor (TNF), IL-6]
that can directly and indirectly exert cytotoxicity (10).

Chronic GvHD pathogenesis consists of three phases: the
first phase is characterized by tissue damage and production
of DAMPs and PAMPs as in aGvHD, resulting in activation
of antigen-presenting cells (APCs) and T cells. During phase
2, priming and expansion in lymph nodes and thymus of B
lymphocytes and T cells (mostly T helper (TH) 1, 2, and 17),
respectively, are observed. Of note, thymus injuries due to
the conditioning regimens have been associated with reduced
generation of regulatory T cells. Then, deposition of extracellular
matrix and fibrosis (third phase) is the result of chronic
inflammation and fibroblast activation (11). Immunosuppressive
agents are needed to prevent and treat GvHD.

Following HCT, a prolonged state of immunodeficiency is
observed (12). Therefore, patients are exposed to the risk of
infectious complications, often severe and difficult to treat.

Unfortunately, the immunosuppressive agents can also reduce
the beneficial GvL effects, leading to an increased risk of disease
relapse. Indeed, disease relapse still represents the major cause
of allo-HCT failure, and many efforts are being made to prevent
it, including immunosuppression modulation, disease-specific

drug intervention, or delayed lymphocyte infusions, which can
be used alone or in combination (13). In this context, early
detection of disease reappearance is particularly important (14),
because results are commonly dismal after an overt relapse has
occurred (15).

In this review, we will discuss the main characteristics of
extracellular vesicles (EVs), which make them very attractive for
the development of their potential application as biomarkers for
the most common post–allo-HCT complications or EV-based
therapeutic strategy. Furthermore, we will focus on the immune-
modulating properties of EVs derived from mesenchymal
stromal cells (MSCs), which have been widely characterized in
allo-HCT field.

EXTRACELLULAR VESICLES

Extracellular vesicles are membrane enclosed particles, secreted
by virtually all cell types and containing different biomolecules,
including nucleic acids, proteins, lipids, and carbohydrates
(16). In recent years, several studies demonstrated that EVs
play an essential role in intercellular communications, thus
being involved in regulation of physiological homeostasis, as
well as in pathological states by influencing cell proliferation,
differentiation, organ homing, injury and recovery, and disease
progression (17). Extracellular vesicles can be further classified
based on their dimension and origin (16). The term “extracellular
vesicles” is widely used mainly to describe the two most
abundant EV populations, that are the microvesicles (MVs),
which originate from outward protrusion or budding of the
plasma membrane, and the exosomes (EXs) of endosomal origin
(Figure 1).

Extracellular vesicles target recipient cells by surface
molecules, and once attached, they can induce intercellular
signaling via receptor–ligand interaction (Figure 2);
alternatively, they can be internalized by endocytosis and/or
phagocytosis, or they can fuse directly with the plasmamembrane
releasing their cargo (miRNAs, proteins, and other bioactive
molecules) (18). The cargo content could have short- and
long-term implications on target cell phenotype and function.
For example, miRNAs could negatively regulate complementary
mRNA, after being released, mediating its cleavage with
subsequent degradation or translation inhibition.

Because different cell types can release discrete subpopulations
of EVs, each with different proteomic and RNA cargo and
membrane protein composition, they can mediate different
biological and sometimes opposite effects, because of their vast
heterogeneity and specificity (19–23).

Because of the therapeutic potential of EVs and to better
understand their pathophysiological role, many studies have
been designed to identify in EVs molecules responsible of their
great effect and to serve as biomarkers. In this context, it has
been observed that EVs released from immune or regulatory
cells can partially regulate immune responses. This property
has great therapeutic potential in allo-HCT, in which immune
cells play a major role in mediating GvL effects and reducing
GvHD (Figure 3).
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FIGURE 1 | Biogenesis and composition of extracellular vesicles. (A) Diagram illustrates the well-accepted model for extracellular vesicle biogenesis. Microvesicles

and ARMM [arrestin domain–containing protein 1 (ARRRDC1)–mediated microvesicles] originate from budding of plasma membrane, whereas exosomes from the

endosomal compartment (multivesicular endosome). (B) EVs carry several bioactive molecules such as membrane and intraluminal proteins (e.g., adhesion molecules,

MHCI), lipids (e.g., lipid raft, sphingomyelin, disaturated lipids, phosphatidylserine, ceramide), nucleic acids (miRNAs, genomic and mitochondrial DNA, and mRNA),

and organelles.

FIGURE 2 | Potential communication mechanisms and biological functions of EVs. (A) Potential intercellular communication mechanisms between donor cells and

recipient cells. Intercellular communication can occur: (1) direct interaction of ligands expressed on the surface of EVs with receptors on the recipient cell membrane;

(2) direct fusion of the EVs with the cell membrane of the recipient cell, resulting in the release of their content; or (3) internalization through the endocytic pathway,

which can result in (a) degradation via the lysosomal pathway, (b) transcytosis, or (c) fusion of the EVs with membrane of the endosome, resulting in content release.

(B) Potential biological functions of EVs on recipient cells. Microvesicles and exosomes may dock at the plasma membrane of a target cell. Bound vesicles may either

fuse directly with the plasma membrane or be endocytosed. Both pathways result in the delivery of proteins, lipids, and RNAs into the membrane or cytosol of the

target cell. Binding of EVs to specific receptors can stimulate recipient cells through a signal transduction or by transferring receptors into the recipient membrane.
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FIGURE 3 | Potential application of extracellular vesicles in allografting. Red arrows represent potential effect of infused EVs; green arrows represent potential

application of EVs as biomarkers. HSC, hematopoietic stem cells; HCT, hematopoietic cell transplantation; EVs, extracellular vesicles; MSCs, mesenchymal stromal

cells; GvL, graft-versus-leukemia; GvHD, graft-versus-host disease.

EV Production and Characterization
The importance of the starting material (cell cultures, tissue
specimen, biological fluids) and its preprocessing (time of
harvest, storage) are considered crucial for EV applications.
Recently, the International Society of Extracellular Vesicles
(ISEV) established general guidelines to uniform EV collection
and characterization (24). Some experiments were conducted
to asses EV stability in plasma and serum under different
storage conditions and concluded that storage temperature
does not significantly affect EV stability as well as their cargo
(25). Conversely, the presence of different contaminants (such
as lipoproteins, protein complexes, platelets), patient-related
variables (age, gender, time of collection, etc.), and source of EVs
should be carefully considered (24).

Another critical point is the isolation method. As a matter
of fact, many techniques developed in recent years are more
suitable for research rather than clinical applications. At present,
the gold standard protocol is the differential ultracentrifugation
(24), which could be coupled with other techniques such
as density gradients, precipitation, filtration, size exclusion

chromatography (SEC), and immune isolation to eliminate
contaminants (24). However, this method would be difficult to
translate into the clinical setting, given its high cost and lack of
automatization (26).

The potential EV application in clinical practice requires
user-friendly, cheaper, and faster methods for EV isolation
and characterization. Moreover, the introduction of EVs as
therapeutic agent needs methods that allow high yield and purity.
Tangential-flow fractionation and SEC meet those requirements
with minimal manipulation of the starting material. Tangential-
flow fractionation separates particles in a filter column
containing hollow fibers applying a tangential flow. Size exclusion
chromatography isolates EVs according to their size, relying on
the correlation between elution volume or diffusion coefficient
and the molecule hydrodynamic radius. Both methods could be
coupled to obtain a scalable and Good Manufacturing Practices
grade product (27–29).

Extracellular vesicle application as biomarkers does not
necessarily require big yields and purity collection methods.
Commonly used techniques with a high translational potential
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are precipitation-based protocols that allow fast and user-friendly
EV isolation for further biomarker identification analyses.
In addition, direct immunoaffinity capture, which employs
immunomagnetic beads to isolate and characterize EVs, is
a suitable technique easy to apply in the clinical setting.
This technique allows the concomitant isolation of specific
subpopulation of EVs and in part their characterization (30).

New lab-on-chip methods have been proposed as diagnostic
platforms (31) and can be coupled with high-throughput
procedures offering the possibility to extend EV research into
routine diagnostic and therapeutic settings.

Different methods can be used to characterize the
concentration and size of EVs (32). Dynamic light scattering and
nanoparticles tracking analysis rely on the Brownian motion of
particles to measure size distribution and concentration of EVs.
Both techniques are widely employed, although data might be
influenced by EV composition and presence of contaminants,
as lipoproteins (24). Others methods for size measurement that
are recommended by ISEV are flow cytometry (33) and resistive
pulse sensing (34).

Electron microscopy and atomic force microscopy are more
precise tools that allow size and morphology evaluation of EV
population (32). Unfortunately, these techniques do not allow
further cargo characterization that should be investigated for
clinical application. To identify the molecules responsible of EV
biological activity, -omic approaches such as RNAseq, Raman
spectroscopy, mass spectrometry, and lipidomic analyses are
required (24, 32).

THERAPEUTIC POTENTIAL OF EVs IN
allo-HCT

MSC-Derived EVs and Modulation of the
Immune Response
Mesenchymal stromal cells are fibroblast-like multipotent cells
that can be isolated from different tissues, including BM,
umbilical cord (UC), and adipose tissue (35). In the BM
niche, these cells play an important role in controlling
hematopoietic stem cell (HSC) fate (36). In detail, BM-MSCs
support hematopoiesis expressing multiple adhesion molecules
necessary for cell–cell and cell–matrix interactions, homing, and
mobilization of HSCs (37).

It is widely assumed that the ability of MSCs to support
hematopoiesis is also mediated by the constitutive secretion
of several soluble factors, such as stem cell factor, leukemic
inhibitory factor, and IL-6 (38–40), thus affecting HSC expansion
and differentiation in a paracrine manner (41–44). Moreover,
MSCs can be easily isolated from different human tissues,
and they possess immune-modulatory properties, influencing
both adaptive, and innate immune responses (45). For these
reasons, allogeneic MSCs appear as a promising source for
cell replacement strategies and have been tested for the
treatment of several diseases, including acute injuries, such as
ischemic stroke or myocardial infarction. However, in non-
immunocompromised patients, allogeneic MSCs are rapidly
rejected by the recipient immune system (46).

Growing evidence suggests that the paracrine effect of MSCs
could be at least partially mediated by MSC-derived EVs (MSC-
EVs). In this regard, by analyzing the miRNA and protein
expression profile in MSCs and MSC-EVs both in normal
and inflammatory conditions, Adamo et al. (47) observed the
presence of several molecules such as MOES, LG3BP, PTX3, and
S10A6 proteins; miR155; andmiR497 involved in immunological
processes. Different in silico approaches have also investigated the
correlation between miRNA and protein expression profile and
then evaluated the putative molecules or pathways involved in
immunoregulatory properties of MSC-EVs.

Thus, given their possible involvement in hematopoiesis
and immune homeostasis, MSC-EVs have been studied as an
alternative therapeutic tool in a variety of preclinical models of
immune disorders, including autoimmune diseases (48, 49) and
GvHD in allo-HCT recipients (50–52).

MSC-EV Effect on Adaptive Immune Cells
Several lines of evidence demonstrated that MSC-EVs can
influence adaptive immunity by modulating both T and B
lymphocyte activity. Mesenchymal stromal cell–derived EVs
are able to suppress T-cell proliferation and to promote a
tolerogenic environment. Indeed, in an experimental murine
model of autoimmune encephalomyelitis, it has been first
observed that BM-MSC-MVs can act on T lymphocytes by
inhibiting their proliferation and by promoting apoptosis of
activated T lymphocytes and the generation of T regulatory
cells (Tregs) (48). This evidence has been further confirmed in
rodent models of allogeneic skin graft, liver injury, and islet
transplantation using human EXs from embryonic- and BM-
derived MSCs (53–55).

In agreement, human in vitro experiments on adipose-derived
MSC-EXs demonstrated that EXs can inhibit the proliferation
and differentiation of T cells as well as their IFN-γ production
ability (56). Similarly, both EXs and MVs derived from BM- and
UC-MSCs are able to suppress T-cell activation and to drive the
expansion of Tregs in both healthy controls and type 1 diabetes
patients (57–60).

This inhibitory effect of MSC-EVs on T-cell proliferation
has been hypothesized to be mediated by the up-regulation
of intracellular pathways, such as indoleamine 2,3-dioxygenase
(IDO) (61, 62), despite no significant change in IDO activity has
been detected upon BM-MSC-EV treatment of human peripheral
blood mononuclear cells (PBMCs) (58, 59). In addition, the
establishment of an anti-inflammatory and tolerant environment
by BM-MSC-EVs is also favored by increased levels of IL-10, IL-
6, transforming growth factor β (TGF-β), and prostaglandin E2
(PGE2) (48, 58, 60).

The effect of MSC-EVs has been investigated in vitro on B
cells as well. In accordance with the observations on T cells, it
has been demonstrated that BM-MSC-EVs are able to inhibit
B-cell proliferation in a dose-dependent manner. Moreover, the
treatment with theseMSC-MVs affects the in vitro differentiation
of human plasma cells from B lymphocytes, as well as the
production of immunoglobulin (Ig) M, IgG, and IgA (63).

Despite these experimental findings on the
immunomodulatory effect of MSC-EVs on adaptive
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lymphocytes, both the B cell–to–plasma cell ratio and the
proliferation of T cells appear to be less affected by human MSC-
EVs than by intact MSCs both in vitro and in vivo. These findings
suggest that the cell–cell contact, although not essential, may
play a pivotal role in the immunosuppressive potential of MSCs
derived from UC, BM, and adipose tissue (51, 64, 65). Moreover,
the immune regulatory effect of human BM-MSC-EVs could
vary depending on the context and on the EV preparation. Thus,
a careful investigation is essential to optimize their therapeutic
potential (66).

MSC-EV Effect on Innate Immune Cells
In addition to the direct effect on adaptive immune cells, MSC-
EVs also modulate innate immune responses. Furthermore, in
vitro evidence demonstrates that BM-MSC-EVs can indirectly
induce an immune-tolerant phenotype in T and B cells by
inducing an anti-inflammatory state on APCs. Indeed, human
peripheral blood (PB) granulocytes and monocytes are more
prone to uptake BM-MSC-EVs than lymphocytes (67). To further
support this observation, it has been shown that MSC secretion
is not sufficient to promote Treg expansion, but the presence of
additional mediators, including monocytes, is essential (68, 69).
The stimulation with EXs isolated from human embryonic–
or UC-derived MSCs induces an anti-inflammatory M2-like
polarization in both human and murine monocytes, via the
activation of TLR-dependent signaling. Such M2-like phenotype
is characterized by an enhanced expression of anti-inflammatory
IL-10 and TGF-β and an attenuated proinflammatory cytokine
(IL-1β, IL-6, TNF-α, and IL-12P40) response. In turn, these
M2 macrophages can promote a Treg phenotype in CD4+ T
cells (53, 70, 71). A possible MSC-EV-mediated mechanism,
determining this unbalance in favor of anti-inflammatory
cytokines, could involve the cyclooxygenase 2 (COX2)–PGE2
axis. As a matter of fact, COX2 is contained in MSC-EVs, and
its amount is particularly high in MSC-EVs preactivated with
proinflammatory stimuli, as demonstrated by in vitro studies on
EVs from human BM-isolated MSCs (67).

Similarly, the in vivo administration of human MSC-EXs
increased the number of circulating Tregs in mice receiving
a skin allograft, preventing graft rejection (53). Furthermore,
in vivo tracking experiments in rats with damaged spinal cord
demonstrated that BM-MSC-EXs localized into the injured site
after infusion. This homing ability of MSC-EXs appeared to be
mediated by macrophages, especially M2 (72). In agreement, a
mouse model of renal dysfunction showed that BM-MSC-EXs
can prevent the chemotaxis of activated macrophages into the
inflamed organ, thus preventing the tissue damage caused by
their accumulation (73).

Similar to monocytes, dendritic cells (DCs) can also be
affected by MSC-EVs. In vitro studies in patients with type 1
diabetes demonstrated that human BM-MSC-EVs are able to
induce an immature and resting phenotype in monocyte-derived
DCs (moDCs), showing a reduced expression of CD80, CD86,
CCR7, and HLA-II molecules. These moDCs produce high levels
of IL-10, IL-6, TGF-β, and PGE2, thus potentially contributing
to create an immune-suppressant microenvironment for T cells

and leading to the induction of Treg during DC and naïve T-cell
co-culture (74).

In addition to APCs, MSC-EVs can also modulate NK cell
activity. In this regard, similarly to adaptive lymphocytes, in vitro
studies demonstrated that human BM-MSC-EVs could suppress
NK cell proliferation especially in presence of inflammatory
stimuli (75). Moreover, the periocular injection of human MSC-
EVs, in experimental rodent models of autoimmune type 1
diabetes and uveoretinitis, appeared to reduce the NK cell
trafficking within the lesions (76, 77).

EV Applications in GvHD
Growing evidence demonstrates that regulatory cells (Treg, NK
cells, invariant NK T cells, multipotent adult progenitor cells,
MSCs, myeloid-derived suppressor cells, innate lymphoid cells)
could play a role in reducing GvHD incidence and severity.
Thus, these cells have been tested as GvHD prophylaxis or
therapy in clinical trials (78). Given their immunomodulatory
effect, regulatory cell–derived EVs have been proposed as cell-
free therapeutic tool to counterbalance the excessive activation of
the immune system during GvHD.

In the clinical setting of HCT, BM-MSC-EXs have been
safely infused for the treatment of a patient with steroid-
refractory cutaneous and intestinal grade IV GvHD (50). The
infusion of such EXs significantly ameliorated GvHD symptoms.
These EXs carried anti-inflammatory molecules, including IL-
10, TGF-β, and HLA-G, but not proinflammatory cytokines and
apoptosis-inducing molecules (50). This case demonstrated the
beneficial effect of MSC-EVs as anti-inflammatory and immune-
modulatory mediators. The efficacy observed is probably due
to a decline of proinflammatory cytokines (e.g., TNF-α, IL-1β,
and IFN-γ) released by patient-derived PBMCs upon MSC-EV
stimulation (50).

To better characterize the immunomodulatory properties of
MSC-EVs, several murine models of GvHD have been used.
In a mouse model of allo-HCT, the intravenous administration
of UC-derived MSC-EVs significantly lowered the numbers of
alloreactive T cells. Moreover, the serum levels of IL-2, TNF-
α, and IFN-γ were reduced, whereas the IL-10 levels were
increased. All these changes resulted in the reduction of the
clinical manifestations of aGvHD, thus improving mice survival
(51). Consistent with these findings, it has been recently reported
that, in a mouse model of aGvHD, the systemic infusion of BM-
MSC-EVs reduces the pathologic damage in multiple GvHD-
targeted organs and prolongs animals’ survival. This effect could
be due to the ability of MSC-EVs to suppress the proliferation of
CD4+ and CD8+ T cells and the differentiation of naive T cells
to an effector phenotype, preserving naive Treg cells (79).

Bone marrow–derived MSC-EVs isolated from healthy
donors are able to modulate the expression of CD45RA on CD4+

and CD8+ T cells from PBMCs in vitro, by determining a shift
of effector (TE) and effector memory (TEM) T cell frequencies.
In addition, MSC-EVs were able to promote IFN-γ production
by CD4+ TE and TEM. All these effects appear to be mainly
influenced by recipient responsiveness toward a certain MSC-
EV preparation, thus suggesting that the ex vivo assessment of
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PBMC and MSC-EV interactions could predict in vivo anti-
GvHD responses (66).

In addition to the effects of MSC-EVs in ameliorating aGvHD
symptoms, EVs have also been tested in cGvHD. In a model
of human-into-mouse xenogeneic cGvHD, it has been observed
that CD73+ EXs derived from BM-MSCs can inhibit TH1 cell
effector functions through the conversion of ATP to adenosine,
thus modulating GvHD (80). Moreover, a reduction of CD4+ T-
cell activation and lung infiltration, as well as the inhibition of
TH17 pathogenic cells and the induction of Treg cells, was also
observed. These effects resulted in a significant reduction of skin,
lung, and liver fibrosis and a prolonged mice survival (52).

Taken together, these findings strongly suggest that BM-MSC-
EVs could recapitulate the therapeutic efficacy of BM-MSCs for
the treatment of acute and cGvHD.

Extracellular vesicles find application for GvHD treatment
also as carrier of bioactive molecules, such as anti-miRNA
oligonucleotides. These molecules, synthetically designed, can
be passively or actively loaded into EVs and used to neutralize
specific regulatory miRNAs (81). This EVs have been tested in
a mouse model of GvHD to reduce dysregulation of miR155,
which is involved in the regulation of inflammation, as well
as innate and adaptive immune responses (82). MiR155 up-
regulation has been observed in immune cells and in EVs in
specimens from patients with evidence of intestinal GvHD (83)
and in rodent GvHD experimental models (82). It has been
shown that the dysregulation of miR155 in mouse model drives
TH1 proinflammatory T-cell phenotype (84). In this context,
the infusion of EVs loaded with anti-miR155 in preclinical
models reduced differentiation toward TH1, TH9, and TH17
cells and skewed differentiation toward TH2 and Treg cells, thus
ameliorating the manifestations of GvHD and increasing mice
survival (85).

An additional proposed application of miRNA-carried EVs is
the use of EVs derived from a T-cell line overexpressing a miR146
mimic, which plays a regulatory role in inflammatory response
in both mice and humans (86). MiR146 plays a major role
also in endothelial inflammatory responses and activation (87),
essential for the early phase of aGvHD onset, prior to its clinical
presentation. In fact, preventive use of drugs, which protect
and reduce endothelium activation, resulted in a decrease of
frequency of GvHD in humans (88, 89). Thus, we can assume that
the use of EVs enriched with miR146 mimic could potentially
reduce endothelium activation affecting the incidence of aGvHD.

Circulating EVs and their miRNA and protein cargo could
be useful not only as putative therapeutic tool, but also as
biomarkers in HCT. Levels and composition of circulating EVs
appear to be altered after HCT and before GvHD onset (90). A
retrospective study demonstrated that the altered expression of
CD146, CD31, and CD140a on EV surface correlated with risk
of developing aGvHD (91). This correlation with GvHD onset
has been confirmed in a prospective study for CD146 and CD31
(92). Furthermore, expression change of several miRNAs was
also observed in serum EVs before GvHD onset. Representative
examples are miR155, with miR100 and miR194b in EVs (92),
and miR423, miR199, and miR93 in serum-derived EXs (93).
Further studies are needed to define the reliability of such

biomarkers. Nevertheless, all these findings strongly suggest the
potential clinical application as biomarkers after HCT.

MSC-EV Effect on Hematopoietic Stem
Cells
Several evidence demonstrated that MSC-EVs could also
modulate HSC fate. In particular, different studies performed
in both human and mouse models have shown that EVs, either
MVs or EXs derived from BM-MSCs, embryonic stem cells, and
maturemegakaryocytes promote the ex vivo expansion of CD34+

cord blood HSCs (CB-HSCs), cord blood-mononuclear cells,
and BM-derived HSCs (42, 94–96). Additionally, when added
to co-cultured HSCs and MSCs, human BM-MSC-MVs further
improve the expansion of CB-HSCs, thus suggesting that they
could represent a promising therapeutic tool to generate a great
number of HSC for transplantation purposes (42).

In agreement, a recent work showed that human BM-
MSC-EVs can up-regulate the JAK/STAT pathway and increase
the levels of phospho-STAT5 in in vitro–cultured CD34+

cells, enriched from leukapheresis (97). The involvement of
the JAK/STAT signaling pathway in CD34+ cell proliferation
is important in several hematologic neoplasms, including
myelodysplastic syndromes and acute myeloid leukemia (AML).
In addition, it has been shown that this pathway plays a
significant role in promoting cell survival (98). As shown
in both humans and mice, MSC-EV treatment could also
modify the gene expression profile of CD34+ cells and favor
survival directly or indirectly, through microRNAs and Piwi-
interacting RNAs (96, 97, 99). Gene expression profile of
CD34+ cells is also modulated by human MSC-EV–derived
miRNAs through repression of the Wnt/β-catenin signaling
pathway (42). Furthermore, both murine and human BM-MSC-
EVs showed anti-apoptotic effect on CD34+ cells (97, 99).
When human CD34+ cells are co-cultured with human BM-
MSC-EVs, there is an up-regulation of anti-apoptotic genes,
such as BIRC2, BIRC3, and NFKB, a down-regulation of pro-
apoptotic genes, including CASP3 and CASP6, and a decreased
phosphorylation of H2AX. Further evidence supporting the
importance of MSC-EVs in promoting HSC survival derive
from studies demonstrating that the infusion of both murine
and human MSC-EVs into lethally irradiated mice reduces
the radiation damage to BM-HSCs, resulting in a long-term
survival (99, 100). In particular, the use of EXs and MVs in
combination was found to be superior to either MVs or EXs
alone (77).

In addition to the ability of MSC-EVs to promote HSC
survival and proliferation, BM-MSC-EVs appear to possess
homing potential. Indeed, it has been observed that human BM-
MSC-EVs can up-regulate CXCR4 expression in CD34+ HSCs,
increasing their migration from the PB to the BM niche (96).
Very recent findings supported this enhanced HSC migratory
ability both in vitro and in vivo in the presence of human BM-
MSC-EV stimulation, although the CXCR4 up-regulation was
not confirmed (97).

Altogether, these data strongly suggest that MSC-EV
treatment appears to positively contribute to HCT engraftment,
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favoring HSC survival, proliferation, and migration to the BM
niche. Thus, BM-MSC-EVs combined with HSCs may contribute
to the reconstitution of hematopoietic microenvironment and
represent a new therapeutic option.

EV Applications in Promoting GvL and in
Preventing Disease Relapse
Therapeutic effects of allo-HCT are to a large extent mediated
by GvL effects, through alloreactive donor-derived immune
cells. Unfortunately, beneficial GvL effects are reduced by
prophylaxis and treatment of GvHD. Therefore, ensuring
good GvL effects preventing GvHD remains the “holy grail”
of allo-HCT (101–103). Several strategies (such as the use
of cytokines, the selective depletion of alloreactive T cells,
regulatory immune cell infusions—in particular NK transfer
and DC vaccination—and novel pharmacological agents, such
as bortezomib and azacytidine) have been investigated to
enhance, support, and preserve the antileukemia effects without
aggravating GvHD (104). In this setting, EVs potentially find
application to stimulate immune cells and promote antileukemia
alloreactive responses.

The role played by NK cells in antileukemia activity has
been extensively investigated. Natural killer lymphocytes are
an integral component of the innate immune system and
represent important effector cells in cancer immunotherapy,
particularly in the control of hematological malignancies (105).
Natural killer–derived EVs (NK-EVs), purified from either cell
culture supernatants or plasma of healthy volunteers, have been
shown to lyse target human tumor cells in vitro (106) and
show promising anti-tumor effects in preclinical studies without
impacting normal cells (107). Natural killer–derived EVs contain
cytolytic and cytotoxic proteins, such as perforin, granzymes
A and B, granulysin, and Fas ligand (108, 109) able to kill
malignant hematologic cell lines (107). However, the underlying
mechanisms of specific killing of tumor cells mediated by NK-
EVs remain unclear.

In addition to NK-EVs, the anti-tumor effect of DC-
derived EVs (DC-EVs) for immunotherapy of cancer is under
investigation in clinical trials (110). DCs are professional APCs
which present antigen material to T lymphocytes activating an
antigen-specific T-lymphocyte immune response. Anti-tumor
DC-based vaccines have revealed their high efficiency in various
murine tumor models (111, 112) and human xenografts in
immunodeficient mice (113).

Dendritic cell–derived EVs carry all the functionally active
molecules needed for the activation and the induction of anti-
tumor T-cell immune responses (complexes of MHC class I
and II with tumor antigens, as well as co-stimulatory and
adhesion molecules such as CD80, CD86, and CD40) (114) and
can act alone as cell-free anti-tumor vaccines. To efficiently
activate anti-tumor immune responses by DC-EVs, the proper
choices of tumor antigens to load EV-producing DCs and
of factors stimulating the maturation of DCs are of great
importance. Significant success in the treatment of tumors
by DC-EVs has been achieved in murine models and in

human cell lines. Other strategies using tumor-derived EVs
to deliver antigens to DCs and stimulating GvL are under
investigation (110).

Even though anti-tumor activity of NK- and DC-EVs has
been demonstrated in vitro and in preclinical studies (105, 110),
studies to stimulate GvL after allo-HCT are lacking.

Extracellular vesicles could also be used as biomarkers to
monitor disease persistence or promptly detect early signs
of relapse before and after HCT. In this context, higher
levels of EVs in patients’ sera compared to healthy donors
are detected in many hematological malignancies (115–118).
Moreover, changes in absolute EV counts and EV protein
contents have been observed after induction chemotherapy
and corresponded to blast reduction in the BM (117, 119).
Furthermore, EVs from malignant cells express abundant
surface proteins unique to their cell of origin (120). For
example, EVs derived from multiple myeloma cells overexpress,
on their cell membrane, proteins such as CD147, CD38,
and CD138 (115, 121–123). Disease progression has been
correlated with an increase of CD147+ EVs, whereas CD138+

EVs have been associated with the disease phase. Similarly,
circulating EVs derived from AML cells are enriched with
cancer-derived proteins such as CD34, CD13, and CD117
(115, 124, 125).

In addition to surface membrane proteins, EV cargo (miRNAs
and proteins) could give relevant information about drug
resistance and disease relapse (119, 125). For instance, it has
been observed that the presence of different forms of TGF-β1
propeptide, latency-associated peptide (LAP), and mature TGF-
β1 in plasma EXs reflects the effects of chemotherapy and might
be used as an indicator of AML relapse (117).

Higher levels of miRNAs, including let7a, miR9, miR99b,
miR150, miR155, miR191, and miR223, have been found in
AML cell–derived EXs, ranging from 2- to 40-fold enrichment
compared with the levels in parent cells (126). MiR155, in
particular, is significantly dysregulated in serum EVs in many
hematologic malignancies (127), and its levels correlate with high
white blood cell counts in AML patients.

Thus, the characterization by molecular and cytofluorimetric
technique of EVs cargo may be useful to measure and monitor
blast persistence before and after HCT, as well as potential
predictor of drug resistance and disease relapse in patients in
complete remission.

CONCLUSIONS AND PERSPECTIVES

The role of EVs in the context of HCT is rapidly growing
in recent years. Because of their low immunogenicity, the
effective use of MSC-EVs as treatment of inflammatory disease
and their immune-modulating properties make EVs potential
candidates for the treatment of post-allo-HCT complications (53,
58, 75, 128). Besides, their role as biomarkers for prognosis and
disease progression has emerged. Many studies are now focusing
on the characterization of their cargo and the identification
of molecules responsible for their effects. In addition, in
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several hematological malignancies, one of the most promising
future applications of EVs is their potential as non-invasive
liquid biopsies, given that they appear to reflect the cell
of origin.

Nevertheless, EVs need to be carefully characterized to
thoroughly identify their composition to exploit them as
therapeutic tools and as reliable biomarkers. The possibility of
using EVs in clinical settings raises important technical issues on
large-scale EV production and characterization methods.

Methodological issues remain to be resolved, and further
studies are needed to better standardize isolation protocols.
For instance, no single biomarker has yet been validated in
independent patient cohorts to identify preclinical signs of
HCT complications.

Altogether, the studies reported in this review show that EVs
are potential biomarkers and promising drug delivery vectors
in the setting of HCT-associated complications. The potential
applications of EVs may eventually help in the early diagnosis
and treatment of several HCT complications.
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Introduction: Secondary haemophagocytic lymphohistiocytosis (sHLH) or Macrophage

Activation Syndrome (MAS) is a life-threatening hyperinflammatory syndrome that can

occur in patients with severe infections, malignancy or autoimmune diseases. It is also

a rare complication of haematopoetic stem cell transplantation (HSCT), with a high

mortality. It may be associated with graft vs. host disease in the allogeneic HSCT setting.

It is also reported following CAR-T cell therapy, but differentiation from cytokine release

syndrome (CRS) is challenging. Here, we summarise the literature and present results

of a survey of current awareness and practice in EBMT-affiliated centres of sHLH/MAS

following HSCT and CAR-T cell therapy.

Methods: An online questionnaire was sent to the principal investigators of all

EBMT member transplant centres treating adult patients (18 years and over) inviting
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them to provide information regarding: number of cases of sHLH/MAS seen in their

centre over 3 years (2016–2018 inclusive); screening strategies and use of existing

diagnostic/classification criteria and treatment protocols.

Results: 114/472 centres from 24 different countries responded (24%). We report

estimated rates of sHLH/MAS of 1.09% (95% CI = 0.89–1.30) following allogeneic

HSCT, 0.15% (95% CI = 0.09–5.89) following autologous HSCT and 3.48% (95% CI

= 0.95–6.01) following CAR-T cell therapy. A majority of centres (70%) did not use a

standard screening protocol. Serum ferritin was the most commonly used screening

marker at 78% of centres, followed by soluble IL-2 receptor (24%), triglycerides (15%),

and fibrinogen (11%). There was significant variation in definition of “clinically significant”

serum ferritin levels ranging from 500 to 10,000µg/mL. The most commonly used

criteria to support diagnosis were HLH-2004 (43%) and the H score (15%). Eighty

percent of responders reported using no standard management protocol, but reported

using combinations of corticosteroids, chemotherapeutic agents, cytokine blockade, and

monoclonal antibodies.

Conclusions: There is a remarkable lack of consistency between EBMT centres in

the approach to screening, diagnosis and management. Further research in this field is

needed to raise awareness of and inform harmonised, evidence-based approaches to

the recognition and treatment of sHLH/MAS following HSCT/CAR-T cell therapy.

Keywords: GVHD, CAR-T cell, HSCT, HLH hemophagocytic lymphohistiocytosis, macrophage activation syndrome

(MAS), ferritin, biomarkers

BACKGROUND REVIEW: sHLH/MAS IN
RELATION TO HSCT AND CAR-T CELL
THERAPY

Secondary haemophagocytic lymphohistiocytosis (sHLH) is a
life-threatening syndrome, seen in the context of haematological
malignancy, infection, and autoimmunity/immune
dysregulation (1). Secondary HLH is termed macrophage
activation syndrome (MAS) when associated with
rheumatological disease, typically in the context of systemic
juvenile idiopathic arthritis (sJIA), adult onset Still’s disease
(AOSD), and systemic lupus erythematosus (SLE).

Secondary HLH is reported after both allogeneic and
autologous haematopoetic stem cell transplantation (HSCT),
particularly in association with graft vs. host disease (GVHD)
in patients undergoing allogeneic HSCT (2–7). Infections, in
particular Epstein-Barr virus (EBV) and cytomegalovirus (CMV)
can be important triggers and mortality in all cases is high
(2, 4, 5, 8). Only a few studies to date have addressed
incidence of sHLH/MAS post HSCT, estimating ∼3–4% (2,
6, 8). Once diagnosed, the mortality of sHLH/MAS in the
allogeneic HSCT setting appears to be high, with rates of up
80% reported in recent studies (6, 7). Even though reports
of sHLH/MAS following autologous HSCT appear to be rare,
reports of death due to sHLH/MAS in patients with refractory

Abbreviations: sHLH/MAS, Secondary haemophagocytic
lymphohistiocytosis/macrophage activation syndrome; HSCT, haematopoetic
stem cell transplantation; CRS, cytokine release syndrome.

JIA undergoing autologous HSCT have prompted changes
in immunosuppressive and infectious prophylactic regimens,
leading to decreased mortality (9).

Diagnosis of sHLH/MAS post-HSCT requires a high index of
clinical suspicion in identifying hyperinflammation, particularly
as features overlap those of severe sepsis or GVHD. Typically
these include fever, several-lineage cytopenia, and multi-organ
failure. Persistent fever in patients without an identified infective
cause, or worsening fever in patients who have been treated for
infection, should prompt consideration of sHLH/MAS (10).

Serum ferritin is a useful, readily available biomarker of
sHLH/MAS and can be used to gauge response to treatment
(2, 5, 11, 12). It is closely related to disease activity, and
both maximum levels during sHLH/MAS, and a fall of less
than 50% after treatment are associated with higher mortality
(13–15). A retrospective paediatric study found serum ferritin
levels of >10,000µg/mL 90% sensitive and 96% specific for
HLH, but its utility in the adult post-HSCT setting has not
been validated (16). Serum ferritin > 10,000µg/mL has been
associated with poor survival in patients with GVHD, but this
study did not investigate if these patients had sHLH/MAS (17).
There is evidence that ferritin levels are not strongly associated
with presence of GVHD, so may prove a useful biomarker
allowing differentiation from sHLH/MAS (18, 19). Serum levels
of soluble interleukin-2 (IL-2) receptor (sIL-2r) have emerged
as an alternative diagnostic measure in adult patients with non-
HSCT related sHLH/MAS but are not been validated in the
post-HSCT setting (20). Furthermore, recent work has identified
elevated serum levels of multiple cytokines and chemokines
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at the onset of sHLH/MAS following allogeneic HSCT, which
may indicate a state of allo-reactivity, as seen in GVHD, which
may precipitate sHLH/MAS (5). Histological identification of
haemophagocytosis is recognised as a late feature and does not
correlate as well as fever or serum ferritin with clinical diagnosis
(21–23). Therefore demonstration of haemophagocytosis is not
considered essential for diagnosis, and may only be detected if
bone marrow samples are taken in the later stages of disease.

Various classification criteria exist for sHLH/MAS, some
derived from familial HLH and others from rheumatological
practice in JIA (summarised in Table 1) (24, 26, 27). A
diagnostic calculator, the “H score,” takes into account clinical
and laboratory features to calculate a percentage probability
of sHLH/MAS in adults (25). With the lack of validated
diagnostic criteria for sHLH/MAS in adult patients in general,
and post-HSCT patients in particular, it is possible to take a
pragmatic approach, utilising the “H score” whilst recognising
its limitations. The H-score was based on a single-centre
retrospective study of sHLH/MAS and of the 43% of included
patients who had diagnosed haematological malignancy, it is not
reported if any had already undergone HSCT. Studies of the
performance of the H-score in detecting sHLH/MAS have been
encouraging, particularly in the early clinical stages of the disease,
where the H-score appears to outperform HLH-2004 criteria
(28, 29).

Where post-HSCT patients are unwell, febrile, with a serum
ferritin of >10 000 µg/L and present with no proven infection
except for the presence of recognised triggers of HLH such as
EBV and other herpes viral reactivations/infections, they can
be considered in a “hyperinflammatory state” and should be
considered for aggressive immunosuppression, as per published
recommendations (1, 16, 30). Indicators of a poor prognosis
include neurological dysfunction, acute kidney injury and acute
respiratory distress (1).

Effective treatment of sHLH/MAS requires aggressive
immunosuppression, controlling the hyperinflammatory state,

in combination with targeted treatment addressing triggering
factors. Prompt recognition and treatment is important
and reduces mortality in cases of sHLH/MAS secondary to
autoimmune disease (31).

Corticosteroids remain the cornerstone of induction
treatment, although over half of patients may be steroid-resistant
(32). Dramatic responses are reported with the addition of
CSA in doses of 2–7 mg/kg/day (33, 34). Anakinra, an IL-1
antagonist, is effective in refractory sHLH/MAS and relatively
safe in patients with sepsis (35, 36). Anakinra is now at the
forefront of treatment in sJIA-triggered sHLH/MAS and shows
promise in adult sHLH/MAS in the intensive care setting
(37, 38). Intravenous immunoglobulin (IVIG) infusions may also
be effective in steroid-resistant and EBV-triggered sHLH/MAS
(39). Rituximab improves overall clinical outcomes and is
an important part of EBV clearance in patients with EBV-
triggered sHLH/MAS or EBV-driven malignancies (40, 41).
Case reports of refractory sHLH/MAS, in patients who had not
already undergone HSCT or CAR-T cell therapy, note complete
responses with rabbit anti-thymocyte globulin (ATG) or DEP
regimen (doxorubicin, etoposide, methylprednisolone) and
partial responses with alemtuzumab (42).

A treatment protocol for sHLH/MAS accepting the
heterogeneity of this syndrome and irrespective of preceding
HSCT or CAR-T cell therapy has been recently published (1).
First line treatment is with intravenous methylprednisolone
(IVMP) 1g/day for 3–5 days plus IVIG 1g/kg for 2 days, which
can be repeated at day 14. If there is evidence of established
sHLH/MAS or clinical deterioration, Anakinra is added, 1–2
mg/kg daily increasing up to 8 mg/kg/day until sufficient
clinical response. CSA is considered for early or in steroid-
resistant disease. Etoposide should be considered in refractory
cases. There should be parallel consideration of identifying
and eradicating triggers, such as EBV, bacterial infection, and
underlying malignancy, particularly lymphoma. There are
no validated guidelines for treating sHLH/MAS post-HSCT

TABLE 1 | Use of published criteria to support the diagnosis of sHLH/MAS post-HSCT or CAR-T cell therapy.

Published criteria Components of criteria Centres (%)

HLH-2004 (for fHLH) (24) Molecular diagnosis consistent with HLH or 5/8 of the following: Fever, splenomegaly, bi or

tri-lineage cytopenia, hypertriglyceridaemia ± hypofibrinogenaemia, haemophagocytosis on

bone marrow biopsy, no diagnosis of malignancy, low/absent NK cell activity, raised ferritin,

raised sIL-2r

43

H-score (for all sHLH/MAS) (25) Known underlying immunosuppression, fever, organomegaly, mono-, bi-, or tri-lineage

cytopenia, ferritin, triglycerides, fibrinogen, AST, haemophagocytosis on bone marrow biopsy.

Overall score predicts likelihood of sHLH/MAS

16

Takagi et al. (for SHLH/MAS post-HSCT) 2 major or 1 major and all 4 minor criteria required. Major criteria: (A) engraftment delay, primary

or secondary failure or (B) histopathological evidence of haemophagocytosis. Minor criteria:

fever, hepatosplenomegaly, elevated ferritin, elevated LDH.

10

PRINTO (for sHLH/MAS in sJIA) Ferritin > 684 µg/L and 2 of: platelets <181 × 109, AST >48 U/L, triglycerides >256 mg/dL,

fibrinogen < 360mg/dL

1

MD Anderson (for sHLH/MAS post-CAR-T cell therapy) Ferritin of > 10,000 µg/L and 2 of: grade > 3 increase in serum transaminases or bilirubin;

grade > 3 oliguria or increase in serum creatinine; grade > 3 pulmonary oedema; or

histological evidence of haemophagocytosis in bone marrow or organs

7

Combination of the above 23
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and there are concerns about using the HLH-2004 protocol,
especially with the inclusion of etoposide (43).

CAR-T cell therapy, whilst emerging as an effective treatment
for both haematological and non-haematological malignancy,
is associated with cytokine release syndrome (CRS), an acute
toxicity resulting in hyperinflammation. Patients can present
with CRS across a spectrum of severity, from low-grade
constitutional symptoms to higher-grade systemic illness with
multi-organ dysfunction and, in its most severe form, this
can progress to fulminant sHLH/MAS. Neelapu et al. have
proposed diagnostic criteria for sHLH/MAS in patients with
CRS post-CAR-T cell therapy demonstrating peak serum ferritin
measurement of>10,000 µg/L and two of the following findings:
grade > 3 increase in serum transaminases or bilirubin; grade >

3 oliguria or increase in serum creatinine; grade > 3 pulmonary
oedema or histological evidence of haemophagocytosis in bone
marrow or organs (44). They also recommend specific treatment
with corticosteroids and anti-IL-6 therapy (Tocilizumab or
Siltuximab) alongside supportive care (44).

Against this background, we surveyed members of the
European Society for Blood and Marrow Transplantation
(EBMT) to:

1. Estimate the rates of sHLH/MAS recognised in their patients
following HSCT or CAR-T cell therapy,

2. Review the classification criteria and screening methods used
to identify sHLH/MAS and

3. Describe approaches to managing sHLH/MAS in
these patients.

METHODS

A limited questionnaire with single and multiple-choice
questions was distributed, in the form of web based survey
(Eval&Go, Montpellier, France) to the principal investigators
of all EBMT member centres treating adult patients aged 18
and over, with autologous or allogeneic HSCT and/or CAR-T
cell therapy, for any indication. They were invited to complete
the survey and provide information on the following aspects
of sHLH/MAS post-HSCT or CAR-T cell therapy to reflect
their centre’s experience: number of cases of sHLH/MAS
seen in their centre over 3 years (2016–2018 inclusive);
screening strategies; use of existing diagnostic/classification
criteria and treatment protocols (Appendix 1
in Supplementary Material).

Principal Investigators at all 472 EBMT member centres
performing HSCT and/or CAR-T cell therapy in patients 18 years
and above were invited for participation. All non-responders
received a maximum of three e-mail reminders over a period of
3 months.

Quality checks were performed to avoid duplicate responses.
Descriptive statistics were used as appropriate. Continuous
data were summarised using descriptive statistics comprising
of the number of subjects with data to be summarised (n),
median, inter-quartile range (IQR), minimum (min), and
maximum (max). Categorical variables were presented using
counts and percentages.

We estimated the rates of sHLH/MAS by the ratio between
the number of reported cases of sHLH/MAS and the number
of HSCT procedures performed during the three-year period
(2016–18) in the 114 returning centres (the denominator being
derived from the EBMT registry, where there is mandatory
reporting of all HSCT procedures according to full EBMT
membership). For CAR-T cell therapy, individual centres
provided the total number of procedures performed for use as
the denominator.

RESULTS

A total of 114 centres from 24 countries returned the survey.
One twenty-nine cases (109 following allogeneic HSCT and

20 following autologous HSCT) of sHLH/MAS were reported by
114 centres which had performed 23 097 HSCT (9 972 allogeneic
and 13 125 autologous). This corresponded to an estimated
sHLH/MAS rate of 1.09% (CI 0.89–1.30%) and 0.15% (CI
0.09–5.89), after allogeneic and autologous HSCT, respectively.
Seven cases of sHLH/MAS were reported in 201 patients having
received CAR-T cell therapy, giving an estimated rate of 3.48%
(CI 0.95–6.01).

A total of 108 responders completed the remainder of the
survey and their responses were involved in further analysis.

SCREENING FOR sHLH/MAS FOLLOWING
HSCT/CAR-T CELL THERAPY

Use of a Standard Screening Approach
Following HSCT
One hundred and six centres responded to the questions, with
74 (70%) reporting using no agreed approach to screening for
sHLH/MAS in their centre.

Whilst only 32 centres reported using a standard protocol,
80 centres reported use of screening markers, with ferritin
being the most reported biomarker in the multiple-choice
options (Figure 1).

Use of a Standard Screening Approach
Following CAR-T Cell Therapy
For the 22 centres that performed CAR-T cell therapy, 4 (19%)
reported no screening and 11 (52%) reported screening when
there is clinical suspicion. Six centres (29%) reported unique
routine screening protocols and one centre did not respond.

Regarding CRS, 3 out of 14 centres (21%) reported that they
did not use any clinical or laboratory features to help them
differentiate sHLH/MAS from CRS. Of the 11 centres that did,
the frequency with which laboratory parameters were used is
reported in Figure 2.

Use of Serum Ferritin in Screening for
sHLH/MAS Post HSCT or CAR-T Cell
Therapy
Though it was the most commonly reported marker of
sHLH/MAS, there was great variation in what was considered a
“clinically significant” serum ferritin level. The most commonly
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FIGURE 1 | Use of clinical/laboratory markers to screen for sHLH/MAS post-HSCT or CAR-T Cell therapy.

FIGURE 2 | Use of laboratory features to differentiate between sHLH/MAS and CRS following CAR-T cell therapy.

reported cut-off values are reported in Figure 3. The responses to
this question were free text and a further 10 different values (not
shown in Figure 4) were reported, ranging from 10 to 8,000µg/L.

Diagnosing sHLH/MAS Following
HSCT/CAR-T Cell Therapy Using Published
Criteria
Of the 104 responding centres, 21 (20%) reported using no
published criteria to support the diagnosis of sHLH/MAS in
these settings.

For the remaining 83 centres, the criteria in use are reported in
Figure 4 and a summary of the criteria components is presented
in Table 1.

Management of sHLH/MAS
Only 20% of the 100 responding centers reported using a
standard protocol for sHLH/MAS management.

Of these 20 centres using a treatment protocol, 4 used
the MD Anderson recommendations (44). Other centres
specifying their protocols reported using HLH-2004 (24) (n
= 2), recommendations from La Rosee et al. (45) (n = 1)
and the HLH-94 protocol (46) (n = 1) (Table 2). Whilst
“international guidelines” and “HLH international society
guidelines” were also reported in the survey as standard
protocols, the responders did not specify to which these refer,
but they may refer to the HLH-2004 guidelines produced
by the Histiocyte society (24). No further specific protocols
were reported.
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FIGURE 3 | Reported cut-off levels to define a significant serum ferritin result.

FIGURE 4 | Use of published criteria to support diagnosis of sHLH/MAS post-HSCT or CAR-T cell therapy.

When asked which agents are used to treat sHLH/MAS
there were 16 different responses from 97 centres. The
most frequently reported combinations were corticosteroids
+chemotherapy (25%), corticosteroids+monoclonal antibodies
+ chemotherapy (15%), corticosteroids + chemotherapy +

cytokine blockade (13%), corticosteroids + cytokine blockade
(12%), and corticosteroids alone (10%). In terms of specific
agents reported as being used in the management of sHLH/MAS,
the most common were etoposide (n = 17), rituximab
(n = 8), and tocilizumab (n = 7). A range of other
agents were reported including Cytosorb R©, ruxolitinib, CSA,
IVIG, anakinra, ATG, alemtuzumab, methotrexate, vincristine,
baricitinib, and siltuximab.

DISCUSSION

We surveyed the EBMT community to assess current awareness
and clinical diagnostics and management of this serious and
frequently life-threatening complication of HSCT/CAR-
T cell therapy. Estimates of incidence or prevalence of
sHLH/MAS post-HSCT currently rely on post-hoc case
reporting in a context of no agreed or validated diagnostic or
therapeutic guidelines or criteria in the EBMT community.
The survey reported here included 114 centres from 24
countries, a wider volume and spread than the several hundred
cases reported in other publications, mainly from single
centres (2, 8, 27).
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TABLE 2 | Use of published protocols in the management of sHLH/MAS

post-HSCT or CAR-T cell therapy.

Published protocol Components of protocol Centres (N)

MD Anderson (post CAR-T

cell) (44)

Supportive organ-specific treatment,

broad-spectrum antibiotics, IV

Tocilizumab or Siltuximab (anti-IL6

agents), IV corticosteroids

4

HLH-2004 (for fHLH) (24) 8 weeks initial therapy with IV

dexamethasone and Etoposide. Then

ciclosporin is introduced,

dexamethasone continues to be

pulsed and etoposide continued

whilst awaiting a donor for BMT

2

La Rosee et al. (45) Use of corticosteroids +/- IVIG in

most cases with addition of etoposide

(if malignancy-triggered), ciclosporin &

anakinra (if autoimmune-related) or

anti-IL-6 (if CAR-T cell related)

1

HLH-94 (for fHLH) 8 weeks initial therapy with IV

dexamethasone and Etoposide

before proceeding to definitive

treatment with BMT

1

We report an estimated rate following allogeneic HSCT of
1.09% and much lower estimate of 0.15% following autologous
HSCT. This is slightly higher than an EBMT study including
15 centres from 2005 to 2009, which identified sHLH/MAS in
0.3% of patients (5/1,423) undergoing allogeneic HSCT (47).
The estimated rate from our survey and the EBMT study are
lower than incidence reports in other studies, at ∼3–4% (2, 6,
8). Whilst estimated rates and formal measures of prevalence
and incidence cannot be directly compared, the differences may
suggest that in centres where prospective study is performed,
more cases are being identified, suggesting under-recognition in
general HSCT practice. These other studies used specific criteria
to diagnose sHLH/MAS, whilst our survey sought to understand
the heterogeneity of sHLH/MAS approaches and therefore did
not limit diagnosis to such specific criteria.

We report a rate of sHLH/MAS following CAR-T cell therapy
of 3.48%. Previously, sHLH/MAS has been reported in ∼1%
of patients undergoing CAR-T cell therapy in a single centre
(44). To our knowledge this is the first formal report of rates
across multiple centres. As sHLH/MAS is considered a severe
manifestation of CRS, our higher diagnostic rate may reflect
evolving experience of CAR-T cell therapy and greater awareness
of associated current recommendations as to the detection and
management of the CRS-sHLH/MAS spectrum.

Seventy per cent of centres reported using no standard
screening protocols to identify sHLH/MAS post-HSCT/CAR-T
cell therapy. Of those reporting their screening markers (with
or without the use of a standard protocol), the most common
marker was serum ferritin (71%) though this was often used
in combination with fibrinogen, triglycerides, bone marrow
analysis and less commonly sIL-2R or NK cell function. These,
in combination, are all components of existing scores, such as the
H-score and HLH-2004 criteria (24, 25). Again, this highlights

a heterogeneous approach to screening amongst centres, using
markers validated in other patient groups. Until robust study
into reliable markers of sHLH/MAS in the post-HSCT/CAR-
T cell setting is undertaken, we expect continuing diversity in
approaches used throughout EBMT centres.

A clear theme of this survey was the use of serum ferritin
as a screening marker and as part of diagnostic criteria. There
was significant variation in what was regarded as a “significant”
ferritin result. The median cut-off value deemed significant was
3,000 µg/L (IQR 1,000–10,000 µg/L). Interestingly, this median
is similar to the optimum cut-off for HLH recommended by
Basu et al. (48) of 3,120 µg/L (albeit in paediatric patients
and not in the post-HSCT setting). As already discussed, what
constitutes significant hyperferritinaemia in the post-HSCT
setting is as yet undefined and further study is needed to
define appropriate cut-off ranges to inform novel screening and
diagnostic criteria.

Following CAR-T cell therapy specifically, serum ferritin >

10,000 µg/L is observed in patients with all grade of CRS, not
just in those with the higher grades (49). Of the 9 centres that
reported using specific clinical or laboratory features to make
this differentiation, 7 (78%) reported the use of serum ferritin to
make the distinction between CRS and SHLH/MAS. There were
no direct reports of using the MDAnderson criteria suggested by
Neelapu et al. (44).

In terms of diagnosis of sHLH/MAS the responders again
showed a heterogeneous approach. The most frequently cited
criteria were HLH-2004 (24) and the H-score (25), neither of
which are validated in the HSCT setting. The only specific
diagnostic criteria in the HSCT setting was produced by Takagi
et al. (27), and 8 centres reported using it to aid in diagnosis.
This was only studied in patients undergoing umbilical cord
transplantation and has not been validated in larger, more
generalised HSCT studies. The work of Abdelkefi et al. used
an adapted criteria for identifying sHLH/MAS post-HSCT,
incorporating bilineage cytopenia, fever, bone marrow findings
and a serum ferritin > 1 000 µg/L (2, 50). With no consensus
on appropriate diagnostic criteria, there is considerable variation
in the definition of sHLH/MAS post-HSCT, which makes further
study into this condition problematic.

In terms of management of sHLH/MAS, a majority of
responders (80%) reported an absence of standard protocols,
in keeping with the lack of evidence in this population.
As expected, protocols which were used included the HLH-
2004 protocol and seem to predominately involve use of
corticosteroids ± chemotherapeutic options. Etoposide was a
commonly reported agent, in keeping with the HLH-2004
recommendations, though there are concerns about using
etoposide in the post-HSCT setting (24, 43). Only 35% of centres
reported using cytokine blockade (in different combinations
with other therapeutic classes), which has revolutionised the
management of sHLH/MAS in other settings, though its benefit
has not been studied in the post-HSCT setting. IVIG use
was reported and has features in recent recommendations for
managing sHLH/MAS in any setting (1). Ruxolitinib, a janus
kinase inhibitor, use was also reported and has shown varied
response in multiple case reports, including patients with EBV-
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and non-EBV driven HLH, but promising results in a recent
pilot studies including 40 patients sHLH/MAS (51–55). Again,
there is no evidence of its efficacy in the post-HSCT setting but
this is an agent to consider in the future. As most CAR-T cell
therapies will have been performed in clinical trials, with more
rigorous monitoring and with clear management advice around
CRS and sHLH/MAS than general HSCT practice, we were not
surprised to find frequent use of the MDAnderson criteria in our
survey (44).

This survey had several limitations. We surveyed the EBMT
community with a 24.1% response rate (114/472). Therefore
we have not collected data from a majority of EBMT centres,
which limits the robustness of our epidemiological estimates.
Furthermore, as our denominator, we took the total number of
HSCT performed in a centre over the 3-year period, but did not
specify if these were all “first-time” transplants. There may have
been patients included multiple times in the denominator if they
underwent repeated HSCT, which this study was not designed to
identify. All surveys are prone to responder bias and we are aware
this survey may have been preferentially responded to by groups
already recognising sHLH/MAS in their post-HSCT cohorts and
may not truly represent the community as a whole. However as
69/114 responding centres reported 0 cases managed we believe
this bias is reasonably mitigated.

This retrospective analysis relied on the EBMT PI recalling
cases of sHLH/MAS managed in the post-HSCT/CAR-T cell
therapy setting over a 3-year period (2016–2018). The time
period of inclusion was restricted to 2016–2018 and we consider
all cases declared during this interval and all transplant activity of
responding centres over the same time period. A case diagnosed
in 2016 could have been related to a transplant performed
before 2016 and some cases related to transplants between
2016 and 2018 could only be diagnosed after 2018. The design
of the survey didn’t allow such discrimination. Furthermore,
prospective, rather than retrospective studies which are prone
to bias, are favoured in providing accurate incidence estimates
and we should consider this in future work (56). We asked PIs
to report on the number of cases they had diagnosed but did
not scrutinise how this diagnosis was made, in comparison to
previous smaller-centre reports, which have used specific criteria
(2, 8, 27). Cases may simply have been forgotten by the clinician
or incorrectly diagnosed in the past or not recognised, which is a

limitation of this work, however, with this being a rare and often
devastating complication we hoped cases would be retained and
recalled by EBMT centres. The design of this survey did not allow
for review of mortality in this cohort but it has been reported up
to 83% in recent case reviews (6, 7).

CONCLUSION

Secondary HLH/MAS is a relatively rare and serious
complication of HSCT and CAR-T cell therapy, which is
heterogeneously defined and managed in the sampled EBMT
community. Dedicated study is warranted to design and evaluate
protocols for screening, diagnosis, and management.
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Hepatic veno-occlusive disease (VOD) or sinusoidal obstruction syndrome (SOS)

is a rare complication characterized by hepatomegaly, right-upper quadrant pain,

jaundice, and ascites, occurring after high-dose chemotherapy, hematopoietic stem cell

transplantation (HSCT) and, less commonly, other conditions. We review pathogenesis,

clinical appearance and diagnostic criteria, risk factors, prophylaxis, and treatment of

the VOD occurring post-HSCT. The injury of the sinusoidal endothelial cells with loss of

wall integrity and sinusoidal obstruction is the basis of development of postsinusoidal

portal hypertension responsible for clinical syndrome. Risk factors associated with

the onset of VOD and diagnostic tools have been recently updated both in the

pediatric and adult settings and here are reported. Treatment includes supportive

care, intensive management, and specific drug therapy with defibrotide. Because

of its severity, particularly in VOD with associated multiorgan disease, prophylaxis

approaches are under investigation. During the last years, decreasedmortality associated

to VOD/SOS has been reported being it attributable to a better intensive and

multidisciplinary approach.

Keywords: VOD/SOS, HSCT, defibrotide, elastometry, liver stiffness measurement

INTRODUCTION

Hepatic veno-occlusive disease (VOD), also known as sinusoidal obstruction syndrome (SOS),
is a clinical syndrome occurring after high-dose chemotherapy, hematopoietic stem cell
transplantation (HSCT) (1, 2), and, less commonly, after ingestion of toxic alkaloids (toxic
injury) (3), after high doses of radiotherapy (4) or liver transplantation (5). Clinical diagnosis
criteria include hepatomegaly, right-upper quadrant pain, ascites, and jaundice (6), although
anicteric forms may occur, particularly, but not exclusively among pediatric population (7). The
onset or the progression can be complicated by a multiorgan disease (MOD), characterized by
functional disorders affecting lungs (pleural effusion, pulmonary infiltrates, hypoxia), kidneys
(renal insufficiency/failure), and central nervous system (confusion, encephalopathy). Multiorgan
disease is associated with high mortality rate (exceeding 80%), and it has been identified as the best
predictive marker of severe VOD/SOS (8–10).

In HSCT patients, endothelial cell injury leads to loss of sinusoidal wall integrity, endothelial
cell detachment, sinusoidal obstruction, and development of postsinusoidal portal hypertension
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(PH) (11). The incidence of posttransplant VOD/SOS is highly
variable, ranging from 5.3% (12) to 13.7% (9) to higher
percentages, according to transplant settings and different
studies; particularly in pediatric high-risk populations, the
incidence could be 20 to 30% up to 60% (7, 13–15).

Transplant outcome is significantly affected by VOD/SOS
occurrence, where the mortality rates can reach up to 80%
in the severe forms, in older series (9), whereas more recent
studies report lower mortality rates (16, 17), in patients treated
with defibrotide. Early diagnosis and treatment are positively
correlated to a survival benefit (16). Treatment includes
supportive care, intensive treatment, and specific drug therapy.

PATHOPHYSIOLOGY

The initial step of VOD/SOS pathogenesis is the injury of
sinusoidal endothelium of the liver (Figure 1) leading to loss of
endothelial cell cohesions: gaps appear in the endothelial barrier,
and red blood cells pass through these gaps and accumulates
in the Disse space, causing the detachment of the endothelial
cells with downstream embolization of the centrilobular vein and
subsequent postsinusoidal obstruction (18).

Several causes (Figure 1) are incriminated into initial
endothelial damage, including conditioning regimens (19),
cytokines produced by injured tissues (20), endogenous
microbial products migrating through damaged mucosal
barriers (21), drugs used during the transplant [such as
granulocyte colony-stimulating factor (G-CSF) or calcineurin
inhibitors] (22–24), and the engraftment process itself (25).
Conditioning regimens have a crucial role in the pathogenesis

FIGURE 1 | Physiopathology of VOD/SOS. G-CSF, granulocyte colony-stimulating factor; PAI, plasminogen activator inhibitor-1; TF, tissue factor; tPA, tissue

plasminogen activator; MMP-9, matrix metallopeptidase 9.

as highlighted by the increased risk of VOD/SOS associated
with higher plasma levels of cytotoxic drugs, such as busulfan or
metabolites of cyclophosphamide (26). Chemotherapy drugs are
metabolized by the cytochrome P450 complex, producing toxic
metabolites subsequently converted to non-toxic ones by the
glutathione (GSH) enzymatic system and then eliminated (27).
Centrilobular regions of the liver are poor in GSH, making them
more sensitive to toxic agents and explaining the predominant
damage of centrilobular regions (28, 29). Moreover, a GSH
S-transferase M1 null genotype reducing the detoxifying capacity
of the liver parenchyma predisposes to SOS/VOD (30), and
the reduced detoxifying ability due to immature enzymatic
system could, at least partially, explain the higher incidence of
VOD/SOS in children (13).

Some clinical observations led to the hypothesis that
alloreactivity plays a role in VOD/SOS. Incidence of VOD/SOS
is higher after allogenic compared to autologous HSCT and is
higher in patients receiving a transplant from a mismatched
unrelated donor (31). These observations are supported by
findings in experimental models where endothelial cells are
targets of alloreactive T cells (32).

Endothelial cells after HSCT show signs of injury
characterized by procoagulant and proinflammatory status
(Figure 1). This status is confirmed by the presence of increased
levels of circulating markers of endothelial activation after HSCT,
such as endothelial procoagulant factors and adhesion molecules
(20), circulating endothelial cells (33), endothelial progenitor
cells (34), and microparticles (35).

Endothelial cell detachment seems to be correlated with
nitric oxide deficiency caused by postconditioning toxicity (36).
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TABLE 1 | Modified seattle, Baltimore, and EBMT diagnostic criteria in adults (A) and in children (B).

(A) ADULTS

Modified Seattle criteriaa Baltimore criteriaa EBMT criteriaa

Presentation within 20 d from HSCT

of ≥2 of the following:

– Bilirubin >2 mg/dL

– Hepatomegaly, right-upper

quadrant pain

– Weight gain >2% over baseline

due to fluid retention

Within 21 d from HSCT bilirubin ≥2 mg/dL

and at least 2 of the following:

– Painful hepatomegaly

– Weight gain >5%

– Ascites

Classical VOD/SOSa Late-onset VOD/SOSa

Within 21 d from HSCT bilirubin ≥2 mg/dL

and ≥2 of the following:

– Painful hepatomegaly

– Weight gain >5%

– Ascites

Classical SOS beyond day 21,

OR

Histologically proven

SOS

OR

≥2 of the classical criteria AND ultrasound

(US) or hemodynamic evidence of SOS

(B) CHILDREN

No time onset limitation for SOS/VOD occurrence

The presence of ≥2 of the following paramethersb:

• Unexplained refractoriness to platelets transfusions defined as ≥1 weight-adjusted platelet substitution/day to maintain institutional transfusion guidelines.c

• Otherwise unexplained weight gain on 3 consecutive days despite the use of diuretics or a weight gain >5% above baseline value

• Hepatomegaly (best if confirmed by imaging such as US, CT or MRI) above baseline value measured pre-HSCT

• Ascites (best if confirmed by imaging such as US, CT or MRI) above baseline value measured pre-HSCT

• Increase of bilirubin above baseline value on 3 consecutive days or bilirubin ≥2 mg/dL within 72 h

aThese symptoms/signs should not be attributable to other causes.
bWith the exclusion of other potential differential diagnoses.
cOne or more weight-adjusted platelet substitution/day to maintain institutional transfusion guidelines.

CT, computed tomography; HSCT, hematopoietic stem cell transplantation; MRI, magnetic resonance imaging; US, ultrasonography.

Nitric oxide deficiency promotes increased endothelial cell
production of matrix metalloproteinase 9 (MMP-9) that seems
to be strongly involved in VOD/SOS development, probably
promoting the endothelial cell detachment. The role of MMP-
9 in the VOD/SOS pathogenesis is supported by the evidence
that the in vivo inhibition of MMPs completely prevents its
occurrence (37).

Along with the embolization by detached endothelial cells,
blood flow obstruction is promoted by the proliferation of
perisinusoidal stellate cells and subendothelial fibroblasts in
the terminal hepatic vein followed by the deposition of the
extracellular matrix (38). Then perivenular fibrosis spreads into
the liver parenchyma (39). All these events lead to a block in
liver blood outflow, with progressive obliteration of the venules
and centrilobular sinusoidal, causing hepatic congestion and the
development of postsinusoidal PH (40).

Because of the central role of endothelial injury in its
pathogenesis, VOD/SOS is now classified as a transplant-
related endothelial dysfunction, as well as posttransplant
microangiopathy, idiopathic pneumonia, diffuse alveolar
hemorrhage, and engraftment syndrome (11).

CLINICAL PRESENTATION AND
DIAGNOSIS

The clinical presentation of VOD/SOS is the consequence of the
PH, being characterized by rapid weight gain, tendentially
unresponsive to diuretics, hyperbilirubinemia, painful
hepatomegaly, and ascites. It generally occurs within 21 days
after transplant, late-onset VOD/SOS is nowadays recognized
as distinct VOD/SOS feature by recent diagnostic criteria
elaborated by the European Society for Blood and Marrow

Transplantation (EBMT) (41) (Table 1). It has been already
reported that late VOD/SOS occurs at least in 39.3% and 16.7%,
respectively, in the adult and pediatric setting (16).

The onset of VOD/SOS can be either smoldering or disruptive,
ranging from mild forms spontaneously resolving within few
weeks to severe forms with organ damage and MOD. Multiorgan
disease, involving generally pulmonary and renal functions, can
rapidly occur, significantly worsening the outcome (17, 41, 42).
Because of the high mortality rate of severe VOD/SOS, daily
monitoring for prompt detection of symptoms, such as jaundice,
hepatomegaly, fluid overload with weight gain and ascites (42),
is required. Although it remains a life-threatening condition,
progresses in the management of severe VOD/SOS improved the
outcome compared to the past (43).

The “traditional” diagnosis of VOD/SOS is based on
fulfillment of either Baltimore (44) or modified Seattle criteria (6)
(Table 1) and the exclusion of differential diagnosis.

Several conditions, such as fluid overload, constrictive
pericarditis, ascites of different origin (pancreatic, chylous),
drug-induced cholestasis and more generally drug-induced liver
injury (DILI), cholangitis lenta, sepsis, infectious hepatitis,
parenteral nutrition, cholestasis, and hepatic graft-versus-host
disease (GvHD), can mimic VOD/SOS and still make real-life
differential diagnosis a true challenge or pitfall.

The main difference between the two diagnostic systems is
hyperbilirubinemia being mandatory in the Baltimore criteria,
which implies longer time waiting for its development or
intrinsically more aggressive forms. Up to 30% of children
with VOD/SOS was anicteric (7, 45, 46) compared to 12%
of adults. The clinical scenario can be variable, in particular
in children where anicteric forms are not rare (13, 47) and
dynamically changing.
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For these reasons, the EBMT proposed, both in adult
(Table 1A) and in pediatric (Table 1B) setting, new different
diagnostic criteria and a scale for severity grading of suspected
VOD/SOS (13, 41).

The EBMT criteria for adult patients (41) foresee two clinical
entities: the classical VOD/SOS appearing within 21 days after
HSCTwith bilirubin≥2mg/mL and two of the following criteria:
painful hepatomegaly, weight gain, and ascites. The late-onset
VOD/SOS occurs beyond 21 days after transplantation and
potentially presents as follows:

1. Same feature as the classical one,
2. It should be histologically proven, and
3. Two out of four criteria for the classical VOD/SOS (bilirubin

≥2 mg/mL, weight gain >5%, painful hepatomegaly, and
ascites) plus hemodynamic or ultrasound (US) evidence
of VOD/SOS.

In the pediatric setting (13), there are no distinctions related
to the time of onset, and no time limitations are given. The
fulfillment of at least two of the following criteria is required
for diagnosis: the unexplained consumptive and transfusion-
refractory thrombocytopenia, an otherwise unexplained weight
gain on 3 consecutive days despite the use of diuretics or a
weight gain 5% above the baseline value, hepatomegaly (best if
confirmed by imaging) above the baseline value, ascites (best
if confirmed by imaging) above the baseline value, and rising
bilirubin from the baseline on 3 consecutive days or bilirubin≥2
mg/dL within 72h.

The main differences between the diagnostic criteria of adult
and children are the bilirubin increase, which can be missing
mainly in the pediatric setting, in a significant proportion of cases
and the presence of refractory thrombocytopenia. It should be
reminded that the criteria have been established from different
panels of experts, following a consensus-based approach; the
refractoriness of thrombocytopenia to transfusion has been called
in to discussion also for the adult criteria system but not finally
adopted as a criterion because of lack of panel consensus. These
criteria need to be further validated by forthcoming prospective
studies (48).

Both adult and pediatric criteria have been associated to
severity grading scales that are related to the dynamic changes,
mainly the evolution of hepatic and renal function tests (Table 2).
The speed of changes is considered a warning sign belonging
to higher severity grading scale (for suspected VOD/SOS) and
hence supporting early treatment initiation with potential clinical
outcome improvement. This score system can be also used in
case of suspected VOD/SOS, before patients meet the diagnostic
criteria, especially before day 21 (41).

The EBMT diagnostic criteria for adults include a late-onset
VOD/SOS where both histology and US attain key roles for
the diagnosis itself. In pediatric setting, the role of imaging
has been significantly upgraded, as suggested by the EBMT
diagnostic criteria, which recommend hepatomegaly and ascites
to be confirmed by imaging during the clinical course and
immediately before HSCT (13).

Among imaging techniques, US is certainly one of the
most commonly studied as it allows assessment of both

parenchymal and vascular changes; it is cheap and can be used
bedside. However, even though US has been recognized as an
EBMT diagnostic criterion, its role is restricted to diagnosis
confirmation, when clinical signs are already noticeable.
Ultrasound and Doppler US can easily detect the typical signs of
PH such as ascites, hepatomegaly, splenomegaly, and dilatation
of portal vein, which are commonly present in symptomatic
VOD/SOS. The first article describing systematically these typical
US and US Doppler diagnostic criteria was published by Lassau
et al. (49). The prospective study included 100 patients having
undergone HSCT; 25 of 100 patients developed VOD/SOS. The
authors used seven morphologic and seven Doppler criteria
to define the value of US in the prediction, diagnosis, and
prognostic assessment of VOD/SOS. Based on these 14 criteria,
a diagnostic score was then produced; a score of 6 had a
sensitivity of 83% and a specificity of 87%. However, at the
best of US performance, ∼20% of the VOD/SOS could be
misdiagnosed according to the Lassau score. A recent article by
Park et al. (50) confirmed that some morphological parameters
such as ascites and gallbladder wall thickening were significantly
associated (odds ratio, respectively, 56.3 and 36.3) to VOD/SOS
diagnosis. Nishida et al. (51) proposed a novel scoring system
(HokUS-10) based on 10 US variables, which was able to predict
VOD/SOS diagnosis with sensitivity of 100% and specificity
of 95.8% in 10 patients. Although HokUS-10 score is easier
to apply than the Lassau score, it still has to be adequately
validated. There is much evidence on the utility of US imaging
as a diagnostic tool; nevertheless, its role is still controversial
because of lack of reproducibility and the requirement need of
an expert sonographer, especially for US Doppler. Furthermore,
some US Doppler signs (e.g., patency of paraumbilical vein)
appear when an advanced stage of VOD/SOS has already
been developed; thus, its application may be very limited to
early diagnose or to anticipate the clinical VOD/SOS diagnosis.
The use of ultrasonographic contrast agent, which is able to
assess the hepatic vascularization, has been used to facilitate
the diagnosis and to evaluate treatment response (52, 53)
in VOD/SOS setting.

Because magnetic resonance and computed tomography
represent the gold standard techniques for focal liver lesions
identification, particularly in cancer staging and surveillance,
their use is still pivotal in post-HSCT VOD/SOS (42, 54, 55).
However, the potential role of these imaging techniques can
be further increased in all types of VOD/SOS (56). Major
limitation for a broader use is related to logistic issues, mainly
in critical patients.

Because of the potential complications of hepatic biopsy in
thrombocytopenic patients (i.e., hemorrhage, hemobilia, shock),
the possibility of a histologic diagnosis of VOD/SOS is quite
limited to well-trained centers with dedicated multidisciplinary
team and cannot be considered a routine practice. Transjugular
biopsy can limit the risk of bleeding and allow the measurement
of the hepatic venous pressure gradient (HVPG), although the
risk of unreadable specimens can be accounted (57). Hepatic
venous pressure gradient is the hallmark of PH: its measurement
is a very specific tool for VOD/SOS diagnosis, and values
>10mm Hg predict VOD/SOS with good level of accuracy
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TABLE 2 | EBMT criteria for severity grading of suspected VOD in adults (A) and in children (B).

Mild Moderate Severe Very severe

(A) ADULTS

Time since first symptoms >7 d 5–7 d ≤4 d Any time

Bilirubin (mg/dL) ≥2 to <3 ≥3 to <5 ≥5 to <8 ≥8

Kinetics of bilirubin increase Doubling in 48 h

AST, ALT (× UNV) ≤2 >2 to ≤5 >5 to ≤8 >8

Weight gain (%) <5 ≥5 to <10 ≥5 to <10 ≥10

Creatinine (× baseline

pre-HSCT)

<1.2 ≥1.2 to

<1.5

≥1.5 to <2 ≥2 or other data of MOD

(B) CHILDREN

Liver function tests (AST, ALT,

GLDH)a
≤2× >2 and

≤5×

>5×

Persistent platlets

refractorinessa
<3 d 3–7 d >7 d

Bilirubin (mg/dL)a,b <2 >2

Ascitesa Minimal Moderate Need of paracentesis

Kinetics of bilirubin increase Doubling within 48h

Coagulation Normal Impaired Impaired coagulation with need of

replacement of coagulation factors

Renal function GFR (mL/min) 89–60 59–30 29–15 <15

Pulmonary function (oxygen

requirement)

<2 L/min >2 L/min Invasive pulmonary ventilation (including CPAP)

CNS impairment Absent New onset cognitive impairment

Patients belong to the category that fulfills ≥2 criteria. If patients fulfill ≥2 criteria in two different categories, they should be classified in the most severe category, in the presence of two

or more risk factors for SOS, patients should be in the upper grade.
aPresence of two or more of these criteria qualifies for an upgrade to CTCAE level 4 (very severe SOS/VOD).
bExcluding preexistent hyperbilirubinemia due to primary disease.

ALT, alanine transaminase; AST, aspartate transaminase; CNS, central nervous system; CPAP, continuous positive airway pressure; CTCAE, Common Terminology Criteria for Adverse

Events; GFR, glomerular filtration rate; GLDH, glutamate dehydrogenase; MOD, multi-organ dysfunction.

and specificity (58). The main limitation consists in being an
invasive procedure.

In patients with advanced chronic hepatic disease, the
measurement of PH via HVPG has been replaced by hepatic
stiffness measurement performed by elastography, which is a
non-invasive method. Liver stiffness measurement (LSM) by
transient elastography has been introduced several years ago
to stage liver diseases (59); since then, numerous experiences
have demonstrated a good correlation between liver stiffness
and liver disease grading (60). Thus, LSM progressively allowed
reducing the number of liver biopsies performed in patients
with advanced liver disease. Moreover, it was observed that LSM
could also be useful to measure PH, because it closely correlates
with HVPG (61). Elastography was used to predict VOD/SOS in
HSCT patients. Recent studies (62–64) investigated the predictive
role of LSM changes, assessed by transient elastography (TE)
or shear wave elastography, in post-HSCT VD/SOS in pediatric
and adult patients. Liver stiffness measurement values assessed
by TE in healthy subjects without liver pathology range between
4.3 and 5.3 kPa (65, 66), whereas a threshold of 21 kPa holds a
high specificity (>90%) and can be used to confirm the presence
of clinically significant portal hypertension (67, 68). In HSCT
patients, LSMs were carried out at baseline and once a week after
HSCT. Only in patients who developed VOD/SOS, LSM values

markedly increased compared to previous measurement (from
10.3–59.3 vs. 3.5–7.5 kPa) (62, 63). Liver stiffness measurement
increases from 1 to 15 days before clinical VOD/SOS diagnosis
andmost intriguingly LSM decreased after the start of defibrotide
treatment parallel to clinical signs of VOD/SOS (e.g., bilirubin,
weight) (63–69). Based on these results, it was speculated that
LSM, a non-invasive method, executable bedside, can be useful to
perform both a preclinical diagnosis of VOD/SOS and tomonitor
treatment response. Main limitations for a wide application
of this method are the need of a specific training of the
operator, the presence of significant amount of ascites, and a
body mass index >30 kgm2. Based on preliminary results, an
Italian national multicenter prospective trial (“ElastoVOD/SOS
Study,” ClinicalTrial.gov NCT03426358) is actually running,
aimed to confirm the prognostic role of LSM in a prospective
multicenter context.

Several biomarkers (70) have been proposed for VOD/SOS
diagnosis and/or prevention; they are markers of hemostasis
and coagulation such as plasminogen activator inhibitor 1 (PAI-
1) or other markers of endothelial injury, such as elevated
levels of von Willebrand factor, thrombomodulin, soluble
intercellular adhesion molecule 1, suppressor of tumorigenicity
2, angiopoietin 2, hyaluronic acid (HA), or markers of
inflammation [interleukin 6 (IL-6), IL-10, CD97].
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The increased level of PAI-1 antigen is the most studied
marker for its role as a predictor of VOD/SOS (71–74), whereas
a decrease of its level has been correlated with better treatment
outcome (75). Anyway, the proteomic-based approach published
by Akil et al. (76) failed to include PAI-1 in the final predictive
model. In this model only L-ficolin, HA, and vascular cell
adhesion molecule 1 showed a prognostic value for diagnosis.
Available data on single or combined panel of biomarkers for
VOD/SOS are still inconclusive, and a wide application in the real
world is so far marginal.

INCIDENCE AND RISK FACTORS

The incidence of VOD/SOS after transplantation varies
substantially from 2 to 60% (6, 7, 12, 13, 16, 47) because of both
different setting of patients and transplant procedures and of
application of different diagnostic criteria.

The incidence of VOD/SOS is higher in children than in
adults (7, 9, 13–16, 47), although a retrospective analysis of a
large Italian pediatric cohort (47) found a surprisingly very low
incidence of VOD/SOS [2% (95% confidence interval, 1.7–2.5)].

Risk factors are generally classified as either patient related
or transplantation related (77). Among the former ones, age,
Karnofsky index, any preexisting liver disease, altered liver
function tests, advanced hematological disease, second transplant
thalassemia and ferritin level, and abdominal radiation are risk
factors reported in literature since the last two decades.

The use of new immunotherapies for the therapy of acute
leukemias, such as gemtuzumab ozogamicin for acute myeloid
leukemia and inotuzumab ozogamicin for acute lymphoblastic
leukemia, is associated with a significant increase of VOD/SOS
risk (77–79), mainly related to the subsequent HSCT. In this
respect, avoidance of more than two inotuzumab ozogamicin
cycles and double alkylators in the preparing regimen and
the use of ursodeoxycholic acid are recommended in patients
suffering from relapsed/refractory acute lymphoblastic leukemia
undergoing allogeneic HSCT after inotuzumab ozogamicin
treatment (80).

The following transplantation-related risk factors should
be mentioned (77): allogeneic vs. autologous transplant,
mismatched/haploidentical transplant, T-replete transplants,
and myeloablative-preparing regimen containing either busulfan
or total body irradiation.

The odds ratios of each risk factor reported by the review from
Dalle and Giralt (77) are those reported from each reference, sic
et simpliciter, without a risk score–building purpose.

Recently, the Center for International Blood and Marrow
Transplant Research developed a risk score built on a large
population series of more than 13,000 patients (81). Younger age,
positive hepatitis B/C serology, lower Karnofsky index, use of
sirolimus, disease at transplant, and myeloablative-conditioning
regimen were associated to higher risk of VOD/SOS. The
authors did not include pretransplant therapies impacting on
VOD/SOS, so the applicability of this model to patient receiving
either gemtuzumab ozogamicin or inotuzumab ozogamicin is
still unknown. Prospective validation of risk factors is yet to

be completed and needs further assessment to provide a more
precise estimation of the magnitude of each risk factor (70).

TREATMENT AND OUTCOME

The treatment of VOD/SOS includes supportive and intensive
care in addition to the specific therapy with defibrotide.

Supportive care and clinical monitoring are primary issues
in the management of VOD/SOS throughout the whole HSCT
course, in order to promptly capture clinical diagnostic criteria,
to timely record all dynamic changes and to follow both the
response to treatment and disease progression. Daily reports of
several parameters, such as abdominal circumference, weight,
and diuresis, are recommended (13, 41). The nurse group of
the Italian Society of Bone Marrow Transplantation elaborated
an operational flowchart for a dynamic nursing monitoring of
patients with suspected or proven VOD/SOS (82). Supportive
care includes a careful evaluation of fluid balance with diuretics,
as well as all therapeuticmeasures aimed to reduce the discomfort
of massive ascites, pleural effusion, hypoxia, pain, and renal
dysfunction such as paracentesis, thoracentesis, oxygen therapy
according to the respiratory parameters, analgesic therapy,
hemodialysis, or hemofiltration. A transfer to the intensive care
unit can be required. The therapy at the intensive care unit is
symptomatic and may differ among centers.

Defibrotide is the only registered drug for the
treatment of moderate/severe VOD/SOS; it is a mixture of
polydeoxyribonucleotide, mainly single-stranded, derived from
the porcine intestinal mucosa. Its mechanism of action is not
yet fully understood (83, 84). Oligonucleotides interact with
heparin-binding proteins such as fibroblast growth factors,
which exert fibrogenetic as well as angiogenetic effects with
endothelial stabilization. Moreover, defibrotide acts as an
antithrombotic and profibrinolytic drug; it reduces platelet
adhesion and activation, without systemic anticoagulant effects,
by means of inhibition of PAI-1, thrombin, and leukocyte
adhesion process (via inhibition of P-selectin expression),
and also decreases vascular permeability and apoptosis due to
calcineurin inhibitors and chemotherapy, without interfering
with antitumor effect of cytotoxic drugs (85). Because of the
capacity of defibrotide to protect endothelium from toxic,
inflammatory, and ischemic damage, its potential therapeutic use
has been tested, some decades ago, in several vascular disorders
such as thrombophlebitis (86, 87), in postsurgery deep vein
thrombosis prophylaxis (88, 89), and peripheral arterial diseases
(90) with significant benefits. It has been used, even in a pivotal
way, in acute myocardial infarction (91), in postthrombolysis
reocclusion of coronary (92), ischemic damage of the liver (93),
diabetic microangiopathy, and Reynaud phenomenon (94).

The efficacy and safety of defibrotide in the setting
of VOD/SOS, especially after HSCT, have been extensively
evaluated by different authors. The first study is a historically
controlled multicenter open-label phase III study (95) recruiting
patients from 1995 to 2008; participating centers prospectively
enrolled patients with established hepatic VOD/SOS to receive
defibrotide 25 mg/kg per day, whereas the placebo cohort
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(32 patients) was retrospectively identified from 6,867 medical
charts of HSCT patients by blinded independent reviewers in
order to minimize the selection bias. The unusual study design
(retrospective vs. prospective comparison) is due to the refusal
of participating centers to accept a prospective randomization
with placebo resulting unethical (orphan disease with high
mortality). This study adopted the VOD/SOS diagnosis criteria,
and severe VOD/SOS was defined as a VOD/SOS complicated by
MOD. The primary endpoint was 100-day mortality; secondary
endpoints were 100-day complete response (CR) rate and 6-
month overall survival. The study demonstrated both 100-day
survival and CR benefit favoring the defibrotide arm (38.2
vs. 25.0% and 25.5 vs. 12.5%, respectively). Median duration
of therapy was 21.5 days, and 10.7% of patients discontinued
defibrotide for treatment-related adverse event (AE). Adverse
events were similar in the two arms, particularly hemorrhagic
events (64% in the experimental arm vs. 75% in the historical
control arm). Pulmonary alveolar hemorrhage occurred in 11.8
and 15.6% of the patients, gastrointestinal bleeding in 7.8 vs.
9.4%, and cerebral hemorrhage in 2.9 vs. 3.1%, respectively, in
the experimental and control arms.

Concurrently the aforementioned phase III study, an
international compassionate use program (CUP) (17), has
been implemented, aimed to ensure drug supply to a wider
range of transplant centers across the world. Transplant
centers adhering to the CUP program enrolled patients
developing severe VOD/SOS either after HSCT or after
radiotherapy/chemotherapy. Both the Baltimore- and Seattle-
modified (6, 44) diagnosis criteria were used; when the Seattle
criteria were not met, the presence of US changes or histological
diagnosis could be sufficient for patient recruitment and drug
supply. Severe VOD/SOS was defined by the presence of MOD or
by >30% of predicted risk retrospectively evaluated according to
the Bearman model (96). Defibrotide doses ranged from 10 to 80
mg/kg, because no specific treatment protocol has been adopted.
Participating centers voluntarily provided demographic and
clinical data for the analysis. Overall 1,169 patients received at
least one dose of defibrotide, whereas data were finally retrieved
on 710 patients. Six hundred eighty-nine of 710 patients
developed VOD/SOS after HSCT: 499 after an allogeneic HSCT,
and 112 after autologous HSCT; 60% were transplanted for
acute lymphoblastic leukemia, and 57% of the study population
was adults (≥18 years old). Two hundred ninety-two of 710
patients were treated for a severe VOD/SOS. One hundred-day
survival was 54% in the overall population (58% of those patients
receiving defibrotide at the dose of 25 mg/kg) and was higher in
the pediatric cohort (65.4 vs. 46.1%), in the group without MOD
(64.7 vs. 39.7%), and in patients developing VOD/SOS after a
non-HSCT therapy (74.2 vs. 67.5%). Adverse events occurred
in 51% of patients, whereas overall discontinuation of the drug
occurred in 28%; 9% of patients discontinued defibrotide because
of AEs, mainly hemorrhages (gastrointestinal). No clinically
meaningful trends in AE occurrence were identified by gender,
age, or dose group.

The third study was a prospective open-label, single-arm study
in an expanded access program (16) enrolling, from 2007 to
2016, patients with hepatic VOD/SOS, both post-HSCT and

non-HSCT treatments, with the aim to evaluate 100-day overall
survival (primary endpoint) and safety of defibrotide given at
the dose of 25 mg/kg for at least 21 days. The inclusion criteria
changed over time: initially, VOD/SOS should be diagnosed
according to the Baltimore criteria by day +35 post-HSCT or
by biopsy as well as MOD (by day +45 post-HSCT); then,
VOD/SOS was diagnosed based on Seattle criteria, with onset
after day +35, secondary to non-transplant treatment, also
including VOD/SOS without MOD. A total number of 1,137
patients were enrolled, 1,000 with VOD/SOS after HSCT (85%
allogeneic HSCT and 15% autologous HSCT). The pediatric
group represented 82% of postautologous HSCT VOD/SOS and
52.3% of postallogeneic HSCT VOD/SOS. One hundred-day
overall survival was 58.9% in the whole population, 68.5% in
patients who developed VOD/SOS without MOD, and 49.5%
in patients with MOD; VOD/SOS was significantly associated
with MOD occurrence in all transplant types and all age groups.
Late-onset VOD/SOS was more frequent in adults than in
children (39.3% of adult patients and 16.7% of children) and was
associated with lower survival only in the pediatric group. Earlier
initiation of defibrotide treatment was significantly associated
with higher day +100 survival (P < 0.001). Treatment-emergent
AEs (in patients who received at least one dose of defibrotide)
were more frequent in adults than in children (77.9 and
65.5%, respectively) and in patients with MOD (75.2% overall,
81% in adults, and 70.5% in children). Twenty-one percent of
patients had at least one treatment-related AE (TRAE), which
represented the reason for treatment discontinuation in 12.4%
of patients. Treatment-related AEs were not different according
in relation to VOD/SOS time of onset. The most important
TRAEs were pulmonary hemorrhage (4.6%), gastrointestinal
hemorrhage (3.0%), epistaxis (2.3%), and hypotension (2.0%).

A postmarketing phase IV study on defibrotide has been
required by French regulatory authorities as a source of real-
world data (48). Patients treated with defibrotide as prophylaxis
were included, although there is no registration of defibrotide for
this indication. In this study, VOD/SOS diagnosis was performed
according to the EBMT criteria and the primary endpoints were
both 100-day survival and 100-day complete response of severe
VOD/SOS. Three hundred twenty-four French patients received
defibrotide from July 2014 to October 2018; 40 developed severe
VOD/SOS, and 120 after HSCT; overall, 105 patients developed a
severe/very severe VOD/SOS (89 after HSCT). More than 30%
of patients with VOD/SOS showed a concomitant MOD. One
hundred-day survival in the overall population (140 patients), in
severe VOD/SOS, and in very severe VOD/SOS were 58%, 79%,
and 34%, respectively. The proportion of patients experiencing
any AEs was 54% in the overall population. The study is still
active, and definitive data are forthcoming.

Data from these important studies are quite superimposable
and further confirmed by a systematic review of the literature,
which found out 100-day survival of 41% in patients with MOD
and 71% in those without MOD (97).

Corticosteroids, which have been used both in adult
(98) and pediatric (99) setting, achieved the 2C level of
recommendation in British guidelines (100); their use should
be cautiously considered because of the increased risk of
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infections. Tissue plasminogen activator andN-acetylcysteine are
not recommended for increased bleeding risk and lack of efficacy,
respectively (100).

In case of no response and progression of VOD/SOS, the
prognosis is dismal, and few further treatments are available,
with limited efficacy. Transjugular intrahepatic portosystemic
shunting placement has been reported in few anecdotal cases
in literature for the treatment of VOD/SOS, but currently its
use is not recommended because of poor outcomes (101). It has
been considered sometimes when a severe VOD/SOS refractory
to medical treatment occurred in a liver transplant recipient
(102). Similarly, the role of orthotopic liver transplantation is
controversial; its use has been described in few case reports in
patients with severe VOD/SOS associated with life-threatening
liver failure (103).

PROPHYLAXIS

Several pharmacological approaches have been tested
with the purpose of preventing VOD/SOS, including
heparin, antithrombin, prostaglandin E1, pentoxifylline,
and ursodeoxycholic acid (9, 96). All these agents showed little
or no efficacy or caused intolerable rates of adverse effects for
a prophylactic strategy apart from ursodeoxycholic acid, which
is recommended by British guidelines (100). Unfractionated
heparin and low-molecular-weight heparin have been extensively
studied, including some randomized trials, but with inconclusive
results (12, 104–108). No efficacy was demonstrated for
antithrombin and pentoxifylline (109–111). Also, the use of
prostaglandin E1 was abandoned because of inconclusive results
and excess of toxicity (112–114). The use of ursodeoxycholic
acid (UDCA) in VOD/SOS prophylaxis has been investigated,
in comparison to placebo, in three different randomized trials.
Two of them (115, 116) demonstrated a significant reduction
of VOD/SOS incidence in the UDCA arm; one revealed no
differences between the two arms (117). A meta-analysis of
the three trials comparing UDCA with placebo supported the
use of UDCA as a possible effective prevention strategy, also
because of its safety profile (118). Another randomized study
compared prophylactic use of UDCA in association with heparin
against heparin alone and revealed no differences in VOD/SOS
incidence between the two groups (119).

The use of defibrotide as prophylactic agent has been tested
in several retrospective studies (120–122) and in one prospective
randomized trial in the pediatric setting. This phase III,
randomized, open-label, multicenter trial compared defibrotide
to placebo as VOD/SOS prophylaxis in pediatric patients
undergoing allogeneic or autologous HSCT (7). In this study,
each patient had one or more VOD/SOS risk factor including
preexisting hepatic disease, second myeloablative transplant,
allogeneic transplant for leukemia beyond second relapse,
conditioning with busulfan and melphalan, prior treatment
with gemtuzumab ozogamicin or a diagnosis of primary
hemophagocytic lymph histiocytosis, adrenoleukodystrophy, or
osteopetrosis. The trial included 365 patients younger than 18
years equally allocated in two arms. Patients in the treatment

group received defibrotide (DF) 25 mg/kg per day in four divided
intravenous infusions, starting with the initiation of conditioning
regimen and continuing for 30 days after transplantation or, if
discharged from hospital before 30 days after HSCT, for at least
14 days. The primary endpoint was the incidence of VOD by 30
days after HSCT. Twenty-two patients (12%) in the DF group
developed VOD/SOS compared with 35 patients (20%) in the
control group (Z-test for competing risk analysis P = 0.0488;
log-rank test P = 0.0507).

Based on these results, the British Committee for Standards
in Hematology and the British Society for Blood and Marrow
Transplantation guidelines recommend the use of defibrotide
for VOD/SOS prophylaxis in children undergoing HSCT with at
least one risk factor for VOD/SOS (evidence IA) (100).

In adults, evidences are far less conclusive, and consistent
results from randomized trials are still lacking. Even if some
retrospective studies suggest a possible role of defibrotide for
prophylaxis of VOD/SOS, particularly in high-risk patients,
there is no clear evidence of its efficacy (123–125). There is
no physiological reason why defibrotide should not work for
VOD/SOS prophylaxis in adult, but it is yet to be proved if a
prophylactic strategy would grant a better outcome than an early
treatment strategy. A prospective randomized trial is ongoing,
aimed to clarify these issues (ClinicalTrials.gov NCT02851407).

CONCLUSIONS

Diagnosis of VOD/SOS is currently based mainly on clinical
criteria; biomarkers for VOD/SOS diagnosis are not yet validated.
The most reliable imaging method supporting VOD/SOS
diagnosis is US, which is now recognized as an essential diagnosis
criterion of late-onset VOD/SOS and highly recommended
to assess hepatomegaly and ascites in children. Nevertheless,
VOD/SOS diagnosis remains difficult in real-life setting, despite
the availability of different diagnostic criteria systems; differential
diagnosis is quite challenging because several other conditions
could meet the VOD/SOS criteria, such as sepsis, cholangitis
lenta, constrictive pericarditis, hepatic GvHD, hepatitis, or DILI.
Moreover, more than one complication can occur simultaneously
in the same patient leading to a substantial delay of final
diagnosis. When clinical criteria are not fully met, invasive
diagnostic methods are still hard to be widely used because they
need well-trained multidisciplinary teams to perform and read
biopsy or HVPG measurement. Even in the presence of these
facilities, however, patients with suspicious or proven VOD/SOS
can be critically instable, and the risk of further severe procedure-
related complications cannot be prevented.

For these reasons additional tools for the diagnosis are most
welcome. Elastometry is a non-invasive method to perform LSM,
which is a validated surrogate of HVPG, in advanced chronic
liver disease. If ongoing studies confirm the role of elastometry
in HSCT patients, this non-invasive imaging technique will
allow an earlier VOD/SOS diagnosis and an accurate monitoring
of treatment response. The use of elastometry underpinned
the importance of a multidisciplinary approach to VOD/SOS
with specialists in radiology, hepatology, intensive care, and

Frontiers in Immunology | www.frontiersin.org 8 April 2020 | Volume 11 | Article 489109

https://www.ClinicalTrials.gov
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bonifazi et al. Diagnosis and Treatment of VOD/SOS

nephrology supporting and helping physicians performingHSCT
in the management of VOD/SOS. Anyway, the use of elastometry
for VOD/SOS diagnosis and for treatment response evaluation
deserves further validation by prospective studies.

In the past, the mortality risk for patients who develop
posttransplant VOD/SOS with MOD, typically characterized
by pulmonary and/or renal dysfunction, has been estimated
to be >80% (8–10). In more recent reports, mortality rates
are significantly lower: 22 and 35% at 100 days and 5 years,
respectively, in the retrospective large Italian pediatric cohort
(47), and 49.5% estimated survival at 100 days in the T-IND
study (16).

Decreased mortality can be attributed to a better intensive
care, to increasing proportion of centers with multidisciplinary
teams, to a wider use of risk stratification, to earlier treatment.
Prevention of MOD occurrence and progression of severity
grading significantly increased survival in all HSCT transplants

settings (16, 49). Finally, a greater knowledge on risk factors
will lead to a more tailored approach to both prevention and
treatment of VOD/SOS.
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Allogeneic hematopoietic cell transplantation (HCT) remains the only curative therapy for
many hematological malignant and non-malignant disorders. However, key obstacles
to the success of HCT include graft-versus-host disease (GVHD) and disease relapse
due to absence of graft-versus-tumor (GVT) effect. Over the last decade, advances in
“omics” technologies and systems biology analysis, have allowed for the discovery and
validation of blood biomarkers that can be used as diagnostic test and prognostic test
(that risk-stratify patients before disease occurrence) for acute and chronic GVHD and
recently GVT. There are also predictive biomarkers that categorize patients based on
their likely to respond to therapy. Newer mathematical analysis such as machine learning
is able to identify different predictors of GVHD using clinical characteristics pre-transplant
and possibly in the future combined with other biomarkers. Biomarkers are not only
useful to identify patients with higher risk of disease progression, but also help guide
treatment decisions and/or provide a basis for specific therapeutic interventions. This
review summarizes biomarkers definition, omics technologies, acute, chronic GVHD and
GVT biomarkers currently used in clinic or with potential as targets for existing or new
drugs focusing on novel published work.

Keywords: biomarkers, graft-versus-host disease, graft-versus-tumor, hematopoietic cell transplantation,
proteomics

INTRODUCTION

Allogeneic hematopoietic cell transplantation (allo-HCT) remains the most widely used
immunotherapy for the treatment of many hematologic disorders. While HCT induces beneficial
graft-versus-tumor (GVT), the development of graft-versus-host-disease (GVHD) remains a major
cause of mortality and morbidity in patients post-HCT. There are two main clinical presentations
of GVHD: acute GVHD (aGVHD) and chronic GVHD (cGVHD). aGVHD affects up to 50%
of allo-HCT recipients, and is characterized by an exacerbated inflammatory response and a
combination of signs and symptoms that target the skin, liver and the gastrointestinal track. The
clinical manifestation of aGVHD includes nausea, vomiting, anorexia, watery or bloody diarrhea
with crampy abdominal pain, maculopapular rash, and cholestatic liver disease (1, 2). On the other
hand, cGVHD develops in up to 70% of allo-HCT recipients and clinically involves a plethora
of organ systems including the oral, musculoskeletal, and genital, and is also similar to immune
diseases such as scleroderma. cGVHD is the most long-lasting complication of allo-HCT and results
in high non-relapse mortality (NRM) in up to 12% of cases, organ dysfunction, high morbidity, and
impaired quality of life (3–5). While HCT with HLA-matched unrelated donor, HCT with HLA-
mismatch related donor, older recipient and donor age, the use of female donor for male recipients
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are all risks factors associated with the development of cGVHD,
high grade aGVHD is associated with an increased risk of
cGVHD development in patients (6). Unfortunately, patients
at high risk of treatment unresponsiveness, GVHD morbidity,
or even death fail an early diagnosis due to the lack of early
prognostic tools that would enable to identification of patients
before disease onset.

Over the years, advances in bioinformatics including machine
learning, chemistry, engineering, and high-throughput technical
instruments have massively contributed to the development of
“omics” technologies. Using these tools, several novel specific and
sensitive blood based-biomarkers were identified and validated
in large patient’s cohort to aid in the diagnosis, prognosis,
risk prediction, and response to therapy of patients post-HCT.
These biomarkers can serve as potential therapeutic targets
for existing or novel drugs and also be exploited to facilitate
with the diagnosis and clinical assessment of disease severity
in patients to enable an optimal clinical management during
disease progression.

This review will summarize these novel drug-targetable
aGVHD, cGVHD and GVT biomarkers post-HCT identified
using a large number of patients (cutoff of at 50 patients per
cohort), a validation cohort, and validated at the protein level
with the potential for rapid translation into the clinic.

BIOMARKERS DEFINITIONS

The Working group on biomarkers for the National Institutes
of Health Consensus Development Project on Criteria for
Clinical Trials in Chronic Graft-versus-host disease (GVHD)
report and the North American and European Consortium
put forward a list of definitions for GVHD biomarkers (7, 8).
A biomarker mostly refers to a biochemical variable, such as a
circulating protein or a biomolecule and is categorized into four
major definitions:

(1) A diagnostic biomarker is used to identify GVHD patients
at the onset of the disease and aid to differentiate their
symptoms from other conditions.

(2) A prognostic biomarker is used to identify patients with
different degree of risk for GVHD occurrence, progression
or resolution before the onset the disease.

(3) A predictive biomarker categorizes patients based on their
likelihood to respond to therapy before GVHD therapy.

(4) A response to treatment biomarker aids monitor
patients’ response to treatment when pre-therapy sample
is collected.

BIOMARKER DEVELOPMENT PHASES

The development of biomarkers is complex and consists of
multiple phases, from candidate molecular targets to routine use
in the clinics. Prior to prospective studies, validation with both
training and verification cohorts, then validation in independent
cohorts must be conducted (7, 8). The different phases are
detailed below:

Discovery Phase
First, using a discovery phase small scale cohort of 20 to 40
cases and controls are compared using tools mentioned in
the next paragraph. Statistical analysis to evaluate the accuracy
of biomarkers relies on the AUC of ROC, which is one the
most objective biomarker performance evaluation. It measures
specificity on the x-axis versus 1 minus sensitivity on the y-axis
for every possible cut off (9). A biomarker can be evaluated using
the following guidelines: AUC of 0.9–1.0 = excellent; AUC of 0.8–
0.9 = good; AUC of 0.7–0.8 = fair; AUC of 0.6–0.7 = poor; and
AUC of 0.5–0.6 = fail (9). Candidate biomarkers with enough
specificity and sensitivity determined by an area under the curve
(AUC) of the receiver operating characteristic (ROC) >0.70, will
move forward to the next phase of qualification.

Qualification Phase
In the second phase, the few biomarkers that were selected in the
discovery phase are now evaluated with a qualified assay. An assay
is qualified using important analytical parameters such as the
specificity, accuracy, precision, robustness, limit of quantitation,
linearity, range, ruggedness and detection limit. It is important
to note that the finalized assay cannot be changed without
requalification of the assay under the revised conditions.

Validation Phase
The last phase will lead to the biomarker able to be used in a
clinical trial to test its impact on patient outcomes using the
qualified assay as described above (7, 8).

TOOLS USED IN THE IDENTIFICATION
OF BIOMARKERS

First, a note on samples to be collected, which should ideally be
non-invasive, and allowing for multiple time points collection.
Therefore, biofluids such as sera, plasma, and urine are highly
preferred. Furthermore, most repositories contain plasma and
sera because they are easy to process and store. Another non-
invasive sample is urine, but its protein composition is inherently
biased by renal filtration.

Over the last decades, advances in omics technologies have
allowed for the analysis of a broad spectrum of molecular changes
in a single cell or an organism to provide information regarding
a disease. Omics is defined as the complete sets of molecules,
including proteomics, cytomics, transcriptomics, and genomics
that were facilitated by engineering and provided increased
data throughput (10, 11). In the next section, the different
omics technologies used for the identification of biomarkers
will be discussed.

Profiling Using Genomics
Patients’ outcomes post-allo-HCT can be improved by
strategies that aim at (1) reducing peri-transplantation risk
and (2) facilitating diagnosis and prognosis of HCT-related
complications. Gene signatures were previously associated
with GVHD prevention and management. Single chain
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polymorphism (SNPs) are the most common types of naturally
occurring mutations in a population. In a retrospective study,
a total of 25 SNPs in 12 cytokine genes were evaluated in a
cohort of 509 HLA-identical sibling donor allo-HCT patients
for the prediction of aGVHD and cGVHD. Using a linear
regression model and the least absolute shrinkage and selection
operator (LASSO), SNPs combined with other clinical factors
could predict severe GVHD (12). Recently, a genome-wide
association studies (GWASs) of polymorphism showed that
although the number of minor HLA mismatches was double
in non-related transplants compared to sibling HLA-matched
transplants, GVHD outcomes were higher in HLA-DP GVHD-
mismatched unrelated recipients than in HLA-matched related
recipients, demonstrating that increased GVHD development
after unrelated-HCT is mostly due to HLA-mismatching (13).
Another GWAS study of 3,532 patients, known as the Discovery-
BMT study demonstrated the association with SNPs in the major
histocompatibility complex II and overall survival post HLA-
matched unrelated donor HCT (14). Functional single nucleotide
polymorphisms in the major histocompatibility complex II are
associated with overall survival after HLA matched unrelated
donor BMT). Unfortunately, large patients’ cohorts investigating
candidate-genetic polymorphism were unable to confirm
findings from a previous smaller cohort for both aGVHD
and cGVHD indicating that most published SNPs are not
reproducible because they were either non-functional or missing
important functional genetic elements (15, 16). However, in a
more recent study, donors SNPs of IL1RL1 exhibited a strong
correlation with pre-transplantation serum/plasma levels of
Stimulation-2 (ST2), which is also known as IL-33 receptor,
and an association with the risk of aGVHD and potential donor
selection implication (17).

Profiling Using Proteomics
Due to the complexity of data analysis and data acquisition,
the use of proteomics analysis is mostly limited to specialized
laboratories. Yet, the main advantage is that biomarkers
discovered through proteomics actually indicate the state of
the disease. GVHD biomarkers have been discovered using
proteomics analysis. Antibody arrays are quantitative and highly
sensitive for the detection of low-abundance proteins such
as cytokines. Their main limitation is the restricted number
of antibodies on the array, thus affecting the discovery of
candidate biomarkers. Another powerful tool for qualitative and
quantitative discovery of proteins in a complex protein mixture
is next generation mass spectrometry (MS), which uses a gel-
free separation method for the first step most likely liquid
chromatography, followed by MS. MS, particularly tandem MS
uses label-free methods or isotopically labeled tags for non-
ambiguous quantification. Proteins are identified from a mass
spectra matched to a sequence database (18). Although these
methods are the most efficient for biomarker discovery in
clinical research, these approaches are too time consuming to
use in validation.

Despite the great promise for biomarker discovery using
next-generation MS, they are limitations between biomarker
validation and discovery due to (1) the paucity of affinity-capture

reagents that has led to bias in the prioritization of candidate
biomarkers, and (2) the increase in the number of samples
necessary for validation that augments when a biomarker passes
to each test phase, thus creating the need for high-throughput
assays. Sandwich enzyme linked immunosorbent assay (ELISA)
is the most specific and reliable approach for the quantification
of individual proteins because this method is simple, very easy to
perform with high reproducibly (3).

Profiling Using Cytomics
Flow cytometry and mass cytometry are high-throughput
methods used for the profiling of immune cell populations.
CYTOF is a time-of-flight MS approach used for the
measurement of several markers on cells. This approach is
similar to flow cytometry, except for the use of heavy metals
ion tags labeled antibodies instead of fluorochromes. The
main advantage of CYTOF over flow cytometry is that more
antibody specificities can be used in a single sample (classically
30–40 antibodies), without significant spillover between
channels. Although CYTOF is limited to the markers used, this
technology and its software have enabled the discovery of new
cell populations such as regulatory T cells (Tregs) (19–22), B
cells (23, 24), T follicular helper (TFH) cells (25), T follicular
regulatory (TFR) (26) cells, and invariant natural killer T cells
(27), which will be discussed below. In addition, proteomics with
flow cytometry or mass cytometry enabled the discovery of a new
subset of T cells including the CD4+CD146+CCR5+ T cells in
aGVHD or cGVHD, and the blood mucosal-associated T cells
(CD161+TCRVα7.2+ and CD38+ T cells in cGVHD (28–30).
Although these set of immune cells provide great insight into the
pathophysiology of GVHD and are good therapeutic targets, they
remain less ideal biomarkers than soluble molecules measurable
by ELISA, due to the relatively low throughput associated with
cytomics, the lack of standard curve for quantification, and the
need for large samples of fresh blood. However, they remain best
markers of response to a specific treatment (e.g., Tregs, TFH
cells, and TFR cells post-IL2 therapy) (22, 26).

Profiling Using Transcriptomics
Transcriptomics refers to an organism’s transcriptome, or the
sum of all its RNA transcripts, including mRNAs, ln RNAs
and small RNAs (31). Studies of gene signatures of GVHD
can be classified as candidate-gene studies and genome-wide
studies, and also offer less bias in the identification of genes,
pathways, and gene expression networks active in the disease
(3). In the last years, transcriptomics analysis has led to major
discoveries in the fields of infectious disease, vaccinology, and
solid organ transplantation. Transcription analysis is mostly
performed using bulk peripheral blood mononuclear cells
(PBMCs), rather than whole-blood approaches as it limits
contamination by granulocytes. Although not independently
validated in a cohort, a classifier of 20 genes was discovered
in allo-HCT patients, and differentiates tolerant vs. non-
tolerant patients (32). In another multicenter study conducted
by Chronic Disease Consortium, an identifier of 3 different
RNA biomarkers genes, IRS2, PLEKHF1, and IL1R2, and two
variables (recipient cytomegalovirus serostatus and conditioning
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regimen intensity) accurately identified cGVHD patients from
controls (AUC = 0.81) (33). Although total mononuclear cells
can be utilized for transcriptomics and the identification of
biomarkers; this approach is not accurate as the largest cell
population, which is not reflective of the pathogenic cells, will
dominate. Therefore, specific subset of immune cell population
is sometimes used for RNA isolation. For instance, T cells, which
are associated with the pathogenicity of GVHD have been sorted,
then used for RNA isolation. Other novel identified drivers
of GVHD included programmed death ligand 1 (PD-L1) on
donor T cells, proinflammatory cytotoxic T cell 17 (Tc17), and
several other miRNAs (34–37). Using the highly translational
non-human primate (NHP) model, another group studied the
transcriptional signatures of T cells during breakthrough aGVHD
and hyperacute GVHD (38). They used sorted CD3+ T cells
in NHP and CD4+ and CD8+ T cells in humans in both
supervised and unsupervised gene expression analyses for the
identification of pathways controlling GVHD, and discovered
three transcriptional hallmarks of breakthrough aGVHD that are
not observed in hyperacute GVHD: (1) T cell persistence rather
than proliferation, (2) a highly inflammatory programming, (3) a
T helper (Th)/Tc1-mediated dysfunction driven by inflammatory
IL-17 dominated pathways (38). They further demonstrated the
role of Aurora Kinase A and the OX40:OX40L pathways as novel
mediators of aGVHD induced in both the NHP and human
alloreactive T cells that can be blocked with the combination
of mammalian target of rapamycin inhibition with sirolimus to
induce long-term control of both hyperacute and breakthrough
aGVHD (39, 40). More recently, monoprophylaxis with FR104,
an antagonistic CD28-specific pegylated-Fab’, or the combined
prophylaxis with sirolomus/FR104 enhanced the control of
effector T cell activation and proliferation to control GVHD in
NHPs (41). In circulating monocytes in cGVHD compared to
monocytes from normal subjects and non-cGVHD, two pathways
were upregulated: (1) interferon (IFN) inducible genes (MX1,
CXCL9, CXCL10) and innate receptors for cellular damage (Toll-
like receptor 7 and DDX58) (42).

Metabolic Biomarkers in GVHD
More recently, another study performed both global metabolic
analysis and transcriptomic profiling in two separate cohorts
of allo-HSCT recipients with or without aGVHD in order to
detect novel aGVHD biomarkers. Pathway analysis of 38 altered
metabolites and 1,148 differentially expressed gene surrogates
revealed a distinct glycerophospholipid metabolism signature of
aGVHD with predictive value (43). Although both a discovery
and validation cohort of 50 and 70 patients, respectively, were
used, this study has few limitations as (1) it has a relatively low
number of patients in each set that were selected to be positive
or negative not representing an all-comers population, and (2)
the biomarker validation at the protein level can more rapidly be
translated into a test for clinical application.

Analytical Tools
Beyond the classical statistics reviewed elsewhere (44), machine
learning methods are artificial intelligence tools stemming from
computer sciences that are used to learn information directly

from data without relying on a predetermined equation as a
model (45). One of the main advantages of this approach is
that it can process large amounts of data. In a retrospective
study of 28,236 HCT-patients from the European Blood and
Marrow Transplantation (EBMT) registry, 10/20 variables were
selected by the alternating decision tree (ADTree) model for
overall mortality at 100 days post-HCT which performed
better than the classical EBMT score (AUC of 0.701 vs.
0.646, p < 0.001) (46). Using the same algorithm, they
confirmed this finding in a smaller cohort of 1,848 patients
from the Italian Transplantation registry (GITMO) (AUC of
0.698 for day 100 mortality) (47). Furthermore, a recent study
from the Japanese Transplant Registry asked with similar
method (ADTree) if they would predict aGVHD grade II-IV
in a cohort of 26,695 HCT patients. Using 15/40 variables,
they predicted aGVHD grade II-IV with an AUC of 0.616.
The authors went on to validate these 15 variables with
conventional statistics and showed a cumulative incidence
of aGVHD II-IV of 58.9% with the high-risk score and
29% in the low risk score (48). This type of method can
also be used at a smaller scale to identify new features in
complex phenotypes such as cGVHD. For example, in one
study, the authors compared cause-specific hazard function to
the Bayesian Additive Regression Tree (BART) model in a
cohort of 845 patients with 427 cGVHD, and showed that
BART performed as well as cause-specific hazard function (49).
Another study with 339 patients with cGVHD features, revealed
that patients in the high- and intermediate-risk decision-tree
groups had significantly shorter survival than those in the low-
risk group (hazard ratio 2.74; 95% confidence interval: 1.58–
4.91 and hazard ratio 1.78; 95% confidence interval: 1.06–
3.01, respectively) (50). More recently, another study used
machine learning to assess the effects of immune parameters on
clinical outcomes after HLA-haploidentical and HLA-matched
allogeneic bone marrow transplantation with posttransplant
cyclophosphamide (PTCy). Findings showed that (1) NK cell
recovery can predict survival after both HLA-haploidentical
and HLA-matched HCT with PTCy, (2) early CD4+ T-cell
recovery and higher CXCL9 levels can predict development of
acute GVHD, and (3) high Reg3α levels at day 56 predict the
development of chronic GVHD, demonstrating that machine
learning can be utilized to demonstrate the association of
immune cell subsets and biomarkers with outcomes after HCT
(51). Machine learning has several strengths: (1) the model
handles a number of complexities in modeling, including
interactions, high-dimensional parameters. However, there are
two main weaknesses: (1) at the exception of tree algorithms,
it is not straightforward for the clinicians to directly interpret
the models by themselves (black box) and (2) it requires a large
sample size to train the model.

VALIDATED BIOMARKERS POST-HCT

Over the years, several biomarkers have been discovered and
validated in both aGVHD and cGVHD. According to the NIH
consensus on biomarkers, some proteins were moved from
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TABLE 1 | Plasma and cellular biomarkers for post-HCT outcomes.

Protein Study No. of patients in
the study

Association direction Diagnosis
timepoint

(median day
post-HCT)

Prognostic
timepoint

(median day
post-HCT)

References

Plasma aGVHD

4 biomarker panel:
IL-2-receptor-α, hepatocyte
growth factor (HGF), IL-8 tumor
necrosis factor receptor-1

Paczesny 2009 42+282†+142† Increased 28 ND 52

Interleukin-6 (IL-6) McDonald 2015 74†+76 † Increased 28 Not significant 53

Kennedy 2014 53 Increased (3–14), then
decreased

30 7–14 54

Stimulation 2 (ST2) Vander Lugt 2013 20+381†+673*+75* Increased 28 14 55

Levine 2015 328+164†+300† Increased 28 ND 56

Abu Zaid 2017 211 patients
(independent

cohort
post-validation)

Increased 28 ND 58

McDonald 2015 74†+76† Increased 28 Not significant 53

Hartwell 2017 620+309†+358† Increased ND 7 59

Major-Monfried 2018 236+142†129† Increased ND 7 64

McDonald 2017 165 Increased ND 14 65

T cell immunoglobulin domain
and mucin domain (TIM3)

McDonald 2015 74†+76†+167* Increased 28 14 53

Abu Zaid 2017 211 patients
(independent

cohort
post-validation)

Increased 28 ND 58

AREG/EGF ratio Holtan 2016 105+50† Increased 160 ND 66

Skin specific

Elafin Paczesny 2010 522+492† Increased 28 ND 67

Bruggen 2015 59 Increased 28 ND 68

Liver specific

REG3 α, HGF, and Keratin 18
(KRT18)

Harris 2012 954, 3 centers Increased 14 28 69

GI specific

Regenerating islet-derived 3-α
(REG3 α)

Ferrara 2011 20+871†143† Increased 28 ND 71

T cell immunoglobulin domain
and mucin domain (TIM3)

Hansen 2013 20+127†+22† Increased 28 ND 73

Cellular aGVHD

Regulatory T cells Magenau 2010 215 Decreased 3–14 28 19

CD146+ T cells Li 2016 20+214† Increased ND 14 28

CD30 Chen 2012 53 Increased ND ND 80

Chen 2017 34 Increased ND NA 81

Invariant natural killer T cells
(iNKT)

Chaidos 2012 57 Increased ND NA 82

Plasma chronic GVHD

sBAFF Sarantopoulos 2007 104 Increased 480 NA 93

Fujii 2008 80 Increased 171 (early&),
429 (late&)

NA 94

Kitko 2014 35+109†+211† Increased, and not
validated in

independent cohort

154+, 256
(early&), 619

(late&)

NA 95

Kariminia 2016 23+198†+83† Increased 203,174 NA 96

Saliba 2017 341 Increased/decreased # 189 NA 98

(Continued)
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TABLE 1 | Continued

Protein Study No. of patients in the
study

Association
direction

Diagnosis
timepoint

(median day
post-HCT)

Prognostic
timepoint

(median day
post-HCT)

References

CXCL9 Kitko 2014 35+109†+211† Increased 154+, 256 (early&),
619 (late&)

NA 95

Yu 2016 53+211†+180† Increased 210+,203& 100 99

Kariminia 2016 23+198†+83† Increased, and not
validated in

independent cohort

203+,174& NA 96

Hakim 2016 26+83† Increased 132 NA 42

Abu 2017 211 Increased NA 100, 180, 365
(time

dependent
analysis)

58

CXCL10 Kariminia 2016 23+198†+83† Increased 203+,174& NA 96

Hakim 2016 26+83† Increased 132 NA 42

Ahmed 2016 78+37 Increased 132 NA 97

Four protein panel (CXCL9,
ST2, OPN, MMP3)

Yu 2016 53+211†+180† Increased 210,203 100 99

MMP3 Liu 2016 76 (BOS) Increased 531 NA 100

CCL15 Du 2018 211†+792† Increased at onset,
but not prognostic

203 100 101

Cellular chronic GVHD

CD163 Inamoto 2017 40+127† Increased NA 80 102

B cells

TLR9+ She 2007 54 Increased 171 (early), 429
(late)

NA 103

CD21low Greinix 2008 70 Increased 1428 NA 104

Kuzmina 2013 136 Increased 143 NA 105

BAFF/B cell ratio Sarantopoulos 2009 57 Increased 180 NA 23

Tregs Zorn 2005 57 Decreased 720 NA 20

CD4+CD146+CCR5+ Forcade 2017 40 Increased 942 NA 29

TFH Forcade 2016 66 Decreased 867 NA 25

ND, not done; NA, not applicable; †Patient number in validation cohort 1 and cohort 2; +cohort 1 and &cohort 2.

candidate proteins to biomarkers (7). Those validated biomarkers
will be discussed in the section below and summarized in Table 1.

Acute GVHD Biomarkers
Plasma Biomarkers
Systemic biomarkers
A panel of 4 biomarkers: IL-2 receptor-α (IL-2Rα), tumor necrosis
factor receptor-1 (TNFR-1), IL-8, and hepatocyte growth factor
(HGF). Screening of aGVHD plasma samples using antibody
microarrays for 120 proteins and ELISA enabled for the discovery
and validation of the first panel of biomarkers consisting of a 4-
protein biomarker panel: IL-2Rα, TNFR-1, IL-8, and HGF. This
panel of biomarkers can confirm the diagnosis of aGVHD in
patients, and COX regression analysis revealed that the panel can
also predict survival independent of GVHD severity (52).

Interleukin-6 (IL-6). Interleukin-6 was identified as a predictive
biomarker for severe GVHD and NRM at both days 3 and 60
post-transplant in a cohort of 53 HCT patients. This finding was
then validated in a second cohort, where IL-6 was elevated at

the onset of GVHD (53). In a subsequent study, blockade of IL-
6 using tocilizumab in addition to standard GVHD prophylaxis
reduced the incidence of aGVHD (54).

Stimulation-2 (ST2). Stimulation-2, the IL-33 receptor or IL1RL1
gene product remains the most validated biomarker for aGVHD
and non-relapse mortality (NRM) either measured alone or
with other markers. (1) ST2 serves as a predictive biomarker.
ST2 was first identified in plasma obtained at a median
of 16 days after the initiation of aGVHD therapy in 10
patients with a complete response by day 28 post-therapy
initiation and compared to 10 patients with progressive aGVHD
during therapy. In that study, 12 biomarkers were compared,
and ST2 showed the highest association with resistance to
aGVHD and death without relapse. Patients with high ST2
levels had a higher risk to develop treatment resistant-
aGVHD compared to patients with low ST2 levels (55).
Additionally, ST2 could predict the development of aGVHD
independent of aGVHD grade (55). ST2 was subsequently
validated as a predictive biomarker in a larger cohort of 492
HCT patients with newly diagnosed GVHD. High ST2-based
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GVHD scores were associated with a lower response rate
to aGVHD treatment (56). Of note, the authors called this
a prognostic score when it was a predictive score. ST2 has
since been tested in a multi-center, open-label, randomized
clinical trial conducted by the Blood and Marrow Transplant
Clinical Trials Network (Study 1501, NCT02806947). This study
evaluated the difference in day 28 complete response (CR)
and partial response (PR) to sirolimus (steroid-free regimen)
as compared to prednisone as an initial treatment for patients
with Minnesota standard-risk and low-risk biomarker-confirmed
aGVHD. This study showed no difference in day 28 CR/PR
rates for sirolimus 64.8% (90% Cl 54, 1%–75.5%) compared
to 73% (90% Cl 63.8%–82.2%) for prednisone (57). This
shows that biomarker can aid clinicians opt for a lesser
toxic aGVHD regimen. (2) ST2 as a prognostic marker. ST2
levels in patients at day 14 post-HCT, prior to any clinical
manifestation of aGVHD, were associated with 6-month NRM
(55). Similar findings were made in several other studies
including a phase 3 multicenter study of 211 patients where
high ST2 at day 28 post-HCT were associated with 2 year-
NRM (58). In another study, a biomarker algorithm based
on ST2 plasma levels collected at day 7 post-HCT could
consistently predict the 6-month NRM in high risk (28%)
vs. low risk patients (7%), p < 0.001 (59). In a third
confirmatory study, plasma ST2 levels were also prognostic
for the development of aGVHD (53). We note that in this
study the authors use the term predictive instead of the
recommended prognostic term. Furthermore, the prognostic
value of ST2 has been shown in patients cohorts receiving
other HCT platforms such as HCT with non-myeloablative
conditioning regimen (60), cord blood HCT (single or double)
(61), HCT post cyclophosphamide as aGVHD prophylaxis
(62). In a contemporary multicenter center cohort of 415
patients (170 children ≤10 and 245 subjects >10 years (both
children and adults) recently published, landmark analyses
showed for the first time that pre-HCT high ST2 was
significantly associated with NRM particularly in children age
≤10 years [HR (CI): 4.82 (1.89–14.66), p = 0.0056 (63). (3)
Last, ST2 as a response to treatment marker. High ST2 and
Regenerating islet-derived 3-α (REG3α) when monitored as
early as 1 week after the initiation of treatment determined
the non-responder rates (64). Similar findings were reported
with the combination of ST2 and T-cell immunoglobulin
mucin-3 (TIM3) at 14 days post initiation of prednisone
(64, 65).

Amphiregulin (AREG)-to-epithelial growth factor (EGF) ratio. The
role of angiogenic factors in late aGVHD was tested by comparing
controls and cases aGVHD patients in a cohort of 105 patients,
then validated in a cohort of 37 cases. The authors found that
AREG-to-EGF ratio at or above median was associated with
lower overall survival and higher NRM in both cohorts. AREG-
to-EGF ratio was also elevated in classic aGVHD, but not in
cGVHD (66). This finding was not validated in an independent
cohort. However, the study showed that patients with aGVHD
and high AREG (≥33 pg/ml) had a lower response rate to steroid,
higher NRM, and lower overall survival (66).

Organ-specific biomarkers
Certain biomarkers are organ specific and enable the distinction
for instance from skin rashes and skin GVHD, or other forms of
enteritis to GI-GVHD. Target-specific aGVHD biomarkers are:

Skin specific Elafin. Elafin was also discovered using next-
generation proteomics and validated as both a diagnostic and
prognostic biomarker for skin GVHD, which is associated with
GVHD severity and NRM (67, 68).

Liver specific REG3α, HGF and cytokeratin-18-fragments
(KRT18). Regenerating islet-derived 3-α, HGF, and KRT18 were
elevated in patients with liver GVHD in a cohort of 954 patients
from three centers. It is important to note that REG3α had a
better AUC for the diagnosis of liver GVHD than HGF and
KRT18. However, this panel of liver GVHD specific biomarker
was not validated due to the low incidence of liver GVHD
(69, 70).

GI-Specific- Regenerating islet-derived 3-α (Reg3α) and T-cell
immunoglobulin mucin-3 (TIM3). T-cell immunoglobulin
mucin-3 and Reg3α are GI-GVHD specific biomarkers that
were identified and validated as prognostic biomarkers that can
identify patients at high risk for lethal aGVHD at day 7 and
day 14 for each, respectively (53, 59). Using next generation
proteomics, Reg3α and TIM3 were discovered at higher levels in
the lower GI of aGVHD. This finding was subsequently validated
in multiple cohorts either alone or in combination with other
markers (53, 69, 71–73).

Cellular Biomarkers
Regulatory T cells (Tregs)
CD4+CD25hiFoxp3+ Tregs showed both a diagnostic and
predictive value as a biomarker for aGVHD. Lower Tregs in the
peripheral blood of patients was associated with the development
of aGVHD. Furthermore, patients with Tregs frequencies
lower than the median exhibited higher NRM compared to
patients with Tregs higher than the median (19). This finding
was confirmed in another study where Tregs suppressed the
proliferative effects of conventional T cells, and promoted a
significant protection from lethal aGVHD (74). Furthermore,
Tregs were able to suppress the early expansion of alloreactive
donor cells, their IL-2R expression and their capacity to induce
aGVHD (75). One relevant study showed that the infusion of
ex vivo activated and expanded Tregs inhibited aGVHD lethality
(76). A more recent study showed that daily therapy with low
levels of interleukin-2 (IL-2) in patients improved CD4 Tregs-
suppressive function, and that better patients clinical response
seen with low dose IL-2 therapy was associated with an increased
diversity of the CD4 Tregs TCR repertoire in patients with
cGVHD (77). Please refer to the recent comprehensive review
that analyzes the role of T regs in both cGVHD and aGVHD (78).

CD4+CD146+CCR5+ T cells
Using in-depth, large-scale proteomic profiling of
presymptomatic samples, a T cell population expressing
CD146, an adhesion molecule, was found upregulated as early
as 14 days post-transplantation in patients with increased risk of
GI-GVHD. This population of T cells was also induced by ICOS
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stimulation. shRNA knockdown of CD146+ in T cells reduced
the infiltration of pathogenic TH17 cells to the gut, and increased
their survival and the frequency of Tregs (28).

CD30
Although not validated, CD30, a cell-surface protein found on
certain activated T cells, was highly expressed on the CD8+ T
cells or the plasma of aGVHD patients (79). In a subsequent
multicenter phase 1 clinical, brentuximab, an antibody-drug
conjugate targeting CD30, showed 38% response rate in steroid-
refractory GI-aGVHD patients (80).

Invariant natural killer T cells (iNKT cells)
High levels of iNKT cells in donor graft were associated
with a decrease in GVHD development. Patients that received
CD4−iNKT-cell doses above the median had a cumulative
incidence of grade II-IV of 24.2% compared to 71.4% in
patients with low iNKT-cell dose, p = 0.0008. This finding
was also not validated. The same finding was found in mixed
lymphocyte reaction assays where CD4−iNKT T cell suppressed
T cell proliferation and IFNγ secretion in a contact-dependent
manner (81).

Microbiota as a biomarker in GVHD
In early 1970s, studies in mice provided the first indication
that the intestinal microbiota affects the development of
GVHD when mice treated with antibiotics or germ-free mice
showed a prolonged survival post-allo HCT (82, 83). Then,
the use of high-throughput sequencing technologies provided
further information on the relevance of the microbiota in
GVHD, and specific information on the bacteria that might
be detrimental or beneficial post- HCT. The normal human
microbiota encompasses different anaerobic commensal bacteria,
mostly members of the Firmicutes and Bacteroidetes phyla (84–
86). However, during HCT, a dysbiosis or changes in the
microbiota are recorded. In two different studies, an increase in
Enterococcus and γ-Proteobacteria, including Enterobacteriaceae
were all associated with the development of GVHD and increased
mortality in patients post-transplantation (87, 88). On the other
hand, increased Bacteroides and Clostridium genus Blautia were
associated with lower GVHD in patients post-HCT. Another
study confirmed the loss of microbiota that occurs in the
gut post-HCT and found an increase in Lactobacillales and
a decrease in Clostridiales (89). Fecal metabolites can also
provide insightful information on GVHD patients’ outcome. For
instance, the presence of fecal butyrate and indole, in patients
post-HCT directly correlated with enrichment of Clostridiales
and Bacteriodales, respectively, in an analysis of 451 fecal
specimen from 44 patients before HCT through 100 days
post-HCT. Although fecal butyrate and indole did not impact
aGVHD incidence or overall survival in these patients, low levels
of butyrate were found in patients contracting blood stream
infections within 30 days (90).

Chronic GVHD Biomarkers
Chronic GVHD is a long-term complication that develops
in patients post blood or bone marrow transplantation
characterized by autoimmune disease-like symptoms such as

scleroderma and Sjogren syndrome. The clinical symptoms of
cGVHD include fibrosis and inflammation that affects multiple
organs and tissues within the body, thus making the diagnosis
of the disease challenging in patients (7, 9). Therefore, validated
cellular and plasma biomarkers would be beneficial for the
diagnosis, risk stratification and response to treatment in patients
post-HCT. Validated cGVHD plasma and cellular biomarkers are
listed in the next section.

Plasma Biomarkers
Soluble B-Cell activating factor (sBAFF)
Different studies demonstrated the role of sBAFF as both a
diagnostic and prognostic biomarker in chronic GVHD. High
sBAFF levels in patients were associated with active cGVHD
and both the early onset of GVHD (3–8 months) as well as late
cGVHD (≥9 months) (91–95). sBAFF can also predict response
to treatment as greater than a 50% decrease in sBAFF was
recorded in responders to corticosteroids at 2 months after the
initiation of therapy (92). In a more recent study, increased
sBAFF at the time of diagnosis were associated with NRM (96).

A panel of 4 biomarkers: ST2, CXCL9, Matrix
metalloproteinase 3 (MMP-3) and Osteopontin
A biomarker panel consisting of ST2, CXCL9, MMP-3,
and osteopontin was significantly correlated with cGVHD.
Furthermore, when measured at diagnosis or at day + 100 post-
transplantation, this panel allowed for patient risk stratification
according to cGVHD risk (97). MMP-3 was also associated
with the development of bronchiolitis obliterans (98). CXCL9 is
an interferon-γ-inducible ligand for chemokine (C-X-C motif)
receptor 3 (CXCR3), which is expressed on effector CD4 Th1
cells and CD8 cytotoxic T lymphocytes. Several studies showed
the upregulation of CXCL9 in cGVHD patients and correlation
with GVHD severity (42, 58, 93, 94, 97). Similarly, CXCL10,
an inflammatory chemokine that also binds to CXCR3 and is
involved with the activation, and recruitment of T cells, NK cells,
eosinophils, and monocytes, was also shown to be elevated in
cGVHD patients (42, 94). Recently, both CXCL9 and CXCL10
were elevated in cGVHD diagnosis in the first replication cohort,
but only CXCL10 in the second (94). In a different study,
the upregulation of both CXCL9 and CXCL10 in cGVHD was
confirmed using ELISAs (42), and therefore the importance
of CXCL9 and CXCL10 in the diagnosis of cGVHD needs to
further be evaluated.

CCL15
Using a tandem mass spectrometry proteomics analysis using
a multiorgan cGVHD model, CCL15, the human homolog of
CCL9, was identified as a novel cGVHD biomarker in a cohort
of 211 patients. In addition, patients with higher than median
levels of CCL15 showed a higher risk of NRM, demonstrating
that biomarkers identified through murine proteomics can also
enable for the discovery of novel biomarkers in patients (99).

CD163
CD163 is a macrophage scavenger receptor that is elevated during
oxidative stress. High plasma concentrations of CD163 have been
associated with the de novo onset of cGVHD. Patients with
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plasma soluble CD163 concentration at day 80 had a cumulative
incidence of de novo-onset of cGVHD of 75% vs. 40%, p = 0.018,
in patients with lower concentration of CD163 (100).

Cellular Biomarkers
B cells
Toll-like receptor 9 (TLR9) expressing B cells have been
associated with the development of cGVHD in patients
post-transplantation (101). Immature B cells, defined as
CD19+/CD21− cells in patients has also been associated with the
development of cGVHD (102, 103). Last, high plasma levels of
BAFF/B cell ratio was found in cGVHD patients compared to
healthy patients (23).

Tregs
Tregs were significantly reduced in cGVHD patients, where they
are essential for tolerance in cGVHD post-transplantation. In one
study, Tregs were evaluated in 57 patients post-HCT, and findings
showed that a decrease in CD4+CD25+T cells in patients with
cGVHD compared to patients without cGVHD (p = 0.009) (20).
In another study, an increase Th17/Treg ratio resulted in chronic
liver GVHD (104).

CD4+CD146+CCR5+ T cells
A novel subset of CD4+ CD146+ CCR5+ T cells, a TH-17
prone subset of CD4+ T cells was highly expressed in cGVHD
patients and sensitive to pharmacological inhibition. In a murine
model, donor T cells obtained from CD146-deficient mice had
significantly reduced pulmonary cGVHD compared to the wild-
type mice. Moreover, the CD146-deficient mice had significantly
lower pulmonary macrophage infiltration and T cell CCR5, IL-17,
and IFN-γ coexpression (29).

T follicular helper cells (TFH)
Lower circulating TFH (cTFH) cells have been found in patients
with active cGVHD compared to patients without cGHVD.
Findings also demonstrated that cTFH are activated and exhibit
a Th2/Th17 phenotype that promotes B-cell help function during
cGVHD (25).

Graft-Versus-Tumor (GVT) Biomarkers
In tumor immunotherapy, allo-HCT with donor lymphocyte
injection (DLI) promotes tumor cell killing through the GVT
effect. However, often times, the GVT effect is limited by the
development of aGVHD. Therefore, plasma biomarkers that can
distinguish GVT without GVHD would be beneficial. Recently,
plasma proteomics and systems biology analyses were conducted
on patients who experienced GVT and aGVHD compared to the
proteome of patients who experienced GVT without aGVHD.
The authors identified a total of 76 proteins that were associated
with GVT without GVHD. Additionally, an unique 61-protein
signature was also identified in patients with GVT without
GVHD. 43 genes of the 61 genes in the protein signature were
further confirmed using single-cell RNA sequencing analysis.
More importantly, few potential GVT biomarkers such as RPL23,
ILF2, CD58, and CRTAM were identified in GVT without GVHD
(105). These GVHD-free GVT biomarkers warrant further
analysis and validation in other cohorts.

PATHOGENIC AND DRUGGABLE
BIOMARKERS

Biomarkers than can provide insight in the pathogenesis of a
disease are even more relevant. For instance, during aGVHD,
intestinal stromal cells and intestinal T cells, producers of IFNγ

and IL-17, are both sources of sST2, a decoy for IL33. This limits
the availability of IL33 to cytoprotective T cells that express the
transmembrane form of ST2, which consist mostly of T helper 2
(Th2) cells and ST2+ Tregs (106). REG3α is a similar biomarker
that can prevent crypt apoptosis and aGVHD (107).

Another important characteristic of a biomarker is its
ability to be targeted with therapeutic drugs. In rheumatologic
diseases, cytokines have been identified as markers and targeted
with Janus Kinase (JAK) inhibitors either directly or via
intracellular signaling (108). This is also the case in cancer,
where signal transducer and activation of transcription 3
(STAT3) is a great potential therapeutic candidate that has
been targeted using a small-molecule degrader for complete
tumor regression (109). Similar drug targetable biomarkers in
GVHD would be very beneficial as these would target the
specific biomarker to reduce GVHD, promote therapy, and lower
toxicity. In aGVHD, peritransplantation blockade of sST2 using
a neutralizing monoclonal antibody or small molecule inhibitors
in a murine aGVHD model significantly reduces disease severity
and mortality, as well at increase plasma levels of IL-33, lower
the donor T cell infiltration to the gut, and IFNγ-producing T
cells, while increasing cytoprotective ST2 expressing T cells (106,
110). The adoptive transfer of mST2+ cells such as Tregs, IL-9-
expressing T cells, and innate lymphoid cells showed the same
effect. This is currently being evaluated in clinical trials (111, 112).

APPLICATIONS AND LIMITATIONS OF
BIOMARKERS IN CLINICAL PRACTICE

Many specific and sensitive biomarkers for both aGVHD and
cGVHD have been identified over the past decades. While these
biomarkers can be exploited for patient-risk stratification, early
GVHD assessment, monitoring of GVHD progression and for
cost-effective management decision-making, no biomarkers are
widely used in clinic. One of the main limitations for the
application of biomarkers in clinics has been the lack of an
adequate number of multicenter clinical trials. All candidate
biomarkers require to be thoroughly validated from preclinical
investigation to independent clinical research in large multicenter
cohort setting(s) (9). In addition, it is important to minimize
confounding variables or potential variables during studies by
acquiring high-quality bio-samples that are selected, stored and
processed rigorously. Last, collaboration between scientists and
clinicians are encouraged to validate GVHD biomarkers from the
bench for clinical use.

CONCLUSION

Advances in technology in the field of omics have permitted
the discovery of numerous biomarkers for identification of
complications post-HCT and signature of the beneficial GVT.
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A good biomarker has several features: has been developed
through the different phases including discovery and validation
in large independent cohorts, use a cost efficient non-invasive
robust assay that has been qualified. If, in addition the biomarker
is mechanistic, the likelihood of this biomarker to be relevant is
increased as for example ST2 that has been shown to be secreted
by IFNγ producing T cells. If the biomarker is involved in the
pathogenesis of the disease, it is likely that drugs (antibodies
or small molecules) could target the pathway involved. Future
directions should include aGVHD biomarkers preemptive trials.
Biomarkers for other diseases such as autoimmunity should
follow the same criteria.
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Complications involving the central nervous system (CNS) occur in 9–14% of patients

following allogeneic hematopoietic stem cell transplantation (HSCT), including stroke-like

episodes, demyelination, encephalitis, and nonspecific neurological symptoms. Here

we report a case of multiple sclerosis (MS) like relapsing remitting encephalomyelitis

following allogeneic HSCT, which did not respond to disease modifying therapies

(DMTs) and “domino” autologous HSCT. A 53-year-old male was treated with allogeneic

HSCT for lymphoid blast transformation of chronic myeloid leukemia. Ten months later

he presented with confusion, slurred speech, left sided facial weakness and ataxia.

A magnetic resonance imaging brain scan showed multiple enhancing tumefactive

lesions. Neuromyelitis optica (NMO) and myelin oligodendrocyte glycoprotein (MOG)

antibodies were negative. After extensive investigations for infections, autoimmune

disorders and recurrence of malignancy, he underwent brain biopsy, which showed

a macrophage rich lesion with severe myelin loss but axonal preservation indicating

a demyelinating pathology. Although his symptoms improved with corticosteroids, he

relapsed five months later. In the absence of any systemic features suggesting graft

versus host disease (GvHD), his presentation was thought to be compatible with MS.

The illness followed an aggressive course that did not respond to glatiramer acetate

and natalizumab. He was therefore treated with “domino” autologous HSCT, which

also failed to induce long-term remission. Despite further treatment with ocrelizumab,

he died of progressive disease. An autopsy limited to the examination of brain

revealed multifocal destructive leukoencephalopathy with severe myelin and axonal loss.

Immunohistochemistry showed macrophage located in the perivascular area, with no T

or B lymphocytes. The appearance was unusual and not typical for chronic MS plaques.

Reported cases of CNS demyelination following allogeneic HSCT are very limited in the
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literature, especially in relation to histopathological examination. Although the clinical

disease course of our patient following allogeneic HSCT resembled an “MS-like” relapsing

remitting encephalomyelitis, the autopsy examination did not show any evidence of active

inflammation. The impact of DMTs and HSCT on the histological appearance of “MS-like”

CNS pathologies is unknown. Therefore, reporting this and similar cases will improve our

awareness and understanding of underlying disease mechanisms.

Keywords: multiple sclerosis, allogeneic hematopoietic stem cell transplantation, “domino” autologous

hematopoietic stem cell transplantation, graft versus host disease, multifocal leukoencephalopathy

INTRODUCTION

Complications involving the central nervous system (CNS) occur
in 9–14% of patients following allogeneic hematopoietic stem
cell transplantation (HSCT) (1). These include drug toxicities,
infections, and metabolic disturbances (2, 3). Graft versus host
disease (GvHD) associated with allogeneic HSCT usually affects
skin, gut, and liver. GvHD rarely affects the CNS, but when it is
involved there is often a significant systemic GvHD elsewhere (4).
Patients with chronic GvHD affecting the CNS may present with
stroke-like episodes, transverse myelitis, multiple sclerosis (MS)
or acute disseminated encephalomyelitis (ADEM) like disorders,
encephalitis, and other nonspecific neurological symptoms (5).

Secondary autoimmune diseases, particularly thyroid
and other endocrine disorders are recognized complications
following allogeneic HSCT, but MS-like presentation has rarely
been reported in the literature (5–8). In some cases, there is
apparent adoptive transfer of specific autoimmune diseases or
autoimmune diathesis (9). Here we report a case of “MS-like”
relapsing remitting encephalomyelitis following allogeneic
HSCT, which did not respond to three disease modifying
therapies (DMTs) and “domino” autologous HSCT.

CASE PRESENTATION

A 53-year-old male with chronic myeloid leukemia (CML),
who failed to respond to imatinib (tyrosine kinase inhibitor),
underwent allogeneic HSCT for lymphoid blast transformation
eighteen months after his initial presentation. Following
lymphoid blast transformation, imatinib was also switched
to nilotinib (tyrosine kinase inhibitor). The allogeneic HSCT
was performed using a conditioning regimen consisting of
fludarabine, busulphan and anti-thymocyte globulin (ATG)
with ciclosporin A as GvHD prophylaxis. An unrelated male
donor matched for HLA A, B, C, and DR loci was used
(Supplementary Table 1). Neither donor nor patient had the
HLA-DRB1∗15:01 genotype associated with increased risk of
MS (10). Engraftment of neutrophils and platelets occurred
promptly, but the patient had routine transplant related
toxicities, including post-transplant cytomegalovirus (CMV)
reactivation and possible posterior reversible encephalopathy
syndrome for which GvHD prophylaxis was switched from
ciclosporin A to tacrolimus. There were no changes suggestive
of demyelination on brain magnetic resonance imaging (MRI).
Tacrolimus was successfully weaned off without GvHD. In

view of the high relapse risk, he was maintained on nilotinib
post-transplant. Subsequent bone marrow examinations along
with peripheral blood monitoring showed full donor chimerism
and molecular negativity for BCR-ABL transcripts confirming
ongoing molecular remission of leukemia consistent with cure.

Despite a good initial recovery, 10 months later the patient
was admitted with confusion, slurred speech, left sided facial
weakness, and ataxia (Figure 1A). He had no systemic features
suggestive of GvHD, such as rash, deranged liver function,
or gastrointestinal disturbance. A brain MRI showed contrast
enhancing tumefactive lesions in the left peri-insular area, both
corona radiatae and brainstem (Figures 1B,C). Screenings for
human immunodeficiency virus (HIV), Borrelia burgdorferi,
syphilis and toxoplasmosis in serum were negative. Analysis of
the cerebrospinal fluid (CSF) showed a white cell count of 3 ×

106 /L with marginally elevated protein of 0.76 g/L and normal
CSF to serum glucose ratio. He had matching bands in CSF and
serum (type 4). Screenings for herpes simplex virus (type 1, 2, 6,
and 7), varicella zoster virus, adenovirus, enteroviruses, Epstein-
Barr virus (EBV), CMV and John Cunningham (JC) virus in
CSF were negative. Immunophenotyping of CSF cells and a
computed tomography (CT) scan of thorax, abdomen and pelvis
did not detect any new or recurrent malignancy. Autoantibody
screening for connective tissue diseases and systemic vasculitis
were negative.

The patient underwent a brain biopsy, which showed
a heavy infiltration of macrophages (CD68-positive), with
isolated T (CD3-positive), and B (CD79a-positive) lymphocytes.
A luxol fast blue stain revealed severe myelin loss whilst
immunohistochemistry to neurofilament protein revealed
preserved axons, although some were showing damage and
swellings. Reactive astrocytes were present. There was no frank
necrosis. Apoptotic cells were not conspicuous and there was
no neoplastic infiltration. Special stains for bacteria and fungi
were negative, as was immunohistochemistry for JC virus (SV40
antigen). The biopsy findings of a macrophage rich lesion with
severe myelin loss but relative axonal preservation suggested a
demyelinating pathology (Figure 2). Culture, 16s rRNA gene
detection test, screening for pan-fungal and Aspergillus sp. were
negative in the biopsy sample.

In the absence of systemic features suggesting GvHD,
infections and relapse of CML, his clinical presentation and
investigation results were considered to be in keeping with
possible ADEM. He was treated with a 3-day course of
intravenous methylprednisolone followed by tapering doses
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FIGURE 1 | (A) A summary of the disease course. (B) Axial sections of the brain MRI showed tumefactive lesions. (C) Improvement of the edema around tumefactive

lesions. (D) The spine MRI demonstrated a lesion extending from the thoracic cord to conus.
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FIGURE 2 | Brain biopsy neuropathology. (A) Biopsy appeared hypercellular, with a dense macrophage infiltrate. (B) Infiltrating population was confirmed as

macrophages by immunohistochemistry to CD68. (C) Luxol fast blue stain demonstrating virtually total myelin loss. (D) Immunohistochemistry demonstrated relative

preservation of axons; these were separated by infiltrating macrophages, and show irregularity, representing damage. (E) Immunohistochemistry to GFAP showing

reactive astrocytes. (F) Immunohistochemistry to CD3 demonstrated sparse T cells (arrow). (G) A few CD79a-positive B cells were also present. Magnifications as

shown on scale bars.

of oral prednisolone. His neurological symptoms gradually
resolved, and he was walking 3−5 miles daily without assistance.

Six months later, he was re-admitted with a 3-week history of
paraesthesia and weakness of lower limbs and urinary retention.
A brain MRI revealed a new enhancing lesion in the occipital
horn adjacent to the left lateral ventricle and a spine MRI showed
a contrast enhancing lesion in the thoracic cord extending to the
conus (Figure 1D). Similar to previous lumbar puncture results,
CSF analysis showed mildly elevated protein with matching

bands in CSF and serum. Neuromyelitis optica (NMO) antibody
in serum was negative. He was treated with another course
of intravenous methylprednisolone and a tapering dose of oral
prednisolone. He made a full recovery within several weeks
and continued to walk 3–5 miles a day. An enquiry to the
donor registry confirmed that the donor remained fit and healthy
without neurological or autoimmune diseases.

This case therefore posed a unique diagnostic challenge of
differentiating between CNS demyelinating disorders and “pure”
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CNS GvHD. This presentation neither fulfilled the international
consensus diagnostic criteria for NMO spectrum disorder nor
the Grauer et al. criteria for the CNS manifestations of GvHD
due to the lack of systemic involvement (4, 11). The relapsing
remitting disease course was unlikely to be caused by fludarabine
or nilotinib toxicity. As the clinical and radiological presentations
together with brain biopsy results were thought to be more
compatible with relapsing remitting MS, he was commenced
on glatiramer acetate and continued on oral prednisolone 5
mg daily.

Two months later, he had another episode of severe
myelitis, which was treated with a further course of intravenous
methylprednisolone. As the CSF was negative for JC virus,
glatiramer acetate was switched to natalizumab, but his disability
did not improve and his expanded disability status scale (EDSS)
score remained 8.0.

The patient continued to deteriorate requiring another
admission with left sided facial and arm weakness five months
after starting natalizumab. In view of the diagnostic uncertainty
the patient was continued to be investigated for an alternative
diagnosis. A spine MRI showed an enhancing lesion in the
cervical cord. A third lumbar puncture did not show any new
changes and JC virus in CSF remained negative. He was treated
with another course of intravenous methylprednisolone. Over
the ensuing 15 months, serial MRI scans identified multiple new
enhancing lesions in the brain and spinal cord. Visual evoked
potentials did not show any evidence of optic nerve involvement
on two separate occasions. NMO and myelin oligodendrocyte
glycoprotein (MOG) antibodies in serum remained negative.

As he had highly active disease clinically and radiologically
despite treatment with a high efficacy DMT, autologous HSCT
was considered. As his hematopoietic system was entirely derived
from the matched unrelated donor used for the allogeneic
HSCT, this was a “domino” autologous HSCT where the
patient, a recipient of the previous allogeneic transplant, served
as a “donor” for his second transplant. Natalizumab was
discontinued and his peripheral blood hematopoietic stem cells
were mobilized with cyclophosphamide 2 g/m2 and granulocyte-
colony stimulating factor. This admission was complicated
by confusion secondary to hyponatremia and a urinary tract
infection from which he fully recovered.

A cautious approach was adopted, with a decision to observe
the neurological response following cyclophosphamide-primed
stem cells mobilization, before pursuing with the “domino”
autologous HSCT. However, the patient was re-admitted with
dysarthria and dysphagia three months later and a brain MRI
showed four new enhancing lesions. A decision was therefore
made to proceed with the “domino” autologous HSCT following
immunoablation with cyclophosphamide and ATG. Similar to
the first transplant, the engraftment of neutrophils and platelets
occurred promptly. He had routine transplant related toxicities
and also made an unhindered recovery following discharge from
hospital. Nilotinib was discontinued after the transplant. Three
months later his EDSS score was 7.0.

Twelve months after the transplant, he was admitted with
confusion, swallowing difficulties and aspiration pneumonia. A
brain MRI revealed new enhancing lesions in the left occipital

lobe. He was re-investigated for opportunistic infections and
malignancies. Sputum culture, throat swabs, galactomannan, and
β-d-glucan tests, multiple blood cultures and viral screenings for
HIV, hepatitis B and C, syphilis, toxoplasmosis and cryptococcus
were negative. Autoimmune screening for connective tissue
disease and vasculitis were also negative. A lumbar puncture
showed CSF protein of 0.99 g/L and white cell count of 56
× 106 /L with lymphocytosis. CSF to serum glucose ratio
was normal. CSF culture and screening for JC virus, EBV,
CMV, toxoplasmosis, Cryptococcus, and acid-fast bacilli were
negative. On this occasion, there were matching bands in
serum and CSF as well as additional monoclonal bands. Neither
immunophenotyping of cells in CSF nor CT scan of chest,
abdomen and pelvis showed any evidence of recurrence or new
malignancy. A second brain biopsy was offered but declined by
the patient.

Over the next ten months, he had several brain and spine
MRIs, which continued to show radiologically active disease with
new T2 lesions and contrast enhancements. He continued oral
prednisolone 5mg daily. He was started on ocrelizumab but died
of progressive disease four months later.

The patient underwent a post-mortem limited to the
examination of the brain which weighed 1,208 g and was
examined after fixation. Coronal slices of the brain revealed
multifocal, irregular white matter lesions in frontal, temporal,
and occipital lobes, measuring up to 30mm in diameter. The
lesions had a yellowish granular appearance with a tendency to
cavitation. Subcortical arcuate (U-) fibers were not spared. These
lesions did not have the appearance of classical MS plaques.
In places lesions were sharply circumscribed but elsewhere
had more diffuse margins. Myelin stains demonstrated virtually
total myelin loss and neurofilament immunohistochemistry
showed severe axonal loss with a few remained axonal
threads at the lesion margins in contrast to the biopsy. Beta
amyloid precursor proteins was upregulated in axons and
pyramidal cells at the lesion margins. Ameboid macrophages
were highlighted by CD68, particularly in a perivascular
location but immunohistochemistry to CD3 and CD20 did
not reveal T or B cell infiltration. Occasional vessels showed
perivascular sclerosis, but immunohistochemistry to smooth
muscle actin showed preservation of vascular media suggesting
that there was not a vasculopathy process. S100 labeled small
round nuclei in the lesions, suggesting some preservation of
oligodendrocytes. No oligodendroglial inclusions were seen and
immunohistochemistry for JC virus (SV40 antigen) was negative,
as were stains for bacteria and fungi. Focal brown pigment
was present, staining with both the Perl’s and Masson Fontana
methods, suggesting that haemosiderin and some melanin was
present. The findings were of a multifocal leukoencephalopathy,
with severe loss of both axons and myelin (Figure 3).

DISCUSSION

This is an unusual case of MS-like relapsing remitting
encephalomyelitis following allogeneic HSCT, which did not
respond to DMTs and “domino” autologous HSCT. This
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FIGURE 3 | Post-mortem neuropathology. (A) Coronal slice of cerebrum showing three irregular, cavitating white matter lesions (arrows). There is some dilatation ex

vacuo of the ventricles, presumably secondary to white matter loss. (B) H and E stained section showing part of a lesion with preserved cortex above (star). (C) Luxol

fast blue showing loss of myelin. (D) High power view of lesion stained with luxol fast blue shows total loss of myelin. (E) Neurofilament immunohistochemistry

showing total axon loss in the center of a lesion. (F) Toward the lesion margin a few axons remain (arrows). (G) Up-regulation of amyloid precursor protein, upper left,

with multiple axonal spheroids (arrow). (H) CD68 staining showing ameboid microglia, particularly in a perivascular location. Magnifications as shown on scale bars.

patient’s disease course run an initial relapsing remitting phase
with complete neurological recovery which was followed by
a progressive disease phase with superimposed acute episodic
neurological dysfunction. There were correspondingMRI disease
activities in brain and spine throughout the disease course.

The initial brain biopsy showed a macrophage rich lesion
with loss of myelin, but relative preservation of axons, which
would be consistent with a demyelinating pathology. It is a

rare histological feature of hematological neoplasm and may
be erroneously diagnosed as inflammatory demyelination if
corticosteroid therapy is used prior to the brain biopsy (20).
Acute plaques of demyelination usually have T cells, which
tend to be localized perivascularly and are less prevalent
than macrophages (21). In tumefactive MS, T cells are
detected at lower levels than in biopsies that subsequently
turn out to be lymphoma (20). However in a small biopsy
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TABLE 1 | Demographic details, allogeneic HSCT procedures, GvHD and other immune mediated complications of post-transplant CNS demyelinating disorders.

No Age of

HSCT

Gender Initial disease Donor Conditioning

regimen

GvHD

prophylaxis

GvHD history Peripheral nerve

involvement

References

1 24 Male Lymphoblastic T

cells lymphoma

HLA (B, C DR identical

and A mismatched)

mixed lymphocytic

culture non-reactive

mother

NA NA Liver and

cutaneous

Yes (12)

2 32 Female MDS Matched related donor Bu and Cy CsA and

Methotrexate

Liver and

Cutaneous*

NA (13)

3 58 Male CMML Unrelated donor Bu and Flu ATG,

Methotrexate,

and Tacrolimus

No NA (6)

4 65 Male AML Matched related donor TBI, Cy Flu,

Amsacrine,

Cytarabine, and

ATG

CsA and MMF No NA (6)

5 50 Male Myeloproliferative

neoplasms

Matched related donor Myeloablative

regimen

CsA and MMF Muscle NA (5)

6 36 Male ALL Matched related donor NA CsA and

Tacrolimus

Gut NA (7)

7 35 Female MDS Matched unrelated

donor

Bu, Flu, and ATG Methotrexate Cutaneous and

liver

NA (14)

8 41 Male Aplastic anemia Matched unrelated

donor

TBI, Cy, and ATG CsA and

Corticosteroids

Lung, muscle,

and cutaneous*

NA (15)

9 59 Male AML Matched related donor TBI, Cy, Flu,

Cytarabine, and

GCSF

ATG, CsA, and

MMF

Cutaneous Yes (8)

10 55 Male AML Matched unrelated

donor

NA NA No Yes (8)

11 53 Male AML Matched related donor TBI, Cy, Flu,

Cytarabine, and

Amsacrine

ATG, MMF, and

Tacrolimus

No Yes (8)

12 56 Male CMML Matched unrelated

donor

Bu and Flu ATG,

Methotrexate,

and Tacrolimus

No Yes (8)

13 53 Female CML Matched related donor NA NA No Yes (8)

14 33 Male Hodgkin

lymphoma

Matched unrelated

donor

Flu and

Melphalan

ATG, MMF, and

Tacrolimus

Cutaneous and

muscle

Yes (8)

15 54 Male AML Matched related donor NA NA No NA (16)

16 59 Male AML Matched related donor NA NA No NA (16)

17 29 Female AML Matched related donor NA NA Cutaneous NA (16)

18 40 Male CML blast crisis NA Bu and Cy CsA and

Corticosteroids

Cutaneous NA (17)

19 36 Female MDS Matched unrelated

donor

Bu and Cy CsA and

methotrexate

Possible

cutaneous*

NA (18)

20 17 Male AML Matched related donor NA CsA and

Corticosteroids

No NA (19)

*Patient also had cytopenia.

ALL, Acute lymphoblastic leukemia; AML, Acute myeloid leukemia; ATG, Anti-thymocyte globulin; Bu, Busulfan; CML, Chronic myeloid leukemia; CMML, Chronic myelomonocytic

leukemia; Cy, Cyclophosphamide; Cyclosporin-A, CsA; Flu, Fludarabine; GCSF, Granulocyte colony stimulating factor; HSCT, Hematopoietic stem cell transplantation; GvHD, Graft

versus host disease; MDS, Myelodysplastic syndrome; MMF, Mycophenolate mofetil; NA, Not available; and TBI, Total body irradiation.

sample, it is possible that these changes may not be well
represented, which is a ubiquitous problem independent of
disease studied (21). In the absence of clinical features
suggestive of GvHD and CML recurrence, his brain biopsy
was thought to be consistent with a primary inflammatory
demyelinating plaque.

The use of fludarabine has previously been associated
with monophasic diffuse necrotizing leukoencephalopathy (22).
Although five cases of CNS demyelination had also been reported
in patients receiving treatment with nilotinib or imatinib for
various malignancies, it was not clear if tyrosine kinase inhibitors
were the causal agents, particularly as two out of those five
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TABLE 2 | Clinical features, investigation results and treatment outcomes of post-transplant CNS demyelinating disorders.

No Clinical

syndrome

HSCT to

onset

(year)

Location of MRI lesions CSF Biopsy Clinical

course

Follow up

period (year)

Treatment Treatment

response

Residual disabilities

1 MS-like 1 Brainstem, cerebellum, and

corona radiata

OCB (Type 4) and

lymphocytosis

No Relapsing

remitting

2.3 Corticosteroids

and TPE

Marginal

improvement

Wheelchair bound

2 ON with

myelitis

0.6 Internal capsule, thalamus,

and cervical cord with Gd-

enhancement

Normal No Relapsing

remitting

1 Corticosteroids

and Cs A

Partial

improvement

Had residual deficits

3 Myelitis 0.1 Cervical and thoracic cord Raised protein No Relapsing

remitting

4.5 Corticosteroids,

CsA, and Cy

Partial

improvement

Was able to walk 500 m

4 MS-like 3 Left hemisphere, cervical, and

thoracic spine with

Gd-enhancement

Raised protein and

OCB

No Relapsing

remitting

3 Corticosteroids Complete

resolution

Nil

5 MS-like 7 Compatible with MS Normal No NA 8.3 Cs A Complete

resolution

Nil

6** MS 2 Corpus callosum, right

temporal subcortex, cervical,

and thoracic cord with

Gd-enhancement

Normal Brain

biopsy—complete loss

of myelin compatible

with MS

Relapsing

remitting

3 Corticosteroids

and Interferon β

Complete

resolution

Nil

7** ADEM 2 Fontal subcortex,

periventricular area, occipital

lobe, and thoracic cord

Normal Brain biopsy—loss of

myelin thought to be

GvHD and spine biopsy

showed fibrosis

Single episode 1 Corticosteroids,

TPE, and

Tacrolimus

Complete

resolution

Nil

8 Myelitis 0.5 Cervical and thoracic cord Raised protein No One episode

and a possible

relapse

3 Corticosteroids Complete

resolution

Nil

9** ON with

myelitis

8 Bilateral pre- and

post-chiasm, cervical, and

thoracic cord and meningeal

enhancement, cervical

Pleocytosis with

OCB (type 2)

No NA NA Corticosteroids,

IVIG, Rituximab

Marginal

improvement

Unable to stand up or

walk

10** MS 2.6 Brainstem and periventricular

lesions

Raised protein

with OCB (type 2)

NA NA NA Corticosteroids,

Interferon β,

Rituximab

Marginal

improvement

Spastic quadriparesis and

gait instability

11** NMOSD 1 Left pre-chiasmatic lesions

and LETM in thoracic and

lumbar cord

Raised protein,

and pleocytosis

No NA NA Corticosteroids,

TPE, Rituximab

Marginal

improvement

Visual impairment and

spastic paraparesis

12 Myelitis 0.25 Cervical and thoracic spine NA No NA NA Corticosteroids

and Cy

Marginal

improvement

Spastic quadriparesis and

gait Instability

13** Myelitis 5 Spinal cord WM and cerebral

peduncles

Normal No NA NA Corticosteroids No improvement Left sided spastic

hemiparesis, gait

instability, and sensory

deficits

14** ON with

myelitis

0.33 Periventricular lesions, optic

nerve atrophy, and spinal cord

WM

Raised protein,

and pleocytosis

Sural nerve

biopsy—demyelination

and axonal

degeneration

NA NA Corticosteroids,

TPE, IVIG, and

Rituximab

Marginal

improvement

Spastic quadriparesis,

visual impairment, and

gait instability

(Continued)
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patients recovered without discontinuing these drugs (23–25).
Furthermore, tyrosine kinase inhibitor had therapeutic benefit
in people with progressive forms of MS and drug toxicities are
unlikely to present with a relapsing remitting disease course (26).

There was further discordance between the clinical
presentation and the autopsy findings, which showed a
destructive leukoencephalopathy. Although the initial biopsy
showed demyelination, lymphocytic infiltration was not a
feature of either the biopsy or the white matter lesions at
autopsy. It is not known how DMTs and HSCT modulate the
histological appearance of CNS demyelination. Although the
innate immune system recovers within weeks after HSCT, the
reconstitution of adoptive immune system occurs over several
years. Immunohistochemistry to CD3 and CD20 did not show
any T or B cell infiltration during autopsy examination. In
particular, ATG was used for in vivo T cell purging during
domino autologous HSCT. Furthermore, the patient received
two doses of ocrelizumab prior to his death. This humanized
anti-CD20 monoclonal antibody targets B lymphocytes. The
lack of inflammatory cells in the autopsy histology samples
could be related to primary underlying pathology or the effect of
ocrelizumab and / or the HSCT received earlier.

To our knowledge this was the first patient with MS-like
neuroinflammation following allogeneic HSCT, who was treated
with a “domino” autologous HSCT. Our patient experienced
an aggressive disease course and rapidly became disabled.
His failure to respond to glatiramer acetate and natalizumab
left his neurologists with limited treatment options. Although
the use of alemtuzumab was not completely contraindicated,
caution was exercised, as it could cause a prolonged period
of lymphopenia potentially making it a less appropriate choice
given his immunosuppressed state following allogeneic HSCT
(27). Autologous HSCT has been increasingly used to treat
patients with MS, who have highly active disease clinically
and radiologically, as the safety and efficacy of this procedure
has increased over the years through improvement of patient
selection, optimization of transplant technique and increased
center experience (28). This was therefore thought to be the
best treatment option. Although the procedure was associated
with routine and well-tolerated toxicities, the response was only
transient and failed to achieve long-term remission. In this case,
we chose a clinical decision pathway directed at MS, with the use
of three DMTs and HSCT, whereas the management of chronic
GvHD would have been significantly different. Calcineurin
inhibitors, higher doses of steroids, mycophenolate and even
extracorporeal photopheresis could have been used for GvHD.
We can only speculate whether GvHD management would have
made a greater impact on the course of his CNS inflammation
compared with a DMT-based, MS-directed approach, even
though systemic GvHD was not present.

Reported cases of CNS demyelinating disorders following
allogeneic HSCT are very limited. Tables 1, 2 summarize 20 such
cases that have been reported in the literature (5–8, 12–19).
The median age of receiving allogeneic HSCT was 45.5 (range,
17–65) years and the median interval between HSCT and the
onset of CNS demyelination was 1 (range, 0.1–8) year. Twelve
of these patients presented with neurological symptoms within 1
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year of allogeneic HSCT and remaining eight patients developed
neurological symptoms after 2 years or more. Male to female
ratio was 3: 1. There was evidence of GvHD in 12 patients
and peripheral nerves involvement was reported in 13 patients.
Inflammation less frequently affected brainstem, cerebellum and
meninges. CSF analysis was normal in only 6 patients and
oligoclonal bands were present in 7 patients.

The clinical course of these patients was monophasic or
relapsing remitting. They had variable clinical presentations
including optic neuritis with myelitis, pure myelitis, ADEM, and
MS-like neuroinflammation (Table 2). The diagnostic criteria
for MS and NMO spectrum disorder were satisfied in two
patients each. NMO antibody was absent in all cases where
it was examined (Table 2). Terminologies such as “central
and peripheral nervous system immune-mediated demyelinating
disease (CPID)” and “immune-mediated demyelinating disease
(IMDD)” had been coined by some authors to refer these
presentations as a rare late onset complication of allogeneic
HSCT (8, 16). Some authors also suggested that these
presentations may be CNS manifestation of GvHD (5). Three
patients had brain biopsy, two had spine biopsy and another
person had sural nerve biopsy. All of these biopsies showed loss
of myelin and the brain biopsy of one patient was compatible
with GvHD (Table 2). None of those case reports included post-
mortem examination.

One possible pathophysiological mechanism of CNS
demyelination following allogeneic HSCT could be immune
mediated damage due to minor histocompatibility differences
between brain tissues and the graft derived cells. Another
possible mechanism is adoptive transfer of autoimmunity
resulting in CNS inflammation in the host.

Complete resolution of symptoms or significant improvement
was observed in 6 patients and partial improvement was
reported in another 4 patients (5–7, 14, 18, 19). Eight of
them had marginal or no improvement following treatment
and data were not available for 2 patients (5–8, 13, 16).
A range of therapies including corticosteroids, intravenous
immunoglobulin, therapeutic plasma exchange, mycophenolate,
tacrolimus, cyclosporine A, cyclophosphamide, rituximab, and
donor lymphocyte infusion had been used in these 20 patients
(Table 2). Interferon ß was used in both patients, whose
diagnoses were compatible with MS. Five patients, who were
treated with mycophenolate, tacrolimus or cyclosporine A,
had complete resolution of symptoms or partial improvement
following treatment. The size of the sample was too small
for any statistical analysis, but normal CSF constitutes or

absence of oligoclonal bands were appeared to be associated with
better prognosis. Complete resolution of symptoms or significant
clinical improvement was observed more frequently in those
patients who had later onset of neurological symptoms following
allogeneic HSCT (Table 2).

CONCLUSIONS

This case was noteworthy for two reasons. Firstly, the disease
course which resembled an “MS-like” relapsing remitting
encephalomyelitis although the exact etiology remained
unknown even after autopsy. In such a case full autopsy
examination may be helpful to confirm the absence of occult
malignancy and also to investigate whether the disease was
limited to the CNS tissue. Secondly, this case demonstrated
the feasibility of using “domino” autologous HSCT in patients
presenting with “MS-like” encephalomyelitis following allogeneic
HSCT, but further studies are required to evaluate its safety
and efficacy.
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Impaired immune reconstitution after allogeneic hematopoietic stem cell transplantation

(HSCT) contributes to increased risk of cancer relapse and infection resulting in significant

morbidity and mortality. Unfortunately, effective strategies to functionally assess the

quality of immune reconstitution are still missing. Quantification of in vivo replication

of the ubiquitous, non-pathogenic virus Torque Teno Virus (TTV) has been reported in

small series as a test to functionally evaluate the quality of post-transplant immune

reconstitution. In the present study, we analyzed by quantitative PCR TTV titers in plasma

samples from a large cohort of 168 allogeneic HSCT recipients. Our analysis confirms

that TTV titers peaked at 100 days post-transplant, followed by progressive normalization

thereafter. Negative correlation of TTV titers with T cell absolute numbers during the first

year post-transplant points to the restoration of an active anti-TTV immunity. Univariable

and multivariable linear regression analysis demonstrated that donor CMV positive

serostatus, donor type and immune suppression resulting from GVHD treatment affected

the restoration of anti-TTV immunity. Importantly, higher TTV titers at 100 days after

transplantation were associated with worse overall survival and higher risk of acute GVHD

and infections. Our results provide new insights into the factors affecting the dynamics of

TTV replication and indicate that TTV is a potentially useful biomarker to assess immune

reconstitution and to predict complications and outcomes of allogeneic HSCT.

Keywords: TTV, biomarker, CD4, GVHD, HSCT, immunocompetence

INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) is an established treatment for a broad
range of hematological disorders. Unfortunately, the pre-transplant conditioning regimen and
post-HSCT immunosuppressive therapies induce quantitative and qualitative abnormalities in
HSCT recipients’ immune system that can result in a severe and often long-lasting immunodeficient
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status. Impaired immune reconstitution significantly increases
the risk of both relapse and transplant related mortality
(1–7). Efficient strategies to monitor immune reconstitution
are therefore critically important to guide prophylactic and
therapeutic interventions. Immunocompetence is difficult to
quantify and immune monitoring strategies after allogeneic
HSCT vary widely from one center to another (8). The number
of T cells is often used as a marker for immune reconstitution (8)
but this may be inaccurate because T cells may normalize without
restoring immunity (9).

Measuring immunity against ubiquitous, non-pathogenic
viruses may represent a test to functionally evaluate post-
transplant immune reconstitution. Torque teno virus (TTV), a
small non-enveloped anellovirus with a circular single stranded
DNA of about 3.8 kb, is highly prevalent in the general population
(10) and considered to date to be non-pathogenic with no
known associated specific clinical manifestations (11). Plasma
levels in immunocompetent individuals are low (12), but HIV
infection (13, 14), immune suppression (15–19) or cancer
treatment (20) allow the virus to escape immune surveillance
and replicate. Importantly, replication of TTV is not affected
by antiviral therapies (21). For these reasons several studies
assessed the quantification of TTV titers as a precise and
straightforward method to measure the patient’s immunity.
TTV levels after solid organ transplantation (16–19, 21–27) or
HSCT (28–34) correlate with the intensity of immunosuppressive
treatment and are associated with complications such as rejection
(19, 21, 23–25, 35, 36), infections (18, 25–27, 33, 35) or
GVHD (30–32, 37).

In this study we prospectively investigated the kinetics of TTV
titers and assessed their relationship with clinical parameters
and post-transplant reconstitution in a large cohort of allogeneic
HSCT recipients. Moreover, we assessed the potential association
of TTV titers at day 100 after HSCT with clinical outcomes and
post-HSCT complications.

METHODS

Study Protocol and Patients’ Data
One hundred and thirty three adult (≥18 years) patients
undergoing a first HSCT for hematological malignancies were
enrolled in the study between 2012 and 2015 [91 patients
were included in our previous study evaluating TTV titers
at time of transplantation (30)]. 3 patients were excluded for
early graft failure. In addition, 38 patients transplanted 2 to
9 years before enrolment were recruited. Peripheral blood
samples were collected at day 0, 50, 100, 150, 200, 300, 400,
547 and 2 to 9 years post-HSCT (Supplementary Table 1).
Patients’ characteristics and transplantation related data
are presented in Table 1. Ninety one healthy donors [74
of them already included in our previous study (30)]
from the Geneva University Hospitals blood transfusion
center were also analyzed as a control group. The study
was approved by the local ethical committee (n◦12-138)
and patients and healthy controls (HC) gave their written
informed consent.

TABLE 1 | Clinical characteristics of HSCT patients.

Patients and transplant characteristics Patients (n = 168)

Age, median (IQR) 51 (39–59)

Sex, n (%) F 64 (38)

M 104 (62)

Diagnosis, n (%) AML 78 (46)

ALL 17 (10)

MDS 22 (13)

MPS 11 (7)

Lymphoma 12 (7)

Myeloma 11 (7)

others 17 (10)

Status at HSCT, n (%) CR 108 (64)

No CR 60 (36)

DRI, n (%) High/very high 56 (33)

Low/intermediate 112 (67)

Graft, n (%) PBSC 149 (89)

BM 19 (11)

Conditioning, n (%) RIC 85 (51)

MAC 83 (49)

Donor type, n (%) SIB 71 (42)

MUD 75 (45)

MMUD 13 (8)

Haplo 9 (5)

T depletion, n (%) None 30 (18)

ATG 60 (36)

pTCD 19 (11)

ATG+pTCD 50 (30)

PTCy 9 (5)

CMV status, n (%) D–/R– 47 (28)

D–/R+ 18 (11)

D+/R– 28 (17)

D+/R+ 75 (45)

CR, complete remission; DRI, Disease Risk Index; PBSC, peripheral blood stem cell;

BM, bone marrow; RIC, reduced-intensity conditioning; MAC, myeloablative conditioning;

SIB, identical sibling; MUD, matched unrelated donor; MMUD, mismatched unrelated

donor; ATG, anti-thymocyte globulin; pTCD, partial T cell depletion; PTCy, post-

transplant Cyclophosphamide.

Clinical Protocols
Myeloablative conditioning (MAC) usually consisted of
cyclophosphamide (CY 120 mg/kg) in combination with
total body irradiation (10–12Gy) or busulfan (12.8 mg/kg
intravenously). Reduced intensity conditioning (RIC) mainly
consisted of fludarabine (150 mg/m2) associated with low
dose busulfan (6.4 mg/kg intravenously) or melphalan (140
mg/m2). T cell depletion (TCD) consisted of administration of
anti-thymocyte globulin (ATG) and/or “in vitro” partial T cell
depletion (pTCD) of grafts. ATG (ATG-Thymoglobulin R© 7.5
mg/kg or ATG-Fresenius R© 25 mg/kg) was part of conditioning
for all patients treated with RIC and for patients receiving grafts
from an unrelated donor after a MAC. pTCD grafts obtained
through in vitro incubation with alemtuzumab (Campath R©

[Genzyme Corporation, Cambridge, MA]), were washed before
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infusion and administered at day 0, followed on day +1 by
an add-back of unmanipulated grafts containing about 100 ×

106/kg donor T cells (38). Graft-vs.-host disease prophylaxis
mainly consisted of cyclosporine (for 3 months duration in
the absence of GVHD in the case of pTCD and for 6 months
for T-cell replete graft recipients) in combination with either
methotrexate (MTX), in case of MAC, or mycophenolate
mofetil (MMF) for patients transplanted after RIC. pTCD
graft recipients also received methylprednisolone on days −2
and −1. Patients receiving grafts from haploidentical donors
received CY (50 mg/kg) on days 3 and 4 post-HSCT (PTCy).
Donor lymphocyte infusions (DLI) at incremental doses starting
with 1 × 106 CD3/kg were given at 3 months to all patients
who had received pTCD grafts with RIC in the absence of
GVHD or independently of TCD to patients with decreasing
donor chimerism or in relapse. Acute or chronic GVHD was
treated with corticosteroids alone or in combination with
mycophenolate mofetil and/or cyclosporine.

Detection of TTV Viral DNA
Isolation of DNA from frozen plasma was performed using
the Nuclisens R© Easymag R© system (BioMérieux) according to
manufacturer’s instructions. Plasma were spiked with Canine
Distemper Virus (CDV) to control for DNA extraction and
serial dilutions of TTV-containing plasmid standard were used
for quantification (39). Taqman-based quantitative PCR with
primers described by Moen et al. (12) for TTV and Tapparel
et al. (40) for CDV was performed. Limit of detection was 25
copies/ml of plasma and the linear amplification ranged from 250
to 2.5 × 109 copies/ml. Patients were considered to control TTV
adequately when they had reduced TTV titers below the 90th
percentile of the HC group (4 log copies/ml) thereafter.

Flow Cytometry
Fresh peripheral blood samples underwent red blood cell lysis
and cells were stained with monoclonal antibodies specific for
the following antigens: CD4 (FITC, clone OKT4, Biolegend),
CCR7 (PE, clone 150503, R&D Systems), CD3 (PerCPCy5.5,
clone UCHT1, Biolegend), CD8 (APC, clone SK1, Biolegend),
CD45 (Alexa Fluor 700, clone HI30, Biolegend), CD56 (Brilliant
Violet 421, clone HCD56, Biolegend), CD45RA (Brilliant Violet
510, clone HI100, Biolegend). Data acquired on a Navios flow
cytometer (Beckman Coulter) were analyzed with FlowJoTM

software (FlowJo LLC). Subsets of CD4 and CD8 where defined
according to CD45RA and CCR7 expression as follows: Naïve
T cells (TN) CD45RA+/CCR7+, central memory T cells (TCM)
CD45RA–/CCR7+, effector memory T cells (TEM) CD45RA–
/CCR7– and effector memory re-expressing CD45RA T cells
(TEMRA) CD45RA+/CCR7–.

Statistical Analysis
Continuous variables were expressed as median with
interquartile range and compared using the non-parametric
Mann–Whitney test. Spearman’s test was used to determine
correlations. Kaplan–Meier’s estimates were employed to
determine the probability of 2 year overall survival (OS), and
progression-free survival (PFS) and differences were determined

using the Log-rank Mantel–Cox test. Cox regression was used to
examine the independent impact of clinical factors (disease type,
disease status, DRI, ATG, pTCD, donor type, and donor CMV
serostatus) on OS and PFS. Cumulative incidence estimates of
relapse, acute GVHD (grade 2–4) and infections were compared
using the Gray test for univariable analysis and the Fine–Gray
method for proportional hazard regressions (variables: ATG,
pTCD, donor CMV serostatus, disease status, disease type, donor
type, and DRI for relapse). Death without relapse and GVHD
requiring systemic treatment were considered competing events
for relapse. Death and relapse were used as competing events for
GVHD. Death, relapse and GVHD requiring systemic treatment
were considered competing events for infections. Statistical
analysis was performed using Prism version 7 (GraphPad Inc.),
R version 3.5.1 [Comprehensive R Archive Network (CRAN)
project (http://cran.us.r-project.org)] with R studio Version
1.1.453. P < 0.05 were considered significant.

RESULTS

TTV Kinetics and Correlation With Immune
Reconstitution During the First 2 Years
Post-HSCT
We first measured TTV titers in a cohort of 168 patients at
transplant as well as at regular time points thereafter (Figure 1A
and Supplementary Table 1). Patients’ characteristics and
transplantation related data are presented in Table 1. TTV titers
in plasma of 91 HC were used as reference (median TTV 2.2 log
copies/ml, IQR 0–3.1; Figure 1A). TTV titers post-HSCT varied
from undetectable to 10 log copies/ml of plasma. At transplant,
the median TTV titer was 2.4 log copies/ml (IQR 0–3.7). TTV
titers that had increased slowly over the first 30 days post-HSCT
augmented rapidly thereafter to reach a peak at day 100 (median
6.4 log copies/ml, IQR 5.1–7.7). At day 100, only 13% of patients
were able to control TTV viremia (< 4 log copies/ml) while at
the end of the first year (day 400), 44% of patients had restored
sufficient immunity to control TTV viremia. 27/34 (79%)
of patients that could be tested after 4 years post-transplant
showed TTV levels below 4 log copies/ml (Figure 1A). We next
measured the reconstitution of lymphocyte subsets in the same
blood samples drawn to determine TTV titers (Figure 1B). NK
cells were the first lymphocytes to recover with only 16% of
patient having NK cell counts below the lower normal limit at
day 50 (lower normal limit= 50 NK/µl; median 155 NK cells/µl,
IQR 82–320), while T cells reconstituted more slowly. By day
400, 16% of patients had CD4T cells above the lower normal
limit of 410 CD4/µl (median 192 CD4/µl, IQR 81–332) and
76% of patients had CD8T cells above lower normal limit (lower
normal limit = 190 CD8/µl; 362 CD8/µl, IQR 194–1,045). To
investigate the relationship between TTV titers and immune
reconstitution we performed a correlation analysis between the
number of lymphocyte in each subset and TTV titers (Figure 1C
and Supplementary Table 2). At day 100, TTV levels inversely
correlated with the number of lymphocytes and more specifically
with the number of CD4T cells and NK cells. Correlation
between TTV and CD4 could be observed until day 300 and,
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FIGURE 1 | TTV kinetics and correlation with immune reconstitution post-HSCT. (A) Data show TTV titers in Log copies/ml of plasma detected in 168 patients up to 9

years post-HSCT or in 91 Healthy Controls (HC). Gray dots represent each sample, blue line represents Loess fit line and the gray area represents the 95% confidence

interval (CI) for the regression fit. Median (black dashed line) and 90th percentile (gray dotted lines) of TTV in HC are represented. (B) Loess fit lines for the number of

NK, CD4, and CD8 in cells/µl are shown post-HSCT. Gray areas represent the 95% CI for the regression fit. (C) Correlation between log TTV titer and number of

immune cells subsets post-HSCT are presented. The heat map shows Spearman’s correlation coefficient and summary of p-values for each correlation post-HSCT.
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FIGURE 2 | Influence of clinical parameters on TTV titer kinetics in HSCT patients. Data show TTV titers in Log copies/ml of plasma depending on disease Type (A),

disease status (B), stem cell source (C), conditioning (D), recipient/donor CMV status (E,F), donor type (G), and T-cell depletion (H) are shown. Dots represent each

sample, lines represent Loess fit lines for each group and the gray area represents the 95% CI for the regression fit. Estimate, standard error and p-values resulting

from univariable linear regression analysis are indicated from day 0 to 100 and day 100 to 730. Median (black dashed line) and 90th percentile (gray dotted lines) of

TTV in HC are represented.
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TABLE 2 | Multivariable analysis of factors influencing TTV levels.

Time after HSCT

Day 0–Day 100 Day 100–Day 730

Variable Estimate Std.error p-value Estimate Std.error p-value

Disease Type

Lymphoid vs. Myeloid 1.16558 0.30327 0.00015 0.50480 0.26059 0.05334

Disease Status

No CR vs. CR −0.86492 0.30019 0.00424 0.39503 0.23827 0.09802

Stem Cell Source

PBSC vs. BM −0.16618 0.47058 0.72422 0.48762 0.38754 0.20894

Conditioning

RIC vs. MAC 0.17429 0.30546 0.56871 0.30143 0.24695 0.22286

CMV Serostatus

Recipient Positive vs. Negative 0.05642 0.30914 0.85530 0.05890 0.23663 0.80354

Donor Positive vs. Negative 0.32628 0.29764 0.27384 0.53619 0.23170 0.02110

Donor Type

MUD vs. SIB −0.55652 0.32449 0.08735 1.06928 0.25243 0.00003

MMUD vs. SIB 0.11550 0.52532 0.82613 1.89318 0.44265 0.00002

Haploidentical vs. SIB −2.63122 0.80736 0.00124 −0.02353 0.73214 0.97437

T-cell Depletion

ATG 0.09700 0.40319 0.81004 −0.36422 0.33804 0.28185

pTCD −0.15317 0.58536 0.79376 0.61423 0.43423 0.15789

ATG pTCD 0.39477 0.44782 0.37871 0.39199 0.33908 0.24827

PTCy 0.66309 0.96078 0.49062 −0.32707 0.84003 0.69719

GVHD before sampling

Previous GVHD vs. No GVHD 2.59324 0.32105 <0.00001 0.51264 0.22753 0.02472

CR, complete remission; PBSC, peripheral blood stem cell; BM, bone marrow; RIC, reduced-intensity conditioning; MAC, myeloablative conditioning; SIB, identical sibling; MUD,

matched unrelated donor; MMUD, mismatched unrelated donor; ATG, anti-thymocyte globulin; pTCD, partial T cell depletion; PTCy, post-transplant Cyclophosphamide; Statistically

significant results are highlighted in bold.

from day 300 to 400, TTV titers mainly inversely correlated
with CD4 and CD8 naïve subsets characteristic of a thymic
rebound (41). No significant correlation with any cell subset
was observed before day 100 and after day 400. TTV is known
to replicate in hematopoietic cells (29) and TTV titers might
therefore also reflect hematopoietic reconstitution in addition to
immune-reconstitution. To assess the potential contribution of
the hematopoietic reconstitution on TTV titers after transplant,
we similarly performed a correlation analysis between total white
blood cell (WBC) counts and TTV titers at different time points.
We observed an inverse correlation between TTV levels and
WBC at day 100 while no correlation was observed at other time
points (Supplementary Figure 1).

Collectively, our results confirmed in a large cohort of
patients the previously reported kinetics of TTV replication
after allogeneic HSCT and uncovered an inverse correlation
between TTV titers and immune cell numbers during the first
year post-transplant.

Transplant Characteristics Significantly
Affect TTV Titers After Allogeneic HSCT
We next assessed the impact of clinical factors on TTV titers over
the first 2 years after transplantation performing linear regression

analysis. Given the biphasic shape of the TTV titers curve
post-HSCT (Figure 1A), we separately analyzed time periods
before and after day 100. As we and others previously reported
(30, 42), patients transplanted for lymphoid malignancies had
significantly higher TTV levels at transplant (median 4 log
copies/ml, IQR 2.5–5.2) than patients with myeloid malignancies
(2.2 log copies/ml, IQR 0–3.2; p < 0.0001). This baseline
difference significantly impacted TTV kinetics during the first
100 days, but had little impact thereafter (Figure 2A). This
difference could also be observed in the multivariable analysis
(p = 0.0001; Table 2). Factors such as disease status, stem
cell source or conditioning had no effect on post-transplant
TTV viremia (Figures 2B–D). Recipient and donor positive
CMV serostatus was also associated with higher TTV levels in
univariable analysis (Figures 2E,F) while multivariable analysis
confirmed an association only with CMV positive donor (p
= 0.0211; Table 2). The strongest association was observed
with donor type showing higher TTV viremia for MUD (p
< 0.0001) and MMUD (p < 0.0001) when compared to SIB
donors (Figure 2G). Such a difference was confirmed by the
multivariable analysis (p < 0.0001; Table 2). Patients receiving
grafts from haploidentical donors followed by PTCy showed
a delay in TTV titers increase early post-HSCT compared to
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FIGURE 3 | Influence of T cell depletion on TTV titer kinetics in HSCT patients. Data show TTV titers in Log copies/ml of plasma (A) and number of CD4 and CD8

cells (B) depending on T-cell depletion protocols. Patients received no T depletion (red line, n = 30), ATG (yellow line, n = 60), pTCD (green line, n = 19), ATG plus

pTCD (blue line, n = 50) or PTCy (purple line, n = 9). Dots represent each sample; lines represent Loess fit lines for each group and the gray area represents the 95%

CI for the regression fit. Estimate, standard error and p-values resulting from univariable linear regression analysis are indicated from day 0 to 100 and day 100 to 730.

Median (black dashed line) and 90th percentile (gray dotted lines) of TTV in HC are represented.

SIB donors (p = 0.00687; Figure 2G and Table 2). In these 9
patients, TTV levels remained low over the first 50 days (median
2.9 log copies/ml, IQR 0–3.5 for PTCy vs. 5.7 log copies/ml,
IQR 4–7.2 for no TCD; p = 0.0004) but rose sharply thereafter
reaching their peak at day 150 (5.8 log copies/ml, IQR 4.7–6.6).
However, restoration of anti-TTV immunity thereafter was not
impaired. We next compared TTV titers in patients in whom

T cells were depleted (TCD) by in vivo administration of anti-
thymocyte globulin (ATG) and/or by partial T cell depletion
(pTCD) of the graft and in patients with no TCD. Overall, TTV
kinetics in patients receiving TCD were similar to those in no
TCD group (Figure 2H). Upon examination of the different TCD
methods, only patients receiving ATG together with pTCD grafts
exhibited TTV titers higher than no TCD patients (p = 0.00029;
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Figure 3A) although the multivariable analysis failed to confirm
these differences (Table 2). The absence of significant difference
in TTV kinetics in patients receiving TCD contrasted with the
overall delayed T cell reconstitution observed in these patients
(Figure 3B and Supplementary Table 3).

Collectively, these results demonstrated an impact of
disease type and donor characteristics on TTV kinetics after
allogeneic HSCT.

GVHD and Its Treatment Significantly
Impact TTV Titers
To examine the effect of GVHD and its treatment on anti-TTV
immunity, we stratified the patients based on the development of
acute or chronic GVHD requiring systemic immune-suppression
in the first 2 years post-HSCT. 83 patients suffered from
GVHD requiring systemic treatment which occurred at a
median day 50 (IQR 20–137). Patients received corticosteroids
(82 patients), calcineurin inhibitors (75 patients), MMF (31
patients), photopheresis (16 patients), or basiliximab (4 patients).
Univariable linear regression analysis demonstrated that after the
onset of GVHD, patients had significantly higher TTV levels
than patients without GVHD (d0-100: p < 0.00001 and d100-
730: p < 0.001; Figure 4A). TTV titers were significantly higher
at day 100 in patients affected by GVHD (median 6.9 log
copies/ml, IQR 5.4–7.9) compared with patients not experiencing
the complication (5.6 log copies/ml, IQR 4.4–6.6; p= 0.013). This
association was confirmed in the multivariable analysis (Table 2).
It is notable that during the first year post-HSCT the number
of CD4 and CD8 T-cells in patients with GVHD remained
significantly lower than in patients without GVHD (Figure 4B
and Supplementary Table 4).

Twenty-three patients relapsed over the study period
and no differences in TTV titers could be observed
between these patients and patients who did not relapse
(Supplementary Figure 2). However, due to the great
heterogeneity in underlying diseases and relapse treatments
it is difficult to draw any solid conclusions.

These data indicate that post-transplant complications,
namely GVHD, and immunosuppressive drugs employed for its
treatment have an impact on TTV replication kinetics.

Higher TTV Titers at Day 100 Are
Associated With Worse Overall Survival
and Increased Risk of GVHD and Infections
We next performed a landmark analysis to assess the potential
association between TTV titersmeasured at day 100 and outcome
after allogeneic HSCT. The landmark analysis was restricted to
58 patients that were alive without evidence of disease relapse
and/or GVHD requiring systemic treatment at day 100. Patients
displaying day 100 TTV titers in the upper quartile (threshold
of 6.705 log copies/ml) displayed a significantly worse 2 year
OS (50%, 95%CI 30–84%) compared to patients with lower
TTV titers (82, 95% CI 71–94%; Figure 5A). Such a difference
was confirmed in a multivariable analysis performed taking into
account transplant and disease characteristics (HR 3.5, 95%
CI 1.1–11; p = 0.03; Figure 5B). Univariable analysis similarly

FIGURE 4 | Influence of GVHD occurrence on TTV titer kinetics in HSCT

patients. Log TTV copies/ml of plasma (A) and number of CD4 and CD8 cells

(B) are represented. Patients’ samples obtained after onset of GVHD requiring

immunosuppression are depicted in red and compared to samples obtained

from patients without GVHD (black dots). Lines represent Loess fit lines for

each group and the gray area represents the 95% CI for the regression fit.

Estimate, standard error and p-values resulting from linear regression analysis

are indicated from day 0 to 100 and day 100 to 730. Median (black dashed

line) and 90th percentile (gray dotted lines) of TTV in HC are represented.

showed worse PFS in patients with high TTV titers at day 100 (43,
95% CI 23–78%) compared to patients with lower TTV titers (70,
95%CI 57–85%; Figure 5C), although the multivariable analysis
failed to confirm this difference (Figure 5D). To gain further
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FIGURE 5 | Outcome of patients according to TTV level at d 100 post-HSCT. (A,C) Kaplan-Meier curves showing the impact of TTV level at day 100 on overall

survival (OS, A) and Progression free survival (PFS, C). Comparison between high (upper quartile) and low/intermediate (first to third quartiles) TTV groups was

performed using Log-rank test. (B,D) Multivariable Cox regression examining the independent impact of clinical factors on OS (B) and PFS (D). Hazard ratios (HR)

along with their 95% CI are presented. High TTV levels were defined as values above the 75th percentile of the TTV titers at day 100 (>6.705 log copies/ml).

insights into reasons behind the associations between TTV
titers and transplantation outcomes, we assessed the relationship
between TTV titers at day 100 and occurrence of post-HSCT
complications. Using the cut-off defined above, we performed
cumulative incidence analysis for relapse, acute GVHD (grade
2–4) and infections (Figure 6). We observed a tendency not
reaching statistical significance toward higher relapse rates in
patients with higher TTV titers (p = 0.073; Figure 6A). Patients
with high TTV titers had higher rates of acute GVHD (p =

0.026; Figure 6B), a result confirmed in a multivariable analysis
(HR ± SE: 2.940 ± 0.522, p = 0.039) performed taking into
account the abovementioned factors (disease type and status,
donor type and CMV serostatus, TCD). No significant difference
in 2 year cumulative incidence of infections was observed
between patients groups stratified based on TTV titers. As
the immune reconstitution status at day 100 is more likely
to affect the infection risk at short term, we assessed the
cumulative incidence of infections in the months following the
measurement. Patients displaying higher TTV titers at day 100

had higher rates of infection at 6 months post-transplant (p
= 0.025; Figure 6C) a result confirmed by the multivariable
analysis (2.649± 0.466; p= 0.037).

Collectively, these results demonstrated the association
between TTV titers measured at day 100 and post-transplant
complications and overall survival.

DISCUSSION

Treatment induced immune deficiency may impair the curative
role of allogeneic HSCT. Clinical parameters, the type of
conditioning and the patient’s state before transplantation impact
reconstitution of the immune system. The interaction of these
numerous parameters is so complex that it becomes virtually
impossible to predict the patient’s immunocompetence at a given
stage after HCST. Being able to assess patient’s immunity is
important because post-transplant interventions and therapies
could be adapted accordingly. Unfortunately, no objective
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parameter reflecting the level of immune reconstitution has been
established to date.

Over the past decade several groups investigated the kinetics
of TTV after transplantation and asked the question whether
TTV titers could serve as a comprehensive marker of post-
transplant immunity. Data from solid organ transplantation
where TTV titers correlate with the strength of IS (16–19) and
predict infections (18, 25–27, 35) as well as rejections (19, 21, 23–
25, 35, 36) are encouraging. Unfortunately, the situation after
HSCT seems to be more complex probably owed to the vast
heterogeneity of patients and treatment modalities.

Here we report the results of a cohort of 168 patients
transplanted in our center. As previously reported (31, 32,
34, 37, 42), we found that TTV titers increased rapidly after
transplantation peaking at around 100 days post-HSCT, which
corresponds to the time that IS is tapered. Moreover, donor
CMV positive serostatus, donor type and immune suppression
resulting from GVHD requiring systemic immunosuppression
influenced the restoration of anti-TTV immunity. These results
are in agreement with the inverse correlation we (Figure 1C) and
others (42) observed between immune reconstitution and viral
titers. However, our analysis of subgroups of patients receiving in
vivo and/or ex vivo T cell depletion failed to reveal any impact of
TCD strategies on TTV titers. This apparently surprising result
might be related to the lack of statistical power of the subgroup
analysis and/or from the insufficient ability of total CD4 and
CD8T cell counts to reflect the functional immune status of
HSCT recipients (9).

Hematopoietic cells are thought to be the main replication
competent cells (29, 43–46). TTV titers might therefore reflect
both the hematological and immunological reconstitution. Our
correlation analysis between total white blood cells, a common
measure of hematological reconstitution, and TTV titers failed
to demonstrate any positive correlation between WBC counts
and TTV titers at early time points and revealed only a negative
correlation at day 100. This result suggests that, at least after
hematopoietic engraftment, TTV titers are mainly influenced by
the degree of immune-reconstitution.

Studies in patients after HSCT have not yet revealed whether
patient or treatment related variables might impact long-term
anti-TTV immunity (30–32, 34, 42) and, more importantly,
how the control of TTV replication might affect transplantation
outcomes. This could be simply due to the fact that the patients
in these studies were mainly monitored only during the early
follow-up period when only very few patients manage to control
the virus. In 2017, Wohlfarth et al. have looked beyond this
early phase in a first prospective longitudinal study. We confirm
their findings with respect to the impact of GVHD and/or its
treatment that increase TTV titers. In addition, they found
that increasing TTV titers were associated with CMV/EBV
reactivation but concluded that, owed to presence of the many
transplant-related confounding factors such as conditioning,
GVHD and IS, they could not be predictive of other immune-
related clinical complications. More recently, in a retrospective
study, Schmitz et al. (34) also investigated TTV as an early
(before day 50) prognostic marker after HSCT but failed to show
any association. Using multivariable analyses and cumulative

FIGURE 6 | Occurrence of post-HSCT complications according to TTV level

at d 100 post-HSCT. Impact of TTV levels at day 100 on relapse (A), acute

GVHD (grade ≥2) (B) or infections (C) cumulative incidence. Competing risk

factors were defined as death, GVHD requiring systemic therapy (for relapse

and infections) and relapse (for GVHD and infections). High TTV levels were

defined as values above the 75th percentile of the TTV titers at day 100

(>6.705 log copies/ml). Gray test was used for comparison between groups.

incidences taking into account competing events, our study
overcomes some limitations encountered in previous studies
and shows that high TTV titers at day 100 may be indicative
of OS and flag an increased risk of GVHD and infection and
possibly of relapse. Day 100 appears to be a suitable time
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point for TTV titers to be used as a prognostic biomarker.
Firstly, because it is the time when TTV replication reaches
its peak and starts to be affected by the degree of immune
reconstitution rather than by pre-transplant factors. Secondly,
because day 100 represents a time point at which critical
decisions are taken regarding immunosuppressive treatment
duration, antimicrobial prophylaxis and immune interventions.
If confirmed, our results might pave the way to clinical trials
assessing the feasibility of tailoring the prescription of immune-
suppressive drugs on the TTV titers. A similar approach is
currently under investigation in clinical trials in solid organ
transplantation recipients (NCT04198506). Such a strategymight
allow to more efficiently prevent GvHD and to limit the
administration of unnecessarily high, and potentially toxic, levels
of immunosuppressive treatments.

The current study, as well as most of those reported in
the literature, employed an in-house assay. Future multicenter
clinical trials evaluating the potential clinical use of TTV titers as
a biomarker of functional immune-reconstitution after allogeneic
HSCT would greatly benefit from the use of standardized
methods of TTV quantification. Since the beginning of our
study, a commercial kit for TTV quantification became available
(TTV R-gene R© kit; ARGENE R©, bioMérieux, France) and its
use in future clinical trials could enable higher comparability
between laboratories.

Our study has several limitations. First, the size of cohort
we studied for our landmark analysis is small and very
heterogeneous with respect to the patient’s disease, state and
treatment, which certainly introduces many confounders, several
of which may have remained unnoticed. Because of the
limited size of our cohort, our proof-of-concept analysis of the
association between TTV titers at day 100 and clinical outcomes
was based on an arbitrarily defined cutoff (upper quartile).
Moreover, this cutoff was tested in the same cohort in whom it
was established without external validation in an independent
cohort. Finally, the number of patients experiencing relapse is too
limited to draw any solid conclusion on the relationship between
viral titers and antitumor immunity. Nevertheless, we believe
that our data based on a simple laboratory test warrant further
investigation in prospective multicenter clinical trials to assess
TTV titers as a marker to predict complications and outcome of
allogeneic HSCT.
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Vitamin D was discovered 100 years ago and since then multiple studies have

consistently proved its effect on bone health and mineral metabolism. Further research

has also explored its so-called “non-classical” biological effects, encompassing immune

regulation and control of cell proliferation and differentiation. Vitamin D downregulates

pro-inflammatory immune cells and subsequently their cytokine production, while

enhancing the anti-inflammatory subsets, thus mediating inflammation and fostering a

more tolerogenic environment. Its biological action is exerted through the vitamin D

receptor, a nuclear receptor that mediates gene transcription and is expressed in most

cells from the innate and adaptive immunity. Owing to its immune-modulatory properties,

its role in cancer pathophysiology, hematology disorders and stem cell transplantation

has also been investigated. Vitamin D deficiency causes immune imbalance and cytokine

dysregulation, contributing to some autoimmune diseases. In the hematopoietic stem

cell transplant setting this could lead to complications such as acute and chronic

graft-versus-host disease, ultimately impacting transplant outcomes. Other factors have

also been linked to this, including specific polymorphisms of the vitamin D receptor in both

stem cell donors and recipients. Nevertheless, studies thus far have shown conflicting

results and the use of vitamin D or its receptor as biomarkers has not been validated

yet, therefore there are no evidence-based consensus guidelines to guide clinicians

in their day-to-day practice. To gain more insight in this topic, we have reviewed the

existent literature and gathered the current evidence. This is an overview of the role

of serum vitamin D and its receptor as biomarkers for clinical outcomes in patients

undergoing hematopoietic stem cell transplantation. Further prospective studies with

larger cohorts are warranted to validate the viability of using serum vitamin D, and its

receptor, as biomarkers in potential stem cell donors and patients, to identify those at

risk of post-transplant complications and enable early therapeutic interventions.

Keywords: supportive care, Vitamin D, hematopoietic stem cell transplantation, 25(OH)D3, post-transplant

complications, graft-versus-host disease

INTRODUCTION

Vitamin D has received considerable attention in recent years due to its non-skeletal functions
(1, 2), particularly immune regulation (3). Vitamin D receptor-mediated signaling promotes innate
immunity and modulates adaptive immune responses (4–8). This has reinvigorated the interest in
vitamin D in the field of hematopoietic stem cell transplant (HSCT) (9–14), where recipients are
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at high risk of vitamin D deficiency (15–20). Since this can lead
to complications post-HSCT, including graft-versus-host disease
(GvHD), identifying patients at risk of vitamin D deficiency is
crucial to enable prompt therapeutic interventions and reduce
transplant-related morbidity and mortality (9, 19).

At the beginning of the twentieth century, rickets had become
a major public health issue due to its high incidence in the UK
population. At the University of Sheffield, Professor Sir Edward
Mellanby performed extensive research on dogs with rickets
that led to the discovery of vitamin D in 1919. It was called
the “antirachitic accessory factor,” “antirachitic vitamin,” or “fat-
soluble vitamin” (as it was contained in butter and animal fat)
(21, 22). In cooperation with his wife, MayMellanby, they studied
puppies and found that the cod-liver oil had a fundamental role
in bone calcification (23).

Professor Mellanby extrapolated his research to humans,
where lower-social-class children with a diet rich in milk
(included those who were breastfed), eggs, or fish had a lower
incidence of rickets, better jaws and teeth compared to those from
the high class, whose diets were lacking in these aliments (21).

Vitamin D Metabolism
Vitamin D is a fat-soluble secosteroid (steroid with a “broken”
ring) (8, 24) mainly synthesized in the skin (70–80%) (25). The
remaining 20–30% is consumed with diet: Mushrooms, egg yolk,
and oily fish (mackerel, sardines, herrings and salmon) contain
high concentrations of vitamin D (8). For decades, cod liver oil
has been regularly used for both the prevention and treatment
of infectious diseases, such as tuberculosis (26, 27). When taken
with the diet, both vitamin D2 and vitamin D3 are absorbed in
the small bowels similarly to lipids and then transported to the
liver through the lymphatic vessels (28).

When the solar ultraviolet light B radiation (spectrum 280–
320 UVB) hits the epidermis, the 7-dehydrocholesterol (also
called pro-vitamin D) is transformed into pre-vitamin D3 (29).
Immediately after, a thermal reaction produces the isomerization
of this into vitamin D3, or cholecalciferol, the inactive form of
vitamin D. The higher the UVB intensity, the higher the quantity
of vitamin D3 is synthesized. This process takes up to 3 days after
the skin has been exposed to sunlight. Consecutively, the vitamin
D3-binding protein (DBP; an alpha-1 globulin plasma carrier)
bounds to vitamin D3 and releases it into the bloodstream (30).

The first hydroxylation is held in the liver, and the main
enzyme is 25-hydroxylase (CYP2R1) (6). The quantity of
25(OH)D3 or calcidiol hydroxylated is proportionate to the
total amount of vitamin D both synthesized and ingested
with the diet, thus making this the most reliable marker
of vitamin D serostatus (31). This is still inactive but has
a longer lifespan (between 2 and 3 weeks) than its active
counterpart (32). The second hydroxylation takes place primarily
in the kidney by 1α-hydroxylase (CYP27B1) (6). Calcitriol or
1,25(OH)2D3 is the biologically active hormone (24). CYP27B1
is also found in other organs, including skin, lymph nodes,
colon, central nervous system, adrenal glands, pancreas, placenta,
sweat glands and the immune cells (6, 7, 33, 34). Finally, 24-
hydroxylase (CYP24A1) catabolizes 1,25(OH)2D3 into calcitroic
acid, functionally inactive. This is excreted through the bile and

subsequently the faeces, as well as the urine, avoiding toxic levels
(35). This reaction occurs in cells that possess the vitamin D
receptor (VDR) (1, 6, 24). Interestingly, CYP24A1 is upregulated
in tumor cells to abrogate the vitamin D–related anti-tumor
effects (36).

Vitamin D Receptor (VDR)
Vitamin D acts as a ligand-inducible transcription factor binding
to the VDR, a member of the nuclear hormone receptors
superfamily. It is located inmost of the cells in humans, including
those within the immune system (7).

VitaminD, as a lipophilicmolecule, passes through the cellular
membrane and binds the VDR in the nucleus. The vitamin
D–VDR complex forms a heterodimer with the Retinoid X
Receptor (RXR), which is subsequently bound to the Vitamin-
D-Responsive Elements (specific sequences of DNA in the
promoter region of the vitamin D responsive genes), controlling
the transcription of these genes (32, 37). On the one hand,
some genes can be upregulated by 1,25(OH)2D3 itself, including
those encoding CYP24A1, leading to an increase catabolism
of 1,25(OH)2D3, or CAMP, that enhances the production of
cathelicidin, an antibacterial peptide. On the other hand, it
downregulates genes, such as those of IL-2 and IFN-γ (interferon
gamma) in T cells (7). Interestingly, VDR in osteoblast mediates
between the nervous system and the bone marrow niche,
promoting stem cells mobilization after G-CSF (granulocyte
colony stimulating factor) administration (38).

Vitamin D Function
The biological functions of vitamin D are divided into classical
(32, 39, 40) and non-classical (1, 6, 24), as displayed in Figure 1.

FIGURE 1 | Classical and non-classical functions of vitamin D.
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EFFECT OF VITAMIN D IN THE IMMUNE
SYSTEM

VDR is found in cells from innate (3, 41–46) and adaptive
(3, 42, 47–50) immunity. Vitamin D exerts its immune-
regulatory function, inhibiting the pro-inflammatory cells with
a subsequently downregulation of their hallmark cytokines
while enhancing the anti-inflammatory subsets, maintaining
the immune tolerance (4–8). As an example, pro-inflammatory
cytokines, such as TNF-α (tumor necrosis factor alpha), IL-1 and
IL-6 decrease during summer months, when vitamin D reaches
its peak level in blood (4, 6, 8).

Immune cells can transform 25(OH)D3 into its active form
because they express the enzyme CYP27B1 (8, 42, 51, 52). In
addition, they control the local metabolism of vitamin D self-
consuming themanufactured vitamin or secreting to the adjacent
cells (8, 33). However, for optimal modulation of immune
responses, this system relies on the availability of systemic
25(OH)D3, as 1,25(OH)2D3 has a very short half life (8).

Innate Immunity
Vitamin D targets antigen-presenting cells as follows:

In neutrophils, vitamin D contributes to tissue preservation
hampering IL-1b, a pro-inflammatory cytokine synthesized by
neutrophils (53). In addition, an in vivo study showed that
1,25(OH)2D3 acts as a differentiation agent in leukemic retinoic
acid-resistant promyelocytes into mature granulocytes (54).

Moreover, a link between 1,25(OH)2D3 and early neutrophil
recovery post-HSCT suggest the potential role of this vitamin in
immune reconstitution (10).

The production of 1,25(OH)2D3 increases throughout the
maturation of dendritic cells (DCs) due to a higher expression of
CYP27B1 (8). However, 1,25(OH)2D3 keeps DCs in an immature
state to preserve immune tolerance (43, 55, 56). From the DCs
perspective, 1,25(OH)2D3 hampers interaction and priming of T
cells inhibiting expression of receptors CD40, CD80, and CD86
in the DCs’ surface (55, 56), diminishing the secretion of IL-
12 and concurrently of IFN-γ (19, 33, 55–57), and suppressing
DCs’ migration to lymph nodes due to reduction of CCL21
and its receptor CCR7, blunting antigen presentation to T-cells
(43, 44). It mainly impacts on the myeloid DCs, which interact
and activate naïve T cells (57).

Vitamin D fosters macrophage maturation and enhances
phagocytosis (3, 51). During infections, CYP27B1 is upregulated
by viruses, cytokines, such as IFN-γ or lipoproteins from
the Mycobacterium membrane, resulting in an increase of
1,25(OH)2D3 synthesis. In addition, vitamin D regulates the
expression of specific endogenous antimicrobial peptides, such
as cathelicidin (8, 26, 51, 58), which has also been found
to possess tumoricidal activity against high-grade lymphoma
cells, contributing to rituximab-mediated cytotoxicity (59).
Furthermore, vitamin D downregulates the expression of MHC
(major histocompatibility complex) class II on the macrophage
surface, hindering T-cell activation (41) and decreasing the
pool of circulating CD16+ monocytes and their secretion of
TNF-α (60).

Natural killer cells (NK) proliferation and cytotoxic function
is abrogated by 1,25(OH)2D3, inhibiting the secretion of TNF-α
and IFN-γ (46, 61). In the innate NK cells, it also upregulates the
secretion of IL-4 (62).

Adaptive Immunity
VDR is also upregulated in activated B lymphocytes (63),
inhibiting the synthesis of immunoglobulins (6, 47) and
decreasing B cell proliferation and differentiation into plasma
cells (64). Moreover the expression of CYP24A1 enables B cells
to degrade 1,25(OH)2D3 into calcitroic acid and subsequently to
eliminate it (42).

Vitamin D blunts inflammation and alloreactivity because
it reduces the pool of activated T lymphocytes (50) and the
production of TNF-α, as shown in a study carried out in HSCT
patients (64). VDR is upregulated in the activated T cells as well
as in the naïve and early memory subsets, acting as a subrogate
marker of T-cell activation (50, 65). To ensure sufficient supply
of 1,25(OH)2D3 is provided to the neighboring cells (8, 62),
CYP27B1 is upregulated, as well as 24α-hydroxylase to avoid an
overproduction of this vitamin (52).

In CD4+, on the one hand, 1,25(OH)2D3 downregulates the
production of IL-2 and IFN-γ by Th1 (52, 64–66) and impairs
IL-17 secretion by Th17 (62, 67). On the other hand, it helps
expanding the pool of Th2 cells, with a subsequent upregulation
of their landmark cytokines. One of them, IL-4, also triggers 24α-
hydroxylase to prevent supra-physiological levels (51, 67). Part
of the immune-modulatory effect of 1,25(OH)2D3 is due to the
enhancement of the IL-6 secretion, which abrogates the Th1 cells,
skewed in favor of the anti-inflammatory and pro-tolerogenic
Th2 subset (55).

Some studies have found contradictory results on the effect
of vitamin D in CD8+ T-cell proliferation, thus currently, no
conclusions can be drawn (49, 64, 68).

Despite controversy in this matter (52, 68), preclinical studies
have shown that 1,25(OH)2D3 triggers secretion of IL-10 by
CD4+ T cells (69) and TGF-β (transforming growth factor beta)
by DCs (55, 57, 67, 70), which ultimately enhance the recruitment
of Foxp3+ CD25+ regulatory T cells (Treg) (59, 66). These CD4+

lymphocyte subset impairs the expansion of alloreactive donor
T cells in GvHD-target tissues and subsequently the synthesis of
their pro-inflammatory cytokines, including IL-2 (71). Alongside
this, 1,25(OH)2D3 downregulates the expression of skin and gut-
homing molecules (cutaneous lymphocyte-associated antigen
and chemokine receptor CCR9, respectively) in the T cell surface,
with a subsequent impairment in T cell trafficking (52, 68). This
contributes to abrogate GvHD and foster a more tolerogenic
immune environment (62, 70, 72).

Moreover, a preclinical study postulated that a population of
IL-10-secretor B cells could act as regulatory immune cells, but
data is limited so further research is needed (52).

VITAMIN D DEFICIENCY

Currently, vitamin D deficiency is considered a pandemic disease
(73). Although its prevalence in higher latitudes is well known, it
can also affect individuals living in areas closer to the Ecuador
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(74). It can also affect individuals living in areas closer to the
Ecuador (25, 74–76).

Many factors have been identified to contribute to it: age
(77), low sunlight exposure (25), skin pigmentation, obesity and
decrease of cutaneous synthesis of vitamin D. HSCT recipients
can also suffer from malnourishment (31), malabsorption, or
gut GvHD (35), which can have a detrimental impact on
absorption of vitamin D-enriched aliments. In addition, vitamin
D metabolism can be altered by immunosuppression (35, 78–
80) or as a consequence of kidney (35) or liver (79) impairment.
Moreover, some genetic polymorphisms in genes related to the
vitamin D metabolism have been identified in individuals at risk
of vitamin D insufficiency (81).

The half life of the inactive metabolite 25(OH)D3 has been
estimated to be between 2 and 3 weeks. It identifies individual
adequacy or insufficiency, making it the most useful marker of
the vitamin D body stores (32).

For over a century, most of the research performed regarding
the vitamin D has been looking into its effect on bone health
(23). Thus it is not surprising that the cut-off established for
vitamin D deficiency has been based on the optimal serum levels
of 25(OH)D3 required to prevent bone loose while maintaining
calcium homeostasis (79). Nevertheless, little is known about
the levels needed to enhance immune-regulation and forestall
complications following HSCT (4, 6, 8), and so a threshold that
can be applied into the HSCT setting has not been validated yet
(9, 82–84).

In the general population, studies regarding this have shown
remarkable discrepancies: whereas the Institute of Medicine
advocates for a cut-off of 30 nmol/L (12 ng/mL) (24), NICE
guidelines and the Endocrine Society Task Force on Vitamin D
established it below 25 nmol/L (10 ng/mL) (78, 85), and even one
report has set it below 50 nmol/L (20 ng/mL) (86). Therefore, it is
not possible to suggest a cut-off that defines vitamin D deficiency
in recipients of HSCT based on the evidence published so far.

Moreover, the non-skeletal functions of vitamin D have
reinvigorated its interest as potential modulator in a broad
spectrum of diseases and therapeutical procedures, as follows:

Autoimmune Diseases
Despite some clinical studies focused on the role of vitamin D
deficiency have revealed its contribution to the pathophysiology
of some autoimmune diseases, including multiple sclerosis,
systemic sclerosis, rheumatoid arthritis, insulin-dependent
diabetes and systemic lupus erythematous (4, 7, 45, 87), others
could not reproduce these results (88, 89).

Asthma
Interestingly, studies performed in patients with asthma showed
that patients with lower serum levels of vitamin D were less
responsive to steroids than those with higher levels. The reason
for this is the impaired steroid induction of IL-10 secretion
by CD4+ T cells, leading to a poor recruitment of Tregs.
However, it can be restored with vitamin D supplementation:
Due to its immunomodulatory properties, vitamin D enhances
the secretion of IL-10 by CD4+ T cells, increasing the pool of
both population of circulating Tregs (Foxp3+ and IL-10 Tregs)

in vitro and contributing to the control of the disease, as seen in
clinical studies (66, 70, 72, 90).

Infectious Diseases
Vitamin D has been used as a biomarker for critically ill patients
with sepsis, whom levels of 25(OH)D3 were lower than those
from patients also admitted in Intensive Care Unit but without
sepsis (58). However, despite the evidence found in a few
preclinical studies about the effect of 1,25(OH)2D3 fostering
macrophage activity against Mycobacterium tuberculosis (49)
or downregulating cytokine production during viral infections
(91), data regarding infections is still controversial, including
studies in HSCT patients (11, 49, 92, 93). Similarly, in a
clinical study where vitamin D supplementation was given as
adjunctive therapy to vaccinations, it did not show any clinical
relevance (91).

Cancer
In vitro studies have shown that 1,25(OH)2D3 inhibits cellular
proliferation (downregulating BCL-2 expression and telomerase
activity) and angiogenesis (inhibiting VEGF, vascular endothelial
growth factor), and acts as a pro-apoptotic and differentiation-
inducing agent in a range of malignant cells (1, 6, 36, 54, 94–
96) because these cells possess VDR (97). In clinical studies,
vitamin D serostatus has been linked to solid tumors, including
melanoma (98–100), breast (6, 101, 102), colon (6), prostate
(102), and lung cancer (103). Furthermore, this anti-tumor
effect has also been investigated in hematology disorders, such
as myelodysplastic syndrome (96), myeloid leukemias (95, 96),
and multiple myeloma (104). In some reports, higher levels of
1,25(OH)2D3 have been found to impact favorably in survival
(97, 99, 103, 105). However, there has been some discrepancy in
lymphoid malignancies, as a few studies found a positive impact
of 1,25(OH)2D3 in outcomes (95, 97, 106) whereas others did
not (107, 108). Moreover, Hansson et al. showed that patients
withmalignant hematological disorders and vitaminD deficiency
before transplantation could have higher relapse rate compared
to those patients whom levels were higher (10). Supporting this,
another paper mentioned similar results in patients with myeloid
malignancies (109), whereas another failed to reproduce the same
results (64).

Solid Organ Transplantation
Vitamin D deficiency is highly prevalent in heart and liver
transplant recipients, predominantly in the latter because end-
stage liver failure alters vitamin D3 first hydroxylation (110).
Furthermore, nearly 50% of lung transplant recipients are
vitamin D deficient, as reported by one single center study.
In this population, low levels of 25(OH)D3 were linked to
worse pulmonary function tests and higher graft rejection (111).
Moreover, recent reviews have reported how chronic kidney
disease and kidney transplant can aggravate hypovitaminosis D
and how patients with lower 25(OH)D3 serum levels were more
likely to suffer from secondary tumors and graft rejection, leading
to a poorer survival after transplantation (104, 112). In this
context, vitamin D supplementation can play a reno-protective
role (113).
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FIGURE 2 | Effect of vitamin D in the hematopoietic cells. Vit D, vitamin D; +, activation; –, inhibition; MHC II, major histocompatibility complex class II; APCs, antigen

presenting cells; Th2, T helper lymphocytes 2; IL, interleukin; Treg, regulatory T cells; TNF-α, tumor necrosis factor α; IFN-γ, interferon γ; CD8+ and CD4+, T

lymphocytes CD8+ and CD4+, respectively.

IMPACT OF VITAMIN D IN HSCT

Vitamin D deficiency can contribute to the imbalance of immune
homeostasis, shifting from a tolerogenic to a pro-inflammatory
status (89, 113). In the allogeneic HSCT, this can have an
impact on complications post-transplantation, and potentially on
survival outcomes (9, 11, 114, 115).

Immune Reconstitution Post-HSCT
(Figure 2)
Early immune recovery is characterized by neutrophil
engraftment. At this stage, 1,25(OH)2D3 may enhance neutrophil
recovery, as shown in a pediatric study where patients with higher
levels of 25(OH)D3 had a higher neutrophil count at the time of
engraftment (10). Nevertheless, other studies have failed to prove
this (11, 82). Moreover, two reports suggested the contribution
of donors’ VDR genotype in the late immune reconstitution of T
cells (116, 117), but data is still limited to draw any conclusion.

Beyond its immune-modulatory properties, 1,25(OH)2D3

stimulates proliferation and differentiation of CD34+

hematopoietic stem cells (118–120). It also inhibits
secretion of pro-inflammatory cytokines, such as IL-6 and

subsequently hepcidin production, resulting in stimulation of
erythropoiesis (121–123). However, little is known of its effect on
thrombopoiesis (124).

Graft-versus-Host Disease
GvHD is a major complication following allogeneic HSCT and
one of its main causes of death (125). Clinical studies have
suggested the link between vitamin D deficiency and GvHD
(9, 69, 82, 84). Acute GvHD (aGvHD) pathophysiology is
characterized by a strong inflammatory reaction (126), while
chronic GvHD (cGvHD) shares features of autoimmunity (127,
128). Vitamin D deficiency causes immune imbalance and
cytokine dysregulation, with expansion of autoreactive T cells,
enhancing the response of these immunologically competent cells
against host antigens, and blunting vitamin D–mediated immune
homeostasis (113, 129).

Surprisingly, vitamin A has also been suggested to be involved
in GvHD pathogenesis (130), but its potential mechanistic effects
of on GvHD are yet to be properly characterized (131).

Three clinical studies have linked 1,25(OH)2D3 serostatus and
acute GvHD (aGvHD): Urbain et al. demonstrated that patients
with moderate to severe aGvHD had lower levels of 25(OH)D3
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TABLE 1 | Observational studies correlating vitamin D status with outcome post-HSCT*.

References Study design Age

population

(N**)

VDD

threshold

VDD

pre-HSCT

VDD

post-HSCT

GvHD Outcomes

Kreutz et al. (82) NR NR (48) <25 nmol/L Serum

25(OH)D3: 36.4

(±2.2 nmol/L)

Serum

25(OH)D3: 27.8

(±1.3 nmol/L)

Lower levels of

25(OH)D3 in grade III

and IV aGvHD (P =

0.031)***

NR

Joseph et al. (18) Prospective Adult (72) <20 ng/mL 70% 58% NR NR

Sproat (20) Retrospective Adult (58) <20 pg/mL NR 59% NR NR

Comment: 21% of

patients on VD

supplements

Urbain et al. (69) Prospective Adult (102) <10 ng/mL 23.5% NR Weak association in

patients with lower

levels of 25(OH)D3 on

day + 100 and

aGvHD (P = 0.066)

NR

Glotzbecker et al.

(84)

Retrospective Adult (53) <25 ng/mL 60% NR No significant

differences in aGvHD

2-years CI of cGvHD:

63.8% in VDD

patients compared to

23.8% in sufficient VD

patients (P = 0.02)

Extensive cGvHD at

2-years was 54.5% in

VDD patients

compared to 14.3%

in sufficient VD

patients (P = 0.009)

No impact on OS

(P = 0.57) nor PFS

(P = 0.61)

Simmons et al.

(77)

Prospective Pediatric (22) <15 ng/mL 27% NR NR NR

Hansson et al. (10) Prospective Pediatric (123) <50 nmol/L 69% NR More frequent in

patients with

sufficient VD

compared to VDD

patient (47 vs. 30%;

P = 0.05)

No significant

differences in cGvHD

Lower OS in patients with

malignancies and VDD

compared to those VD

sufficient (50 vs. 87%;

P = 0.01)

Relapse rate higher in

VDD compared to normal

VD levels (33 vs. 4%)

(P = 0.03)

No significant association

with CMV and

EBV reactivation

Wallace et al. (12) Prospective Pediatric (135) <20 ng/mL NR 23% No significant

differences in

a/cGvHD

Lower OS in VDD***

(P = 0.044)

16% patients on VD

supplements pre-HSCT

Von Bahr et al. (9) Retrospective Adult (166) <25 nmol/L 11% NR No association

between 25(OH)D3

serum levels and

aGvHD

Strong correlation of

cGvHD with

25(OH)D3 serostatus

(RR 2.66)

Decreased 2-years OS in

VDD patients compared

to sufficient VD patients

(63 vs. 76%) (P = 0.03)

VDD pre HSCT was

associated with increased

CMV disease (P= 0.005)

No association with

2-years DFS

(Continued)
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TABLE 1 | Continued

References Study design Age

population

(N**)

VDD

threshold

VDD pre-HSCT VDD

post-HSCT

GvHD Outcomes

Florenzano et al.

(19)

Retrospective

(36%

autologous

and 64%

allogeneic

HSCT)

Adult (46) <20 ng/mL 17% 85% NR NR

Comment: 53% of

patients on VD

supplements (but not an

interventional study)

Myers et al. (140) Retrospective Pediatric (64) <30 ng/mL NR 73% NR NR

VD, vitamin D (25(OH)D3 ); VDD, vitamin D deficiency; OS, overall survival; aGvHD, acute graft-vs.-host disease; cGvHD, chronic graft-vs.-host disease; NR, not reported; RR, relative

risk; DFS, disease-free survival; PFS, progression-free survival; CI, cumulative incidence; CMV, cytomegalovirus; EBV, Epstein-Barr virus.

*Studies performed in allogeneic HSCT unless otherwise specified.

**N, number of participants tested for 25(OH)D3.

***Number patients affected NR.

after HSCT (69). Kreutz et al. correlated a higher grade of aGvHD
with vitamin D deficiency (82). Finally, Ganetsky et al. found that
those patients with vitamin D deficiency had an increased risk of
grade II–IV skin GvHD (132). Nevertheless, these results could
not be reproduced in other studies (10, 69, 84, 115).

Glotzbecker et al. reported that patients with lower levels
of 25(OH)D3 prior to HSCT had a higher cumulative
incidence of Chronic GvHD (cGvHD) and extensive
cGvHD compared to those with higher levels (84).
Supporting this, another clinical study showed that cGvHD
developed in patients with lower 25(OH)D3 serum levels at
transplantation (9). In contrast, other clinical studies failed
to find any correlation between vitamin D serostatus and
cGvHD (10, 115, 132).

Currently there is controversy in the evidence of the impact
of vitamin D deficiency within the GvHD pathophysiology.
Therefore, further studies with larger sample size to confirm this
are warranted.

Resistance To Steroids in GvHD
More than 50% of patients treated with steroids for GvHD are
resistant to this immunosuppressive treatment (133–135). The
cause for this remains unknown but there is strong evidence
linking this to a poorer chance of survival in these patients (136).

In the field of asthma, recent studies have linked vitamin
D serostatus with steroid resistance: lower levels of serum
25(OH)D3 were associated with poorer steroid response (72,
137). Nevertheless, treatment with 1,25(OH)2D3 overcame this,
resulting in clinical improvement of asthma severity (66, 70, 72,
90). Vitamin D replacement enhanced the expansion of Treg due
to the increased secretion of IL-10 by CD4+ T cells, previously
unresponsive to steroids (70, 72, 138).

In the steroid-resistant GvHD setting, one preclinical study
suggested that synergism between vitamin D supplementation
and steroids could abrogate themonocyte-induced release of pro-
inflammatory cytokines and therefore mitigate the tissue damage
by GvHD (139).

These findings serve as a rationale for treating or preventing
vitamin D deficiency by upholding normal levels of vitamin D in

order to enhance the immunosuppressive effect. Since vitamin D
may overcome the resistance to immunosuppression in GvHD,
further research in this field is needed to confirm this hypothesis
and potentially to reduce the morbidity and mortality associated
to this disease.

Outcomes Post-HSCT (Table 1)
As previously described, vitamin D has an immune-modulatory
role, and it may protect against infections and blunt tissue
damage on the course of HSCT (54, 91). Owing to this,
recent studies have tried to elucidate its role in outcomes
following allogeneic HSCT, with conflicting results: A prospective
study performed in pediatric patients revealed that vitamin
D deficiency post-HSCT was associated with a lower overall
survival (OS) (114), as seen in other studies evaluating OS at
different time points (9, 11, 115). Nevertheless, further research
could not prove the link between vitamin D serostatus and
progression-free survival (84, 115), 2-years disease-free survival
(9), or OS (84, 132, 141), thus no definitive conclusions can be
drawn from them.

VDR as Biomarker in HSCT
The VDR gene is located in chromosome 12 (142). Specific
single nucleotide polymorphism (SNPs) in this gene, such
as Fokl FF and ApaI aa reflect upregulation of the VDR
activity, whereas ApaI AA downregulates it, impacting on the
activity of Th1 and Th2 on the early immune reconstitution
following HSCT (116, 143). Furthermore, other SNPs in
the VDR and CYP2R1 genes can increase the concentration
of 25(OH)D3 in serum following supplementation with
vitamin D (144, 145).

The association of VDR gene polymorphisms with major
clinical outcomes following HSCT has been investigated in
different studies with inconclusive results (116, 143, 146–150).
Therefore, further research in this field is warranted with larger
study samples, including more recipients of different donor types
(unrelated, haploidentical).
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MANAGEMENT OF VITAMIN D
DEFICIENCY IN HSCT

A recent survey performed across European HSCT centers
described discrepancies in monitoring and replacement of
vitamin D deficiency in HSCT patients: Half of the centers
requested vitamin D prior to transplantation whereas nearly
80% followed this practice after it. The main reason for this
could be that guidelines only recommend measuring vitamin
D in the post-HSCT setting, aiming to prevent bone loss
and fractures. Moreover, the cut-off for serum 25(OH)D3

to commence on vitamin D therapy varied across centers
depending on geographical location, ranging from 25 to 100
nmol/L (14). Awareness of the immune-regulatory properties of
vitamin D and its potential impact on immune reconstitution
post-HSCT and GvHD were acknowledged by a minority of
centers (24 and 17%, respectively), being the main reason to
commence on vitamin D therapy the maintenance of calcium
metabolism and bone health (62%). Since the optimal dose
of vitamin D replacement has not been standardized yet in
the HSCT population and this differs between pediatric and
adult population (ranging from 1,000 IU per day to 600,000 IU
per week) (11, 64, 141, 151–155), dosage prescribed by HSCT
clinicians varied greatly across centers (14).

In summary, these findings reflect the lack of consensus in this
topic within the HSCT community, so recommendations were
provided to standardize criteria and harmonize the management
of the aforementioned deficiency, encouragingmonitoring serum
25(OH)D3 prior and after HSCT, and commence on replacement
therapy if clinically indicated. Nevertheless, no conclusions were
reached regarding the ideal threshold for vitamin D deficiency
due to the lack of robust studies including HSCT patients (14).
Different studies have used different cut-offs, which can mislead
clinicians when implementing the management of vitamin D
deficiency in their day-to-day clinical practice. Therefore, clinical

outcomes may differ among studies and this can complicate the
use of serum 25(OH)D3 as a biomarker in the HSCT landscape.
Since this is the only survey performed in the allogeneic HSCT
landscape and the recommendations provided are based on up-
to-date clinical evidence, it seems reasonable to follow them.

CONCLUSIONS

VitaminD is a potent regulator of immune responses with impact
in HSCT (9–13). Nevertheless, there are no clinical guidelines
focusing on vitamin D status and its optimal levels required for
prevention of post-transplant complications and enhancement of
the immunosuppressive therapy. As a consequence, monitoring
vitamin D can be easily neglected in the management of these
complex patients.

The high incidence of vitamin D deficiency in allogeneic
HSCT patients, alongside the current controversy (9, 11, 84, 114,
115, 132, 141), emphasizes the need for further studies on the
impact of vitaminD deficiency andVDR gene polymorphisms on
clinical outcomes to define its role as a biomarker in this setting.

Vitamin D deficiency may be the first potential easily
modifiable host factor associated with post-allogeneic HSCT
outcomes, thus identifying patients at high risk and optimizing
its management to enable prompt therapeutic intervention
is encouraged.
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The immunosuppressive activity of mesenchymal stromal cells (MSCs) in graft versus

host disease (GvHD) is well-documented, but their therapeutic benefit is rather

unpredictable. Prospective randomized clinical trials remain the only means to address

MSC clinical efficacy. However, the imperfect understanding of MSC biological

mechanisms has undermined patients’ stratification and the successful design of

clinical studies. Furthermore, although MSC efficacy seems to be dependent on

patient-associated factors, the role of patients’ signature to predict and/or monitor

clinical outcomes remains poorly elucidated. The analysis of GvHD patient serum

has identified a set of molecules that are associated with high mortality. However,

despite their importance in defining GvHD severity, their role in predicting or monitoring

response to MSCs has not been confirmed. A new perspective on the use of MSCs

for GvHD has been prompted by the recent findings that MSCs are actively induced

to undergo apoptosis by recipient cytotoxic cells and that this process is essential to

initiate MSC-induced immunosuppression. This discovery has not only reconciled the

conundrum between MSC efficacy and their lack of engraftment, but also highlighted the

determinant role of the patient in promoting and delivering MSC immunosuppression. In

this review we will revisit the extensive use of MSCs for the treatment of GvHD and will

elaborate on the need that future clinical trials must depend on mechanistic approaches

that facilitate the development of robust and consistent assays to stratify patients and

monitor clinical outcomes.

Keywords: mesenchymal stromal cell, graft versus host disease, biomarker, apoptosis, efferocytosis, extracellular

vesicles

A BRIEF HISTORY OF MSCs

Mesenchymal stromal cells (MSCs) are typically described as a highly heterogeneous population
of stem and progenitor cells selected and expanded in vitro as unfractionated fibroblastic-like and
plastic-adherent cells (1). This population was first described in the early 1970s by Friedenstein
and colleagues who isolated from the bone marrow (BM) of guinea-pigs and mice a group
of fibroblastoid cells able to differentiate into adipocytes, chondrocytes and osteocytes and to
reconstitute the microenvironment for the culture of hematopoietic stem cells (HSC) (2, 3). These
cells were later identified in human tissues (4) and referred to as mesenchymal stromal cells
(MSCs) (5).
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Since their first description, cells with analogous
characteristics have been successfully isolated and expanded
from many other tissues (6), such as placenta (7), umbilical cord
(UC) (8), adipose tissue (AT) (9), and dental pulp (10). MSC
identification relies on the combined expression of CD73, CD90,
CD105, CD71, CD44, CD106, and the lack of hematopoietic and
endothelial markers (CD34, CD45, CD11b, CD14, and CD31)
(11). The definition of MSCs features a substantial overlap with
the traditional concept of other more mature stromal cells, such
as fibroblasts (12–14), making it plausible to consider that these
are equivalent or related cell types.

MSC heterogeneity has been described within the same
species (15), tissue preparations (16, 17) and even on same
donor isolations. As observed by Mets and Verdonk, during
MSC sub-cultivation, younger passages were characterized by
higher rates of plasticity and proliferation compared with older
passages (18). Yang et al. (19) also described gradual loss of
the typical fibroblast-like spindle shape, decreased expression
of the adhesion molecule CD146 and genetic instability in
human MSCs under increasing in-vitro passages. Despite their
heterogeneity, MSCs have been largely employed in experimental
cell-based therapies for treating human diseases. Historically,
the lack of the expression of major histocompatibility complex
(MHC) class II and co-stimulatory molecules (CD40, CD40L,
CD80, and CD86), associated with low levels of MHC class I on
MSC surface (20, 21), initially introduced the idea of a population
of “immune-privileged” cells which could be widely used beyond
MHC-compatibility restrictions (22), and this consideration
greatly ignited the enthusiasm aroundMSCs as therapeutic tools.

The possibility that MSCs might be devised as therapeutically
effective cellular products mainly derived from studies describing
MSC ability to improve tissue healing and regeneration (23, 24)
and to alter host immune responses by suppressing inflammation
(22, 25–28). It has not been fully elucidated how healing and
immune suppressive MSC properties are intertwined. However,
they are not mutually exclusive or completely independent
as tissue regeneration requires resolution of injury-associated
inflammation. In this review, the multipotency of MSCs will not
be further discussed [reviewed in Bianco et al., (29) and Caplan
(30)]. Conversely, immunosuppression mediated by MSCs will
be extensively examined.

It is widely accepted that MSC immunosuppressive properties
are not constitutive. Instead, their immune regulation depends
on a process of “licensing” which needs to be acquired in an
inflammatory microenvironment. This concept finds support
not only in vitro but also in preclinical models of graft versus
host disease (GvHD), whereby MSC therapeutic activity could
be obtained only when MSCs were infused in the presence of
a specific inflammatory milieu (31). Accordingly, MSCs were
effective in reducing GvHD signs only when multiple infusions
were administered after transplant but not when one single dose
was co-infused with HSC transplantation (HSCT) (32). These
experimental observations have been strongly supported by a
meta-analysis recently performed by Wang and collaborators
(33). In this work, the authors included 6 randomized clinical
trials enrolling 365 patients. MSCs were infused at different
time points from HSCT (within 24 h, at a median time of 28

days, or with multiple infusions at different time points). The
analysis showed that infusion of MSCs significantly reduced the
incidence of chronic GvHD (cGvHD) and there was a trend of
longer overall survival inMSC-treated patients (33). Importantly,
the meta-analysis on different sub-groups demonstrated that
these favorable outcomes were significantly associated with late
MSC administrations, thus supporting a more effective role of
MSCs when licensed by a specific microenvironment developed
after HSCT.

Once licensed, MSCs are able to mediate potent
immunoregulatory effects through diverse modes of action
on a variety of cell types, involving both the adaptive and
innate immunity. The immunomodulatory repertoire induced
by primed MSCs includes factors such as indoleamine 2,3-
dioxygenase (IDO) (34–36), prostaglandin E2 (PGE2) (28, 34),
heme oxygenase-1 (HO-1) (37), transforming growth factor beta
(TGF-β), IL-10 (38), human leukocyte antigen-G5(HLA-G5)
(39), leukemia inhibitory factor (LIF) (40), and galectin 1, 3, and
9 (41–43). IDO, PGE2 and HO-1 can directly induce metabolic
reprograming on activated T lymphocytes, reducing their
proliferation rates, cytokine production and cytotoxic activity
(28, 34, 37, 44). Likewise, MSCs suppress the proliferation
and modulate the cytokine production of activated natural
killer (NK) cells (45, 46) through the action of IDO and PGE2
(28, 34, 36, 47). Furthermore, MSCs can inhibit B-cell activation,
proliferation and IgG secretion both in vitro and in vivo (44, 47)
in a soluble-factor dependent manner (48). In addition, MSCs
can dampen the activation of effector immune cells via cell-
contact interactions through the association of the programmed
death 1 and its ligand (PD-1/PDL1) (49, 50) and HLA-G1 (51).

Reprogramming of the host immune cells is another mean of
MSC immunomodulation, especially in vivo. MSCs can recruit
monocytes to the site of inflammation by the secretion of
chemokine ligand 2 (CCL2) (52). In a heart injury model,
MSCs reduced the number of pro-inflammatory monocytes,
while increased those with anti-inflammatory phenotype (53).
Moreover, in the presence of colony stimulating factor 1 (CSF-
1/M-CSF), MSCs can promote monocyte differentiation into
macrophages with upregulated expression of CD206, IL-10, and
TGF-β and improve phagocytic efficiency, which suggests the
characteristics of M2 macrophage differentiation (54). Likewise,
bone marrow progenitors are induced to differentiate into a
population of CD11b+ myeloid cells with potent suppressive
activity in the presence of MSCs. Such differentiation is mediated
by nitric oxide synthase-2 and these MSC-educated CD11b+
cells accelerate hematopoietic reconstitution in bone marrow
transplant recipients (55).

MSCs can also inhibit monocyte differentiation into dendritic
cells (DCs) and skew them into a tolerogenic profile via reducing
their expression of HLA-DR, CD1a, CD80, and CD83 as well as
down-regulating their IL12 secretion (56–59). Moreover, effects
of MSCs on regulatory T cells (Treg) expansion have also
been documented in many inflammatory conditions (60–62).
MSCs induce differentiation of functional Treg through TGF-β,
HLA-G5, IDO, and PGE2 (39, 59, 63). Remarkably, MSCs can
further favor Treg expansion in vitro indirectly by inhibiting DC
maturation, CD8T cells, and NK cells expansion (59, 64).
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FIGURE 1 | MSCs as therapeutic agents in immune-mediated diseases. Number of Clinical trials registered at the U.S. NIH database registry (ClinicalTrials.gov) plotted

according to the year of registration. Search was performed in August 2019 and included all studies whereby MSCs (Mesenchymal Stromal/Stem Cells) were used as

drug for the treatment of GvHD (black bars), or other immune-mediated diseases (white bars) such as Chron’s Disease, Cystic Fibrosis, Diabetes Mellitus, engraftment

of HSCT, inflammatory lung diseases (including asthma and Chronic Obstructive Pulmonary Disease), Multiple Sclerosis, neuromyelitis, Retinitis Pigmentosa,

Rheumatoid Arthritis, Rheumatic arthritis, Sjogren Syndrome, solid allograft rejection, Systemic Lupus Erythematosus, Systemic Sclerosis, Ulcerative Colitis.

The up-stream mechanism of MSC licensing has been a
puzzle for decades in MSC research. Pro-inflammatory cytokines
such as IFN-γ, TNF-α, IL-1α, or IL-1β have been extensively
reported on MSC activation in vitro. These molecules are
predominately secreted by activated monocytes or T cells,
and subsequently trigger the production of immunosuppressive
molecules in MSCs (35, 36, 65, 66). Blockage on either these
soluble factors or cell-contact pathways successfully undermined
MSC immunomodulatory effects. Yet, generally none of these
molecules taken alone is sufficient to account for MSC
suppressive function which in fact seems to be the result of a
synergistic combination of more factors. Therefore, how these
molecules are intertwined in vivo and the degree of redundancy
of their effects on MSC licensing warrants further investigation.

CURRENT CHALLENGES ASSOCIATED
WITH THE USE OF MSCs FOR THE
TREATMENT OF GvHD

MSC Use as a Therapeutic Tool
The characteristics described in the previous paragraph elicited
the interest in MSCs, considered as promising therapeutic
tools to control aberrant inflammatory responses. As shown in
Figure 1, consultation of the public registry of clinical trials at the
U.S. National Institute of Health database (at ClinicalTrials.gov)
shows a continuous increase of the number of new studies
involving MSCs for the treatment/prophylaxes of immune-
mediated diseases which were registered between 2004 and 2010,
with at least 6 new registrations thereafter.

The focus of the use of MSCs as cell-therapy products has
been mainly focused on two aspects: (1) the use of MSCs to

exert peripheral tolerance in contexts whereby this tolerance
was altered after the use of MSCs (i.e., usefulness of MSCs as
prophylaxes), and (2) the use of MSCs when an inflammatory
or autoimmune response was already established before MSC
infusion (i.e., MSC use as specific therapy to restore peripheral
tolerance). Aim of this review is to focus on the use of MSCs after
HSCT and in GvHD patients.

MSCs for the Treatment of GvHD
GvHD is a life-threatening complication of allogeneic HSCT, and
currently represents one of the major factors limiting the success
of this potentially curative option for hematological malignancies
(67, 68). GvHD has been classified into acute (aGvHD) and
cGvHD (69, 70). Currently, there is no standardized treatment
for patients with aGvHD who do not respond to steroids, and
their prognosis is still very poor, with overall survival inferior
to 20% at 2 years (71). The interest in MSCs for the treatment
of aGvHD has sparked remarkably since the very encouraging
results published in 2008 by the European Group for Blood and
Marrow Transplantation Developmental Committee (72), with
30 out of 55 patients with steroid resistant aGvHD showing
complete response to MSCs. Importantly, these responding
patients had 55% overall survival at 2 years. To date (last analysis
in September 2019), at least one new clinical trial involving the
use of MSCs to mitigate GvHD has been registered every year at
ClinicalTrial.gov with a peak of 5 different studies started in 2015
(Figure 1). A systematic search of the published manuscripts in
peer-reviewed journals has identified 14 studies (72–85), both
retrospective and interventional, with more than 30 patients
enrolled. In these studies, all aGvHD patients were steroid-
resistant. Only one study used MSCs as first line treatment in
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TABLE 1 | Clinical studies with MSCs used in aGvHD.

Patients MSC infusion Outcome

Publication N Median age (range) Dose (×106/Kg) Median (range) CR (%) PR (%) NR (%)

LeBlanc et al. (72) 55 22 (0.5–64) 0.40–9.00 2 (1–5) 54 16 29

Ball et al. (73) 37 7 (0.7–18) 0.90–3.00 2 (1–13) 65 22 13

Kurtzberg et al. (74) 75 8 (0.2–17) 2.00 NRe (8–12) NRe NRe NRe

TeBoom et al. (75) 48 44.9 (1.3–68.9) 1.80 (0.90–2.50) 3 (1–4) 25 50 25

Kebriaei et al. (76) 31 52 (34–67) 2.00–8.00 2 (2) 77 16 7

Erbey et al. (77) 33 7 (3–18) 0.50–2.80 2 (1–4) 54 21 25

Servais et al. (78) 33 58 (5–69) NRe (1.00–4.00) 1 (1–2) 22 41 37

vonDalowski et al. (79) 58 55 (19–71) 0.99 (0.45–2.08) 2 (1–6) 9 38 53

Dotoli et al. (80) 46 28 (1–72) 6.81 (0.98–29.78)** 3 (1–7) 7 43 50

Bader et al. (81) 69 8.2 (6 mo-18) 45.5 (18.9–65.5) NRe (1.00–2.00) NRe (1–4) 32 51 14*

Introna et al. (82) 37 27.8 (1–65) NRe (0.80–3.10) NRe (2–11) 30 43 27

Fernandez-Mazqueta et al. (83) 33 46 (18–61) 1.06 (0.66–1.76) 1.06 (0.66–1.76) 34 50 16

Resnick et al. (84) 50 19 (1–69) 1.00 (0.3–3.10) NRe (1–4) 34 32 34

Galleu et al. (85) 60 40 (4 mo-68) 2.60 (0.60–15.60) 1 (1–4) 2 52 46

CR, Complete Response; NRe, Not reported; NR, No Response; PR, Partial Response; *3%, no data available at day 28; **cumulative dose.

association with steroids (76). Both pediatric and adult patients
were treated with age ranging from 2 months to 72 years. It is
not possible to directly compare these studies in terms of efficacy
due to the heterogeneity of the patients enrolled. However,
results seem to be very encouraging. Indeed, as summarized
in Table 1, overall response rates ranged from 47 to 93%
even though patients were mostly resistant to multiple lines of
treatments. Notably, the use of MHC-matched, haploidentical or
third-party MSC donors does not have any impact on patient
outcomes (72–85).

MSCs could successfully be expanded from disparate tissues,
spanning from BM (72–82, 84), UC (86, 87), AT (88, 89), or
placenta (90). BM has been the first MSC source ever described
and the most frequently deployed thus far. However, the origin
of MSCs does not seem to affect their anti-proliferative and
immunological properties in vitro (91). Furthermore, despite
the small number of patients treated with UC (86, 87), AT
(88, 89) or placenta (90), similar response rates were reported
when compared to the outcomes obtained when BM-MSCs
were used (Table 1), thus supporting the role of these sources
as valid alternatives for clinical-grade MSC production. In
fact, UC and AT may be considered as more “affordable”
alternative sources in terms of manufacturing logistics and costs
compared to BM. ObtainingMSCs fromUC or AT has important
advantages. First, the invasive BM harvest procedure, associated
with (minimal) risk for donors, can be spared. Secondly, both
UC- and AT-MSCs can be obtained from tissues which are
currently otherwise discarded and also from samples previously
frozen before isolation (this at least it has been described in UC-
MSCs) (92, 93). Third, they have higher proliferative capacity
and longer life-span in vitro with higher cells yielded per
expansion (94, 95).

MSC therapeutic activity has been tested also in cGvHD, albeit
the experience in this setting is more limited than in aGvHD.
Most studies reported the treatment of only few patients, and

they should be considered as case reports. Results were in fact
variable, with overall responses ranging from 0% (82, 96) to more
than 50% of the patients treated (97–100). More promising are
the results obtained from larger groups of patients and reported
in three different studies. In two of these studies, a total of
57 steroid-refractory cGvHD were treated with 1–5 infusions
of BM-MSCs. The median time to response varied between 3
and 24 months after the first MSC infusion (101, 102). Notably,
26% of the patients treated could wean immunosuppressive
therapy until complete discontinuation in one of the studies
(102). Recently, 14 patients with moderate to severe cGvHDwere
prospectively treated with one infusion of AT-MSCs as first-line
treatment in association with steroids and cyclosporine (103). In
total, 13 patients could be evaluable, since 1 patient withdrew
participation consent. Ten patients achieved a response at 56
weeks [8 complete response [CR] and 2 partial response [PR]],
all stopped steroids and were alive at the end of the study.
Conversely, of the 3 non-responding patients, none was alive and
the cause of death was progressive cGvHD (103).

MSCs for the Improvement of HSCT and as
Prophylaxis of GvHD
MSCs have been demonstrated to enhance haematopoietic
engraftment and hematological recovery after both autologous
(104) and allogenic (105–107) HSCT when administered at
the time of transplant. This property may become crucial
in situations in which, due to damage of the BM niche after
conditioning regimens for HSCT, haematopoietic recovery may
be severely delayed. Koc et al. (104) were the first to report
improvement of haematopoietic engraftment when autologous
BM-MSCs were co-transplanted with HSCT. These findings,
along with positive results from preclinical models whereby
MSCs were able to delay the onset of GvHD (108, 109),
prompted investigators to assess whether MSCs could be used
for the improvement of HSCT engraftment and prophylactically
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to decrease the frequency of GvHD when co-administered
with the transplant. The ability of MSCs of improving HSCT
engraftment, or preventing graft failure, seemed to be confirmed
in some studies (106, 107, 110–113). However, absence of any
improvement has also been reported (114, 115). Recently, a
comprehensive meta-analysis carried out by Kallekleiv et al.
(116) determined the potential benefits of MSCs when co-
administered with allogenic HSCT within a range of 24 h (before
or after the transplant). The study included a total of 309
patients enrolled in 9 controlled trials performed until May
2015, thereof 3 randomized and 6 non-randomized studies. The
analysis suggests that MSCs do not have any beneficial effects in
terms of facilitation of engraftment or either aGvHD nor cGvHD
prevention (116). Important limitation of this meta-analysis
relates to the small sample sizes of the studies included and their
weak designs, thus results should be interpreted with caution.

Taken together, these data suggest that, while MSC use is
safe, the efficacy of this treatment as tool to promote HSCT
engraftment or GvHD prophylaxis should not be routinely
supported. Factors which may play a role in influencing
the activity of MSCs include the concomitant therapy, the
underlying disease or the conditioning regimen. By modifying
the inflammatory milieu of the patient, these components may
affect theMSC “licensing” and hamper their immunomodulatory
capacity to reset the haematopoietic niche.

MSC Biomarkers for GvHD: An Unmet
Need
In the previous paragraph, we have reported the very encouraging
results when MSCs are used for the treatment of aGvHD.
However, the only randomized phase III trials, sponsored by
Osiris Therapeutics (NCT00562497 and NCT00366145) and
making use of commercially available MSCs (Prochymal), missed
their endpoints and failed to demonstrate efficacy of MSCs.
Nonetheless, this failure was only announced by press-release
and results were never published in peer-reviewed manuscripts.
To make them more difficult to interpret, the publicly available
results (published in abstract forms only) did demonstrate the
efficacy of MSC treatment in specific sub-categories of patients
with improvements in response rates in pediatric patients (117)
or patients with gut or liver GvHD (118).

These results and the contrast with the outcomes reported
in most phase II studies raised many questions on the possible
causes of this failure (119). Furthermore, it drove to question
the very same utility of MSCs as part of the available treatments
of GvHD, as highlighted by the recent clinical commissioning
policy on GvHD treatments published by NHS England, which
concluded that there was not enough evidence for supporting
the use of MSCs in GvHD patients (120). It is conceivable that
to definitely and robustly assess the role of MSCs in GvHD
therapeutic armamentarium, we need prospective phase III trials
whose design needs to be guided by potency assays or biomarkers
able to effectively stratify patients and predict clinical responses.

A biomarker (or biological marker) is a parameter that can
be objectively measured or evaluated to indicate a biological
process, pathogenic processes, or pharmacologic responses to a

therapeutic intervention (121). In the regard of MSC therapy in
aGvHD, ideal MSC biomarkers can be served as a prognostic tool
to (1) forecast the clinical outcome, or (2) predict the clinical
response, or (3) monitor the efficacy of MSC therapy among a
variety of aGvHD patients.

There have been two major approaches to predict or monitor
the therapeutic effects of MSC in GvHD. The first approach
has been to apply a panel of GvHD biomarkers, which are
molecules related to the tissue damage during the pathogenesis of
aGvHD (122). They were first identified to provide diagnostic and
prognostic information on GvHD independently of the clinical
symptoms (122). The initial panel included the plasma level
of interleukin 2 receptor subunit α (IL-2Rα), tumor necrosis
factor receptor 1 (TNFR1), interleukin-8 (IL-8), and hepatocyte
growth factor (HGF). Subsequently, the same research group
included two organ–specific biomarkers, which are regenerating
islet-derived 3α (Reg3α) (123) and elafin (124), specific for
gastrointestinal and skin GvHD, respectively. Several studies in
aGvHD have reported the change of these biomarker after the
MSC infusion and their correlation with the MSC responses. For
instance, Dander et al. (125) found a decrease of plasma TNFRI,
IL-2Rα, and elafin in those patients who responded to MSCs but
not in the non-responders. At the same year, von Bahr et al.
(126) reported similar decline of serum IL-2Rα in GvHD patients
after MSC infusion, although they did not compare the change
of IL-2Rα between responders and non-responders. Later, Yin
et al. (127) found a fall of Reg3α and cytokeratin fragment 18
(CK18), another tissue damage biomarker in liver and intestinal
GvHD, in MSC responders (128). However, discrepancies have
also been reported. In contrast to Yin et al. (129) another study
indicated that Reg3α and IL-2Rα were not correlated with the
response to MSCs in aGvHD patients. Furthermore, in a phase
II study, there was no correlation of any GvHD biomarkers
with the clinical response following MSC treatment in aGvHD
patients (75), raising questions on the reliability of these GvHD
biomarkers in monitoring MSC efficacy.

The second approach has been to monitor some effector
molecules or cellular pathways reported as mediators of MSC
immunosuppression in vitro and in pre-clinical studies. Dander
et al. (125) reported an increase in the proportion of Treg
compared to Th1 and Th17 cells after MSC treatment in
the responders, while opposite results were found in the
non-responders. However, another study did not find any
increase of the Treg population in both responders and non-
responders. Moreover, both the numbers and functions of
CD4 and CD8T cells also remained unchanged. The only
significant difference between responders and non-responders
was the proportion of immature DCs which was increased
among the responders following MSC infusion (75). Similar
ambiguity was also noticed in the effector molecules which
have been described in MSC immunosuppression in vitro. For
instance, no changes of the serum level of IL-6 or HLA-G
was detected in patients after receiving MSCs regardless of
the clinical response (126). Importantly, the same study also
found that MSC immunosuppressive potency, measured as anti-
proliferative activity against T cells after stimulation in vitro, did
not correlate with MSC clinical efficacy in vivo. This observation
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indicates that the role of this in vitro potency assay was not
optimal to predict the clinical efficacy of MSCs in aGvHD
patients (126).

Albeit not strikingly biomarkers by definition, there have been
several associative factors which can seemingly influence MSC
responses among aGvHD patients. Dosage of MSC infusion, age
of MSC recipients and organ involvement have been reported
as affecting responses in aGvHD patients (72, 77, 78, 82, 84, 85,
130). Briefly, patients who received higher MSC doses (78, 85),
younger patients (72, 82, 84, 85), or patients with gut or/and
skin involvement seem to achieve a better response to MSCs
(77, 85, 130). However, these results have not been confirmed
in other studies (73, 79, 131), and should be considered with
caution. These discrepancies highlight the weak reliability of
these associative factors when used as predictors of response.
Furthermore, the biology underlying these clinical observations
is still unknown. Nevertheless, they unquestionably stress the
importance of the patient as crucial player in the response.

The Paradox of MSC Immunosuppression
Models (in vitro vs. in vivo)
The unsatisfactory ability to predict or monitor clinical responses
to MSCs by the panel of molecules described in the previous
paragraph can be attributed to two main reasons. First, the
proposed GvHD biomarkers (e.g., Reg3α and Elafin) (75, 125,
128, 132) appear to be reliable sensors of the severity of the
disease and tissue damage but they lack anymechanistic rationale
regarding the immunosuppressive activity of MSCs and their
licensing. It is then arguable that their impact on MSC clinical
response may be minimal. However, if variations of their values
among responders and non-responders are consistently found
in larger studies, they will acquire a more defined role in the
monitoring of the GvHD after MSC treatment.

Second, the immunosuppressive effector pathways that have
been extensively and elegantly characterized as crucial in models
of MSC immunosuppression in vitro (75, 125, 126, 128, 132)
have not been demonstrated to have a reproducible role in
predicting MSC therapeutic activity in vivo. The impossibility
to exploit these molecules as biomarkers should also be taken
into account. Although it is relatively easy to determine and
monitor these soluble molecules in vitro, our ability to measure
them in vivo might be jeopardized by their restricted range
of action and limited bioavailability over time. The correct
timing to assess these effectors may also differ significantly based
on the nature of studies (in vitro vs. in vivo), with a further
layer of complexity associated with difference in metabolism
secondary to patient age, disease severity, co-morbidities, or use
of concomitant treatments.

At the state of the art, our well-established in vitro models
of MSC immunosuppression are not fully elucidated for the
development of robust biomarkers as predictors of clinical
response in GvHD patients treated with MSCs. It appears that
a better understanding of the mechanisms underlying MSC-
mediated immunosuppression in vivo is therefore fundamental
to provide novel perspectives and mechanistical platforms as
starting points for the development of reliable biomarkers.

ROLE OF MSCs UNDERGOING
APOPTOSIS TO DELIVER
IMMUNOSUPPRESSION IN VIVO

MSCs Undergoing Apoptosis in vivo to
Induce Immunosuppression
One major unresolved challenge which undermines the progress
in our understanding of MSC immunosuppression in vivo is
that the vast majority of infused MSCs become undetectable
a few hours after transiently residing in the lungs (133, 134).
Nevertheless, MSCs appear to maintain their ability to deliver
therapeutic activities and engage with other regulatory cells
like T-reg and macrophages. It is clear that our current in
vitro models of MSC immunosuppression are still lacking some
important aspects and cannot reconcile the paradox of the
absence of engraftment and immunosuppressive functions (44,
135–137).

Starting from these observations, we tested the hypothesis
that the lack of MSC engraftment might be due to cell death
after infusion. In our experimental model of aGvHD, we have
demonstrated that MSCs undergo extensive caspase activation
and apoptosis after infusion in the presence of cytotoxic cells,
and that this is a requirement for their immunosuppressive
function (138). This apoptosis is mediated by both CD8 and
NK cells and is not MHC-restricted. After MSC apoptosis,
phagocytic cells are also required to engulf apoptotic MSCs
and produce IDO which in turn triggers immunosuppression
(138). These findings are in line with previous studies, whereby
activated but not resting NK cells were able to lyse MSCs in vitro
(46), or MSCs were cleared in vivo by deployment of different
recipient-dependent reactions (139–143). Notably, these data
provide a completely novel perspective which undermines the
so-called “immune-privileged” status of MSCs. Conversely, by
demonstrating the instrumental role of in vivoMSC apoptosis in
delivering immunosuppression after infusion, they reconcile the
role of the observed MSC rejection in vivo (144) in the context
of MSC immunosuppressive functions across MHC barrier (72,
145) and highlight the capacity of apoptotic MSCs to modulate
immune responses (146–149).

MSC Apoptosis Provides a Predictive
Biomarker Selecting MSC Responders in
GvHD
The observation that MSC apoptosis requires and is induced
by cytotoxic granules in a mouse model of aGvHD led us to
investigate the role of cytotoxic immune cells against MSCs also
in human patients. We found that the cytotoxic activity against
MSCs can also be detected in the PBMCs of GvHD patients.
More importantly, our data show that patients displaying high
cytotoxicity respond to MSC therapy, whilst those with low
or absent cytotoxic activity do not improve following MSC
infusion (138). These data have now been confirmed in an
extended cohort of patients and the cytotoxic assay has been
found to predict clinical responses with high sensitivity and
specificity (Galleu A et al. Oral presentation, Abstract S252, EHA
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2020). It is important to point out that the limited number of
patients analyzed warrants further validation in a prospective
clinical study.

Currently, we do not know whether the cells mediating this
cytotoxicity are derived from the donor of HSCT or from the
recipient. Furthermore, it cannot be excluded that patients who
have very poor reconstitution after HSCT with both CD8 and
NK cells may have a hampered capacity to kill MSCs and then
reduced likelihood to respond to MSC treatment. However,
neither the absolute numbers nor the frequencies of CD8 and
NK cells seem to have a role in predicting the response to MSCs
(75), as supported by our observation that there is no difference
between CD8 or NK cell percentages between responders
and non-responders (138). It is likely that only a better
characterization of the phenotype of the cytotoxic cells mediating
MSC apoptosis will enable us to identify the actual subpopulation
of cells eventually responsible of this apoptosis and to develop
a quantitative and more approachable assay for use in a routine
pathology laboratory.

Despite these limitations, this predictive biomarker represents
a paradigm shift in MSC therapeutics. Its strength relies on
the fact that the assay is supported by mechanistic insights.
Furthermore, an important consequence of these observations
is that, although MSCs remain the necessary starting point for
therapeutic immunosuppression, patient-derived cells play a
crucial role in delivering such an immunosuppression. This new
perspective, in line with clinical data whereby MSCs from the
same donor can give different responses in different patients
(72–74, 76, 78, 79, 150), may significantly affect the Research and
Development sector of MSC manufacturing. In the last decades,
much efforts have been spent on the identification of the most
clinically effectiveMSC preparations. Several strategies have been
proposed, including the selection of MSCs based on biological
parameters such as the magnitude of IDO synthesis (151) or the
intracellular levels of the transcription factor TWIST1 (152).
Conversely, other groups suggested to overcome the intrinsic
variability among MSC batches by generating MSCs from pooled
BM-MNCs of multiple third-party donors (153). It is not clear
whether different MSCs exhibit similar or different capacity to
undergo apoptosis. Further studies are needed to verify whether
MSCs from different sources, administered after thawing or from
fresh cultures, expanded in selected conditions, or differentially
sorted based on specific features, have different susceptibility to
undergo apoptosis. In this perspective, the cytotoxic assay may be
devised as a tool for standardization of MSC manufacturing by
select specific thresholds of killing used as product specification.
Such an assay would also address the unmet need for a potency
assay as a guideline for Regulatory Authority requirements (154)
to implement quality control of manufactured MSCs. Thus far,
most potency assays are designed with the aim to identify or
select the “most immunosuppressive” MSC batches (155, 156),
but they are exclusively based on MSC in vitro properties.
By measuring their susceptibility to undergo apoptosis
when exposed to cytotoxic cells, the cytotoxic assay would
possibly identify “the most fit MSCs” which will deliver their
therapeutic activity once administered to patients able to induce
their apoptosis.

MSC Apoptosis Provides a Monitoring
Biomarker Evaluating MSC Immunological
Effects in GvHD
The role of MSC apoptosis in vivo not only provides clinicians
a powerful prognostic tool to predict patient responses to MSC
treatment (138), it also paves the way for the development of
potential tool to monitor the immunological effects after MSC
infusion. The ground for this approach will be centered around
the concept of the reprogramming of myeloid cells in the hosts
following MSC apoptosis and efferocytosis. It has been well-
documented that robust immune suppression and tolerance is
mediated by myeloid cells (monocytes and dendritic cells in
particular) following efferocytosis of apoptotic cells. These effects
can be mediated by TGF-β (157, 158), IDO (147), IL-10 (159),
or COX2/PGE2 (160). The field of dying MSCs has only begun
to unveil their immunomodulation in certain models (161) and
remains largely unexplored. However, it is conceivable that some
of these factors might emerge as valuable biomarkers when
further investigated.

In this perspective, the latest findings from our group
seems to corroborate this idea. Indeed, we have demonstrated
that efferocytosis of apoptotic MSCs endows monocytes with
antiproliferative activity against T cells (162). These monocytes
upregulated several immunosuppressive molecules, including
metabolic enzymes IDO and COX2, immune checkpoint ligand
PDL1 as well as soluble factors PGE2 (enzymatic product of
COX2) and IL-10. Of note, the activity of COX2/PGE2 within
the monocytes is in fact the key to determine the downstream
expression of IDO, PDL1, and IL-10 as well as the monocyte
inhibitory effects against T-cells. Most importantly, in a cohort of
steroid-refractory aGvHD patients, the increase of serum PGE2
after MSC treatment is significantly higher in the responders
compared to the non-responders. Hence, we suggest that the
serum level of PGE2 can be evaluated as a biomarker for the
monitoring of the immunological effects of MSCs in aGvHD
patients receiving MSC treatment. PGE2 can be easily measured
with the current biochemical methods such as ELISA, a rapid
protocol with high sensitivity, specificity and reproducibility.
With a reliable MSC monitoring biomarker, clinicians can be
benefitted from an early predictor of treatment failure, thus
promptly pursuing alternative treatments before the assessment
of a response. Furthermore, this tool can be devised to optimize
the MSC dosage or design a combinational regimen to improve
the clinical efficacy of MSC therapy.

POTENTIAL OF MSC EXTRACELLULAR
VESICLES (EVs) AS BIOMARKERS IN GvHD

Besides the long-term notion about the importance of growth
factors and cytokines as a part of the cell communication, the
concept that cells also secrete large amounts of extracellular
vesicles (EVs) as potential mediators is relatively new (163,
164). EVs are spherical structures limited by a lipid bilayer,
which contains hydrophilic soluble components such as proteins,
small and large RNA and DNA. There are different types
of secreted EVs that have distinct structural and biochemical
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properties depending on their intracellular site of origin (165).
Microvesicles and apoptotic bodies have been described as large
EVs (>100 nm diameter) and can be formed at the plasma
membrane by direct budding into the extracellular space. Smaller
vesicles referred to as exosomes (around 100 nm diameter)
are originated in multivesicular endosomes, subsequently
secreted by fusion of these compartments with the plasma
membrane (166).

The interest in EVs has progressively grown due to the
discovery of their functional content, and the knowledge that
the different EV subtypes contain molecules derived from
different cellular compartments. Omics studies revealed that
exosomes contain proteins originally located in the endosomes
andmicrovesicles from cytosol and plasmamembrane (167, 168).
Apoptotic bodies, on the other hand, can contain molecules
from the nucleus, endoplasmic reticulum or Golgi (169). Such
a selectivity confirms that their cargos are not random, as
might be in the case of cell debris. Instead, EVs contain a
set of well-characterized and evolutionarily conserved proteins
including the protein family of tetraspanins (CD63, CD81, and
CD9) as well as Alix and TSG101, which have been used as
EV markers. Also, they contain a set of molecules that varies
according to different physiology, therefore understanding the
EV cargo modifications, for instance during inflammation, may
provide valuable insights into the prediction and/or monitoring
of pathological processes (170).

EVs have been purified frommany types of cell culture and are
believed to be released from most, if not all, somatic cells, either
constitutively or upon activation. Hence, they can be found in
all different biological fluids such as plasma, serum, saliva and
urine. Due to this specific content, EVs have been proposed as
suitable biomarkers for various conditions (166). For instance,
the use of EVs as a biomarker in allogenic transplantation
context has been extensively investigated (171). In the study from
Gunasekaran et al. (172) in lung transplantation, the detection
of graft-derived exosomes preceded clinical diagnosis of graft
rejection, suggesting that they could serve as a method to predict
chronic rejection and adjust patient treatment accordingly. The
predictive use of EVs as a biomarker was also suggested by
Zhang et al. (173) In their study, they identified a panel
of mRNAs (gp130, SH2D1B, TNFα, and CCL4) present in
plasma EVs that could be used to predict on-going and/or
imminent antibody-mediated rejection in kidney transplants.
Other researchers found that they could correlate plasma and
urinary EV content with graft rejection and its severity in
renal (174–176) and lung transplanted patients (177). These
results have shown that monitoring EVs and their cargos in
patients might represent a promising non-invasive method
to evaluate the status of allografts and the type and stage
of rejection.

MSCs are well-characterized producers of a wide range of EVs
with different cargos. The presence of selected miRNAs within
MSC-derived EVs has been first described by Collino et al. (178).
In their studies, they found that some of the miRNAs were
present in both the EVs and the original cells. The similarities
between cells and EVs were further confirmed by Kim et al.
(179), when they conducted a study characterizing the protein

content of BM-MSC-derived EVs and revealed their overlaps
in surface markers, signaling molecules, cell adhesion molecules
and additional MSC antigens. These data suggest MSC-derived
EVs as potent mediators of intercellular communication locally
and systemically.

EVs released from licensed MSCs have different composition
and probably roles, when compared to those released by resting
MSCs. Several studies have recently reported a significant
variation on the EV content depending on the extracellular
microenvironment priming the MSCs (180–183). Although the
characterization of EVs released by the apoptotic MSCs is
still under investigation, it is well-documented that apoptotic
cells can produce a range of EVs and apoptotic bodies with
different cargos that influences their microenvironment (169,
184, 185). In this regard, we can characterize the MSC-derived
EVs to monitor their licensing process and/or the process of
apoptosis. Furthermore, they might reveal the immunological
effects of MSCs. Therefore, monitoring EVs isolated from the
circulation of patients receiving MSCs holds a promising non-
invasive method to evaluate the clinical efficacy of the treatment.
Lastly, the analysis of EV content over time could also give
hints of MSC kinetics, allowing to the adjustment of MSC
administration accordingly.

CONCLUSIONS

MSC immunobiology makes them ideal candidates for their
use in cellular therapy in several immune mediated diseases,
including GvHD. After thousands of infusions, the most
convincing conclusion is that MSCs are well-tolerated and
safe for patients. Major infectious events, secondary neoplasms,
or malignancy relapse do not seem to increase after MSC
therapy (33, 186). However, available data on MSC use in
GvHD treatment represent the paradigm of the limitations
of our current use of MSCs in most clinical applications.
It is unquestionable that patients who responded to MSCs
exhibit longer overall survivals than the non-responders (72–
76, 78, 85). Importantly, this is a consistent finding across
heterogenous cohorts of patients (Table 1). Nonetheless, there
is not definitive and proved evidence of efficacy and responses
are unpredictable.

The furious arguments ignited on the legitimacy of the
use of MSCs in GvHD in the last few years highlights the
unmet need to better understand how to improve the durability
and the rates of responses to MSCs. We believe that only
an in-depth understanding of the reasons behind clinical
responses represents the necessary milestone for the design of
the next generation of clinical trials in MSCs. Their success
will undoubtedly route on our ability to identify the effective
instruments (namely biomarkers and functional assays) that help
us to predict clinical responses, guide us in selecting the best
patient candidates, and ideally provide information as early
predictors of treatment failure. Our ability to select only “fit
patients” will be crucial in terms of sustainability of the costs
of the MSC treatment and of a better management of limited
resources, especially in the case of universal health care systems.
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FIGURE 2 | MSC immunomodulation depends on the interaction with the host. Schematic representation of MSC mediated immunosuppression after infusion. 1:

After infusion, MSCs interact with the cytotoxic granules produced by CD8T cells and NK cells of MSC recipient. 2: MSCs are induced to undergo apoptosis. 3:

apoptotic MSCs are cleared from the circulation by the mononuclear phagocyte system. After efferocytosis, phagocytic cells of MSC recipient are induced to produce

PGE2 and IDO which are the final mediator of MSC immunosuppression. Importantly, while the cytotoxic activity against MSC can be used as a biomarker to predict

the response before MSC infusion, PGE2 levels in patient serum could be devised to monitor response after treatment.

The identification of such biomarkers will also harmonize the
broad heterogeneity amongMSCmanufacturing processes across
different centers (187). This will be a crucial pre-requisition for
rigorous and scientific reproducibility across studies by which
assess the difference between MSC preparations, MSC sources,
administration regimens and doses.

So far, the translation of the in vitro models of MSC
immunosuppression has failed to provide assays able to guide
patient stratification. The discovery that MSC apoptosis is
essential for MSC therapeutic efficacy in vivo represents a
paradigm shift in the MSC field. This does not necessarily imply
that it is the only possible mechanism and we cannot exclude the
co-existence with other soluble-mediated mechanisms. However,
this provides a reconciliation of the paradox between absence
of engraftment and activity thus giving a strong mechanistic
base of apparently contradictory experimental observations.
Furthermore, in agreement with clinical data, it strengthens
the notion that it is the patient with his/her inflammatory
environment who plays a crucial role in the final response.
Most importantly, this novel mechanism can be easily translated
into reliable biomarkers. While the ability of the recipient
to generate apoptotic MSCs appears to be a requirement for
the therapeutic efficacy and could be used to stratify patients
for MSC infusions before the treatment, the PGE2 levels in
patient after MSC infusion could be exploited to monitor the

response and provide a tool for detecting early treatment failures
(Figure 2).

These new biomarkers may represent the dawn of a new era
of MSC use in GvHD. However, we are only scratching the
surface of the challenge in our attempt to improve the use of
MSCs in GvHD and other inflammatory diseases. New questions
need to be addressed and new paths identified to pave the way.
Gaps are also yet to be filled regarding the relationship between
MSC apoptosis and the classical “cytokine licensing.” A follow-on
question regards the extent and the durability of the tolerogenic
environment created by apoptotic MSCs. The restricted location
of MSC apoptosis does not seem to reconcile with the systemic
effects on inflammation. Answers to these questions will certainly
provide novel insights and will lead us to the improvement
of the available biomarkers or the discovery of new and more
precise assays.
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Chronic graft-vs.-host disease (cGVHD) remains a major cause of morbidity and mortality

after allogeneic hematopoietic stem cell transplantation (allo-HSCT). Previous studies

have shown that autoantibodies play an important role in the development of cGVHD.

Anti-nuclear autoantibodies (ANA) is the most frequently detected autoantibodies in

patients with cGVHD, but the role of anti-Ro52 autoantibodies (anti-Ro52) in cGVHD

remains largely unknown. In this study, we analyzed autoantibodies from 84 patients

after allo-HSCT, including 42 with active cGVHD and 42 without cGVHD. Autoantibodies

were found in 36 (42.9%) patients. Among these autoantibody-positive patients, 28

(77.8%) patients had active cGVHD. The most frequent autoantibodies in patients

with active cGVHD were ANA (50.0%), anti-Ro52 (28.6%) and anti-mitochondrial

autoantibodies type 2 (4.8%). We further explored the association between anti-Ro52

and cGVHD. Patients with active cGVHD had higher anti-Ro52 levels than patients

without cGVHD (P < 0.05). The increases of anti-Ro52 levels were more significant in

patients with moderate/severe cGVHD compared to those of patients without cGVHD

(P < 0.05). Stratified and multivariable logistic regression analysis demonstrated that

moderate/severe cGVHD was an independent risk factor for the levels of anti-Ro52

(P < 0.01). ROC analysis confirmed anti-Ro52 as a risk factor for progression of skin

cGVHD. Moreover, the anti-Ro52 levels were highly correlated with the levels of B

cell-activating factor (BAFF) and IgG1 antibodies. Our study demonstrates that anti-Ro52

is associated with cGVHD. The increased levels of anti-Ro52 were associated with higher

levels of BAFF and IgG1 antibodies, suggesting a mechanistic link between elevated

anti-Ro52 levels and aberrant B cell homeostasis.

Keywords: chronic graft-vs.-host disease, anti-Ro52 autoantibodies, anti-nuclear autoantibodies, allogeneic

hematopoietic stem cell transplantation, B-cell activating factor (BAFF)
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT)
is a curative therapy for various hematological malignancies.
Chronic graft-vs.-host disease (cGVHD) is a leading cause
of nonrelapse mortality after allo-HSCT (1–5). The clinical
symptoms of cGVHD are highly variable, including skin
sclerosis, bronchiolitis obliterans, salivary, and lacrimal gland
pathology (6, 7). Chronic GVHD is an autoimmune-like
syndrome caused by the interactions of donor CD4+ T and B
cells and production of IgG (7–11). Recently, antibodies have
been reported to play an important role in the development of
cGVHD (12–19). Previous studies showed that donor B cell-
derived antibodies augmented the development of bronchiolitis
obliterans and perpetuated cutaneous cGVHD in mice (7,
9). In humans, stimulatory autoantibodies against platelet-
derived growth factor receptor (PDGFR), alloantibodies to Y
chromosome-encoded proteins and anti-nuclear autoantibodies
correlated significantly with clinical cGVHD development
(20–23). Autoantibodies against the Ro52 protein (anti-Ro52
autoantibodies, anti-Ro52) can be detected in patients with
autoimmune diseases such as systemic lupus erythematosus
(SLE), systemic sclerosis, and Sjogren’s syndrome (24). However,
it is rarely reported whether anti-Ro52 can affect cGVHD in
patients undergoing allo-HSCT. The purpose of this study was to
explore the association between anti-Ro52 and human cGVHD.

MATERIALS AND METHODS

Study Design and Patient Eligibility
Patients with hematological malignancy undergoing allo-HSCT
were enrolled in this study. This study included 42 patients with
active cGVHD. Eligibility criteria were as follows: (1) >3 months
from time of allo-HSCT; (2) not received prednisone (≥0.5
mg/kg per day) 2 weeks before sample collection; and (3) never
received rituximab (anti-CD20 mAb) or ibrutinib (inhibitor of
Bruton’s tyrosine kinase). Forty-two patients without cGVHD
werematched to 42 patients with active cGVHD according to age,
gender, primary disease, time after transplantation, conditioning
regimen, HLA typing, source of graft, and grade of acute GVHD.
This study was performed in accordance with the Declaration of
Helsinki and was approved by the institutional review board of
Nanfang Hospital. All patients and donors gave written informed
consent to participate in the study.

GVHD Prophylaxis and Treatment
Generally, all HLA-haploidentical donor (HID) patients were
transplanted with a combination of bone marrow (BM) and
peripheral blood stem cell (PBSC) grafts, whereas most HLA-
matched sibling donor (MSD) patients received PBSC grafts
(25, 26). Cyclosporine A (CsA), methotrexate (MTX), and
mycophenolate mofetil (MMF) were administered to most
patients undergoing MSD transplant for GVHD prophylaxis.
CsA + MTX + MMF + antithymocyte globulin (ATG) was
administered to patients undergoing HID transplants for GVHD
prophylaxis (25–27). Patients received CsA, MMF and steroids
for acute GVHD treatment as detailed in a previous report (28).

TABLE 1 | Patient characteristics.

Chronic GVHD

Characteristics No (n = 42) Active (n = 42) P

Age, median (range), y 30 (16–61) 30 (17–57) 0.83

Gender, no (%) 0.35

Male 31 (73.8) 26 (61.9)

Female 11 (26.2) 16 (38.1)

Primary disease, no

(%)a
0.17

ALL 15 (35.7) 23 (54.7)

AML 24 (57.1) 18 (42.9)

Others 3 (7.2) 1 (2.4)

Duration time from

HSCT to sample

collection, median

(range), m

8.7 (3.1–21.1) 8.9 (3.4–19.2) 0.98

Conditioning regimen,

no (%)b
0.59

Myeloablative 35 (83.3) 32 (76.2)

Intensified 7 (16.7) 10 (23.8)

HLA typing, no (%) 0.37

Matched 24 (57.1) 29 (69.0)

Mismatched 18 (42.9) 13 (31.0)

Source of graft, no (%) 0.12

BM + PBSC 22 (52.4) 14 (33.3)

PBSC 20 (47.6) 28 (66.7)

GVHD prophylaxis, no

(%)c
<0.01

ATG based 27 (64.3) 13 (31.0)

Non-ATG based 15 (35.7) 29 (69.0)

Acute GVHD grade, no

(%)

0.46

0–I 33 (78.6) 29 (69.0)

II–IV 9 (21.4) 13 (31.0)

Immunosuppressive

treatments at

study inclusion, no (%)d

<0.001

None 18 (42.9) 0 (0.0)

1 24 (57.1) 10 (23.8)

2 0 (0.0) 23 (54.8)

≥ 3 0 (0.0) 9 (21.4)

Duration of

immunosuppressive

medication, median

(range), m

3.0 (2.0–7.0) 9.0 (3.0–18.0) <0.01

GVHD, graft-vs.-host disease; ALL, acute lymphoblastic leukemia; AML, acute myeloid

leukemia; HSCT, hematopoietic stem cell transplantation; HLA, human leukocyte antigen;

BM, bone marrow; PBSC, peripheral blood stem cell; ATG, antithymocyte globulin.
aThe other category included aplastic anemia, myelodysplastic syndrome, and lymphoma.
bMyeloablative conditioning regimens include TBI (total body irradiation) + Cy

(cyclophosphamide), Bu (busulfan)+ Cy, and Bu + Flu (fludarabine). Intensified

conditioning regimens include TBI + Cy + etoposide, and Flu + cytarabine + TBI + Cy.
cNon-ATG based GVHD prophylaxis include cyclosporine A (CsA), methotrexate (MTX),

and mycophenolate mofetil (MMF). ATG based GVHD prophylaxis include CsA + MTX +

MMF + ATG.
d Immunosuppressive treatments include CsA, tacrolimus (Tac), MMF, and steroids.
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Anti-CD25 monoclonal antibody and other immunosuppressive
drugs were used to treat steroid-resistant acute GVHD. Steroids
and CsA were used initially to treat cGVHD and were used in
combination with various immunosuppressive agents to treat
cGVHD that was unresponsive to initial therapy (29).

GVHD Assessment
The diagnosis and grade of cGVHD on the day of sample
collection, not at first diagnosis, were documented by clinical

TABLE 2 | Clinical characteristics of cGVHD.

Organ Mild Moderate Severe

N = 11 N = 21 N = 10

Skin (%) 3 (7.2) 12 (28.6) 6 (14.2)

Eyes (%) 0 (0.0) 0 (0.0) 2 (4.8)

Oral mucosa (%) 6 (14.2) 3 (7.2) 3 (7.2)

Liver (%) 0 (0.0) 7 (16.7) 3 (7.2)

Gastrointestinal (%) 1 (2.4) 1 (2.4) 0 (0.0)

Lungs (%) 0 (0.0) 2 (4.8) 4 (9.5)

Joints (%) 1 (2.4) 2 (4.8) 1 (2.4)

Genital tract (%) 0 (0.0) 0 (0.0) 1 (2.4)

Mean prednisone-equivalent 0 (0.0) 9.3 (0.0–20.0) 14.5 (5.0–25.0)

steroid dose (range), mg

Duration of cGVHD until sampling, 0 (0.0) 3.0 (0.0–12.0) 5.5 (0.6–15.2)

median (range), m

examination and laboratory testing [according to the National
Institutes of Health (NIH) criteria] (30). Patients with active
cGVHD were defined as requiring the addition of high-
dose prednisone (≥2 mg/kg per day) or continued multiagent
immunosuppression after sample collection (11, 31). Patients
without cGVHDwere defined as patients who had not developed
cGVHD by the time of sample collection. Patients with previous
cGVHD that had resolved or who became asymptomatic by the
time of sample collection were not included (11, 31).

Detection of Serum Autoantibodies
The enrolled patients were screened for the presence of the
following autoantibodies: anti-Ro52 autoantibodies (anti-Ro52),
anti-nuclear autoantibodies (ANA), anti-histone autoantibodies
(AHA), anti-ribosomal P protein autoantibodies (anti-Rib-P),
anti-polymyositis/scleroderma autoantibodies (anti-PM/Scl),
anti-histidyl tRNA synthetase autoantibodies (anti-Jo-1),
anti-mitochondrial autoantibodies type 2 (AMA-M2), and
anti-centromere-B autoantibodies (anti-CENP-B) (Euroimmun,
Lubeck, Germany). The detection of ANA was performed by
indirect immunofluorescence assay (IFA) using HEp-2 cells
(AESKU ANA-IFA reagent kit). Patient’ s serum was diluted
1:80 and allocated into the appropriate cells and was incubated
slides 30min. After the incubation, rinsed off the serum with
washing buffer in a slide staining dish and following covered
with FITC labeled anti-human IgG for 30min. Slides were
washed with washing buffer and sealed with mounting medium
for automatic interpretation by the HELIOS system (AESKU

FIGURE 1 | The prevalence of autoantibodies in patients after allo-HSCT. (A) The numbers of positive autoantibodies in patients without cGVHD and patients with

active cGVHD. (B) The numbers of positive autoantibodies in patients with different severities of cGVHD. (C) Stratified analysis for factors associated with the

presence of autoantibodies. The black bars in the forest plot indicate odds ratios with 95% confidence intervals for each variable. cGVHD, chronic graft-vs.-host

disease; anti-Ro52, anti-Ro52 autoantibodies; ANA, anti-nuclear autoantibodies; anti-Rib-P, anti-ribosomal P protein autoantibodies; AHA, anti-histone

autoantibodies; anti-PM/Scl, anti-polymyositis/scleroderma autoantibodies; anti-Jo-1, anti-histidyl tRNA synthetase autoantibodies; AMAM-2, anti-mitochondrial

autoantibodies type 2; anti-CENP-B, anti-centromere-B autoantibodies; 95% CI, 95% confidence interval; ALL, acute lymphoblastic leukemia; AML, acute myeloid

leukemia; HLA, human leukocyte antigen; BM, bone marrow; PBSC, peripheral blood stem cell; ATG, antithymocyte globulin.
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Diagnostics GmbH & Co. KG, Germany). The AESKU ANA-IFA
reagent kit and the fully automated HELIOS system are from
AESKU.DIOGNOSTICS GmbH & Co. KG. HELIOS is a system
which automatically takes over the complete pipetting and image
capturing of IFA tests without manual interference (32). An
ANA titer of 1:80 or greater was considered positive. Patient
serum samples meeting the cutoff titer of 1:80 were serially
diluted to 1:640. The results were evaluated by the use of software
(Euroimmun, Lubeck, Germany) and expressed in arbitrary
units (AU/mL).

Enzyme-Linked Immunosorbent Assay
The levels of soluble B cell-activating factor (BAFF) and IgG1 in
patient plasma samples were measured by commercially available
enzyme-linked immunosorbent assay (ELISA) (DBLYS0B R&D
Systems, Minneapolis, USA and 88-50560-22, Invitrogen, CA,
USA, respectively). The plates were read using the CLARIO star
system following the manufacturer’s recommended procedures
(BMG Labtech, Cary, NC, USA).

Statistical Analysis
The descriptive analysis of patient characteristics included
median, minimum and maximum values for continuous
variables and numbers and frequencies for categorical variables.
Fisher’s exact test was performed in comparison of categorical
variables. For continuous variables, Student’s t-test was
performed for comparisons between two groups. Univariable
logistic regression analysis was performed for the factors listed
in Table 1 to identify variables that were associated with the
presence of autoantibodies. Factors that were significant at the
0.1 level from the univariable logistic regression were included
in the multivariable logistic regression. Correlation studies
were performed using Pearson’s correlation test. Anti-Ro52
levels, a highly skewed variable, was transformed to logarithm
with base 10 for meeting the normality assumption. Receiver
operating characteristic (ROC) curves analysis and area under

the curve (AUC) estimation were also performed in order to
discriminate our interests and the optimum cut-off value was
according to the Youden’s index. All statistics were analyzed in
GraphPad Software (Prism Version 6.0; GraphPad Software, San
Diego, CA) or SPSS version 22.0 (SPSS, Chicago, USA). Tests
for significance were 2-sided, with a significance P level of 0.05
or less.

RESULTS

Patient Characteristics
There were 84 patients enrolled in this study between March
2016 and March 2018. The patients had a median age of
30 years (range 16–61 years), with 57 males and 27 females.
Forty-two patients had active cGVHD at the time of sample
collection. The median time from onset of cGVHD to the
sample collection was 1.0 month (range 0.0–15.2 months). The
median time from onset of immunosuppressive medication to
the sample collection was 5.0 months (range 2.0–18.0 months).
There were no significant differences in age, gender, primary
disease, time after transplantation, conditioning regimen, HLA
typing, source of graft, and grade of acute GVHD between
patients with and without cGVHD in our study (Table 1).
Of the 42 patients with active cGVHD, 11 patients had mild
cGVHD, 21 patients had moderate cGVHD, and 10 patients
had severe cGVHD. The most frequent organ manifestations
of cGVHD were skin (50.0%) and oral mucosa (28.6%).
Twelve patients (28.6%) had more than two organs involved
(Table 2). At a median follow-up of 8.4 months (range
3.1–17.2 months) post-transplantation, two of 42 patients
without cGVHD subsequently developed cGVHD 3.5 and 8.9
months later.

Prevalence of Autoantibodies
Autoantibodies were detected in 36 (42.9%) patients, including
28 (77.8%) patients had active cGVHD, and 8 (22.2%) patients

TABLE 3 | Comparison of autoantibodies among patients with different cGVHD grade.

Chronic GVHD grade

No Mild Moderate/Severe P

(n = 42) (n = 11) (n = 31)

Autoantibodies Negative Positive Negative Positive Negative Positive

Anti-Ro52 41 (97.6) 1 (2.4) 9 (81.8) 2 (18.2) 21 (67.7) 10 (32.3) <0.01

ANA 35 (83.3) 7 (16.7) 9 (81.8) 2 (18.2) 12 (38.7) 19 (61.3) <0.001

Anti-Rib-P 42 (100.0) 0 (0.0) 11 (100.0) 0 (0.0) 30 (96.8) 1 (3.2) 0.42

AHA 42 (100.0) 0 (0.0) 10 (90.9) 1 (9.1) 31 (100.0) 0 (0.0) <0.05

Anti-PM/Scl 42 (100.0) 0 (0.0) 11 (100.0) 0 (0.0) 30 (96.8) 1 (3.2) 0.42

Anti-Jo-1 42 (100.0) 0 (0.0) 11 (100.0) 0 (0.0) 30 (96.8) 1 (3.2) 0.42

AMA-M2 42 (100.0) 0 (0.0) 11 (100.0) 0 (0.0) 29 (93.5) 2 (6.5) 0.17

Anti-CENP-B 42 (100.0) 0 (0.0) 11 (100.0) 0 (0.0) 30 (96.8) 1 (3.2) 0.42

GVHD, graft-vs.-host disease; anti-Ro52, anti-Ro52 autoantibodies; ANA, anti-nuclear autoantibodies; anti-Rib-P, anti-ribosomal P protein autoantibodies; AHA, anti-histone

autoantibodies; anti-PM/Scl, anti-polymyositis/scleroderma autoantibodies; anti-Jo-1, anti-histidyl tRNA synthetase autoantibodies; AMA-M2, anti-mitochondrial autoantibodies type 2;

anti-CENP-B, anti-centromere-B autoantibodies.
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had no cGVHD. Autoantibodies were not found in 48 (57.1%)
patients: 34 (70.8%) patients had no cGVHD, and 14 (29.2%)
patients had active cGVHD. Ten patients had two or more
autoantibodies. The most frequent autoantibodies in patients
with active cGVHD were ANA and anti-Ro52. ANA were found
in 21 (50.0%) active cGVHD patients: anti-Ro52 in 12 (28.6%),
anti-Rib-P in 1 (2.4%), AHA in 1 (2.4%), anti-PM/Scl in 1
(2.4%), anti-Jo-1 in 1 (2.4%), AMA-M2 in 2 (4.8%), and anti-
CENP-B in 1 (2.4%) (Figure 1A). Patients with moderate/severe
cGVHD had a higher proportion of autoantibody positivity
than patients with mild cGVHD, especially ANA and anti-Ro52

TABLE 4 | Comparison of clinical characteristics between patients who

developed autoantibodies and patients who did not develop autoantibodies.

Autoantibodies

Characteristics Negative Positive P

(n = 48) (n = 36)

Age, median (range), y 30 (16–61) 29 (17–51) 1.00

Gender, no (%) 0.82

Male 32 (66.7) 25 (69.4)

Female 16 (33.3) 11 (30.6)

Primary disease, no (%)a 0.67

ALL 20 (41.7) 18 (50.0)

AML 26 (54.1) 16 (44.4)

Others 2 (4.2) 2 (5.6)

Conditioning regimen, no (%)b 1.00

Myeloablative 38 (79.2) 29 (80.6)

Intensified 10 (20.8) 7 (19.4)

HLA typing, no (%) <0.05

Matched 25 (52.1) 28 (77.8)

Mismatched 23 (47.9) 8 (22.2)

Source of graft, no (%) <0.01

BM + PBSC 27 (56.2) 9 (25.0)

PBSC 21 (43.8) 27 (75.0)

GVHD prophylaxis, no (%)c <0.01

ATG based 30 (62.5) 10 (27.8)

Non-ATG based 18 (37.5) 26 (72.2)

Acute GVHD grade, no (%) 0.46

0-I 37 (77.1) 25 (69.4)

II-IV 11 (22.9) 11 (30.6)

Chronic GVHD grade, no (%) <0.001

No 34 (70.8) 8 (22.2)

Mild 7 (14.6) 4 (11.1)

Moderate/Severe 7 (14.6) 24 (66.7)

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; HLA, human leukocyte

antigen; BM, bone marrow; PBSC, peripheral blood stem cell; GVHD, graft-vs.-host

disease; ATG, antithymocyte globulin.
aThe other category included aplastic anemia, myelodysplastic syndrome, and lymphoma.
bMyeloablative conditioning regimens include TBI (total body irradiation) + Cy

(cyclophosphamide), Bu (busulfan)+ Cy, and Bu + Flu (fludarabine). Intensified

conditioning regimens include TBI + Cy + etoposide, and Flu + cytarabine + TBI + Cy.
cNon-ATG based GVHD prophylaxis include cyclosporine A (CsA), methotrexate (MTX),

and mycophenolate mofetil (MMF). ATG based GVHD prophylaxis include CsA + MTX +

MMF + ATG.

(Table 3). The proportion of patients with ANA positivity was
19/21 (90.5%) in patients withmoderate/severe cGVHD and 2/21
(9.5%) in patients with mild cGVHD. The proportion of patients
with anti-Ro52 positivity was 10/12 (83.3%) in patients with
moderate/severe cGVHD and 2/12 (16.7%) in patients with mild
cGVHD (Figure 1B).

Association Between Autoantibodies and
cGVHD
There were no statistically significant differences in age,
gender, primary disease, conditioning regimen, and acute
GVHD grade between patients who developed autoantibodies
and patients who did not develop autoantibodies. Compared
with patients who did not develop autoantibodies, patients
who developed autoantibodies have several characteristics,
including HLA-matched transplant, PBSC graft, non-ATG based
GVHD prophylaxis, and moderate/severe cGVHD (Table 4).
Further stratified and multivariable logistic regression analysis
demonstrated that moderate/severe cGVHDwas an independent
risk factor for the levels of autoantibodies (P < 0.001) (Figure 1C
and Table 5).

In our study, higher ANA prevalence was also detected
in patients with active cGVHD than patients without GVHD
(Figure 1A). Moreover, we compared different ANA titers among
patients without cGVHD, patients with mild cGVHD, and
patients with moderate/severe cGVHD. Regardless of the titers,
patients with moderate/severe cGVHD had higher titers than
patients with mild cGVHD [1:80 (60.0%), 1:160 (50.0%), 1:320
(60.0%) and 1:640 (100.0%) vs. 1:80 (0.0%), 1:160 (17.0%),
1:320 (20.0%), and 1:640 (0.0%)] (Figure 2A). Further stratified
and multivariable logistic regression analysis demonstrated that
moderate/severe cGVHD was an independent risk factor for the
levels of ANA (P < 0.01) (Figure 2B and Table 6).

Association Between Anti-Ro52 and
cGVHD
In our study, patients with active cGVHD had higher anti-Ro52
levels than patients without cGVHD (P < 0.05) (Figure 3A).
These increases of anti-Ro52 levels were more significant in
patients with moderate/severe cGVHD compared to those of
patients without cGVHD (median, 7.0 vs. 5.3 AU/mL; P <

0.05) (Figure 3B). Further stratified and multivariable logistic
regression analysis demonstrated that moderate/severe cGVHD
was an independent risk factor for the levels of anti-Ro52 (P <

0.01) (Figure 3C and Table 7).

Correlation Between Anti-Ro52 and
cGVHD Target Organ
We further explored the correlation between anti-Ro52 and
cGVHD target organ by receiver operating characteristic (ROC)
analyses. ROC analysis confirmed anti-Ro52 as a risk factor for
progression of skin cGVHD (Figure 4A, cut-off = 8.60 at 85.7%
sensitivity and 61.9% specificity, P < 0.05) but showed no
correlation with other cGVHD target organs (Figures 4B–H).
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TABLE 5 | Logistic regression for factors associated with the levels of autoantibodies.

Characteristics Contrast Univariable Multivariable

OR estimate 95% CI P OR estimate 95% CI P

Age ≤30 vs. >30 0.97 0.41–2.31 0.95

Gender Male vs. Female 0.88 0.35–2.23 0.79

Primary diseasea ALL vs. AML vs. Others 0.81 0.38–1.72 0.59

Conditioning regimenb Myeloablative vs. Intensified 0.92 0.31–2.70 0.88

HLA typing Matched vs. Mismatched 0.31 0.12–0.82 <0.05 0.63 0.04–11.30 0.76

Source of graft BM+PBSC vs. PBSC 3.86 1.50–9.93 <0.01 1.99 0.18–21.95 0.57

GVHD prophylaxisc ATG based vs. Non-ATG based 4.33 1.70–11.03 <0.01 1.14 0.18–7.32 0.89

Acute GVHD grade 0–I vs. II–IV 1.48 0.56–3.93 0.43

Chronic GVHD grade No vs. Mild vs. Moderate/Severe 3.80 2.15–6.71 <0.001 3.65 1.93–6.92 <0.001

OR, odds ratio; 95% CI, 95% confidence interval; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; HLA, human leukocyte antigen; BM, bone marrow; PBSC, peripheral

blood stem cell; GVHD, graft-vs.-host disease; ATG, antithymocyte globulin.
aThe other category included aplastic anemia, myelodysplastic syndrome, and lymphoma.
bMyeloablative conditioning regimens include TBI (total body irradiation) + Cy (cyclophosphamide), Bu (busulfan)+ Cy, and Bu + Flu (fludarabine). Intensified conditioning regimens

include TBI + Cy + etoposide, and Flu + cytarabine + TBI + Cy.
cNon-ATG based GVHD prophylaxis include cyclosporine A (CsA), methotrexate (MTX), and mycophenolate mofetil (MMF). ATG based GVHD prophylaxis include CsA + MTX + MMF

+ ATG.

FIGURE 2 | ANA increased in patients with active cGVHD. (A) The proportion of patients with different severities of cGVHD according to different ANA titers.

(B) Stratified analysis for factors associated with the presence of ANA. The black bars in the forest plot indicate odds ratios with 95% confidence intervals for each

variable. cGVHD, chronic graft-vs.-host disease; ANA, anti-nuclear autoantibodies; 95% CI, 95% confidence interval; ALL, acute lymphoblastic leukemia; AML, acute

myeloid leukemia; HLA, human leukocyte antigen; BM, bone marrow; PBSC, peripheral blood stem cell; ATG, antithymocyte globulin.

Anti-Ro52 Correlated With the Generation
of B-Cell Activating Factor (BAFF) and IgG1
It has been widely demonstrated that B cell homeostasis altered
and BAFF and IgG1 levels increased in cGVHD patients (11, 33–
35). We further examined whether anti-Ro52 was correlated
with BAFF and IgG1 levels in these patients. Patients with
anti-Ro52 positive had significantly higher BAFF levels than
patients with anti-Ro52 negative (median, 7.0 vs. 5.1 pg/mL;

P < 0.05) (Figure 5A). Importantly, the anti-Ro52 levels were
strongly correlated with the levels of BAFF (r = 0.64, P <

0.01) (Figure 5B). A higher level of IgG1 was observed in
patients with anti-Ro52 positive when compared to patients
with anti-Ro52 negative (median, 3.8 vs. 3.1µg/mL; P <

0.05) (Figure 5C). The levels of anti-Ro52 were also strongly
correlated with the levels of IgG1 (r = 0.47, P < 0.05)
(Figure 5D).
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TABLE 6 | Logistic regression for factors associated with the levels of ANA.

Characteristics Contrast Univariable Multivariable

OR estimate 95% CI P OR estimate 95% CI P

Age ≤30 vs. >30 0.93 0.38–2.31 0.88

Gender Male vs. Female 0.60 0.22–1.66 0.32

Primary diseasea ALL vs. AML vs. Others 1.05 0.48–2.30 0.89

Conditioning regimenb Myeloablative vs. Intensified 0.80 0.25–2.54 0.70

HLA typing Matched vs. Mismatched 0.18 0.06–0.58 <0.01 0.26 0.01–5.01 0.37

Source of graft BM+PBSC vs. PBSC 5.70 1.90–17.16 <0.01 1.58 0.15–17.06 0.71

GVHD prophylaxisc ATG based vs. Non-ATG based 5.67 1.98–16.19 <0.01 0.96 0.14–6.36 0.97

Acute GVHD grade 0–I vs. II–IV 0.68 0.23–1.99 0.48

Chronic GVHD grade No vs. Mild vs. Moderate/Severe 2.87 1.65–5.00 <0.001 2.84 1.47–5.49 <0.01

OR, odds ratio; 95% CI, 95% confidence interval; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; HLA, human leukocyte antigen; BM, bone marrow; PBSC, peripheral

blood stem cell; GVHD, graft-vs.-host disease; ATG, antithymocyte globulin.
aThe other category included aplastic anemia, myelodysplastic syndrome, and lymphoma.
bMyeloablative conditioning regimens include TBI (total body irradiation) + Cy (cyclophosphamide), Bu (busulfan)+ Cy, and Bu + Flu (fludarabine). Intensified conditioning regimens

include TBI + Cy + etoposide, and Flu + cytarabine + TBI + Cy.
cNon-ATG based GVHD prophylaxis include cyclosporine A (CsA), methotrexate (MTX), and mycophenolate mofetil (MMF). ATG based GVHD prophylaxis include CsA + MTX + MMF

+ ATG.

FIGURE 3 | Anti-Ro52 increased in patients with active cGVHD. (A) Log-transformed anti-Ro52 levels in patients without cGVHD and patients with active cGVHD.

(B) Log-transformed anti-Ro52 levels in patients with different severities of cGVHD. (C) Stratified analysis for factors associated with the presence of anti-Ro52

autoantibodies. The values of anti-Ro52 autoantibodies in each figure are transformed through a base-10 logarithm. The black bars in (A,B) represent the 75th

percentile, median and 25th percentile values. The black bars in (C) indicate odds ratios with 95% confidence intervals for each variable. *P < 0.05. NS, not

significant; anti-Ro52, anti-Ro52 autoantibodies; cGVHD, chronic graft-vs.-host disease; 95% CI, 95% confidence interval; ALL, acute lymphoblastic leukemia; AML,

acute myeloid leukemia; HLA, human leukocyte antigen; BM, bone marrow; PBSC, peripheral blood stem cell; ATG, antithymocyte globulin.

DISCUSSION

Recently, antibodies have been reported to play an important

role in the development of cGVHD (7, 33, 36). Srinivasan et al.

showed that donor B cell-derived antibodies augmented the
development of bronchiolitis obliterans in a murine model of
cGVHD (9). Immunoglobulin G (IgG) deposition in the skin has
been observed in murine cGVHD models (7, 37). We previously
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TABLE 7 | Logistic regression for factors associated with the levels of anti-Ro52.

Characteristics Contrast Univariable Multivariable

OR estimate 95% CI P OR estimate 95% CI P

Age ≤30 vs. >30 1.95 0.58–6.55 0.28

Gender Male vs. Female 1.39 0.41–4.74 0.60

Primary diseasea ALL vs. AML vs. Others 0.45 0.14–1.38 0.16

Conditioning regimenb Myeloablative vs. Intensified 1.22 0.30–5.04 0.78

HLA typing Matched vs. Mismatched 0.72 0.20–2.58 0.62

Source of graft BM+PBSC vs. PBSC 1.85 0.52–6.56 0.34

GVHD prophylaxisc ATG based vs. Non-ATG based 2.31 0.65–8.21 0.19

Acute GVHD grade 0–I vs. II–IV 2.95 0.87–10.02 0.08 2.37 0.62–9.01 0.21

Chronic GVHD grade No vs. Mild vs. Moderate/Severe 3.86 1.59–9.37 <0.01 3.67 1.51–8.91 <0.01

OR, odds ratio; 95% CI, 95% confidence interval; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; HLA, human leukocyte antigen; BM, bone marrow; PBSC, peripheral

blood stem cell; GVHD, graft-vs.-host disease; ATG, antithymocyte globulin.
aThe other category included aplastic anemia, myelodysplastic syndrome, and lymphoma.
bMyeloablative conditioning regimens include TBI (total body irradiation) + Cy (cyclophosphamide), Bu (busulfan)+ Cy, and Bu + Flu (fludarabine). Intensified conditioning regimens

include TBI + Cy + etoposide, and Flu + cytarabine + TBI + Cy.
cNon-ATG based GVHD prophylaxis include cyclosporine A (CsA), methotrexate (MTX), and mycophenolate mofetil (MMF). ATG based GVHD prophylaxis include CsA + MTX + MMF

+ ATG.

FIGURE 4 | Correlation between anti-Ro52 and cGVHD target organ. Receiver operating characteristic (ROC) curve analysis to assess the association of anti-Ro52

levels in (A) patients with skin cGVHD vs. non-skin cGVHD, (B) patients with eyes cGVHD vs. non-eyes cGVHD, (C) patients with oral cGVHD vs. non-oral cGVHD,

(D) patients with liver cGVHD vs. non-liver cGVHD, (E) patients with gastrointestinal cGVHD vs. non-gastrointestinal cGVHD, (F) patients with lungs cGVHD vs.

non-lungs cGVHD, (G) patients with joints cGVHD vs. non-joints cGVHD, (H) patients with genital tract cGVHD vs. non-genital tract cGVHD. AUC, area under the

curve. cGVHD, chronic GVHD.

reported that donor B cell antibodies augment cutaneous
cGVHD in mice by damaging the thymus and increasing tissue
infiltration of pathogenic Th17 cells (7). In humans, Miklos et al.
reported that alloantibodies to Y chromosome-encoded proteins
correlated significantly with clinical cGVHD development (21,
22). Our previous study showed that the levels of IgG1 correlated
significantly with clinical cGVHD severity (11). It has also

been demonstrated that circulating autoantibodies are associated
with the development of clinical cGVHD (20, 23, 38). In this
study, autoantibodies were detected in 36 (42.9%) patients: 28
(77.8%) patients had active cGVHD, and 8 (22.2%) patients
had no cGVHD. The most common autoantibodies in patients
with active cGVHD were ANA and anti-Ro52. ANA and anti-
Ro52 were found in 21 (50.0%) and 12 (28.6%) active cGVHD
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FIGURE 5 | Anti-Ro52 levels are correlated with the levels of BAFF and IgG1. (A) BAFF levels in anti-Ro52-negative patients and anti-Ro52-positive patients.

(B) Correlation between the levels of anti-Ro52 and the levels of BAFF in patient samples. (C) IgG1 levels in anti-Ro52-negative patients and anti-Ro52-positive

patients. (D) Correlation between the levels of anti-Ro52 and the levels of IgG1 in patient samples. The black bars in each figure represent the 75th percentile, median

and 25th percentile values. *P < 0.05. Anti-Ro52, anti-Ro52 autoantibodies; BAFF, B cell-activating factor.

patients, respectively. Anti-Rib-P, AHA, anti-PM/Scl, anti-Jo-
1, AMA-M2, and anti-CENP-B were detected in 2.4–4.8% of
cGVHD patients. Patriarca et al. found a significant association
between the occurrence of ANA and cGVHD development (23),
which is consistent with our findings. In our study, patients with
moderate/severe cGVHD had a trend toward higher ANA titers
than patients without cGVHD (≥1:160: 41.9 vs. 7.1%, P < 0.01).
Among 42 patients without cGVHD, two patients subsequently
developed cGVHD 3.5 and 8.9 months later. These results
indicate that autoantibodies are not initiated but augmented the
development of cGVHD. These findings are consistent with our
previous findings that antibodies from donor B cells perpetuate
cutaneous cGVHD in mice (7).

Ro52 is a RING finger protein that belongs to the tripartite
motif family (TRIM) (24, 39). Ro52 was identified as a
major autoantigen in autoimmune disease, including rheumatoid
arthritis, SLE, and Sjögren’s syndrome (40–42). Like several
other TRIM proteins, Ro52 acts in the process of ubiquitination
and regulates immune responses by targeting key molecules
involved in cell proliferation, survival or death (43–45). Several
studies demonstrated that increased expression of the Ro52

autoantigen might be directly involved in the reduced cellular
proliferation and increased apoptotic cell death observed in
Sjögren’s syndrome and SLE patients and might contribute
to the autoantigenic load and induction of autoimmune B
and T cell responses observed in rheumatic patients (45, 46).
Therefore, anti-Ro52 can be detected in patients with several
different autoimmune diseases (47–49). In SLE as well as
systemic sclerosis and autoimmune myositis patients, anti-Ro52
is detected in approximately one-third of the patients (50, 51).
Anti-Ro52 is also the most common specificity in patients
with primary Sjögren’s syndrome (66.7%) (52). The presence
of anti-Ro52, either as a single specificity or in a combination
with other specificities, is a factor associated with interstitial
lung disease (53, 54). However, the presence of anti-Ro52 in
the cGVHD patients is rarely reported (55, 56). Sarantopoulos
et al. reported that the levels of anti-Ro52 in patients with
unresponsive cGVHD after rituximab treatment increased (56).
In our study, we found that patients with active cGVHD had
higher anti-Ro52 levels than patients without cGVHD (P <

0.05). These increases of anti-Ro52 levels were more significant
in patients with moderate/severe cGVHD compared to those
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of patients without cGVHD (median, 7.0 vs. 5.3 AU/mL; P
< 0.05). Further stratified and multivariable logistic regression
analysis demonstrated that moderate/severe cGVHD was an
independent risk factor for the levels of anti-Ro52 (P < 0.01).
ROC analysis confirmed anti-Ro52 as a risk factor for progression
of skin cGVHD.

The presence of autoantibodies emphasizes the importance
of B cells in the development of cGVHD (7, 9, 23, 33, 36–
38). The important role of B cells has also been confirmed
by the successful treatment of some subgroups of cGVHD
patients with the B cell-depleting agent rituximab (57–60). It
has been reported that Ro52 can bind to almost all B cells
due to its interaction with the Fc domain of IgM and IgG. By
binding directly to the B cell receptor, Ro52 might be capable
of activating B cells in the absence of conventional immune
receptor interactions (61, 62). It has been widely demonstrated
that B cell homeostasis altered and BAFF increased in cGVHD
patients (33–35). BAFF expression might be indirectly regulated
by Ro52 (63, 64). We further examined whether anti-Ro52 was
correlated with the levels of BAFF in these patients. Patients
with anti-Ro52 positive had significantly higher BAFF levels than
patients with anti-Ro52 negative (median, 7.0 vs. 5.1 pg/mL;
P < 0.05). Importantly, the levels of anti-Ro52 were strongly
correlated with the levels of BAFF (r = 0.64, P < 0.01). Several
investigators have demonstrated that Ro52 might bind the Fc
part of IgG molecules via the B30.2/PRYSPRY domain with
unexpectedly high affinity. Ro52 functionally regulates quality
control of IgG1 in B cells or plasma cells through the endoplasmic
reticulum-associated degradation (ERAD) system (65–67). It
has also been reported that the levels of IgG, especially IgG1,
increased in Ro52-null mice with dermatitis (68). Our previous
study showed that the levels of IgG1 correlated significantly
with clinical cGVHD severity (11). We further examined the
correlation between anti-Ro52 and IgG1 levels. A higher level
of IgG1 was observed in patients with anti-Ro52 positive when
compared to patients with anti-Ro52 negative (median, 3.8
vs. 3.1µg/mL; P < 0.05). The levels of anti-Ro52 were also
strongly correlated with the levels of IgG1 (r = 0.47, P <

0.05). Espinosa et al. observed that loss of the lupus autoantigen
Ro52 induced tissue inflammation and systemic autoimmunity
by dysregulating the IL-23-Th17 pathway (68). The development
of cGVHD is mediated by pathogenic Th17 cells (7, 69). Further
studies are needed to explore whether anti-Ro52 are associated
with Th17 cell development in cGVHD patients.

One limitation of this study was the limited sample size of
patients. A kinetic study of anti-Ro52 prevalence was absent.

Kinetic studies of more patients will be conducted to explore the
effect of anti-Ro52 on cGVHD development.

CONCLUSION

Our study demonstrates that the anti-Ro52 is associated
with cGVHD. ROC analysis confirmed anti-Ro52 as a
risk factor for progression of skin cGVHD. The levels of
anti-Ro52 correlated with the severity of cGVHD and the
levels of BAFF and IgG1 antibodies. Therefore, our findings
support a mechanistic link between elevated anti-Ro52 levels
and aberrant B cell homeostasis. Further studies will be
needed to investigate the exact mechanisms of anti-Ro52
in cGVHD.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.
Requests to access the datasets should be directed to Hua Jin,
echohua1124@163.com.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Nanfang Hospital. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

KY analyzed the data and wrote the manuscript. YC and HQ
collected and analyzed the data. YY, ZF, FH, HZ, and YS assisted
in the research. HJ and QL designed the study, supervised
the research, and critically revised the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Nos. 81970161, 81870144, and 81770190),
Guangzhou Science and Technology Plan Project (Zhujiang
Science and Technology Star Project) (201906010094), National
Key R&D Program of China (No. 2017YFA0105500), and
Natural Science Foundation of Guangdong Province (No.
2017A030310102).

REFERENCES

1. Bolaños-Meade J, Reshef R, Fraser R, Fei M, Abhyankar S, Al-Kadhimi Z,
et al. Three prophylaxis regimens (tacrolimus, mycophenolate mofetil,
and cyclophosphamide; tacrolimus, methotrexate, and bortezomib;
or tacrolimus, methotrexate, and maraviroc) versus tacrolimus and
methotrexate for prevention of graft-versus-host disease with haemopoietic
cell transplantation with reduced-intensity conditioning: a randomised phase
2 trial with a non-randomised contemporaneous control group (BMT CTN

1203). Lancet Haematol. (2019) 6:e132–43. doi: 10.1016/S2352-3026(18)
30221-7

2. Jagasia M, Arora M, Flowers MED, Chao NJ, McCarthy PL,
Cutler CS, et al. Risk factors for acute GVHD and survival
after hematopoietic cell transplantation. Blood. (2012) 119:296–
307. doi: 10.1182/blood-2011-06-364265

3. Shouval R, Fein JA, Labopin M, Kröger N, Duarte RF, Bader P, et al.
Outcomes of allogeneic haematopoietic stem cell transplantation from HLA-
matched and alternative donors: a European Society for Blood and Marrow

Frontiers in Immunology | www.frontiersin.org 10 July 2020 | Volume 11 | Article 1505188

mailto:echohua1124@163.com
https://doi.org/10.1016/S2352-3026(18)30221-7
https://doi.org/10.1182/blood-2011-06-364265
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Yang et al. Anti-Ro52 Autoantibodies in cGVHD

Transplantation registry retrospective analysis. Lancet Haematol. (2019)
6:e573–84. doi: 10.1016/S2352-3026(19)30158-9

4. Bazarbachi AH, Al Hamed R, Labopin M, Afanasyev B, Hamladji R, Beelen
D, et al. Allogeneic stem-cell transplantation with sequential conditioning
in adult patients with refractory or relapsed acute lymphoblastic leukemia: a
report from the EBMTAcute LeukemiaWorking Party. BoneMarrow Transpl.

(2019) 55:595–602. doi: 10.1038/s41409-019-0702-2
5. Jin H, Fan Z, Huang F, Chai Y, Xuan L, Lin R, et al. Invasive fungal

disease is associated with chronic graft-versus-host disease after allogeneic
hematopoietic stem cell transplant: a single center, retrospective study.
Infection. (2019) 47:275–84. doi: 10.1007/s15010-018-01265-3

6. Paz K, Flynn R, Du J, Qi J, Luznik L, Maillard I, et al.
Small-molecule BCL6 inhibitor effectively treats mice with
nonsclerodermatous chronic graft-versus-host disease. Blood. (2019)
133:94–9. doi: 10.1182/blood-2018-03-839993

7. Jin H, Ni X, Deng R, Song Q, Young J, Cassady K, et al. Antibodies from donor
B cells perpetuate cutaneous chronic graft-versus-host disease in mice. Blood.
(2016) 127:2249–60. doi: 10.1182/blood-2015-09-668145

8. Flynn R, Du J, Veenstra RG, Reichenbach DK, Panoskaltsis-Mortari A, Taylor
PA, et al. Increased T follicular helper cells and germinal center B cells are
required for cGVHD and bronchiolitis obliterans. Blood. (2014) 123:3988–
98. doi: 10.1182/blood-2014-03-562231

9. Srinivasan M, Flynn R, Price A, Ranger A, Browning JL, Taylor PA, et al.
Donor B-cell alloantibody deposition and germinal center formation are
required for the development of murine chronic GVHD and bronchiolitis
obliterans. Blood. (2012) 119:1570–80. doi: 10.1182/blood-2011-07-364414

10. Young JS,WuT, Chen Y, ZhaoD, LiuH, Yi T, et al. Donor B cells in transplants
augment clonal expansion and survival of pathogenic CD4+T cells that
mediate autoimmune-like chronic graft-versus-host disease. J Immunol.

(2012) 189:222–33. doi: 10.4049/jimmunol.1200677
11. Jin H, Yang K, Zhang H, Chen Y, Qi H, Fan Z, et al. Expansion of circulating

extrafollicular helper T-like cells in patients with chronic graft-versus-host
disease. J Autoimmun. (2019) 100:95–104. doi: 10.1016/j.jaut.2019.03.006

12. Nakasone H, Tian L, Sahaf B, Kawase T, Schoenrock K, Perloff S, et al.
Allogeneic HY antibodies detected 3 months after female-to-male HCT
predict chronic GVHD and nonrelapse mortality in humans. Blood. (2015)
125:3193–201. doi: 10.1182/blood-2014-11-613323

13. Mutis T. HY antibodies as biomarkers for chronic GVHD. Blood. (2015)
125:3046–7. doi: 10.1182/blood-2015-03-634741

14. Chiron A, Bouaziz J, Carmagnat M, de Latour RP, Lafaurie-
Bergeron A, Robin M, et al. Anti-Angiotensin type 1 receptor
antibodies in chronic graft-versus-host disease. Transplantation. (2014)
98:470–4. doi: 10.1097/TP.0000000000000182

15. Wang KS, Kim HT, Nikiforow S, Heubeck AT, Ho VT, Koreth
J, et al. Antibodies targeting surface membrane antigens in
patients with chronic graft-versus-host disease. Blood. (2017)
130:2889–99. doi: 10.1182/blood-2017-08-801001

16. Perruche S, Marandin A, Kleinclauss FO, Angonin RG, Fresnay SP, Baron
MHLN, et al. Association of mixed hematopoietic chimerism with elevated
circulating autoantibodies and chronic graft-versus-host disease occurrence.
Transplantation. (2006) 81:573–82. doi: 10.1097/01.tp.0000183878.53367.77

17. Chen GL, Carpenter PA, Broady R, Gregory TK, Johnston LJ, Storer BE,
et al. Anti-platelet-derived growth factor receptor alpha chain antibodies
predict for response to nilotinib in steroid-refractory or -dependent
chronic graft-versus-host disease. Biol Blood Marrow Trans. (2018) 24:373–
80. doi: 10.1016/j.bbmt.2017.10.021

18. Sahaf B, Yang Y, Arai S, Herzenberg LA, Herzenberg LA, Miklos DB. H-Y
antigen-binding B cells develop in male recipients of female hematopoietic
cells and associate with chronic graft vs. host disease. Proc Natl Acad Sci USA.
(2013) 110:3005–10. doi: 10.1073/pnas.1222900110

19. Paul J, Nakasone H, Sahaf B, Wu F, Wang K, Ho V, et al. A confirmation of
chronic graft-versus-host disease prediction using allogeneic HY antibodies
following sex-mismatched hematopoietic cell transplantation.Haematologica.

(2019) 104:e314–7. doi: 10.3324/haematol.2018.199646
20. Svegliati S, Olivieri A, Campelli N, Luchetti M, Poloni A, Trappolini

S, et al. Stimulatory autoantibodies to PDGF receptor in patients
with extensive chronic graft-versus-host disease. Blood. (2007) 110:237–
41. doi: 10.1182/blood-2007-01-071043

21. Miklos DB, Kim HT, Zorn E, Hochberg EP, Guo L, Mattes-Ritz A, et al.
Antibody response to DBY minor histocompatibility antigen is induced after
allogeneic stem cell transplantation and in healthy female donors. Blood.
(2004) 103:353–9. doi: 10.1182/blood-2003-03-0984

22. Miklos DB, Kim HT, Miller KH, Guo L, Zorn E, Lee SJ, et al. Antibody
responses to H-Y minor histocompatibility antigens correlate with chronic
graft-versus-host disease and disease remission. Blood. (2005) 105:2973–
8. doi: 10.1182/blood-2004-09-3660

23. Patriarca F, Skert C, Sperotto A, Zaja F, Falleti E, Mestroni R, et al. The
development of autoantibodies after allogeneic stem cell transplantation is
related with chronic graft-vs-host disease and immune recovery. ExpHematol.

(2006) 34:389–96. doi: 10.1016/j.exphem.2005.12.011
24. Oke V, Wahren-Herlenius M. The immunobiology of Ro52

(TRIM21) in autoimmunity: a critical review. J Autoimmun. (2012)
39:77–82. doi: 10.1016/j.jaut.2012.01.014

25. Yu S, Fan Q, Sun J, Fan Z, Zhang Y, Jiang Q, et al. Haploidentical
transplantation without in vitro T-Cell depletion results in outcomes
equivalent to those of contemporaneous matched sibling and
unrelated donor transplantation for acute leukemia. Medicine. (2016)
95:e2973. doi: 10.1097/MD.0000000000002973

26. Yu S, Huang F, Wang Y, Xu Y, Yang T, Fan Z, et al. Haploidentical
transplantation might have superior graft-versus- leukemia effect than HLA-
matched sibling transplantation for high-risk acute myeloid leukemia in first
complete remission: a prospective multicentre cohort study. Leukemia. (2019)
34:1433–43. doi: 10.1038/s41375-019-0686-3

27. Han L, Wang Y, Fan Z, Huang F, Zhou J, Fu Y, et al. Haploidentical
transplantation compared with matched sibling and unrelated donor
transplantation for adults with standard-risk acute lymphoblastic
leukaemia in first complete remission. Brit J Haematol. (2017)
179:120–30. doi: 10.1111/bjh.14854

28. Lin R, Wang Y, Huang F, Fan Z, Zhang S, Yang T, et al. Two dose levels
of rabbit antithymocyte globulin as graft-versus-host disease prophylaxis in
haploidentical stem cell transplantation: a multicenter randomized study.
BMCMed. (2019) 17:156. doi: 10.1186/s12916-019-1393-7

29. Xuan L, Huang F, Fan Z, Zhou H, Zhang X, Yu G, et al. Effects of intensified
conditioning on Epstein-Barr virus and cytomegalovirus infections in
allogeneic hematopoietic stem cell transplantation for hematological
malignancies. J Hematol Oncol. (2012) 5:46. doi: 10.1186/1756-87
22-5-46

30. 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 Trans. (2015) 21:389–
401. doi: 10.1016/j.bbmt.2015.02.025

31. Allen JL, Tata PV, Fore MS, Wooten J, Rudra S, Deal AM, et al. Increased BCR
responsiveness in B cells from patients with chronic GVHD. Blood. (2014)
123:2108–15. doi: 10.1182/blood-2013-10-533562

32. Li X, Pan J, Zhou H, He M, Li W, Chen Z, et al. A multi-centre study for
standardization of antinuclear antibody indirect immunofluorescence
screening with automated system. J Immunol Methods. (2020)
477:112701. doi: 10.1016/j.jim.2019.112701

33. Sarantopoulos S, Stevenson KE, Kim H, Cutler CS, Bhuiya NS. Altered B-
cell homeostasis and excess BAFF in human chronic graft-versus-host disease.
Blood. (2009) 113:3865–74. doi: 10.1182/blood-2008-09-177840

34. Sarantopoulos S, Ritz J. Aberrant B-cell homeostasis in chronic GVHD. Blood.
(2015) 125:1703–7. doi: 10.1182/blood-2014-12-567834

35. Zeiser R, Sarantopoulos S, Blazar BR. B-cell targeting in chronic graft-versus-
host disease. Blood. (2018) 131:1399–405. doi: 10.1182/blood-2017-11-784017

36. Zhang C, Todorov I, Zhang Z, Liu Y, Kandeel F, Forman S, et al.
Donor CD4+ T and B cells in transplants induce chronic graft-versus-
host disease with autoimmune manifestations. Blood. (2006) 107:2993–
3001. doi: 10.1182/blood-2005-09-3623

37. Girolomoni G, Pincelli C, Zambruno G, Andreani M, Giardini C, Lucarelli
G, et al. Immunohistochemistry of cutaneous graft-versus-host disease
after allogeneic bone marrow transplantation. J Dermatol. (1991) 18:314–
23. doi: 10.1111/j.1346-8138.1991.tb03091.x

38. Kuzmina Z, Gounden V, Curtis L, Avila D, RNP TT, Baruffaldi J, et al.
Clinical significance of autoantibodies in a large cohort of patients with

Frontiers in Immunology | www.frontiersin.org 11 July 2020 | Volume 11 | Article 1505189

https://doi.org/10.1016/S2352-3026(19)30158-9
https://doi.org/10.1038/s41409-019-0702-2
https://doi.org/10.1007/s15010-018-01265-3
https://doi.org/10.1182/blood-2018-03-839993
https://doi.org/10.1182/blood-2015-09-668145
https://doi.org/10.1182/blood-2014-03-562231
https://doi.org/10.1182/blood-2011-07-364414
https://doi.org/10.4049/jimmunol.1200677
https://doi.org/10.1016/j.jaut.2019.03.006
https://doi.org/10.1182/blood-2014-11-613323
https://doi.org/10.1182/blood-2015-03-634741
https://doi.org/10.1097/TP.0000000000000182
https://doi.org/10.1182/blood-2017-08-801001
https://doi.org/10.1097/01.tp.0000183878.53367.77
https://doi.org/10.1016/j.bbmt.2017.10.021
https://doi.org/10.1073/pnas.1222900110
https://doi.org/10.3324/haematol.2018.199646
https://doi.org/10.1182/blood-2007-01-071043
https://doi.org/10.1182/blood-2003-03-0984
https://doi.org/10.1182/blood-2004-09-3660
https://doi.org/10.1016/j.exphem.2005.12.011
https://doi.org/10.1016/j.jaut.2012.01.014
https://doi.org/10.1097/MD.0000000000002973
https://doi.org/10.1038/s41375-019-0686-3
https://doi.org/10.1111/bjh.14854
https://doi.org/10.1186/s12916-019-1393-7
https://doi.org/10.1186/1756-8722-5-46
https://doi.org/10.1016/j.bbmt.2015.02.025
https://doi.org/10.1182/blood-2013-10-533562
https://doi.org/10.1016/j.jim.2019.112701
https://doi.org/10.1182/blood-2008-09-177840
https://doi.org/10.1182/blood-2014-12-567834
https://doi.org/10.1182/blood-2017-11-784017
https://doi.org/10.1182/blood-2005-09-3623
https://doi.org/10.1111/j.1346-8138.1991.tb03091.x
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Yang et al. Anti-Ro52 Autoantibodies in cGVHD

chronic graft-versus-host disease defined by NIH criteria. Am J Hematol.

(2015) 90:114–9. doi: 10.1002/ajh.23885
39. Wada K, Kamitani T. Autoantigen Ro52 is an E3 ubiquitin ligase. Biochem

Biophys Res Commun. (2006) 339:415–21. doi: 10.1016/j.bbrc.2005.11.029
40. Ben-Chetrit E, Chan EK, Sullivan KF, Tan EM. A 52-kD protein is a novel

component of the SS-A/Ro antigenic particle. J Exp Med. (1988) 167:1560–
71. doi: 10.1084/jem.167.5.1560

41. Moutsopoulos HM, Skopouli FN, Sarras AK, Tsampoulas C, Mavridis AK,
Constantopoulos SH, et al. Anti-Ro(SSA) positive rheumatoid arthritis (RA):
a clinicoserological group of patients with high incidence of D-penicillamine
side effects. Ann Rheum Dis. (1985) 44:215–9. doi: 10.1136/ard.44.4.215

42. Ben Chetrit E, Fox RI, Tan EM. Dissociation of immune responses
to the SS-A (Ro) 52-kd and 60-kd polypeptides in systemic lupus
erythematosus and Sjögren’s syndrome. Arthritis Rheumat. (1990) 33:349–
55. doi: 10.1002/art.1780330307

43. Ishii T, Ohnuma K, Murakami A, Takasawa N, Yamochi T, Iwata S, et al.
SS-A/Ro52, an autoantigen involved in CD28-mediated IL-2 production. J
Immunol. (2003) 170:3653–61. doi: 10.4049/jimmunol.170.7.3653

44. McNab FW, Rajsbaum R, Stoye JP, O Garra A. Tripartite-motif proteins
and innate immune regulation. Curr Opin Immunol. (2011) 23:46–
56. doi: 10.1016/j.coi.2010.10.021

45. Espinosa A, Zhou W, Ek M, Hedlund M, Brauner S, Popovic K, et al.
The Sjögren’s syndrome-associated autoantigen Ro52 is an E3 ligase
that regulates proliferation and cell death. J Immunol. (2006) 176:6277–
85. doi: 10.4049/jimmunol.176.10.6277

46. Savill J, Haslett C, Dransfield I, Gregory C. A blast from the past: clearance
of apoptotic cells regulates immune responses. Nat Rev Immunol. (2002)
2:965–75. doi: 10.1038/nri957

47. Infantino M, Meacci F, Grossi V, Benucci M, Morozzi G, Tonutti E,
et al. Serological epitope profile of anti-Ro52-positive patients with
systemic autoimmune rheumatic diseases. Res Ther. (2015) 17:365.
doi: 10.1186/s13075-015-0871-3

48. Popovic K, Wahren-Herlenius M, Nyberg F. Clinical follow-up of 102 anti-
Ro/SSA-positive patients with dermatological manifestations. Acta Derm

Venereol. (2008) 88:370–5. doi: 10.2340/00015555-0473
49. Eriksson C, Kokkonen H, Johansson M, Hallmans G, Wadell G,

Rantapaa-Dahlqvist S. Autoantibodies predate the onset of systemic
lupus erythematosus in northern Sweden. Arthritis Res Ther. (2011)
13:R30. doi: 10.1186/ar3258

50. Hanly JG, Su L, Farewell V, Fritzler MJ. Comparison between multiplex
assays for autoantibody detection in systemic lupus erythematosus. J Immunol

Methods. (2010) 358:75–80. doi: 10.1016/j.jim.2010.04.005
51. Rutjes SA, Vree EW, Jongen P, Van Den Hoogen F, Pruijn GJ, Van Venrooij

WJ. Anti-Ro52 antibodies frequently co-occur with anti-Jo-1 antibodies
in sera from patients with idiopathic inflammatory myopathy. Clin Exp

Immunol. (1997) 109:32–40. doi: 10.1046/j.1365-2249.1997.4081308.x
52. Venables P. Sjögren’s syndrome. Best Pract Res Clin Rheumatol. (2004)

18:313–29. doi: 10.1016/j.berh.2004.02.010
53. Ghillani P, André C, Toly C, Rouquette AM, Bengoufa D, Nicaise P, et al.

Clinical significance of anti-Ro52 (TRIM21) antibodies non-associated with
anti-SSA 60kDa antibodies: Results of a multicentric study. Autoimmun Rev.

(2011) 10:509–13. doi: 10.1016/j.autrev.2011.03.004
54. Marie I, Hatron PY, Dominique S, Cherin P, Mouthon L, Menard

J, et al. Short-term and long-term outcome of anti-Jo1-positive
patients with anti-Ro52 antibody. Semin Arthritis Rheum. (2012)
41:890–9. doi: 10.1016/j.semarthrit.2011.09.008

55. Hao B, Gao S, Sang Y, Wang L, Meng X, You J. Potential Value of

Autoantibodies as Biomarkers of Chronic Graft-Versus-Host Disease After

Allogeneic Stem Cell Transplantation. Hangzhou: Zhejiang University Press
(2019). p. 849–60.

56. Sarantopoulos S, Stevenson KE, Kim HT, Washel WS, Bhuiya NS, Cutler CS,
et al. Recovery of B-cell homeostasis after rituximab in chronic graft-versus-
host disease. Blood. (2011) 117:2275–83. doi: 10.1182/blood-2010-10-307819

57. Cutler C, Miklos D, Kim HT, Treister N, Woo S, Bienfang D, et al.
Rituximab for steroid-refractory chronic graft-versus-host disease. Blood.
(2006) 108:756–62. doi: 10.1182/blood-2006-01-0233

58. Okamoto M, Okano A, Akamatsu S, Ashihara E, Inaba T, Takenaka H, et al.
Rituximab is effective for steroid-refractory sclerodermatous chronic graft-
versus-host disease. Leukemia. (2006) 20:172–3. doi: 10.1038/sj.leu.2403996

59. Ratanatharathorn V, Ayash L, Reynolds C, Silver S, Reddy P, Becker
M, et al. Treatment of chronic graft-versus-host disease with anti-CD20
chimeric monoclonal antibody. Biol Blood Marrow Trans. (2003) 9:505–
11. doi: 10.1016/S1083-8791(03)00216-7

60. von Bonin M, Oelschlägel U, Radke J, Stewart M, Ehninger G,
Bornhauser M, et al. Treatment of chronic steroid-refractory graft-
versus-host disease with low-dose Rituximab. Transplantation. (2008)
86:875–9. doi: 10.1097/TP.0b013e318183f662

61. Silverman GJ, Goodyear CS. Confounding B-cell defences: lessons
from a staphylococcal superantigen. Nat Rev Immunol. (2006)
6:465–75. doi: 10.1038/nri1853

62. Levinson AI, Kozlowski L, Zheng Y, Wheatley L. B-cell superantigens:
definition and potential impact on the immune response. J Clin Immunol.

(1995) 15:26S−36S. doi: 10.1007/BF01540891
63. Maria NI, Vogelsang P, Versnel MA. The clinical relevance of animal models

in Sjögren’s syndrome: the interferon signature from mouse to man. Arthritis
Res Ther. (2015) 17:172. doi: 10.1186/s13075-015-0678-2

64. Nocturne G, Mariette X. B cells in the pathogenesis of
primary Sjögren syndrome. Nat Rev Rheumatol. (2018) 14:133–
45. doi: 10.1038/nrrheum.2018.1

65. Rhodes DA, Ihrke G, Reinicke AT, Malcherek G, Towey M, Isenberg DA,
et al. The 52 000 MW Ro/SS-A autoantigen in Sjogren’s syndrome/systemic
lupus erythematosus (Ro52) is an interferon-gamma inducible tripartite motif
protein associated with membrane proximal structures. Immunology. (2002)
106:246–56. doi: 10.1046/j.1365-2567.2002.01417.x

66. Keeble AH, Khan Z, Forster A, James LC. TRIM21 is an IgG receptor that is
structurally, thermodynamically, and kinetically conserved. Proc Natl Acad Sci
USA. (2008) 105:6045–50. doi: 10.1073/pnas.0800159105

67. Takahata M, Bohgaki M, Tsukiyama T, Kondo T, Asaka M,
Hatakeyama S. Ro52 functionally interacts with IgG1 and regulates
its quality control via the ERAD system. Mol Immunol. (2008)
45:2045–54. doi: 10.1016/j.molimm.2007.10.023

68. Espinosa A, Dardalhon V, Brauner S, Ambrosi A, Higgs R, Quintana FJ, et al.
Loss of the lupus autoantigen Ro52/Trim21 induces tissue inflammation and
systemic autoimmunity by disregulating the IL-23-Th17 pathway. J Exp Med.

(2009) 206:1661–71. doi: 10.1084/jem.20090585
69. Zeiser R, Blazar BR. Pathophysiology of chronic graft-versus-

host disease and therapeutic targets. New Engl J Med. (2017)
377:2565–79. doi: 10.1056/NEJMra1703472

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.

Copyright © 2020 Yang, Chen, Qi, Ye, Fan, Huang, Zhang, Suo, Liu and Jin. 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.

Frontiers in Immunology | www.frontiersin.org 12 July 2020 | Volume 11 | Article 1505190

https://doi.org/10.1002/ajh.23885
https://doi.org/10.1016/j.bbrc.2005.11.029
https://doi.org/10.1084/jem.167.5.1560
https://doi.org/10.1136/ard.44.4.215
https://doi.org/10.1002/art.1780330307
https://doi.org/10.4049/jimmunol.170.7.3653
https://doi.org/10.1016/j.coi.2010.10.021
https://doi.org/10.4049/jimmunol.176.10.6277
https://doi.org/10.1038/nri957
https://doi.org/10.1186/s13075-015-0871-3
https://doi.org/10.2340/00015555-0473
https://doi.org/10.1186/ar3258
https://doi.org/10.1016/j.jim.2010.04.005
https://doi.org/10.1046/j.1365-2249.1997.4081308.x
https://doi.org/10.1016/j.berh.2004.02.010
https://doi.org/10.1016/j.autrev.2011.03.004
https://doi.org/10.1016/j.semarthrit.2011.09.008
https://doi.org/10.1182/blood-2010-10-307819
https://doi.org/10.1182/blood-2006-01-0233
https://doi.org/10.1038/sj.leu.2403996
https://doi.org/10.1016/S1083-8791(03)00216-7
https://doi.org/10.1097/TP.0b013e318183f662
https://doi.org/10.1038/nri1853
https://doi.org/10.1007/BF01540891
https://doi.org/10.1186/s13075-015-0678-2
https://doi.org/10.1038/nrrheum.2018.1
https://doi.org/10.1046/j.1365-2567.2002.01417.x
https://doi.org/10.1073/pnas.0800159105
https://doi.org/10.1016/j.molimm.2007.10.023
https://doi.org/10.1084/jem.20090585
https://doi.org/10.1056/NEJMra1703472~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


ORIGINAL RESEARCH
published: 31 July 2020

doi: 10.3389/fimmu.2020.01534

Frontiers in Immunology | www.frontiersin.org 1 July 2020 | Volume 11 | Article 1534

Edited by:

Jacopo Peccatori,

San Raffaele Hospital (IRCCS), Italy

Reviewed by:

Ismael Buño,

Instituto de Investigación Sanitaria

Gregorio Marañón, Spain

Constanca Figueiredo,

Hannover Medical School, Germany

*Correspondence:

Guifang Ouyang

ouyangguifang@medmail.com.cn

Specialty section:

This article was submitted to

Alloimmunity and Transplantation,

a section of the journal

Frontiers in Immunology

Received: 13 March 2020

Accepted: 10 June 2020

Published: 31 July 2020

Citation:

Sheng L, Mu Q, Wu X, Yang S, Zhu H,

Wang J, Lai Y, Wu H, Sun Y, Hu Y,

Fu H, Wang Y, Xu K, Sun Y, Zhang Y,

Zhang P, Zhou M, Lai B, Xu Z, Gao M,

Zhang Y and Ouyang G (2020)

Cytotoxicity of Donor Natural Killer

Cells to Allo-Reactive T Cells Are

Related With Acute

Graft-vs.-Host-Disease Following

Allogeneic Stem Cell Transplantation.

Front. Immunol. 11:1534.

doi: 10.3389/fimmu.2020.01534

Cytotoxicity of Donor Natural Killer
Cells to Allo-Reactive T Cells Are
Related With Acute
Graft-vs.-Host-Disease Following
Allogeneic Stem Cell Transplantation

Lixia Sheng 1, Qitian Mu 1, Xiaoqing Wu 1, Shujun Yang 1, Huiling Zhu 1, Jiaping Wang 1,

Yanli Lai 1, Hao Wu 1, Ye Sun 1, Yongxian Hu 2, Huarui Fu 2, Yi Wang 1, Kaihong Xu 1,

Yongcheng Sun 1, Yanli Zhang 1, Ping Zhang 1, Miao Zhou 1, Binbin Lai 1, Zhijuan Xu 1,

Minjie Gao 1, Yi Zhang 1 and Guifang Ouyang 1*

1Department of Hematology, Ningbo First Hospital, Ningbo, China, 2 Bone Marrow Transplantation Center, The First Affiliated

Hospital, Zhejiang University School of Medicine, Hangzhou, China

Objectives: The mechanism and immunoregulatory role of human natural killer (NK)

cells in acute graft-vs.-host-disease (aGVHD) remains unclear. This study quantitatively

analyzed the cytotoxicity of donor NK cells toward allo-reactive T cells, and investigated

their relationship with acute GVHD (aGVHD).

Methods: We evaluated NK dose, subgroup, and receptor expression in allografts

from 98 patients who underwent allogeneic hematopoietic stem cell transplantation

(allo-HSCT). A CD107a degranulating assay was used as a quantitative detectionmethod

for the cytotoxic function of donor NK cells to allo-reactive T cells. In antibody-blocking

assay, NK cells were pre-treated with anti-DNAM-1(CD226), anti-NKG2D, anti-NKP46,

or anti-NKG-2A monoclonal antibodies (mAbs) before the degranulating assay.

Results: NK cells in allografts effectively inhibited auto-T cell proliferation following

alloantigen stimulation, selectively killing alloantigen activated T cells. NKG2A− NK cell

subgroups showed higher levels of CD107a degranulation toward activated T cells,

when compared with NKG2A− subgroups. Blocking NKG2D or CD226 (DNAM-1) led

to significant reductions in degranulation, whereas NKG2A block resulted in increased

NK degranulation. Donor NK cells in the aGVHD group expressed lower levels of NKG2D

and CD226, higher levels of NKG2A, and showed higher CD107a degranulation levels

when compared with NK cells in the non-aGVHD group. Using univariate analysis, higher

NK degranulation activities in allografts (CD107ahigh) were correlated with a decreased

risk in grade I–IV aGVHD (hazard risk [HR] = 0.294; P < 0.0001), grade III–IV aGVHD

(HR = 0.102; P < 0.0001), and relapse (HR = 0.157; P = 0.015), and improved

overall survival (HR = 0.355; P = 0.028) after allo-HSCT. Multivariate analyses showed

that higher NK degranulation activities (CD107ahigh) in allografts were independent risk

factors for grades, I–IV aGVHD (HR = 0.357; P = 0.002), and grades III–IV aGVHD

(HR = 0.13; P = 0.009).
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Conclusions: These findings reveal that the degranulation activity of NK in allografts

toward allo-activated T cells was associated with the occurrence and the severity of

aGVHD, after allogeneic stem cell transplantation. This suggested that cytotoxicity of

donor NK cells to allo-reactive T cells have important roles in aGVHD regulation.

Keywords: natural killer cells, cytotoxicity, CD107a, graft vs. host disease, allogeneic hematopoietic stem cell

transplantation

INTRODUCTION

Natural killer (NK) cells are the first donor-derived subset
of lymphocytes that are reconstructed following allogeneic
hematopoietic stem cell transplantation (allo-HSCT). Although
the roles of NK cells in preventing relapse and infection after allo-
HSCT for hematologicmalignancies has beenwell established (1–
4), the function of human NK cells in acute graft-vs.-host-disease
(aGVHD), which is a common complication of allo-HSCT, is
still equivocal.

Some studies have demonstrated that killer immunoglobulin-
like receptor (KIR)-ligand mismatches trigger donor vs. recipient
NK cell allo-reactivity, suppressing the development of aGVHD
by ablating host antigen-presenting cells (APCs), which are
essential for the activation of donor T cell in aGVHD (5–7).
However, many studies have failed to prove the beneficial effect
of allo-reactive NK cells on aGVHD (8–12). Similarly, conflicting
results from clinical studies also hint at other mechanisms for the
regulation of aGVHD by NK cells (13).

The function that NK cells can distinguish target cells
from healthy cells is controlled by integrating signals from
inhibitory and activating receptors (14–18). Donor NK allo-
reactivity, which is based on the lack of ligands for donor
KIR in the recipient, can lead to NK cell activation though
“missing-self ” recognition (19–21).When target cells are exposed
to stress, such as viral infection, the ligands for activating
NK cell receptors are upregulated, binding to NK activating
receptors and activate NK cells via “induced-self ” recognition
(22–24). Studies have demonstrated that activated T cells
up-regulate the expression of ligands for activating NK cell
receptors, making them vulnerable to NK cell killing though
the “induced-self ” model (25, 26). As donor NK and T cells
share similar trafficking routes after allo-HSCT (27), and recent
studies have shown that NK cells exert cytotoxicity toward
activated T cells (28, 29), the NK cell–mediated direct lysis
of allo-reactive T cells through the “induced-self ” model may
present an important mechanism for aGVHD regulation by
NK cells. Olson et al. proved this hypothesis in a major
histocompatibility complex (MHC)-mismatched mouse bone
marrow transplantation (BMT) model (30). However, we know
little about the role of NK cell cytotoxicity toward allo-reactive T
cells in human aGVHD.

In this study, we investigated the role of NK cells in the
regulation of T cell allo-reactivity in human allo-HSCT, and
demonstrated that cytotoxicity of donor NK cells toward allo-
reactive T cells was associated with the occurrence of overall and
grade III–IV aGVHD.

MATERIALS AND METHODS

Patients and Samples
Ninety-eight consecutive patients with acute lymphoid leukemia
(ALL), acute myeloid leukemia (AML), myelodysplastic
syndrome (MDS), non-Hodgkin’s lymphoma (NHL), or chronic
myeloid leukemia (CML) underwent allo-HSCT and were
included in this study. Among these, 37 patients underwent
human leukocyte antigen (HLA)-matched related HSCT,
13 patients underwent HLA-matched unrelated HSCT, and
48 patients underwent HLA-haplo-identical related HSCT.
Stem cell sources were peripheral blood stem cells without
T-cell depletion. The prophylaxis regimens for GVHD were
cyclosporine A, short-term methotrexate, and mycophenolate
mofetil. In addition, ATG was added to HLA-matched unrelated
and HLA-haplo-identical related HSCT. The high risk disease
status at the time of HSCT was defined as > second remission, or
acute leukemia without remission after two cycles of induction
chemotherapy, refractory anemia with excess blasts, and
blast crisis of chronic myelomonocytic leukemia. KIR-ligand
mismatch was evaluated based on donor and recipient HLA gene
typing. The characteristics of the 98 patients and corresponding
donors are summarized in Table 1. All samples in this study
were collected from donor granulocyte-colony stimulating factor
(G-CSF) mobilized peripheral blood stem cell (PBSC) harvests
before transplantation. All patients and donors provided written
informed consent. The study was approved by the Clinical Ethics
Review Committee at Ningbo First Hospital and was performed
in accordance with the Declaration of Helsinki.

mAbs and Flow Cytometry Analyses
NK cells were characterized by FITC-conjugated anti-human
CD56, PE-conjugated anti-human CD16, and APC-conjugated
anti-human CD3 mAbs (Becton Dickinson, San Diego, CA,
USA). To analyze the expression of receptors on NK cells,
the following mAbs were used: APC-conjugated anti-NKG2D
(BAT221 clone), PE-conjugated anti-human NKp46 (BAB281
clone), and FITC-conjugated anti- human DNAM-1 (F22 clone)
(all Becton Dickinson). PE conjugated anti-human NKG2A was
purchased from Beckman Coulter (Fullerton, CA, USA). A
Beckman Coulter flow cytometer, FC5000 (Fullerton, CA, USA),
was used to analyze samples.

CD56+ NK Cell and CD3+T Cell Isolation
and Proliferation Assays
Mononuclear cells (MNCs) were isolated from each G-CSF
mobilized PBSC harvest by Ficoll-Hypaque (MultiSciences
Biotech, Hangzhou, China) density centrifugation. CD56+ NK
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TABLE 1 | Patient, donor, disease, and transplantation characteristics.

Non-aGVHD aGVHD P value

N 47 51 –

Patient age 38 (15-63) 40 (14-65) 0.177

Patent sex (M:F) 25:22 26:25 0.827

Diagnosis 0.156

ALL 5 14

AML 16 14

MDS 15 17

NHL 8 3

CML 3 3

High risk, no. (%) 12 21 0.102

Donor source 0.051

MRD 22 15

Haplo-identical 17 31

MUD 8 5

Donor/patient sex 0.199

M–>M 15 8

M–>F 12 18

F–>M 10 12

F–>F 10 13

Conditioning 0.439

MA 45 51

RIC 2 0

GVHD prophylaxis 0.076

MTX + CSA + MMF + ATG 25 36

MTX + CSA + MMF 22 15

KIR-L GVH mismatch 18 21 0.77

Cell composition in allografts, median (range)

CD34+ cells, ×106/kg 6.1 (2.05∼16.73) 5.3 (1.58∼12.40) 0.197

CD3+ cells, ×108/kg 1.88 (0.43∼4.07) 1.78 (0.35∼4.78) 0.347

CD56+ cells, ×107/kg 3.38 (0.29∼6.45) 2.68 (0.27∼7.10) 0.059

NK:T ratio 0.225 (0.051∼0.498)0.172 (0.049∼0.698) 0.117

GVHD, graft-vs.-host disease; F, female; M, male; AML, acute myeloid leukemia; ALL,

acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; NHL, non-Hodgkin’s

lymphoma; CML, Chronic Myelogenous Leukemia; MRD, matched related donor; MUD,

matched unrelated donor; KIR-L, killer Ig-like receptor ligand; NK, natural killer cell; T, T cell.

cells and CD3+T cells were isolated from MNCs by positive
selection, using FACS (Fluorescence activated cell sorting), and
used for the following experiments.

For proliferation assays, carboxyfluorescein diacetate
succinimidyl ester (CFSE, Invitrogen, Carlsbad, CA, USA)
-labeled CD3+T cells (2 × 105 cells/well) were stimulated with
phytohemagglutinin (PHA), anti-CD3/anti-CD28, or allogeneic
dendritic cells (allo-DCs) separately in 200 µl RPMI 1640
medium containing 10% fetal bovine serum (FBS), in a 96-well
micro-plate (day 0). NK cells from the same donor were added
to the culture at different NK/T ratios (0:10 to 1:5). At day
four, cells were stained with a PECY7-conjugated anti-CD3
mAb (Becton Dickinson), and the proliferation of CD3+ T
cells was analyzed by detecting diluted CFSE signals with
flow cytometry.

Functional Assessments of NK Cells
For degranulation assays, NK cells and anti-CD3/anti-CD28
mAbs activated T cells from the same donor were co-cultured
at an NK to T cell ratio of 1:1, for 4 h at 37◦C, in the presence
of APC-conjugated anti-human CD107a [lysosomal-associated
membrane protein (LAMP)-1] mAb (H4A3, BD Biosciences,
San Jose, CA) and GolgiStopTM containing monensin (BD
Biosciences). In blocking assays, NK cells were incubated with
blocking antibodies for 20min before being co-cultured with
target cells. The following anti-human mAbs were added at
10 µg/mL: NKG2D (clone 149810; R&D Systems, Minneapolis,
MN, USA), NKG2A (clone NNC0141-0100, R&D Systems),
DNAM-1 (clone DX11, BioLegend, San Diego, CA, USA), and
NKP46 (BioLegend). Mouse IgG1 mAbs (R&D Systems) served
as isotype-matched control mAbs. The expression of CD107a in
NK cells was measured by flow cytometry.

For intracellular cytokine staining, NK cells were co-
cultured with the unstimulated T cells or activated T cells
for 4 h, and GolgiStopTM was added to trap protein in the
cytoplasm. Monoclonal antibodies APC-conjugated anti-human
CD56 mAb, FITC-conjugated anti-human IFN-γ, PE-conjugated
anti-human TNF-α, FITC-conjugated anti-human TGF-β, and
PE-conjugated anti-human IL-10 (BD Bioscience) were used
for cell surface marker and in-tracellular cytokine staining.
The intracellular cytokine level of NK cells was detected by
flow cytometry. The granzyme B were quantified by ELISA in
supernatants after co-culture of NK cells with the unstimulated
T cells or activated T cells for 4 h.

For in vitro cytotoxicity assays, a CFSE-7AAD (7-
Aminoactinomycin D, BD Pharmingen, San Diego, CA,
USA) based flow cytometric cytotoxicity assay was performed
using CFSE-labeled T cells stimulated for 4 d with allo-DCs as
targets, and autogeneic NK cells as effectors. In brief, effector and
target cells were co-cultured at E:T ratios of 50:1, 25:1, 10:1, 5:1,
for 4 h at 37◦C. Cells were then washed and labeled with PECY7
conjugated anti-CD3 mAb, and 7AAD (5µg/mL) for 20min and
analyzed by flow cytometry.

Statistical Analysis
Patient characteristics in aGVHD and non-aGVHD groups were
compared by the χ2-test for categorical variables or the Mann–
Whitney U-test for continuous variables. Student’s t-tests or
a two-way ANOVA analyses were used to compare receptor
expression, and degranulation activities of NK cells among
groups. The optimal cut-off point of CD107a expression in
donor NK cells was identified using the receiver operating
characteristic (ROC) curve. Overall survival (OS) was estimated
by the Kaplan–Meier method. The Gray’s test was applied for
comparisons of cumulative incidences of acute GVHD and
relapse. Death, without aGVHD, was defined as the competing
event for aGVHD, while relapse-freemortality was the competing
event for relapse. The Cox regression model was employed for
univariate and multivariate analyses. Risk factors for univariate
analysis included the age of recipient and donor, the gender of
recipient and donor, diagnosis, KIR-L mismatch/match between
donor and recipients, donor source, high risk disease before
transplantation, the dose of CD56+ NK cells, CD34+cells, and
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CD3+T cells, the NK/T cell ratio; the CD56dim/CD56bright ratio,
NKG2A+ proportion, levels of CD226, NKG2D and NKP46
expression of NK cells, and NK CD107a degranulation activity in
allografts. All covariates with P < 0.10 during univariate analysis
were further included in a multivariate Cox regression model. All
tests were bilateral, and a difference was considered significant
when P < 0.05. Statistical analyses were performed on SPSS
25 statistical software (IBM, Armonk, NY, USA), and R 3.6.2
statistical software (https://www.r-project.org/) was employed
to calculate the cumulative incidences, when considering the
presence of competing risks. All calculated averages were defined
as the parametric mean± SD. ∗∗P < 0.01.

RESULTS

Patient Characteristics
Ninety-eight donor PBSC samples from 98 patients receiving
allo-HSCT were analyzed in this study. Patient characteristics
are shown in Table 1. No significant differences were
observed in patient age, patient sex, gender matching
between donors and recipients, underlying disease, donor
source, conditioning regimen, serotherapy, KIR-L mismatch,
and dose of CD34+, CD3+, or CD56+ cells in allografts
between the GVHD group and the non-aGVHD group. The
median duration follow-up was 412 d (range; 71–1,320 d)
after transplantation. All 98 patients achieved engraftment
and complete donor chimerism after transplantation. The
chimerism dynamics of donor NK and T cells were shown
(Figure S1). Grades I, II, III, and IV aGVHD occurred in
16, 16, 14, and 5 cases, respectively. Of 24 patients that
died, nine died from severe infection, two died from severe
gastrointestinal aGVHD with pulmonary infection, and
13 relapsed.

NK Cells in Allografts Inhibited T Cell
Proliferation and Exhibited Cytotoxicity
Against Allo-Reactive T Cells
Olson et al. demonstrated that donor NK cells could inhibit
and kill alloantigen activated T cells during the development of
acute GVHD in their mouse model, indicating that donor NK
cell mediated inhibition and lysing of activated donor T cells
may represent an important mechanism for NK cell–mediated
aGVHD reduction (30). However, the direct modulation of
donor allo-reactive T cell responses by autogeneic NK cells in
human GVHD has not been fully investigated. For donor T-cell
proliferation, activation is the core immunopathophysiology of
aGVHD; therefore, we investigated the effects of donor NK
cells on the proliferation of autogeneic CD3+T cells, following
activation by PHA, anti-CD3/anti-CD28 mAbs, or allo-DCs
derived from recipients. CFSE-labeled resting CD3+T cells were
stimulated by PHA, anti-CD3/anti-CD28 mAbs, or allo-DCs
(T/DC = 5:1), and co-cultured with autologous CD56+ NK
cells at NK/T ratios of 0:10, 1:10, or 1:5. Ninety-six hours
later, the percentage of proliferating CD3+T cells was detected
by flow cytometry (Figures 1A,B). As shown in Figures 1C,D,
the proliferation of T cells, as defined by CFSE dilution, was

significantly inhibited by donor NK cells, in a NK cell dose
dependent pattern.

To further validate that NK cell-mediated cytotoxicity against
T cells led to the suppression of alloantigen-activated T cell
proliferation by autologous NK cells, CFSE-labeled resting
CD3+T cells were stimulated with allogeneic dendritic cells (allo-
DCs) for 96 h, and then used as target cells for an NK killing
assay. Our results revealed allo-reactive T cells were distinguished
by lower CFSE intensity (CFSElow) in CD3+T cells (Figure 1E).
Flow cytometric analysis using 7AAD to identify dead cells
revealed that donor NK cells mainly killed proliferating T cells
(CFSElow), but not non-proliferating T cells (CFSEhigh), in a cell
dose-dependent manner at effector:target (E:T) ratios of 50:1,
25:1, 10:1, or 5:1 (Figures 1E,F).

In the process of NK degranulation, lysosomal associated
membrane protein-1 (LAMP-1, CD107a) on the surface of
lysosomal granules is transported to the cell surface and can be
used for antibody binding studies. This allows for the recognition
of activated NK cells, making them attractive biomarkers for
assessing granulocytic exocytosis and cytotoxic activity of NK
cells (26, 27). As shown (Figures 1G,H), donor NK cells
displayed degranulation activity to activated but not resting
T cells, which was consistent with NK cells killing activated
proliferating T cells instead of resting T cells, in the killing
assay. In addition to CD107a degranulation, the Granzyme
B concentration in NK and activated T cell co-cultures was
significantly higher (1422.25 ± 256.77 pg/ml) than that in NK
and unstimulated T cell co-cultures (782.75 ± 161.77 pg/ml)
(P = 0.014). However, there was no difference in cytokines
IFN-γ, TNF-α, IL-10, and TGF-β secreted by NK cells after
co cultured with activated or unstimulated T cells (Figure S2).
Therefore, NK cells selectively killed activated T cells and
played an inhibitory role on T cell proliferation induced by
alloantigen stimulation.

The Effects of NKG2A+/NKG2A− Subsets
and Receptor Expression on NK Cell
Cytotoxicity Against T Cells Are
Associated With aGVHD After Allo-HSCT
As the CD107a degranulation assay is more feasible than the
killing assay, we performed a CD107a degranulation assay to
identify the cytotoxic effects of NK cells to activated T cells, for
all PBSC donors.

We further investigated differences in NK degranulation
against autologous activated T cells between CD56dim and
CD56bright, and NKG2A+ and NKG2A− subsets. As shown
(Figures 2A–C), the degranulation of CD56dim NK cells
toward autologous activated T cells was stronger than the
CD56bright subset, and NKG2A− NK cells were degranulated
more potently than the NKG2A+ subgroup, suggesting that
subgroup distribution patterns of donor NK cells influenced NK
cytotoxicity against activated T cells.

The cytotoxicity of NK cells is regulated by signal integration
from a complex repertoire of activating and inhibiting receptors
(14, 17, 18). According to the NK education and tolerance
hypothesis (31–33), it is impossible for NK cells to kill
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FIGURE 1 | NK cells inhibit T cell proliferation by selectively killing alloantigen activated T cells. (A) Representative gating strategy for NK and T cell sorting;

(B) Representative gating strategy for T cell proliferation assay. (C,D) CFSE-labeled CD3+T cells were stimulated with PHA, anti-CD3/anti-CD28 mAbs or allo-DCs,

and autologous CD56+ NK cells were added at NK/T ratios of 0:10, 1:10, or 1:5. Four days later, CD3+T cell proliferation was analyzed by flow cytometry. The

percentage of proliferating T cells was defined by CFSE intensities (n = 4). (E,F) CFSE-labeled CD3+T cells were first stimulated with allo-DCs for 96 h and then used

as target cells for NK killing assays at effector:target (E:T) ratios of 50:1, 25:1, 10:1, 5:1, or 1:1. Allo-reactive T cells were distinguished by lower CFSE intensity

(CFSElow) in CD3+T cells. 7AAD was labeled to identify dead cell and analyzed by flow cytometry (n = 4). (G,H) Naïve T cells or T cells activated by

anti-CD3/anti-CD28 mAbs were co-cultured with NK cells at an effector:target (E:T) ratio of 1:1 for CD107a degranulating assay. NK cells cultured alone were used as

controls. The percentage of CD107a+ in CD56+NK cells represented the level of NK degranulation toward T cells (n = 4). All calculated averages were defined as the

parametric mean ± SD. Student’s t-tests, or two-way ANOVA analyses, were used to compare the mean among groups. ns: not significant. **P < 0.01.

auto-T cells by KIR-L mismatching. Therefore, we further
analyzed the potential roles of NK activating receptors by
blocking interactions between NK activating receptors and
corresponding ligands with neutralizing antibodies, before

the degranulation assay. We observed that blocking NKG2D,
DNAM-1 (CD226), or NKP46 led to significant decreased
degranulation (CD107a expression) of NK cells toward activated
auto-T cells. Accordingly, we also found that the expression of
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FIGURE 2 | Subgroup and receptor expression of donor NK cells affected NK degranulation toward activated T cells associated with aGVHD. (A) Representative

gating strategy. CD56dim and CD56bright NK cells were gated and subsets were defined based on the expression of NKG2A, the percentage of CD107a positive cells

was analyzed on each subset of NK cells. (B) CD107a expression in CD56dim and CD56bright NK cells (n = 4), (C) CD107a expression in NKG2A− and NKG2A+

subgroups (n = 4), (D) NK cells were pretreated with neutralizing antibodies (or relevant isotype-matched Ig controls) before degranulation assay (n = 4). (E) Levels of

donor NK degranulation toward activated T cells were significantly lower in the aGVHD group than in the non-aGVHD group (P = 0.001, n = 98). Percentage of

CD56dim and CD56bright NK cells (F), NKG2A+ NK cells (G) in allografts from the aGVHD and non-aGVHD groups (n = 98). MFI of CD226 (H); NKG2D (I) and NKP46

(J) of NK cells in allografts from aGVHD and non-aGVHD groups (n = 98). All calculated averages were defined as the parametric mean ± SD. Student’s t-tests or

two-way ANOVA analyses were used to compare the mean among groups.

NKG2D ligands (MICA/MICB, ULBP-1, ULBP-3) and DNAM-
1 ligands (PVR) on T cell surface was up-regulated after
activation (Figure S3). On the contrary, blocking the HLA-
E–NKG2A interaction with an anti-NKG2A mAb resulted in
increased degranulation (Figure 2D). These results suggested
that activated receptors NKG2D, DNAM-1 (CD226), and
NKP46 played important roles in triggering NK cell cytoxicity,

while NKG2A, an inhibitory receptor of NK cells, played
a negative role in NK cell cytotoxicity toward allo-reactive
auto-T cells.

NK cells may kill target cells by means other than perforin-
mediated cytotoxicity. As T cells could upregulated expression
of Fas/FasL after activation and Fas/FasL pathway has been
proved to participate NK cell-mediated cytotoxicity against
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tumor cells (34, 35), we addressed whether FAS/FAS-L pathway
was implicated in NK cell killing of allo-reactive T cells.
However, blocking FasL did not affect the degranulation and
killing of NK cells to allo-antigen activated T cells (Figure 2D).
NK degranulation varied between donors, with an average
17.26 ± 4.69% donor NK cells of the aGVHD group showing
degranulation activity toward autologous activated T cells, when
compared to 21.78 ± 5.26% NK cells in the non–aGVHD group
(P = 0.001) (Figure 2E).

Furthermore, we evaluated NKG2A+ andNKG2A−, CD56dim

and CD56bright subsets and receptor expression on CD56+ NK
cells in patient allografts in aGVHD and non-aGVHD groups.
When analyzing NKG2A expression, we observed that 23.8 ±

9.47% donor NK cells for aGVHD patients were positive for
NKG2A, when compared with 20.42 ± 6.2% NK cells in the
non-aGVHD group (Figure 2G, P = 0.041). The differences
in CD56dim and CD56bright subset proportions between groups
were not statistically significant (Figure 2F). After this, we
analyzed the differences in NK activating receptors, CD226,
NKG2D, and NKP46, which have been shown to enhance NK
killing activity to activated T cells in vitro (29, 36), in allografts
between aGVHD and non-aGVHD groups.We observed that the
expression of DNAM-1 (CD226) and NKG2D in donor NK cells
of the aGVHD group was higher than that of the non aGVHD
group, while differences inNKP46 expression between the groups
were not statistically significant (Figures 2H–J).

CD107a Expression (>20.5%) in Donor NK
Cells Is an Independent Predictor of
aGVHD
Using the receiver operating characteristic (ROC) curve, we
selected a cut-off of 20.5% for CD107a expression in donor NK
cells in the degranulation assay, which provided a sensitivity of
75% and a specificity of 64% for the prediction of aGVHD. Based
on CD107a expression in donor NK cells to activated T cells,
patients were divided into the CD107ahigh group (n= 54) and the
CD107alow group (n= 44). When compared with the CD107alow

group, patients in the CD107ahigh group showed lower incidences
of overall aGVHD (29.6 vs. 70.42%, P = 0.0003, Figure 3A),
grade II–IV aGVHD (18.2 vs. 59.3%, P = 0.0001, Figure 3B) and
grade III–IV aGVHD (13.6 vs. 53.7%, P = 0.0007, Figure 3C).

Considering the potential influence of the donor source and
ATG use on the development of aGVHD, subgroup analysis was
carried out. In relation to the donor source, the CD107ahigh group
demonstrated a lower cumulative incidence of overall aGVHD
than the CD107alow group when the donor was HLA-matched
related (MRD) (5.6 vs. 73.7%; P = 0.0005; Figure 4A), but this
effect was not seen in HLA-matched unrelated donors (MUD)
(16.1 vs. 57.1%; P = 0.187; Figure 4B), and haplo-identical
donors (55 vs. 71.4%; P = 0.207 Figure 4C). In 61 patients
who received HLA-matched unrelated and HLA-haplo-identical
related HSCT, additional ATG was used. The predictive value of
CD107a expression in donor NK cells for overall aGVHDwas not
statistically significant when ATG was added(46.2% vs. 68.6%; P
= 0.085 Figure 4D). Considering ATG was only used in HLA-
matched unrelated andHLA-haplo-identical relatedHSCT in our

study, we speculated that the main reasons why the predictive
value of the donor NK CD107a degranulation towards activated
T cells for overall aGVHDwas not significant inMDR and haplo-
identical HSCT might be that ATG weakened NK cell function
(37) and that each subgroup had relatively small cases.

In univariate analyses, besides CD107a, other factors also
predicted a reduced grade I–IV aGVHD risk, the dose of infused
NK cells > 2.19 × 107/kg (HR = 0.551; P = 0.037), and median
fluorescent intensity (MFI) of NKG2D on NK cells > 2491
in allografts (HR = 0.471; P = 0.015) (Table 2). Other
factors predicting decreased grade III–IV aGVHD included,
matched related donors vs. haplo-identical donors (HR = 0.504;
P = 0.033), and the percentage of NKG2A+NK ≤ 25.5% in
allografts (HR = 0.297; P = 0.008). In univariate analysis,
the non-statistically significant factors for predicting aGVHD
included the age and gender of recipients and donors, diagnosis,
high risk disease before transplantation, the KIR-L mismatch
between donors and recipients, additional usage of ATG for
GVHD prophylaxis, the dose of CD34+ cells, CD3+T cells,
the NK/T cell ratio, the CD56dim/CD56bright NK cell ratio, and
DNAM-1 and NKP46 expression levels of NK cells in allografts.

Multivariate Cox regression models were applied to evaluate
the prognostic value of CD107a expression in donor NK cells in
allografts. All variables used for the Cox model had a univariate
p-value < 0.1. As shown (Table 2), CD107a expression in donor
NK cells > 20.5%, was an independent predictor for the grade
I–IV aGVHD (HR= 0.357; P= 0.002), and grade III–IV aGVHD
(HR= 0.13; P = 0.009).

In univariate analysis, the CD107ahigh group demonstrated
a lower cumulative incidence of cGVHD than the CD107alow
group (13.6 vs. 33.3%; P = 0.034; Figure 3D). The cumulative
incidence of relapse in the CD107ahigh group was lower than
the CD107alow group (4.5 vs. 24.1%; P = 0.007; Figure 3E).
There was no difference in the cumulative incidence of non-
relapse mortality (NRM) between the CD107ahigh group and the
CD107alow group (P = 0.46). The 2-year overall survival was
84.2% in the CD107ahigh group, while that of the CD107alow

group was 50.2% (P = 0.022; Figure 3F). However, multivariate
analyses showed that the predictive value of CD107a expression
in donor NK cells for chronic GVHD, relapse and overall survival
was not statistically significant (Table 2).

DISCUSSION

There is growing evidence that NK cells have
immunomodulatory functions and can inhibit the immune
responses of T cells (34, 35, 38–43). Donor T cell activation is the
core immunopathophysiology mechanism in acute graft vs. host
disease. Studies have demonstrated that donor NK cells inhibit
the proliferation of T cells and show cytotoxicity to activated T
cells in a mouse aGVHD model (30, 44). However, the direct
regulation of donor allo-reactive T cell responses by autogeneic
NK cells in human GVHD has not been fully investigated. In
this study, we demonstrated that NK cells negatively regulate
T cells response to allo-DCs in humans, which was consistent
with a previous report in a murine model (30). NK cytotoxicity
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FIGURE 3 | Donor NK CD107a degranulation toward activated T cells was predictive for risk of aGVHD, chronic GVHD, relapse, and overall survival. The Gray’s test

was applied for comparisons of cumulative incidences of acute GVHD, chronic GVHD, and relapse. Death, without aGVHD, was defined as the competing event for

aGVHD, while relapse-free mortality was the competing event for relapse. Cumulative incidence estimates of grade I–IV aGVHD (A), gradeII–IV aGVHD (B), grade III–IV

aGVHD (C), chronic GVHD (D), and relapse (E) or Kaplan–Meier survival estimates for overall survival (F) for patients in “CD107alow” and “CD107ahigh” groups,

separated according to the optimal cutoff of 20.5% for donor NK CD107a degranulation toward activated T cells.

against alloantigen activated T cells may suggest an important
mechanism whereby NK cells regulate T cell allo-reactivity in
human aGVHD.

The observation that NK cells are capable of regulating T cell
allo-reactivity, which has been validated in in vitro studies and
animal models, should be explored in clinical transplantation
models. In this study, the relationship between the killing effects
of donor NK cells to activated T cells and the incidence of
aGVHD was explored in a group of allogeneic hematopoietic
stem cell transplantation patients. We established a method
to detect the cytotoxic functions of donor NK cells toward
activated T cells, through CD107a degranulation analysis. Our
study demonstrated that the cytotoxic effects of donor NK cells
toward activated T cells was related to the occurrence and
severity of aGVHD in human HSCT. We observed that the

degranulation activity of donor NK cells in the non-aGVHD
group was higher when compared to donor NK cells in the
aGVHD group. Furthermore, the high degranulation activity
of donor NK cells significantly decreased the rate of overall
aGVHD, and the grade III–IV of aGVHD, when assessed by Cox
multivariate regression analysis. These clinical findings help us
understand animal models (30, 44), suggesting that donor NK
cells could play a regulatory role in GVHD by inhibiting allo-
reactive T cell immune through their cytotoxic functions against
activated allo-reactive T cells.

As NK cells may serve as potentially GVHD regulatory
cells, studies have sought to determine the predictive value
of NK cells in human GVHD. NK cell concentrations in
allograft procedures are important factors influencing GVHD
incidence (45–49). Tanaka et al. reported that a high dose
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FIGURE 4 | Subgroup analysis for predictive value of the donor NK CD107a degranulation toward activated T cells for grade I–IV aGVHD. (A) HLA-matched related

HSCT(MRD), (B) HLA-matched unrelated HSCT(MUD), (C) HLA-haplo-identical related HSCT. (D) Patients with ATG for the prophylaxis of GVHD.

of infused NK cells was correlated with a lower incidence
of grade III–IV aGVHD, particularly in recipients receiving
unrelated bone marrow transplantation (49). However, in our
transplant settings, although higher NK doses in grafts showed
correlations with a lower incidence of overall aGVHD by
univariate analysis, higher NK cell doses in allografts were
not identified as independent predictors of aGVHD using
multivariate analysis. We speculated on several possible factors
that may have contributed to this inconsistency. Firstly, there
were large differences in infused NK cell doses in different
transplantation schemes, varying from 106 to 107/kg, and
NK content in PBSC harvests was usually higher than bone
marrow collections (45). Secondly, different conditioning-
regimens and GVHD prevention schemes may have exerted
different effects on NK functions (50–52). Finally, and most
importantly, the statistical significance of NK cell doses were
weakened after NK cytotoxic function was incorporated into the
multivariate model.

Zhao et al. observed that a higher dose of CD56bright NK
cells in allografts was associated with a higher incidence of grade
II–IV aGVHD, while a higher CD56dim/CD56bright ratio dose
in NK cells was correlated with a lower incidence of grade
III–IV aGVHD, after haplo-identical transplantation without
in vitro T-cell depletion (48). When analyzing the relationship
between NK cell subsets and aGVHD, we found no significant
correlations between the CD56dim/CD56bright ratio and aGVHD.
Interestingly, we observed that a higher ratio of NKG2A+ NK

in allografts was associated to a higher incidence of grade III–
IV aGVHD. Equally, we showed that NKG2A was involved in
the negative regulation of NK cell cytotoxicity against activated T
cells in vitro, which was consistent with Nielsen et al. (36, 53).
NKG2A, is an inhibitory receptor of NK cells which belongs
to the C-type lectin superfamily, and is often overexpressed on
the surface of reconstituted NK cells in the early stages after
HSCT (54–56). Contrary to our results, Hu et al. reported that
NKG2A+ subset cells were reduced in patients with aGVHD after
allo-HSCT (54, 57). We speculated that the main reason for this
inconsistency might be that Hu et al. studied the expression of
NKG2A in reconstituted NK cells after transplantation, while
we studied the expression of NKG2A on the surface of donor
NK cells, while the phenotype and function of the NKG2A+ NK
cells after allo-HSCT are different from those of healthy donors
(55, 58).

Several mechanisms have been proposed to explain the
complex crosstalk between NK cells and T cells during NK cell-
mediated negative modulation of T cell immunity, including
cytokine interactions, indirect effects by killing APCs, and the
direct lysis of activated T cells (6, 28, 42, 59). This latter
mechanism has been proposed as a direct mechanism used by
NK cells (35, 40, 60), and several receptor-ligand pairs have
been reported to manipulate NK cytotoxicity toward activated
T cells, including NKG2D/NKG2D-L (25), DNAM-1/PVR (26),
LFA/LFA-L (36), and NKP46/NKP46-L (29, 61). In accordance
with previous reports (29, 36, 62), our results showed that NK
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TABLE 2 | Univariate and multivariable analysis of risk factors for clinical outcomes of allogeneic stem cell transplantation.

Covariate Univariate analysis Multivariate analysis

HR 95% CI P HR 95% CI P

GRADE I–IV aGVHD

NK dose: >2.19 vs. ≤2.19 × 107/kg 0.551 0.315–0.963 0.037

With ATG vs. without ATG 0.603 0.33–1.101 0.096

NK CD107a level: >20.5 vs. ≤20.5% 0.294 0.156–0.554 0.000 0.357 0.184–0.69 0.002

NKG2A + %NK: >25.5 vs. ≤25.5% 1.648 0.927–2.931 0.089

MFI-CD226 of NK: >3,589 vs. ≤3,589 0.492 0.231–1.048 0.066

MFI-NKG2D of NK: >2,491 vs. ≤2,491 0.471 0.257–0.862 0.015 0.384 0.285–0.721 0.003

GRADE III–IV aGVHD

MRD vs. Haplo 0.504 0.268–0.946 0.033

NK dose: >2.19 vs. ≤2.19 × 107/kg 0. 428 0.173–1.055 0.094

NK CD107a level: >20.5 vs. ≤20.5% 0.102 0.024–0.445 0.002 0.13 0.029–0.595 0.009

NKG2A + %NK: >25.5 vs. ≤25.5% 3.368 1.372–8.355 0.008 3.627 1.466–0.026 0.005

MFI-NKG2D of NK: >2,491 vs. ≤2,491 0.403 0.145–1.123 0.082

CHRONIC GVHD

NK CD107a level: >20.5 vs. ≤20.5% 0.503 0.248–1.019 0.034

Non-aGVHD vs. aGVHD 2.134 1.065–4.279 0.033

RELAPSE

High risk 9.185 2.905–29.035 0.000 6.924 1.922–24.941 0.003

Donor NK CD107a level 0.157 0.035–0.696 0.015

OS

High risk 4.229 1.865–9.588 0.001 3.619 1.573–8.325 0.002

0–II aGVHD vs. III–IV aGVHD 0.124 0.038–0.405 0.002 2.934 1.253–6.870 0.013

NK CD107a level: >20.5 vs. ≤20.5% 0.355 0.14–0.895 0.028

cytolysis of allo-activated T cells depends on NKG2D, DNAM-
1, and NKP46, as blocking of NKG2D, DNAM-1(CD226), or
NKP46 led to significant reductions in degranulation of NK cells
toward activated auto-T cells.

Several studies have demonstrated regulatory roles of NK cells
in T cells responses in chronic viral infection (34), auto-immunity
(63), transplantation (38, 64), and GVHD mouse models (30).
Here, we specifically investigated NK-T cell crosstalk in a
human GVHD setting. We have provided new insight into
the role of NK cell “induced-self ” recognition in aGVHD
regulation. The triggering of NK cytotoxicity is tightly controlled
by activating and inhibiting signals from NK cell receptors,
the “missing-self ” and “induced-self ” recognition have been
proposed to interpret the manner of NK activation (22, 65–
67). The recognition of homologous HLA class I ligands by
inhibitory KIR plays an important role in the education and
self-tolerance of NK cells, which allows them to tolerate self-
healthy cells with normal levels of HLA class I expression, but
react to unhealthy cells with decreased HLA class I expression
(68). When donor NK cells encounter autogenous allo-reactive T
cells, the “missing-self ” recognition model, which is triggered by
KIR/KIR-ligand mismatch (20, 69), were prohibited as licensed
NK cells expressing inhibitory KIR to combine with self HLA
class I ligands on autogenous allo-reactive T cells (33, 70–72).
It has been reported that activated T cells up-regulate ligands
for NK cell activating receptors, and provide activating signal

for autologous NK cells (28, 29, 60). When activating signals are
strong enough to exceed the inhibitory signal from inhibitory
KIR, the “induced-self ” model of NK cell activation functions,
and triggers cytotoxicity to eliminate redundant activated T
cells, thus avoiding hyper T-cell activation and maintaining
immune responses.

Donor allo-reactive T cells are an important factor leading
to GVHD, and also a key compartment in exerting the graft-
vs-leukemia (GVL) effect. Our concern is whether the negative
regulatory effect of NK cells on allo-reactive T cells will affect
GVL effect and increase disease relapse. In our study, we found
that the cytotoxicity of NK cells on allo-reactive T cells did
not affect the GVL effect. On the contrary, patients with higher
NK degranulation activities toward allo-reactive T cells had a
lower incidence of relapse, which was consistent with the results
of previous studies that NK cells had the effect of separating
GVHD from GVL (13, 73–75). However, the specific mechanism
for donor NK cells separating GVL effect from GVHD is not
clear. It is worth mentioning that NK cells themselves possess
the powerful function of killing leukemia cells and prevent the
relapse (76).

The present study had several limitations. First, the cohort
of patients included in the study is heterogeneous as far as the
donor source and ATG usage were concerned. Although we have
conducted subgroup analysis, the limited number of cases may
lead to the deviation of results, so we need to further validate

Frontiers in Immunology | www.frontiersin.org 10 July 2020 | Volume 11 | Article 1534200

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sheng et al. NK Cytotoxicity Against Activated-T Predict GVHD

the prognostic value of donor NK cell cytotoxicity toward allo-
reactive T cells in a larger cohort of patients. Second, we did
not find that donor NK cell cytotoxicity toward allo-reactive T
cells was related to the severity of aGVHD, because there was
no difference between the prognostic value of NK activity on
the development of overall aGVHD and grade III–IV severe
aGVHD, which may also be due to the limited number of
cases and heterogeneous cohort. Third, other mechanisms for
NK cells to regulate allo-reactive T cells, and the potential
mechanism for NK cells to separate GVL from GVHD need to
be explored in the future to provide further explanations for
our findings.

In summary, donor NK cells inhibit and lyse allo-reactive
T cells associated with aGVHD risk and severity, suggesting
that NK cytotoxicity toward allo-activated T cells may play
important roles in human aGVHD regulation. These findings
may help us forecast aGVHD risks earlier by detecting
donor NK cytotoxicity to allo-activated T cells, thus providing
new targets for the prevention and treatment of aGVHD.
However, it has been reported that NK cells reconstructed
after allogeneic hematopoietic stem cell transplantation showed
immature phenotypes and impaired functions (50, 58, 77, 78).
Whether reconstructed donor NK can effectively regulate GVHD
through cytotoxic function after allogeneic hematopoietic stem
cell transplantation should be doubted, and more studies should
be conducted to support this thesis.
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Figure S1 | Lineage-specific analysis of chimerism in patients following allogeneic

stem cell transplantation. The peripheral blood samples of 38 patients were

collected at 2, 4, 8, and 12 weeks after transplantation, then NK and T cells were

enriched by immunomagnetic separation. The chimerism of NK and T cells was

detested by short tandem repeats-Polymerase chain reaction (STR-PCR). (A)

Chimerism dynamics of donor NK cells, (B) Chimerism dynamics of donor T cells.

Figure S2 | Cytokine and granzyme B secretion of NK cells. After co-culture of NK

cells with the unstimulated T cells or activated T cells for 4 h, the cytokine IFN-γ,

TNF-α, IL-10, and TGF-β level secreted by NK cells was detected by flow

cytometry. Representative gating strategy (A) and statistical histogram of four

independent experiments (B) were shown (n = 4). The granzyme B were

quantified by ELISA in supernatants after co-culture of NK cells with the

unstimulated T cells or activated T cells for 4 h (n = 4) (C).

Figure S3 | Representative histograms for surface expression of ligands for

NKG2D, DNAM-1, and NKG2A on activated and resting T cells.
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Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a well-established

curative treatment for various malignant hematological diseases. However, its clinical

success is substantially limited by major complications including graft-vs.-host disease

(GVHD) and relapse of the underlying disease. Although these complications are known

to lead to significant morbidity and mortality, standardized pathways for risk stratification

of patients undergoing allo-HSCT are lacking. Recent advances in the development of

diagnostic and prognostic tools have allowed the identification of biomarkers in order to

predict outcome after allo-HSCT. This review will provide a summary of clinically relevant

biomarkers that have been studied to predict the development of acute GVHD, the

responsiveness of affected patients to immunosuppressive treatment and the risk of

non-relapse mortality. Furthermore, biomarkers associated with increased risk of relapse

and subsequent mortality will be discussed.

Keywords: biomarker, GVHD, steroid-refractory graft-vs.-host disease, immune cells, relapse, minimal

residual disease

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the only curative treatment
for a variety of malignant hematological diseases. A major complication after allo-HSCT consists
of acute graft-vs.-host disease (aGVHD), which occurs when immunocompetent T cells of the
allo-HSCT donor recognize antigens on recipient cells as foreign and attack recipient tissue,
mainly the skin, gastrointestinal tract and liver (1), but as shown more recently, also the central
nervous system (2). Several immunosuppressive agents are used for the treatment of aGVHD (3).
While aGVHD leads to significant morbidity and mortality, donor T cell effector functions are
necessary for the elimination of remaining malignant cells after allo-HSCT. This phenomenon,
termed graft-vs.-leukemia (GVL) effect, is crucial for reducing the risk of relapse of the underlying
disease, a complication occurring in a large portion of patients and causing substantially reduced
survival after allo-HSCT (4, 5). In order to improve outcome after allo-HSCT, it would be desirable
to predict which patients are at a high risk to develop aGVHD, how they respond to corticosteroids
and what their risk of non-relapse mortality (NRM) as well as relapse is. To address these questions,
multiple candidate biomarkers have been determined and correlated with clinical outcome, with
some having been validated in large patient cohorts.
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Chen and Zeiser Biomarkers for allo-HSCT

BIOMARKERS FOR ACUTE
GRAFT-VS.-HOST DISEASE AND
NON-RELAPSE MORTALITY

Even when patients are cured of their underlying disease after
allo-HSCT, their life expectancy remains inferior to that of
age-matched general population due to NRM (6). Major risk
factors of NRM include acute and chronic GVHD, infections,
organ failure and second cancers (7). This review will focus on
candidate and validated biomarkers that have been investigated
in transplanted patients in order to predict the risk of aGVHD
and the response to immunosuppressive therapy (Table 1).

A biomarker is defined as a characteristic that is objectively
measured and evaluated as an indicator of normal biological
processes, pathogenic processes or pharmacologic responses to
a therapeutic intervention (60). The Biomarker Working Group
of the National Institutes of Health (NIH) Consensus Development
Project on Criteria for Clinical Trials in Chronic GVHD as well
as the North-American and European Consortium distinguished
four categories of GVHD biomarkers (61, 62): (1) diagnostic

biomarkers, which identify GVHD patients at the onset of
clinical disease, (2) prognostic biomarkers, which categorize
patients by degree of risk for GVHD occurrence, progression
or resolution before the onset of clinical disease, (3) predictive
biomarkers, which categorize patients by their likelihood of
response or outcome to a particular treatment before initiation of
the treatment, and (4) response-to-treatment biomarkers, which
monitor patients’ response to GVHD treatment after initiation of
therapy and which can substitute for a clinical efficacy endpoint.

Before being considered for standard clinical use, the
development of biomarkers has to undergo a multi-step process
consisting of (61): (1) identification of potential biomarker
candidates in a small experiment of well-matched cases and
controls selected from the populations in which the biomarker
is intended for use, (2) verification by confirming the analytical
validity and practicality of the test in an independent patient
cohort, and (3) qualification by testing the impact on
patient outcomes.

Immune Cell-Derived Biomarkers
Early approaches to identify biomarkers for aGVHD mainly
focused on the detection of inflammatory cytokines involved in
the pathogenesis of the disorder. Increased levels of interleukin
(IL)-12 and IL-18, two cytokines known to promote T cell
differentiation into T helper (Th) 1 cells with subsequent
interferon-γ production, have been shown to correlate with
severity of aGVHD (27, 35, 37). High levels of the key pro-
inflammatory cytokine tumor necrosis factor (TNF)-α, mainly
produced by macrophages, as well as elevated serum levels
of its receptor TNFR1 were also found to be associated with
severe aGVHD (15, 58, 59). Studies on another pro-inflammatory
cytokine, IL-6, validated that increased levels at the time
period before or at the onset of GVHD symptoms predicted
development of severe GVHD (31, 32). Several studies described
an association between levels of soluble IL-2 receptor α (IL-2Rα)
and the occurrence of aGVHD (15, 27–29). Furthermore, IL-2Rα

levels at GVHD onset were associated with complete responses
to treatment at 4 weeks (30). B cell-activating factor (BAFF) as
an indicator of B cell activation was also found to be increased
pre-transplant and on day 14 in aGVHD patients (12).

Not only have increased levels of various pro-inflammatory
cytokines (depicted in Figure 1) been identified as potential
biomarkers for aGVHD, but also cytokines with anti-
inflammatory effects and their dysregulation have been
investigated. Decreased levels of transforming growth factor β

(TGF-β), which is involved in the generation of regulatory
T cells (Tregs) and inhibition of lymphocyte activation,
have been associated with GVHD incidence and severity
(28, 31, 56). Interestingly, IL-10, which is known to suppress
macrophage functions and inhibit expression of Th1 cytokines,
was demonstrated to be increased in aGVHD patients (28, 34).
The authors hypothesize that high levels of IL-10 during GVHD
are produced in response to the existing inflammation in order
to inhibit further production of pro-inflammatory cytokines.

Other molecules found in the plasma that are related to
immune cell activation and that were investigated as potential
biomarkers in aGVHD include chemokines, such as CXCL10

and CXCL11 as mediators of leukocyte chemotaxis (12), the
soluble extracellular domain of T cell immunoglobulin and
mucin domain 3 (TIM-3) (32, 57) and α4β7 integrin, a
surface molecule involved in lymphocyte trafficking to intestinal
lymphoid tissue (11).

Tissue Injury-Derived Biomarkers
Novel advances in proteomic analyses have allowed screening
of large numbers of patient samples and identification of
novel biomarker candidates. Some of these potential biomarkers
are not directly involved in the pathogenesis of aGVHD,
but rather indicate end-organ tissue injury caused by the
inflammatory processes in aGVHD (depicted in Figure 1).
Since certain molecules are released from particular cell types,
some biomarkers have diagnostic value for specific GVHD
target organs. For instance, elafin, an elastase-specific protease
inhibitor, was identified as a diagnostic and prognostic biomarker
for skin GVHD, which is associated with higher incidence and
lower overall survival (23, 24). Regenerating islet-derived protein
3α (REG3α), a C-type lectin secreted by Paneth cells, was
validated as a prognostic marker for aGVHD of the intestinal
tract (47). When epithelial cell death occurs, the intermediate
filament cytokeratin-18 is cleaved, and the fragments released
into the serum were found to be elevated in patients with
intestinal and liver GVHD (20–22). Hepatocyte growth factor
(HGF), a molecule involved in tissue repair, was shown to be
elevated in liver GVHD patients, probably due to increased
release from the target organ as a physiologic response to GVHD
tissue damage (21, 26). A marker that indicates tissue damage
especially in endothelial and stromal cells is the soluble form of
suppression of tumorigenicity 2 (ST2). ST2 is a member of the
IL-1 receptor family with a transmembrane isoform and a soluble
(sST2) isoform. Latter acts as a decoy receptor for IL-33 and was
shown to correlate with the risk of therapy-resistant aGVHD and
6-month NRM (49).
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TABLE 1 | Candidate and validated biomarkers for aGVHD (alphabetical order).

Biomarker

name

Type of molecule

(physiological function)

-

Association direction

Diagnostic significance Prognostic significance Predictive significance Specimen

analyzed

Number of

patients

analyzed

References

Albumin Protein (transport and oncotic

pressure)

-

Decreased

ND Grade III–IV aGVHD and increased

6-month NRM in patients undergoing

reduced-intensity conditioning

allo-HSCT

ND Serum 401 (8)

Alpha-1-

antitrypsin

Protein (protease inhibitor)

-

Increased

Stage II-III gastrointestinal aGVHD

(vs. non-aGVHD diarrhea and aGVHD of

other organs)

NS for 6-month survival Steroid resistance of gastrointestinal

aGVHD and lower cumulative

incidence of complete response to

steroids at 4 months

Feces 72 (9)

Angiopoietin-2 Protein (endothelial cell death

and vessel regression)

-

Increased

ND Increased NRM Steroid resistance of aGVHD Serum 48 (10)

α4β7 integrin Protein (surface receptor, T cell

homing into gut-associated

lymphoid tissues)

-

Increased

ND Occurrence of intestinal aGVHD ND Lymphocytes from

PB (naïve and

memory T cells)

59 (11)

B cell-activating

factor

Protein (B cell activation)

-

Increased

ND Occurrence of aGVHD ND Serum Training cohort:

78, validation

cohort: 37

(12)

Calprotectin Protein (antimicrobial peptide)

-

Increased

NS Decreased 6-month survival Steroid resistance of intestinal

aGVHD and lower cumulative

incidence of complete response to

steroids at 4 months

Feces 72 (9)

Gastrointestinal aGVHD (vs. aGVHD of

other organs and gastrointestinal

infection)

ND ND Feces 68 (13)

CCL8 Protein (chemotaxis signal for

various immune cells)

-

Increased

Grade I–IV aGVHD (vs. no aGVHD) ND ND Serum 14 (14)

CD8, soluble Protein (co-receptor for class I

major histocompatibility

complex T cell receptor)

-

Increased

ND Grade III–IV aGVHD by day 60 ND Plasma 62 (15)

CD30 Protein (TNFR superfamily

member, proliferation of

activated T cells)

-

Increased

ND Grade III–IV aGVHD ND Plasma 30 (16)

Grade I-IV aGVHD (vs. no aGVHD) ND ND Plasma,

lymphocytes from

PB (CD8+ T cells)

53 (17)

(Continued)
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TABLE 1 | Continued

Biomarker

name

Type of molecule

(physiological function)

-

Association direction

Diagnostic significance Prognostic significance Predictive significance Specimen

analyzed

Number of

patients

analyzed

References

CD31 Protein (endothelial cell marker)

-

Increased

ND Grade III–IV aGVHD ND Intestinal biopsies

(CD31+ cells)

27 (18)

CXCL10 Protein (ligand of CXCR3

expressed on T cells)

-

Increased

Grade I–IV aGVHD (vs. no aGVHD) Grade I–IV aGVHD by day 100 ND Serum 34 (19)

ND Occurrence of aGVHD ND Serum Training cohort:

78, validation

cohort: 37

(12)

Cytokeratin-18,

fragmented*

Protein (intermediate filament in

cytoskeleton)

-

Increased

Hepatic and intestinal aGVHD (vs.

non-complicated infectious enteritis)

NS for NRM Steroid resistance of hepatic and/or

intestinal aGVHD

Serum 55 (20)

Intestinal aGVHD (vs. non-aGVHD

diarrhea and asymptomatic patients)

NS for 1-year NRM Unresponsiveness to treatment at

day 28

Plasma 954 (3 centers) (21)

ND Occurrence of gastrointestinal/liver

aGVHD

ND Plasma 38 (22)

Elafin* Protein (elastase-specific

protease inhibitor)

-

Increased

Skin aGVHD (vs. non-aGVHD rash) Decreased 5-year survival ND Plasma, skin

biopsies

Discovery

cohort: 522,

validation

cohort: 492

(23)

NS for skin aGVHD (vs. drug

hypersensitivity rash)

Decreased 2-year survival ND Skin biopsies 40 (24)

Glycero-

phospholipid

metabolites

Lipids (components of cell

membranes)

-

Altered

ND 5-biomarker panel with altered

glycerophospholipid metabolites at

day 15 is associated with occurrence

of aGVHD and reduced overall

survival

ND Plasma, RNA from

PB

Discovery

cohort: 57,

validation

cohort: 50

(25)

Hepatocyte

growth factor*

Protein (liver regeneration after

damage)

-

Increased

Grade I–IV aGVHD (vs. no aGVHD and

healthy controls)

ND ND Serum 38 (26)

Intestinal aGVHD (vs. non-aGVHD

diarrhea and asymptomatic patients)

Increased 1-year NRM Unresponsiveness to treatment at

day 28

Plasma/

serum

954 (3 centers) (21)

IL-2Rα (CD25),

soluble

Protein (α-chain cleaved from

IL-2 receptor through

extracellular proteolysis)

-

Increased

ND Occurrence of aGVHD ND Serum 67 (27)

(Continued)
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TABLE 1 | Continued

Biomarker

name

Type of molecule

(physiological function)

-

Association direction

Diagnostic significance Prognostic significance Predictive significance Specimen

analyzed

Number of

patients

analyzed

References

ND Grade III–IV aGVHD by day 60 ND Plasma 62 (15)

Grade I–IV aGVHD (vs. no aGVHD) Occurrence of aGVHD ND Serum 13 (28)

Grade II-IV aGVHD (vs. grade 0-I

aGHVD)

ND ND Serum 18 (29)

Skin-only and skin/visceral aGVHD (vs.

visceral-only aGVHD)

ND Lower incidence of complete

responses to treatment at 4 weeks

Plasma Discovery

cohort: 42,

training cohort:

282, validation

cohort: 142

(30)

IL-2Rα/

TNFR1/

IL-8/

HGF*

Proteins

-

Increased

The 4-biomarker panel confirms the

diagnosis of aGVHD

The 4-biomarker panel predicts

higher NRM and lower overall

survival at 2.5 years independent of

GVHD severity

NS for responses to treatment at 4

weeks

Plasma Discovery

cohort: 42,

training cohort:

282, validation

cohort: 142

(30)

IL-6* Protein (pro-inflammatory

cytokine, activation of T cells,

promotion of Th17

differentiation)

-

Increased

ND Grade II–IV aGVHD ND Plasma 147 (31)

ND Grade III–IV aGVHD and increased

1-year NRM

ND Plasma First cohort: 74,

second cohort:

76, landmark

cohort: 167

(32)

IL-7 Protein (B and T cell

development)

-

Increased

ND Grade II–IV aGVHD ND Plasma 40 (33)

IL-10 Protein (anti-inflammatory

cytokine, suppression of

macrophage function, inhibition

of Th1 cytokine production)

-

Increased

Grade II–IV aGVHD ND ND Serum 34 (34)

Grade I–IV aGVHD (vs. no aGVHD) Increased NRM ND Serum 13 (28)

IL-12 Protein (induction of Th1

polarization)

-

Increased

ND Grade II–IV aGVHD after

reduced-intensity conditioning

allo-HSCT

ND Plasma 113 (35)

IL-15 Protein (common gamma chain

cytokine, survival and

proliferation of T cells)

-

Increased

ND Grade III–IV aGVHD ND Plasma 13 (36)

(Continued)
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TABLE 1 | Continued

Biomarker

name

Type of molecule

(physiological function)

-

Association direction

Diagnostic significance Prognostic significance Predictive significance Specimen

analyzed

Number of

patients

analyzed

References

IL-18 Protein (pro-inflammatory

cytokine, promotion of Th1

induction; but also

tissue-protective roles)

-

Increased

Grade II–III aGVHD Occurrence of aGVHD ND Serum 67 (27)

Grade I–IV aGVHD ND ND Serum 37 (37)

miR-29a microRNA

-

Increased

Grade I–IV aGVHD Occurrence of aGVHD ND Serum 19, validation

cohort 1: 60,

validation cohort

2: 54

(38)

miR-146a microRNA (anti-inflammatory)

-

Decreased

ND Simultaneous low levels of both

miR-146a and miR-155 at day 28

are associated with higher incidence

of subsequent aGVHD

ND Serum 54 (39)

ND The miR-146a polymorphism

rs2910164 in the allo-HSCT donor

or the recipient is connected to higher

rates of grade III and IV aGVHD

ND DNA from PB 286 (40)

DNA from PB 289 (41)

miR-155 microRNA (pro-inflammatory)

-

Increased/Decreased

Grade I–IV aGVHD ND ND Serum 64 (42)

ND Simultaneous low levels of both

miR-146a and miR-155 at day

28 are associated with higher

incidence of subsequent aGVHD

ND Serum 54 (39)

Intestinal aGVHD ND ND Intestinal biopsies 8 (43)

miR-586 microRNA (pro-inflammatory)

-

Increased

aGVHD (and infection) (vs. time point

before aGVHD)

Occurrence of aGVHD ND Plasma 52 (44)

miR-26b/

miR-374a

microRNAs

-

Decreased

ND Occurrence of aGVHD ND Plasma 38, confirmation

cohort: 54

(45)

miR-28-5p/

miR-489/

miR-671-3p

microRNAs

-

Decreased/Increased

The panel including miR-28-5p

(decreased), miR-489 and miR-671-3p

(increased) confirms aGVHD diagnosis

ND ND Plasma 38, confirmation

cohort: 54

(45)

miR-194/

miR-518f

microRNAs

-

Increased

ND Occurrence of aGVHD ND Plasma 24 (46)

(Continued)
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TABLE 1 | Continued

Biomarker

name

Type of molecule

(physiological function)

-

Association direction

Diagnostic significance Prognostic significance Predictive significance Specimen

analyzed

Number of

patients

analyzed

References

REG3α
* Protein (antibacterial properties)

-

Increased

Intestinal aGVHD (vs. non-aGVHD

diarrhea and asymptomatic patients)

Increased 1-year NRM Unresponsiveness to treatment at

day 28

Serum 954 (3 centers) (21)

Gastrointestinal GVHD (vs. no aGVHD

and non-GVHD enteritis)

Increased 1-year NRM, decreased

1-year survival

Unresponsiveness to treatment at 4

weeks

Plasma Discovery

cohort: 20,

validation

cohorts: 871,

143

(47)

Stearic

acid/palmitic acid

ratio

Fatty acid

-

Decreased

ND Low stearic acid/palmitic acid ratio

on day 7 post-transplant is

associated with grade II-IV aGVHD

ND Serum 114 (48)

ST2* Protein (IL-33 receptor)

-

Increased

ND Increased 6-month NRM Unresponsiveness to treatment by

day 28

Plasma Discovery

cohort: 20,

response-to-

treatment

cohort: 381,

early

stratification

cohorts: 673, 75

(49)

Grade I–IV aGVHD (cohort 2) and

transplant-associated thrombotic

microangiopathy (cohorts 2 and 3)

Increased 6-month NRM ND Plasma 3 cohorts: 95,

110, 107

(50)

Grade I–IV aGVHD ND ND Lymphocytes from

PB (CD4+ T cells)

22 (51)

ST2/

REG3α
*

Proteins

-

Increased

ND The 2-biomarker panel on day 7 after

allo-HSCT identifies patients at high

risk of GVHD-related mortality and

6-month NRM

ND Plasma Training cohort:

620, test cohort:

309, validation

cohort: 358

(52)

ND The 2-biomarker panel measured 1

week after initiation of GVHD

treatment predicts 1-year NRM and

overall survival

The 2-biomarker panel measured 1

week after initiation of GVHD

treatment identifies treatment

unresponsiveness at week 4

Serum Test cohort:

236, validation

cohort: 142,

129

(53)

ST2/ REG3α/

TNFR1*

Proteins

-

Increased

ND The combination of the three

markers at the onset of GVHD

symptoms predicts 6-month NRM

The combination of the three

markers at the onset of GVHD

symptoms predicts therapy

unresponsiveness by day 28

Plasma Training cohort:

328, test cohort:

164, validation

cohort: 300

(54)

(Continued)
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TABLE 1 | Continued

Biomarker

name

Type of molecule

(physiological function)

-

Association direction

Diagnostic significance Prognostic significance Predictive significance Specimen

analyzed

Number of

patients

analyzed

References

ST2/

TIM-3*

Proteins

-

Increased

NS Increased NRM and decreased

overall survival at 2 years

ND Serum 211 (55)

TGF-β Protein (pro- and

anti-inflammatory function

depending on the tissue context)

-

Decreased

ND Occurrence of aGVHD ND Serum 13 (28)

ND Grade II-IV aGVHD ND Plasma 147 (31)

ND Grade II-IV aGVHD ND Serum 30 (56)

Thrombomodulin,

soluble

Protein (inhibition of

mitochondrial apoptosis of

endothelial cells)

-

Increased

ND Increased NRM Increase of levels in patients with

steroid-refractory aGVHD after

escalation of therapeutic

immunosuppression

Serum 48 (10)

TIM-3* Protein (shredded version of a

receptor causing negative

regulation of T cell activation)

-

Increased

ND Grade III–IV aGVHD ND Plasma First cohort: 74,

second cohort:

76, landmark

cohort: 167

(32)

Mid-gut aGVHD (vs. upper-gut aGVHD,

no GVHD and normal controls)

Grade II–IV aGVHD ND Plasma,

lymphocytes from

PB (CD8+ T cells)

Discovery

cohort: 20,

validation

cohorts: 127, 22

(57)

TNF-α Protein (pro-inflammatory

cytokine)

-

Increased

ND Grade II–IV aGVHD and other

transplant-related complications

ND Serum 52 (58)

TNFR1 Protein (receptor for TNF)

-

Increased

ND Increase of ≥ 2.5x on day 7 vs.

pre-transplant baseline level is

associated with grade II-IV aGVHD,

higher transplant-related mortality and

lower overall survival at 1 year

ND Plasma 438 (59)

ND Grade III–IV aGVHD by day 60 ND Plasma 62 (15)

Vascular

endothelial-

derived growth

factor (VEGF)

Protein (promotion of

angiogenesis)

-

Decreased

ND High angiopoietin-2/VEGF ratio is

associated with increased NRM

Decrease of VEGF levels in patients

with steroid-refractory aGVHD after

escalation of therapeutic

immunosuppression

Serum 48 (10)

*Validated biomarkers that underwent the steps of identification, verification and qualification according to the NIH consensus on biomarker criteria.

ND, not determined; NS, not significant.
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FIGURE 1 | Shown are immune cell-derived molecules and tissue injury-derived molecules as well as the cells that they originate from. The molecules have various

physiological functions and were described as biomarkers for acute GVHD. BAFF, B cell-activating factor; HGF, hepatocyte growth factor; IL, interleukin; REG3α,

regenerating islet-derived protein 3α; sST2, soluble isoform of suppression of tumorigenicity 2; Th1 cells, T helper 1 cells; TNF-α, tumor necrosis factor α; TNFR1,

tumor necrosis factor receptor 1; Tregs, regulatory T cells.

Plasma Biomarker Panels
A large number of molecules in the plasma have been
identified as potential biomarkers, but changes observed in single
candidates mostly lacked sufficient specificity and sensitivity to
be introduced into routine clinical use. A first 4-biomarker panel
consisting of IL-2Rα, TNFR1, IL-8, and HGF was validated for
confirmation of aGVHD diagnosis and prediction of survival
independent of GVHD severity (30). A combination algorithm
using the concentrations of ST2, REG3α, and TNFR1 measured
at the onset of aGVHD symptoms was developed to assess
therapy responsiveness within 28 days and the probability of
6-month NRM (54). The combination of ST2 and REG3α

measured 7 days after allo-HSCT was shown to be connected to
increased aGVHD-related death risk (52). The same algorithm
using high levels of ST2 and REG3α applied 1 week after the
initiation of GVHD treatment was able to identify treatment
unresponsiveness at week 4 (53).

Metabolic Biomarkers
Given that the type of saturated fatty acid present in the
diet can significantly affect lymphocyte functions (63), an
untargeted metabolomics study demonstrated that patients with
lower serum stearic acid/palmitic acid ratios on day 7 after
transplantation were more likely to develop aGVHD, while
no differences in NRM were observed (48). Another study
reported significant variation in microbiota-derived metabolites
at the onset of aGVHD, especially in aryl hydrocarbon receptor

ligands, bile acids and plasmalogens (64). A recent integrated
metabolomics and transcriptomics study uncovered an altered

glycerophospholipid (GPL) metabolism signature of aGVHD,
which was used to develop a biomarker panel with prognostic
value using five GPL metabolites (25).

MicroRNAs as Biomarkers
Besides soluble factors in the blood of the GVHD patients,
microRNAs (miRs), which determine the transcription of
multiple target genes, were evaluated after allo-HSCT [reviewed
in (1)]. MiRs are potent regulators of multiple pro-inflammatory
target genes and readily measurable in patient serum. Multiple
miRs in the serum were strongly connected to aGVHD risk
(46, 65), in particular miR-155 and miR-146a (39, 42). MiRs,
such as miR-155, can also be found in intestinal biopsies of
patients with aGVHD (43). Several miRs were studied in mouse
models of GVHD and were shown to promote or inhibit GVHD,
including miR-155 (43, 66), miR-146a (40, 41), andmiR-100 (18).
MiR-155 was found to be essential for CXCR4-dependent donor
T cell migration during GVHD (43) and NLRP3 inflammasome
activation in dendritic cells (66). The miR-146a polymorphism
rs2910164 in either the allo-HSCT donor or recipient was
connected to higher rates of grade III and IV aGVHD (40, 41).

Microbiome-Associated Changes as
Biomarkers
Major shifts in the composition of the intestinal flora have been
observed during allo-HSCT as well as GVHD (67). Different
studies showed that loss of intestinal microbiota diversity and
predominance of a single bacterial genus, e.g., Enterococcus,
were associated with occurrence of intestinal GVHD as well as
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TABLE 2 | Biomarkers for relapse (alphabetical order).

Biomarker name Main message on association with relapse Specimen

analyzed

Number of

patients

analyzed

References

ALL MRD MRD positivity at day 60 after allo-HSCT or beyond is highly predictive for subsequent relapse. BM 113 (78)

BCR-ABL Relative risk of relapse is significantly higher for patients with a detectable BCR/ABL transcript

following allo-HSCT.

BM 30 (79)

CBFB-MYH11 CBFB-MYH11 transcript levels that decreased by <3 logs compared with pre-treatment baseline

levels at 1, 2 and 3 months after allo-HSCT are predictive for relapse.

BM 53 (80)

Chimerism Relapse is more frequent in patients with MC than in patients with CC. PB, BM 101 (81)

Patients with MC on day 90 after allo-HSCT are at higher risk of relapse and have lower

disease-free survival and overall survival when compared with patients with CC.

BM 69 (82)

The cumulative incidence of relapse is significantly higher in ALL patients with increasing MC

compared with those with CC.

PB, BM 101 (83)

Decrease of CD34+-specific donor chimerism to <80% can predict relapse. CD34+ cells

from PB

14 (84)

T lymphocyte chimerism ≤85% at days 90 and 120 after allo-HSCT predicts relapse for AML/MDS

patients who were in first/second complete remission at transplantation.

T cells from

PB

378 (85)

DNMT3A Patients with persistent ctDNA+ status of DNMT3A and other founder mutations either at 1 month

or 3 months post-allo-HSCT have a higher risk of relapse and death.

ctDNA from

PB, BM

51 (86)

FLT3-ITD Reduction in FLT3-ITD mutation burden after gilteritinib treatment in patients with relapsed or

refractory AML is associated with longer median overall survival.

BM 80 (87)

IL-15 Lower peak levels of IL-15 on day 14 after transplantation are associated with subsequent

occurrence of malignancy relapse.

Plasma 40 (33)

MLL MLL positivity is associated with a higher rate of relapse, lower leukemia-free survival and lower

overall survival.

BM 40 (88)

NPM1 Persistent NPM1 mutation-based MRD after allo-HSCT is associated with increased incidence of

relapse.

BM 53 (89)

BM 174 (90)

BM 59 (91)

RUNX1-RUNX1T1 RUNX1/RUNX1T1-based MRD status during the first 3 months after allo-HSCT is highly predictive

for post-transplant relapse for t(8;21) patients.

BM 92 (92)

BM 208 (93)

Stearic

acid/palmitic acid

ratio

High stearic acid/palmitic acid ratio on day 7 after transplantation is associated with increased risk

of relapse.

Serum 114 (48)

WT1 Continuous increase of PB-WT1 transcripts and high levels of pre-transplant BM-WT1 transcripts

at 3 months post-allo-HSCT are associated with increased risk of relapse.

PB 59 (94)

BM 425 (95)

overall mortality after engraftment (67, 68). On the other hand,
harboring increased amounts of bacteria belonging to the genus
Blautia was associated with reduced GVHD mortality in two
independent cohorts (69). Another study identified increases in
Lactobacillales and decreases in Clostridiales at GVHD onset
(70). These shifts in species abundance and measures of diversity
[reviewed in (71)] could potentially serve as biomarkers for
outcome after allo-HSCT.

BIOMARKERS FOR RELAPSE

Relapse of the underlying disease is the main cause of death
in the first years after allo-HSCT (72, 73). Leukemia cells use
various mechanisms to escape the allogeneic immune system,
such as loss of human leukocyte antigen (HLA) molecules
(74), downregulation of HLA expression (75), upregulation of
immune checkpoint ligands (76) and others [reviewed in (77)].
A summary of various biomarkers that have been evaluated for
prediction of relapse can be found in Table 2.

Measurable Residual Disease
Measurable residual disease (MRD, also referred to as
minimal residual disease) can be used to identify remaining
leukemic cells that are below the limit of detection of
morphological assessment (96). MRD monitoring can thus
help to identify patients with increased risk of relapse after
allo-HSCT. However, not all patients with MRD positivity
will relapse clinically, and some patients will relapse
despite negative MRD results. The following paragraphs
will focus on MRD detection in acute myeloid leukemia
(AML) and acute lymphoblastic leukemia (ALL), which,
taken together, account for a large portion of indications for
allo-HSCT (97).

Given the molecular diversity of acute leukemia, different
methods are applied for MRD detection. Multiparameter
flow cytometry and real-time quantitative polymerase chain
reaction (PCR) are widely used, while newer technologies are
emerging, e.g., droplet digital PCR (ddPCR) and next-generation
sequencing (NGS) (98).
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Overexpression of Wilms tumor 1 (WT1) is found in most
AML patients and can be measured in peripheral blood (PB) or
bone marrow (BM) (99, 100). Patients who displayed increased
WT1 transcripts in the PB after allo-HSCT or who failed to
clear their high levels of pre-transplant WT1 transcripts in
the BM at 3 months post-allo-HSCT were shown to be at
increased risk of relapse (94, 95). Mutation in nucleophosmin 1
(NPM1) is present in around one-third of adult AML patients
(101). Several studies showed an association between persistent
NPM1 mutation-based MRD after allo-HSCT and increased
incidence of relapse (89–91). Core binding factor (CBF)
AML is characterized by the presence of the chromosomal
rearrangements t(8;21) and inv(16), causing production of
the fusion transcripts RUNX1/RUNX1T1 and CBFB-MYH11,
respectively (102). RUNX1/RUNX1T1-based MRD status in
t(8;21) AML patients during the first 3 months after allo-
HSCT was found to be highly predictive for post-transplant
relapse (92). Similarly, CBFB-MYH11 transcript levels that
decreased by <3 logs compared with pre-treatment baseline
levels at 1, 2, and 3 months after allo-HSCT were demonstrated
to be predictive for relapse (80). Interestingly, low levels of
CBF fusion transcripts were observed to persist in long-term
transplant survivors (103). The mixed leukemia lineage (MLL)
gene (also termed KMT2A), is frequently disrupted in AML by
different chromosomal rearrangements involving other partner
chromosomes (104). MLL positivity was shown to be associated
with a higher rate of relapse, lower leukemia-free survival and
lower overall survival (88). The detection of driver mutations
associated with clonal hematopoiesis of indeterminate potential
(CHIP), such as mutations in DNMT3A, TET2, and ASXL, is
complex because these mutations might be derived from the allo-
HSCT donor (105). Some studies indicate that residual allelic
burdens associated with CHIP were not suitable for MRD testing
in remission to predict relapse rate (106, 107). However, in
a study utilizing personalized ddPCR, patients with persistent
ctDNA+ status of DNMT3A and other driver mutations either at
1 or 3 months post-allo-HSCT had a significantly higher risk of
relapse and death compared with those with negative status (86).
Additionally, increasing ctDNA levels between 1 and 3 months
post-allo-HSCTwas a precise predictor of relapse (86).Mutations
in the fms-like tyrosine kinase 3 (FLT3) gene producing internal
tandem duplications (FLT3-ITD) are common in AML and
are known to be associated with poor prognosis (108). A
novel NGS-based MRD assay detecting FLT3-ITD showed that
reduction in mutation burden after treatment with gilteritinib,
a FLT3 inhibitor, in patients with relapsed or refractory AML
(NCT02014558) was linked to longer median overall survival
(87). Also, RAS mutations (NRAS and KRAS) can be detected
after allo-HSCT, and a link of KRAS downstream signaling
with NLRP3 inflammasome activation was recently reported
(109), showing a potential pro-inflammatory activity of certain
oncogenic mutations.

MRD monitoring in B- or T-lymphoid malignancies includes
detection of a leukemia-associated immunophenotype (LAIP)
by flow cytometry as well as detection of disease-specific T cell

receptor or immunoglobulin gene rearrangements by PCR
(110, 111). Several studies in the pediatric setting of ALL have

shown that patients with detectable MRD after allo-HSCT were
more likely to experience relapse (78, 112, 113). In adult patients
with Philadelphia chromosome-positive ALL, MRD positivity
in terms of detectable BCR/ABL transcript was found to be
associated with increased risk of relapse (79).

Chimerism
Studies on different hematological malignancies showed the
relevance of chimerism and its kinetics for the prediction of
relapse (110). For instance, the cumulative incidence of relapse
was found to be significantly higher in patients with AML,
myelodysplastic syndrome (MDS), chronic myeloid leukemia
(CML) and ALL with increasing mixed chimerism (MC) than
in those with complete chimerism (CC) (81–83). Lineage-specific
chimerism analysis may increase the specificity in predicting
relapse (114). A prospective study found that the decrease of
CD34+-specific donor chimerism to <80% had 100% sensitivity
and 86% accuracy in predicting relapse (84). T lymphocyte
chimerism ≤85% at days 90 and 120 after allo-HSCT was shown
to predict relapse for patients who were in first/second complete
remission at transplantation (85).

Plasma Biomarkers
Levels of ST2 and REG3α were previously used to develop an
algorithm that predicts the risk of severe GVHD and NRM. The
authors used this same algorithm to show that low levels of ST2
and REG3α on day 28 after allo-HSCT in patients who had not
developedGVHDwere associated with higher risk of relapse than
severe GVHD and NRM (115). This observation suggests that
the patients who are at low risk of developing severe GVHD,
but who remain at an increased risk of relapse, might benefit
from early taper of prophylactic immunosuppression in order
to enhance GVL effects. Low peak levels at day 14 of another
candidate biomarker connected to aGVHD, IL-15, were shown
to be associated with subsequent occurrence of malignancy
relapse (33).

A recent study aimed to develop a plasma signature to identify
GVL effects without GVHD by conducting plasma proteomics
and systems biology analyses of patients in relapse after allo-
HSCT who were treated with allogeneic donor lymphocyte
infusions (116). A unique 61-protein signature was identified
in patients with GVL without GVHD, of which 43 genes were
further confirmed using single-cell RNA sequencing analysis in
activated T cells. Novel markers, such as RPL23, ILF2, CD58,

and CRTAM, were identified and will need further validation in
other cohorts.

Metabolic Biomarkers
An untargeted metabolomic study showed that in a patient
cohort with AML, ALL and Non-Hodgkin lymphoma, a high
ratio between serum stearic acid and palmitic acid on day 7
after transplantation was associated with increased risk of relapse,
suggesting that the measurement of this ratio may improve risk
stratification after allo-HSCT (48).
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CONCLUSION

Acute GVHD and relapse of the underlying disease form
the two major complications after allo-HSCT, leading to
significant morbidity and mortality. Recent advances in
proteomic analyses allowed the identification of numerous
candidate biomarkers for aGVHD. Of note, the discovery of
these candidate biomarkers was mostly based on evaluation
at a single center and only a limited number of studies met
the criteria of verifying and qualifying these candidates as
actual biomarkers according to the NIH consensus. Those and
possibly other yet to be discovered biomarkers hold promise
to better predict the risk of aGVHD and aGVHD-related
mortality, which could lead to a more individualized GVHD
prophylaxis approach. Monitoring of MRD and chimerism
is the most commonly used tool to detect relapse after
allo-HSCT. The ultimate significance of MRD monitoring,
in particular, remains to be further investigated. MRD
detection techniques are constantly improving. However,
clinical trials will be necessary to define standardized pathways

for MRD testing and MRD-directed therapy intervention in
clinical practice.
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Malnutrition is a common problem after allogeneic hematopoietic stem cell transplantation
(allo-HSCT) and could impair immune function. Immune dysfunction after allo-HSCT may
be linked with infections, GVHD, and relapse and negatively affect the outcome. Aim of this
review was to identify malnutrition biomarkers, potentially useful for immune-system
monitoring, in the setting of allo-HSCT. After a systematic search, no satisfying
biomarker was found, except for citrulline. Citrulline could be useful in monitoring
gastrointestinal function after allo-HSCT and its role in the complex relationship with
immune-system function ought to be better explored. A multi-omics approach, including
biomarkers and PRO (patient reported outcomes) is, in our opinion, the optimal way to
study the relationship between malnutrition and transplant outcomes.

Keywords: malnutrition (MeSH), biomarker, graft versus host disease, citrulline, insulin growth factor-1 (IGF-1)
INTRODUCTION

Malnutrition is common in patients suffering from cancer since 20 to 70% of them experience
undernutrition and about 10 to 20% of the deaths are related to malnutrition (1).

In hematologic patients, malnutrition frequently develops during treatment, particularly in the
case of patients receiving chemo-radiotherapy (2) regimens for allogeneic hematopoietic stem cell
transplantation (allo-HSCT) (3).

As is known, in the allo-HSCT a chemo-radiotherapy conditioning regimen is followed by
healthy donor hematopoietic stem cells (HSCs) infusion and immune-suppression to control graft
rejection and graft versus host disease (GVHD).

Before allo-HSCT, most patients present a good nutritional status, defined according to SGA
(Subjective Global Assessment) and only 23% of them are malnourished (4). Nevertheless,
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according to the data published by De Defranchi and Colleagues,
60% of patients discharged after transplant show different
degrees of malnutrition (5, 6).

The frequent adverse events associated with the conditioning
chemo-radiotherapy (oral mucositis, nausea, vomiting, diarrhea,
dysgeusia, and psychological depression), together with
prolonged hospitalization are the main reasons for this severe
and rapid nutritional decline. Therefore, the management of
their nutritional status is crucial for a better patient’s care, quality
of life, and hospitalization and for transplant procedure cost
itself. Considering the indirect effects that the nutritional status
may have on transplant-related outcomes, improving the patient’s
nutritional status may reduce the incidence of infections and
acute or chronic graft versus host disease (GVHD), may improve
hematological and immunological recovery and, thus, may
increase the long-term overall survival by reducing the non-
relapse mortality (NRM) (1, 7–9).

The term malnutrition includes different metabolic conditions
ranging froma reduced introductionofnutrients and simpleweight
loss to sarcopenia or cachexia (10). These clinical entities are often
present at the same time, while the etiology and pathogenesis may
be different.

Cachexia is a severe complex syndrome, tightly associated
with an underlying chronic inflammation, often present in
patients with cancer. Fearon and Colleagues defined cachexia
as: “a multifactorial syndrome characterized by an ongoing loss
of skeletal muscle mass (with or without loss of fat mass) that
cannot be fully reversed by conventional nutritional support and
leads to progressive functional impairment” (11). Cancer
cachexia is clinically characterized by the continuous sequence
of three stages: pre-cachexia, cachexia, and refractory cachexia.
Pre-cachexia is defined by a small loss of body weight (<5% loss
of stable body weight), with specific clinical (e.g. anorexia) and
metabolic signs and symptoms (e.g. impaired glucose tolerance).
Therefore, cachexia can be clinically diagnosed when “patients
have more than 5% loss of stable body weight over the previous 6
months, or a body-mass index (BMI) less than 20 kg/sqm and
ongoing weight loss of more than 2%, or sarcopenia and ongoing
weight loss of more than 2%, but have not entered the refractory
stage.” The progression from pre-cachexia to cachexia and
refractory cachexia is influenced by several factors, such as the
type of underlying malignancy, its duration, its stage, its
treatment, and their complications (e.g. oral mucositis, nausea,
vomiting, diarrhea) (11). The European Society for Clinical
Nutrition and Metabolism (ESPEN) expert group emphasized
three key steps to update nutritional care for people with cancer:
i) screen all patients with cancer for nutritional risk early in the
course of their care, regardless of body mass index and weight
history; ii) expand nutrition-related assessment practices to
include measures of anorexia, body composition, inflammatory
biomarkers, resting energy expenditure, and physical function;
iii) use multimodal nutritional interventions with individualized
plans, including care focused on increasing nutritional intake,
lessening inflammation and hypermetabolic stress, and
increasing physical activity (1). Thus, patients’ nutritional
assessment before, during and after allo-HSCT is extremely
Frontiers in Immunology | www.frontiersin.org 2220
important, particularly when infections or GVHD develop and
the early recognition of a patient’s malnutrition allows to start
effective measure as soon as possible. A prompt treatment for
malnutrition is important for achieving resolution of this
symptom, whereas a delayed will not be different from
palliation (1, 2, 12).

The key point is how to measure patients’ malnutrition,
considering that most of the biochemical parameters potentially
associated with malnutrition poorly correlate with the nutritional
status in the transplant setting (1). To better measuremalnutrition,
several biomarkers and clinical outcome assessments have been
investigated. To date anthropometric biomarkers, such as BMI or
brachial circumferences are useful but insufficient to define their
clinical role (1, 13).

This is the main reason why the Academy of Nutrition and
Dietetics (AND) recommends an early and dynamic evaluation
of nutritional status in cancer patients with Patient Generated
Subjective Global Assessment (PG-SGA). PG-SGA is a Patient
Reported Outcomes (PRO, a clinical outcome assessment
according to NIH criteria) tool and it is divided into two
sections: the first one is filled in by the patient about subjective
sensations on food intake, weight loss perception, nausea,
vomiting, dysgeusia, performance status, and daily activities. The
second section is filled in by the dietitian (or nurse-specialist)
measuring anthropometric and clinical data. The cumulative score
defines the threshold for a nutritional intervention. The higher the
score, the worse the nutritional status (14).

This tool is considered as the gold standard for nutritional
assessment in patients with cancer, and, considering the lack of
validated instruments for nutritional assessment in patients
subjected to allo-HSCT, it could be reasonably applied to
transplanted patients too (15–17).

Another method to identify malnourished transplanted
patients is NFPE (Nutrition Focused Physical Exam), also
recommended by AND and ASPEN (American Society for
Parenteral and Enteral Nutrition) to identify fat and muscle
wasting (18) but, in the allo-HSCT setting tested only on a
pediatric population (19).

In summary, malnutrition evaluation after allo-HSCT could
be influenced by the tool adopted for screening or assessment.
Therefore, the integration of biomarkers studies could help in the
management of malnutrition in this complex patients setting.

Biomarkers are defined according to the NIH-FDA
biomarker working group (20) as “a defined characteristics that
are measured as an indicator of normal biological processes,
pathogenic processes or responses to an exposure or intervention.”
The concept of biomarker is complementary, but distinct, to the
concept of Clinical Outcome Assessment (COA), defined as
“direct measures of how a person feels, functions or survives.”

Biomarkers are distinguished in subcategories: diagnostic,
monitoring, response-pharmacodynamic, predictive, prognostic,
safety, susceptibility/risk biomarkers. A recent systematic report
(21) identified several biomarkers predictive for malnutrition in
older adults.

The aim of this review is to collect the published data on the
available diagnostic, monitoring, predictive, or prognostic
January 2021 | Volume 11 | Article 535890
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biomarkers of genomic, proteomic, or metabolomic origin for
nutritional assessment before and during allo-HSCT and to
better define their role in predicting transplant outcome (1).

The role of identified biomarkers will be discussed according
to clinical outcomes, literature data, pathogenesis of gastrointestinal
complications, and their management and according to the
management of malnutrition after allo-HSCT.
METHODS

A systematic review of original studies has been conducted
according to the Preferred Reporting Items for Systematic
review and Meta-Analyses Protocols (PRISMA-P) 2009. The
search in the database search took place between October and
November 2019.

To this purpose, all available studies concerning the use of
biomarkers in the field of malnutrition evaluation in allo-HSCT
patients were taken into consideration. Further research was
performed for biomarkers of metabolic, gastrointestinal, and
immunological complications of allo-HSCT. Biomarkers
identified by Zhang (20) were included in the literature
research and no limit in the type of study design was considered.

Anthropometric biomarkers and COA were excluded from
the electronic search.

The databases consulted were Cochrane Central Register of
Controlled Trials, MEDLINE, EMBASE, with no limits of time
period and only English written literature was selected.

After removing duplicate records, the initial screening of titles
and abstracts was conducted independently by two of the authors
and excluded those that did not meet the screening review
inclusion criteria. Results were reviewed by a senior analyst for
Frontiers in Immunology | www.frontiersin.org 3221
authentication and resolution of disagreements between the
reviewers. The risk of bias in the studies was assessed using the
Cochrane risk-of-bias tool for randomized trials (RoB 2) and
Risk of Bias in Non-Randomized Studies-of Interventions
(ROBINS-I). Finally, the bibliography articles of all included
studies were evaluated. Data were extracted from each relevant
publication on study design (study setting, data source, study
period), patient characteristics (sample size, mean age, sex).
RESULTS

Through the systematic review 13 articles published between
2007 and 2019 were identified and reported in Figure 1. All of
the studies were observational, with a population range between
14 and 191 and range of age from 0 to 69 years.

The listed studies were divided into two groups. The first
group included studies whose primary outcome was the
identification of a biomarker for the nutritional assessment of
the transplanted patient. The second group considered studies
whose primary outcome was to identify biomarkers of
nutritional interest for transplant related outcomes. A number
of studies were present in both groups (22).
Biomarkers for Nutritional
Status Outcomes
Three studies were selected for these outcomes. The identified
biomarkers were transferrin (23, 24), prealbumin (22, 23),
albumin (22–24), total urinary nitrogen (22), total proteins
(24). Among these studies:

Espinoza et al. (22) included 32 patients who underwent allo-
HSCT. Studied biomarkers were prealbumin, prealbumin, total
FIGURE 1 | Flow diagram of included studies.
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urinary nitrogen, triglycerides. The analysis identified lower
albumin and pre-albumin and higher triglycerides as potential
useful biomarkers for nutritional related outcomes: despite these
findings, BMI was not affected in allo-HSCT setting.

Rzepecki et al. (23) included 24 patients who underwent allo-
HSCT. Studied biomarkers were prealbumin, transferrin, and the
acute phase proteins. The final analysis also included 30 autologous
transplanted patients (total number 54) and identified lower
prealbumin and transferrin as useful biomarkers to start
nutritional support (Total Parenteral Nutrition in this study).

Krawczyk et al. (24) included 38 patients who underwent allo-
HSCT. Studied biomarkers were albumin, total proteins,
transferrin, cholesterol, triglycerides, and C-reactive protein.
The final analysis, also including 62 autologous transplanted
patients (total number 100) identified lower albumin, total
proteins, and transferrin as useful biomarkers for malnutrition,
worsening of performance status, and mucositis onset.
Biomarkers for Transplant-Related
Outcomes
Ten studies identified biomarkers of nutritional interest for
transplant related outcomes (GVHD, gastrointestinal function,
mucositis, SOS, overall survival, and transplant related
mortality). Identified biomarkers were those of proteomic
origin such as citrulline (25–29), albumin (25, 26, 30, 31),
prealbumin, and total urinary nitrogen (22) and some of
metabolomic origin such as 25-OH-D Vitamin (30), 2-
aminobutirric acid, 1-monopalmitin dyacilglycerol, and short
chain fatty acids (32).
Biomarkers of Proteomic Origin
The retrospective study of Sivgin et al. (31) included 102 patients
who underwent allo-HSCT. Studied biomarkers were albumin,
fibrinogen, D-Dimer, and serum creatinine. Only Albumin was
associated with transplant related outcome: patients with low
albumin (<3.2 g/dl) showed a shorter median overall survival
(230 days) in comparison to patients with higher albumin levels
(570 days, p = 0.007). Infection was an independent factor
affecting survival at the multivariate analysis.

In the prospective study of Espinoza 2016 et al. (22) the
nutritional outcome section reported the impact of several
biomarkers on transplant related outcomes but none of them
were associated with overall survival. Indirect outcomes, such as
hospital-stay and platelet engraftment were significantly longer
in patients with reduced albumin levels 10 days after transplant,
and time to platelet engraftment was also associated with
increased total urinary nitrogen.

Weischendorff et al. (33) in their prospective study evaluated
23 Plasma Amino Acids (PAA) together with CRP and IL-6
before and after allo-HSCT in 80 patients (age range 1.1–55.4
years). Lower levels of total mean PAA were associated with SOS
(Sinusoidal Obstruction Syndrome) and severe acute GVHD. In
particular lower levels of glutamic acid, serine, arginine, glycine,
lysine, valine, tryptophan, threonine, and proline on day +7 (all
p < 0.05) were associated with SOS and serine, glutamine,
Frontiers in Immunology | www.frontiersin.org 4222
cysteine, glycine, lysine, and threonine on day +7 (all p < 0.05)
were associated with severe acute GVHD.

Serum citrulline levels before allo-HSCT were measured in
191 patients and retrospectively analyzed by Hueso et al. (29) In
multivariable analysis low levels of serum citrulline (<26 µMol/L)
before conditioning were associated with severe acute GVHD
and transplant related mortality.

Rashidi et al. (28) retrospectively studied potential biomarkers
of enteral origin in 95 consecutive allo-HSCT patients to define
association with GVHD. Lower pre-transplantation citrulline was
associated with severe acute GVHD (p = 0.02). Higher levels of
Reg3a at 7 days after transplantation were associated with worse
non relapse mortality (p = 0.001).

In the study of Gosselin et al. (27), citrulline levels were
studied prospectively in a multi-center cohort of 26 children and
correlated with gastrointestinal function after allo-HSCT. Mean
citrulline level was 22.7 µMol/L before conditioning, decrease
after transplantation and return to baseline before discharge.
Lower levels of citrulline were associated with GVHD (p =
0.0025), reduced oral energy intake (p = 0.018), and severe
mucositis (p = 0.003).

In other study, Van der Velden et al. (26) evaluated serum
citrulline and albumin levels collected in 48 auto-HSCT and 58
allo-HSCT patients. In this prospective study a graphic analysis
of albumin citrulline and CRP was performed and citrulline was
suggested as better biomarker for GI complications,
specifically mucositis.

Finally, Merlin et al. (25) evaluating plasma citrulline and
albumin levels collected and prospectively analyzed in 31
pediatric patients referred to allo-HSCT found that serum
citrulline lower than 10 µMol/L was associated with GI acute
GVHD (p = 0.003).
Biomarkers of Metabolomic Origin
Contaifer et al. (32) studied a lipidomic and metabolomic profile
with LCMS and GCMS before transplantation in 14 patients who
underwent allogeneic or autologous transplantation after
myeloablative conditioning. The time of sampling was at the
end of conditioning before transplantation. Five metabolic
biomarkers seem to be predictive for GVHD: 2-aminobutyric
acid, 1-monopalmitin, diacylglycerols (DG 38:5, DG 38:6), and
fatty acid FA 20:1.
Composite Biomarkers
A composite nutritional score including anthropometric data
and albumin was retrospectively developed by Kerby et al. (30) to
define transplant related complications. The population included
134 pediatric patients (age 0–20.4 years) transplanted from an
allogeneic matched or mismatched donor for malignant or non-
malignant diseases. The score was proposed in order to increase
sensitivity in the identification of patients at risk of malnutrition
and was defined retrospectively as any of albumin <2.8 g/dl,
weight loss >10% from pre-transplant baseline, BMI <25th
percentile or <5th percentile (Score NUT25 and NUT5
respectively). The composite score NUT5 or NUT25 predicted
January 2021 | Volume 11 | Article 535890
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a significant increase (3- to 4-fold) in severe acute GVHD. The
score NUT25 predicted also day100 mortality.
DISCUSSION

In this review data from 13 trials, published between 2007 and
2019, were collected. Overall, 829 patients were included: 522
Frontiers in Immunology | www.frontiersin.org 5223
and 307 were retrospective and prospective trials, respectively;
only 14 in prospective validation studies.

As a result of our investigation, no reliable biomarker has
been identified as “gold standard” for the assessment of
nutritional status in allo-transplanted patients.

Several identified biomarkers in this analysis, such as albumin
and citrulline, are not directly associated with malnutrition, but
are crucial in the transplanted patients’ metabolism and were
FIGURE 2 | Shows the three steps for nutritional assessment in bone marrow transplantation. First step includes an objective evaluation of anthropometric aspects.
The second step involves an investigation on nutritional biomarkers. The third step includes tools that allow to standardize nutritional assessment. Thanks to these
three steps, it is possible to make a nutritional diagnosis and start an earlier and personalized nutritional support.
January 2021 | Volume 11 | Article 535890
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FIGURE 3 | Shows the possible role of IGF-1 in the development of acute GVHD and the possible role of citrulline in demonstrat
and gut barrier damage. Gut toxicity has a huge impact on nutritional status. Mucosal and gut barrier damage could be evaluated
factor-1 (IGF-1) is the major mediator of growth hormone (GH), as well as a mediator of GH-independent anabolic responses in m
associated with a lower risk of acute GVHD: a low mitogen stimuli on healthy tissues, mediated by low IGF-1 levels, could reduce
should be confirmed by larger studies.
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studied for transplant related outcomes that are strongly linked
to gastrointestinal failure such as mucositis or GVHD.

In a multidimensional approach, nutrition and immune-
system interactions should be studied with an -omics integration
including genomic (on patients, donors, and microbiota),
proteomic (from immune-system and enteral origin),
metabolomic (at the several metabolic processes of enteral,
immune, and endocrine-metabolic functions), and finally
patient-derived outcomes (34) (Figure 2).

Of interest, no genomic studies were reported in this review:
to date, more research is needed to define the complex interaction
between the genetic determinants of protein metabolism,
malnutrition, and immune system function, particularly in the
transplant setting. Nevertheless, genomic studies should also
include microbiota composition, although costs of such research
are higher than proteomic studies.

Focusing on the selected studies included in the present
review, several protein derived biomarkers were identified: pre-
albumin, albumin, total urinary nitrogen, and total plasma
proteins appear as potentially useful biomarkers for the
indirect assessment of nutritional status in patients addressed
to allo-HSCT. Albumin was correlated with overall survival (31),
the duration of hospital stay, with platelets engraftment (22) and
with GVHD (30). Transferrin seems to be a useful biomarker too,
but it is not easily reliable in allo-HSCT, because patients are
always hyper-transfused and often present an iron overload.
Other parameters proposed as biomarkers in allo-transplanted
patients include citrulline, which is related to gut integrity and
permeability (27) and in some studies (more than 400 patients)
seems to be associated to aGVHD (28), in particular intestinal
aGVHD (25) and mucositis (26) (Figure 3). Citrulline is not a
specific malnutrition biomarker, although its role in evaluating
intestinal failure is crucial (35). In a proteomic view, several proteins
and/or amino acids could be tested together to better define these
complex interactions, but to date no proteomic studies are available
in this setting.

A single but important study by Contafier (32) brought
interesting results in metabolomic and lipidomic patterns of 14
allo-transplanted patients. Five metabolic biomarkers seem to be
predictive for GVHD and this approach should be validated on
larger numbers.

A new parameter, that has not been extensively studied in this
setting as malnutrition biomarkers yet, is IGF-1. IGF-1 is
produced from in the liver, following GH stimulation.
Although pre-transplant low IGF-1 was reported as associated
with fluid retention and Sinusoidal Obstruction Syndrome (SOS)
(36), in a cohort of 330 patients it seems to be significantly
associated with GVHD (37). One explanation could be that IGF-
1 is a factor that stimulate cell cycle in an anabolic direction and
high level of IGF-1 before allo-HSCT may increase the risk of
GVHD. In detail the hyperproliferation of healthy tissue induced
by IGF-1 may expose the cells to a strong cytotoxic effect of
chemo-radiotherapy administered during conditioning and of
inflammation that is subsequently present. Damaged healthy
tissues may, thus, increase the exposition of self-antigens that
may drive the donor immune response (Figure 3) in this view
Frontiers in Immunology | www.frontiersin.org 7225
IGF-1 could be a potentially useful biomarker of the complex
interaction between tissue damaging, enteral, metabolic, and
immune-system function.
CONCLUSIONS

An extreme variability of the nutritional approach to the transplant
patient is reported among European allo-HSCT centers (38) and
there is the need for a patient centered approach andmore research
in this field. The nutritional status in patients subjected to allo-
HSCT should be assessed by combining anthropometric data (e.g.
DEXA, BIA, direct or indirect calorimetry), biochemical markers,
and questionnaires collecting patients’ reported outcome (PRO),
such as the Patient-Oriented Subjective Global Assessment (PG-
SGA score), or dietary intake.

The PG-SGA score, a “clinical outcome assessment”
according to NIH criteria (20), is recognized as the “gold
standard” for the evaluation of the nutritional status in oncology.

To date, no studies defines malnutrition according to GLIM
(Global Leadership Initiative on Malnutrition) criteria in the
setting of allo-HSCT (39) and there are no other validated and
reliable instruments for an easy, dynamic, and standardized
assessment of malnutrition in allo-HSCT, a tool like PG-SGA
appears very attractive for this topic if regularly used by
dieticians, nurses, and hematologists. Nevertheless, data
derived from PG-SGA should be integrated with metabolic and
anthropometric assessment of nutritional status (e.g. DEXA or
BIA), before and after allo-HSCT. In fact, DEXA and BIA are
particularly useful in the measure of body composition in terms
of fat and muscular mass and basal metabolism, any time during
allo-HSCT, to define the caloric requirement of each patient
together with calorimetry. Some studies focused on the
modification of energetic metabolism during allo-HSCT and
suggested that the loss of muscular mass associated with allo-
HSCT produces a reduction in basal metabolism, that induces an
over-support with intravenous nutrition. Thus, an extensive and
dynamic assessment of the basal metabolism and calorie
requirement is crucial to personalize the nutritional support,
which varies depending on the patient. During the aplastic
phase, BIA seems to be the most reliable instrument for the
assessment of nutritional status, as the body weight is highly
variable and influenced by different factors, such as intravenous
hydration, every day. More research is needed to better define
the ideal combination of malnutrition biomarkers (e.g. citrulline)
in relation to immune system function together with
anthropometric assessment and PRO.
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In spite of an increasing array of investigations, the relationships between viral infections
and allogeneic hematopoietic stem cell transplantation (HSCT) are still controversial, and
almost exclusively regard DNA viruses. Viral infections per se account for a considerable
risk of morbidity and mortality among HSCT recipients, and available antiviral agents have
proven to be of limited effectiveness. Therefore, an optimal management of viral infection
represents a key point in HSCT strategies. On the other hand, viruses bear the potential of
shaping immunologic recovery after HSCT, possibly interfering with control of the
underlying disease and graft-versus-host disease (GvHD), and eventually with HSCT
outcome. Moreover, preliminary data are available about the possible role of some virome
components as markers of immunologic recovery after HSCT. Lastly, HSCT may exert an
immunotherapeutic effect against some viral infections, notably HIV and HTLV-1, and has
been considered as an eradicating approach in these indications.

Keywords: hematopoietic stem cell transplantation, viral infection, adoptive immunotherapy, immunologic
recovery, vaccines, cytomegalovirus
GENERAL INTRODUCTION

Optimal management of viral infections is a primary goal in every HSCT strategy in order to limit
virus-related morbidity and mortality. Moreover, since viruses bear the potential of shaping
immunologic recovery after HSCT, they possibly interfere also with control of the underlying
disease and graft-versus-host disease (GvHD) and eventually with HSCT outcome. Finally, HSCT
may exert an immunotherapeutic effect against some viral infections.
MANAGEMENT OF VIRAL INFECTIONS AFTER HSCT

Management of viral infections after HSCT includes different steps. Monitoring of viremia and of
virus-specific immune recovery are the main tools to drive anti-viral interventions after HSCT.
Possible prognostic factors may help optimizing both patient prophylaxis and treatment.
Immunotherapy, either active or more commonly adoptive, may provide alternatives to the
limited effectiveness of the pharmacological agents and to their toxicities. Because most of the
available data derive from the experience with cytomegalovirus (CMV), the main general issues
org January 2021 | Volume 11 | Article 5693811228
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about the different approaches will be presented in the CMV
section, whereas in the sections dealing with other single viruses,
virus-specific items will be mainly considered.

CMV
CMV represents the most common viral reactivation after HSCT
and the most deeply investigated. Serologic CMV-positivity has a
high prevalence worldwide (over 80%), but with a rather wide
inter-nation variability, therefore making donor/recipient (D/R)
serologic mismatch a frequent problem in the setting of
unrelated donor (1). Being of recipient origin in the majority
of cases (2), the frequency of CMV reactivation after HSCT
ranges from 10% in CMV-negative recipients to up to 90% in
CMV-positive recipients with CMV-negative donor (3).

Due to its outmost adverse prognosis, CMV reactivation is the
target of prophylaxis or pre-emptive therapy aimed at preventing
end-organ disease. Being based on drugs associated with
considerable toxicity, prophylaxis therapy has been formerly
somewhat unpopular; moreover, concern is raised as to
whether the ever-wider use of these drugs may enhance the
development of viral drug-resistance (4). Among new drugs,
however, letermovir has recently shown a very good safety profile
and excellent efficiency, therefore being currently indicated for
prophylaxis of CMV infection in adult CMV seropositive
recipients of an allogeneic HSCT.

Monitoring
With the above premises, early detection of CMV reactivation is
a key point to avoid undue treatments. Monitoring of CMV
reactivation is routinely performed after HSCT, with quantitative
PCR being largely considered more reliable than p65
antigenemia in driving timely pre-emptive therapy.
Nevertheless, some concern still exists as to when pre-emptive
therapy should be started. More recently an RNA-detecting
transcription-reverse transcription concerted reaction (TRC)
has been explored as an alternative diagnostic tool, but with a
possible advantage in detecting a resolved viral activation rather
than in timely recognizing its beginning (5).

Monitoring of specific anti-CMV immune reconstitution may
represent an additional tool for predicting CMV reactivation,
possibly optimizing the use of anti-CMV drugs and driving the
referral to adoptive immunotherapy (Table 1). In general, an
inverse relationship between CMV-specific immune recovery
and CMV viremia appearance, severity and relapse has been
clearly demonstrated; on the other hand, patients spontaneously
clearing viremia develop a CMV-specific T-cell recovery (19, 22).

Combining HLA-multimer-bound CMV-peptides and CMV-
peptide-induced cytokines, notably gamma-interferon, has been
proposed as a suitable method for recognizing CMV specific T-
cell; peptides deriving from the CMV p65 and immediate-early 1
(IE-1) proteins have been regarded as the best promising viral
markers to be detected (23). Other CMV proteins, as pUL97,
have been more recently proposed as possible alternative or
complementary diagnostic tools (24), while HLA multimers and
cytokine release represent the favorite methods to retrieve virus-
specific T-lymphocytes for adoptive therapy. A limitation of
Frontiers in Immunology | www.frontiersin.org 2229
HLA-multimers is that they are HLA-restricted and recognized
only by CD8 cells, being almost exclusively class I.

The main evolutions of the cytokine release-based CMV-
specific T-cell recovery detection have been Quantiferon and
Enzyme-Linked Immunospot Interferon-g-Release Assay
(ELISPOT), currently the most widely used technique,
paralleling HLA-multimer-based ones (7, 25); HLA multimers
and ELISPOT have also been combined and compared, leading
to similar results (9). Conversely, Ohnishi et al. found that
ELISPOT was more reliable than HLA multimers in early
recognizing functionally active anti-CMV T-cells (10). Of note,
HLA multimers allow cytotoxic T-lymphocytes (CTL) avidity to
be evaluated, although this parameter recently failed to show
predictive value in the setting of CMV immune recovery (26).
More recently, streptamer technology has been a further
development of HLA multimer-based methods (27).

Previous studies have suggested that anti-CMV immune
reconstitution is a rather late event, earlier in case of donor
seropositivity, hindered in T-cell depleted HSCT and
independent of viral reactivation (23, 28). The late appearance
of CMV specific T-cells, notably in case of donor (D)−/recipient
(R)+ serology, has been widely confirmed (20). The
independence of CMV immune reconstitution and CMV
reactivation has not been confirmed in other experiences (25).
On the other hand, failure to achieve a good expansion of CMV-
specific T-lymphocytes after CMV reactivation is linked to the
failure of spontaneous viremia clearance (29). The degree of HLA
mismatch is a possible, additional factor negatively affecting
CMV-specific immune recovery (30); on the other hand, HLA
class I mismatch may be more likely associated with
immunodominant genotypes in CMV antigen presentation (31).

Donor age has also been claimed to affect significantly the
occurrence and the quality of CMV immune recovery (25), in
accordance to investigation on healthy subjects that showed an
evolution of CMV T-cell immunity with increasing age (32, 33).
These issues may have a particular impact on patients receiving
parent-derived haploidentical HSCT (34). Since T-lymphocytes
from patients failing to clear CMV had a poorer cytokine release
after challenge with CMV antigens, quality of CMV immune
recovery is supposed to play an important role in controlling
CMV reactivation (35). Moreover, a “memory cell type” response
to lymphocyte proliferation assay predicts a better CMV-
protection (36). The most recent and complex approach
evaluated the CD8+ cytokine secretion profile in response to
CMV antigens, with identification of a non-protective (NPS; IL-
2-IFN-g+TNF-a-MIP-1b+) and a protective signature (IL-
2+IFN-g+TNF-a+MIP-1b+), respectively linked to lack of
control and control of CMV reactivation (37).

Although reduced intensity conditioning (RIC) has been early
recognized as an additional transplant-related factor negatively
interfering with CMV immune recovery (9, 38), D−/R+
combination is the main transplant related factor affecting
CMV-specific immune reconstitution; indeed, this pairing does
not simply delay the recovery of CMV-specific cells but also
affects their pattern of cytokine release (39). A confounding
factor may be sometimes the persistence or even the transient
January 2021 | Volume 11 | Article 569381

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Annaloro et al. Viral Infections in HSCT
expansion of recipient derived anti-CMV T-cells, possibly
interfering with establishing of full donor chimerism (40)
following RIC conditioning (41).

In an attempt at quantifying T-cell recovery, a study
investigating only CD8+ CTL proposed a threshold value of
1 × 107 per liter (8). More recently, the threshold of 1 × 106 anti-
CMV CTL/liter two months after HSCT in the relatively more
favorable D+/R+ setting was suggested as a protective level
against viral reactivation (6). Overriding the matter of
considering CD8 only or both CD8 and CD4, a threshold
value of 3/µl for CD8 and of 1/µl for CD4 has been defined as
Frontiers in Immunology | www.frontiersin.org 3230
protective after a prolonged follow-up in a series of young adults
(17). Almost contemporarily, lower threshold values for CMV
protection were also proposed, with counts of 1 and 1.2 cells/ml
for CD8+ and CD4+, respectively (15).

Prognostic Factors
Serological donor–recipient mismatch, notably D−/R+ pairing,
has been for long time recognized as the main a priori HSCT-
related adverse prognostic factor for CMV reactivation and
disease. Indeed, according to widely accepted recommendations,
CMV serology is among the main donor selection criteria (3, 42).
TABLE 1 | Summary of experiences in monitoring specific CMV recovery.

References Technique Target N. of
patients

D/R
serology

Type of
transplant

Follow
up

CMV recov-
ery

Best recovery Note

Borchers
et al. (6)

Tetramers,
7
commercial
kits

1 CD8/mcL 278 All
pairings

All represented 100
days

198/278,
71%

D+/R+ HLA-linked variability

Nesher
et al. (7)

Elispot IE1
and p65

Spot count 50/
100 according to
cell threshold

63 R+ No
haploidentical

100
days

42/63 D+/R+ 21/23 CMV reactivations
among negatives

Cwynarski
et al. (8)

Tetramers 1 CD8/mcL 24 All
pairings

13 sibling 11
MUD

100
days

9/24 D+/R+ No 100 day recovery after
MUD

Gratama
et al. (9)

Tetramers 1 CD8/mcL 27 All
pairings

Sibling and
MUD partially
T-depleted

1 year 15/27 CMV reactivation
without disease

1/9 recovery R-, 1/4 CMV
disease

Hebart
et al. (10)

Tetramers
and
ELISPOT

1/mcL 23 No D-/R- Heterogeneous 100
days

14/19 CD8 ,
11/18 CD4

NA Possible dysfunction of
CD8

Mohty
et al. (11)

ELISPOT
and
tetramers

1 /mcL 54
ELISPOT
16/54
tetramers

All
pairings

RIC, sibling 1 year 46/54 D+

Ohnishi
et al. (12)

ELISPOT
and
tetramers

1 /mcL 37 32D+/R+ Heterogeneous 250
days

All D+/R+ D+ ELISPOT earlier than
tetramers, RIC earlier

Lilleri et al.
(13)

ELISPOT 3 CD8/mcL, 1
CD4/mcL

45 All
pairings

MAC 1 year 63-98%
according to
D/R pairing

D+/R+

Gratama
(14)

TEtramers 7 CD8/mcL 83 R+ No
haploidentical

1 year 18%
recovery
at +65

D+/R+ +65 recovery predcitive of
CMV disease

Tormo
et al. (15)

ELISPOT 1 CD8/mcL, 1.2
CD4/mcL

133 All
pairings

Heterogeneous 1 year 89.1%
evaluable

D+ Delayed recovery after T-
cell depletion and UCB

Borchers
(16)

Tetramers 10 CD8/mcL 134 All
pairings

Heterogeneous 2 years 79 D+/R+
58 D-/R+
43 D+/R- at
day 100

D+/R+

Lilleri et al.
(17)

Elispot 3 CD8/mcL, 1
CD4/mcL

131
pediatric or
young

All
pairings

Heterogeneous 1 year 76 R+(90%
evaluable) 8
R- (21%)

D+/R+ No further CMV
reactivation after CMV-
specific recovery

Tey et al.
(18)

Quantiferon IFN-g >0.2 IU/mL 41 All
pairings

Heterogeneous 1 year 31/41 No

Yong et al
(19)

Quantiferon IFN-g >0.2 and
>0.1 IU/mL

96 All
pairings

No
haploidentical

100
days

No response
in 8 CMV
disease

Spontaneous CMV
control

Similar results with
ELISPOT

Krawczyk
et al. (20)

Quantiferon IFN-g >0.2 IU/mL 48 All
pairings

No
haploidentical

1 year 5/9 D-/R+, 9/
14 D+/R+

IFN >8.1 IU/mL
protecting from
viremia

Quantitative assessment
of IFN response crucial
for CMV control

Paouri
et al. (21)

Quantiferon IFN-g >0.2 IU/mL 37 All
pairings

Pediatric 1 year 15/37 Lower reactivation
after specific CMV
immune recovery
January 2021 | V
D/R donor/recipient; MAC myeloablative conditioning; RIC reduced intensity conditioning; MUD matched unrelated donor.
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Other HSCT-related a priori risk factors include T-cell depletion,
RIC conditioning and possibly unrelated cord blood (UCB) and
haploidentical donor transplant. In the setting of RIC
conditioning, the risk of CMV reactivation is delayed rather
than increased, due to a delay of donor-type CMV-specific
recovery and persistence of recipient CMV-specific lymphocytes
(43, 44). In a multivariable analysis, D/R serostatus, GVHD and T-
cell depletion resulted as independent predictors of CMV
reactivation, enabling the authors to propose a risk score
model (45).

In spite of considerable overlapping, GVHD and CMV-
specific immune recovery are the best recognized a posteriori
risk factors for CMV reactivation and severity. The
aforementioned data show that CMV-specific immune
recovery has a strong prognostic value even in the absence of
GVHD and that GVHD is not the only shaping factor of CMV-
specific immune recovery.

Furthermore, early NK response may have a favorable impact
on the risk of CMV reactivation (36). There is a bidirectional
relationship between NK recovery and CMV infection, since low
NK level favors CMV reactivation and CMV reactivation shapes
NK response, as specified in a subsequent section (46).

In spite of the high predictive value of these risk factors,
considerable attention has been paid in order to identify
additional, preferably patient- and/or donor-specific
predictive elements.

A rather intuitive approach has been the correlation with
particular HLA antigens. On this field, data are rather scant, with
an increased risk for a negative CMV outcome only in HLA-
DRB1*09 patients (47). More data are available on the presence
of some class I MHC genotypes, known to be more efficient in
presenting multiple CMV antigens; in different settings of HSCT,
they seem to improve the outcome of HSCT possibly reducing
the severity rather than the rate of CMV reactivation (31).

Donor KIR genotype has also been investigated, leading to the
finding of a significantly lower risk of CMV reactivation if the
donor had 5-6 KIR genes rather than 1–4 (48). However, this
result should be taken cautiously, since only T-repleted, RIC
HSCT from matched sibling donor were included in the analysis.

Gamma-delta lymphocytes bear the potential of exerting an
antineoplastic and antiviral activity, possibly without eliciting
GVHD, thus arousing the interest about a possible role in CMV
control (49). On the other hand, CMV may shape gamma-delta
recovery, as presented below. A recent meta-analysis showed a
highly significant relationship between sustained post-HSCT
gamma-delta recovery and protection against viral
reactivations, mostly represented by CMV (50).

Attention has also been paid to single nucleotide
polymorphisms (SNP) in key receptor or transcription factors.
NOD-2/CARD 15 is an innate-immunity receptor, recognizing
muramyl dipeptide, therefore mainly involved in antibacterial
reactivity (51). Nevertheless, NOD2 polymorphism has been
linked to the risk of developing other diseases, such as Crohn
disease, and even to the outcome of HSCT (52). NOD2 is
expressed on the surface of multiple cell lines, including
monocytes, dendritic cells and NK cells. On a large unselected
Frontiers in Immunology | www.frontiersin.org 4231
series, SNP8 mutation in either donor or recipient was linked to
an increased risk of herpetic virus reactivation (51).

Forkhead box P3 (Foxp3) is a transcription factor that
regulates T-reg development. In the limited setting of pediatric
AML, HSCT recipients with donor-derived rs3761548 mutation
showed a significantly increased risk of CMV reactivation (53).

Interleukin-7 (IL-7) is a hematopoietic cytokine essential for
de novo T cell development in the thymus and homeostatic
peripheral expansion of T cells signaling through the
heterodimer IL-7 receptor (IL-7R). The IL-7Ra-chain is a high
affinity component expressed on naïve and memory T cells and
downregulated in effector T-cells, which is also involved in TH2
differentiation and T-reg induction. Analysis of donor IL-7Ra
polymorphism showed that donor-derived homozygous SNP
rs6897932 was significantly linked to CMV reactivation (54).

Rather surprisingly, a direct relationship has been described
between CMV reactivation and early achievement of full donor
chimerism in myeloablative HSCT recipient, irrespective of the
CMV serostatus (55). This finding may be related to the
aforementioned short-term CMV protective role of recipient-
derived surviving T-cells (40).

Adoptive Immunotherapy
As previously stated, therapeutic failure is a common event in the
treatment of CMV reactivation. In these cases, adoptive
immunotherapy with original or third-party donor T-
lymphocytes is generally regarded as the mainstay of
treatment. General issues in manufacturing and infusing
CMV-virus specific T-lymphocytes (VST) are common to the
other virus infections to be presented below; on the other hand,
most of the paper dealing with adoptive anti-viral
immunotherapy is focused on CMV. Therefore, the general
questions about adoptive immunotherapy will be described in
this section and the analysis of the experiences in CMV
treatment will be limited to the most relevant reports (Table 2).

The original hematopoietic stem cell (HSC) donor is the
preferable source of CMV-VST. Unfortunately, the original
donor may be seronegative. Moreover, an unrelated donor may
be variously unavailable for a further donation. In these cases, it
is common to derive cell products from a third-party donor,
generally a haploidentical related donor. Third party
lymphocytes have been retrieved up to 60–90 days from
infusion (62). A possible alternative method is the “off the
shelf” approach, where VST, general with multi-virus
specificity, are banked from unrelated third-party donors and
delivered to suitable HLA-recipients. The multi-virus specificity
reduces the costs of banking and offers an effective cell product in
case of multiple viral infections (63).

The first approach to adoptive immunotherapy in CMV has
been the delivering of polyclonal donor-derived T-cells, which
were activated and expanded ex-vivo through the exposition to
viral antigens. A major limit is the 4–8 weeks-time required to
manufacture the cell product, which makes it unsuitable as a
therapeutic strategy; therefore, a prophylactic or pre-emptive
design was frequently preferred, where clearance of viremia and
CMV immune recovery were the targets (56, 64). Although
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GVHD was not a negligible issue on the field of toxicity, the risk
of such complication seems to be significantly lower with the
refinement in antigen selection and a two logs (from 107 to 105/
kg) decrease in the dose of infused cells (61).

CMV has also been included among the specificities of multi-
viral VST, realized by ex-vivo challenge through multi-antigens
peptide mixes (65). Ex-vivo expansion is the only suitable
approach when even seropositive donors have a low rate of
circulating specific T-cells, as it may happen with ADV.
Conversely, CMV-specific T-lymphocytes account for at least
1% of the total T-lymphocytes in seropositive healthy subjects,
apparently increasing with age (32, 33). Therefore, the short-
term recovery of a sufficient amount of CMV-reactive cells seems
to be a rationale purpose.

As for lymphocyte selection, two main methods are favored to
retrieve CMV-specific T cells: HLA-multimer selection and
gamma-interferon capture magnetic immunoselection.

The multimer selection is based on the recognition by CD8+
cells of class I HLA-multimers-bound CMV-derived and HLA-
specific peptides. Tetramers are the reference HLA-multimers
(66). Unfortunately, their steric configuration does not allow cell
binding to each of the four sites (27). To overcome this
limitation, advances in HLA multimerization have led to
pentamers and octamers. Pentamers have been proposed as the
best steric configuration because all five HLA-peptide complexes
are available for T-cell binding (67). Conversely, octamers
Frontiers in Immunology | www.frontiersin.org 5232
binding may induce T-cell apoptosis (68). Moreover, the
avidity of conventional multimer binding causes a persistent
antigen-T-cell interaction, possibly leading to functional
impairment of the selected T-cells (27).

Streptamers are an evolution of the technique, having the
advantage of a reversible binding to the target and allowing an
easy detachment of the selected T cells (69). They are peptide-
loaded Strep-tagged HLA monomers, binding CD8 at low
affinity. Strep-Tactin multimerizes streptamers and increases T
cell avidity. Finally, T-cells are displaced by the addition of
biotin, binding Strep-Tactin with a higher affinity (69).

In a comparative study including tetramers, pentamers and
steptamers, all of the methods proved to be reliable; nevertheless,
tetramers gave the best results in terms of specificity, whereas
streptamers allowed the achievement of a GMP-compliant
product (66). As previously reminded, the best specificity of
tetramers may be at the expense of quantitative yielding of CD8+
cells (27). However, a reduction in the number of required CD8+
cells for CMV treatment is reasonable in comparison to
polyclonal CMV-stimulated cells, possibly about 1 × 104/kg (59).

Rapid manufacturing of GMP-compliant cell products is the
outstanding advantage of multimer selection, which was the
chosen strategy in a recent phase I/II trial (30). The selection
of only CD8+ cells is felt as a disadvantage, while the selection of
CD4 through HLA class II multimers presents quite different
problems and is still in a preliminary phase (70). On the other
TABLE 2 | Adoptive immunotherapy as prophylaxis and treatment of CMV reactivation after HSCT.

References Study N. of
patients

Type of
transplant

Lymphocyte
donor

Time to
manufacturing

Method Design N. of
cells

Result GVHD

Micklethwaite
et al. (56)

Phase
I

9 Heterogeneous,
HLA-A2,
matched HSCT

Original donor 21 days Stimulation with
dendritic cells
pulsed with p65
derived, HLA
restricted peptide

Prophylaxis 2*10e7/
sqm on
day 28

2 subsequent
selflimiting CMV
reactivations

3
GVHD,
1 lethal

Micklethwaite
et al. (57)

Phase
I

12 Adults only,
matched HSCT

Original donor 21 days Stimulation with
p65adenovector
transduced
dendritic cells

Prophylaxis 2*10e7/
sqm On
day 28

4 subsequent
selflimiting CMV
reactivations

4 grade
II-III

Peggs et al.
(58)

Phase
I-II

18 Related donor
adults

Original donor 24 hours Overnight p65
challenge of
unstimulated
leukapheresis

11 pre-
emptive, 7
prophylaxis

1*10e4/
kg CD3+.
About
day 28

2/11 and 1/7
reactivations

3 grade
II-III

Uhlin et al.
(59)

Pilot 6 Heterogeneous 2 original
donor, 4 third
party
haploidentical

2-4 hours HLA restricted
pentamers, within
hours

Pre-emptive
2 toxicities,
4 refractory

>1*10e4/
kg within
100 days

In 5/5 evaluable,
long lasting viral
clearance

Not
reported

Blyth et al.
(60)

Phase
II

50 No
haploidentical,
CMV+ donor

Original donor 24 hours HLA-restricted
tetramers

Prophylactic/
pre-emptive

2*10e7/
sqm

5 post-infusion
reactivation, 1
CMV death,
reduced need of
anti-CMV drugs

12
grade II-
IV

Koehne et al.
(61)

Phase
I

17 Matched T cell
depleted

16/17 original
donor

28 days Culture with
conditioned APC

12 refractory
viremia, 5
CMV
disease

>5*10e5/
kg day
98-164

12/12 and 3/5
clearance of
viremia

No “de
novo” or
flare

Neuenhahn
et al. (30)

Phase
I-IIa

16 Heterogeneous 8 original
donor, 8 third
party

24 hours HLA-restricted
streptamer

Drug
refractory
viremia, pre-
emptive

1*10e4/
kg CD3+.

62,5% clearance
of viremia
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hand, the critical role of targeting multiple epitopes has been
recently underscored (71), even though previous studies have
shown its feasibility (72).

Gamma-IFN capture and immunomagnetic selection is the
main alternative method. Short-term ex-vivo challenge with
CMV antigens induces T-cells’ release of gamma-IFN;
secreting cells undergo immunomagnetic selection after
labeling with a double moAb conjugate, including a gamma-
IFN and a CD45 directed moAb. Unlike multimer selection, this
method allows both CD4 and CD8 to be collected, with CD4
generally accounting for the majority. The reported number of
infused cells is variable, but a lower requirement is likely also in
this setting, since 1–2 × 104/kg CD3 cells have been repeatedly
reported (58, 73).

As multimer selection, gamma-capture allows the rapid
production of an active cell product, though requiring a short
(overnight) ex-vivo expansion phase. The yield is lower in
comparison to multimers entailing the processing of larger
blood volumes, thus raising some concern as to the feasibility
in case of unrelated donors. A definite advantage of gamma
capture is the possibility of delivering both CD4 and CD8 cells,
recognizing multiple viral epitopes. On the other hand, the
method selects only gamma-IFN producing cells, whereas the
diversification in cytokine profile could exert a role in achieving
an effective anti-CMV response (39). Moreover, gamma-IFN
alone, does not help discriminating between protective and non-
protective cytokine release profiles (37).

In summary, few phase II clinical trials are available, with
study design rather heterogeneous, ranging from prophylaxis
(60) to pre-emptive therapy (30, 61). Low risk of GVHD, viremia
clearance rates ranging from 60 to 100%, some response also in
patients with CMV disease and low CMV-specific mortality are
the outstanding findings (74, 75).

The experience with anti-CMV VST suggests some additional
advantage of this approach. Effective adoptive immunotherapy
proved to be linked to overall T-cell recovery (76) and to an
improvement in CMV-related inhibition of hematopoiesis (77).

Conversely, the whole matter of adoptive immunotherapy
suffers the general drawback of excluding patients with active
GVHD, hindering the access to many severe cases. The reason
obviously relies on the direct lympho-toxicity of corticosteroids
and in the inhibiting activity of immunosuppressive agents. To
solve this primary problem, investigations are ongoing to make
VST resistant to immunosuppressive agents. The likely most
intuitive approach of engineering cells through ex-vivo
manipulation has not been explored so far (75). Conversely,
Menger et al., in streptamer-selected CMV-specific CD8+ cells
were able to disrupt the glucocorticoid receptor gene using
electroporation of transcription activator-like effector nuclease
messenger RNA (78). More recently, Basan et al. were able to
produce GMP-compliant NR3C1- multi-virus VST (79). Among
the other immunosuppressive agents, resistance to calcineurin
inhibitors is under study, but the available data regard only
EBV (80).

Tapering of immunosuppressive therapy represents a further
open issue possibly leading to an over-estimation of adoptive
Frontiers in Immunology | www.frontiersin.org 6233
immunotherapy-related GVHD. Indeed, at times, immuno-
suppression had been reduced or discontinued before starting
adoptive immunotherapy, to avoid treatment interfering and/or to
favor the clearance of viremia. To avoid third party lymphocytes
and the inherent issues, the introduction of a virus-specific TCR in
T-cells of original HSC donors failing to mount spontaneously a
virus-specific response has also been explored. However, although
preliminary data have been reported even on the field of CMV (81),
this approach seems more suitable for viruses where the issue of a
failure of T-cell response is a more compelling problem.

An alternative strategy is the generation and expansion of
VST starting from naïve cells of seronegative donors or UCB,
overcoming the risk of unavailability of the original HSC donor
and allowing VST to be available before transplantation. Hanley
et al. were able to expand tri-virus (adenovirus, CMV and EBV)
specific T-cells from UCB units recognizing multiple viral
epitopes (82). Later, they also observed that high avidity anti-
CMV T-cells generated from naïve cells of seronegative donors
had different epitope-specificities than high avidity T cells from
seropositive healthy subjects, but proved to be effective in
clearing viremia (82). Moreover, healthy subjects had low-
avidity anti-CMV T-cells, recognizing the same epitopes as
high avidity ones generated from naïve cells. Overall, these
findings underscore the evolution over time of CMV-specific
T-cells immunoreactivity in healthy subjects (32, 33).

Vaccines
Among post-HSCT viral infections, CMV is the only one where
alternative ways to adoptive cell immunotherapy have been
explored. Unfortunately, the available data are derived from
preliminary, phase I–II clinical trials, generally not followed by
investigations on larger series.

The best studied strategy has been patient active
immunization. A commercial CMV-vaccine containing
plasmids encoding glycoprotein B and phosphoprotein 65 was
delivered to HSCT recipients in a randomized phase 2 study,
with rather equivocal results (83).

A more promising approach seemed the administration of
dendritic cells (DCs), variously challenged with viral
components. In a preliminary study, CMV pp65 messenger
RNA-loaded autologous monocyte-derived DC was
administered to a small group of healthy subjects and HSCT
recipients. Three of four healthy subjects and one of two
evaluable HSCT recipients developed a detectable increase in
CMV-specific T cells (83).

Taking into account the role of donor derived DC in the post-
HSCT immune reconstitution, Sundarasetty et al. transduced
peripheral blood monocytes with an integrase-defective lentiviral
vector, co-expressing GM-CSF, IFN-a and the CMV antigen
pp65, attaining the production of GMP-compliant donor-
derived DCs suitable for clinical use (84).

An alternative approach has been the delivery, as a vaccine, of
a chimeric peptide composed of a CD8-T-cell epitope from CMV
pp65 and a tetanus T-helper epitope (CMVPepVax). As a
common limitation of such products, the vaccine was HLA-
restricted and was administered only to HLA-A*0201 HSCT-
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recipients. In a randomized phase 1b trial, CMVPepVax proved
to be safe and treated patients had a significant reduction in
NRM (85).

In a phase 2 trial, the ASP0113 vaccine, containing two
plasmids encoding CMV antigens, was delivered to ten HSCT
recipients in order to enhance both humoral and cellular
immunity. Although the treatment showed a favorable toxicity
profile, the clinical activity was questionable (86).

In a phase I trial, a small series of HSCT recipients received a
CMVpp65-derived peptide as a CMV-vaccine. Most of the
patients had a significant increase in CMV-specific CD8+ T
cells and/or Vd2negative gd T cells, and a humoral response of
neutralizing antibodies, suggesting a correlation between the
immune response and virus clearance (87).

EBV
The relevance of EBV reactivation after HSCT relies on its
pathogenetic role in the development of post-transplant
lymphoproliferative disease (PTLD), recognized as a self-
standing main lymphoma group in the recent WHO
classification (88). The limited efficacy of the available
therapeutic resources makes management of EBV reactivation
a crucial issue.

In the vast majority of cases, PTLD after HSCT shows B-cell
phenotype and is of donor origin (89). Conversely, analysis of
LMP-1 polymorphism shows that EBV strains causing PTLD are
mostly of recipient origin, although transmission of donor-
derived EBV has been reported even in the setting of cord
transplantation (90).

Immunophenotypically, expression of EBNA 2 and 3 is a
characteristic of PTLD (91). Proliferation of EBNA 3+ lymphoid
cells does not occur in the absence of an immunologic
impairment, thus linking immunosuppression with PTLD (92).

Multiple a priori risk factors for the development of PTLD
have been recognized, most of them concerning the type of
transplant. HLA-mismatch, RIC conditioning, D/R serological
mismatch, acute GVHD, and pre-transplant splenectomy proved
to be predictive of PTLD development (93). HLA-mismatch
includes also UCB transplant (94) whereas any kind of T-cell
depletion has been recognized as a likely additional risk factor
(95). On the field of haploidentical HSCT and therefore of HLA
mismatch, patients receiving post-HSCT CTX may build up a
subset at lower risk of PTLD, possibly attributable to lysis of
EBV-infected lymphocytes with relative sparing of memory
cells (96).

Beyond the aforementioned GVHD, the use of mesenchymal
cell has been claimed to be an additional a posteriori risk factor,
although the question can be raised as to its independence from
GVHD (97).

Gamma/delta lymphocytes, notably delta-2+ recovery, have
aroused considerable interest as a possible major EBV
controlling factor. In experimental models, delta-2+
lymphocytes proved to be cytotoxic against EBV infected cells
(98); in another study, delta-2+ recovery seemed to exert a
protective role from EBV reactivation (99). The same authors
showed that mycophenolate-driven inhibition of delta-2+
Frontiers in Immunology | www.frontiersin.org 7234
gamma-delta lymphocytes could play a role in the
pathogenesis of PTLD, at least in the haploidentical setting (100).

Little is known about D/R specific risk factors. Patient age over
50 years is commonly considered as an adverse risk factor (101).
Moreover, attention has been driven to the possible lymphocyte
senescence in case of parental donor, possibly leading to a reduced
antiviral response (34). In a previous study, EBV reactivation was
more common among HSCT recipients with gamma-interferon 3/
3 genotype (102). With some resemblance to the matter in HIV
patients, the same authors showed a reduced risk of EBV
reactivation in HSCT recipients heterozygous for CCR5/delta 32,
in comparison to wild type homozygosity (103).

Monitoring
Monitoring of EBV viremia has been routinely performed after
HSCT since many years (104). Parallel monitoring of EBV-
specific T-lymphocytes recovery is not routinely performed,
although it could offer clues in order to better understand the
risk of PTLD development and to optimize rituximab treatment.
EBV-specific T-cell recovery was shown to occur earlier
compared to CMV in case of D/R serologic mismatch (105).
Using the HLA class I tetramer technique to disclose EBV-
specific CD8, Clave et al. showed that patients with EBV
reactivation having virus-specific CD8 recovery had
spontaneous resolution of viremia without rituximab,
suggesting that monitoring of immune recovery could drive
the administration of rituximab more than the viremia itself
(106). Using the alternative ELISPOT technique, disclosing both
specific CD4 and CD8 cells, there was a striking difference in
EBV-specific immune recovery between patients transplanted
with myeloablative (MAC) and RIC, suggesting a negative
impact of the latter on the risk of developing PTLD (107). As a
general comment, lack of EBV-specific immune recovery can be
proposed as a posteriori risk factor for PTLD.

Adoptive Immunotherapy
Failure to achieve a stable response to rituximab has led to the
use of adoptive immunotherapy in PTLD (108). Unselected
donor lymphocytes (DLI) have been the oldest choice to treat
refractory PTLD. This treatment fails to control PTLD when an
in-vivo expansion of EBV-specific lymphocytes does not
occur (109).

The risks connected to the use of unselected DLI and its
limited effectiveness lead to the development of strategies to
deliver EBV-specific cells. In normal EBV-seropositive subjects
EBV-specific T-cells account for more than 1% of total T-
lymphocytes, making the retrieval of a sufficient number of
cells easy both for ex-vivo stimulation and for the
manufacturing of a short term cell product (70, 109). A
primary warning derived from a report showing that routine
ex-vivo cytokine-induced expansion with recipient EBV-infected
lymphoblastoid cells led to a loss of EBV reactivity in EBV-
seropositive healthy donors, whereas unstimulated T-cells
maintained their activity (110). This finding has not received
further support, and does not seem to correspond to the clinical
results with stimulated VST (111).
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The relative ease of obtaining EBV-specific cells and the
expected decreased risk of GVHD has led to a broadening of
VST spectrum of indication, including not only proved PTLD
but also high-risk virus reactivation (Table 3).

The use of multi-specific antiviral T-cells requires longer time
than EBV-specific cells and is possibly more suited for other
types of viral infections (65, 114, 115). Third-party donor cells
have also been explored (116). Results have been reported
according to the “off-the-shelf” approach, with donor cells still
detectable 12 weeks after a single infusion (63).

The high rate of EBV-specific T-cells in seropositive healthy
subjects facilitated the short-term release of potentially effective
cell products, although the available clinical data are still limited.
Interferon-gamma surface capture with immunomagnetic
separation, allowing the recovery of both CD4 and CD8 VST,
has been the favorite technique to retrieve short-term, donor-
derived, EBV-reactive T-cells (117). Unfortunately, response to
cell therapy appears to be limited to patients with less clinically
advanced PTLD, with durable PTLD control being related to
early in-vivo expansion similar to DLI (117). The selection
technique through virus peptide bound to HLA class I
multimers has been developed also for the selection of EBV
specific CD8+ lymphocytes, but clinical data are still
awaited (118).

Most of the available data derive from VST obtained
through ex-vivo stimulation of donor lymphocytes with EBV
infected lymphoblastoid cells. The largest series report
favorable outcomes both when VST was used as treatment,
with 11/13 patients achieving a response and when used as a
preventive measure, with none of 101 treated patients
developing PTLD. No new acute GVHD was recorded, and
only 5.7% of patients experience grades I–II GVHD
relapse (113).

In the specific setting of EBV, preliminary data have been
reported about the generation of resistance to calcineurin
inhibitors in virus-specific CTL (80, 119).
Frontiers in Immunology | www.frontiersin.org 8235
A subsequent step has been the development of EBV-specific
cytokine-induced killer (CIK) cells, with a patient affected by
VST-refractory PTLD being the first reported case. Unstimulated
original donor mononuclear peripheral cells were expanded in
the presence of interferon-g, anti-CD3, IL-2 and IL-15, and
pulsed with a commercial “EBV-select” peptide pool. CD3
+CD56− cells, mainly CD8+, accounted for 89% of the cells in
the final product, with the remaining being represented by CD3
+CD56+ cells. CD3− CD56+ NK were almost undetectable. In
the treated patient, a single EBV-specific CIK cells infusion
achieved complete and durable resolution of a multi-resistant
PTLD, with specific CIK cells being detectable until 30 days after
the infusion (120).

Adenovirus
Adenovirus (ADV) infections are a relevant cause of morbidity
and mortality in HSCT patients, with pediatric patients and
patients receiving highly manipulated or mismatched HSCT
being at a particularly elevated risk (121, 122).

Adenovirus requires post-transplant viremia monitoring.
Monitoring of ADV-specific lymphocyte recovery has also
been proposed for many years, at least in the setting of
pediatric high-risk transplantation (122), with ELISPOT being
the favorite method. The aim of this strategy is to identify in
advance patients requiring treatment with donor-derived ADV-
specific T-cells, although the real benefit of monitoring has also
been questioned (123). Failure of developing ADV-specific T-
cells has been reported as a rather common problem, frequently
associated with the appearance of ADV viremia/infection (124).

Adoptive Immunotherapy
Delivery of allogeneic ADV specific T-lymphocytes seems to be a
reasonable way of treatment in patients with severe and/or
refractory ADV infection (Table 4). Some specific ADV-
related problems have been identified. With rare exceptions,
ADV-specific T-cells account for a small proportion of total
TABLE 3 | Adoptive immunotherapy for PTLD treatment.

References Type of
study

N. of
patients

Type of
transplant

Donor Technique Tim to
manufacturing

Time and dose Purpose Outcome GVHD

Moosmann
et al. (112)

Unspecified 6 Hetrogeneous Original
donor

Stimulation with
EBV Antigens

Overnight 0.4-9.7*10e4/kg,
according to need
wihin 100 days

Refractory
PTLD,
therapeutic

3/6 PTLD
remissions

No

Doubrovina
et al. (109)

Unspecified 30 Mostly HLA
matched

Original
donor

DLI 0.2-1*10e6/kg,
clinical need

Biopsy
proven
PTLD,
therapeutic

73%
remissions

17%

Doubrovina
et al. (109)

Unspecified 19 Mostly HLA-
mismatched

Original
donor 14
and third
party 5

Culture with 28-35 days 1*10 e6/kg, clinical
need

Biopsy
proven
PTLD,
therapeutic

68%
remissions

No

Heslop
et al. (113)

Unspecified 101 Mostly HLA-
matched BM

Original
donor

Culture with virus
activated
lymphoblastoid
cell

28 days 1*10e7/sqm Prophylaxis
in high risk
patients

No PTLD 7/101
grade I-II
recurrence

Heslop
et al. (113)

Unspecified 13 Mostly HLA-
matched BM

Culture with virus
activated
lymphoblastoid
cell

28 days 1*10e7/sqm Therapy of
biopsy
proven
PTLD

11/13
remissions

1/13 low
grade
recurrence
Janua
ry 2021 | Volu
me 11 | Arti
cle 569381

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Annaloro et al. Viral Infections in HSCT

Frontiers in Immunology | www.frontiersin.org 9236
lymphocytes even in reactive donors, therefore requiring ex-vivo
expansion to achieve count suitable for clinical purposes (126).
Moreover, failure to retrieve ADV-specific cell in up to 20% of
donors (127) frequently forces to use third party cells, generally
from haploidentical related donors. Finally, failure to achieve a
sufficient ex-vivo cell expansion from donors with baseline ADV-
reactivity is an uncommon but well-established additional
problem (62). A further matter of concern is the imbalance
favoring CD4 on CD8 T-cells (128) and the low representation of
central memory cells in the expanded T-cell population (126).

Apart from some attempts to generate ADV-reactive cells in
the setting of multi-virus T-lymphocytes products (129), many
attempts have been made in order to solve the abovementioned
ADV-specific issues. Anticipating the delivery of virus-specific T-
lymphocytes in a preventive approach is an option, with the
consequent disadvantage of a larger number of patients treated
and exposed at risk of developing GvHD (62). The CAR-T
technique has also been proposed to generate T-lymphocytes
with double anti-CD19 and antivirus specificity, to treat B-cell
ALL patients at high risk of both relapse and of virus infection
(111). To overcome the problem of the lack of baseline and ex-vivo
ADV-reactivity, transfer of T-cell receptor has been successfully
performed, both in alpha/beta and in gamma/delta T-lymphocytes
(127). With regard to the duration of response, third party ADV
specific cells have been detected two months after infusion (62),
whereas the limited proportion of CD45RA-/CCR7+ central
memory cells achievable may be due to a weak effectiveness of
the commonly used IFN-g-based immunomagnetic selection
system, claiming for the development of alternative selection
techniques (130). A possible alternative could be the generation
and expansion of ADV-specific T-cells from naïve donor
lymphocytes; preliminary data are available on UCB, but no
further development has been so far reported (82).

With these premises, two phase I/II clinical trials have been
conducted on HSCT recipients (75, 131). In the former, IFN-
gamma immunomagnetic selected anti-ADV T-lymphocytes
from HSCT donor or third party haploidentical donor were
administered after short term ex-vivo expansion to patients with
refractory ADV infection. Manufacture failure occurred for 3/14
patients. CD4+ cells accounted for the vast majority of infused
cells and virus clearance was achieved in 10/11 treated patients,
with anti-ADV activity being detectable up to 90 days. GVHD
risk was acceptable (75). The second trial followed the approach
of previously collecting HSCT-donor-derived lymphocytes,
either from mobilized PBSC or from lymphocyte apheresis and
administering ADV-specific lymphocytes as a pre-emptive
treatment. Again, failure to retrieve a suitable number of
ADV-specific cells was reported in a substantial proportion of
cases. All of the eight patients receiving ADV-specific cells as
pre-emptive therapy achieved viral clearance. Grade II GVHD
occurred in 1/8 patients (131).

HHV6
HHV6 reactivation occurs in up to 50% of patients undergoing
HSCT, showing a quite heterogeneous clinical counterpart
ranging from asymptomatic carrier to severe end organ
disease, with pediatric and UCB recipients being at the highest
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risk of severe complications (132, 133). The available therapeutic
resources are far from being optimal, thus requiring
development of further strategies.

Monitoring of viremia is commonly performed, especially in
pediatric and in high risk HSCT (132–134). Conversely,
monitoring HHV6 specific immune recovery has not been
widely implemented. In a recent paper, a CD8 response against
multiple HHV6 antigens was demonstrated by means of ex vivo
HLA-multimer staining techniques, even though with the
weakness of being HLA restricted and able to identify only
CD8 T-cells (135).

Little is known about possible specific donor/recipients
related factors affecting the HHV6 viral reactivation risk. A
significant relationship between HHV6 CNS involvement and
HLA class I genotype has been described, notably HLA-
B*40:06 (136).

With regard to adoptive immunotherapy, predominantly
multi-virus products have been used; HHV6-specific T-
lymphocytes account for a scant minority of total lymphocytes
in normal subjects, making ex-vivo expansion mandatory in
order to achieve a sufficient number of T-lymphocytes.
Gerdemann et al. reported the “short term” production of
multi-specific anti-virus CD4+ and CD8+ lymphocytes starting
from single-collection of mononuclear cells, stimulated with a
viral-derived peptide mixture, in the presence of Il-4 and IL-7
(114). The multi-virus product was subsequently tested clinically
in a miscellaneous group of HSCT recipients and produced a
94% response rate, with acceptable toxicity. The same group
subsequently reported the possibility of producing HHV6-
specific cell products (115). The final development was the
inclusion of HHV6 specificity in an “off-the-shelf”, multi-virus
T-lymphocytes program: this strategy has the advantage of
storing ready to use third party T-lymphocytes products,
overcoming the time limitation of ad hoc prepared cell
concentrates. In a phase II study, a 67% response rate was
observed in a limited number of HHV6 reactivation (62).

BK Virus
BK viremia and viruria are common in HSCT recipients and are
routinely monitored; BK positivity is frequently found also from
the feces, suggesting that gastrointestinal mucosa may be an
additional site of virus latency (137). It was found that in the
early post-transplant phase, BKV-specific CD4 recovery was
more common in patients without BK viruria. Conversely,
beyond the sixth month after transplant, virus specific CD4
recovery was more frequently detected among patients with
BKV viruria. Specific CD8 recovery occurred later and less
frequently than CD4 one, and were more common among
patients with BKV viruria. Differences were disclosed between
CD4 and CD8 specific lymphocytes, as a naïve or CM phenotype
accounted for a considerable proportion of CD4, whereas
detected CD8 showed a predominant TEMRA phenotype (138).

Due to the severity of hemorrhagic cystitis, the use of CTL can
be considered as an important therapeutic option.
Unfortunately, BKV specific lymphocytes are present in low
concentration even in reactive normal subjects (139). BKV is
therefore generally among the target of broad-spectrum antiviral
Frontiers in Immunology | www.frontiersin.org 10237
T-lymphocytes, and HC is among the indications of this
therapeutic strategy (65). Nonetheless, specific anti-BKV T-
lymphocytes can be selected by cytokine capture system and
have been sometimes successfully delivered (139). Preliminary
data on a phase II study have been presented about delivering of
BKV-specific T-lymphocytes for the treatment of HC. In spite
of the rather positive results, the study suffers the limitations of
excluding patients with active GVHD. Moreover, CTL had been
previously expanded from suitable random donors in order to
avoid the risks of time to manufacturing and of failing to retrieve
a sufficient number of lymphocytes (140).

JC Virus
The data about monitoring and immunotherapy of JC infection
are rather limited. JC virus is among the viruses whose DNA
monitoring, both in urine and in peripheral blood is
recommended (141). Investigating the appearance of anti-JC
CD4+ and CD8+ lymphocytes through ELISPOT is feasible,
with an underlying AML diagnosis and recipient age being
reported as risk factors negatively linked to the establishment
of an antiviral status (141). Donor derived VST can be produced
after stimulation with viral proteins, and have been sometimes
successfully delivered for the treatment of refractory PML (142).
Data in HSCT setting, however, are missing.

Conclusion
The almost totality of the studies about the management of viral
infections after HSCT deal with DNA viruses, and most of them
are addressed to CMV and EBV. Monitoring of virus specific
immunologic recovery and adoptive immunotherapy is the best
explored issues. On both fields, tetramer selection and magnetic
immunoselection have proved to be the most promising
approaches, each with specific pros and cons and without
clear-cut evidence favoring one of the two. Monitoring of
specific immune recovery allows an optimization of the
therapeutic approach.

As for adoptive immunotherapy, the use of donor-derived
lymphocytes is likely the optimal approach. However, in the
setting of unrelated donor, it can be either troublesome if an
additional leukapheresis is required in a “on demand” approach,
or resource-wasting if lymphocyte collection is planned at the
time of HSC harvesting. Moreover, donor lymphocytes may be
unavailable. In any case, the outcome after delivering third party
lymphocytes can be regarded as positive. Irrespective of the
source, time to manufacturing is not a limitation in CMV and
EBV, where large amounts of VST are easily retrieved, thus
favoring an approach based on clinical needs.

The main matter of concern is the complex relationship
between adoptive immunotherapy and GVHD. GVHD, either
de novo or as flare up, is the most feared consequence of
lymphocyte therapy; on the other hand, tapering of
immunosuppression is a common measure in an attempt to
control virus reactivation, further increasing GVHD risk in case
of subsequent adoptive immunotherapy. Conversely, patients
with active GVHD, notably on corticosteroids therapy, are
generally excluded in clinical trials, thus ruling out the most
troublesome patients and artificially reducing the impact of
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GVHD on the outcome of cell-therapy and viral diseases. Large
scale availability of VST resistant to immunosuppressive agents
is an expected development in order to allow clinical trials to be
conducted also in patients with GVHD.

Lack of spontaneously retrievable virus-specific lymphocytes
in healthy subjects, the possible failure to expand even available
lymphocytes and the time required to achieve a suitable cell
product, build up major limitations to immunotherapy in DNA
virus infection other than CMV and EBV, even if a third party
donor is selected. In these cases, an “off the shelf” and a pre-
emptive clinical approach are favored. The availability of VST
resistant to immunosuppressive agents is a need shared with
CMV/EBV infection. A possible remedy to the failure of
expanding VST for viruses other than CMV/EBV might be the
engineering of TCR, as outlined in the ADV paragraph. Concern
can be raised as to immunologic escape and vector-
related events.

In spite of the evidence favoring adoptive immunotherapeutic
in refractory viral infections, the available data seem to outline an
approach based on local policies rather than on widely accepted
strategies. Lack of clinical trials in patients with GVHD, that
marks a difference with real life practice, may be a
partial explanation.

Unfortunately, little is available on the issue of improving
virus-specific immune recovery. The attempt at developing active
immunotherapy strategies has led to questionable results at best.
Relying on these data, this approach can be hardly regarded
as promising.

In spite of its potential benefit and possible future
developments, adoptive immunotherapy remains still a
resource-wasting, cumbersome strategy, not devoid of toxicity.
Its popularity seems to cover the lack of reliable alternatives. The
availability of more effective anti-viral agents is probably the
main unmet requirement.
VIRUS AS IMMUNE RECONSTITUTION
BIOMARKERS

There has been historically great interest in finding good markers
of immunologic recovery post HSCT with the final objective to
personalize and optimize patient management. Based on the
reported experience in solid organ transplantation (SOT),
Torque Teno Virus (TTV), a single stranded DNA virus of the
Anellovirus family (143, 144), has been studied as a possible non-
pathogenic marker of immunocompetence. It can be retrieved
from multiple biologic fluids in up to 100% of healthy subjects
and is now generally considered as a component of the human
virome (145), replicating in many organs and tissues, including
T-lymphocytes; at the same time, TTV viremia is controlled by
the presence of normally functioning T-lymphocytes (146). The
characteristics of TTV are rather unique and may offer a novel
instrument enabling to “measure” the immune function, beyond
the limits of simple cell counts. In SOT, immunosuppressive
drugs were associated to higher levels of TTV viremia whereas
graft rejection is heralded by a decrease in DNA copies (147,
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188). Confounding findings may be the less pronounced increase
in TTV viremia in patients receiving sirolimus, possibly
attributable to some anti-viral activity of m-TOR inhibitors
(149), and the decrease in TTV DNA in patients receiving
ATG, due to transient lack of substrate for viral replication
(150). The data on SOT enabled other groups to investigate TTV
as a marker of immune function in HSCT recipients, where the
matter is made more intriguing by the complexity of the immune
reconstitution process. Albert et al., retrospectively, and
Wohlfarth et al., prospectively, observed a decrease in TTV
DNA after delivery of conditioning regimen as a marker of
lymphopenia, and its progressive increase along with lymphocyte
recovery (151, 152). In both studies, the limited size of the series
and the short period of observation (12 months) did not allow a
correlation with the main clinical HSCT endpoints to be
thoroughly looked for. More recently, a relationship has been
suggested between the failure to clear TTV and major HSCT
complications such as CMV reactivation (153) and GVHD (154).
TTV viremia kinetic was then determined on a large series of
HSCT recipients and analyzed in multivariable analysis: failure
to clear TTV was linked to CMV, GVHD and unrelated donor,
with patients bearing higher day 100 TTV levels showing a worse
survival and a higher risk of severe aGVHD. The relationship
between T-cell depletion and TTV is far from being disclosed,
and available preliminary data open the question of whether a
more accurate assessment of immunocompetence could be
possible by TTV rather than by mere lymphocyte (155).

The ever-widening spectrum of treatments encompassed
under the heading of HSCT makes the task far more
troublesome than in the case of SOT.
EFFECTS OF VIRUSES ON IMMUNOLOGIC
RECOVERY AND HSCT OUTCOME

On the other hand, viruses remain one of the most acknowledged
factors influencing or even remodeling immune recovery after
HSCT, interfering with its outcome. Most of the available data in
this field comes from CMV.

CMV and Post-Transplant Immune
Reconstitution
Historically CMV reactivation was associated with proliferative
impairment in T lymphocytes of HSCT recipients (156), but
more recent papers showed that these patients had faster CD8+
recovery (157). The simple CMV serological status seems to
influence immune recovery, with D−/R+ status causing an
increase in IFN-g producing CD8+ lymphocytes and a
reduction in multifunctional ones (39). Higher day 100 total
CD8 counts were seen both in CMV seropositive and in CMV
reactivators, especially after BM transplants (158). Itzykson et al.
described that the mere CMV seropositivity, irrespective of CMV
reactivation, resulted in a predominant recovery pattern,
characterized by early CD8+ and late B-lymphocyte recovery;
effector memory and late effector memory cells accounted for the
majority of CD8+ lymphocytes, with the pattern being linked to
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a higher NRM (159). The burst of effector memory CD8+ after
CMV reactivation had been observed up to one year in a
pediatric series, with later central memory and naïve cell
recovery after two years (160). In adults the expansion of
effector memory CD8+ led to limited width repertoire and
contraction of naïve T-cells, both CD4 and CD8, even in long
term after transplant, with the hypothesis that the expansion of
anti CMV-specific CD8 depresses the normal reactivity of the
involved compartment (161). This difference seems to be
attributable to immune aging, since very old CMV positive
non-transplanted subjects exhibit a similar pattern of shrinkage
of the T-cell repertoire (162).

Early expansion of NK after different kinds of HSCT has been
diffusely described (163). Viral reactivation/infections seem to
drive early (day 30) NK proliferation in the setting of T-repleted
HSCT (164). CMV has been linked to distinct features of NK
response. After CMV reactivation, NK preferentially express the
activating NKG2C receptor instead of the inhibitory NKG2A,
and the inhibitory “killer immunoglobulin-like receptor” (KIR)
(165). The opposite does not work since NKG2C+ NK cell count
does not predict CMV reactivation, at least in adults (166).
NKG2C+ NK cells show a six-fold lower affinity with HLA-E
bound proteins than NKG2A+ ones (167). The HLA-E bound
CMV UL40 peptide has been shown to drive selectively the
NKG2C+ NK clonal-like expansion and differentiation (168).
KIR instead interacts with epitopes of conventional first-class
HLA antigens, notably HLA-C. Among KIRs, KIR 2DL2/3
(CD158b) reacting with HLA-C1 is significantly more
frequently expressed on NK in CMV positive recipients (159).
After the challenge with CMV, NK modify their CD56 positivity
from bright to dim and acquire CD57 positivity as a marker of a
“memory” adaptive phenotype. CMV-shaped NK react releasing
a burst of gamma-interferon to further challenge through HLA-E
bound peptides, with the aim of protection from further CMV
reactivation (169). Thus, in these patients, a unique KIR
expressing CD56+CD57+NKGC2+ CD8+ T-cell subpopulation
may be an additional marker of CMV-driven immune recovery
after HSCT (170). In a study on cord blood recipients, CD56
(dim)KIR+ NKG2A-cells were the expanding NK population,
without detectable NKG2C cells. Possible relevant differences are
hence disclosed between an adult donor and a naïve immune
system (163). The difference between adult and cord blood
HSCT is underscored by an additional study failing to disclose
a rapid adaptive CMV-induced NK cells in UCB recipients, late-
occurring only in patients with high viral load (169). In
experimental animal models, CMV proved to be the driver of
the adapted NK response and adapted NK proved to be effective
in clearing CMV at virus re-challenge, as could be hypothesized
from clinical studies (171). The wide heterogeneity of HSCT
settings and some contradictory results (46) raise the question as
to whether CMV-linked features of NK response are invariably
to be expected after every type of HSCT. For example, on a series
of MUDHSCT recipients, a significant increase of NK bearing an
adapted phenotype was limited to cases where BM was the stem
cell source (158). Bigger and more homogeneous studies need to
be carried out to elucidate better these interactions.
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Further hallmarks of CMV reactivation are large granular
lymphocytes (LGL) and gd T-cell expansion. LGL increase is a
late phenomenon, peaking beyond one year after HSCT; the
expanded population bears a CD8+ phenotype and poses
questions as to its biological significance, since monoclonal
TCR rearrangement can be observed in a substantial
proportion of cases. In spite of long-term persistence of
restricted LGL in a minority of cases, the available data point
out to a reactive rather neoplastic nature (172). gd T-cell
expansion in characteristically confined to the Vd-2-
compartment, with possible effects on the susceptibility to
infectious complications (173). Differently from normal adults,
T-gd proliferation in HSCT recipients presents an adaptive
pattern primarily shaped by CMV, including the proliferative
potential after re-challenge (174).

CMV and Transplant Outcome/GVHD
It is of much interest to use all these data regarding anti-CMV
immune response to understand possible interfering
mechanisms with immunological aspects of HSCT. Apart from
the direct infectious risk, in fact, the relationships between CMV
reactivation and outcome of HSCT are not univocal and are still
debated. CMV exerts a deep influence on immune recovery,
bearing the potential of interfering with the main determinants
of HSCT outcome, as engraftment, GVHD, NRM and relapse of
the underlying disease. One example is that D−/R+matching was
postulated to lead to the proliferation of recipient CD8, which
can jeopardize donor immune recovery and the achievement of
full donor chimerism (175, 176). An increase in NRM has been
commonly reported as a consequence of CMV on HSCT
outcome (177–179) and of CMV-driven immune recovery
profile (159), of course, at least in part, due to the morbidity
and mortality linked to the CMV infection per se.

The question about GVHD is more intriguing and less
elucidated. GVHD is an obvious risk factor for CMV
reactivation, but whether CMV accounts for an increased risk
of GVHD is more controversial. Bidirectional relationship
between acute GVHD and CMV have been extensively
described (179, 180) but the underlying causative factors
remained speculative. The cross-reactivity between CMV-
specific T-cells and host allo-antigens is the most appealing
link between CMV and GVHD (181, 182), but the question in
still open (31). The CMV-related imbalance in T-reg recovery
has been claimed to explain the increased GvHD (183). Virus-
related overexpression of mismatched class I, mainly HLA-C
(170), and class II, mainly HLA-DPB1 (181), may play a role in
settings other than HLA-identical HSCT, considering also HLA-
DPB1 is not considered in defining a 10/10 matched unrelated
donor. As for non-conventional class I HLA antigens, it has not
been thoroughly investigated. No data are available about a
possible under-expression of the immune-regulatory HLA-G
by CMV, as documented after HSV reactivation (184). Some
indirect evidence can be instead drawn from HLA-E expression.
HLA-E shows a low degree of polymorphism, with the majority
of the human population having either HLA-E*01:03 or HLA-
E*01:01, with HLA-E*01:01 being linked to an increased risk of
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both GVHD and disease relapse. As previously mentioned, HLA-
E bound peptides interact with NK through the inhibiting
NKG2A and the activating NKG2C receptor, but HLA-E is
also recognized by T-cell (167). The complex network
connecting CMV, HLA-E expression, peptide binding and NK
activation (167, 182) may elicit a T-lymphocyte reaction, notably
in a context of HLA-E*01:01mismatch.

Along with the appearance of papers underscoring the
negative effect of CMV reactivation/infection on the outcome
of HSCT, a parallel literature points out to its possible beneficial
effects. As the detrimental activity was mainly related to an
increase in NRM, the potential benefits included a lower risk of
relapse and a better disease-free survival (DFS). In 2006, a
significant survival benefit had been demonstrated for HSCT
recipients experiencing CMV reactivation but not disease (185)
Explanations to this observation were speculated to be through
protection from relapse by CMV-induced pseudo-clonal
proliferation and “memory”-like adaptation of NK cells (165)
and through an increased graft versus leukemia (GVL) effect
through CMV-conditioned NK cells (170). Most of the research
has been progressively focused to the target CMV and DFS in
AML patients. Positive CMV antigenemia significantly reduced
the risk of relapse in AML patients but the advantage in DFS was
counterbalanced by an excess in NRM, confirmed also in an
EBMT survey (177–179). In multivariable analysis, CMV-
reactivation proved to be among the independent variables
predicting a better DFS in AML patients, with simultaneous
CMV-reactivation and chronic GVHD being associated to a
highly significant advantage in terms of survival (186).
Considering only transplants in first CR, the DFS advantage
overrode the worse NRM, thus leading to a balance significantly
favoring CMV reactivators (187), with greater net benefit to be
expected in patients receiving T-cell repleted grafts (188). Some
more insights can be derived from haploidentical HSCT, where
the rate of CMV reactivation is notably high. In this setting, the
presence of one or more class I MHC genotypes, characterized by
a higher efficiency in presenting CMV antigens, had been linked
to a lower relapse and non-relapse mortality rate without an
excess of GVHD (189), also in multivariable analysis (31).

To sum up, the above data suggest that CMV reactivation
may somewhat reinforce a GVL effect in the setting of HSCT,
especially in AML patients. The benefit, if any, has to be
attributed to its remodeling effect on immune recovery. In
order to offer a satisfactory explanation of this phenomenon,
the main attention has been driven by the NK activation and by
the gd lymphocytes expansion, although the available evidence is
far from having thoroughly clarified the issue. CMV-induced
adapted CD56(dim)CD57+NKG2A-NKG2C+KIR+ NK
population may react against proteins bound to HLA-E
bearing leukemic blasts; the switch from the more selective
inhibitory NKG2A to the activating NKG2C in CD57+ NK
may exert a key role (190). On the more restricted field of
mismatched and haploidentical HSCT, the missing self-antigen,
perceived by the inhibitory KIRs, as HLA-C sensing KIR 2DL2/3,
could trigger an adapted NK reaction against the HLA
mismatched leukemic cells (191). As said before, gd T-
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lymphocytes proliferating compartment is invariably the Vd-2-
one. This increase in Vd-2- gd lymphocytes resulted as a
favorable predictor of post-HSCT DFS in acute leukemia (192).
Lastly, cross-reactivity was preliminarily disclosed between CMV
and leukemic cells (193), with need for further evidence
supporting this.

Other Viruses and Transplant Outcome
In spite of the outmost interest raised by PTLD and adoptive
immunotherapy, the data about EBV reactivation and post-
HSCT immune recovery are rather scant. Viral load has been
reported to impair generically both B- and T-cell recovery (194,
195). The expansion of CD8+ effector memory cells,
characteristically related to CMV, has not been observed after
EBV and ADV reactivation (196). A proliferation of gd T-
lymphocytes, bearing analogy to CMV reactivation, has been
described (197), but other investigators were not able to confirm
these data (198). An increase in double negative T-lymphocytes
has been linked to EBV re-activation (199). Surprisingly, and
somewhat similarly to CMV, EBV reactivation without PTLD
was linked to earlier NK recovery and better survival, mainly
attributable to a lower relapse rate, irrespective of the type of
transplant (200). These data are however more explained by
Minculescu et al. findings, linking generically early NK
proliferation to viral infection and higher NK counts to lower
TRM (164). The lines of immunologic evidence linking CMV
reactivation to AML control are lacking in the setting of EBV. In
a study linking acute and chronic GVHD to CMV reactivation,
the authors failed to demonstrate any relationship between EBV
reactivation and GVHD (196).

Even fewer is known about the specific effects of other viruses.
An old observation linked HHV-6 reactivation to persistent
post-HSCT lymphopenia (201). The same authors linked an
impaired anti-CMV immune response to HHV-6 reactivation
(202). In line with these data, Quintela et al. described delayed T-
cell recovery and increased risk of CMV infection in patients
reactivating HHV-6 (133). Higher HHV6 viremia, in a pediatric
series, seemed to hamper long term T-cell reconstitution, both
CD4 and CD8, whereas the effector memory compartment
resulted unaffected, suggesting less impairment of short term
immune recovery (203). Clinically, HHV6 reactivation occurs in
about 50% of HSCT recipients, with higher risk of acute GVHD
and NRM and worse OS, both in pediatric and in adult series
(204–207). These effects seem stronger in MAC transplant (207–
209) and in UCB (133). Due to the lack of specific researches, the
possible relationships between HHV6, acute GVHD and HSCT
outcome, are merely speculative (210).

A relationship was found between Herpes simplex early
activation, presence of the POL herpetic antigens in the skin
and GVHD; according to the authors, virus-induced activation of
dendritic cells could have exerted a key role (211). Moreover,
Herpes simplex causes a lower expression of HLA-G on
endometrial decidual cell; HLA-G immune-inhibitory effect
may play a role in maternal-fetal tolerance during pregnancy;
speculatively at least, these data may account for another link
between Herpes simplex and GVHD (184).
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In spite of its relevance in pediatric HSCT, little is known
about the relationships between adenovirus and immune
recovery, apart from a generic report of delayed T- and B- cell
reconstitution (212). Little is known also about the effects of
ADV infection and HSCT outcome, apart from the mortality of
the viral disease per se. A single study pointed out to ADV stool
positivity as a risk factor for intestinal acute GVHD (213). More
generally, DNA virus infections have been associated to worse
HSCT outcomes (214), with only scant evidence suggesting a
protective role against AML relapse after viral infections other
CMV (187).

Conclusion
Even more than in the management of virus infection, precise
and definite data on the interference of viruses with immune
recovery after HSCT are lacking and are mainly restricted to the
CMV issue. The reported investigations point out to the potential
of CMV, and marginally of other DNA viruses, of shaping
immune recovery, although the results are not univocal and do
not encompass the wide spectrum of transplant-related variables
and complexity.

There is some concordance as to the fact that CMV may
increase GVHD risk and possibly the risk of other infectious
complication, thus worsening NRM and OS. Apart from possible
homologies between viral and human sequences, the evolution
from sibling to MUD, to HLA mismatched HSCT, calls
progressively for a study of the role of non-conventional and
conventional MHC mismatches as a link between CMV immune
response and GVHD.

According to other report, CMV could decrease the risk of
baseline disease relapse, at least in the setting of AML, possibly
also involving some of the pathways linking CMV to GVHD. It is
debatable whether this eventually translates into an advantage or
a reduction in survival. Underlying diagnosis, donor selection,
conditioning regimen and type of transplant give rise to multiple
combinations with different GVHD, relapse and infectious risks,
thus offering some explanation for contradictory results.

Investigations on the effects of other viruses on immunologic
recovery and HSCT outcome are warranted and can be expected
to disclose relevant issues in the management of HSCT patients.
HSCT AS IMMUNOTHERAPY IN VIRAL
INFECTIONS

Despite viruses being one of the main complications of HSCT,
HSCT was used to try and cure some viral illnesses through
exerting an immunotherapeutic effect, at least in some selected
viral infections.

HIV
In 2009, the case was reported of a HIV patient undergoing
HSCT from a CCR5 Delta32/Delta32 donor, who achieved long
term HIV-free survival, lasting over anti-retroviral therapy
(ART) discontinuation (215). The persistence of remission was
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confirmed at longer follow-ups of the same patient, commonly
known nowadays as the Berlin patient (216). Moreover, HIV was
not found anymore in any biological samples of the patients and
the antibody response weaned over time which was interpreted
as an additional proof of recovery (217). A possible explanation
for the Berlin patient outcome could be the natural HIV
refractoriness of the donor. Although CCR5 Delta32/Delta32 is
present in about 1% of the general population (70), only one
more documented case of HSCT from a CCR5 Delta32
homozygous donor, has been reported in a HIV patient; HIV
viremia became undetectable but the patient died of his
underlying lymphoma, thus hindering any evaluation of long-
term post-transplant outcome of the HIV infection.

Beyond the above considerations pointing out to HSCT cure
as a fortuitous event in HIV, some evidence seems to show an
intermediate outcome in other HIV patients after HSCT. A deep,
progressive reduction in HIV reservoir was observed in a small
series of long-term survivors after HSCT from wild-type CCR5
donors (218). Similar results were reported in other small series
or case reports, with anti-HIV response lasting over ART
discontinuation and sometimes ending into an acute viral
rebound phase, suggesting some kind of immunologic escape
(219, 220). As a whole, these data seem to account for a graft vs-
HIV effect (208) and enabled to look for immunologic strategies
to improve post-HSCT HIV control (70). Patel et al. raised and
expanded in vitro HIV-specific T lymphocytes from HIV-naïve
healthy donors. Anti-HIV T-lymphocytes reacted in vitro against
different viral epitopes. Interestingly, most of the CD8
lymphocytes exhibited a CD45RA− CD62L− effector memory
phenotype, similar to what happens after challenging with other
viruses, such as CMV. A proportion of CD45RA− CD62L+
central memory cells was also obtained, possibly more capable
of long term disease control (70). More recently, the same group
reported the possibility of producing GMP-compliant HIV-
specific T-lymphocytes with wide viral epitope recognition and
high in vitro activity. Again, effector memory cells accounted for
the majority of CD8 lymphocytes, still with a minor proportion
of central memory phenotypes (221).

HTLV-1
HSCT has been proposed and currently performed as possible
curative approach to another retrovirus, HTLV-1, etiologic agent
of adult T-cell leukemia/lymphoma (ATLL) (222). According to
non-recent data, the retrovirus HTLV-1 infects about twenty
million people worldwide, mostly in East Asia (223), with <5% of
them eventually developing ATLL (224). The viral trans-
activator TAX plays a central role in the virus-related
oncogenesis by exerting multiple deregulatory activities on key
genes involved in T-cell homeostasis (222). The clear-cut
relationship between virus and neoplasia and the deriving
possibility of controlling ATLL through an effective GVL
targeting virus specific antigens confer unique features to
HSCT in this indication. HTLV-1 bZIP factor has been
proposed as a possible target of immunotherapy. Patients
affected by ATLL and asymptomatic HTLV-1 carriers exhibit
tolerance towards this viral antigen as testified by the lack of
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reactive T-lymphocytes. Conversely, donor derived immune
system after HSCT does express bZIP specific CD4+ T-cells,
thus bearing the potential of targeting virus infected cells (225).
The matter concerning TAX is more trivial, since TAX is not
always expressed in ATLL cells, and sometimes the appearance
of TAX expression seems to herald some kind of immune escape
and an overwhelming relapse (224). Conversely, donor derived
TAX-specific viral specific T-cells are found in the setting of
HSCT (226), and have proved to be effective and long lasting in
inhibiting HTLV-1 infected cells both in-vivo and in vitro (227).
The experience with HSCT has given rise to alternative strategies,
in order to overcome HSCT itself and the related risks. In
particular, creating autologous TAX-specific viral specific T-
cells, via a TAX-directed “vaccine” has been hypothesized
(226–228).

Other Viruses
Lastly, the issue of HSCT as an immunotherapy in T/NK EBV-
related lymphoproliferative disorders deserves some remarks. In
immunocompetent subjects, EBV proliferation in T/NK cells
may cause a spectrum of diseases ranging from chronic active
EBV infection (CAEBV) to extra-nodal T/NK lymphoma and
NK leukemia (229). CAEBV mainly affects children, and NK/T-
cell leukemia/lymphoma mainly young adults (230, 231). Case
reports and small series propose HSCT as an effective treatment
option in both conditions (229). In this setting, evidence has
been reported of an immunotherapeutic effect exerted by HSCT
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(229, 232) and even of the possibility of improving the outcome
of HSCT through the infusion of donor-derived targeted viral
specific T-cells (233).

Conclusion
The role of HSCT to treat virus-related disease is doomed at
being a marginal one and is mentioned here for the sake of
completeness. Severity of the disease, lack of effective alternative
treatments, and availability of a viral molecular marker exerting a
key pathogenetic role targeted by HSCT are main requirements
to be simultaneously satisfied in order to undergo the otherwise
unacceptable risks of HSCT. Therefore, extension of the
indications beyond HTLV-1 and EBV-related diseases is
unlikely. HIV seems to be a theoretical rather than practical
indication, even if HSCT proved to be feasible in HIV patients
affected by neoplastic diseases.
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27. Ciáurriz M, Beloki L, Bandrés E, Mansilla C, Zabalza A, Pérez-Valderrama E,
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Haploidentical hematopoietic stem cell transplantation (haplo-HSCT) has shown favorable
results in the treatment of hematological malignancies. Despite the use of post-transplant
cyclophosphamide (PTCy), graft versus host disease (GVHD) remains as one of the main
complications in this setting. Since the skin appears affected in up to 80% of cases of acute
GVHD (aGVHD), its prognosis and diagnosis are essential for the correct management of
these patients. Plasma concentration of elafin, an elastase inhibitor produced by
keratinocytes, has been described elevated at the diagnosis of skin GVHD, correlated
with the grade of GVHD, and associated with an increased risk of death. In this study we
explored elafin plasma levels in the largest series reported of T cell–replete haplo-HSCT with
PTCy. Plasma samples drawn from 87 patients at days +15 and +30 were analyzed
(“discovery cohort”). Elafin levels at days +15 were no associated with chronic GVHD, non-
relapse mortality, relapse, therapy-resistant GVHD, or overall survival. In our series, elafin
levels at day +30 were not associated with post-transplant complications. On the other
hand, elafin plasma levels at day +15 were higher in patients with severe skin aGVHD
(21,313 vs.14,974 pg/ml; p = 0.01). Of note, patients with higher elafin plasma levels at day
+15 presented a higher incidence of stage III-IV skin aGVHD (HR = 18.9; p < 0.001). These
results were confirmed (HR = 20.6; p < 0.001) in an independent group of patients (n = 62),
i.e. the “validation cohort.” These data suggest that measurement of elafin in patients
undergoing haplo-HSCT with PTCy might be useful for an early identification of those
patients who are at higher risk of suffering severe skin aGVHD and thus, improve their
treatment and prognosis.

Keywords: haploidentical stem cell transplantation, skin graft versus host disease, prognostic biomarkers, elafin,
high-dose cyclophosphamide
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INTRODUCTION

Haploidentical hematopoietic stem cell transplantation
(haplo-HSCT) has shown favorable results in the treatment
of hematological pathologies (1). Despite the use of post-
transplant cyclophosphamide (PTCy), graft versus host
disease (GVHD) remains as one of the main complications
in this transplant setting (2, 3). The skin is involved in almost
80% cases of acute GVHD (aGVHD), and presentation can
range from a limited maculopapular rash to wide skin
involvement with ulcer formation (4). The diagnosis of skin
aGVHD is based on clinical criteria and may be confirmed by
skin histopathology, however, it has limitations in accurately
differentiating between skin aGVHD and other causes of skin
involvement such as viral rashes or pharmacological reactions
(5). Thus, in the last few years, different biomarkers have
been studied to enable the prognosis and diagnosis of
aGVHD (6–9). One of the most widely studied biomarker
associated with the diagnosis and prognosis of skin aGVHD is
elafin (10).

Elafin, also known as peptidase inhibitor 3 or skin-derived
antileukoprotease (SKALP), is an epithelial protein that is
secreted by keratinocytes in response to IL-1 and TNFa. It is
overexpressed in inflamed epidermis and absent in normal skin.
Paczesny et al. analyzed plasma samples from 492 patients who
received HSCT derived from bone marrow and described
increased elafin plasma concentrations at the onset of skin
aGVHD and its correlation with aGVHD severity. In the
multivariate analysis, elafin levels also predicted non relapse
mortality (NRM) and overall survival (OS) independently of
the area of the skin rash (10). These results could not be
confirmed by other study groups in which no relationship
was found with elafin plasma levels and NRM or OS (8).
Similarly, different groups have shown that tissue elafin is a
useful immunohistochemical marker for the diagnosis and
prognosis of skin GVHD (11, 12). Most of these studies were
performed in HLA-identical or umbilical cord blood–based
allogeneic HSCT. To our knowledge, only one study has been
performed on patients receiving PTCy. Kanakry et al. (13)
explored seven plasma-derived proteins including elafin in 58
HLA-haploidentical and 100 HLA-matched related or
unrelated T cell–replete HSCT. Samples were collected 1, 2, 6,
and 12 months after transplant. High elafin plasma levels were
associated with the occurrence of NRM, but not with aGVHD
development. In this context, our objective was to analyze
plasma levels of elafin at days +15 and +30 after transplant
and to correlate them with complications in a large cohort of
patients who underwent unmanipulated haplo-HSCT with
high-dose PTCy.
PATIENTS AND METHODS

Patient Population
We retrospectively analyzed 110 consecutive patients who
underwent haplo-HSCT between 2009 and 2016 at a single
Frontiers in Immunology | www.frontiersin.org 2252
center (Table 1, “discovery cohort”). We excluded 23 cases,
nine due to death before day +30 (secondary to progression or
sepsis) and 14 due to lack of plasma samples. All 87 patients
analyzed received PTCy 50 mg/kg/day (days +3, +4),
mycophenolate mofetil , and cyclosporine as GVHD
prophylaxis from day +5. Donor lymphocyte infusion (DLI)
was performed in 10 patients who had mixed chimerism
or minimal residual disease detected by molecular or
immunophenotypic methods. Other three patients received
CD34+ selected stem cell boosts.
TABLE 1 | Clinical characteristics of patients and transplants included in the
“discovery cohort” and in the “validation cohort.”

Characteristics Discovery
cohort
n = 87

Validation
cohort
n = 62

p
value

Recipient median age, years (range) 46 (16–66) 45 (20–69) 0.6
Recipient sex, Female/Male, n 25/62 25/37 0.1
Female donor/Male recipient, n (%) 28 (32) 18 (29) 0.6
Donor median age, years (range) 40 (14–68) 35 (14–65) 0.6
Primary malignancy, n (%) 0.2
Acute myeloid leukemia 28 (32) 21 (34)
Hodgkin lymphoma 20 (23) 5 (8)
Non-Hodgkin lymphoma 11 (13) 8 (13)
Acute lymphoblastic leukemia 9 (10) 11 (17)
Myelodysplastic syndrome 7 (8) 9 (14)
Myelofibrosis 3 (3) 1 (2)
Multiple myeloma 2 (2) 2 (3)
Chronic lymphocytic leukemia 2 (2) 1 (2)
Aplasia 1 (1) 3 (5)
Others 4 (5) 1 (1)

Disease risk index, n (%) 0.2
Very high + high 34 (39) 17 (27)
Intermediate 50 (57) 37 (59)
Low 2 (2) 5 (8)
Not apply 1 (1) 3 (5)

Pretransplant disease status, n (%) 0.02
Complete remission 46 (53) 38 (61)
Partial remission 33 (38) 12 (19)
Active disease 8 (10) 12 (19)

Previous autologous transplant, n (%) 28 (32) 11 (17) 0.02
Previous allogeneic transplant, n (%) 10 (11) 6 (9) 0.7
Recipient/Donor CMV serostatus, n
(%)

0.1

Matched 58 (67) 49 (79)
Mismatched 26 (30) 13 (21)
Missing 2 (2) –

Conditioning regimen intensity, n (%) 0.06
Myeloablative* 35 (40) 34 (55)
Reduced intensity conditioning^ 52 (60) 28 (45)

Stem cell source, n (%) 0.01
Bone marrow 10 (12) –

Peripheral blood 77 (88) 62 (100)
CD34+ cell dose infused, × 106/kg,
median (range)

0.01

Bone marrow 3.07 (1.07–4.73) –

Peripheral blood 5.34 (2.24–11.4) 6.8 (3.1–10.3)
Feb
ruary 2021 | Volu
me 12 | Article 5
*Myeloablative conditioning regimen: Fludarabine 40 mg/m2 for 4 days and Busulfan 3.2
mg/kg for 3 or 4 days.
^Reduced intensity conditioning regimen: Fludarabine 30 mg/m2 for 4 days.
Cyclophosphamide 14.5 mg/kg on days −6 and −5 and Busulfan 3.2 mg/kg from day −3
for 1 or 2 days.
CMV, cytomegalovirus.
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To confirm the results obtained from the analysis of the
“discovery cohort,” elafin plasma levels on day +15 were
measured in an independent ”validation cohort” with the same
inclusion criteria. The “validation cohort” included 62
consecutive patients who underwent haplo-HSCT with PTCy
between 2017 and 2019 and from which there was stored plasma
sample available. GVHD prophylaxis was the same as that used
in previous patients. Stem cell source was peripheral blood (PB)
in all cases (Table 1, “validation cohort”).

Definitions
NRM was defined as death not preceded by disease
progression or relapse. Event-free survival (EFS) was defined
as the time from transplantation to disease relapse or
progression, re-transplantation due to graft failure, or death
from any cause, whichever occurred first. OS was defined as
the time from transplantation to death from any cause.
aGVHD and chronic GVHD (cGVHD) were scored
according to established criteria (14, 15). Steroid-resistant
aGVHD was defined as progressive aGVHD after at least 3
days of methylprednisolone (2 mg/kg/day) or if unimproving
grade III-IV aGVHD persisting after at least 7 days of initial
treatment with methylprednisolone.

Sample Collection and Processing
Samples from the 87 patients included in the “discovery
cohort” were collected at days +15 and/or +30 after
transplantation. All patients had at least one sample from
one of the two timepoints. Elafin plasma levels were available
on day +15 in 70 patients and on day +30 in 75 patients.
Results for both plasma samples were available in 58 patients.
Additionally, samples at day +15 were collected from 62
patients from the “validation cohort.” Plasma was obtained
from blood samples by refrigerated (4°C) centrifugation at
2,000 rpm for 30 min in the 2–6 h following extraction.
Samples were aliquoted without additives into cryovials and
stored at −80°C. Elafin was detected using ELISA according
to the manufacturer’s instructions (R&D Systems, USA).
Samples (diluted 1/50) and standards were run in duplicate
and absorbance was measured using the VICTOR2 D
fluorometer™ (multilabel plate reader).

Statistical Analysis
Numerical and categorical variables were expressed as median
(range) and frequency (percentage), respectively. The Mann-
Whitney test was used to compare differences between two
independent variables. The determination of the best cut-off
for elafin levels to stratify patients was derived from receiver
operating characteristic (ROC) curves.

Competing risks were death, relapse, and DLI before +180
for aGVHD.

Univariate analyses were done using the log-rank test for EFS,
and OS and Gray’s test for cumulative incidence. For the
subanalysis carried out to study the relationship between elafin
levels on day +30 and the appearance of aGVHD, those
patients who had presented GVHD before day +30 were
Frontiers in Immunology | www.frontiersin.org 3253
censored. OS and EFS were calculated using the Kaplan-
Meier method. Statistical analyses were performed using SPSS
v18 for Windows (SPSS Inc., Chicago, IL, USA). Cumulative
incidence (CI) rates were calculated using the statistical package
R ver. 3.3.2.
RESULTS

Baseline characteristics of 87 patients from the “discovery
cohort” who underwent haplo-HSCT with PTCy are detailed
in Table 1. The median follow-up period was 41 months (range,
15–109 months). Median age was 46 years (range, 16–66), and
the most common stem cell source used was PB. CI of grade II-
IV and grade III-IV aGVHD at 100 days was 51 and 14%,
respectively. Likewise, the CI of stage II-IV and III-IV skin
aGVHD at 100 days was 50 and 8%, respectively. Skin aGVHD
has a median time to onset of 36 days (range 15–150 days).
Twenty-four patients presented skin aGVHD before day 30. The
CI of moderate-to-severe cGVHD at 2 years was 10%, and that of
relapse and NRM at 2 years was 27 and 22%, respectively.
Median time between haplo-HSCT and DLI was 253 days
(range 55–645 days). Two-year OS and EFS were 62 and
50%, respectively.

No association was found between median elafin levels and
clinical variables such as age, sex, stem cell source, donor sex,
hematological malignancy, disease status at transplant, HSCT–
associated comorbidity, previous transplant, conditioning
regimen intensity, and number of infused CD34+ cells (data
not shown).

We correlated median elafin levels at days +15 and +30 with
post-transplant complications (Table 2). Median elafin levels on
day +15 and on day +30 were 15,985 (range 843–22,119) and
15,375 (range 3,725–24,393), respectively. Elafin levels at day +30
were not associated with post-transplant complications.
Moreover, we performed a subanalysis in which patients who
presented aGVHD before day 30 were censored. Nevertheless, no
correlation was either found with elafin levels at day +30 (data
not shown).

We did not find a relationship between elafin levels at days
+15 and +30 and the development of therapy-resistant GVHD.

Elafin levels at day +15 were not associated with cGVHD,
NRM, relapse or OS. Instead, at day +15, median elafin levels
seemed higher in patients with grade II-IV and III-IV aGVHD
compared with those without GVHD (17,570 vs. 14,833 pg/ml;
p = 0.46 and 19,324 vs. 14,794; p = 0.1, respectively), with
statistically significant differences in those with severe skin
involvement (21,313 vs.14,974 pg/ml; p = 0.01; Figure 1A).

ROC curve analysis revealed that the best cut-off value for
elafin levels at day +15 for stage III-IV skin aGVHD was 20,373
pg/ml. Patients with elafin levels higher than 20,373 pg/ml at day
+15 presented a significantly higher incidence of stage III-IV skin
aGVHD (HR = 18.9; p < 0.001; Figure 2A). We were unable to
find an optimal cut-off elafin level to stratify patients correctly
regarding development of grade II-IV and III-IV aGVHD (data
not shown).
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Elafin levels at day +15 were significantly associated with
greater CI of stage III-IV skin aGVHD (subdistribution hazard
ratio, SHR = 26.5; p = 0.003). No association was found for the
other variables analyzed (Table 3).

Elafin levels were also analyzed on day +15 in an independent
“validation cohort” (n = 62). Both cohorts of patients were
homogeneous except for the pretransplant disease status, the
proportion of patients who had previously undergone autologous
transplantation, the stem cell source, and the amount of PB
CD34+ cells infused (Table 1). Six patients presented stage III-IV
skin aGVHD. Skin aGVHD showed a median time to onset of 39
days (range 22–78 days). Median elafin levels were significantly
higher in patients with stage III-IV skin aGVHD compared with
those without GVHD (24,067 vs. 12,453 pg/ml; p = 0.001;
Figure 1B).

Patients with elafin levels higher than 20,373 pg/ml at day +15
presented a significantly higher incidence of stage III-IV skin
Frontiers in Immunology | www.frontiersin.org 4254
aGVHD (HR = 20.6; p < 0.001). In addition, all patients with
stage III-IV skin aGVHD had elafin levels on day +15 greater
than 20,373 pg/ml (Figure 2B).
DISCUSSION

Despite the proven efficacy of PTCy as GVHD prophylaxis in
haplo-HSCT, GVHD remains as one of the main causes of NRM
and may have a significant negative impact on the patient’s
quality of life (1). Many different organs can be involved, which
leads to a wide range of clinical manifestations. Skin, gut, and
liver are the major target organs in aGVHD, and therefore the
classic symptoms of rash, diarrhea, and elevated bilirubin levels
strongly suggest the diagnosis. In this context, the skin is
involved in almost 80% cases of aGVHD (12). Cutaneous
manifestations are described as erythematous maculopapular
TABLE 2 | Association between elafin levels at day +15 and +30 and GVHD (acute and chronic), skin GVHD, NRM, relapse, and OS.

Whole cohort (n = 87) Elafin +15 (pg/ml) Median (range) p value Elafin +30 (pg/ml) Median (range) p value

aGVHD II-IV YES

NO

17,570 (4,888–22,120)
n = 37

14,833 (843–21,449)
n = 30

0.46 15,375 (5,254–24,393)
n = 37

14,646 (3,543–22,449)
N = 33

0.53

aGVHD III-IV YES

NO

19,324 (8,961–22,001)
n = 12

14,794 (843–22,120)
n = 55

0.1 9,721 (5,949–22,172)
n = 10

15,039 (3,542–24,393)
n = 60

0.22

GI aGVHD
II-IV

YES

NO

18,546 (9,920–21,336)
n = 13

14,440 (843–22,120)
n = 54

0.1 15,789 (6,922–21,586)
n = 10

14,644 (3,541–24,393)
n = 60

0.8

Hepatic aGVHD II-IV YES

NO

18,007 (8,960–20,382)
n = 5

15,357 (843–22,119)
n = 62

0.77 12,958 (7,893–17,866)
n = 6

14,675 (3,541–24,393)
n = 64

0.47

Skin aGVHD II-IV YES

NO

18,481 (4,888–22,120)
n = 37

14,586 (843–21,449)
n = 30

0.2 14,931 (5,254–24,393)
n = 36

14,675 (3,542–22,449)
n = 34

0.38

Skin aGVHD III-IV YES

NO

21,313 (14,014–22,001)
n = 6

14,974 (843–22,120)
n = 61

0.01* 15,442 (5,949–22,172)
n = 7

14,646 (3,542–24,393)
n = 63

0.9

cGVHD
(moderate and severe)

YES

NO

16,229 (843–20,837)
n = 11

17,082 (4,888–22,120)
n = 47

0.39 16,258 (7,893–21,811)
n = 13

14,643 (3,542–24,393)
n = 49

0.3

Relapse YES

NO

14,190 (7,515–21,449)
n = 19

17,271 (843–22,120)
n = 51

0.29 14,675 (3,542–22,449)
n = 22

15,442 (3,725–24,393)
n = 53

0.87

Non-relapse mortality YES 19,082 (7,475–22,120) 0.19 14,675 (3,542–22,449) 0.16
n = 15 n = 16

NO 16,229 (843–22,001) 0.19 14,278 (4,596–24,393) 0.16
n = 41 n = 41

Status at last follow-up Dead

Alive

14,400 (7,475–22,120)
n = 29

16,229 (843–22,001)
n = 41

0.64 16,393 (3,542–21,949)
n= 34

14,278 (4,596–24,393)
n = 41

0.2
February 2021 | Volume 12 | Article
aGVHD, acute graft vs host disease; cGVHD, chronic graft vs host disease; GI, gastrointestinal; *Statistically significant.
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morbilliform eruptions starting on the face, ears, palms, and
soles. Follicular erythema is a frequent aGVHD early
manifestation, and both erythematous macular and papular
rashes can occur (16). In spite of such signs, GVHD diagnosis
can be confusing since other etiologies such as the drug
hypersensitivity reaction or viral exanthems, can appear with
the same symptomatology. The diagnosis of skin aGVHD is
presently based on clinical criteria and is supported by
histopathology. There is growing evidence about limitations of
skin histopathology for definitive GVHD diagnosis (5, 17). In
this context, in the last decade several biomarkers have been
described in order to improve clinical and histopathological
diagnosis, prediction of disease occurrence, and response to
therapy (6–13). Despite their proven usefulness, they are not
yet part of the routine clinical practice.

Most studies in this regard have been performed on HLA-
identical or umbilical cord blood allo-HSCT. Only one
February 2021 | Volume 12 | Article 51607
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FIGURE 1 | (A) Elafin plasma levels at day +15 in patients from “discovery cohort” with and without stage III-IV skin aGVHD. (B) Elafin plasma levels at day +15 in
patients from the “validation cohort” with and without stage III-IV skin aGVHD.
A B

FIGURE 2 | (A) Cumulative incidence of stage III-IV skin aGVHD according to elafin plasma levels at day +15 in the “discovery cohort”. (B) Cumulative incidence of
stage III-IV skin aGVHD according to elafin plasma levels at day +15 in the “validation cohort.”
TABLE 3 | Univariable associations between elafin levels at day +15 and clinical
variables with stage III-IV skin acute GVHD using the Fine-Gray model.

Variables Skin aGVHD III-IV

SHR (95% CI) p-value

Age >50 years 0.62 (0.12–3.23) 0.5
Female sex 1.03 (0.19–5.43) 0.96
Sorror >3 0.51 (0.09–2.67) 0.4
DRI Very high + high
Previous HSCT

1.14 (0.25–5.08)
1.35 (0.15–11.98)

0.81
0.78

Underlying disease
other than AML 7.86 (0.91–67.39) 0.06
Infused TNC >6 × 108/kg 0.98 (0.19–5.06) 0.98
RIC conditioning regimen 1.67 (0.32–8.66) 0.5
Elafin +15 ≥20,373 pg/ml 26.5 (3.14–223.3) 0.003*
SHR, subdistribution hazard ratio; HSCT, hematopoietic stem cell transplantation; AML,
acute myeloid leukemia; TNC, total nucleated cells; DRI, disease risk index;
*Statistically significant.
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study analyzed haplo-HSCT with PTCy (13). In the present
study, we explored plasma levels of elafin in the largest single-
center cohort of haplo-HSCT with PTCy investigated to date.

The median levels of elafin on day +15 were, in general,
higher than those on day +30 in patients who presented GVHD.
Similar results were obtained with elafin values in other studies
(8, 18). The median elafin levels obtained in our study were
similar to those obtained in the haplo-HSCT cohort of the
Baltimore group (13). Conversely, the median values of elafin
found by other groups (8, 10, 18) were lower. This could be
explained by the use of different donor types, conditioning
regimen intensity or GVHD prophylaxis. Moreover, laboratory
testing details, such as the dilution of the sample or the ELISA
technique for the detection of elafin, were not homogeneous
throughout the different reports. In this regard, in future studies
it would be important to consider unifying or centralizing the
commercial ELISA kits used, the sample (plasma or serum),
and the processing of the sample (fresh or frozen). Also, our
results show that elafin levels at day +15 were higher in patients
who presented with grade II-IV and III-IV aGVHD compared
with those without GVHD, reaching statistical significance in
those who presented stage III-IV skin aGHVD (p = 0.01). In
order to validate our results, we have included the Fine-Gray
model to directly estimate the effect of elafin on the cumulative
incidence function of the outcome (in the presence of
competing risks). We confirmed that elafin levels at day +15
were significantly associated with greater CI of stage III-IV skin
aGVHD (SHR = 26.5; p = 0.003). We also analyzed elafin plasma
levels on day +15 in an independent “validation cohort.” Once
again, elafin levels were significantly higher in patients with severe
skin aGVHD compared with patients without skin aGVHD (p =
0.001). These results would confirm the predictive role of elafin
levels on day +15 for severe skin aGVHD in haplo-HSCT.

Consistent with our study, Paczesny et al. (10) analyzed a
total of 492 patients who received a HSCT and described
higher elafin plasma levels at the time of diagnosis of skin
GVHD which correlated with greater stages of skin GVHD.
However, this study was not fully comparable with ours, since
in their cohort all patients received bone marrow as stem cell
source and elafin levels were measured at the time of diagnosis
and not in advance.

Results of the only study performed on haplo-HSCT (13)
differed from those of the present study. The authors did not
find any relationship between elafin levels and the appearance of
GVHD. Unlike ours, a high proportion of patients with bone
marrow as stem cell source were included, therefore, the number
of patients presenting grade II-IV aGVHD in their cohort was
lower (n = 10). Furthermore, the first post-transplant plasma
sample were drawn at day +30, and patients with the GVHD onset
prior to that timepoint were excluded from the analysis. Therefore,
algorithms to assign specific timepoints for intervention will need
to be established, ideally in prospective multicenter trials.

In our study, elafin plasma levels were not associated with
NRM or OS. Some studies did not find either a statistically
significant association between these entities (8), whereas
others observed a correlation between elafin plasma levels
Frontiers in Immunology | www.frontiersin.org 6256
and NRM (10, 13). In our cohort, GVHD itself justifies half
of the transplantation related deaths of which stage III-IV skin
aGVHD is only present in two patients. This fact and the
relatively small simple size and that in our cohort, might not
yield sufficient statistical power to detect the prognostic value
for mortality of this biomarker.

Our analysis is subject to a number of limitations. We
collected plasma samples on days +15 and +30 after transplant.
Most probably, the most appropriate samples for the clinical
outcomes assessed should be collected earlier and more
frequently after transplant, besides at the onset of GVHD and
in the following months. Such an approach could prove crucial
for future proteomic biomarker studies.

Despite the low number of patients included in the present
study, which could be seen as a limitation, the apparent strength of
the association between high levels of elafin on day +15 and the
consequent onset of stage III-IV skin aGVHD made it able to be
uncovered. In order to confirm our results, we have included the
Fine-Gray model to directly estimate the effect elafin on the
cumulative incidence function of the outcome (in the presence
of competing risks) and we have performed the measurement of
elafin levels on day +15 in an independent “validation cohort.”
Although the latter confirmed our results, the use of biomarkers in
routine clinical practice should be validated in a larger cohort in a
prospective multicenter study.

Even with the need for further research, our work supports the
fact that elafin is a valid plasma biomarker in the setting of haplo-
HSCT with PTCy. Elafin could have a predictive role for the
development of severe skin aGVHD. The results reported here
could provide the basis for future clinical trials to analyze, in a
controlled way, the optimal modulation of the immunosuppressive
treatment in this particular transplant setting.
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approved by Comité de Ética de la Investigación con
Medicamentos (CEIm) del Hosp. G.U. Gregorio Marañón. The
patients/participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

Conception and design: LS, CM-L, IB. Data collection: PM, ND,
EL, JA. Data analysis: LS, MK, DC, MC-L, JG, JD-M, CM-L, IB.
Manuscript drafting: LS, CM-L, IB. Critical manuscript revision:
all authors. All authors contributed to the article and approved
the submitted version.
February 2021 | Volume 12 | Article 516078

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Solán et al. Elafin in Haploidentical SCT
FUNDING

The present study was partially supported by the Ministry of
Economy and Competitiveness ISCIII-FIS (grants PI17/01880
and PI20/00521), co-financed by ERDF (FEDER) funds from the
European Commission, “A way of making Europe,” as well as
grants from the Asociación Madrileña de Hematologı ́a y
Hemoterapia (AMHH).
Frontiers in Immunology | www.frontiersin.org 7257
ACKNOWLEDGMENTS

The authors are grateful to the patients and their families. We
also thank the doctors, nurses, and coordinators at Gregorio
Marañón General University Hospital, Gregorio Marañón
Health Research Institute. We are indebted to José Marıá
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