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A phase II randomized, placebo-controlled, multicenter 
trial to evaluate the efficacy of cytomegalovirus PepVax 
vaccine in preventing cytomegalovirus reactivation and 
disease after allogeneic hematopoietic stem cell transplant 

Reactivation from latency of the human cytomegalovirus 
(CMV) continues to negatively impact hematopoietic stem 
cell transplant (HCT) outcomes.1 Due to treatment-related 
lymphopenia and T-cell dysfunction, up to 70% CMV-se-
ropositive recipients can experience CMV reactivation, 
and if left untreated, end-organ disease may develop in 
up to 30% of these patients, leading to life-threatening 
complications.2,3 Current antiviral strategies to treat or 
prevent CMV reactivation are effective, though there are 
many drawbacks. Pre-emptive antiviral therapy (PET)4 is 
associated with drug-related organ toxicities, delays in 
immune reconstitution, and subsequent late-onset CMV 
disease. Food and Drug Administration (FDA)-approved 
(November 2017) 100-day letermovir prophylaxis reduces 
the incidence of clinically significant CMV infection (CMV 
disease or CMV viremia leading to PET) to 37.5% at 24 
weeks in CMV-seropositive HCT recipients, and showed 
an acceptable safety profile.5 However, when letermovir 
is withdrawn, approximately 30% of patients develop CMV 
viremia, consistent with delayed immune reconstitution, 
associated with pharmacologic suppression of CMV.6 Re-
cent data demonstrate continued efficacy and safety with 
extended letermovir use up to day 200 post transplant in 
high-risk patients, though the effect of prophylaxis was 
lost after the drug was stopped.7 Alternative strategies to 
suppress both early and late CMV reactivation and its se-
quelae by enhancing and sustaining protective CMV-specific 
cellular immune reconstitution remain of great interest.
Therapeutic vaccination of CMV seropositive HCT recipi-
ents can bolster immune control of CMV viremia post HCT, 
mitigating the risk of severe CMV sequelae.8 A phase I trial 
of PepVax,9 an investigational CMV vaccine showed safety, 
immunogenicity, and reduced CMV reactivation and usage 
of antivirals, paving the way to the current phase II trial to 
assess its efficacy in reducing CMV reactivation of ≥1,250 
IU/mL and disease before day 100 post HCT (CMV events, 
primary endpoint). Developed at City of Hope, PepVax is a 
peptide-based vaccine, composed of the immunodominant 
HLA-A*0201 restricted CMV pp65495-503 CD8 T-cell epitope, 
linked to a tetanus T-helper epitope and co-administered 
with PF-03512676 adjuvant.9 The HLA A*0201 allele is most 
frequently represented in Caucasian individuals (approx. 
46%) as well as other ethnicities, and is much less com-
mon in African and Asian Americans (approx. 16%).10 In 

this multicenter, placebo-controlled, randomized phase 
II trial (clinicaltrials.gov 02396134), patients were enrolled 
before HCT, reassessed for eligibility on day 28 post HCT, 
and randomized 1:1 to PepVax or placebo. Injections were 
administered subcutaneously on days 28 and 56 post HCT. 
Enrollment was halted when a planned interim analysis 
indicated that PepVax did not achieve the study prima-
ry endpoint. We herein report and discuss the complete 
1-year outcomes from eligible recipients (N=61) who were 
randomized to PepVax (N=32) and placebo (N=29), until 
enrollment was terminated. There was no difference in 
CMV events between arms (P=0.15). PepVax was confirmed 
to be well tolerated and immunogenic. Significantly high-
er levels of pp65495-503 specific T cells were measured in 
non-viremic participants of the PepVax compared to the 
placebo arm (P=0.015). Furthermore, higher frequency of 
pp65495–503 CD8 T cells, displaying an effector phenotype 
with antiviral role was observed in PepVax compared to 
placebo recipients (P=0.034). 
The FDA and institutional regulatory board authorities at 
each participating site approved the PepVax study protocol. 
From June 3, 2015, to November 11, 2017, 76 eligible patients 
were approached at 4 US cancer centers (City of Hope, 
Fred Hutchinson Cancer Center, The Ohio State University 
and University of Minnesota) for study participation (On-
line Supplementary Figure S1). All study patients provided 
written informed consent, were CMV-seropositive, HLA 
A*0201, 18-75 years old, and were undergoing HCT using 
myeloablative conditioning or reduced intensity conditioning 
from a CMV-seropositive or seronegative matched related 
or unrelated donor with 8/8 allele matching (Table 1). They 
were excluded from receiving the study treatment (PepVax 
or placebo injections) if engraftment had failed or if they 
relapsed, had grade III-IV acute graft-versus-host disease 
(aGvHD) (according to the Keystone Consensus grading 
system), experienced CMV reactivation ≥1250 IU/mL, had 
received >1 mg/kg of body weight steroids per day within 
seven days, or had any ongoing non-hematologic toxicity 
of grade ≥3 (according to the Common Terminology Criteria 
for Adverse Events, version 4.03). This trial was designed to 
have 90% power to detect a reduction of CMV events in the 
PepVax arm from 40% to 15%, at a one-sided 0.10 level of 
significance with a sample size of 48 patients randomized 
to each arm. With the expected dropout rate of 10-15% pri-
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Characteristic
PA  

N=29
VA  

N=32

Age in years
Median (range) 64 (28-74) 61 (25-72)

Gender, N (%)
Female
Male

5 (17.2)
24 (82.8)

13 (40.6)
19 (59.4)

Race/ethnicity, N (%)
White
Hispanic
Asian
Black

20 (69)
8 (27.6)

0 (0)
1 (3.4)

21 (65.6)
9 (28.1)
1 (3.1)
0 (0)

Primary diagnosis, N (%)
AML
ALL
MDS/CML/CMML/MPN
Lymphoma
Other leukemia

8 (27.6)
4 (13.8)

12 (41.4)
4 (13.8)
1 (3.4)

10 (31.3)
5 (15.6)
11 (34.4)
5 (15.6)
1 (3.1)

Disease Risk Index, N (%)
Low
Intermediate
High/Very high

4 (13.8)
15 (51.7)
10 (34.4)

6 (19.4)
14 (45.2)
11 (35.5)

Karnofsky performance score, N (%)
70-80
90
100

9 (31)
16 (55.2)
4 (13.8)

7 (21.9)
22 (68.8)

3 (9.4)
HCT CI, N (%)

0
1-2
≥3

11 (37.9)
8 (27.6)

10 (34.5)

8 (25)
16 (50)
8 (25)

Donor type, N (%)
Related
Unrelated

13 (44.8)
16 (55.2)

16 (50)
16 (50)

Donor CMV-serostatus, N (%)
Negative
Positive

11 (37.9)
18 (62.1)

12 (37.5)
20 (62.5)

Conditioning regimen, N (%)
Myeloablative
Reduced intensity

9 (31)
20 (69)

15 (46.9)
17 (53.1)

Graft source, N (%)
Peripheral stem cells
Bone marrow

29 (100)
0 (0)

31 (96.9)
1 (3.1)

GvHD prophylaxis, N (%)
Tacrolimus/sirolimus
Tacrolimus or CSA/MTX
Tacrolimus or CSA/MMF
CSA/sirolimus/MMF

20 (69)
3 (10.3)
4 (13.8)
2 (6.9)

18 (56.3)
7 (21.9)
5 (15.6)
2 (6.3)

CD34+ infused cell dose, x106cells/kg
Median (range) 6.00 (0.34-17.12) 6.53 (1.32-56.82)

CD3+ infused cell dose, x106cells/kg
Median (range) 2.33 (0.45-4.84) 2.76 (0.34-77.00)

ALC on day 28 post-HCT, cells/µl
Median (range) 567.6 (141.3-2181.4) 709.5 (71.2-2411.5)

CD3+CD8+ on day 28 post HCT, %
Median (range) 26.25 (7.36-60.86) 27.04 (12.68-61.19)

Table 1. Patients’ characteristics at baseline.

ALC: absolute lymphocyte count; ALL: acute lymphoblastic leukemia; AML: acute myelogenous leukemia; CML: chronic myeloid leukemia; 
CMML: chronic myelomonocytic leukemia; CMV: cytomegalovirus; CSA: cyclosporin A; GvHD: graft-versus-host disease; HCT CI: hematopoi-
etic cell transplantation-specific comorbidity index; MDS: myelodysplastic syndromes; MMF: mycophenolate mofetil; MPN: myeloproliferative 
neoplasms; MTX: methotrexate; N: number; PA: placebo arm; VA: vaccine arm.
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or to randomization, the total accrual was expected to be 
of 106-115 participants. For the primary efficacy outcome, 
we assessed if PepVax reduced the cumulative incidence 
rate of CMV events compared to placebo. An interim anal-
ysis was performed per protocol once half (N=48) of the 
planned study participants (N=96) reached day 100 post 
HCT. Data analyzed showed that the futility boundary was 
crossed, since in the PepVax arm a higher number of CMV 
events (5 in 24 patients, 21%) was observed compared to 
the placebo arm (3 in 24 patients, 12.5%). 
Table 1 shows characteristics of all randomized participant 
(N=61) until study closure to further accrual, following the 
interim analysis outcome. HCT variables were closely bal-
anced between arms. The primary outcome of CMV events 
(Table 2, Online Supplementary Figure S2A) occurred in 8 
patients of the PepVax arm (25.1%) and in 4 of the placebo 

arm (13.8%). By day 180, the CMV event rate increased to 
33% for the PepVax arm (total, 10 CMV events), and re-
mained at 13.8% for the placebo arm.  In agreement with 
previous findings,2,11 a higher number of CMV events (34.8%) 
were observed in recipients who received an HCT from 
a CMV-seronegative negative donor compared to those 
(15.6%) who received a transplant from a CMV-seropositive 
donor. Also, in the CMV-serostatus subgroup analysis, CMV 
events rates were higher in the PepVax compared to the 
placebo arm (Online Supplementary Figure S2B). Secondary 
outcomes (Table 2) of PepVax including safety, impact on 
GvHD, measures of transplant success, antiviral usage, and 
immunogenicity were favorable. 
An explanation for the difference between the promis-
ing pilot trial findings,9 and the current phase II trial was 
terminated because lack of efficacy could not be clearly 

Outcomes
PA  

N=29
VA  

N=32
HR or RD  
(95% CI)

P

Primary outcome

CMV events1 through day 100 post HCT 4 (13.8) 8 (25.1) HR: 2.28 (0.70 to 7.42) 0.15‡

Secondary outcomes

Non-relapse mortality through day 100 post HCT 1 (3.4) 1 (3.1) RD: 0.32 (-16 to 14) 1.00§

Grade III-IV2 acute GvHD 0 (0) 4 (9.5) NA 0.06‡

Grade 3-43 adverse events 0  (0) 2 (6.3) RD: 6.3 (-6.0 to 22) 0.49§

Grade II-IV acute GvHD 8 (27.9) 10 (28.4) HR: 1.08 (0.33 to 2.27) 0.88‡

Chronic GvHD 10 (32.3) 11 (31.9) HR: 0.90 (0.39 to 2.07) 0.81‡

Time in days to viremia,4 median (range)5 35 (29-45) 51 (28-77) NA 0.07

Duration in days of viremia,4 median (range)5 19 (7, 46) 14 (4, 47) NA 0.76

Late (after day 100) CMV events 0 (0) 2 (6.3) RD: 6.3 (-6.0 to -22) 0.49§

Use of antivirals 4 (13.8) 7 (21.9) RD: 8.1 (-14 to 28) 0.51§

Days of antiviral treatment, median (range)5 21 (18, 25) 11 (0, 45) NA 0.13

Time in days to neutrophil engraftment, median (95% CI) 13 (12-15) 13 (12-15) HR: 0.94 (0.60 to 1.49) 0.92‡

Relapse 7 (25.3) 4 (12.5) HR: 0.47 (0.14 to 0.16) 0.22‡

Non-relapse mortality 2 (7.2) 7 (18.9) HR: 2.74 (0.57 to 13.28) 0.22‡

Overall survival 4 (84.5) 7 (75.9) HR: 1.48 (0.43 to 5.07) 0.53†

Infections 3 (10.3) 2 (6.3) RD: -4.1 (-22 to 12) 0.66§

Cellular immunity (see Figure 3) – – – –

Table 2. Outcomes by assigned treatment arm.*

*Values are numbers of patients (%) unless otherwise indicated; CI: Confidence Interval; GvHD: graft-versus-host disease; HCT: hematopoi-
etic stem cell transplantation; HR: hazard ratio; N: number; NA: not applicable; PA: placebo arm; pts: patients; RD: risk difference; VA: vaccine 
arm. 1Cytomegalovirus (CMV) reactivation of ≥1,250 IU/ml or CMV disease prior to day 100 post HCT. 2No grade IV acute GvHD (according to 
the Keystone Consensus grading system) was observed. 3No grade 4 probably or definitely related (according to the Common Terminology 
Criteria for Adverse Events, CTCAE v.4.03) to vaccination within 2 weeks from first and second injection was observed. 4Defined as number of 
days from HCT to post HCT day with ≥1,250 IU/ml; one PA patient was treated for gastrointestinal CMV disease and did not develop CMV vi-
remia. 5P-value from Wilcoxon two-sample test. Test used: ‡Gray’s; §Fisher’s exact; †Log-rank. All P values for comparing primary, secondary 
or exploratory endpoints by arm were two-sided. P=0.05 was considered significant. SAS version 9.4 (SAS Institute) was used.
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identified. PepVax was produced using the same manu-
facturing process and met the same release criteria. The 
main difference was that this phase II trial enrolled patients 
from 4 US cancer centers, whereas the phase I study was 
a single center study.9 It is possible that heterogeneity in 
transplant regimens (conditioning, GvHD prophylaxis), and 
institutional standard of care for CMV monitoring and in-
tervention among centers may have affected the efficacy 
endpoint. The lack of a stratified randomization by center, 
which could have reduced imbalances among centers and 
increased statistical power,12 is a limitation of this study. 
Furthermore,  the CMV event rate in the phase I was 38.8% 
for the untreated observational arm, which is within the 
historical CMV reactivation range.11 In contrast, in the cur-
rent phase II trial, the CMV event rate in the placebo arm 
was 13.8% and in the PepVax arm was 25.1%. Hence, the 
observed rate was unexpectedly lower than that assumed 
in the protocol design (approx. 40%).11 
PepVax vaccinated patients reconstituted significantly 
higher levels of pp65495–503-specific CD8 T cells compared 
to the placebo arm (P=0.015) (Figure 1A) in HCT recipients 
who were not experiencing a CMV event. In recipients 
with a CMV-seropositive HCT donor, the vaccine effect in 
augmenting post HCT levels of pp65495–503-specific CD8 T 
cells was substantial (P=0.008) among PepVax vaccinated 
recipients compared to placebo recipients. In contrast, it 

was modest in HCT recipients with a CMV-seronegative 
donor (P=not assessable due to insufficient data) (On-
line Supplementary Figure S3). This interesting outcome 
suggests that in some viremic patients primary immune 
responses to other MHC class I restricted CMV epitopes 
could have been preferentially generated, possibly leading 
to the expansion of different CMV-specific T-cell subsets 
during viral reactivation. Several groups have reported 
that vaccinia virus immunized volunteers expressing the 
same HLA class I molecule recognized different vaccinia 
virus-derived epitopes, suggesting a highly variable pattern 
of T-cell epitope recognition in the human population.13 
Hence, there is the need to re-evaluate current strategies 
for protective T-cell epitope discovery.
Similarly to the phase I findings,9,14 PepVax not only increased 
frequency  of pp65495–503-specific CD8 T cells, but also im-
pacted their functional immune profiles. Effector subsets 
increased more vigorously during immune reconstitution in 
non-viremic patients from the PepVax arm compared to the 
placebo arm (P=0.034) (Figure 1B). Of note, the functionality 
and antiviral role of CMV-specific T cells have been linked 
to immune reconstitution profiles characterized by pools 
of differentiated effector memory T cells (TEM) and large 
subsets that, as in TEM, have lost membrane expression 
of the co-stimulatory molecule CD28, but also re-express 
the RA isoform of CD45 (TEMRA).14 T-central memory and 

Figure 1. Levels and memory phenotype of pp65495–503-specific CD8 T cells. pp65495–503-specific CD3+ CD8+ T cells were monitored 
by measuring binding to HLA-A*0201 pp65495–503 and HIVgag77-85 (control) multimers (Immudex Dextramers), as previously de-
scribed.9,14 (A) Longitudinal levels as T cells/µl and (B) memory phenotype frequency of pp65495–503-specific CD3+ CD8+ T cells were 
computed using the (A) LOESS scatter plot smoother providing the marginal geometric mean concentrations through time for 
each arm (as identified in the color legend). A 95% confidence band is shown in gray, and individual measurement trajectories 
are shown for each participant up to 7 days before the protocol-defined cytomegalovirus event. Logarithmic spacing of both 
scales is used to aid visualization. Distribution of pp65495–503 specific CD8 T-cell levels and memory phenotypes (%) were approx-
imately normal after log 10-transformation and arcsine square root-transformation, respectively. Generalized estimating equation 
models were used to assess the effect of vaccines on immunological responses. All analyses were performed using SAS v.9.4 
(SAS Institute). (B) pp65495–503-specific CD3+ CD8+ effectors included CD45RA- CD28- effector memory T cells (TEM) and effector 
‘revertant’ memory T cells, re-expressing the RA isoform of the CD45 surface marker (TEMRA).14 The syringe symbol indicates the 
post-hematopoietic stem cell transplant day of PepVax injections.
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naïve T-cell subsets were comparable between arms (data 
not shown). Using Fine-Gray regression model, no signif-
icant associations were found between CMV events and 
pp65495–503-specific CD8 T-cell levels or memory.
In the development of CMV subunit vaccines, choice of the 
vaccine technology can play a critical role in promoting 
robust immune response.8 The ASP0113 CMV vaccine, which 
has been stopped following the phase III failure, used a 
DNA-based platform. It has been shown that both DNA and 
peptide vaccines may induce limited immunogenicity even 
if used in combination with adjuvants, and to date no such 
vaccines have been licensed for human use.15,16 In contrast, 
viral vector-based vaccines, can mimic a natural infection, 
resulting in strong, long-lasting immune responses against 
the pathogen antigens.8 Triplex, a candidate CMV vaccine, 
uses the modified vaccinia virus Ankara (MVA) expressing 
pp65, IE1-exon4, and IE2-exon5 CMV genes. It is currently 
the only CMV vaccine for transplant indication, which met 
its primary endpoints in phase II trials.8 
Owing to the lack of efficacy, further development of PepVax 
has been paused. Nonetheless, based on its favorable tol-
erability and immunogenicity, it could find future applica-
tion as an immunotherapeutic to be used in combination 
with letermovir prophylaxis.  Vaccinating HCT donor and/or 
recipient8 with PepVax in a combination regimen strategy 
with letermovir may overcome the immune impairment and 
delay in CMV-specific cellular reconstitution related to the 
drug-induced decrease in CMV antigen exposure. Though 
limited to HLA A*0201 recipients, this easy to implement 
combination therapy could benefit transplant patients in 
whom lack of CMV-specific T-cell polyfunctionality may 
increase the risk for late CMV infection sequalae after 
letermovir prophylaxis discontinuation.
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