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T cell mixed chimerism (MC) after allogeneic hematopoietic stem cell transplantation (allo-HSCT) with myeloablative conditioning for hematological malignancies may indicate engraftment failure or disease relapse. Immune modulation, such as donor lymphocyte infusion (DLI) or the rapid tapering-off or stopping of immunosuppressive treatment, can reverse MC to full donor chimerism (FDC). However, the development or aggravation of graft-versus-host disease (GvHD) and the related mortality remain major concerns with immune modulation. In this prospective, single-arm study (NCT03663751), we tested the efficacy and safety of low-dose decitabine (LD-DAC, 5 mg/m2 daily for 5 days and repeated every 6–8 weeks) without immune modulation in the treatment of patients with MC to prevent MC-associated relapse and/or graft failure. A total of 14 patients were enrolled. All the patients received myeloablative conditioning regimens, and MC was documented from day +30 to day +180 after allo-HSCT with a donor chimerism level ranging from 59 to 97% without detectable measurable residual disease (MRD). Eleven patients (78.6%) responded favorably to treatment, showing increased levels of donor chimerism (≥95%), while nine achieved FDC. All of these patients maintained their responses for a median of 11 months (3–22). The three patients who failed to respond favorably eventually either relapsed or experienced graft failure. All three were alive and in remission at the last follow-up after the second allo-HSCT. LD-DAC monotherapy was well tolerated and exerted limited hematological and nonhematological toxicities. New-onset GvHD symptoms were observed only in two patients. Overall, the estimated 2-year overall survival (OS) and event-free survival (EFS) after allo-HSCT were 90.9 ± 8.7% and 67.0 ± 13.7%, respectively. In conclusion, LD-DAC alone could reverse MC in most patients after allo-HSCT with myeloablative conditioning, while those who achieved FDC enjoyed long-term EFS without major complications. Further prospective studies with larger sample sizes are warranted to confirm the benefits of LD-DAC.
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INTRODUCTION

Allogeneic stem cell transplantation (allo-HSCT) is a potentially curative therapy for malignant hematological diseases. Disease relapse remains a major cause of treatment failure (1, 2). The monitoring of disease-related parameters, such as measurable residual disease (MRD), can detect evidence of low-volume disease, which can serve as an indicator for emerging relapse (3). Hematopoietic chimerism analysis, which can distinguish residual recipient hematopoiesis from donor cells, is useful for the monitoring of allograft health and predicting imminent graft rejection, and can also be an indicator of potential relapse (2). The gold standard for quantitative chimerism analysis relies on the polymerase chain reaction (PCR)-based detection of variable number tandem repeats (VNTRs) or short tandem repeat (STR) polymorphisms in DNA from bone marrow or peripheral blood mononucleated cells or T cells, as recommended by the EuroChimerism Consortium (4–7).

Several studies have demonstrated that patients with mixed chimerism (MC) in either mononucleated cells or CD3+ T cells display a significantly higher incidence of relapse (40–90%) than those with complete donor chimerism (10–20%). The time between the detection of MC and relapse (median ~70 days) may permit timely therapeutic intervention (8–10). The rapid withdrawal of immunosuppression (RWIS) and preemptive donor lymphocyte infusion (DLI) may result in full donor chimerism (FDC) and are effective in reducing the relapse rate (RR) (11–14). However, RWIS and DLI have also been associated with complications, such as the development or aggravation of graft-versus-host disease (GvHD). Notably, MC without MRD does not necessarily equate to disease recurrence because the recrudescence of host hematopoiesis may represent normal hematopoiesis. In such a scenario, clinical decisions of immune modulation are complicated owing to the unnecessary risk of aggravation of GvHD (1, 2).

Epigenetic modulation of histone deacetylases (HDCs) such as sirturin-1 or methylation is important in maintaining normal function of hematopoietic stem cells and potentially regulating GvHD or graft versus leukemia effect (GvL) in the allo-HSCT settings (15–17). Hypomethylating agents (HMAs), administered either prophylactically or preemptively, are important treatment options after allo-HSCT for patients with acute myeloid leukemia (AML) or myelodysplasia (MDS) (18, 19). Multiple studies have demonstrated that HMAs exert significant immunomodulatory effects and are important for reducing post-transplantation relapse, and do so without inducing GvHD (20). In our previous study, we observed that low-dose decitabine (LD-DAC) converted MC into FDC in patients during maintenance therapy (21). In this pilot prospective study, we assessed the efficacy and safety of LD-DAC in the treatment of patients with MC in CD3+ T cells after allo-HSCT with myeloablative conditioning (MAC).



METHODS


Study Design

This was an investigator-initiated, prospective, nonrandomized, single-arm, phase II clinical trial (NCT 03663751) to evaluate the efficacy and safety of LD-DAC as a monotherapy for patients with MC and who were also MRD-negative after allo-HSCT. The study was approved by the Human Ethics Committee of the Rui Jin Hospital and was conducted in accordance with the Declaration of Helsinki. The study was conducted in the Blood and Marrow Transplantation Center, Department of Hematology, Rui Jin Hospital, Shanghai Jiao Tong University School of Medicine. All enrolled patients provided written informed consent.



Study Protocol

The inclusion criteria were as follows: (1) adult patients (16–60) undergoing allo-HSCT with myeloablative conditioning from human leukocyte antigen (HLA)-matched sibling donors (MSDs), matched unrelated donors (MUDs), or haploidentical (Haplo) donors; (2) patients who achieved hematological engraftment and presented with a sustainable absolute neutrophil count (ANC) of >0.5 × 109/L not dependent on granulocyte colony-stimulating factor; (3) patients with hematological malignancies and presenting with measurable disease as indicated by immunophenotyping and/or molecular analysis; and (4) patients presented with MC (<99%) among T cells from either bone marrow or peripheral blood and who were MRD-negative in the bone marrow (<0.01%) after transplantation. The exclusion criteria were (1) patients with grade II-IV acute GvHD (aGvHD) or moderate to severe chronic GVHD (cGvHD) not responding to the treatment and (2) patients with severe complications such as life-threatening infections (bacterial, viral, or fungal), sinusoid obstructive syndrome (SOS), HSCT-associated thrombotic microangiopathy (TA-TMA), or posterior reversible encephalopathy syndrome (PRES) not responding to treatment.

All the enrolled patients received LD-DAC at 5 mg/m2 for 5 consecutive days. Chimerism monitoring was performed 4 weeks after the treatment. Patients who showed a favorable response were followed-up every 6–8 weeks. For patients who did not achieve a favorable response, the LD-DAC treatment was repeated every 6–8 weeks for up to 4 cycles. For patients undergoing immunosuppressive (IS) treatment, either as prophylaxis or for ongoing GvHD, RWIS was not implemented. For patients not receiving immunosuppressive treatment, no immunomodulatory therapy, such as interferon administration or DLI, were allowed. Patients were removed from the trial in the case of events such as the emergence of MRD, relapse, new onset, or aggravation of existing GvHD to grade III–IV aGvHD or moderate/severe cGvHD, life-threatening infection, SOS, TA-TMA, PRES, or other severe HSCT-associated complication (Figure 1).
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FIGURE 1. Flow chart of the study design.




Definition of Response and Study Endpoints

Responses were assigned as follows: (1) Complete response (CR): patients achieving FDC (≥99%); (2) major response (MR): patients with increased donor chimerism (≥95%); (3) partial response (PR): patients with a 10% increase in the level of donor chimerism but that failed to reach 95%; and (4) no response (NR): patients with no or less than a 10% increase in the level of donor chimerism, and that failed to reach 95%. CRs and MRs were considered favorable, whereas PRs or NRs were considered unfavorable.

The primary endpoint of the study was achieving favorable responses (CR and MR) at 6 months after enrollment. Secondary endpoints included unfavorable events, namely, newly developed grade III–IV aGvHD or moderate to severe cGvHD, graft failure, relapse, or nonrelapse mortality (NRM) documented 6 months after enrollment; and survival data, including overall survival (OS), RR, NRM, and event-free survival (EFS) at 2 years after allo-HSCT.



Chimerism Analysis

Genomic DNA was extracted from 200 μL of CD3+ T cells (EDTA-treated) obtained from whole blood or bone marrow. A total of 25 ng of the extracted DNA was used for the amplification of 16 autosomal STRs (D8S1179, D21S11, D7S820, CSF1PO, D3S1358, D5S818, D13S317, D16S539, D2S1338, D19S433, VWA, D12S391, D18S51, Amel, D6S1043, and FGA) using the AmpFLSTR® Huaxia™ PCR Direct Amplification Kit (Invitrogen, Beijing, China). A total of 0.5 μL of the amplified product was mixed with 9 μL of Hi-Di formamide and 0.5 μL of GeneScan-500 Liz molecular weight marker for electrophoresis run on an ABI 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). GeneMapper1 v3.2.1 was adopted to analyze the genotype of each site based on the length of the DNA fragments and allelic ladders. The chimerism values were calculated from the observed peak areas of the informative markers. The calculation procedure was standardized to obtain reproducible chimerism values. The length of the labeled recipient and donor alleles was determined through the analysis of donor and recipient DNA isolated before transplantation. The allele lengths of all the markers were scored. The relative positions of the donor and recipient alleles of a given marker determined its applicability to the calculation of mosaicism, as described by Nollet et al. (22). Chimerism analysis had a sensitivity of 1% and ≥99% was considered to be FDC.



Sample Size Estimation and Statistical Analysis

This was a phase II study based on Simon's two-stage design (23). The study hypothesis was based on an expected favorable response rate ≥80% with an unacceptable favorable response rate ≤50%. The trial would be stopped early if the number of patients showing a favorable response failed to meet the relevant criteria (Supplementary Table 1).

Concerning safety, severe unfavorable events were defined as detectable MRD or disease relapse, graft failure, NRM of any cause, newly developed or aggravated aGvHD to grade III–IV or moderate to severe cGvHD, life-threatening infections, or other allo-HSCT-associated complications such as SOS, TA-TMA, and PRES. A 30% value was set as the unacceptable level of overall incidence of severe adverse events following, which the study would be stopped early based on the continuous monitoring for toxicity using Pocock-type boundary (Supplementary Table 2) (24). Survival rates were calculated using Kaplan–Meier estimates (25). OS was calculated from day 0 to the date of death from any cause. EFS was calculated from day 0 to the date of occurrence of aGVHD (III–IV) or moderate to severe cGVHD, graft failure, relapse, or death of all causes.




RESULTS


Patient Characteristics

A total of 14 patients were enrolled in the study. All the patients had hematological malignancies and received MAC mostly with fludarabine (150 mg/m2) and busulfan (12.8 mg/kg) or sequential high-dose chemotherapy (cladribine + cytarabine + etoposide) followed by fludarabine (150 mg/m2) and busulfan (9.6 mg/kg) conditioning. For myeloid leukemia, GvHD prophylaxis was a standard regimen comprising cyclosporin plus methotrexate and mycophenolate mofetil, with anti-thymoglobulin (ATG) 6 or 10 mg/kg for HLA-MUD or mismatched related donor transplantation. For patients with lymphoid malignancies, GvHD prophylaxis was post-transplantation cyclophosphamide [50 mg/(kg·day−1) at days +3 and +4] with tacrolimus starting from day+5 or low-dose ATG [2.5 mg/(kg·day−1) at day +15 or after neutrophil engraftment in MUD and haplo settings]. All these patients achieved negative MRD day 28–30 after allo-HSCT and remained negative when enrolled in this study. The characteristics of the patients are shown in Table 1.


Table 1. Patient characteristics and outcomes.
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MC was documented from day +30 to day +180 after allo-HSCT, and the donor chimerism level ranged from 59 to 97%. A total of 26 cycles of LD-DAC were given. Five patients received one cycle of LD-DAC, six patients received two, and three received three.



Response to LD-DAC Treatment

A total of 11 patients showed a favorable response (78.6%). Nine of them achieved CR (FDC ≥ 99%)—three after one cycle of LD-DAC, and six after two cycles. Two patients achieved MR (>95% of donor chimerism) after one and three cycles of LD-DAC, respectively. Notably, at 6 months after enrollment or the last follow-up, all of these patients maintained their responses for a median of 372 days (132–780; Figure 2).


[image: Figure 2]
FIGURE 2. Timing and outcome of chimerism analysis among the enrolled patients. Shown is the chimerism outcome for each patient enrolled in the study at different time points. The level of donor chimerism is indicated by the color of the closed circle. The inverted triangle indicates the time of low-dose decitabine (LD-DAC) treatment given for each patient.


Three patients failed to reach a sustainable favorable response. Patient #4 achieved only a PR after two cycles of LD-DAC, with a donor chimerism level of 94%. Patient #7 had a quick MR after the first cycle of LD-DAC but rapidly experienced graft failure after ganciclovir treatment for cytomegalovirus (CMV) reactivation. Patient #13, with 59% donor chimerism, failed to respond and had graft failure 3 weeks after one cycle of LD-DAC (Figure 2).

Overall, 6 months after enrollment, 10 patients maintained a favorable response without major unfavorable events. Four patients had unfavorable events, including relapse with initial PR (patient #4), loss of initial response with graft failure (patient #7), NR with graft failure (patient #13), and development of moderate to severe cGvHD and NRM (patient #11).



Toxicity and Complications

Each adverse event was graded according to the National Cancer Institute's Common Terminology Criteria for Adverse Events (NCI-CTCAE) version 5.0. For the 26 cycles of LD-DAC given, including the two that resulted in graft failure, grade III–IV hematological toxicities were observed, including neutropenia and thrombocytopenia (Table 2). If the two cycles that resulted in graft failure are excluded, the grade IV incidence of neutropenia and thrombocytopenia was 33.3% for both parameters. All the patients recovered rapidly, mostly within 7 days, and no life-threatening neutropenic fever and/or bleeding episodes were observed. No severe nonhematological toxicities were documented.


Table 2. Hematological toxicities after LD-DAC treatment (26 cycles).
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There was no aggravation of existing GvHD (patient #1). Patient #4 experienced a new-onset skin rash 4 days after the first LD-DAC treatment, which developed into cGVHD that did not respond well to tacrolimus and was eventually controlled with sirolimus. Patient #11 developed symptoms of dyspnea 4 months after the second LD-DAC treatment and was later diagnosed with bronchiolitis obliterans (BO). Otherwise, there were no life-threatening infections, SOS, TA-TMA, PRES, or other severe complications associated with the HSCT.



Follow-Up Outcome

At the last follow-up on September 30, 2020, the median time of follow-up was 526 days after allo-HSCT (130–878) and 372 days (132–780) after enrollment. A total of 13 patients were alive, including 10 without disease relapse or progression.

Three patients were removed from the study owing to relapse and/or secondary graft failure. Patient #4, who had MDS, progressed to AML 11 months after the first MUD allo-HSCT. The patient was rescued by azacytidine plus venetoclax treatment followed by a second Haplo donor allo-HSCT and was alive and in remission 12 months after the second allo-HSCT. The two patients (#7 and #13) who developed graft failure were rescued following a second allo-HSCT from a MUD and were also alive and in remission nine and 2 months later, respectively. Only patient #11, who developed BO after treatment, died of pulmonary infection (Table 1). Overall, the estimated 2-year OS and EFS after allo-HSCT were 90.9 ± 8.7% and 67.0 ± 13.7%, respectively (Figure 3).


[image: Figure 3]
FIGURE 3. Kaplan–Meier curve for overall survival (OS) and event-free survival (EFS) after allogeneic hematopoietic stem cell transplantation (allo-HSCT) among the enrolled patients. OS, solid line; EFS, dotted line.





DISCUSSION

Various studies have demonstrated that early MC in patients undergoing allo-HSCT with MAC may be suggestive of a relapse. The relapse rate can be as high as 70–90% for patients with reduced donor chimerism, whereas it is only 10–35% for patients with FDC (8–11). In patients with AML/MDS, testing for mixed T lymphocyte chimerism at day +90 to 120 after allo-HSCT is reported to be a promising approach for detecting patients with pending relapse, while preemptive DLI to maintain full donor T cell chimerism may prevent relapse (12). In the setting of acute lymphoblastic leukemia (ALL) after allo-HSCT, based on the comparison of lineage-sorted donor cell chimerism and quantitative PCR analysis of disease-specific genetic rearrangements to detect MRD, Wethmar et al. demonstrated that two measurements were similarly and complementarily effective as indicators of hematological relapse (50 vs. 4%, respectively; p < 0.0001) and decreased OS (47 vs. 87%, respectively; p = 0.004) (26). Terwey et al. also showed that, besides its role in MRD monitoring, MC analysis could additionally provide information for impending relapse. Integrating MRD and chimerism analysis allowed for optimal clinical judgment and decision-making to reduce relapse rates through preemptive interventions (27).

In this study, we focused on a subgroup of patients exhibiting MC of CD3+ T cells either in bone marrow or in peripheral blood, and who were MRD-negative, based on flow cytometry and/or molecular analysis early after allo-HSCT with MAC. In patients presenting with MC, several clinical outcomes can be expected. For instance, some may spontaneously recover to FDC without intervention or remain with stable MC without relapse. An increased loss of donor chimerism with the development of neutropenia or pancytopenia, leading to graft failure, may also occur, while most patients with persistent or increased levels of MC may eventually become MRD-positive and experience disease relapse. To prevent MC-associated relapse and/or graft failure, immune modulation such as RWIS and/or DLI are routinely considered. Based on multivariate analysis, a recent report demonstrated that two consecutive increases in MC in the peripheral blood of patients was a strong indicator for relapse (p < 0.0001) and immunomodulatory strategies such as RWIS or DLI could significantly decrease this relapse rate (15.7 vs. 57.6%, p = 0.0007) (28). Notably, immune modulation is limited in patients with previous grade III–IV aGvHD or with moderate to severe cGvHD. The rate of new-onset GvHD can be as high as ~40%, including grade II–IV aGVHD- or moderate to severe cGVHD. With DLI, GvHD-associated mortality ranges from 4 to 7% (29, 30).

In recent years, HMAs have been shown to exert significant immunomodulatory effects, and clinical studies have been undertaken to assess the usefulness of HMAs for the treatment or prevention of relapse in patients with AML or MDS after allo-HSCT (14, 18–20). In this pilot study, we focused on such a group of patients, who were considered to have the potential for an increased risk of relapse or graft loss, but not necessarily imminent relapse. To rule out the possible effects of other immunomodulatory therapies, RWIS and/or DLI were not implemented in the enrolled patients.

Of the 14 enrolled patients, 11 achieved a FR (9 achieved a CR and 2 a MR) after one to three cycles of LD-DAC treatment. Despite a speedy MR after initial treatment, one patient rapidly experienced secondary graft failure following preemptive therapy for CMV reactivation, while another patient displayed a PR, with skin rash as a cGvHD. Only one patient, who presented with a very low level of donor chimerism (<60%), failed to respond to LD-DAC treatment and rapidly developed secondary graft failure. In terms of safety, the treatment was well tolerated with exerted limited hematological and nonhematological toxicities. More importantly, only two patients developed new symptoms of cGVHD several days or months after the treatment. Most of the patients who achieved and maintained FDC remained alive and in remission without significant clinical complications. Adverse events, including treatment failure, severe GvHD, relapse, and NRM, were documented in only four patients and were acceptable based on continuous monitoring for toxicity using Pocock-type boundary. These data suggested that LD-DAC monotherapy has potential as a treatment option for patients with MC and who are MRD-negative.

There were still questions unanswered regarding to the LD-DAC treatment particularly the influence of diseases (myeloid vs. lymphoid malignancies), donor type (MSD vs. MUD or haplo), GVHD prophylaxis protocol (PTCY vs. CNI-based regimen or ATG vs. no ATG), GVHD status (previous GVHD vs. No GVHD), and the immunosuppressive treatment at LD-DAC treatment (No IS vs. ongoing IS).

The small number of patients enrolled limited the ability to draw definitive conclusions. However, ~80% of the patients responded favorably to LD-DAC treatment with acceptable toxicity, suggesting that LD-DAC may be a potential alternative to RWIS and DLI. Additional prospective studies with larger sample sizes are warranted to confirm the clinical benefits of LD-DAC.
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None 0 2(7.7) 138) 103.8)
Grade 1 3(115) 3(115) 8(30.8) 4(15.4)
Grade 2 7(269) 5(19.2) 7(269) 4(15.4)
Grade 3 6(23.1) 7(26.9) 9(34.6) 8(30.8)
Grade 4 10(38.5%) 9(34.6") 138" 9(34.6"

LD-DAC, low-dose deitabine; WEC, white blood cell count; ANG, absolute neutrophil
count; Hb, hemoglobin; PLT, platelet count.

“If the two cycles of treatment that were associated with graft feilure are excluded, the
grade IV toxicities were 9 (37.5%), 8 (33.3%), 0, and 8 (33.3%) for WBC, ANC, Hb, and
PLT, respectively.
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UPN, unique patient number; CML, chronic myelocytic leukemia; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; MDS EB2, myelodysplastic syndrome with excess
blasts 2; T-NHL, T cell non-Hodgkin's lymphoma; Ph+, Philadelphia chromosome-positive; CP3, third chronic phase; CR1/2/3, first/second/third complete remission; NR, nonremission;

MRD-+, measurable residual disease-positive; Haplo, haploidentical; MUD, matched unrelated donor; Sib, sibling; cGvHD, chronic graft versus host disease; IS, immunosuppressor;

CsA, cyclosporine A; MC, mixed chimerism; DC, donor chimerism; LD-DAC, low-dose decitabine; CR, complete response; PR, partialresponse; MR, major response; NR, no response;
NRWM, nonrelapse mortalty; OS, overall survival.
“UPN#4 presented newly developed grade Il acute GvHD (skin rash) which progressed to chronic skin GvHD; UPN#11 developed bronchioltis obliterans (B0) 4 months after the second
cycle of LD-DAC and eventually died of a lung infection.
**Relapse: UPNi#4 progressed to AML on day +335 and received azacytidine plus venetociax followed by a second allogeneic hematopoetic stem celltransplantation (allo-HSCT)

***UPN#7 and UPN#13 both developed grett failure after ganciciovir treatment of CMV DNAemia. UPN#7 subsequently received a second allo-HSCT from a MUD and was in remission
9 months later: UPN#13 underwent a second allo-HSCT from a MUD and was in remission 2months after the second allo-HSCT.
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