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A bs tr ac t

Background

The use of available antiviral agents for the prevention of cytomegalovirus (CMV) 
disease is limited by frequent toxic effects and the emergence of resistance. CMX001 
has potent in vitro activity against CMV and other double-stranded DNA viruses. We 
evaluated the safety and anti-CMV activity of CMX001 in patients who had under-
gone allogeneic hematopoietic-cell transplantation.

Methods

From December 2009 through June 2011, a total of 230 patients with data that could 
be evaluated were enrolled in the study. We randomly assigned these adult CMV-sero-
positive transplant recipients from 27 centers to oral administration of CMX001 or 
placebo. Patients were assigned in a 3:1 ratio to five sequential study cohorts according 
to a dose-escalating, double-blind design. Randomization was stratified according to 
the presence or absence of acute graft-versus-host disease and CMV DNA in plasma. 
Patients received the study drug after engraftment for 9 to 11 weeks, until week 13 
after transplantation. Polymerase-chain-reaction analysis of CMV DNA in plasma was 
performed weekly. Patients in whom CMV DNA was detected at a level that required 
treatment discontinued the study drug and received preemptive treatment against 
CMV infection. The primary end point was a CMV event, defined as CMV disease or a 
plasma CMV DNA level greater than 200 copies per milliliter when the study drug was 
discontinued. The analysis was conducted in the intention-to-treat population.

Results

The incidence of CMV events was significantly lower among patients who received 
CMX001 at a dose of 100 mg twice weekly than among patients who received pla-
cebo (10% vs. 37%; risk difference, −27 percentage points; 95% confidence interval, 
−42 to −12; P = 0.002). Diarrhea was the most common adverse event in patients 
receiving CMX001 at doses of 200 mg weekly or higher and was dose-limiting at 
200 mg twice weekly. Myelosuppression and nephrotoxicity were not observed.

Conclusions

Treatment with oral CMX001 at a dose of 100 mg twice weekly significantly reduced 
the incidence of CMV events in recipients of hematopoietic-cell transplants. Diarrhea 
was dose-limiting in this population at a dose of 200 mg twice weekly. (Funded by 
Chimerix; CMX001-201 ClinicalTrials.gov number, NCT00942305.)
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Cytomegalovirus (CMV) infection is a 
common cause of illness after allogeneic 
hematopoietic-cell transplantation.1,2 CMV 

seropositivity in transplant recipients is also asso-
ciated with an increased risk of death after trans-
plantation, despite preemptive and prophylactic 
strategies with available antiviral agents.3-5 Al-
though valganciclovir is approved for prophylaxis 
against CMV infection after solid-organ trans-
plantation, its use is limited by myelosuppression, 
particularly after hematopoietic-cell transplanta-
tion.3,6-8 Thus, there is an unmet need for effective 
drugs against CMV infection that have a better 
safety profile.

CMX001 is an orally bioavailable lipid acyclic 
nucleoside phosphonate that is absorbed in the 
small intestine and transported throughout the 
body as a phospholipid. It crosses target cell 
membranes by means of facilitated and passive 
diffusion and has a long intracellular half-life.9-11 
CMX001 is converted intracellularly to cidofovir 
diphosphate after cleavage of its lipid moiety and 
phosphorylation by intracellular kinases.9,10 Un-
like cidofovir, CMX001 is not a substrate of or-
ganic ion transporter 1, is not concentrated in 
renal proximal tubules, and is unlikely to have 
renal toxicity.9-12 CMX001 was originally synthe-
sized and evaluated as an oral treatment for 
smallpox for biodefense initiatives,9,13,14 but it 
also has potent antiviral activity against herpes-
viruses,15,16 polyomaviruses,17-19 adenoviruses,20 
and other orthopoxviruses21,22 in vitro and in ani-
mal models. CMX001 is approximately 400 times 
more potent than cidofovir in vitro against CMV, 
including ganciclovir-resistant strains,23 and is ef-
fective as treatment for CMV disease in animal 
models.24,25

In this study, we evaluated the safety, side-
effect profile, and effectiveness of various doses 
of CMX001 for the prevention or control of CMV 
infection in CMV-seropositive hematopoietic-cell 
transplant recipients.

Me thods

Patients

Recipients of allogeneic hematopoietic-cell trans-
plants who were 18 years of age or older and who 
were seropositive for CMV were eligible for the 
study if they had evidence of engraftment and 
were able to swallow tablets. Study-drug admin-
istration was to be initiated 14 to 30 days after 

transplantation. Exclusion criteria included treat-
ment with anti-CMV agents after transplantation, 
severe renal or hepatic dysfunction, and severe, 
acute gastrointestinal graft-versus-host disease 
(GVHD) that would preclude oral drug adminis-
tration (for detailed criteria, see the Supplemen-
tary Appendix, available with the full text of this 
article at NEJM.org). Within 7 days before the 
first dose of the study drug was administered, 
patients were screened for plasma CMV DNA levels 
by means of a polymerase-chain-reaction (PCR) 
assay; patients were eligible to participate in the 
study if they had no CMV DNA in plasma or if 
they had a low level that did not require treat-
ment according to the site investigator’s criteria. 
Patients were recruited from 27 centers in the 
United States.

Study Design

In each dose cohort, eligible patients were ran-
domly assigned in a 3:1 ratio to receive CMX001 
or matching placebo. Randomization was per-
formed with the use of centralized 24-hour auto-
mated telephone voice-response and Web-based 
response systems. Randomization was stratified 
studywide according to the presence or absence 
of plasma CMV DNA within 7 days before dosing 
and according to the presence or absence of acute 
GVHD requiring glucocorticoid treatment at ran-
domization. Study personnel, site pharmacists, 
and patients were unaware of the drug assign-
ments throughout the study.

Three sequential cohorts were originally planned 
to test weekly doses of 40, 100, or 200 mg of 
CMX001. Given the initial findings with CMX001 
under the individual patient investigational new 
drug emergency use program, in which the Food 
and Drug Administration (FDA) had authorized 
doses of CMX001 up to 350 mg twice weekly,26,27 
the protocol was amended in August 2010 to 
include two additional sequential cohorts in or-
der to evaluate doses of 200 mg and 300 mg of 
CMX001 twice weekly. The amendment required 
further approval from the FDA and an indepen-
dent data and safety monitoring board to pro-
ceed with each of these cohorts on the basis of 
available safety data; the data and safety moni-
toring board approved each dose escalation and 
could propose alternative dosing regimens. The 
protocol specified a subsequent expansion co-
hort to further evaluate a particular dose on the 
basis of safety and efficacy.
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Patients received the study drug for 9 to 
11 weeks, depending on the day of randomiza-
tion after transplantation, such that the study 
drug was discontinued on week 13 after trans-
plantation in patients who completed the study 
drug. Weekly measurement of plasma CMV DNA 
levels by means of a PCR assay was performed 
by a central laboratory while patients were re-
ceiving the study drug. If CMV disease developed 
or if patients required treatment with a drug 
against CMV infection because CMV DNA was 
detected in plasma or for another reason, the 
study drug was discontinued and patients were 
treated according to study-site practices. Patients 
had follow-up assessments 1, 2, and 4 weeks after 
discontinuing the study drug; patients who com-
pleted the full course of the study drug had an 
additional follow-up visit at week 8.

Study Oversight

The sponsor, Chimerix, designed the protocol 
with input from the first two authors and the last 
author. All investigators and central laboratories 
provided the study data. The first author and em-
ployees of the sponsor performed the study anal-
yses and vouch for their integrity and validity, 
and they affirm that the study was conducted as 
specified in the protocol (available at NEJM.org). 
The first author wrote the manuscript with crit-
ical input from the other authors; all authors 
agreed to submit the manuscript for publication. 
The institutional review board at each center ap-
proved the study. All patients provided written 
informed consent before screening.

Study Monitoring and Assessment of Outcomes

Laboratory procedures are described in the Sup-
plementary Appendix. Safety was assessed at least 
weekly by a review of adverse events graded ac-
cording to the Common Terminology Criteria for 
Adverse Events,28 physical-examination findings, 
and results of laboratory tests. Investigators used 
established criteria to diagnose and grade acute 
GVHD.29 CMV disease was diagnosed according 
to published definitions.30

Once 16 patients in each cohort had received 
four doses of the study drug, an independent 
statistician who was aware of the study-drug as-
signments reviewed safety data twice monthly. 
Meetings of the data and safety monitoring board 
were held quarterly, after enrollment of 28 patients 
in a cohort, at the completion of drug adminis-

tration and follow-up in each cohort, and if a 
safety signal was detected. On an ongoing ba-
sis, the chair of the data and safety monitoring 
board reviewed all serious adverse events that 
were considered to be possibly related to the 
study drug and was able to unblind the patient 
data to determine a potential relationship. De-
tailed safety, dose-escalation, and stopping rules 
are provided in the Supplementary Appendix. 
Since gastropathy and enteropathy were dose-
limiting effects of CMX001 in toxicologic studies 
in animals,11,15 the protocol provided guidance 
for monitoring and managing gastrointestinal 
adverse events.

The primary efficacy end point was the failure 
to prevent progressive CMV infection, defined as 
CMV disease or a plasma CMV DNA level greater 
than 200 copies per milliliter, detected at a cen-
tral laboratory within 1 week after the last dose 
of the study drug. Study treatment (with either 
CMX001 or placebo) was considered to be suc-
cessful if patients had an end-of-study plasma 
CMV DNA level of 200 copies per milliliter or 
less and did not have confirmed CMV disease, 
even if a particular weekly measurement was 
greater than 200 copies per milliliter during the 
study-drug administration and then decreased 
again. If patients discontinued the study drug 
to start treatment for CMV infection or for other 
reasons, but the plasma CMV DNA level was 
200 copies per milliliter or less and CMV disease 
was not confirmed, treatment with CMX001 was 
considered to be successful.

Prespecified secondary end points included 
the occurrence of CMV infection or an increase 
in the plasma CMV DNA level in patients who 
were negative or positive for CMV DNA at base-
line (either at screening or on the first day of 
study-drug administration), rates of and reasons 
for discontinuation of the study drug, the use of 
antiviral agents to treat CMV events, and trough 
levels of CMX001 and cidofovir. Safety end points 
included all adverse events, changes in labora-
tory values and electrocardiographic assessments, 
and death from any cause.

Statistical Analysis

Assuming a cumulative incidence of CMV events 
of 45 to 70%, a 50% reduction in events among 
patients exposed to CMX001, and a 15% dropout 
rate, we calculated that we would need to enroll 
at least 32 patients in each cohort, with 24 pa-
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tients randomly assigned to CMX001 and 8 to 
placebo, to ensure a sufficient number of pa-
tients with data that could be evaluated. Once the 
32nd patient had been enrolled and had started 
to receive the assigned study drug, any additional 
patients who had already provided informed con-
sent could be enrolled in the same cohort until 
the next cohort opened for enrollment.

The primary efficacy and safety analyses were 
performed in the intention-to-treat population 
(all patients who underwent randomization, with 
the exception of nine patients from one study 
site who were excluded because of data-quality 
issues). The primary end point was analyzed with 
the use of Fisher’s exact test. Patients who did not 
undergo clinical assessments or measurement of 
CMV DNA levels at the end of study-drug admin-
istration were considered to have had study-
treatment failure (with either CMX001 or place-
bo) for the primary end-point analysis. Data on 
patients from all cohorts who were randomly 
assigned to placebo were pooled for compari-
sons with each CMX001 dose group.

R esult s

Study Population

From December 11, 2009, to June 20, 2011, a to-
tal of 305 patients consented to participate in the 
study in five sequential cohorts (Fig. S1 in the 
Supplementary Appendix). Sixty-six of these pa-
tients were found to be ineligible before random-
ization. One study site and its 9 patients who 
underwent randomization (in cohorts 1 and 2) 
were excluded from all analyses because of data-
quality issues.

Deviations from eligibility criteria were docu-
mented in 17 of 230 patients (7%): the first dose 
of the study drug was administered more than 
30 days after transplantation in 8 patients (3%) 
(7 patients assigned to CMX001 and 1 patient 
assigned to placebo); 7 patients (3%) had a body-
mass index (the weight in kilograms divided by 
the square of the height in meters) higher than 
35 (3 patients assigned to CMX001 and 4 patients 
assigned to placebo) (this criterion was removed 
with the August 2010 protocol amendment); and 
2 patients (1%), both of whom were assigned to 
CMX001, had serum aminotransferase levels that 
were higher than the maximum value specified 
for eligibility. All 17 patients were included in 
the analyses.

Reviews of data in the first three cohorts, 
performed by the data and safety monitoring 
board, were uneventful. A significant increase in 
serious adverse events of diarrhea and reported 
gastrointestinal acute GVHD in cohort 4, which 
consisted of patients who received CMX001 at a 
dose of 200 mg twice weekly or placebo, led to 
a prompt review by the data and safety monitor-
ing board. Enrollment in this cohort was termi-
nated, and the dose was decreased to 200 mg 
once weekly for the nine patients in the cohort 
who continued to receive the study drug. The 
data and safety monitoring board recommended 
that an additional cohort be assessed to compare 
CMX001 at a dose of 100 mg twice weekly with 
placebo. Investigators were provided with addi-
tional guidance regarding documentation and 
management of gastrointestinal adverse effects 
(see the Supplementary Appendix).

The baseline characteristics of the patients 
are shown in Table S2 in the Supplementary Ap-
pendix. The study-dose groups were similar with 
respect to age, sex, race and ethnic group, weight, 
underlying disease, donor type and hematopoietic-
cell source, and the proportion of patients who 
received antithymocyte globulin. There were some 
imbalances among the groups with respect to the 
proportion of patients who underwent myelo-
ablative conditioning (which was higher in the 
placebo group and in the groups that received 
200 mg of CMX001 weekly and 100 mg of 
CMX001 twice weekly), the proportion of adult 
HLA-mismatched donors (which was higher in 
the groups that received CMX001 at a dose of 
either 100 mg or 200 mg twice weekly), donor 
CMV seropositivity (which ranged from 33 to 56%), 
and the prophylactic use of tacrolimus (which 
ranged from 64 to 93%).

Drug exposure and Plasma Concentrations

Patients began to receive the study drug at a me-
dian of 24 days (range, 14 to 36) after transplan-
tation and continued to receive the study drug for 
a median of 9 weeks (range, 1 to 11). For most of 
the patients in each CMX001 group, weekly 
trough concentrations of CMX001 in plasma 
were below or near the lower limit of quantifica-
tion for the assay, without evidence of accumula-
tion. Trough concentrations of cidofovir in plas-
ma were detectable, but they remained low in 
patients receiving once-weekly CMX001. Higher 
weekly trough concentrations of cidofovir were 

The New England Journal of Medicine 
Downloaded from nejm.org on September 28, 2013. For personal use only. No other uses without permission. 

 Copyright © 2013 Massachusetts Medical Society. All rights reserved. 



cmx001 to prevent Cmv Disease in Tr ansplantation

n engl j med 369;13 nejm.org september 26, 2013 1231

observed after twice-weekly administration of 
CMX001; mean weekly trough values were be-
tween 10 and 17 ng per milliliter after receipt of 
100 mg twice weekly and between 10 and 30 ng 
per milliliter after receipt of 200 mg twice weekly 
(see the Supplementary Appendix).

Primary End Point

Patients who received CMX001 at doses of 100 
mg weekly or higher had fewer CMV events than 
patients who received placebo (Table 1); the num-
ber of CMV events was significantly reduced with 
CMX001 at a dose of 100 mg twice weekly, as 
compared with placebo (10% vs. 37%; risk differ-
ence, −27 percentage points; 95% confidence in-
terval [CI], −42 to −12; P = 0.002). The results of 
analyses according to stratification criteria (the 
presence or absence of acute GVHD and CMV 
DNA in plasma at baseline) were consistent with 
the results of the primary analysis (see the Sup-
plementary Appendix). On the basis of these re-
sults, evaluation of a planned expansion cohort 
was not conducted.

Secondary Efficacy End Points

CMV disease was reported in nine patients (4%): 
two (3%) in the placebo group and seven in the 
CMX001 groups (three received 40 mg per week 
[12%], three received 100 mg per week [11%], 
and one received 100 mg twice weekly [2%]). In 
six of these nine patients, CMV DNA was detect-
ed in plasma at baseline (range, 200 to 5300 cop-
ies per milliliter). When CMV disease or the oc-
currence or progression of CMV infection 
(defined as a plasma CMV DNA level >1000 cop-
ies per milliliter) was evaluated as a secondary 
end point, a dose–response effect with CMX001 
administration was observed (Table 2). The re-
sults were similar when a time-to-event analysis 
was performed (Fig. S2 in the Supplementary Ap-
pendix). Among patients who had CMV DNA in 
plasma at baseline, CMX001 at a dose of 200 mg 
per week or higher controlled plasma levels of 
CMV DNA in some patients. In patients who did 
not have CMV DNA in plasma at baseline, 
CMX001 at a dose of 100 mg per week or higher 
significantly reduced the likelihood of the devel-
opment of a plasma CMV DNA level higher than 
1000 copies per milliliter; this level of CMV DNA 
was not reported in any patient who received 
CMX001 at a dose of 100 mg twice weekly during 
study-drug administration.

At randomization, 15 patients (9 patients in 
the CMX001 groups and 6 patients in the placebo 
group) had acute GVHD requiring systemic gluco-
corticoids. Among 7 patients in this randomiza-
tion stratum who received CMX001 at doses of 
100 mg per week or higher, only 1 (14%) had a 
CMV event, as compared with 4 of 6 patients who 
received placebo (67%).

Safety Analyses

In the pooled group of patients who received pla-
cebo and the groups of patients who received 
CMX001 at doses of either 40 mg or 100 mg once 
weekly, plasma CMV DNA levels requiring treat-
ment were the most frequent reason for discon-
tinuing the study drug, whereas adverse events 
were the primary reason for discontinuing the 
study drug in the other dose groups (Fig. S1 in 
the Supplementary Appendix). Common clinical 
adverse events (Table 3) were gastrointestinal in 
nature and similar in the placebo group and the 
cohorts of patients who received either 40, 100, 
or 200 mg of CMX001 weekly, with the exception 
of an increased incidence of nausea in the group 
that received 200 mg of CMX001 once weekly 
(28%, vs. 10% in the placebo group). In the group 
that received 200 mg of CMX001 twice weekly, 
diarrhea was very common (reported in 70% of 
patients) and was often serious (in 33%) (Table 4). 
Diarrhea and other gastrointestinal adverse events 

Table 1. Primary Efficacy End Point in the CMX001 Dose Groups as Compared 
with the Placebo Group (Intention-to-Treat Population).*

Study Group
Patients with  
CMV Events

Absolute Risk 
 Difference P Value†

no./total no. (%)
percentage points 

(95% CI)

Placebo 22/59 (37) — —

CMX001

40 mg weekly 13/25 (52) 15 (−8 to 38) 0.23

100 mg weekly 6/27 (22) −15 (−35 to 5) 0.22

200 mg weekly 12/39 (31) −6 (−26 to 13) 0.53

200 mg twice weekly 7/30 (23) −14 (−34 to 6) 0.24

100 mg twice weekly 5/50 (10) −27 (−42 to −12) 0.002

* The primary efficacy end point was a cytomegalovirus (CMV) event, defined as 
CMV disease or a level of CMV DNA greater than 200 copies per milliliter at 
the end of treatment assessment. If a CMV DNA result obtained by means of a 
polymerase-chain-reaction assay was missing at the end-of-treatment assess-
ment, the patient was considered to have had treatment failure. CI denotes 
confidence interval.

† P values were calculated with the use of Fisher’s exact test.
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Table 2. Effect of Various Doses of CMX001 versus Placebo on Plasma CMV DNA Levels during Study-Drug Administration.

Study Group All Patients*
Patients with Detectable  
CMV DNA at Baseline

Patients without Detectable  
CMV DNA at Baseline

Positive for  
CMV DNA  

during Drug 
Administration†

Absolute Risk  
Difference

P  
Value‡

Positive for  
CMV DNA  

during Drug 
Administration†

Absolute Risk  
Difference

P  
Value‡

Positive for 
CMV DNA  

during Drug 
Administration†

Absolute Risk  
Difference

P  
Value‡

no./total no.  
(%)

percentage points 
(95% CI)

no./total no.  
(%)

percentage points 
(95% CI)

no./total no.  
(%)

percentage points 
(95% CI)

Placebo 25/59 (42) — — 10/12 (83) — — 15/47 (32) — —

CMX001

40 mg weekly 10/25 (40)  −2 (−25 to 21) 1.0 6/7 (86) 3 (−31 to 36) 1.0 4/18 (22) −10 (−33 to 14)   0.55

100 mg weekly 6/27 (22) −20 (−40 to 0) 0.09 4/4 (100) 17 (−4 to 38) 1.0 2/23 (9) −23 (−41 to −6)   0.04

200 mg weekly 7/39 (18) −24 (−42 to −7) 0.02 5/10 (50) −33 (−71 to 4) 0.17 2/29 (7) −25 (−41 to −9)   0.01

200 mg twice weekly 2/30 (7) −35 (−51 to −20) <0.001 2/8 (25) −58 (−95 to −22) 0.02 0/22 −32 (−45 to −19)  0.002

100 mg twice weekly 4/50 (8) −34 (−49 to −20) <0.001 4/9 (44) −39 (−78 to 0) 0.16 0/41 −32 (−45 to −19) <0.001

* The number of patients with CMV DNA in plasma differed from the number in the analysis of the primary end point because some patients 
had CMV DNA levels greater than 1000 copies per milliliter while the study drug was being administered that resolved by the end of study-drug 
administration, including some patients who received placebo. Patients with missing values at the end of study-drug administration were not 
considered to have had treatment failure and were not excluded from this analysis.

† Positivity for CMV DNA in plasma was defined as a plasma level of CMV DNA greater than 1000 copies per milliliter. Patients with CMV dis-
ease were classified as positive for CMV DNA in plasma, regardless of the level.

‡ P values were calculated with the use of Fisher’s exact test for the comparison with the pooled results in patients who received placebo.

were frequently reported in the group that received 
100 mg of CMX001 twice weekly, but these events 
were milder in nature and did not lead to an in-
creased rate of discontinuation of the study drug; 
16 patients (32%) did not receive a median of  
2 doses of CMX001 (range, 1 to 3) because of gas-
trointestinal symptoms, and 13 patients were able 
to resume the drug at the same dose. The fre-
quency of relapse of hematologic disease and over-
all mortality were similar among all dose groups.

The overall incidence of reported acute GVHD 
was also increased in the groups of patients that 
received 100 or 200 mg of CMX001 twice weekly, 
but this was due to an increased incidence of 
gastrointestinal acute GVHD without apprecia-
ble proportional increases in the frequency or 
severity of acute skin or liver GVHD (Table 3). 
These patients received systemic glucocorticoids 
more frequently than patients in the other 
CMX001 dose groups and the placebo group (see 
the Supplementary Appendix), which may ex-
plain the increased frequency of oral candidiasis 
(Table 3). As part of the review by the data and 
safety monitoring board after the discontinua-
tion of the cohort for the evaluation of 200 mg 
of CMX001 twice weekly, two pathologists with 
expertise in gastrointestinal GVHD, who were un-

aware of the study-group assignments, reassessed 
gastrointestinal-biopsy specimens obtained from 
25 patients. The histopathological findings in 
these biopsy specimens were compatible with 
gastrointestinal acute GVHD, with no differences 
in the distribution of severity among the various 
CMX001 dose groups. Individual investigators 
reported that the clinical severity of diarrhea 
was higher than the histopathological degree of 
acute gastrointestinal GVHD in several patients 
who received 200 mg of CMX001 twice weekly.

Elevated alanine aminotransferase levels were 
more common among patients who received more 
than 200 mg of CMX001 per week than among 
those who received lower doses or placebo, but 
these elevations were not associated with increases 
in levels of bilirubin or aspartate aminotransferase. 
There were no consistent differences in the fre-
quency of anemia, thrombocytopenia, or neutro-
penia during study-drug administration among 
the various dose groups (Table 3). There was no 
evidence of increased nephrotoxicity or ocular 
toxicity with increasing doses of CMX001.

Analysis of Antiviral Resistance

Plasma CMV DNA was detected during study-
drug administration in 30 patients who received 
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CMX001 at doses of 100 mg per week or higher. 
Sequencing showed an R1052C mutation31,32 in 
the UL54 gene in specimens obtained from 3 pa-
tients; one of these mutations was present before 
CMX001 exposure. No mutations in UL97 were 

detected. With the exception of 1 patient, who 
received preemptive treatment with cidofovir, all 
these patients had a response to subsequent pre-
emptive treatment against CMV disease after dis-
continuation of CMX001.

Table 3. Adverse Events (Reported in ≥10% of Patients in the Intention-to-Treat Population).*

Variable
Placebo  
(N = 59)

CMX001,  
40 mg  
Weekly  
(N = 25)

CMX001,  
100 mg  
Weekly  
(N = 27)

CMX001,  
200 mg  
Weekly  
(N = 39)

CMX001,  
200 mg  

Twice Weekly  
(N = 30)

CMX001,  
100 mg  

Twice Weekly  
(N = 50)

number of patients (percent)

Patients with ≥1 adverse event 58 (98) 25 (100) 27 (100) 39 (100) 30 (100) 50 (100)

Clinical adverse events†

Diarrhea 16 (27) 3 (12) 8 (30) 13 (33) 21 (70) 26 (52)

Nausea 6 (10) 6 (24) 5 (19) 11 (28) 11 (37) 17 (34)

Vomiting 11 (19) 2 (8) 6 (22) 6 (15) 8 (27) 22 (44)

Abdominal pain 4 (7) 4 (16) 2 (7) 5 (13) 11 (37) 13 (26)

Gastroesophageal reflux 1 (2) 2 (8) 4 (15) 2 (5) 2 (7) 0

Acute GVHD 17 (29) 8 (32) 9 (33) 14 (36) 24 (80) 33 (66)

Gastrointestinal‡ 9 (15) 5 (20) 10 (37) 13 (33) 24 (80) 28 (56)

Cutaneous 17 (29) 8 (32) 13 (48)§ 15 (38) 14 (47) 14 (28)

Hepatic 0 1 (4) 1 (4) 1 (3) 8 (27) 6 (12)

Peripheral edema 6 (10) 3 (12) 5 (19) 3 (8) 3 (10) 8 (16)

Staphylococcal bacteremia 2 (3) 0 1 (4) 1 (3) 1 (3) 6 (12)

Oral candidiasis 1 (2) 0 0 2 (5) 1 (3) 6 (12)

Fatigue 9 (15) 1 (4) 3 (11) 5 (13) 0 9 (18)

Insomnia 1 (2) 2 (8) 2 (7) 5 (13) 2 (7) 9 (18)

Anxiety 3 (5) 0 3 (11) 3 (8) 2 (7) 3 (6)

Disease relapse 8 (14) 5 (20) 1 (4) 3 (8) 1 (3) 5 (10)

Laboratory adverse events¶

ALT >3× upper limit of normal 
range

9 (15) 3 (12) 2 (7) 10 (26) 12 (40 ) 16 (32)

Bilirubin >1.5× upper limit of 
 normal range

0 1 (4) 1 (4) 3 (8) 2 (7) 4 (8)

Creatinine >1.0 × upper limit of 
normal range

27 (46) 10 (40) 21 (78) 18 (46) 12 (40) 26 (52)

Absolute neutrophil count 
<1000/mm3

6 (10) 2 (8) 5 (19) 9 (23) 4 (13) 13 (26)

Platelet count <50,000/mm3 18 (31) 13 (52) 10 (37) 20 (51) 16 (53) 13 (26)

Hemoglobin <8 g/dl 6 (10) 1 (4) 2 (7) 5 (13) 2 (7) 5 (10)

Patients with adverse events leading 
to withdrawal of study drug 

27 (46) 15 (60) 9 (33) 15 (38) 18 (60) 18 (36)

* ALT denotes alanine aminotransferase, and GVHD graft-versus-host disease.
† Data shown are for all clinical adverse events as reported by each site investigator.
‡ The occurrence and severity of organ-specific acute GVHD were documented on the basis of weekly assessments.
§ Reports of rashes were attributed to acute GVHD in the weekly assessments in this cohort, but they were not considered to be acute GVHD 

in the safety database.
¶ Abnormal values that occurred at any time during study-drug administration are shown.
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Exploratory Analyses

Given the range of body weights (40.6 to 146.9 kg) 
and doses of CMX001 (40 to 400 mg per week), we 
explored whether weekly weight-adjusted dosing 
was associated with the development of gastro-
intestinal adverse effects, which were defined 
as the composite adverse outcome of diarrhea of 
grade 2 or higher28 or any degree of acute gastro-
intestinal GVHD.29 CMX001 doses greater than 
3.5 mg per kilogram of body weight per week were 
associated with significantly increased gastroin-
testinal adverse effects. In multivariable analyses 
of gastrointestinal adverse effects, the variable 
of the weight-adjusted CMX001 dose was stable 
and unconfounded by other known risk factors 
for acute GVHD or diarrhea after transplantation 
(see Section H and Table S10 in the Supplementary 
Appendix). Similarly, higher trough levels of 
 cidofovir, but not CMX001, 1 and 2 weeks after 
the initiation of CMX001 were associated with an 
increased risk of subsequent gastrointestinal ad-
verse effects (see Section I and Tables S11 and 
S12 in the Supplementary Appendix).

Discussion

We found that in patients who had received allo-
geneic hematopoietic-cell transplants, CMX001 
administered orally at doses of 100 mg once 
weekly or higher beginning after engraftment 
through week 13 after transplantation (approxi-
mately day 90) reduced the incidence of CMV 
events, as compared with placebo. This reduction 
in CMV events was significantly lower when 

CMX001 was administered at a dose of 100 mg 
twice weekly. This dose was particularly favor-
able in the group of patients who did not have 
CMV DNA in plasma at baseline: CMV disease or 
a plasma CMV DNA level greater than 1000 copies 
per milliliter did not occur in any patients (0 of 41) 
who received 100 mg twice weekly, whereas these 
events were reported in 15 of 47 patients (32%) 
who received placebo (risk difference, −32 percent-
age points; 95% CI, −45 to −19; P<0.001).

We found no evidence of increased myelosup-
pression or nephrotoxicity with CMX001; these 
are common toxic effects when patients who 
have undergone transplantation receive ganciclo-
vir, valganciclovir, foscarnet, or cidofovir. The 
safety and side-effect profile of CMX001 in our 
study provides support for further development 
of this agent for the prevention of CMV disease 
in patients with hematopoietic-cell transplants, 
who frequently have myelosuppression and 
nephrotoxic effects after transplantation.

Animal models11,15 have previously shown 
the potential for gastrointestinal adverse effects 
of CMX001; these effects are probably caused 
by elevated intracellular cidofovir concentrations 
in enterocytes.15 However, data on the side-effect 
profile of CMX001 among recipients of hemato-
poietic-cell transplants have been lacking. In a 
study involving healthy volunteers, no gastro-
intestinal injury was noted with CMX001 at doses 
of up to 2 mg per kilogram.11

 In our study, a dose of 200 mg of CMX001 
twice weekly was associated with an increased 
frequency and severity of diarrhea and other 

Table 4. Serious Adverse Events (in ≥5% of Patients in the Intention-to-Treat Population).

Variable
Placebo  
(N = 59)

CMX001,  
40 mg  
Weekly  
(N = 25)

CMX001,  
100 mg  
Weekly  
(N = 27)

CMX001,  
200 mg  
Weekly  
(N = 39)

CMX001,  
200 mg  

Twice Weekly  
(N = 30)

CMX001,  
100 mg  

Twice Weekly  
(N = 50)

number of patients (percent)

Patients with ≥1 serious 
 adverse event

27 (46) 12 (48) 10 (37) 19 (49) 21 (70) 30 (60)

Serious adverse event

Acute GVHD 4 (7) 1 (4) 2 (7) 6 (15) 12 (40) 15 (30)

Diarrhea 1 (2) 0 0 1 (3) 10 (33) 5 (10)

Fever 7 (12) 0 0 3 (8) 1 (3) 2 (4)

Pneumonia 0 0 2 (7) 0 1 (3) 4 (8)

Patients with adverse event 
leading to death

5 (8) 2 (8) 0 3 (8) 4 (13) 5 (10)
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gastrointestinal symptoms and was dose-limiting 
in adults who had undergone hematopoietic-cell 
transplantation. Since diarrhea is also a common 
manifestation of acute GVHD, many patients 
received glucocorticoids empirically, and acute 
GVHD was captured as an adverse event to docu-
ment the indication for glucocorticoid use. Al-
though the proportion of patients at high risk for 
acute GVHD (e.g., those with HLA-mismatched 
unrelated donors) was higher in the cohorts that 
received 100 or 200 mg of CMX001 twice weekly 
than in the cohorts that received lower doses or 
placebo, the analysis of data from weekly assess-
ments for acute GVHD showed that the excess 
acute GVHD was driven by an increased fre-
quency of diarrhea in the higher-dose groups 
(Table 3). A review of available gastrointestinal-
biopsy specimens did not show an increased 
proportion of patients in the 200-mg twice-
weekly cohort who had findings consistent with 
acute GVHD. These observations suggest that 
the excess reports of acute GVHD were due to 
CMX001-related gastrointestinal adverse effects. 
In view of these results, a strict management 
plan for gastrointestinal adverse effects was in-
stituted for the final cohort of patients who re-
ceived 100 mg of CMX001 twice weekly. Al-
though diarrhea was more frequent in these 
patients than in those who received placebo, it 
was milder, and most patients were able to com-
plete the scheduled doses of the study drug.

The wide range of weight-based CMX001 
doses administered allowed us to explore its 
 association with gastrointestinal adverse effects. 
CMX001 doses higher than 3.5 mg per kilogram 
per week were associated with substantial rates 
of diarrhea, as were higher trough levels of 
 cidofovir. Overall, CMX001 at a dose of 100 mg 
twice weekly was well tolerated and  effective. 
In addition to dose interruptions, weight-based 
adjustments and monitoring of trough levels of 
cidofovir could be used as additional strategies 
to maximize the safety of CMX001 in the future. 
CMX001 at a dose of 100 mg twice weekly 
probably maintained cidof ovir levels above CMV 
inhibitory concentrations more reliably than 
once-weekly doses and may explain its greater 
effectiveness than a dose of 200 mg once 
weekly. Our findings require confirmation in 
phase 3 trials involving patients undergoing 
 hematopoietic-cell transplantation and other 
populations at risk for CMV disease.
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