
Ixazomib for chronic Graft-Versus-Host Disease prophylaxis 
following allogeneic hematopoietic cell transplantation

Saurabh Chhabra1,2,4, Alexis Visotcky3, Marcelo C. Pasquini1,2,4, Fenlu Zhu1,2, Xiaoying 
Tang3,4, Mei-Jie Zhang3,4, Robert Thompson4, Sameem Abedin1,2, Anita D’Souza1,2,4, 
Binod Dhakal1,2, William R. Drobyski1,2, Timothy S. Fenske1,2, James H. Jerkins1,2, J. 
Douglas Rizzo1,2,4, Lyndsey Runaas1,2, Wael Saber1,2,4, Nirav N. Shah1,2, Bronwen E. 
Shaw1,2,4, Mary M. Horowitz1,2,4, Parameswaran N. Hari1,2,4, Mehdi Hamadani*,1,2,4

1Division of Hematology and Oncology, Department of Medicine, Medical College of Wisconsin, 
Milwaukee, WI

2Blood and Marrow Transplant & Cellular Therapy Program, Froedtert & Medical College of 
Wisconsin, Milwaukee, WI

3Department of Biostatistics, Medical College of Wisconsin, Milwaukee, WI

4Center for International Blood and Marrow Transplant Research, Milwaukee Campus, Milwaukee, 
WI

Abstract

Chronic graft-versus-host disease (cGVHD) is major cause of morbidity and mortality following 

allogeneic hematopoietic cell transplantation (HCT). Ixazomib is an oral, second-generation, 

proteasome inhibitor (PI) that has been shown in preclinical models to prevent GVHD. We 

conducted a phase I/II trial in 57 subjects to evaluate the safety and efficacy of ixazomib 

administration for cGVHD prophylaxis in patients undergoing allogeneic HCT. Oral ixazomib was 

administered on a weekly basis for a total of four doses, beginning days +60 through +90, to 

recipients of matched sibling donor (MRD, n=25) or unrelated donor (MUD, n=26) allogeneic 

HCT in phase II portion of the study, once the recommended phase II dose of 4 mg was identified 

in phase I (n=6). All patients received peripheral blood graft and standard GVHD prophylaxis of 
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tacrolimus and methotrexate. Ixazomib administration was safe and well-tolerated, with 

thrombocytopenia, leukopenia, gastrointestinal complaints and fatigue as the most common 

adverse events (>10%). In phase II (n=51), the cumulative incidence of cGVHD at 1-year was 

36% (95%CI, 19-54) in MRD cohort, and 39% (95%CI, 21-56) in the MUD cohort. One-year 

cumulative incidence of non-relapse mortality (NRM) and relapse were 0% and 20% (95%CI, 

8-36) in the MRD cohort, respectively. In the MUD cohort, the respective NRM and relapse rates 

were 4% (0-16) and 34% (17-52). The outcomes on the study were compared post-hoc with 

contemporaneous matched CIBMTR controls. This post-hoc analysis showed no significant 

improvement in cGVHD rates in both the MRD (HR 0.85, p=0.64) or MUD cohorts (HR 0.68, 

p=0.26) on the study compared to CIBMTR controls. B-cell activating factor (BAFF) plasma 

levels were significantly higher after ixazomib dosing in those who remained cGVHD-free 

compared to those developed cGVHD. This study shows that the novel strategy of short-course 

oral ixazomib following allogeneic HCT is safe but did not demonstrate significant improvement 

in cGVHD incidence in recipients of MRD and MUD transplantation when compared to matched 

CIBMTR controls. This study is registered at www.clinicaltrials.gov as NCT02250300.
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Introduction

Chronic graft-versus-host disease (cGVHD) is a significant cause of late morbidity and 

mortality after allogeneic hematopoietic cell transplantation (HCT)1,2. Chronic GVHD 

affects 30-60% of allogeneic HCT recipients3, depending on the degree of histocompatibility 

between donor and recipient, type of graft, recipient age and GVHD prophylaxis4–6. The 

incidence of cGVHD is increasing, likely due to frequent use of peripheral blood (PB) 

grafts, increasing number of reduced intensity conditioning (RIC) transplants in older 

patients and use of unrelated donors3. Symptoms generally present in the first year after 

HCT and are associated with significant impairment of patient-reported quality-of-life and 

late mortality. Despite advances in the understanding of the complex pathobiology of 

cGVHD, there have been few advances in the management of cGVHD and no agent is 

currently approved for preventing cGVHD7. Therefore, effective prophylaxis against 

cGVHD is an area of unmet need.

Extensive preclinical and clinical data suggest a role for proteasome inhibitors (PIs) in 

preventing cGVHD after allogeneic HCT1,8–13. Proteasome Inhibitors have 

immunomodulatory effects through inhibition of dendritic cells (DC), as well as key T- and 

B-cell subsets that play a role in the pathogenesis of cGVHD1,14. The prototypical 

proteasome inhibitor, bortezomib exerts a variety of biological effects through NF-κB 

inhibition, a key regulator of cytokine signaling and T-cell activation, proliferation, and 

apoptosis15–19. Bortezomib, a PI, as a result, selectively depletes proliferating alloreactive T 

lymphocytes, reduces T-helper (Th-) 1 cytokines and Interleukin (IL)-6 levels, and blocks 

antigen-presenting cell (APC) activation, while sparing regulatory T-cells (Tregs)1,14,20–22. 

PIs also have inhibitory effects on B-cells and plasma cells, which is relevant as B-cell 
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dysregulation with increased allo-antibody production plays a pivotal role in the 

pathogenesis of cGVHD2,23–27.

Ixazomib (Ninlaro®, Takeda Pharmaceutical Company Limited) is an oral PI currently 

approved for the treatment of relapsed/refractory myeloma28,29. Preclinical studies have 

shown that ixazomib has a similar selectivity and potency in terms of proteasome inhibition 

to bortezomib30. Ixazomib has also been shown to inhibit DC maturation, decrease 

proinflammatory cytokine production through the down-regulation of NF-κB dependent 

transcription and thereby, modulate GVHD in preclinical model in a schedule-dependent 

fashion1. Considering these immunomodulatory effects and the inhibitory effects of PIs on 

B-cells and plasma cells24,25, we conducted a phase I/II study designed to investigate the 

safety and efficacy of ixazomib as a pharmacologic prophylaxis for cGVHD in patients 

receiving standard acute GVHD (aGVHD) prophylaxis after allogeneic HCT.

Patients and Methods

This prospective clinical trial (ClinicalTrials.gov number, NCT02250300) was approved by 

the Medical College of Wisconsin Institutional Review Board. Written, informed consent 

was obtained from patients before enrollment.

Inclusion and Exclusion Criteria

Adult patients with hematological malignancies having undergone allogeneic HCT using an 

HLA-identical (matched for HLA-A, -B, -C, and -DRB1) sibling (MRD) or unrelated donor 

(MUD) with a PB graft were eligible. Patients with active and uncontrolled infections, 

abnormal renal (creatinine clearance <40ml/min), hepatic (serum bilirubin >2 mg/dl, serum 

AST and ALT >3 times upper limit of normal), pulmonary (DLCO or FEV1 <40% of 

predicted), or cardiac (left ventricular ejection fraction <40%) function, poor Karnofsky 

Performance Score (KPS) (<60), with active ≥ grade 3 peripheral neuropathy or grade 2 with 

pain or history of ixazomib intolerance or allergy were excluded. Patients undergoing ex 
vivo or in vivo T-cell depleted allogeneic HCT were not eligible. In addition, patients with 

post-allogeneic HCT disease relapse or progression, active grade III-IV aGVHD, active 

steroid-refractory aGVHD, cGVHD and those receiving anti-B-cell monoclonal antibodies 

(such as rituximab) before the first dose of ixazomib prophylaxis were not eligible. For 

eligibility details, refer to the Supplemental Appendix A. Patients were enrolled after they 

had undergone allogeneic HCT.

Treatment and GVHD Prophylaxis

This was a phase I/II study: during the run-in phase I portion patients undergoing both 

sibling and unrelated donor allogeneic HCT were enrolled in the same arm to determine the 

dose-limiting toxicity (DLT) and maximum tolerated dose (MTD). During the phase II 

portion, patients were enrolled in two separate and independent cohorts: A. matched sibling 

donor transplants and B. matched unrelated donor transplants. The two cohorts were 

analyzed separately. The transplant conditioning intensity and regimen were at the discretion 

of the treating physician. Acute GVHD prophylaxis regimen was a combination of 

tacrolimus and methotrexate. During both phase I and phase II, four oral (capsules) doses of 
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ixazomib were administered to subjects on a weekly basis for a total of four doses (i.e., on 

days 1, 8, 15 and 22), starting day+60 to +90 following allogeneic HCT.

The phase I portion followed a 3+3 design with escalating dose levels (3 dose levels [DL]; 

DLminus 1=2.3 mg, DL1=3 mg and DL2=4 mg) of ixazomib to determine the MTD and 

recommended phase II dose (RP2D). Dose escalation to DL2 (4 mg) was allowed if no DLT 

occurred in the first 3 evaluable patients at DL1, and if only 1 subject out of 6 had a DLT 

(refer to the study protocol Supplementary Appendix). DL2 was considered MTD if 0 of 3 

subjects experienced DLT. No intra-patient dose escalation was permitted. Toxicity was 

evaluated according to National Cancer Institute Common Toxicity Criteria for Adverse 

Events, version 4.0 (NCI CTCAE v4.0). DLT was defined as grade 2 peripheral neuropathy 

with pain or grade 3 or greater peripheral neuropathy, any grade 3-4 non-hematologic 

toxicity, drop in donor myeloid-cell chimerism by more than 50% or unexplained graft 

rejection at day +90 (in the absence of disease relapse), grade 4 neutropenia, grade 3 

neutropenia with fever and/or infection, grade 4 thrombocytopenia lasting >7 days, all 

definitely or probably related to ixazomib (Supplemental Table 2). DLT observation period 

was from first dose of ixazomib to 28 days after the last dose. Dose escalation to level 2 

required completion of DLT observation period for the last patient at dose level 1. The phase 

II portion utilized the MTD for ixazomib, determined from the phase I portion of the study. 

Oral ixazomib was continued until one of the following criteria was met: patient completed 

four doses of ixazomib, development of grade III-IV aGVHD, severe cGVHD, any DLT 

possibly, probably or definitely related to ixazomib.

Endpoints

Primary endpoints were safety (phase I) and cumulative incidence of cGVHD of any 

severity at 1 year following allogeneic HCT (phase II) using MRD or MUD. Secondary 

endpoints included cumulative incidence of relapse, non-relapse mortality (NRM), relapse-

free survival (RFS), and overall survival (OS), immune reconstitution following HCT, and 

B-cell activating factor (BAFF levels; before and after ixazomib dosing) as a potential 

biomarker to evaluate an association with GVHD. Consensus Conference Criteria31 and the 

National Institutes of Health (NIH) Consensus Development Project Criteria32 were used for 

grading aGVHD and cGVHD, respectively. While not mandated by the study protocol, but 

in addition to having treating physician-assessed rates, an independent GVHD review panel 

adjudicated the diagnosis and grading/severity of cGVHD in all enrolled subjects. The 

Protocol Principal Investigator was blinded to the adjudication panel and was not permitted 

to modify independent GVHD Review Panel’s assessment.

Immune Reconstitution, B-cell Activating Factor, and Donor-Cell Chimerism

For immune reconstitution assays peripheral blood mononuclear cells (PBMC) were 

obtained from EDTA-anticoagulated whole blood samples obtained on days +100, +180 and 

+365 post transplantation (described in detail in the Supplemental Appendix). In this 

analysis, CD4+ T-cells were defined as CD3+CD4+; CD8+ T-cells as CD3+CD8+; CD4+ 

naïve T-cells as CD3+CD45RA+CD45RO−CD4+; Tregs as CD3+CD4+CD25+CD127−; 

Natural Killer (NK)-cells as CD3−CD56+CD16+ and B-cells as CD19+.
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BAFF is a TNF superfamily member (TNFSF13B) best known for its role in the survival and 

maturation of B cells. We determined the effects of ixazomib on plasma BAFF and 

BAFF:CD19+B-cell ratio by analyzing baseline (pre-ixazomib) and post-ixazomib 

administration plasma samples. To detect human BAFF, the Quantikine Human BAFF 

Immunoassay solid-phase ELISA was employed. Briefly, human serum samples prediluted 

2-5 folds were pipetted into wells precoated with monoclonal antibody specific for BAFF. 

After washing away any unbound substances, an enzyme-linked polyclonal antibody specific 

for BAFF was added to the wells. Following a wash to remove any unbound antibody-

enzyme reagent, a substrate solution was added to the wells and color developed in 

proportion to the amount of BAFF bound onto the wells. Human BAFF concentrations were 

then calculated based on the standard curve. Lineage-specific donor-cell chimerism analysis 

was performed on days +30, +100, +180 and +360 post-HCT. Complete donor chimerism 

was defined as presence of ≥95% donor cells.

Statistical Considerations

Due to the differences in the incidence of cGVHD after MRD and MUD allogeneic HCT, 

the phase II portion of the study was designed to accrue the two cohorts separately but in 

parallel. The study used a Minimax Simon two-stage design, to test the null hypothesis H0: 

p≥0.55 versus the alternate H1: p≤0.30 for sibling donor allogeneic HCT and for matched 

unrelated donor HCT, the null hypothesis H0: p≥0.65 versus the alternate H1: p≤0.40, where 

p is the probability of cGVHD at 1-year. OS and PFS were estimated using the Kaplan-

Meier method. OS was defined as the time from HCT to death from any cause, and 

surviving patients were censored at last follow-up. PFS from HCT was calculated using 

death and disease relapse as events. The cumulative incidences of NRM and relapse risk 

were estimated by considering these two events as competing risks33. The cumulative 

incidence of cGVHD was estimated with death without GVHD as competing risks33. 

Comparisons were made of serum BAFF levels and BAFF: CD19+B-cell ratios between pre- 

and approximately 100 days post-ixazomib administration samples, by using a Wilcoxon 

signed-rank test. All p-values were two-sided. For detailed statistical plan, refer to the 

Supplemental Appendix B.

Matched CIBMTR Controls

The protocol by design enrolled a patient population that survived at least two months post-

HCT (without relapse or severe aGVHD) that possibly had a lower risk of cGVHD (relative 

to an unselected population at day zero of transplantation). To address this bias, we planned 

post-hoc to compare the outcomes of study patients to contemporaneous, matched controls 

from the Center for International Blood and Marrow Transplant Research (CIBMTR ®) 

database surviving at least two months post-HCT without relapse or severe aGVHD. For 

patients enrolled in the phase II portion of this trial, a total of 195 matched controls (who 

survived two months post-HCT without relapse or severe aGVHD) were selected from the 

CIBMTR database using selection criteria described in Supplemental Table 1.

To compare the study population against CIBMTR controls, multivariable analysis was 

performed using marginal Cox regression model for OS, RFS, NRM, relapse and cGVHD, 

stratified by donor (MRD vs. MUD). The assumption of proportional hazards for each factor 
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in the Cox model was tested using time-dependent covariates. A backward stepwise model 

selection approach was used to identify all significant risk factors. Covariates that were 

significant at a 5% level were kept in the final model. The main effect (case vs. control 

group) was kept in all model building steps. Adjusted probabilities of RFS and OS, and 

adjusted cumulative incidence functions of cGVHD, NRM and relapse were calculated using 

the multivariate models, stratified on main effect and weighted by the pooled sample 

proportion value for each prognostic factor. These adjusted probabilities estimated likelihood 

of outcomes in populations with similar prognostic factors. Statistical analyses were 

performed by SAS statistical software, version 9.4 (Cary, NC).

Results

Study Cohort

Between January 2015 and March 2018, 57 patients were enrolled, after undergoing 

allogeneic HCT. In the phase I cohort, six patients were enrolled and two DLs were tested 

(DL1 at 3 mg and DL2 at 4 mg). Baseline characteristics of all study patients are presented 

in Table 1. Median patient age was 57 years (range, 27-73). Median number of ixazomib 

doses administered was 4 (range, 1-4). Eighteen patients (31.6%) had a KPS of ≥90, 29 

(50.9%) had HCT-CI of ≥3. Thirty-seven patients (64.9%) had myeloid malignancy, whereas 

20 (35%) had lymphoid malignancy (including 6 patients with multiple myeloma). Nineteen 

patients had a prior autologous transplant. Eighteen patients (31.6%) received myeloablative 

conditioning (MAC). All patients received a PB graft. Median time from transplant to start 

oral ixazomib was 68 days (range, 60-90). Before starting ixazomib, 14 patients had a 

history of grade I-II aGVHD, including 4 patients with active grade I-II aGVHD at the time 

of first dose of ixazomib. No patient had steroid-refractory aGVHD or cGVHD before the 

first dose of ixazomib. Median follow-up of survivors is 21.6 months (range, 12-37.3 

months).

Compliance and toxicity

Ixazomib was well tolerated. No DLT was observed in phase I; treatment-emergent adverse 

events (AEs) were all grade 1-2; elevated alanine aminotransferase (n=1) and aspartate 

aminotransferase (n=1), and thrombocytopenia (n=1) (Table 2). Based on the phase I run-in, 

ixazomib dose of 4 mg was selected for the phase II expansion. Thirty-six patients (70.6%) 

in phase II received 4 doses of ixazomib. Six, seven and two patients missed 1, 2 and 3 

ixazomib doses, respectively. The reasons for missing doses of ixazomib in 15 patients were 

following: nausea/vomiting/diarrhea, n=6; thrombocytopenia, n=4; acute kidney injury, n=2, 

microangiopathic hemolysis, n=1; infection, n=1; aGVHD, n=1; disease relapse, n=2. One 

patient withdrew consent and discontinued ixazomib after two doses. AEs potentially 

(possibly, probably, or definitely) related to ixazomib are shown in Table 5. Grade 3 AEs in 

phase II were nausea (n=3), diarrhea (n=3), abdominal pain (n=3), hyponatremia (n=3), 

catheter-related infection (n=3), thrombocytopenia (n=12), leukopenia (n=3), neutropenia 

(n=3), lymphopenia (n=9). No grade 4-5 toxicity related to ixazomib was observed in the 

study.
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Chronic GVHD

All patients in the phase II cohort were evaluable for cGVHD. In the MRD cohort (n=25), 

cGVHD developed in 14 patients. Median time to the onset of cGVHD was 328 days (range, 

135-932). Eight patients had moderate (n=6) or severe (n=2) cGVHD up to last follow up. 

The adjusted cumulative incidence of cGVHD at 12 months was 36% (95% Confidence 

Interval [CI], 19-54%) (Figure 1A) and the incidence of moderate/severe cGVHD was 28% 

(95%CI, 19-54%) (Table 3). Six patients with cGVHD had prior aGVHD. In the two 

patients with severe cGVHD, organ involvement included mouth (n=1), and liver (n=2), 

whereas the following organs were involved in the 6 patients with moderate cGVHD: skin 

(n=4), mouth (n=4), eyes (n=2), liver (n=2), and lungs (n=2) (Table 4).

In the MUD cohort (n=26), eleven patients developed cGVHD up to last follow up; of these 

11, nine had moderate (n=5) or severe (n=4) cGVHD. Six patients with cGVHD had prior 

aGVHD. Median time to onset of cGVHD was 210 days (range, 155-539). The adjusted 

cumulative incidence of cGVHD at 12 months was 39% (95%CI, 21-56%) (Figure 1B) and 

was 27% (95%CI, 12-44) for moderate/severe cGVHD (Table 3). In the nine patients with 

moderate or severe cGVHD, the following organs were affected: skin (n=5), mouth (n=3), 

eyes (n=4), fascia/joints (n=1), gut (n=1), liver (n=4), lungs (n=1) (Table 4).

Acute GVHD

In the MRD cohort, a total of 11 patients developed aGVHD in the MRD cohort, of whom 3 

had grade III aGVHD (skin, n=1, gut, n=1, skin + gut, n=1) and none had grade IV aGVHD. 

The median time to onset of aGVHD was 72 days (range, 23-244). Four MRD patients had 

aGVHD before initiating ixazomib (grade I [skin], n=3, grade II [gut], n=1), of whom two 

had active GVHD (grade I, n=2) at the time of first dose of ixazomib, managed with topical 

corticosteroids alone. The cumulative incidence rates of grade II-IV aGVHD in the MRD 

cohort at days +100 and +180 were 20% (95%CI, 8-37%) and 28% (95%CI, 13-46%), 

respectively (Table 3). The cumulative incidence of grade III-IV aGVHD was 8% (95%CI, 

1-22%) for both time points.

In the MUD cohort, a total of 15 patients developed aGVHD at a median of 49 days after 

allogeneic HCT (range, 21-425), including 6 developing grade III-IV aGVHD. Nine patients 

had a history of aGVHD before starting oral ixazomib (grade I, n=6; grade II, n=3; ; all 

involving skin) and two had active GVHD at the time of first dose of ixazomib (grade I, n=1, 

grade II, n=1, both skin). The cumulative incidence rates of grade II-IV aGVHD in the MUD 

cohort at days +100 and +180 were 15% (95%CI, 5-31%) and 23% (95%CI, 10-40%), 

respectively (Table 3). The respective figures for grade III-IV aGVHD were 12% (95%CI, 

3-26) and 15% (95%CI, 5-31%).

Relapse and Survival

The adjusted cumulative incidence of NRM at 1 year was 0% and 4% (95%CI, 0-16%) in 

the MRD and MUD cohorts, respectively (Table 3). At 1 year, the adjusted cumulative 

incidence of relapse was 20% (95%CI, 8-37%) and 35% (95%CI, 18-52%) in the MRD and 

MUD cohorts, respectively (Table 3). The adjusted 1-year OS and RFS for MRD cohort 

were 92% (95%CI, 72-98%) and 80% (95%CI, 59-91%), respectively (Table 3). For the 
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MUD cohort, the 1-year OS and RFS were 88% (68-96%) and 62% (42-77%), respectively 

(Table 3). At data cut-off, fourteen patients in the study had died (phase I, n=1; phase II, 

MRD; n=6, MUD, n=7). Causes of death are summarized in Supplemental Table 2.

Engraftment Kinetics, Immune reconstitution and BAFF Profiles

There were no primary graft failures or rejections after starting ixazomib in the non-

relapsing patients. In the MRD and MUD cohorts, the median donor myeloid cell (CD33+) 

chimerism was 100% at all test time points (Table 5). The median donor T cell (CD3+) 

chimerism in the MRD and MUD cohorts on days +100, +180, and +365 were 90%, 94%, 

and 97.5% and 93%, 96%, and 100%, respectively (Table 5). Recipient immune 

reconstitution data are summarized in Table 5. For the entire cohort the median 

immunoglobulin G levels were >500 mg/dL at all tested time points. Reconstitution of the T-

cell compartment was prompt. The median CD4+ cell count was above 200/μL from day 

+100 onward, and median CD8+ T cell count was within normal limits from day +100 

onward. The median Treg (CD4+CD25+CD127−) cell count was 30/μL day +100 onward. 

Median CD19+ B cell and CD16+/CD56+ natural killer (NK) cell count at the 1-year mark 

were 104.5/μL and 175.5/μL, respectively (Table 5).

For the phase II cohort, plasma BAFF levels following ixazomib dosing were found to be 

significantly elevated (median, 4431.6 pg/mL; range, 1176.4-20,665.8) than at baseline 

(median, 2989.2 pg/mL; range, 840.4-8880.0) (Supplemental Figure 1). There were no 

statistically significant differences in the baseline (pre-ixazomib) BAFF levels in those who 

eventually developed cGVHD later (n=25) vs. those who did not (n=26) (median, 4046.3 

g/mL and 2458.8 pg/mL, respectively, p=0.24) (Figure 2A). Among patients who did not 

develop cGVHD (n=26), significant elevation of BAFF levels after ixazomib exposure was 

observed (median, 6968 pg/mL; range, 1750.9-20,665.8), compared to baseline values 

(median, 2458.8 pg/mL; range, 840.4-8880.0) (p=0.0013) (Figure 2B). No significant 

difference was observed between pre- and post-ixazomib BAFF levels in patients who 

developed cGVHD (4046.3 vs. 4254.9 pg/mL) (Figure 2C). Post-ixazomib BAFF levels 

were significantly higher in patients who did not develop cGVHD (median, 6968.8 pg/mL) 

versus those who did (4254.9 pg/mL) (p=0.0102) (Figure 2D). In the group of patients that 

did not develop cGVHD (regardless of donor cohort), CD19+ B-cell counts did not increase 

after ixazomib use (median 18/μL [range, 0-400/μL] and 19.5/μL [0-262/μL], pre- and post-

ixazomib, respectively; p=0.76). In contrast, in patients who developed cGVHD, CD19+ B-

cell counts increased from a median of 12/μL (range, 0-480/μL) to 42/μL (range, 0-214/μL) 

with the use of ixazomib (p=0.001) (Supplemental Figures 2A–B). There were, however, no 

significant differences in BAFF:CD19+B-cell ratios between pre- and post-ixazomib in 

patients who developed cGVHD (median, 338.7 vs. 105.5; Figure 2E) or remained cGVHD-

free (median, 89.6 vs. 330.9; Figure 2F). In addition, no significant differences were found 

between pre- and post-ixazomib Tregs in those with no cGVHD (median, 34 vs. 33, p=0.96; 

Figure 2G) and those who developed cGVHD (median, 36 vs. 39.5, p=0.36; Figure 2H).

Control population

Contemporaneous matched CIBMTR controls underwent allogeneic HCT during the same 

time period as the trial population, and included patients surviving without grade III-IV 
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aGVHD or disease relapse for at least day+60 post-HCT (Supplemental Table 1). Baseline 

clinical characteristics of the control cohorts can be found in Supplemental Tables 3 and 4. 

The 51 cases from the phase II cohorts were matched with 195 controls using a 1:4 match 

comparison based on following criteria: donor type (matched sibling vs. matched unrelated 

donor), disease (acute leukemia; chronic leukemia; lymphoma; multiple myeloma; 

myelodysplastic syndrome/myeloproliferative neoplasm), disease status (chemo-sensitive vs. 

-resistant), conditioning intensity (MAC vs. RIC), conditioning regimens (Cy/12Gy TBI, 

Bu/Cy, Flu/Bu, Flu/Mel), HCT-CI (0 vs. 1-2. vs. ≥3), patient age (±10 years). Twenty-five 

cases from the MRD cohort were matched with 92 CIBMTR controls and 26 cases from the 

MUD cohort were matched with 103 controls (Supplemental Tables 3 and 4).

Matched-pair analysis adjusted for age showed that risk of cGVHD in the MRD cohort was 

similar to the matched controls (hazard ratio [HR] for cGVHD or death, 0.85; 95%CI, 

0.42-1.71, p=0.64) (Table 6, Supplemental Figure 3A). The risk of cGVHD in the MUD 

cohort was also not significantly different from that in the matched controls (HR, 0.68; 

95%CI, 0.34-1.33, p=0.26) (Table 6, Supplemental Figure 4A). Compared to the matched 

controls, the risk of NRM was significantly lower in the MRD cohort (HR 0.0, p<0.01), but 

not significantly different in the MUD (HR 2.19; 95%CI, 0.19-24.59, p=0.53) cohort (Table 

6, Supplemental Figures 3B, 4B). Matched-pair analysis did not show any significant 

difference in the risk of relapse between the two cohorts and their controls (HR 0.59, 

95%CI, 0.23-1.52, p=0.27 for MRD; HR 1.64, 95%CI, 0.74-3.59, p=0.22 for MUD) (Table 

6, Supplemental Figures 3C, 4C). No statistically significant differences were observed 

between the two cohorts and their respective matched controls with regards to RFS and OS 

(Table 6 and Supplemental Table 5, Supplemental Figures 3D–E, 4D–E).

Discussion

Chronic GVHD is a multi-organ disease characterized by immune dysregulation and is a 

leading cause of late morbidity and mortality from allogeneic HCT3,34–37. It leads to 

increased symptom burden, impaired quality-of-life, and prolonged immunosuppressive 

therapy with resultant toxicities35–39. Extending the duration of prophylactic 

immunosuppression has not been effective in preventing cGVHD40,41. T-cell depletion (in 
vivo42–44 or ex vivo45) has shown efficacy against cGVHD, but has not unequivocally 

improved OS and may increase the risk of relapse (especially in RIC allogeneic HCT)46–48. 

Clinical trials using B-cell depletion using rituximab post-HCT for preventing cGVHD have 

shown promise49,50. The post-transplant cyclophosphamide (PTCY) platform is an effective 

strategy that has been associated with lower incidence of cGVHD in two recent prospective 

clinical trials12,51,52.

In this phase I/II study, we evaluated the safety and efficacy of a novel strategy of oral 

ixazomib for prevention of cGVHD in allogeneic peripheral blood HCT patients receiving 

tacrolimus/methotrexate for aGVHD prophylaxis. In phase II, ixazomib was dosed at 4 mg 

orally, on a weekly basis for at most four doses, beginning day+60 through +90 (median, 

day+68). This strategy was feasible and was not associated with serious toxicities or 

increased relapse rates. We report a 1-year cumulative incidence of cGVHD of 36% (95%CI, 

19-54%) in the MRD cohort and 39% (95%CI, 21-56%) in the MUD cohort. While the 
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study did meet its primary endpoint of reducing the 1-year cumulative incidence of cGVHD 

by 25% (in the MUD cohort), after the trial completed accrual we recognized that the 

original protocol had an inherent selection bias arising from including only patients 

surviving at least two months after HCT without relapse or severe aGVHD, and that could 

have selected for a trial population with an anticipated lower cGVHD risk (compared to 

unselected patients at day zero of transplantation). In order to address this selection bias, we 

compared post-hoc the outcomes in the phase II cohorts with contemporaneous CIBMTR 

matched controls selected to match the eligibility criteria of the study participants, and did 

not observe any significant improvement in cGVHD risk with the use of a short-course of 

ixazomib in both the MRD and MUD cohorts compared to respective controls (HR 0.85, 

p=0.64; HR 0.68, p=0.26, respectively): the controls were 1.18 times (95%CI, 0.58-2.38) 

and 1.47 times (95%CI, 0.75-2.94) more likely to develop cGVHD than MRD and MUD 

cases, but this did not reach statistical significance (p=0.64 and 0.26, respectively) as the 

analysis was not powered to detect relatively small effect sizes.

Koreth et al. used short-course bortezomib (on days +1, +4, and +7) for aGVHD prophylaxis 

after peripheral blood HCT in a phase I/II trial and showed that 180-day cumulative 

incidence of grades II-IV aGVHD was 22% (95%CI, 11-35) and 1-year cumulative 

incidence of cGVHD was 29% (95%CI, 16-43)13. Two-year cumulative incidence of NRM 

and relapse were 11% (95%CI, 4-22) and 38% (95%CI, 24-52), respectively. Bortezomib-

treated patients had similar rates of NRM and survival as those of contemporaneous HLA-

matched RIC HCT8,13,53. However, the randomized, phase II BMT CTN 1203, comparing 

three GVHD preventive regimens (PTCY, bortezomib and maraviroc) with a 

contemporaneous CIBMTR controls, did not demonstrate an improved acute or cGVHD 

rates with bortezomib-based prophylaxis12. The cumulative incidence of cGVHD at 1-year 

was 39% (90%CI, 30-48) for tacrolimus, methotrexate, and bortezomib and 38% (90%CI, 

33-43) for the control group of tacrolimus and methotrexate12. Based on the preclinical and 

clinical rationale for use of PIs in prevention of GVHD, studies have examined the utility of 

PIs in cGVHD management. A single-arm, single-center, phase II study was conducted in 22 

patients using bortezomib to complement the immunomodulatory activity of prednisone in 

the first-line treatment of cGVHD10. Bortezomib was administered intravenously on days 1, 

8, 15, 22 of 35-days cycle, for a study duration of 15 weeks. The regimen was well-tolerated 

and achieved a high response at week 15 (80%, including 2 (10%) complete and 14 (70%) 

partial responses) and allowed a decrease in median prednisone dose from 50 mg/day to 20 

mg/day at week 15. An irreversible PI, carfilzomib, administered intravenously once-weekly 

for six 28-day cycles was evaluated in a single-arm multicenter phase II trial (n=20) with the 

primary endpoint of 6-month treatment failure (composite of death, relapse, additional 

immunosuppression)54. The study results revealed that carfilzomib therapy was poorly 

tolerated with low adherence to the planned therapy and high rate of discontinuation, driven 

by unresolved toxicity and treatment failure with additional immunosuppression therapy. 

Failure-free survival at 12 months was 32%.

Ixazomib is rapidly absorbed, has high oral bioavailability and has a long terminal half-life 

of 9.5 days55. The kinetics of early B-cell recovery (as early as day +60 to +90 post-HCT) 

and potential role of B cells in the pathophysiology of cGVHD were the main rationale 

behind ixazomib schedule adopted in the current protocol56,57. The timing of ixazomib was 
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extrapolated from data demonstrating depletion of allogeneic donor B-cells after 

prophylactic anti-B-cell therapy delivered 2-3 months post-HCT in a study evaluating 

activity of rituximab in prevention of cGVHD49. In addition, initiating ixazomib earlier than 

day +60 could have increased the probability of cytopenias, gastrointestinal AEs and 

potentially severe aGVHD based on data from murine models58. The timing and schedule of 

ixazomib in our study was largely empiric. We cannot rule out the possibility that an 

extended prophylaxis duration could have been more effective in preventing cGVHD, 

especially when considering the recently reported favorable outcomes of cGVHD treatment 

with this agent by Pidala et al59. A limitation of the study was that the CIBMTR controls 

were matched to the study patients for most relevant baseline clinical characteristics 

(disease, disease status, conditioning regimen, HCT-CI and patient’s age) besides donor 

type, but there were other elements that could not be matched such as KPS and individual 

organ functions required for study participation and referred to in the eligibility criteria.

Improvement in cGVHD patients with rituximab supports the role of B-cells in cGVHD 

pathogenesis60,61. Serving as APCs, donor B-cells stimulate donor CD4+ T-cell expansion, 

autoreactivity, IL-7Rα expression, and survival27. These changes significantly boost donor 

CD4+ T cell capacity in mediating autoimmune features of cGVHD27. In the context of B-

cell dysfunction, BAFF is thought to be critical for B-cell survival and activation based on 

preclinical models62,63. B-cell reconstitution in patients with cGVHD is delayed, and these 

patients have elevated plasma BAFF: B-cell ratios63. BAFF levels are elevated immediately 

following allogeneic HCT but decrease with B cell recovery49,62. The significant increase in 

BAFF levels observed post-ixazomib in patients without cGVHD (Figure 2B) could be 

related to the effect of ixazomib on the likely swift B-cell reconstitution that otherwise 

would have happened in these patients50. Similar to our observations of BAFF level 

elevations post-ixazomib in patients not developing cGVHD, Cutler et al. showed in a phase 

II study of rituximab for cGVHD prevention that BAFF levels were significantly higher in 

cGVHD-free patients at 9 and 12 months50. It was also shown in that study that BAFF/B-

cell ratios were significantly higher in cGVHD patients than in cGVHD-free patients at 24 

months. We were limited in this trial as we did not follow the BAFF levels and BAFF: 

CD19+ B-cell ratios over an extended period after HCT.

There is an inherent bias in any single-arm clinical trial of a post-HCT intervention that 

enrolls participants after HCT due to exclusion of patients who suffered significant adverse 

event prior to the onset of the intervention. Likewise, our trial excluded patients with active 

grade III-IV and/or steroid-refractory aGVHD at the time of initiation of the study drug (as 

such subjects were not eligible for the study). It is, therefore, worth mentioning that 

minimizing the selection bias by conducting a landmark analysis with contemporary 

matched controls is a strength of this study and allowed us to put results of a single arm 

study in perspective. This study results also illustrated an important finding that became 

obvious as a result of a comparison with the matched controls: despite achieving decreased 

cGVHD rates in both donor groups and meeting the primary endpoint in the MUD cohort, 

the comparative analysis showed that ixazomib used at the given schedule and duration 

lacked efficacy. This can be partially explained by the fact that this was, in effect, a 

landmark analysis in which outcomes in patients who survived up until at least day +60 

without active grade III-IV or steroid-refractory aGVHD (at the time of initiating ixazomib) 
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in the study cohort were compared with matched CIBMTR controls surviving until day+60 

without relapse and without developing grade III-IV aGVHD.

In conclusion, this prospective phase II study using a novel strategy of oral ixazomib for 

cGVHD prophylaxis administered in four weekly doses starting between days +60 through 

+90 post-transplant did not demonstrate a reduction in cGVHD risk relative to matched 

controls. Further exploration of a short course of oral ixazomib using the schedule employed 

in this study is not warranted. Potential benefit of ixazomib as cGVHD prophylaxis with an 

alternate schedule and duration cannot be ruled out.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Administration of an oral proteasome inhibitor, ixazomib in combination with 

tacrolimus and methotrexate for prevention of chronic GVHD is safe and 

convenient but failed to show efficacy when compared to contemporaneous 

matched CIBMTR controls.

• B-cell activating factor (BAFF), critical for B-cell survival and maturation, 

was elevated after administration of ixazomib in chronic-GVHD free patients 

indicating B-cell depleting effect of ixazomib.
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Figure 1. 
A. Cumulative incidence of chronic GVHD and moderate/severe chronic GVHD at 1 year in 

the matched related donor cohort of the phase II study B. Cumulative incidence of chronic 

GVHD and moderate/severe chronic GVHD at 1 year in the matched unrelated donor cohort 

of the phase II study
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Figure 2. 
A. Baseline (pre-ixazomib) BAFF levels in phase II patients with no chronic GVHD vs. with 

chronic GVHD B. Pre- and post-ixazomib BAFF levels in phase II patients with no chronic 

GVHD C. Pre- and post-ixazomib BAFF levels in phase II patients with chronic D. Post-

ixazomib BAFF levels in phase II patients with no chronic GVHD vs. with chronic GVHD 

E. Pre- and post-ixazomib BAFF: B cell ratio levels in phase II patients with chronic GVHD 

F. Pre- and post-ixazomib BAFF: B cell ratio levels in phase II patients with no chronic 

GVHD G. Pre- and post-ixazomib Tregs in phase II patients with no chronic GVHD H. Pre- 

and post-ixazomib Tregs in phase II patients developing chronic GVHD
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Table 1.

Baseline Characteristics of the Clinical Trial (Phase I/II) Patients

Phase I N=6 (%) Phase II MRD N=25 Phase II MUD N=26

Male (%) 5 (83%) 15 (79%) 13 (68%)

Median age, years (range) 66 (54-73) 55 (27-71) 56 (27-69)

Median doses of ixazomib (range) 4 (3-4) 4 (1-4) 4 (1-4)

 Causes of missed ixazomib doses nausea/diarrhea=1 nausea/vomiting=3; 
aGVHD=1; acute kidney 

injury=1

thrombocytopenia=4; nausea/
vomiting/diarrhea=3; relapse=2; 

others=2

Ixazomib start day, median (range) 71 (66-73) 68 (60-90) 67 (60-90)

Median KPS at enrollment (range) 75 (70-90) 80 (70-90) 80 (60-100)

Median HCT-CI (range) 4 (2-5) 3 (0-6) 2 (0-4)

Diagnosis

 Leukemia/MDS/MPN (%) 4 (67) 13 (52) 20 (77)

 Lymphoma (%) 2 (33) 9 (36) 3 (11)

 Multiple Myeloma (%) 3 (12) 3 (11)

Prior autograft (%) 3 (50) 10 (40) 6 (23)

HLA match (%) 6 (100)

 8/8 25 (100) 24 (92)

 10/10 2 (8)

DRI

 High 1 (17) 2 (8) 1 (4)

 Intermediate 1 (17) 15 (60) 18 (69)

 Low 4 (67) 8 (32) 7 (27)

Conditioning

 Reduced Intensity (%) 6 (100) 18 (72) 15 (57)

  Fludarabine/Busulfan2 6 (100) 12 (48) 10 (38)

  Fludarabine/Melphalan 6 (24) 5 (19)

 Myeloablative (%) 7 (28) 11 (42)

  Fludarabine/Busulfan4 (%) 5 (20) 5 (19)

  Busulfan/Cyclophosphamide2(%) 0 (0) 2 (8)

  Cyclophosphamide/TBI (%) 2 (8) 4 (15)

Planned acute GVHD prophylaxis

  Tacrolimus/Methotrexate (%) 6 (100) 25 (100) 26 (100)

PB graft (%) 6 (100) 25 (100) 26 (100)

ABO mismatch (%) 1 (17) 10 (40) 17 (65)
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Phase I N=6 (%) Phase II MRD N=25 Phase II MUD N=26

Acute GVHD before ixazomib

Patients with grade I-II aGVHD before starting 
ixazomib (%)

0 5 (20) 9 (35)

Patients with active aGVHD at the start of ixazomib 
(% of GVHD cases before ixazomib)

0 2 (40) 2 (22)

Median follow-up of survivors, months (range) 36 (24-37) 17 (12-36) 21 (12-37)

Abbreviations: aGVHD, acute Graft-versus-Host Disease; KPS, Karnofsky Performance Score; HCT-CI, hematopoietic cell transplantation-
comorbidity index; MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasm; PB, peripheral blood; wt, weight.

1
High-resolution typing at HLA-A, -B, -C and –DRB1

2
Disease-risk classification based on the standard criteria (available at: https://www.cibmtr.org/ReferenceCenter/Statistical/Tools/Pages/DRI.aspx 

[Last accessed Nov 22, 2019])
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Table 2.

Adverse events (possibly, probably or definitely) related to ixazomib in the study patients.

Adverse event Any Grade n (%) Grade 1-2 n (%) Grade 3 n (%)

Phase I (N=6)

Thrombocytopenia 1 (17) 1 (17) 0

Aspartate Aminotransferase Increased 1 (17) 1 (17) 0

Alanine aminotransferase Increased 1 (17) 1 (17) 0

Alkaline phosphatase Increased 1 (17) 1 (17) 0

Phase II (N=51)

Thrombocytopenia 14 (27) 10 (20) 4 (8)

Leukopenia 5 (10) 4 (8) 1 (2)

Neutropenia 3 (6) 2 (4) 1 (2)

Lymphopenia 4 (8) 1 (2) 3 (6)

Diarrhea 17 (33) 16 (31) 1 (2)

Nausea 17 (33) 16 (31) 1 (2)

Vomiting 10 (20) 10 (20) 0

Fatigue 7 (14) 7 (14) 0

Fever 3 (6) 3 (6) 0

Bloating 2 (4) 2 (4) 0

Edema limbs 3 (6) 3 (6) 0

Acute kidney injury 2 (4) 2 (4) 0

Rise in creatinine 1 (2) 1 (2) 0

Dehydration 1 (2) 1 (2) 0

Abdominal pain 2 (4) 1 (2) 1 (2)

Testicular pain 1 (2) 1 (2) 0

Dysgeusia 2 (4) 2 (4) 0

Hyponatremia 1 (2) 0 1 (2)

Catheter-related infection 1 (2) 0 1 (2)

Weight gain 1 (2) 1 (2) 0

Skin rash 2 (4) 2 (4) 0

Muscle pain 1 (2) 1 (2) 0

Cough 1 (2) 1 (2) 0

Gout 1 (2) 1 (2) 0

Dry Mouth 1 (2) 1 (2) 0

Gastritis 1 (2) 1 (2) 0
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Table 3.

Adjusted (for age) outcomes after allogeneic transplant receiving ixazomib plus standard graft-versus-host 

disease (GVHD) prophylaxis on the study.

Outcomes Phase II MRD (n=25) Probability (95% CI) Phase II MUD (n=26) Probability (95% CI)

Chronic GVHD, 1 year 36% (19-54) 39% (21-56)

Moderate/Severe Chronic GVHD, 1 year 28% (13-46) 27% (12-44)

Acute GVHD, grade II-IV, 100 days 20% (8-37) 15% (5-31)

Acute GVHD, grade III-IV, 100 days 8% (1-22) 12% (3-26)

Acute GVHD, grade II-IV, 180 days 28% (13-46) 23% (10-40)

Acute GVHD, grade III-IV, 180 days 8% (1-22) 15% (5-31)

Non-relapse mortality, 1 year 0% 4% (0-16)

Relapse, 1 year 20% (8-37) 35% (18-52)

Relapse-free survival, 1 year 80% (58-91) 62% (40-77)

Overall survival, 1 year 92% (72-98) 89% (68-96)
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Table 4.

Frequency and severity of chronic graft-versus-host disease and its organ distribution in the matched related 

and unrelated donor cohorts of the phase II study

 A. Matched related donor

Severity of Chronic Grade (n) Organs involved (n)

Mild chronic GVHD (6)

Eyes (1)

Mouth (4)

Liver (3)

Moderate chronic GVHD (6)

Eyes (2)

Mouth (4)

Skin (4)

Liver (2)

Lungs (2)

Severe chronic GVHD (2)
Mouth (1)

Liver (2)

 B. Matched unrelated donor

Severity of Chronic Grade (n) Organs involved (n)

Mild chronic GVHD (2)
Eyes (1)

Liver (1)

Moderate chronic GVHD (5)

Eyes (2)

Mouth (2)

Skin (3)

Liver (2)

GIT (1)

Joints/fascia (1)

Severe chronic GVHD (4)

Eyes (2)

Mouth (2)

Skin (2)

Liver (2)

Lungs (1)

Abbreviations: GIT, gastrointestinal tract; GVHD, graft-versus-host disease.
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Table 5.

Kinetics of donor cell chimerism and immune reconstitution after allogeneic transplant

Variable (Reference range) Day +30 Day +100 Day +180 Day +365

Post-transplantation donor cell chimerism in the MRD cohort

T-cell (CD3+) chimerism 90 (0-100) 94 (21-100) 97.5 (49-100) 100 (82-100)

Myeloid (CD33+) chimerism 100 (91-100) 100 (83-100) 100 (79-100) 100 (98-100)

Post-transplantation donor cell chimerism in the MUD cohort

T-cell (CD3+) chimerism 93 (76-100) 96 (81.3-100) 100 (84.3-100) 100 (0-100)

Myeloid (CD33+) chimerism 100 (89-100) 100 (1-100) 100 (1-100) 100 (0-100)

Immune reconstitution (MRD and MUD cohort data combined)

IgM (40-230 mg/dL) 40.5 (5-585) 32.5 (0-139) 36 (0-320) 54 (5-462)

IgA (70-400 mg/dL) 119 (0-2849) 79.5 (0-1973) 92.5 (0-1404) 71 (0-696)

IgG (700-1600 mg/dL) 577.5 (50-2597) 526 (287-4266) 573 (191-1921) 577 (66-2820)

CD3+/CD4+, median (range) (410-1540/μL) 248 (0-1632) 326 (0-1100) 379 (73-1372)

CD3+/CD8+, median (range) (230-1090/μL) 235 (0-2034) 293 (0-2251) 341 (28-2540)

CD4+ naive T-cells‡, median (range) (145-768/μL) 56.5 (0-512) 58 (0-330) 55 (0-288)

Regulatory T-cells#, median (range) (19-41/μL) 33 (10-70) 40 (1-99) 54 (8-292)

CD19+/CD20+ B-cells, median (range) (0-559/μL) 24.5 (0-480) 32 (0-946) 104.5 (0-1250)

CD16+/CD56+ NK-cells, median (range) (42-447/μL) 167 (36-469) 173 (0-810) 175.5 (4-882)

Data presented are median (range).

‡
CD4+ naive T cell subsets defined as CD3+/CD45RA+/CD45RO−/CD4+.

#
Regulatory T cells defined as CD3+CD4+CD25med-highCD127low.

MRD: matched related donor, MUD: matched unrelated donor
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Table 6.

Results of matched-pair analysis comparing key outcomes between phase II study patients and the 

contemporaneous matched CIBMTR controls.

A. Matched Sibling donor cohort Case HR (95% CI) Matched Control HR (Reference) P-value

Chronic GVHD 0.85 (0.42-1.71) 1.0 0.64

Moderate/Severe Chronic GVHD 1.04 (0.48-2.23) 1.0 0.93

Acute GVHD, grade II-IV 0.86 (0.41-1.79) 1.0 0.68

Acute GVHD, grade III-IV 1.19 (0.32-4.39) 1.0 0.79

Non-Relapse Mortality 0.00 1.0 <0.01

Relapse 0.59 (0.23-1.52) 1.0 0.27

Relapse-Free Survival 0.47 (0.19-1.20) 1.0 0.11

Overall Survival 0.34 (0.08-1.39) 1.0 0.13

B. Matched Unrelated donor cohort Case HR (95% CI) Matched Control HR (Reference) P-Value

Chronic GVHD 0.68 (0.34-1.33) 1.0 0.26

Moderate/Severe Chronic GVHD 0.83 (0.41-1.71) 1.0 0.62

Acute GVHD, grade II-IV 0.78 (0.36-1.68) 1.0 0.53

Acute GVHD, grade III-IV 4.73 (1.12-19.97) 1.0 0.03

Non-Relapse Mortality 2.19 (0.19-24.59) 1.0 0.53

Relapse 1.64 (0.74-3.59) 1.0 0.22

Relapse-Free Survival 1.68 (0.79-3.57) 1.0 0.18

Overall Survival 0.71 (0.20-2.53) 1.0 0.60
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