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Abstract

Background.—Prevention of GVHD without malignant relapse reflects the overall goal of
allogeneic hematopoietic cell transplantation (HCT). Novel regimens utilizing either maraviroc
(MVC), bortezomib (BOR), or post-transplant cyclophosphamide (PTCy) have been reported to
modulate GVHD and were tested against commonly used combination of tacrolimus (TAC) and
methotrexate (MTX). The study aim was to evaluate each of these novel approaches for GvHD
prophylaxis compared to contemporary controls using a novel composite primary endpoint to
determine the most promising intervention to be further tested on a phase Il clinical trial.

Methods.—This completed prospective multicenter phase Il trial randomly assigned adult
patients, aged 1875, who received reduced intensity conditioning HCT to TAC/MMF/PTCy (Cy
50mg/kg on days +3 and +4, followed by TAC starting on day +5 and MMF starting on day +5 at
15mg/kg every 8 hours from day +5 to day +35); TAC/MTX/BOR (BOR 1.3mg/m? IV on days +1,
+4 and +7 post HCT); or TAC/MTX/MVC (MVC 300 mg PO twice daily from day -3 to day +30
post HCT). MTX was administered at 15 mg/m? 1V bolus on day +1, and 10 mg/m? IV bolus on
days +3, +6 and +11 post HCT; TAC was given intravenously at a dose of 0.05 mg/kg twice daily
(or oral equivalent) starting day —3 (except the PTCy as indicated), with a target level of 5-15
ng/mL. TAC continued at least until day +90 and was tapered off by day 180. Each compared
separately to a contemporary nonrandomized prospective cohort of patients who fulfilled the same
eligibility criteria as the trial but treated with TAC/MTX at centers not participating in the trial.
The primary endpoint (GFRS) was measured as the time from HCT to first of four events: onset of
grade I11-1V acute GVHD (aGVHD), chronic GVHD (cGVHD) requiring systemic
immunosuppression (1S), disease relapse, or death. Randomization was performed in a 1:1:1 ratio
using random block sizes for the three arms. The study was analyzed as a modified intent to treat.
The study is closed to accrual and this is the study planned analysis. (ClinicalTrials.gov
NCT#02208037).

Findings.—273 patients were randomized between the 3 study arms; 224 controls received Tac/
MTX. Controls were generally well balanced except for more frequent comorbidities and type of
conditioning regimens utilized. Compared to controls, hazard ratio (HR) for GRFS were 0.72
(90% CI 0.54, 0.94) (p=0.04), 0.98 (90% CI 0.76, 1.27) (p=0.92) and 1.11 (90% CI 0.86, 1.41)
(p=0.45) for TAC/MMF/PTCy, TAC/MTX/BOR and TAC/MTX/MVC, respectively. Overall, 238
patients experienced grades 3 and 4 toxicities: TAC/MMF/PTCy 12 (13%) and 67 (72.8%),
TAC/MTX/BOR 10 (11.2%) and 68 (76.4%), and TAC/MTX/MVC 18 (19.6%) and 63 (68.5%)
respectively. The most common toxicities where hematological: TAC/MMF/PTCy 77(83.7%),
TAC/MTX/BOR 73 (82%), TAC/MTX/MVC 78 (84.8%) and cardiac: TAC/MMF/PTCy
43(46.7%), TAC/MTX/BOR 44 (49.4%), TAC/MTX/MVC 43 (46.7%). Interpretation. TAC/IMMF/
PTCy was the most promising intervention yielding the best GRFS; and the best to prospectively
compare to TAC/MTX in a phase 111 randomized trial.

Introduction

Graft-versus-host disease (GVHD) is a frequent cause of morbidity and mortality after

allogenic hematopoietic cell transplantation (HCT) (1-3). Over the last few decades, the
combination of methotrexate (MTX) and a calcineurin inhibitor, have been the cornerstone
for GVHD prevention(4). However, despite prophylaxis over 50% of patients undergoing
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HCT will suffer from acute, chronic GVHD, or both(1, 5-7). Unfortunately, these outcomes
have changed little despite the introduction of agents such as mycophenolate mofetil (MMF)
or sirolimus(8, 9). Moreover, in patients who develop GVHD and failed to respond to
treatment, the survival is poor due to infectious complications, organ failure and toxicity of
immunosuppressive agents(10). Therefore, a strategy that minimizes not just the incidence
of GVHD, but other adverse events, should translate into better outcomes after HCT.

Novel agents that have demonstrated promising results in the prevention of GVHD include
bortezomib (BOR), maraviroc (MVC), and post-transplant cyclophosphamide (PTCy). BOR
resulted in significant protection from acute GVHD in murine models with no adverse
effects on long-term donor reconstitution(11). The drug was effective in single center studies
of mismatched unrelated donor reduced intensity HCT(12, 13). CCRS5 is a chemokine
receptor that is important in GVHD pathogenesis in murine models (14, 15). MVC, a CCR5
antagonist, inhibits lymphocyte chemotaxis without impairing T-cell function, and appeared
promising in a study of reduced intensity HCT, primarily through reduction of severe acute
GVHD in the liver and gut (16, 17). Lastly, PTCy allows transplantation between matched
and mismatched donor-recipient pairs with low rates of chronic GVHD presumably via
killing of activated effector T-cells and up-regulation of regulatory T-cells (18-21).

The Blood and Marrow Transplant Clinical Trials Network (BMT CTN) analyzed several
single center GVHD prevention approaches and selected three promising interventions to be
analyzed prospectively in a multi-center setting, focusing on recipients of reduced intensity
conditioning regimens(22). This phase Il trial randomized patients to receive tacrolimus
TAC/MTX/BOR, TAC/MTX/MVC, or TAC/MMF/PTCy, and outcomes were compared to
TAC/MTX contemporary controls. Moreover, the BMT CTN developed a composite
endpoint for GVHD prevention trials to account not only for a reduction in GVHD but to
include disease relapse and death, resulting in a more comprehensive assessment of overall
transplant success(22). The study hypothesis was to evaluate novel approaches for GvHD
prophylaxis compared to contemporary controls using a novel composite primary endpoint
to determine the most promising intervention to be further tested on a phase Il clinical trial.

Study design and participants

This was a BMT CTN randomized phase 11, open label, multicenter trial comparing each of
TAC/MTX/BOR, TAC/MTX/MVC, and TAC/MMF/PTCy to a nonrandomized prospective
contemporary TAC/MTX control. HCT centers not participating in the clinical trial were
recruited to participated in the control arm using data collected by the Center for
International Blood and Marrow Transplant Research® (CIBMTR®). The CIBMTR® is a
research collaboration between the National Marrow Donor Program® (NMDP)/Be The
Match® and the Medical College of Wisconsin. The CIBMTR® represents an international
network of transplant centers that submit transplant-related outcomes data. It has been
collecting HCT outcomes data for >40 years and has an extensive prospectively collected
longitudinal database of detailed patient-, transplant- and disease-related information(23).
The CIBMTR® data were collected in compliance with HIPAA regulations and with all
applicable federal regulations pertaining to the protection of human research participants, as
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determined by a continuous review by the NMDP Institutional Review Board and the
Medical College of Wisconsin. Centers participating in the control cohort provided
supplemental information specific for this trial, including date of Grades Il and 1V aGVHD
and use of corticosteroids, in additional to standard CIBMTR® data collection forms.

Eligible patients were 18-75 year-old candidates for a reduced intensity conditioning with a
related 6/6 match for HLA-A and -B at intermediate resolution, and -DRB1 at high
resolution; or unrelated donor who is HLA-matched 7/8 or 8/8 HLA-A, -B, -C and -DRB1
at high resolution using DNA-based typing. Eligible diseases were acute leukemia, chronic
myelogenous leukemia and myelodysplasia with no circulating blasts and with less than 5%
blasts in the bone marrow, chronic lymphocytic leukemia/small lymphocytic lymphoma, as
well as follicular, marginal zone, diffuse large-B cell, Hodgkin, or mantle cell lymphoma
with chemosensitive disease at time of transplant.

Exclusion criteria included prior allogeneic transplant, ejection fraction <45%, hepatitis B or
C, HIV infection, transformed lymphoma, other cancer diagnosis, planned post-BMT
therapy including tyrosine kinase inhibitors, uncontrolled bacterial or fungal infections, poor
performance status, creatinine clearance <50 mL/minute, DLCO <40% or FEV1 <50%, and
inability to withhold agents that interact with hepatic cytochrome P450 enzymes or
glutathione S-transferases involved in BOR and/or busulfan (BU) metabolism from day -5
to +7. The final control cohort had the same eligibility criteria as patients enrolled in the
clinical trial, which was applied in two stages to reach the final population. The first stage
included centers that agreed to participate in the control cohort, age, diseases, conditioning
regimens and TAC based GVHD prophylaxis. All consecutive patients who were
transplanted from August 2014 to July 2016 at participating centers were included in the
pool of potential controls. The second phase assessed all reported data for consistencies and
applied additional eligibility criteria, not included in the earlier entry forms, e.g. excluding
transformed lymphoma and presence of any viral infections prior to transplant. Most cases
excluded in the controls were related to use of TAC/MMF among other GVHD prevention
approaches (Figure 1). Acute GVHD was graded according to Keystone consensus(24).
Chronic GVHD was diagnosed and evaluated per NIH Consensus Conference(25). The
study was approved by the Institutional Review Board at each institution and all patients
provided written informed consent before being admitted to the clinical study.

Randomization and masking.

Subjects were approached for this study after the decision to proceed with transplantation
was made and a suitable HLA-matched donor, identified. Transplant physicians evaluated
the patient eligibility for randomization onto this study. Eligibility criteria was verified and
ineligible patients were off study and no further follow-up was obtained. Transplant center
personnel registered the patient in EMMES AdvantageEDCSM (Electronic Data Capture, an
Internet-based data entry system) which upon completion of registration will inform of the
results of randomization to the study center. All patients were randomized within 7 days
prior to the initiation of conditioning therapy. Randomization was performed in a 1:1:1 ratio
using permuted blocks with a random block sizes, stratified by donor type (HLA-matched
sibling vs. matched unrelated vs. mismatched unrelated) and disease risk (high vs. low).
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Disease risk was modeled based on the risk for GRFS and patients with CLL and MDS were
considered high risk and all the others were standard risk based on these criteria.

Conditioning regimens allowed in the randomized clinical trial included fludarabine (FLU)
(120-180 mg/m?2)/BU (<8 mg/kg PO or 6.4 mg/kg 1V); FLU (90-120 mg/m?2)/ Cy (120
mg/kg or 2250mg/m?2); FLU (120-180 mg/m?2)/ melphalan (<150 mg/m?); FLU (90 mg/m?2)/
TBI 200cGy, and fludarabine (150 mg/m?2)/cyclophosphamide (29 mg/Kg) /TBI (200cGy).
Donors were mobilized with filgrastim and collected by leukapheresis to a target stem cell
dose between 2x108 and 10x10% CD34*/kg based on actual recipient body weight. Cells
were administered on day O per institutional standards. Patients in the clinical trial were
randomized to one of three GVHD prophylaxis regimens: TAC/MTX with BOR 1.3mg/m?
IV on days +1, +4 and +7 post HCT; TAC/MTX with MVC 300 mg PO twice daily from day
-3 to day +30 post HCT; or PTCy 50mg/kg day +3 and +4 followed by TAC/MMF 15mg/kg
TID not to exceed 1g TID starting on day+5, MMF was stopped at day +35. In patients
receiving MTX, the drug was administered at doses of 15 mg/m? IV bolus on day +1, and 10
mg/m? IV bolus on days +3, +6 and +11 after post HCT; TAC was given intravenously at a
dose of 0.05 mg/kg twice daily (or oral equivalent) starting day —3, with a target level of 5-
15 ng/mL. TAC was recommended to continue at least until day +90 and to be completely
tapered off by day 180. Drugs for prophylaxis against 2. jiroveci, fungal, and herpetic
infections, use of growth factors, IVIG, blood products, and other supportive care, were per
institutional standards. Dose adjustments were allowed. Tacrolimus dose reductions were
made if toxicity was present or whole blood levels are above the recommended range (15
ng/mL) in the absence of toxicity. Patients with severe intolerance of tacrolimus could be
placed on cyclosporine (trough level of 200-400 ng/mL) or sirolimus (trough level of 3-8
ng/mL). MTX dose reductions due to worsening creatinine clearance after initiation of
conditioning regimen, high serum levels or development of oral mucositis were done
according to institutional practices. Maraviroc dose reduction of 50% took place if Grade 3
or higher liver toxicity not attributable to other causes such as infection, GVHD, toxicity
from other drugs or sinusoid obstructive syndrome/veno-occlusive disease was present or if
severe mucositis, nausea or other complications that precludes administration of an oral
medication also was seen. For coadministration of CYP3 inhibitors with or without a potent
CYP3A inducer)(ketoconazole, itraconazole, clarithromycin) the dose of MVC was 150 mg
twice daily. For potent CYP3A inducers (without a potent CYP3A inhibitor)(rifampin,
carbamazepine, phenobarbital, and phenytoin) the dose of MVVC was 600 mg twice daily.
Bortezomib dose reductions occurred in the presence of grade 1 or 2 neuropathy, the drug
was reduced to 1 mg/m2. For grade 2 with pain or grade 3, the drug was held until
resolution. For grade 4, it was discontinued. For PTCy no dose adjustments were made, but
no immunosuppressants were allowed until after 24 hours after completion of the drug.

The primary endpoint was the composite endpoint of GVHD-free, relapse-free survival
(GRFS) defined as time to onset of any of the following events from time of HCT: grade I11-
IV acute GVHD, chronic GVHD requiring systemic immunosuppressive (1S) treatment,
disease relapse or progression, death from any cause, loss to follow-up or end of 1 year,
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whichever came first(22). Systemic 1S was defined as continuation of drugs in patients with
chronic GVHD or addition of new drugs to treat this complication, which included non-
topical IS medications, extracorporeal photopheresis or prednisone doses of 10 mg and
higher or equivalent. Secondary endpoints included cumulative incidence rates of grades Il-
IV and I11-1V acute GVHD, cumulative incidence rate of chronic GVHD, 1-year IS-free
survival, neutrophil and platelet recovery, donor cell engraftment, disease relapse or
progression, transplant-related mortality (TRM), toxicities, infections, disease-free survival
(DFS), GVHD-free survival, overall survival (OS) and causes of death.

To accommodate the unique design of comparing the arms within a randomized phase Il trial
to contemporary control, we compared each arm with the control, with the exception of
donor cell engraftment, toxicities, infections and causes of death, which were compared
across the three randomized arms.

Acute GVHD was graded according to the Consensus Criteria(26). Chronic GVHD was
defined by NIH Consensus(25). Outcomes including IS were defined as use of any systemic
IS. Corticosteroids were included as systemic IS when patients were receiving doses higher
than 10 mg of prednisone or equivalent. I1S-free survival included patients who were off
systemic IS as defined above at 1 year (£15 days) after transplant. Neutrophil engraftment
was defined as the first of 3 consecutive measurements with an absolute neutrophil count of
500 cells/uL or greater. Platelet engraftment was defined as the first day of a sustained
platelet count of >20,000/uL, with no platelet transfusion in the preceding 7 days. Donor cell
engraftment was assessed by chimerism studies in the blood or bone marrow and defined
based on proportion of donor chimerism as full (> 95%) mixed (5-95%) or graft failure
(<5%). Disease relapse was defined by either morphological or cytogenetic evidence of
acute leukemia or MDS, or radiological or clinical evidence of lymphoma confirmed
histologically. Disease progression applied to lymphoproliferative diseases not in remission
at time of transplant and was defined as increase in the size of disease at prior sites of
disease or at new sites. Toxicities were defined as the development of grade >3 according to
the Common Terminology Criteria for Adverse events (CTCAE v4). Infections included the
number of events, grade and organism group (bacteria, virus or fungus). DFS included
disease relapse or progression and death as events. GVHD-free survival included grades I11-
IV acute GVHD, chronic GVHD requiring IS and death as events.

Statistical Analysis

The trial was designed to randomize 270 patients across three novel GVHD prophylaxis
groups (n=90 each), and also collect comparable data on a concurrent nonrandomized
CIBMTR control cohort of approximately 270 patients. The planned sample size of 540
patients had at least 80% power to identify a treatment as promising (HR relative to
concurrent nonrandomized control group significant at one-sided 5% significance level)
when its GRFS at one year was 15% better than control, based on a simulation study which
also accounted for a futility stopping rule. The incidence rates of acute and chronic GVHD,
GVHD requiring IS, relapse/progression, TRM and hematologic recovery were calculated
for each group using the cumulative incidence estimator, along with 90% confidence
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intervals. GRFS, IS-free survival, DFS, GVHD-free survival and OS were estimated using
the Kaplan-Meier method along with 90% confidence intervals.

Because the control group was nonrandomized, multivariate analyses were done using Cox
proportional hazards regression models for GRFS, acute and chronic GVHD, chronic
GVHD requiring IS, relapse, treatment-related mortality, DFS, GVHD-free and overall
mortality (1-OS) after adjusting for age, disease and donor type/HLA matching. Additional
variables including sex, race/ethnicity, conditioning regimen, Karnofsky performance score,
HCT comorbidity index (HCT CI), disease status, donor/recipient CMV status, time to
transplant, donor/recipient sex match, and donor/recipient ABO match, were also considered
in each model using a stepwise model building strategy with a significance level of 10%.
Ninety percent confidence intervals for each hazard ratio compared to the control group
were constructed. Adjusted survival curves were estimated for each treatment group as well
as the controls. SAS/STAT software, Version 9.4 of the SAS System for Windows was used
for all the analyses. Comparisons to the control group used a modified intent to treat
analysis, where randomized patients were analysed according to their randomized group, but
which only included patients who were transplanted. This was because the control group
was a non-randomized cohort enrolled at the time of transplant. Planned interim analyses for
futility were conducted after the first 30 evaluable patients in each arm based on anticipated
6 month GRFS in the control group of 45-50%. Additional safety monitoring was conducted
for transplant related mortality at 100 days post HCT.

From November 17, 2014 through May 18, 2016, 279 patients (89 to TAC/MTX/BOR, 92 to
TAC/MTX/MVC, 92 to TAC/MMF/PTCy) from 31 US centers; and from August 1, 2014
through September 14, 2016, 403 controls from 32 US centers, were enrolled. The final
control population used to compare to each arm in the randomized trial was 224 control
patients (Figure 1). Median age was 64 years (IQR 59-68) for all arms and controls. Patient
characteristics were balanced in subjects enrolled in the randomized trial. Comparing each
treatment arm with controls, patients in the control had a higher proportion of higher HCT
Cl, different distribution of types of RIC conditioning regimens and minor differences in the
distribution of diseases (Table 1).

Primary endpoint

Adjusted one-year Kaplan-Meier estimates for GFRS were 34% (90% Confidence Intervals
[C1] 28-40%) for TAC/MTX and 43% (90% CI 34-54%), 35% (90% CI 27-47%) and 28%
(90% CI 20-38%) for TAC/MMF/PTCy, TAC/MTX/BOR and TAC/MTX/MVC,
respectively (Table 2 and Figure 2A).

Corresponding Hazard Ratios (HR) compared to TAC/MTX were 0.72 (p=0.044), 0.98
(p=0.92) and 1.1 (p=0.49) (Table 2). Additional covariates in the GRFS model include age,
disease, donor type and conditioning regimen (Supplemental material page 5).
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Secondary endpoints.

Hematologic Recovery and Engraftment—Neutrophil recovery at day 28 and platelet
recovery at day 60 did not differ in any arm compared with controls (Supplemental material
page 6). Among the randomized arms the proportion of patients who were full donor
chimeras at day 100 were 75% (n=62), 73% (n=63) and 65% (n=56) (p=0.36) for
TAC/MMF/PTCy, TAC/MTX/BOR and TAC/MTX/MVC, respectively. Corresponding rates
of graft failure at day 100 were 3.6% (n=3), 5.8% (n=5) and 3.5% (n=3) (p=0.65)
(Supplemental material page 7).

GVHD—The cumulative incidence of acute GVHD grades I1-1V at day 180 was 30% (90%
Cl 25-36%) for TAC/MTX and 27% (90% CI 20-35%), 26% (90% CI 19-34%) and 32%
(90% CI 24-40%) for TAC/MMF/PTCy, TAC/MTX/BOR and TAC/MTX/MVC,
respectively. Corresponding rates of acute GVHD grades I11-1V was 13% (90% CI1 9-16%)
for TAC/MTX and 2% (90% CI 0-5%), 8% (90% CI 4-13%) and 9% (90% CI 4-14%)
(Figure 2B, Table 2).

The cumulative incidence of chronic GVHD at 1 year was 38% (90% CI 33-43%) for
TAC/MTX and 28% (90% CI 20-36%), 39% (90% CI 30-48%) and 43% (90% CI 35-52%)
for TAC/MMF/PTCy, TAC/MTX/BOR and TAC/MTX/MVC, respectively. Corresponding
rates of chronic GVHD requiring 1S was 37% (90% CI 31-42%) for TAC/MTX and 22%
(90% CI 15-30%), 29% (90% CI 22-38%) and 33% (90% CI 25-41%)(Figure 2C, Table 2).
Multivariate analysis of GVHD models are shown in Table 2.

Toxicities and Infections—Toxicities appear similar within the experimental arms.
Overall, 238 patients experienced grades 3 and 4 toxicities: TAC/MMF/PTCy 12 (13%) and
67 (72.8%), TAC/IMTX/BOR 10 (11.2%) and 68 (76.4%), and TAC/MTX/MVC 18 (19.6%)
and 63 (68.5%) respectively. The most common toxicities where hematological: TAC/MMF/
PTCy 77(83.7%), TAC/MTX/BOR 73 (82%), TAC/MTX/MVC 78 (84.8%) and cardiac:
TAC/MMF/PTCy 43(46.7%), TAC/MTX/BOR 44 (49.4%), TAC/MTX/MVC 43 (46.7%).
Other toxicities with an incidence of over 30% in all arms included metabolic,
gastrointestinal, and pulmonary. Toxicities and infections occurred among patients enrolled
in the clinical trial are summarized in Table 3 (as well as in Supplemental material page 8).
Detailed causes of death are listed in the Supplemental material (Supplemental material page
8).

Disease Relapse and Survival Outcomes—One-year cumulative incidence of disease
relapse or progression, TRM and probabilities of DFS and OS are similar across groups and
shown in Table 2 (as well as Supplemental material page 2 and 3. The proportion of patients
who were alive, free of IS at one year were 56% for TAC/MTX and 71% (n=75, p=0.041),
67% (n=35, p=0.14) and 57% (n=28, p=0.85) for TAC/MMF/PTCy, TAC/MTX/BOR and
TAC/MTX/MVC. Corresponding rates of GVHD-free survival are shown in Table 2 and
Figure 2D.

Lancet Haematol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bolafios-Meade et al. Page 10

Discussion.

This phase 11 randomized trial tested three approaches for GVHD prophylaxis comparing
each to a nonrandomized contemporary cohort using a novel endpoint assessing GVHD
relapse and survival. TAC/MMF/PTCy was the only intervention shown to have better GRFS
compared with controls. This benefit was mainly driven by lower rates of severe acute
GVHD and chronic GVHD requiring IS, with comparable relapse and survival rates to
controls.

In studies leading to this trial, all three agents showed promising activity with respect to
preventing GVHD and its complications. Koreth et al. published a phase I study with
TAC/MTX/BOR for GVHD prophylaxis after reduced-intensity BMT using human
leukocyte antigen-mismatched unrelated donors(12). Twenty-three patients were enrolled.
BOR toxicity was minimal. With a 12-month median follow-up, grade I1-1V acute GVHD
occurred in 3 out of 23 patients. Chronic GVHD occurred in 9 patients. At 1-year, the
nonrelapse mortality was zero, cumulative incidence of relapse/progression was 29%, and
overall, progression-free, and event-free survival were 75%, 64%, and 59%, respectively. In
a similar study on 45 patients receiving peripheral blood grafts that were HLA-
mismatched(13), the 180-day cumulative incidence of grade I1-1V acute GVHD was 22%
and the one-year cumulative incidence of chronic GVHD was 29%. Two-year cumulative
incidences of NRM and relapse were 11% and 38% respectively. Two-year progression-free
survival and overall survival were 51% and 64%. This BOR-based regimen provided similar
outcomes utilizing HLA-mismatched donors to those observed in HLA-matched transplants.
Reshef et al. hypothesized that CCR5 blockade with MVC would inhibit visceral
GVHD(17). In 35 patients the cumulative incidence rate of grade I1-1V acute GVHD was
low at 14.7% on day 100 and 23.6% on day 180. Acute liver and gut GVHD were not
observed before day 100 and remained uncommon before day 180. Interestingly as
hypothesized, serum from patients receiving MV C prevented CCR5 internalization by CCL5
and blocked T-cell chemotaxis in vitro, providing evidence of antichemotactic activity(17).
Finally, PTCy has been effective preventing GVHD in both the matched and mismatched, as
well as in the non-myeloablative and myeloablative settings(20, 21, 27, 28). The mechanism
of action suggests an upregulation of T-reg lymphocytes(18). Moreover, PTCy has been
associated with very low rates of post-transplant lymphoproliferative disorder(29), donor
derived leukemia(30), and a low immunosuppressive burden after BMT(31). This approach
has consistently been associated with low rates of grades I11-1V acute GVHD and chronic
GVHD. Therefore, these 3 different approaches were ideal to be compared against
TAC/MTX as GVHD preventing agents. For the control arm, the combination of MTX and
TAC has been used for decades as standard GVHD prophylaxis since proven superior to
MTX and cyclosporine, with rates of grade I1-1V acute between 32-56% and chronic GvHD
between 56-76%(6, 7).

Other MTX free schemas have effective preventing GVHD. Sirolimus based combinations
have been effective in both, the reduced intensity as well as in the myeloablative settings,
preventing GVHD but not more effective than MTX based combinations(9, 32). Also, the
use of anti-thymocyte globulin has shown to decrease GVHD when compared to MXT and
cyclosporine after myeloablative conditioning regimens(33). Non-pharmacologic strategies
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such as the use of bone marrow grafts instead of peripheral blood grafts can also decrease
the incidence and severity of GvHD(34). Moreover, the incorporation of anti-thymocyte
globulin to PTCy and bone marrow in a small cohort produced very low rates of GVHD(35).
The results of this study suggests that PTCy could become an effective approach against
GVHD.

The selection of the primary endpoint was an issue of intense analysis by the BMT
CTN(22). In GVHD, several competing events can be influenced by a single intervention
making the composite endpoint of great interest. Excessive immunosuppression, for
instance, could be effective in preventing GVHD but could lead to relapse or life-threatening
infections thereby making the intervention ineffective. Conversely, having a patient alive, in
remission, with no GVHD and off IS is the ultimate goal of transplantation. Moreover, these
composite endpoints improve efficiency reducing sample size in a clinical trial(22).

The results also demonstrated interesting patterns. Chronic GVHD requiring IS in the
controls was not different than overall chronic GVHD. Patients enrolled in the clinical trial
had mandated IS taper by day 180, whereas in the controls, clinicians followed standard of
care practices. Controls tended to continue IS beyond day 180 more frequently and through
the development of cGVHD, reflecting the higher rate of use of these agents among these
patients.

The unique design of this study combining a randomized clinical trial with a prospective
contemporary registry based cohort required strategies to minimize bias. The rationale of
using a nonrandomized control was to avoid having a fourth arm in a phase 2 trial, which
would be associated with unique challenges and costs, and to improve power and efficiency
of the comparisons to the control group for the purpose of identifying promising treatments.
This trial design however introduces potential for bias in the comparison to the control group
from a number of sources. Lack of randomization may lead to selection bias or confounding.
Selecting centers for the control group which are different from the ones participating in the
clinical trial, and enrolling all of their eligible patients, may reduce selection bias and
generate a “real world” comparison, but it also introduces potential confounding between
center effects and treatment effects. The final composition of the control cohort
demonstrated patients with more comorbidities; this difference between the study arms and
the controls could represent a tendency to enroll healthier patients in clinical trials. Another
challenge was to match the clinical assessments from the trial and from the outcomes
database to minimize bias from outcome reporting. We addressed this issue by adding
supplemental questions to the CIBMTR forms for the control group. After completion of the
trial all the data from the trial and control cohorts were combined and randomly selected for
review by an Adjudication Review Committee, which was blinded from treatment
assignment. The review was performed on a subset of all cases following a review plan
approved by the Data and Safety Monitoring Board. If concordance on the first subset was
greater than 95%, review of all cases was not necessary. Despite the non-randomized
comparison, the groups were comparable except for a few variables which were adjusted for
the final models. However, given the nonrandomized nature of the treatment vs. control
comparisons, these should be interpreted cautiously. Ultimately this novel clinical trial
design combining a randomized phase Il trial with a non-randomized concurrent control

Lancet Haematol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bolafios-Meade et al.

Page 12

proved successful in efficiently identifying promising interventions prior to phase 111 trial
development.

The clinical trial design combining a randomized phase |1 trial with a non-randomized
concurrent control proved successful to recognize promising interventions prior to phase I11
trial development. The study has limitations: its phase 1l nature and non-randomized control
arm prevent this from being a definitive trial. Therefore, the BMT CTN is launching a
comparative phase 11 trial as a follow on to this study to further explore the PTCY platform
as a substitute to CNI based GVHD prophylaxis.

Research in context

Evidence before this study

Since 1986 when it was published that the combination of methotrexate and cyclosporine
was superior to cyclosporine alone preventing graft versus host disease in patients
undergoing HLA-matched bone marrow transplants, this became the standard of care. Ever
since, it has been used continuously after both, myeloablative transplants as well as reduced
intensity, with bone marrow and with peripheral blood stem cell grafts. While other
strategies have been developed to decrease the frequency of severe graft versus host disease,
none has been shown superior to methotrexate and a calcineurin inhibitor.

We searched MEDLINE for articles published in English until October 12, 2018. The terms
searched were “cyclophosphamide for graft versus host prophylaxis”, “maraviroc for graft
versus host prophylaxis”, and “bortezomib for graft versus host prophylaxis”. We found that
while cyclophosphamide has been used for prevention of graft versus host disease since the
1970s, it was not until Luznik et al. published their work on haploidentical transplantations
that the drug proved effective and started to be used in HLA matched allografts. Reshef et a/.
published that maraviroc was effective blocking lymphocyte chemotaxis and preventing
visceral graft versus host disease. Lastly, Koreth et al. as well as others, published that
bortezomib based combinations were a promising strategy to prevent graft versus host
disease after mismatched transplants and unrelated donor transplants. We did not find any
study comparing these agents either against each other or against methotrexate and

cyclosporine during the time the study was open and recruiting patients.

Added value of this study

In this randomized phase Il study, a cohort receiving high-dose post-transplant
cyclophosphamide was promising when compared a non-randomized CIBMTR
contemporary control group receiving methotrexate and a calcineurin inhibitor when using a
novel composite endpoint that combines severe acute graft versus host disease, chronic graft
versus host disease requiring systemic immunosuppression, disease relapse, or death.
Patients randomized to receive maraviroc or bortezomib experienced the similar outcomes
compared to patients who received methotrexate and calcineurin inhibitor. Given the nature
of the study, no direct comparison between the experimental arms was performed.
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Implications of all the available evidence

To our knowledge, this study is the first randomized clinical trial to show promising
outcomes using a novel composite endpoint as described for patients who receive high-dose
post-transplant cyclophosphamide-based regimen versus the standard combination of
methotrexate/calcineurin inhibitor for graft versus prophylaxis. The study has limitations. It
is a phase 11, compared to a non-randomized contemporary control and no direct comparison
between the experimental arms occurred. However, based on the design of the clinical trial,
results with high-dose post-transplant cyclophosphamide demonstrated to be sufficiently
promising to warrant further study. Therefore, based on these findings, a phase Il clinical
study will be launched to compare high-dose post-transplant cyclophosphamide with
methotrexate and calcineurin inhibitor for graft versus host disease prophylaxis (BMT CTN
1703).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 2a-Kaplan-Meier Curves for GVHD-Free Relapse-Free Survival
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Fig 2b-Cumulative Incidence for aGVHD IlI-IV
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Figure 2B:
Acute GVHD, Grades I11-1V through Day 180

Control vs. Tac/MTX/Bortezomib at 6 mo-p=0.25
Control vs. Tac/MTX/Maraviroc at 6 mo-p=0.36
Control vs. Tac/MMF/Cy at 6 mo-p=0.00021
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Fig 2c- Cumulative Incidence for cGVHD require
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Figure 2C:

Chronic GVHD Requiring Systemic Immunosuppression
Control vs. Tac/MTX/Bortezomib at 12 mo-p=0.23
Control vs. Tac/MTX/Maraviroc at 12 mo-p=0.50
Control vs. Tac/MMF/Cy at 12 mo-p=0.0081
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Fig 2d- Kaplan-Meier Curves for GVHD-Free Survival

1.0
Pary
)
3
S 06
o
T 04-
=
% 0.2
D :
0.0-
1 Control 224 195 140
2 Tac/MMFICy g2 89 72
3 TacdMTX/Bortezomib 89 78 60
4 TacMTXMaraviroc 92 79 61
|
0 3 6
Months
— 1 Control
— 3 Tac/MTX/Bortezomib
Figure 2D:

GVHD-Free Survival by Treatment Groups
P-value by Log-rank

Control vs. Tac/MTX/Bortezomib-p=0.77*
Control vs. Tac/MTX/Maraviroc-p=0.75*
Control vs. Tac/MMF/Cy-p=0.0066*
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