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Abstract

Cytomegalovirus (CMV) infection is a common complication of allogeneic hematopoietic cell
transplantation (HCT). In this trial, we randomized adult CMV-seropositive HCT recipients
without CMV viremia at screening 2:1 to receive brincidofovir or placebo until week 14 post-
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HCT. Randomization was stratified by center and risk of CMV infection. Patients were assessed
weekly through week 15 and every third week thereafter through week 24 post-HCT. Patients who
developed clinically significant CMV infection (CS-CMVi; CMV viremia requiring preemptive
therapy or CMV disease) discontinued the study drug and began anti-CMV treatment. The primary
endpoint was the proportion of patients with CS-CMVi through week 24 post-HCT; patients who
discontinued the trial or with missing data were imputed as primary endpoint events. Between
August 2013 and June 2015, 452 patients were randomized at a median of 15 days after HCT and
received study drug. The proportion of patients who developed CS-CMVi or were imputed as
having a primary endpoint event through week 24 was similar between brincidofovir-treated
patients and placebo recipients (155 of 303 [51.2%] versus 78 of 149 [52.3%]; odds ratio, .95
[95% confidence interval, .64 to 1.41]; P = .805); fewer brincidofovir recipients developed CMV
viremia through week 14 compared with placebo recipients (41.6%; £ < .001). Serious adverse
events were more frequent among brincidofovir recipients (57.1% versus 37.6%), driven by acute
graft-versus-host disease (32.3% versus 6.0%) and diarrhea (6.9% versus 2.7%). Week 24 all-
cause mortality was 15.5% among brincidofovir recipients and 10.1% among placebo recipients.
Brincidofovir did not reduce CS-CMVi by week 24 post-HCT and was associated with
gastrointestinal toxicity.
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INTRODUCTION

Cytomegalovirus (CMV) infection is associated with increased morbidity and mortality in
allogeneic hematopoietic cell transplantation (HCT) [1,2]. Advances in molecular detection
for CMV reactivation and preemptive antiviral therapy have reduced CMV disease [3,4], yet
CMV seropositivity [5-9] and early CMV reactivation remain associated with increased all-
cause mortality after allogeneic HCT [9,10].

Ganciclovir and its orally bioavailable prodrug valganciclovir remain the most commonly
used drugs for preemptive therapy [3,10-12]; however, ganciclovir use in CMV prophylaxis
in HCT recipients has demonstrated no overall benefit over placebo due to myelosuppression
and associated bacterial and fungal infections [13,14]. Therefore, prophylaxis with novel
antiviral agents with acceptable safety profiles that could be started early after HCT may
improve CMV-related outcomes [12,15].

Brincidofovir (CMX001) is an orally bioavailable lipid conjugate of cidofovir with
demonstrated antiviral activity /7 vitroand in animal models against CMV [16-18] and other
double-stranded DNA (dsDNA) viruses, including adenoviruses [19,20], herpesviruses
[21,22], orthopoxviruses [23-28], and polyomaviruses [29-32]. Brincidofovir has a long
half-life [33,34] and, unlike cidofovir, is not nephrotoxic because it is neither a substrate of
organic ion transporter 1 nor concentrated in the renal proximal tubules [33-37]. These
characteristics make brincidofovir an attractive candidate for antiviral prophylaxis for
allogeneic HCT recipients, who are frequently affected by multiple viral infections [38,39].
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In a phase 2 dose-ranging trial for CMV prevention in allogeneic HCT recipients,
brincidofovir 100 mg twice weekly (BIW) significantly reduced CMV events when started
after engraftment through week 13 post-HCT compared with placebo [40]. Dose-limiting
toxicity occurred in the brincidofovir 200 mg BIW dose cohort. This cohort experienced
severe diarrhea and other gastrointestinal adverse events (AEs), including gastrointestinal
acute graft-versus-host disease (GVHD). These findings prompted the implementation of a
safety monitoring and management plan (SMMP) for the brincidofovir 100 mg BIW cohort
[40]. Overall tolerability and safety of brincidofovir was acceptable in cohorts dosed at <200
mg/week. There was no evidence of dose-dependent myelotoxicity [41] or nephrotoxicity
[37,40]. Given these results, we conducted a phase 3 trial of brincidofovir for the prevention
of clinically significant CMV infection in allogeneic HCT recipients (SUPPRESS Trial).

METHODS

Patients and Study Design

We enrolled CMV-seropositive patients age =18 years who had undergone allogeneic HCT
from 44 centers in the United States, Canada, and Belgium (Appendix). Patients were
eligible for participation if they were within 28 days post-transplantation, able to ingest
tablets, and without detectable CMV DNA within 5 days before randomization. Exclusion
criteria included body weight 2120 kg, receipt of anti-CMV therapy post-transplantation,
severe liver injury, estimated glomerular filtration rate <15 mL/min, and stage =2
gastrointestinal GVHD [42]. Neutrophil engraftment was not required for eligibility, given
brincidofovir’s lack of myelotoxicity observed in the phase 2 trial [40]. Complete eligibility
criteria are provided in Supplementary Methods, Section 1. This study was registered at
ClinicalTrials.gov (NCT01769170) and at EudraCT (NCT01769170).

Eligible patients were randomized 2:1 to receive brincidofovir or placebo using an
interactive Web-response system and concealed assignment, with the use of permuted blocks
of 6, through week 14 (day +100) post-transplantation. Randomization was stratified by
study center and risk of CMV disease progression. Patients were considered at higher risk if
they received cord blood or ex vivo T cell-depleted grafts, or grafts from unrelated,
mismatched, or haploidentical donors; received anti-thymocyte globulin (ATG) or
alemtuzumab; or were being treated with prednisone =1 mg/kg/day (or equivalent). Patients
who received grafts from matched-related donors without higher-risk features were
considered at lower risk of CMV disease progression [3,4].

Randomized patients received one 100-mg brincidofovir tablet BIW (at alternating 3- and 4-
day intervals) or one matching placebo tablet, preferably within 30 minutes after finishing a
low-fat meal. Patients, study staff, and sponsors were blinded to study group assignment.
Patients were permitted to use acyclovir (<2000 mg/day) or valacyclovir (<3000 mg/day) for
herpesvirus prophylaxis or treatment following local practice.

Procedures—All patients were evaluated weekly from randomization through week 15,
then every 3 weeks through week 24 post-transplantation. Plasma CMV DNA was tested at
every visit in the central laboratories (lower limit of quantification, 151 copies/mL [137 1U/
mL]; Supplementary Methods, Section 2). Additional plasma and urine samples were
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obtained for measurement of plasma brincidofovir concentrations and for future assessments
of other dsDNA viruses (herpes simplex virus, varicella zoster virus, Epstein-Barr virus,
human herpesvirus 6 [HHV-6], adenoviruses, and BK and JC polyomaviruses); these
specimens could be used for real-time measurements if clinically indicated (Supplementary
Methods, Sections 3 and 7). Patients were also evaluated at each visit for clinical
manifestations of BK polyomavirus and HHV-6 (Supplementary Methods, Section 7).
Detailed study assessments are presented in Supplementary Table S1.

Patients who developed clinically significant CMV infection, defined as CMV disease [43]
or central laboratory CMV viremia requiring preemptive treatment [12], discontinued study
drug and began anti-CMV treatment following local practice. The protocol-specified CMV
DNA treatment thresholds were =151 copies/mL for patients at higher risk of CMV disease
progression and =1000 copies/mL for patients who were at lower risk at the time of CMV
viremia (see Supplementary Figure S2 for details).

AEs and concomitant medications were recorded through week 24 post-transplantation. AE
severity was graded using the Common Terminology Criteria for Adverse Events [44].
Diarrhea, other gastrointestinal AEs, and liver enzyme elevations were managed according
to the SMMP (Supplementary Methods, Section 8). The SMMP specified scenarios for study
drug interruptions (up to 4 doses over 18 days) and discontinuation, and defined criteria for
restarting the study drug at the randomized dose, a consolidated dose (200 mg once weekly
[QW]), or a reduced dose (100 mg QW) after improvement or resolution of these AEs.

A brincidofovir population pharmacokinetic model was developed and used to explore
brincidofovir exposures and their relationship with gastrointestinal AEs (Supplementary
Methods, Sections 4 and 5).

Endpoints—The primary endpoint was the proportion of patients with clinically
significant CMV infection through week 24 post-transplantation. Patients with missing data
at week 24 for any reason (eg, death, withdrawal of consent, loss to follow-up) were imputed
as having a primary endpoint event [12]. Key secondary endpoints included the incidence of
clinically significant CMV infection through week 14 and time to clinically significant CMV
infection. Other secondary endpoints included the incidence and time to all-cause mortality
and nonrelapse mortality, incidence, and time to adjudicated BK polyomavirus disease and
other dsDNA virus-related clinical disease. All endpoints were assessed at the end of the
study drug treatment period (week 14) and at the end of post-treatment follow-up (week 24).

Safety endpoints included the incidence of AEs, diarrhea and other gastrointestinal events,
adjudicated acute GVHD (particularly gut GVHD), hepatobiliary laboratory events, and AEs
leading to dose interruption, dose reduction, or drug discontinuation.

Study Oversight—The protocol was approved by each center’s ethics committees and
conducted in accordance to the International Conference on Harmonization guideline for
Good Clinical Practice and the Declaration of Helsinki. An independent unblinded Data
Safety Monitoring Board (DSMB) convened to review study data and provide guidance
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regarding study continuation. The DSMB met 8 times from November 2013 to June 2015;
no changes to study design or enrollment were recommended.

Two independent blinded adjudication committees convened to review endpoint events. An
Endpoint Adjudication Committee (EAC) reviewed all investigator-reported CMV disease
events (and disease events for other dsDNA viruses) and all deaths to assess whether CMV
disease criteria had been met [43] and whether deaths were relapse-related or attributable to
CMV. A GVHD Adjudication Committee (GAC) reviewed blinded patient-level supporting
information of investigator-reported acute GVHD events. The GAC assessed whether the
GVHD diagnosis was likely, presumptive, or unlikely based on risk factors, clinical
characteristics, biopsy results, and response to treatment. For presumptive or likely GVHD
cases, the GAC assessed maximum organ stage and overall grade [42]. Endpoint
adjudication decisions were done periodically, were not communicated to site investigators,
and did not impact real-time patient care.

Statistical Analysis—We estimated that at least 30% of patients receiving placebo would
develop clinically significant CMV infection by week 24 post-transplantation and that a 50%
reduction with brincidofovir would be clinically meaningful. A 2-group continuity-corrected
XZ test with a .05 2-sided significance level would provide >85% power to detect this
difference when 360 patients were allocated at a 2:1 ratio. To account for an estimated 20%
dropout rate, we planned to randomize 450 patients.

The primary endpoint was compared using a 2-sided Cochran-Mantel-Haenszel test,
stratified by risk of CMV disease progression at randomization, with an a level of .05, in the
study’s intention-to-treat population (ie, randomized patients who received at least 1 dose of
study drug). Dichotomous secondary endpoints were analyzed using the same method,;
missing data were imputed as not having achieved the pertinent endpoint. Time-to-event
analyses were performed using the Kaplan-Meier method and log-rank tests. Secondary and
exploratory analyses did not control for multiplicity of inferences. All analyses were
performed using SAS version 9.1.3 (SAS Institute, Cary, NC).

Study Population

Between August 22, 2013, and June 5, 2015, a total of 568 patients provided consent and
were assessed for eligibility (Figure 1). Of these, 110 patients were excluded, primarily due
to detectable CMV DNA during screening (79 patients [71.8%]). Among the 458
randomized patients, 6 patients (4 in the brincidofovir arm and 2 in the placebo arm) were
never dosed, and 5 discontinued trial participation. Death (61 patients [13.5%]) and
withdrawal of consent (34 patients [7.5%]) were the most common reasons for discontinuing
study participation through week 24. Deviations from eligibility criteria were documented in
17 treated patients (3.8%); 4 patients had detectable CMV DNA before randomization, 3
patients began the study drug at >28 days post-transplantation, 3 patients enrolled based on
local laboratory results, 2 patients received anti-CMV medications post-HCT, 2 patients
underwent CMV screening >5 days before randomization, 2 patients weighed >120 kg, and
1 patient was not screened for hepatitis C; these patients continued remained in the trial.
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CMV risk stratification was misclassified at randomization in 14 patients (3.1%); data from
these patients were analyzed according to their verified CMV risk.

The study arms were balanced in terms of baseline characteristics (Table 1) except for sex
distribution; 46.2% of the brincidofovir-treated patients were female, compared with 34.2%
of the placebo-treated patients. Overall, 332 patients (73.5%) were at higher risk of CMV
disease progression, including 210 (46.5%) who received grafts from matched-unrelated
donors, 132 (29.2%) who received ATG, and 56 (12.4%) who received T cell-depleted
grafts. Myeloablative conditioning was used in 248 patients (54.9%) and tacrolimus-based
GVHD prophylaxis was prescribed to 376 patients (83.2%).

Treatment Exposure

Patients were started study drug at a median of 15 days after HCT (range, 2 to 33 days); 278
(61.5%) experienced engraftment at randomization. Study drug exposure was 54 days
(range, 1-99) for brincidofovir-treated patients and 50 days (range, 1 to 100 days) for
placebo-treated patients. Treatment interruptions of =10 days were more frequent in the
brincidofovir arm (107 [35.3%] versus 13 [8.7%] for placebo). Dose modifications and
reductions were implemented in 14 (4.6%) and 6 (2.0%) brincidofovir-treated patients,
respectively, but not in any placebo-treated patients. Among brincidofovir-treated patients,
the mean brincidofovir steady-state area under the plasma concentration-time curve (AUCg)
and maximum plasma concentration (Cpax.ss) Were 4283 ng-h/mL (90% confidence interval
[CI], 1726 to 10,625 ng-h/mL) and 140 ng/mL (90% CI, 44.8 to 435 ng/mL), respectively.

Primary Endpoint

The proportion of patients who developed clinically significant CMV infection or were
imputed as having a primary endpoint event through week 24 post-transplantation (Table 2)
was not significantly different between patients treated with brincidofovir and those who
received placebo (155 of 303 [51.2%)] versus 78 of 149 [52.3%]); the brincidofovir treatment
odds ratio for developing clinically significant CMV infection, adjusted for the risk of CMV
disease progression, was .95 (95% Cl, .64 to 1.41; P=.805).

Secondary Endpoints

By week 14 post-transplantation, the rate of clinically significant CMV infection was lower
in the brincidofovir arm compared with the placebo arm (74 of 303 [24.4%)] versus 57 of
149 [38.3%]; P=.002), but the difference was not significant when imputed events were
considered (Table 2). Time to clinically significant CMV infection through week 24 is
presented in Figure 2A,; the probability of experiencing clinically significant CMV
infections was lower in the brincidofovir group compared with the placebo group (P=.033,
log-rank test). Adjudicated CMV disease by week 24 occurred in 13 patients (4.3%) in the
brincidofovir arm and in 5 patients (3.4%) in the placebo arm (Table 2). Gastrointestinal
CMV disease was documented in 14 (77.8%) of these patients (11 in the brincidofovir arm
and 3 in the placebo arm). No deaths were attributed to CMV disease. Fewer brincidofovir-
treated patients than placebo patients had quantifiable CMV viremia in central laboratory
measurements through both week 14 (78 [25.7%] versus 62 [41.6%]; £ < .001) and week 24
(92 [30%] versus 63 [42.3%]; P=.012; Supplementary Figure S4). No cidofovir-associated
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resistance mutations were observed in CMV UL54 sequences from brincidofovir-treated
patients (Supplementary Methods, Section 11.2.2).

Sixty-two patients died through week 24 post-transplantation, including 47 (15.5%) who
received brincidofovir and 15 (10.1%) who received placebo. Time to all-cause mortality
through week 24 is presented in Figure 2B; the hazard ratio of death for brincidofovir-
treated patients was 1.6 (95% CI, .9 to 2.8; P=.117, log-rank test). The week 24 cumulative
nonrelapse mortality was 10.2% in the brincidofovir arm and 6.7% in the placebo arm. Six
patients (2.0%) in the brincidofovir arm and 4 patients (2.7%) in the placebo arm
experienced graft failure through week 24.

Other dsDNA Virus Diseases

Adjudicated clinical disease caused by other dsDNA viruses different from CMV occurred
in 50 (16.5%) brincidofovir-treated patients and in 21 (14.1%) placebo-treated patients
through week 14 post-HCT (Supplementary Table S3); the incidence was 20.5% and 15.4%,
respectively, through week 24 post-HCT. BK polyomavirus disease was the most frequent
dsDNA viral disease; 40 patients (13.2%) who received brincidofovir were diagnosed with
BK polyomavirus disease through week 14 post-transplantation, compared with 14 (9.4%)
who received placebo (Supplementary Table S3 and Figure S3); the incidence was 14.9%
and 11.4%, respectively, through week 24 post-HCT. The incidence of clinical disease
caused by other dsDNA viruses was low (<3%) and similar in the 2 study arms
(Supplementary Table S3).

Efficacy Subgroup Analyses

Among patients at higher risk of CMV disease progression, the incidence of clinically
significant CMV infection was lower in the brincidofovir-treated patients compared with the
placebo-treated patients through week 24 post-transplantation; however, among patients at
lower risk of CMV disease progression, the risk of clinically significant CMV infection was
greater in the brincidofovir arm, with hazards of the 2 groups crossing around day +100
(Figure 3A and B). This difference was driven mainly by patients who underwent T cell
depletion strategies (ie, use of ATG, alemtuzumab, or ex vivo T cell depletion; Figure 3C
and D). Reduction in clinically significant CMV infection in brincidofovir recipients was
minimal among patients who underwent myeloablative conditioning compared with those
who underwent reduced-intensity conditioning (Figure 3E and F). These reductions in
clinically significant CMV infection in some subgroups were not associated with improved
survival (Supplementary Table S4).

Safety Analyses

A total of 116 (38.3%) brincidofovir-treated patients and 69 (46.3%) placebo-treated
patients completed treatment through week 14 post-HCT. More patients in the placebo arm
discontinued treatment to initiate preemptive therapy (51 [34.2%] versus 45 [14.9%] in the
brincidofovir arm), whereas rates of treatment discontinuation due to AEs (77 [25.4%)]
versus 11 [7.4%]), withdrawal of consent (28 [9.2%] versus 9 [6.0%]), and on-treatment
death (12 [4.0%] versus 1 [.7%]) were higher in the brincidofovir arm (Figure 1 and
Supplementary Table S5). Brincidofovir-treated patients experienced more AEs grade =3
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(Supplementary Table S7) and serious AEs (Supplementary Table S8). Gastrointestinal
events were the most common AEs reported among brincidofovir-treated patients (Tables 3
and Supplementary Table S6). There was no difference in time to engraftment between the 2
study arms (Supplementary Figure S6). A total of 232 (76.6%) brincidofovir-treated patients
and 122 (81.9%) placebo-treated patients completed the study.

More brincidofovir-treated patients were diagnosed with acute GVHD (Table 3). Few
patients had acute GVHD at baseline (3.3% brincidofovir, 4% placebo; Table 1). More
subjects in the brincidofovir arm than in the placebo arm were adjudicated as having likely
or presumptive incident acute GVHD (Supplementary Table S9) (201 [66.3%] versus 69
[46.3%]; £ < .001). However, most of the excess acute GVHD among brincidofovir-treated
patients was grade |1l GVHD (78 [25.7%] versus 8 [5.4%)] in the placebo arm) with
gastrointestinal involvement (174 [57.4%] versus 40 [26.8%]; P< .001) stages 1 to 4, in
contrast to skin (113 [37.3%] versus 53 [35.6%]) (Supplementary Table S10). The median
time from randomization to maximum gastrointestinal GVHD was 29 days in the
brincidofovir arm compared to 40.5 days in the placebo arm (hazard ratio, 2.92; 95% Cl,
2.05 to 4.15). A blinded review of all available gastrointestinal biopsies confirmed
histopathological changes of gastrointestinal GVHD [45-47] in both study arms without the
ability to distinguish brincidofovir-treated and placebo-treated patients. An excess in
adjudicated liver GVHD was also noted (36 [11.9%)] for brincidofovir versus 7 [4.7%] for
placebo; £=.016).

The increased incidence of reported GVHD was linked to more frequent systemic
glucocorticoid use in the brincidofovir arm (188 [62.0%] versus 72 [48.3%]), including
prednisone (134 [44.2%] versus 44 [29.5%]) and methylprednisolone (121 [39.9%] versus
38 [25.5%]). The median cumulative glucocorticoid exposure was >8-fold higher in the
brincidofovir arm through week 14 (26 versus 3 mg/kg prednisone equivalents) and
remained close to 5-fold higher through week 24 (38 versus 8 mg/kg prednisone
equivalents). This likely led to increased infectious disease events other than CMV in the
brincidofovir arm (147 [48.5%] versus 49 [32.9%]; Supplementary Table S6) and to
increased clinically significant CMV infections after week 14 (Figure 3).

More brincidofovir-treated patients had increases in alanine aminotransferase and bilirubin
concentrations that persisted through week 14 (Supplementary Figure S7). More
hepatobiliary AEs were reported in the brincidofovir arm (23 [7.6%] versus 5 [3.4%] for
placebo; £P=.11; Supplementary Table S6). Hyperbilirubinemia was more common in
brincidofovir-treated patients who were receiving concomitant cyclosporine compared to
those who received concomitant tacrolimus (17.1% [6 of 35] versus 2.4% [6 of 247]); the
incidence of hyperbilirubinemia in patients on placebo receiving either cyclosporine or
tacrolimus was .7% (1 of 138). Changes in blood cell counts were comparable across
treatment arms (Supplementary Figure S7). Changes in estimated glomerular filtration rate
were numerically smaller in the brincidofovir and placebo arms (-8.2 mL/min/1.73 m?2
versus —13.6 mL/min/1.73 m%; P=.079) by week 14, although more acute kidney AEs were
reported in the brincidofovir arm (30 [9.9%] versus 10 [6.7%]), likely secondary to diarrhea-
induced prerenal azotemia.

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2021 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Marty et al.

Page 9

Post Hoc Safety Analyses

The risk of having a diarrheal AE, defined as incident diarrhea grade =2 or gastrointestinal
GVHD stage =1 (excluding patients with baseline diarrhea), was 73.1% (209 of 286) for the
brincidofovir arm versus 34.7% (37 of 137) for the placebo arm. Events were less likely at a
brincidofovir AUCs below the mean exposure (Figure 4A). There was no appreciable
relationship between brincidofovir exposure and grade =2 alanine aminotransferase
elevations.

We explored the impact of following the SMMP on 258 brincidofovir-treated patients who
experienced any diarrhea (grade =1) or gastrointestinal GVHD (stage =1) through week 8
post-transplantation on outcomes. A total of 151 patients (58.5%) were managed according
to the SMMP, 14 (5.4%) were managed more conservatively than prescribed in the SMMP,
and in 93 patients (36.0%), brincidofovir was not interrupted or discontinued per the SMMP,
and the patients were treated for GVHD. Both primary endpoint events and all-cause
mortality were lower when patients were managed according to the SMMP or more
conservatively (Figure 4B). There were no appreciable differences in brincidofovir AUCg
according to SMMP management (Supplementary Figure S8). Results were similar when
diarrhea grade 1 was not considered an event.

The probability of clinically significant CMV infection decreased with increasing
brincidofovir exposure during treatment, but the trend reversed after treatment, with patients
with higher brincidofovir exposures experiencing more events by week 24 post-
transplantation (Supplementary Figure S9).

DISCUSSION

In this phase 3 trial, oral brincidofovir dosed at 100 mg BIW through week 14 post-
transplantation was not superior to placebo for the prevention of clinically significant CMV
infection through week 24 post-HCT. Although antiviral activity against CMV was
demonstrated with fewer events of quantifiable CMV viremia and a decreased need for
preemptive therapy, brincidofovir treatment led to increased gastrointestinal toxicity,
including excess diagnoses and treatment of acute gastrointestinal GVHD. As a result,
brincidofovir use was not associated with improved survival or overall fewer clinical
diseases caused by other dsDNA viruses.

Some differences in design between the SUPPRESS phase 3 and the phase 2 trial
(CMX001-201) [40] may explain the differences in efficacy and safety seen between the 2
studies. First, SUPPRESS allowed preengraftment enrollment, given the absence of dose-
dependent brincidofovir myelotoxicity [40,41]; the median time to the first dose of study
drug was 15 days, compared with 24 days in CMX001-201. The objective was to prevent
earlier CMV and other dsDNA virus events, but this resulted in frequent initiation of
brincidofovir while patients were still experiencing conditioning regimen-associated
mucositis. This likely contributed to synergistic enterotoxicity [48], especially in patients
who underwent myeloablative HCT, and accounts in part for the different outcomes seen
according to conditioning regimen (Figure 3). Second, the primary endpoint for SUPPRESS
was set at week 24 [12] and not at the end of treatment (week 14) [40] to assess for
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postprophylaxis CMV events [49]. This was important in determining not only
postprophylaxis antiviral efficacy and potential issues of antiviral resistance, but also the
longer-term consequences of the gastrointestinal toxicity observed. Third, the CMX001-201
endpoint was virologic and not linked to the initiation of preemptive therapy, such that
patients who received preemptive therapy but did not have confirmed CMV viremia or
disease were not considered to have met the study endpoint in CMX001-201 [40].

The potential for brincidofovir-associated diarrhea was expected. Diarrhea was a
manageable event in the CMX001-201 brincidofovir 100 mg BIW cohort following the
SMMP guidance. In that trial, 60% of patients completed brincidofovir treatment at this
dose, compared with 54% of patients who received placebo [40], but completion rates were
lower in the present study (38% brincidofovir, 46% placebo). Gastrointestinal events
remained the main toxicity for brincidofovir and led to increased diagnosis and treatment of
gastrointestinal GVHD. In turn, the more frequent immunosuppressive treatment for
presumed grade 111 acute GVHD with gastrointestinal involvement likely contributed to the
trends toward higher all-cause and nonrelapse mortality observed.

The use of an independent GAC was planned to address the issue of empirical treatment for
gastrointestinal GVHD in patients presenting with diarrhea, but the blinded adjudication of
likely or presumptive acute GVHD events was unable to distinguish patients who received
brincidofovir from those who received placebo [50]. Furthermore, a blinded review of all
gastrointestinal biopsy specimens was also unable to distinguish histopathological features
between brincidofovir-treated and placebo-treated patients [47]. These observations suggest
either that brincidofovir can induce acute GVHD events due to enteral injury or that
brincidofovir enterotoxicity can cause histopathological changes that cannot be
differentiated from those seen in acute GVHD, analogous to what has been described for
mycophenolate-associated gastrointestinal toxicity [51,52]. A majority of the excess acute
GVHD events reported in brincidofovir-treated patients were limited to the gastrointestinal
tract, with otherwise a very similar incidence of reported skin GVHD, which suggests that a
mechanism of enteric injury followed by an alloreactive effect could be less likely.
Histopathological findings suggestive of acute GVHD have been recently reported in an
autologous HCT recipient who received brincidofovir for treatment of adenovirus disease
[53]. In addition, histopathological changes were attributed to mycophenolate-induced
enterotoxicity in a patient who was receiving brincidofovir after kidney transplantation as
part of a phase 3 prophylaxis trial [54] who experienced significant diarrhea that led to
endoscopy, but was not receiving mycophenolate treatment (Chimerix, data on file).

A slight increase in adjudicated acute GVHD with liver involvement in brincidofovir-treated
patients deserves mention. These events were due predominantly to an excessive number of
presumptive liver stage 1 and 2 cases, based on elevated serum bilirubin concentration, in a
background of diarrhea without biopsy confirmation (Supplementary Table S10). These
cases may represent hyperbilirubinemia caused by brincidofovir rather than acute GVHD.
The mechanisms behind these events in the present study are likely multifactorial, but an
increased frequency of hyperbilirubinemia events in patients receiving concurrent
brincidofovir and cyclosporine suggests a competitive interaction between brincidofovir and
bilirubin for liver transport [55] mediated through OATP1B1/3 [56], because both
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brincidofovir and bilirubin are substrates of OATP1B1/3, and cyclosporine is a known
inhibitor of both OATPs [57]

We found no evidence of an increased risk of nephrotoxicity or myelotoxicity in the
brincidofovir-treated patients compared with placebo patients, confirming findings from
earlier studies [37,40].

Differences in adherence to the SMMP’s recommended treatment interruptions also
influenced outcomes. Treatment of brincidofovir-related diarrhea with systemic
glucocorticoids in the setting of a presumptive diagnosis of acute gastrointestinal GVHD
while maintaining the study drug resulted in continued or worsening diarrhea. In several
instances, this was interpreted as refractory GVHD, with subsequent increases in
immunosuppression with the addition of second- and third-line therapies. The blinded study;,
considered necessary even in diseases with objective outcome measures, including CMV
viremia, certainly contributed to an increased rate of clinical diagnoses of gastrointestinal
GVHD in this complex patient population. This experience also emphasizes the need to
carefully evaluate HCT recipients for the etiology of AEs before increasing the doses of
immunosuppressive therapy.

Although the efficacy of oral brincidofovir prophylaxis for 10 to 14 weeks in adults early
after allogeneic HCT was compromised by gastrointestinal toxicity in this trial, the
experience in the treatment of adenovirus disease, especially in children, has been promising
[58-63]. This may be due to various factors, including starting brincidofovir treatment later
post-HCT, after acute conditioning-related gastrointestinal toxicities have resolved, or
possibly age-related differences in the gastrointestinal tracts of adults and children [64]. In
any case, the development of an i.v. formulation of brincidofovir [65] that does not result in
gastrointestinal accumulation [22] but retains the drug’s spectrum, antiviral activity, and lack
of nephrotoxicity or myelotoxicity could provide a more effective and safer prevention and
treatment of CMV and the multiple dsDNA viruses that frequently affect allogeneic HCT
recipients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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77 adverse event
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Figure 1.
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151 Allocated to Placebo
149 received Placebo
2 were not dosed

.

69 Completed Placebo to Week 14
80 Discontinued Placebo before Week 14
51 preemptive therapy
11 adverse event
9 withdrew consent
4 physician decision
1 died
0 CMV disease
0 non-adherence
4 other reasons

'

122 Completed study to Week 24
27 Discontinued study before Week 24
15 died
11 withdrew consent
0 loss to follow up
1 other reason

'

l 149 included in intention-to-treat population

Consent, screening, enrollment, randomization, and follow-up.
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Brincidofovir AUC,, (hxng/mL)

P=0.03

P<0.001

1

Primary Endpoint Event All-Cause Mortality

= BCV not Interrupted u BCV Interrupted = No diarrhea or gut GVHD

(A) Brincidofovir exposure and risk of diarrhea, Common Terminology Criteria for Adverse
Events grade =2 or gastrointestinal GVHD stage >1. The solid line indicates calculated risk;
dotted lines, 95% Cls of calculated risk; X, individual patients who experienced the adverse
event if on 1.0 on the y~axis, who did not experience the adverse event if on 0 on the y-axis.
(B) Impact of SMMP patient management on clinically significant CMV infection and all-
cause mortality from week 8 through week 24 among brincidofovir-treated patients. BCV,
brincidofovir; primary endpoint event, clinically significant CMV infection.
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Footnote: AUC, area under the curve; BCV, brincidofovir; primary endpoint event,
clinically-significant CMV infection. Panel A: solid line, calculated risk; dotted lines, 95%
confidence intervals of calculated risk; X, individual patients who experienced the adverse
event if on 1.0 on the y axis, who did not experience the adverse event if on 0.0 on the y
axis.
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