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Abstract Congenital human cytomegalovirus (HCMV)
infection can result in severe and permanent neurologi-
cal injury in newborns, and vaccine development is
accordingly a major public health priority. HCMV can also
cause disease in solid organ transplant (SOT) and
hematopoietic stem-cell transplant (HSCT) recipients, and
a vaccine would be valuable in prevention of viremia and
end-organ disease in these populations. Currently there is
no licensed HCMV vaccine, but progress toward this goal
has been made in recent clinical trials. A recombinant
HCMV glycoprotein B (gB) vaccine has been shown to
have some efficacy in prevention of infection in young
women and adolescents, and has provided benefit to
HCMV-seronegative SOT recipients. Similarly, DNA
vaccines based on gB and the immunodominant T-cell
target, pp65 (ppULS83), have been shown to reduce viremia
in HSCT patients. This review provides an overview of
HCMYV vaccine candidates in various stages of develop-
ment, as well as an update on the current status of ongoing
clinical trials. Protective correlates of vaccine-induced
immunity may be different for pregnant woman and
transplant patients. As more knowledge emerges about
correlates of protection, the ultimate licensure of HCMV
vaccines may reflect the uniqueness of the target popula-
tions being immunized.
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Key Points

A vaccine against HCMYV is a major public health
priority, and would have potential benefits not only
for women of childbearing age (to prevent congenital
HCMV infection) but also for SOT and HSCT
patients.

Vaccines for HCMV have been evaluated based on
both live, attenuated variants of the virus and on
cloned, recombinant expression of key viral gene
products important in protective immunity.

Phase II studies of an adjuvanted, recombinant
glycoprotein B vaccine have demonstrated modest
efficacy in protecting seronegative young women
against acquisition of HCMV infection.

DNA vaccines, disabled infectious single-cycle
(DISC) vaccines, peptide-based vaccines, and eVLP
vaccines are also currently in clinical trials.

The pentameric complex (PC) of HCMV
glycoproteins has emerged as a leading candidate for
potential vaccine development, given the

critical role of antibodies to the PC in neutralizing
HCMYV infectivity at epithelial and endothelial cell
surfaces.

Increased knowledge and awareness of the
magnitude of the impact of congenital HCMV on
newborn health is essential, and will help increase
efforts to develop a safe and effective vaccine.
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1 Introduction

Human cytomegalovirus (HCMV) is the most common virus
transmitted in utero and is also an important cause of disease
in adults. Both the congenital transmission of HCMV and its
ability to cause disease in adulthood, particularly in
immunosuppressed patients, pose important challenges in
clinical practice. HCMV can cause severe morbidity and
occasional mortality in both populations, and although
antiviral agents are useful in clinical management, these
drugs have limitations and substantial toxicities. Moreover,
antiviral agents have only limited ability to modify neu-
rodevelopmental outcomes in newborns with symptomatic
congenital infection. Because of the risk of neurodevelop-
mental disabilities caused by HCMV infection in utero, the
development of a vaccine against congenital transmission
has been identified as a high priority by the Institute of
Medicine [1]. Though currently there is no licensed HCMV
vaccine, several clinical trials have demonstrated encour-
aging results. A number of novel platforms for delivery of
HCMYV vaccines have been developed recently, and evalu-
ated in preclinical studies. This review provides an overview
of the current landscape of HCMV vaccine development,
with particular emphasis on vaccines that are either in or
approaching clinical trial evaluation.

1.1 Epidemiology of HCMYV Infection and Target
Populations for Vaccination

HCMV is one of eight herpesviruses known to normally
infect humans. While HCMV seropositivity is widespread,
causing nearly universal infection in some populations, the
virus generally does not cause disease in healthy individ-
uals [2]. HCMV-associated morbidity and mortality occurs
primarily in two populations: congenitally infected chil-
dren and immunosuppressed individuals. Congenital
HCMV transmission occurs in between 0.5 and 0.7% of
pregnancies in the USA and other developed nations, and
in up to 2% of pregnancies in the developing world [3].
Approximately 13.5% of congenitally infected newborns
are symptomatic [4]. Congenital HCMYV is the most com-
mon infectious cause of brain damage and sensorineural
hearing loss, and is an occasional cause of mortality [5].
HCMV can be transmitted across the placenta to infect
the fetus either in the context of primary infection or fol-
lowing viral reactivation or reinfection in seropositive
women [6]. The fetuses of seronegative pregnant women
acutely infected in pregnancy are at particularly high risk
for infection, insofar as up to 40% of primary maternal
infections result in congenital HCMV transmission [6, 7].
There is a reduced rate and severity of congenital HCMV
infections in children born to women with pre-conception
immunity compared to women with primary infection

A\ Adis

during pregnancy. The overall incidence of congenital
HCMYV infection is directly proportional to the seropreva-
lence in the population under consideration. Although the
likelihood of congenital HCMV transmission in a woman
with preconception immunity is low (in the range of
0.5-1%), overall as many as three-quarters of congenital
HCMV infections occur following non-primary maternal
infections, because of the high background rates of HCMV
seropositivity among women of childbearing age in most
populations [7]. These congenital infections can produce
long-term disabilities, particularly sensorineural hearing
loss. Thus, to most effectively prevent congenital HCMV
infection, vaccines will likely be required to both protect
seronegative women from primary infection and augment
the immune response in seropositive individuals in order to
prevent reactivation or reinfection.

Severe HCMV disease also occurs in immunocompro-
mised individuals and the virus is a common opportunistic
infection in these patients [8, 9]. Before the development
and widespread use of highly active antiretroviral therapy,
up to 40% of AIDS patients would have serious, often
sight-threatening HCMV disease [9]. Similarly, HCMV
disease is a frequent complication in the setting of
hematopoietic stem cell transplantation (HSCT) and solid
organ transplantation (SOT) despite advances in antiviral
prophylaxis [8, 10]. Complications include increased risks
of graft-versus-host disease and graft failure [11, 12].
These patients represent target populations that may benefit
from licensure of an HCMV vaccine. Indeed, several
HCMV vaccines have been evaluated in clinical trials in
transplant patients, as summarized below.

1.2 A Case for Universal Vaccination

In its analysis of strategies for HCMV vaccination, the
Institute of Medicine modeled the cost-benefit analysis of a
hypothetical vaccine that would be employed in 12-year-
old adolescents, prior to entry of individuals into their
reproductive years [13]. A strong case can be made,
however, that an HCMYV vaccine, once licensed, should be
deployed not just in adolescents or women of childbearing
age and in at-risk immunocompromised individuals, but to
all individuals as part of the routine childhood vaccination
schedule. Child-to-child HCMV transmission frequently
occurs in group childcare settings; a universal immuniza-
tion could protect children in these environments from
infection which, in turn, could prevent them from intro-
ducing new HCMYV strains into their households where
family members (particularly their mothers) could become
infected or re-infected [14, 15]. Additional support for
universal HCMV vaccination comes from an emerging
body of evidence suggesting that infection over the course
of a life-time may play a role in the pathogenesis of
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atherosclerosis, autoimmune diseases, and malignancies, in
particular glioblastoma multiforme [16]. HCMV serostatus
may also impact the clinical course of burns, trauma, and
sepsis [16-18]. Additionally, HCMV seropositivity has
been associated in some studies with a decreased response
to influenza vaccination, suggesting that the prevention of
HCMV infections could provide secondary benefits with
respect to acquisition of other infections [19-21]. The
impact of HCMV infection on responsiveness to influenza
vaccine requires additional study, however, in light of a
recent report that prior CMV infection, both in humans and
mice, enhances influenza vaccine-mediated immune
responses [22]. These uncertainties about the impact of
HCMV serostatus on influenza vaccine responsiveness
notwithstanding, the overall impact of infection over the
life-time is substantial, providing strong support for the
concept of universal HCMV vaccination in early child-
hood, toward the possible goal of eventual eradication of
HCMV from the population [23].

2 HCMYV Vaccine Technologies

Table 1 outlines completed or ongoing clinical trials that
have evaluated the safety and/or efficacy of a number of
vaccine candidates against HCMV. The major categories of
HCMV vaccines that have made significant progress in
clinical trials are replication-impaired or replication-de-
fective HCMYV [attenuated vaccines or disabled infectious
single-cycle (DISC) vaccines]; adjuvanted recombinant
protein vaccines based on the immunodominant envelope
glycoprotein, HCMV glycoprotein B (gB); other expression
strategies for HCMV gene products important in protective
humoral and/or cellular immune responses, such as DNA
and peptide vaccines; and vectored vaccines expressing gB
and other HCMV antigens using a variety of live virus
systems. In addition to gB, other viral antigens that have
undergone evaluation as subunit or vectored vaccines in
humans are the immunodominant T-cell target, ppUL83
(pp65), and the major immediate early protein 1 (IE1). Each
of these strategies is reviewed in the following section.

2.1 Attenuated and “DISC” Vaccines

The earliest attempts to develop a vaccine against HCMV
infection utilized live, attenuated viruses. Initial studies
focused on the attenuated HCMV strains AD169 and
Towne. In addition, human challenge studies in vaccinated
subjects have been performed with a less-attenuated
HCMV strain, referred to as the Toledo strain. These
strains have varying modifications in an area of the genome
referred to the ULDL' region. This region consists of
sequences spanning HCMV open reading frames (ORFs)

UL128-151, sequences that are present in all low-passage
primary clinical isolates but undergo extensive deletion,
rearrangement and mutation after serial passage of virus in
cell culture, particularly in fibroblast cells [24, 25]. Of
particular interest are ORFs in this region that encode
components of potential vaccine targets. The ULb region
of HCMV is adjacent to a region of the genome encoding
the ULI28, ULI30 and ULI31 ORFs, which direct syn-
thesis of three polypeptides that are constituents of the
pentameric complex (PC), a complex which also includes
glycoproteins gH and gl. Proper expression of this PC
locus is required for efficient viral tropism in most
epithelial and endothelial cell types. Mutations in one or
more of these genes appears to explain, at least in part, the
attenuation of the Towne and AD169 strains compared to
viruses with an intact PC locus [26, 27]. Wild-type strains
of HCMV enter epithelial and endothelial cells via a
pathway moderated by the PC (requiring proteins synthe-
sized by the ULI28-131 locus), via an endocytosis mech-
anism requiring a low-pH-dependent fusion event [28].
HCMYV strain Toledo is a low passage clinical isolate that
contains significantly fewer genetic differences compared
to strains AD169 and Towne, though an inversion of the
ULD' region causes truncation of ULI28 before the third
exon, which is displaced along with the downstream
polyadenylation signal sequence [29]. The Towne strain
contains a 2 bp insertion (TT) in ULI30 leading to a fra-
meshift mutation in this ORF, and the AD169 strain has a 1
bp insertion (A) in ULI31 similarly leading to a frameshift
mutation (Table 2). These mutations and deletions in these
PC gene products, as well as other ORFs in the ULV
regions of these viruses, likely contributed to the extreme
attenuation of these viruses when evaluated in previous
vaccine and challenge studies [30]. Ironically, however,
although these changes likely resulted in a safer attenuated
vaccine, the abrogation of the PC structure in the context of
the vaccine construct may have impaired the ability of the
vaccinated host to engender antibody responses that would
help block epithelial and endothelial infection following
exposure to wild-type strains, thereby potentially limiting
the protective efficacy of immunization.

AD169 was the first HCMV vaccine studied in humans
[30]. Lysate from sonicated AD169-infected cells was
administered subcutaneously to healthy students and staff
volunteers at St. George’s Hospital Medical School in
London, England in doses ranging from 100 to 300,000
plaque-forming units (pfu) [24]. While a 96% conversion
rate was achieved in the 10,000 pfu group, only half of the
volunteers had detectable HCMV antibody responses when
they were evaluated 8 years post-vaccination [24, 30, 31].
Another study observed a significant decrease in HCMV
antibody response elicited by vaccination with filtered
AD169 [32].
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Table 2 Strain-specific mutations in the UL128-131 locus of HCMV
(ULD' region). The ULI28-131 locus is essential for formation of the
pentameric complex (PC), a protein complex required for tropism in
endothelial and epithelial cells. An antibody response to the PC may
be required for optimal protection from an HCMV vaccine. The

absence of generation of a functional PC may help explain the limited
efficacy against HCMV disease demonstrated by the Towne vaccine
in clinical trials. Recent evaluation of the Towne-Toledo chimeric
vaccines has also similarly demonstrated that these HCMV recom-
binant strains do not encode a wild-type PC (discussed in text)

Virus  Gene Mechanism of attenuation
modified
Towne ULI30 2 bp insertion (TT) in ULI30 leading to frameshift mutation; nonfunctioning UL128-131 locus
AD169 ULI31 1 bp insertion (A) in ULI31 leading to frameshift mutation; nonfunctioning UL/28-131 locus
Toledo ULI28 Inversion of ULD' region from upstream of ULI33 to between 2nd and 3rd exons of ULI28; truncation of UL128 protein

due to dislocation of 3rd exon and downstream poly(A) signal

Immune responses after vaccination with the Towne
strain of HCMV are well documented in healthy,
seronegative adults [33]. Towne vaccination also provided
some protection against severe HCMYV disease in transplant
recipients, though it did not protect against HCMV infec-
tion post-transplantation and generated a limited neutral-
izing antibody response when compared to that of wild-
type infection [34, 35]. Towne’s diminished ability to
induce protective immunity is likely due to its attenuation
and lower neutralizing antibody titers compared to wild-
type infection [29]. In an effort to find a vaccine with the
safety profile of Towne but without the virus’s limiting
attenuations, Towne/Toledo “chimeric” viruses that con-
tain various genome combinations of both viruses were
generated by co-transfection of overlapping cosmid
libraries. These vaccines were initially evaluated in a phase
1 trial in HCMV-seropositive subjects [36]. This approach
was intended to identify Towne/Toledo recombinants that
were attenuated relative to Toledo but were less attenuated
(and therefore more immunogenic and protective) than
Towne vaccine [29]. All vaccines contained the Toledo-
derived ULbD' region. However, notably these chimeras
retain the mutation in ULI28 that abrogates expression of a
fully functional (and immunogenic) PC. In a phase I study,
transaminase levels and leukocyte counts, along with
HCMV culture results post-vaccination, were compared
among the Towne/Toledo recombinant vaccine recipients
and against historical controls from Toledo virus challenge
studies [36]. This side-by-side analysis suggested that the
Towne/Toledo chimeric vaccines were attenuated relative
to the parental Toledo strain [29]. These chimeras have
been more recently evaluated in HCMV-seronegative
recipients in a single-dose, dose-range study (10'-10°
pfu/dose) for safety and immunogenicity (http://www.
clinicaltrials.gov. NCT01195571). Data from this study
were recently published [37]. In this study, no serious local
or systemic reactions were observed and HCMV was not
shed in urine or saliva, suggesting attenuation. The chi-
meras demonstrated differences in their ability to induce
immune responses, with appreciable seroconversion rates
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noted only for chimeras 2 and 4. Neutralizing antibody,
CD4+, and CD8+ T-cell responses were also noted in
some vaccine recipients, particularly for chimera 4.

A considerable barrier to the development of an atten-
uated HCMV vaccine is concern that the vaccine strain
could establish viral latency, predisposing the recipient to
reactivation and attendant disease complications later in
life. While Towne has not been observed to establish
latency, and the Towne-Toledo chimera vaccines did not
demonstrate evidence of infection in seronegative vaccines,
the answer to the question of whether less attenuated
HCMV strains could establish potentially problematic
latent infections remains uncertain. Generation of trans-
genic disabled infectious single-cycle (DISC) vaccine
strains represents an alternative to traditional attenuated
viruses. These viruses are propagated in specific cell types
or under certain growth conditions that allow for viral
replication [38—40]. In vivo, DISC viruses are replication
incompetent and express a limited subset, if any, of the
viral proteome. One such virus, V160, is currently under-
going phase I clinical trials in both seronegative and
seropositive subjects in which restoration of expression of
ULI31 was achieved by bacterial artificial chromosome
(BAC) recombineering [38]. The V160 was constructed on
the backbone of the AD169 strain. The frame-shift muta-
tion in the first exon of ULI3I underlying the epithelial
tropism deficiency in AD169 was repaired in Escherichia
coli by deletion of an adenine in the 7 nt A-stretch in
UL131 to rescue the epithelial and endothelial cell tropism
and thus allow proper processing and expression of the PC.
The other attenuation markers in AD169, including the
ULV deletion and mutations in RL5A, RL13 and UL36, are
preserved in V160. Other pertinent details regarding con-
struction of V160 include modification of the recombinant
virus by removal of the BAC segment by LoxP/cre
recombination. The modified BAC DNA was transfected in
human retinal pigmented epithelial (ARPE-19) cells, to
recover infectious virus. This virus has also been further
modified so that the essential viral proteins IE1/IE2 and
ULS1 are expressed as individual fusion proteins with an
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Fig. 1 Schematic representation of rdCMV/DISC vaccine (V160)
construction. a In the presence of the synthetic stabilizing ligand
Shield-1, the encoded fusion viral peptide sequence is successfully
translated and transcribed, leading to viral replication. In the absence
of Shield-1, replication cannot be completed. Hence, V160 vaccine
cannot establish infection in an immunized individual, since Shield-1
ligand does not exist in nature. b The nucleic acid sequence encoding
a fusion peptide is rapidly degraded upon cellular entry of the viral
particle in the absence of the Shield-1 ligand. This fusion peptide

unstable variant of the FKBP12 protein (Fig. 1; [41-43]).
FKBPI12 is a rapamycin-binding protein within the family
of FK506, or tacrolimus, binding proteins, called FKPBs
[39]. ULSI is essential for viral cleavage-genome pack-
aging, while IE1/IE2 are necessary during both acute
infection and reactivation from viral latency [41, 42]. V160
is able to propagate in ARPE-19 cells in the presence of a
synthetic stabilizing ligand, Shield-1. In the absence of this
ligand, the fusion protein is rapidly degraded and viral
replication is inhibited [39]. Other conditional replication-
deficient HCMV (rdCMV)/DISC vaccine strains generated
using this approach include constructs that contain differ-
ent FKBPs fused to the essential HCMV proteins ULS52,
UL79, and UL84. These fusion proteins regulate the tran-
scription of viral gene products, viral DNA synthesis, and
processing and packaging of viral genomes [43, 44].
However, these mutations are not present in the V160
construct. Since the Shield-1 ligand does not exist in nat-
ure, the V160 DISC virus should be unable, in principle, to
revert to replication competence, ensuring an excellent
safety profile for this vaccine. This was confirmed in pre-
clinical studies that demonstrated the inability of V160 to
replicate in the absence of Shield-1. The V160 vaccine is
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contains a destabilizing domain made up of an FKBP12 variant, plus
the sequence of an essential protein (IE1/IE2 and ULS51 in V160-001;
ULS52, UL79, or UL84 in other iterations of candidate virus vaccines).
The virus cannot replicate, but antibody and T-cell responses are
generated against the viral particle, inducing immunity. ¢ Structure of
the synthetic stabilizing ligand Shield-1. Shield-1 binds tightly to a
hydrophobic specificity pocket on the destabilized variant of
FKBP12, neutralizing the destabilizing effects

currently being evaluated in a phase I, dose-escalation
study (Table 1), administered alone or in combination
with a proprietary Merck aluminum phosphate antigen
(MAPA).

2.2 Recombinant gB Vaccines

While attenuated viruses were the first strategy investigated
in HCMV vaccine development, subunit vaccines utilizing
recombinant glycoprotein B (gB) have advanced the fur-
thest in clinical trials. gB is one of several glycoproteins
expressed in the viral envelope that mediate viral entry into
cells [45-47]. gB works in concert with the gH/gL. complex
to facilitate viral entry into human fibroblasts, and with the
PC to enter epithelial and endothelial cells [47]. The gly-
coprotein is highly conserved among herpesviruses and its
expression is essential for HCMV replication [48]. Anti-
bodies to gB are invariantly present in HCMV-seropositive
individuals, and are capable of neutralizing virus infectiv-
ity [48-50]. Studies in both the murine (MCMV) and
guinea-pig (GPCMV) models of CMV infection demon-
strated that gB vaccines, expressed using a number of
recombinant technologies, elicited immune responses that
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Fig. 2 Schematic representation of HCMV gB recombinant protein
vaccines. a Towne gB was modified by Sanofi for their iteration of the
HCMV gB vaccine. A leader peptide of 24 amino acids was removed
from the construct, as was the membrane-spanning domain of amino
acids 677-752. The internal protease site was removed via a three-
point mutation, Argsss, Lyss3s, and Argyse replaced with Thryss,
Glnyzs, and Thryze, respectively. This recombinant gene was
expressed in Chinese hamster ovary (CHO) cells and secreted as an
807 amino acid protein with 19 N-linked glycosylation sites [56, 59].

were protective in the context of subsequent viral challenge
studies and, in the case of the guinea-pig model, against the
transplacental transmission of the virus [51-53].

Several phase II clinical trials utilizing a recombinant
HCMV gB in microfluoridized adjuvant 59 (MF59), a
proprietary oil-in-water emulsion from Novartis first used in
influenza vaccines [54], have been completed [56—60].
Most studies have employed a three-dose series of vaccine.
An initial phase I trial studying Sanofi’s iteration of the gB
subunit vaccine in an MF59 adjuvant system found peak
levels of antibody to gB to be higher in vaccinated indi-
viduals versus those who received the placebo [56, 59]. The
gB construct used in this trial was derived from the HCMV
Towne strain gB sequence, and was modified such that the
transmembrane domain and the furin cleavage site had been
removed (Fig. 2a). The carboxy-terminal cytoplasmic
component downstream of the transmembrane domain was
re-engineered as an in-frame fusion with the truncated gB
ORF. As such, the vaccine is expressed as a truncated,
secreted polypeptide, and the protein is purified by chro-
matography from tissue culture supernatants in Chinese
hamster ovary (CHO) cells. A slightly different variant of a
recombinant gB vaccine has also been generated by
GlaxoSmithKline and subjected to phase I evaluation
[61, 62] and is described in greater detail below (Fig. 2b).
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b AD169-derived gB used by GlaxoSmithKline to generate the
GSK1492903A vaccine. Select amino acid sequences from herpes
simplex virus 2 glycoprotein D (HSV-2 gD) were used as the signal
sequence and leader peptide in this construct. Additionally, an
internal portion of HSV-2 gD was fused to the N-terminus of AD169
¢B in order to facilitate secretion of the protein. The furin cleavage
site was removed by replacing Argysg and Argyso with Glu and Thr,
respectively [61, 62]

A phase II double-blinded study (http://www.
clinicaltrials.gov NCT00299260) measured antibody titers
and HCMV viremia in kidney or liver transplant patients
after administration of gB/MF59 vaccine and found a sig-
nificant increase in the gB-binding antibody titer one
month after the second vaccine dose, regardless of initial
HCMV serostatus [57]. Neutralizing antibody titers mea-
sured at the same time point showed a significant increase
in titer levels only in seropositive vaccine recipients.
Seronegative organ recipients who received the experi-
mental vaccine and had seropositive organ donors
demonstrated reduced viremia and received fewer days of
ganciclovir treatment compared to those who received the
placebo [57]. Additionally, duration of viremia that mani-
fested post-transplantation was inversely correlated to gB
antibody titers. The study authors hypothesized that anti-
bodies induced by gB/MF59 vaccination may have limited
the infectivity of HCMV virions released by the donated
organs via an antibody-dependent cellular cytotoxicity
mechanism [57], in the process preventing transmission of
virus to the susceptible host.

The gB/MF59 vaccine has also been studied in postpar-
tum women. A phase II randomized study (http://www.
clinicaltrials.gov NCT00125502) found gB/MF59 to have
50% efficacy against primary HCMYV infection in
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seronegative women vaccinated within one year of giving
birth compared to women in the same cohort who received
the placebo [55, 56]. Women who enrolled in this study but
were found to be HCMV-immune were also vaccinated with
either the gB/MF59 vaccine or a placebo, in a parallel study
aiming to evaluate whether vaccination could augment the
antibody response in seropositives [58]. Using ELISA data
and neutralizing antibody titers, gB-specific responses were
shown to be boosted in vaccinated seropositive women
compared to those who received the placebo [58]. Antibody
titers remained higher in seropositive vaccine recipients at 6
months after the final vaccine dose than at day O of the
vaccination series. The CD4+ T-cell response to gB was
higher at day 14 in vaccine recipients compared to their
response at day O and to placebo recipients, and levels of
IFN-vy producing T cells were higher for vaccine recipients at
the majority of time points, including 6 months after the final
vaccination. As the ppUL83 (pp65) protein was not present
in the vaccine, the absence of a boost in a pp65 response
supported the conclusions of the authors that the boost in
the CD4+ T-cell response was vaccine induced and not due
to the confounding effect of reactivation or reinfection with a
new HCMYV strain [58].

A clinical trial was completed to evaluate the efficacy
and immunologic response to gB/MF59 in healthy,
seronegative adolescent girls (http://www.clinicaltrials.gov
NCTO00133497). gB antibody response was detected via
ELISA in all vaccine recipients after three doses. The
incidence of HCMV infection after three vaccinations was
reduced in the vaccine group as compared to the placebo
group, although this difference was not significant (p = 0.2)
[60]. HCMYV viremia/viruria was detected via PCR of urine
and blood samples and if viremia was detected the subject
was placed into a sub-study (http://www.clinicaltrials.gov
NCT00815165). This sub-study retained blinding and
aimed to measure immunogenicity based on HCMV-
specific cell-mediated immunity by measuring the CD4+,
CD8+, and regulatory T-cell response. The additional data
from this sub-study are still under analysis and are not
currently available.

Of considerable interest with respect to gB subunit
vaccines is the question of how they perform employing
different adjuvant formulations. A gB subunit vaccine,
designated as GSK1492903A, is a recombinant gB adju-
vant vaccine in a proprietary system developed by
GlaxoSmithKline (http://www.clinicaltrials.gov NCT0043
5396). In an initial phase I study, there were no serious
adverse effects noted in any vaccine recipient. The raw
data tables from this study are publicly available (https://
www.gsk-clinicalstudyregister.com/study/108890#ps, https://
www.gsk-clinicalstudyregister.com/study/115429#ps), al-
though investigators have made no statements with regard
to the immunogenicity or effectiveness of this vaccine/

adjuvant system compared to other gB vaccines. The gB
subunit sequence used in the making of this vaccine was
based on the AD169 HCMV strain [61]. As with the Sanofi
gB construct, the furin cleavage site and transmembrane
domains were deleted, and the terminal sequences of the
extracellular domains were fused to the cytoplasmic
tail (Fig. 2b). In addition, an amino acid sequence from the
herpes simplex virus type 1 (HSV-1) glycoprotein D (gD)
was fused to the AD169 derived gB sequence to facilitate
secretion, as indicated in Fig. 2b [62].

Recombinant gB vaccines using novel adjuvants have
also been tested in animal models. In a study aimed at
identifying the optimal adjuvant combination, CpG
ODN1826 (a TLR9 agonist, see Sect. 2.7) and AbISCO 100
(an immune-stimulating complex) were tested separately
and together with soluble recombinant adenovirus-encoded
AD169-derived gB protein administered to human leuko-
cyte antigen (HLA)-A2/Kb transgenic mice [63]. Study data
showed that cross-neutralizing activity was induced via the
gB vaccine formulated with the combination of adjuvants
against heterologous strains of HCMV expressing different
genotypes of gB [63]. The GPCMV model was also used to
compare gB vaccination under the adjuvant systems ASO1B
and ASO2V, as compared to Freund’s adjuvant (FA) [64].
Vaccines adjuvanted with ASO1B and ASO2V showed high
immunogenicity after two doses, whereas the FA adju-
vanted vaccinations were much less immunogenic. Addi-
tionally, the gB/ASO1B and gB/AS02V vaccinated pregnant
animals were protected against pup mortality and maternal
viremia, whereas the gB/FA vaccination only protected
against pup mortality [64].

The five antigenic domains of gB, antigenic domains,
AD-1 to AD-5, are of current interest in research involving
gB-based vaccine models. Four of the five domains, (AD-1,
2, 4, and 5), have been demonstrated in B cell repertoire
analyses to be targets of human neutralizing antibodies
[65]. AD-1 and AD-2 are well characterized; a strong IgG
response elicited against AD-1 is present in all HCMV-
infected individuals, though not all AD-1 binding anti-
bodies are able to neutralize virus [66]. Conversely, only
50% of seropositive individuals generate antibodies to the
AD-2 epitope, despite the highly potent neutralization
capabilities of these antibodies [67]. A series of AD-2
peptide-conjugate vaccines have been studied in mice and
rabbit models; even after a series of three immunizations,
neutralization of HCMV virions was weak in both models
[68]. In the rabbit model, a recombinant gB vaccine
administered with an oil-in-water adjuvant showed superior
neutralization to that of the AD-2 peptide-conjugate vac-
cine. It has been proposed that the nearby, larger AD-1
epitope outcompetes the AD-2 epitope for antigen gener-
ation during immune responses, contributing to the skewed
antigen production frequencies. AD-4 and AD-5 have only
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recently been identified and mapped, but the results of
early AD-1 and AD-2 studies provide evidence that gB
epitope-based vaccines merit continued examination as
HCMYV vaccine candidate [69].

2.3 DNA-Based Vaccines

A plasmid-based DNA vaccine against HCMV has recently
advanced to phase III clinical trials. The FDA defines DNA
vaccines as “purified plasmid preparations containing one
or more DNA sequences capable of inducing and/or pro-
moting an immune response against a pathogen” [70].
Early preclinical studies in mice demonstrated that
administration of plasmid DNA to an animal resulted in
expression of plasmid-encoded proteins, the production of
antibodies against these antigens, and protection against
subsequent challenge with relevant pathogens [71-73].
Efforts to recapitulate successful mouse protection studies
in human clinical trials have been challenging, but sub-
stantial recent progress has been made with candidate
HCMYV DNA vaccines.

ASPO113 (previously known as VCL-CBO1 and Trans-
Vax'™) is a DNA vaccine against HCMV that was
developed by Vical and is currently under license to
Astellas for phase III clinical trials and commercialization.
The vaccine is a formulation of two plasmids expressing
¢B and pp65 that are delivered in nanoparticles comprising
a nonionic triblock poloxamer, CRL1005, and a cationic
surfactant, benzalkonium chloride. Preclinical develop-
ment and animal testing of this vaccine has been reviewed
elsewhere [74]. A phase I clinical trial evaluating the safety
of ASPO113 found no serious adverse events in the 22
HCMV seropositive and 22 seronegative individuals
immunized [75]. The most common complications inclu-
ded pain and tenderness at the injection site, induration,
erythema, malaise and myalgia. Vaccination of seronega-
tive subjects elicited pp65 and/or gB specific T-cell
responses, as well as gB antibody responses, whereas
seropositive vaccinated groups showed increases only in
pp65-specific T-cell responses [75].

Subsequent evaluation of ASP0O113 efficacy has been
undertaken in a double-blind, placebo-controlled, parallel
group phase II trial in seropositive patients following
HSCT (http://www.clinicaltrials.gov NCT00285259) [76].
While the majority of the HSCT patients enrolled had a
serious adverse event during the course of the study, there
was no significant difference in the incidence of these
events between the vaccine and placebo-treated groups and
only a single allergic reaction was deemed related to the
experimental vaccine. HCMV viremia, as measured by
gPCR for the presence of viral DNA in plasma, was sig-
nificantly reduced following vaccination with ASPO113
compared to placebo [76]. There was also a non-significant
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reduction in the rate of initiation of HCMV antiviral ther-
apy between the vaccinated and placebo-treated groups
(47.5 vs. 61.8%). While the number of pp65 interferon-vy-
producing T cells increased in the vaccine group at all
measured time points post-transplantation, these increases
were not deemed significant by ANOVA compared to the
placebo group. The number of gB interferon-y-producing T
cells remained essentially unchanged at all time points
post-transplant [76]. A global, phase III clinical trial was
recently initiated to continue the evaluation of ASP0113
efficacy in HSCT patients (http://www.clinicaltrials.gov
NCTO01877655). Similar studies to evaluate the safety and
efficacy of this DNA vaccine in solid organ transplant
patients (phase II, http://www.clinicaltrials.gov NCT01974
206) and dialysis patients (phase I, http://www.
clinicaltrials.gov NCT02103426) are ongoing.

A non-adjuvanted, trivalent DNA vaccine (VCL-CT02),
which includes the T-cell target IE1 in addition to the gB
and pp65 coding sequences, has also been evaluated in
phase I clinical trials (http://www.clinicaltrials.gov
NCTO00370006 and NCT00373412) [77]. These studies
were in HCMV-seronegative subjects vaccinated intra-
muscularly or intradermally with the DNA vaccine, fol-
lowed by Towne immunization, to examine for immune
priming by the DNA vaccine. The time to first pp65 T-cell
and gB antibody response after Towne was shorter for
DNA-primed subjects compared to controls administered
Towne only, and a trend toward higher gB-specific IFN-
gamma T-cell responses was observed in subjects primed
with DNA vaccine. Like the bivalent ASP0113, non-ad-
juvanted VCL-CTO02 administration caused no severe
adverse events, similar systematic and local complications
following administration, and induced HCMV-specific B-
and T-cell responses [77]. The current state of this trivalent
DNA vaccine in clinical development is uncertain. Vical
has recently published results from preclinical evaluation
of gB and pp65 plasmids delivered in combination with the
cationic lipid-based adjuvant Vaxfectin, which has been
observed to increase the immunogenicity of antigens
delivered as plasmid DNA [78-80]. Improvements in
immunogenicity conferred by Vaxfectin or other adjuvant
systems may further accelerate the pathway to licensure of
HCMYV DNA vaccines.

An alternative nucleic acid-based vaccine technology,
called SynCon, has been developed by Inovio. This model
is based on antigen selection for a targeted pathogen with
extensive analysis of the sequences of several common
strains or variants of that antigen. The most important,
conserved, or dominant amino acid at each position in the
antigen gene sequence is identified, then a consensus gene
sequence is synthetically created for the antigen using these
identified amino acid sequences. The consensus gene
sequence is inserted into a DNA plasmid and the vaccine is
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ready for optimization and testing [81]. To date, vaccines
have been generated against three infectious diseases
(hepatitis C, hepatitis B, and HIV) and are all in phase I of
their respective clinical trials (http://www.clinicaltrials.gov
NCT02027116, NCT02431312, and NCT01260727) [82].
The company intends to use this technology to develop a
candidate vaccine for HCMV.

Another recent advancement in DNA vaccine technol-
ogy is the use of electroporation (EP) to increase the
effectiveness of the delivery the vaccine plasmid in vivo
[83]. Transient pores are formed in the membrane of cells
near the site of injection by applying electrical pulses to the
area after vaccination, allowing macromolecules to enter
the cytoplasm. Vaccine plasmid DNA is taken up 10 to
1000 times more efficiently into host cells with the use of
EP, and the DNA is “trapped” in the cells as after the
pulses cease, the pores in the membrane close. Addition-
ally, the use of EP creates an inflammatory reaction
localized to the pulses, which prompts an increased
immune response to the stimulated area as compared to a
non-stimulated area post-vaccination [84]. An additional
benefit of the use of EP to deliver plasmid DNA is that
lower doses of vaccine are adequate as the pulses promote
efficient cell uptake of the plasmid DNA.

EP technology has shown promise in nonhuman primate
models against diseases like anthrax and malaria, and vac-
cines against viruses such as hepatitis B, hepatitis C, and
HIV that utilize EP have progressed to clinical trials (http://
www.clinicaltrials.gov NCT02431312, NCT02027116,
NCTO02431767). EP has also been studied as a strategy to
improve responses to DNA vaccination in the MCMV
model. All vaccinated animals in this study were subjected
to EP treatment after receiving an MCMV vaccine; because
there were no animals that received only the vaccine in the
absence of the EP treatment, it is difficult to draw conclu-
sions about the extent to which EP improved the immune
response [85]. This study also demonstrated differential
levels of protection against lethal MCMV challenge
depending upon which gene targets were included in the
vaccine groups of interest. More than one dose of an
MCMYV M&84 vaccine, or two doses of m04 or IE1 vaccine,
were required to completely protect against mortality.
Immunization with M55 (the MCMV gB homolog) or
M105 DNA at four doses, offered mice only 62.5% pro-
tection against mortality after lethal MCMV challenge.
Nevertheless, the EP vaccine approach does offer the pro-
mise of improving responses to DNA vaccination. Recently,
a DNA plasmid vaccine against dengue virus, in conjunc-
tion with EP treatment, was shown to confer protection
against dengue disease in mice [86]. DNA vaccination with
subsequent EP treatment has also been shown to be effec-
tive in animal models against chikungunya virus, lympho-
cytic choriomeningitis virus, and influenza A [87-90].

HCMYV is a likely future candidate for plasmid DNA vac-
cines that utilize EP.

2.4 RNA-Based Vaccines

RNA vaccines offer the same advantages of both live
attenuated and subunit vaccines. Currently, there is
interest in utilizing alphavirus replicon particles (RPs) in
the development of a HCMV RNA-based vaccine. While
RPs cannot spread cell-to-cell due to a lack of structural
protein genes, they are able to successfully infect both
cells in culture and inoculated animals, then express the
gene of interest encoded in the replicon RNA. No RNA-
based vaccine has been licensed to date for use in humans.
However, murine models have been used to show that
bicistronic RPs expressing both HCMV gH and gL pro-
duced neutralizing antibodies that were cross-reactive
with clinical isolates, and were complement-independent
[91]. This study also demonstrated that the RP encoding
both gH and gL elicited a neutralizing antibody response
to HCMV that was substantially stronger than the
responses elicited by monocistronic RPs encoding gB,
gH, or gL alone [91].

Self-amplifying RNA vaccine technology is also a
promising strategy for future HCMV vaccine studies.
Novartis developed a synthetic self-amplifying mRNA
vaccine platform that has been shown to induce potent
mucosal and systemic immune responses in small animals
and nonhuman primates in HIV vaccine studies [92]. These
immune responses were higher in animals vaccinated with
the vaccine-formulated HIV antigen RNA than those who
received the naked nucleic acid encoding the same antigens
as the vaccine. The RNA used in the vaccine encodes
major antigens against the selected virus and was produced
in vitro in a cell-free system. Transcription of these target
antigens occurred in vivo post-vaccination [92, 93]. This
vaccine strategy has proven effective in animal models of
HIV and RSV, suggesting that a self-amplifying RNA
vaccine may be successful in animal models and presum-
ably also against HCMV infection [92]. Indeed, a cationic
nanoemulsion (CNE) delivery system was developed to
deliver a self-amplifying mRNA (SAM) HCMV vaccine,
based on Novartis’s proprietary adjuvant MF59, in a recent
study in rhesus macaques [94]. The vaccine contained gB
and a pp65-IE1 fusion construct, and the two SAM RNAs
were formulated separately with CNE and administered as
intramuscular injections into separate thighs of animals at a
75 pg dose of RNA for each antigen. Antigen-specific
immune responses, both total anti-gB IgG and neutralizing
antibody, were detected in all animals (n = 6) after a single
immunization, and were boosted threefold after a second
immunization. After two immunizations, all animals also
had measurable CD4+ and CD8+ responses.
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2.5 Viral Vectored Vaccines

Another category of HCMV vaccine that has reached phase
II clinical trials is based on vaccines in which one or more
HCMYV antigens are delivered via a viral vector. Generally,
these viral vectors are capable of infecting human cells and
expressing one or more viral proteins without establishing
a productive infection. Two vaccines have been developed
and tested that have utilized an attenuated canary pox
vector to deliver either gB [ALVAC-CMV(vCP139)] or
pp6S5 [ALVAC-CMV(vCP260)] [95, 96]. The gB-express-
ing ALVAC vaccine failed to increase neutralizing titers
among seropositive recipients and did not induce signifi-
cant neutralizing titers in seronegative subjects as com-
pared to baseline titer levels. As such, it has been
investigated more extensively in prime-boost strategies
with subsequent doses of either Towne vaccine or gB/
MF59 subunit vaccine [95, 97]. While the combination of
the ALVAC vaccination and Towne did elicit neutralizing
antibody responses comparable to those engendered in the
context of natural HCMYV infection, there was no added
benefit of providing the combination of ALVAC and gB/
MF59. The pp65 expressing ALVAC vaccine vCP260 has
progressed to phase I clinical trials. Results indicate that
the vaccine has a favorable safety profile and is capable of
eliciting robust pp65-specific CTL and antibody responses
in healthy, HCMV-seronegative adults [96]. A follow-up
phase II clinical trial in HSCT patients (http://www.
clinicaltrials.gov NCT00353977) was completed in 2008,
but a full disclosure of the results has not yet been made.

An alphavirus-based vectored vaccine platform has also
progressed from animal models into clinical trials. A GPCMV
vaccine was derived from Venezuelan equine encephalitis
virus to produce virus replicon particles (VRPs) expressing
GP83, the GPCMV homolog of HCMV pp65 [98]. Results
showed dams vaccinated with VRP-GP83 before pregnancy
had improved pregnancy outcomes after third trimester
GPCMYV challenge as compared to dams that received VRP-
HA, a negative control vaccine expressing influenza hemag-
glutinin. VRP-GP83 vaccination also resulted in decreased
maternal blood viral load, demonstrated by rtPCR, as com-
pared to the maternal blood viral load of VRP-HA vaccinated
dams [98]. The HCMYV vaccine AVX601 is also derived from
Venezuelan equine encephalitis virus where viral structural
proteins have been replaced with genes expressing the extra-
cellular domain of Towne gB and a pp65-IE1 fusion protein in
a double-promoter replicon [99]. Seronegative volunteers for
the phase I clinical trial received either three low or high doses
of the vaccine over a 24-week period. The vaccine was well
tolerated, with only mild local responses following adminis-
tration, and participants developed cytotoxic T-lymphocytes
(CTLs) and neutralizing antibody responses to all three
HCMYV antigens following vaccination [99].
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Several other vectored vaccines have been explored in
preclinical studies. Recent studies have investigated the
immunogenicity of modified vaccinia virus Ankara (MVA)
vaccines that express a variety of HCMV antigens,
including pp65, gB, and PC, in rodent or nonhuman pri-
mate model systems [100-103]. Of particular note, a recent
study in which mice or macaques were vaccinated with an
MVA vector expressing all five of the protein components
of the HCMV PC demonstrated a neutralizing antibody
response to the complex that could block infection of
human cells in tissue culture, including prevention of
HCMYV infection of Hofbauer macrophages, a fetal-derived
cell localized within the placenta [100].

A Swiss biotechnology company, the Institute for
Research in Biomedicine (http://www.irb.usi.ch/), has
developed a method for immortalizing naturally occurring
antibodies from donor B cells or plasma cells from blood or
lymphatic organs. By isolating antibodies directly from
donors who have the target disease, novel epitopes on
known antigenic complexes can be identified, yielding new
knowledge about antibody responses to HCMV. One study
identified 17 human monoclonal antibodies isolated from
four HCMV-infected individuals that bind to novel epi-
topes of the PC complex, along with 10 antibodies whose
targets were previously identified [104, 105]. The identified
antibodies were found to be extremely potent in the neu-
tralization of infection caused by HCMV in epithelial,
endothelial, and myeloid cells. A soluble PC complex was
produced in mammalian cells and was shown to elicit a
neutralizing antibody response 100- to 1000-fold higher
than those induced via natural infection. Sera from mice
immunized with this pentamer vaccine neutralized infec-
tion of both epithelial cells and fibroblasts and prevented
cell-to-cell of HCMV from endothelial cells to leukocytes.
The specific antibody response of this soluble recombinant
PC complex was then compared to that of a soluble
recombinant gB complex; 378 gB-binding monoclonal
antibodies (mAbs) and 246 PC-binding mAbs were isolated
from four gB-immunized mice and four PC-immunized
mice, respectively. Of the PC-specific mAbs, 75.7% neu-
tralized virus infection whereas only 19.9% of the gB-
specific mAbs had neutralizing capabilities [105]. These
data suggest that the PC is capable of inducing a broadly
protective antibody response as a vaccine candidate.

Another vectored vaccine approach that has recently
entered phase 1 study utilizes an attenuated recombinant
lymphocytic choriomeningitis virus (LCMV) platform
[106]. This vector utilizes producer cells that constitutively
express the LCMV viral glycoprotein (GP), making it
possible to replace the gene encoding LCMV GP with
vaccine antigens to create replication-defective vaccine
vectors. These TLCMV vaccines elicit robust CTL, CD4+
T-cell responses, and neutralizing antibody responses to
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vaccine antigens, and do not appear to elicit vector-specific
antibody immunity, which would permit re-administration
of vector for booster vaccinations. These features, together
with the low seroprevalence of LCMYV infection in humans,
suggest that this vector system may be very useful for
HCMV vaccine design, particularly if periodic booster
immunizations are required to protect women of child-
bearing age against HCMV re-infections during sequential
pregnancies. Hookipa Biotech AG has produced a repli-
cation-deficient LCMV-vectored vaccine, HB-101, which
is a bivalent vaccine containing two vectors, one express-
ing the HCMV pp65 protein and one expressing a truncated
variant of the gB glycoprotein. A Phase 1 dose escalation
study has recently enrolled three successive cohorts of 18
healthy volunteers; each cohort has received either low
dose, a middle dose or a high dose of the vaccine (n = 14
volunteers), or placebo (n = 4; https://clinicaltrials.gov
NCT02798692). Safety and immunogenicity analyses are
currently ongoing.

2.6 Virus-Like Particles

Virus-like particles (VLPs) are protein structures that
mimic wild-type viruses but do not have a viral genome,
creating, in principle, safer vaccine candidates. One can-
didate VLP vaccine against HCMV was developed by
Redvax GmbH, a spin-off from Redbiotec AG, a privately
held Swiss biopharmaceutical company. This technology is
based on baculovirus-expressed proteins. Though initially
the purification of these VLPs was difficult due to their
relatively large size, technology has been developed that
allows for easier clarification and concentration of these
particles [107]. This technology has recently been pur-
chased by Pfizer vaccines, and this company currently has
plans to continue to develop this as a candidate HCMV
vaccine platform.

Another enveloped VLP (eVLP) vaccine has been
described based on production in mammalian cells, and is
currently under development by VBI vaccines. Two gB
variants were examined: a gB-based VLP, an expression
construct coding the extracellular portion, transmembrane
domain (TM), and cytoplasmic portion of gB (906 amino
acids); and gB-G, a truncated sequence of gB encoding the
extracellular portion only (amino acids 1 to 752) fused with
the TM and cytoplasmic domains of vesicular stomatitis
virus (VSV) G protein [108]. Both vaccines were found to
induce neutralizing antibody titers 10-fold higher than
titers induced with the same dose of soluble recombinant
gB protein in BALB/c mice, with titer levels comparable to
those observed with Cytogam (CSL Behring; pooled high-
titer anti-HCMV immune globulin) treatment [108].
Notably, the gB-G VLP was more immunogenic, which
was proposed to be due to the gB-G assuming a “post-

fusion” conformation in transfected cells. These neutral-
ization levels were observed both in fibroblasts and in
epithelial cells. A phase 1 study of this vaccine, VBI-
1501A, was initiated in early 2016, although no results
have been reported to date. Another eVLP vaccine candi-
date has been developed by VBI vaccines, targeting
HCMYV gB and pp65. This eVLP vaccine is produced after
transfection of HEK 293 cells with a plasmid encoding
murine leukemia virus Gag protein, fused in-frame with
CMYV pp65 antigen, which gives rise to particles, and co-
transfected CMV gB plasmid, which enables particles
budding from the cell surface to incorporate the gB protein
into the lipid bilayer. This eVLP vaccine has been pro-
posed for use as a therapeutic vaccine, to be administered
in combination with GM-CSF, for HCMV-associated
glioblastoma multiforme [109]. A pre-IND meeting is
anticipated for late 2016.

Dense bodies (DBs) are also being explored as a non-
infectious way to deliver select antigens present in infec-
tious virus [110, 111]. DBs are noninfectious enveloped
particles that accumulate during infection and incorporate
many viral glycoproteins and tegument proteins. As DBs
do not contain viral DNA or rely on replication to confer an
immune response, their safety is improved compared to
traditional vaccine methods. Studies determining the neu-
tralizing capability of DBs in mice showed that Towne-
derived DBs containing gB and other glycoproteins
induced consistent neutralizing antibody titers across ani-
mal experiments using multiple preparation methods [110].
The antibody response resulting from vaccination with
these DBs was also shown to prevent infection of fibrob-
lasts and epithelial cells by the clinical HCMV strain
VRI1814 in cell culture. This vaccine technology has not
yet advanced to clinical trials in humans, but this approach
may be a viable option in the future [112].

2.7 Other Peptide/Subunit Vaccines

Pilot trials suggesting pp65-specific CTLs can protect
HSCT patients from post-operative HCMV complications
prompted the development of vaccines focusing on pp65
epitopes [113]. The CTL epitope HLA A*0201 pp65495.503
was identified as a promising peptide sequence due to its
limited sequence variation among analyzed viral isolates.
HLA A*0201 pp65495_503 Was fused to either a synthetic
pan-DR epitope (PADRE) or to a natural tetanus (Tet)
sequence, both of which are known to be universal
T-helper epitopes. In a phase I trial evaluating these sys-
tems (http://clinicaltrials.gov NCT00722839), healthy par-
ticipants were vaccinated with escalating doses of PADRE
or Tet pp65495_503 vaccines with and without CpG 7909
adjuvant. CpG 7909, also known as PF03512676, is an
immunomodulating synthetic oligonucleotide designed to
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be a TLR9 antagonist [114]. It acts through the TLR9
receptor in B cells and plasmacytoid dendritic cells to
stimulate a variety of host immune responses. These
include human B-cell proliferation and antigen-specific
antibody production, along with IF-o. production, IL-10
secretion, and NK cell activity. Its combination with the
PADRE and Tet pp65495_503 vaccines increased the stim-
ulation of vaccine responses in human subjects [115]. It has
been predicted that the HLA A*2010 pp65495_503 €pitope
will cover 30—40% of vaccinated individuals in the at-risk
population, based on the frequency of the HLA A*2010
allele [115].

This vaccine construct was also studied in seropositive
patients undergoing HSCT who were at-risk for HCMV
reactivation post-transplant under the name PepVax (http://
clinicaltrials.gov. NCT01588015; [116]). An open-label,
phase 1 trial found that a chimeric peptide made up of a
cytotoxic CD8 T-cell epitope from HCMV pp65 and a
tetanus T-helper epitope adjuvanted with PF03512676
showed no adverse effects on HSCT, no acute GVHD, and no
unexpected adverse effects in study subjects. Additionally,
54 grade 3-4 adverse events were reported in vaccine
recipients, as compared to 91 adverse effects in patients who
did not receive the vaccination and were simply under
observation. These data indicating fewer adverse events
overall suggest that this vaccine construct plus adjuvant,
called CMVPepVax [116], may be protective against the
indirect effects of HCMV in the transplantation setting.
Future studies of this platform in transplant patients and for
prevention of congenital HCMYV infection are warranted.

Another vaccine model based on epitope technology is
in development at the Queensland Institute of Medical
Research’s Berghofer Medical Research Institute (QIMR),
which has partnered with BioPharmaceuticals Australia to
fund this project [117]. The technology in development is a
polyepitope-based  chimeric  vaccine called Ad-
gBCMVpoly that encodes the extracellular domain of gB
and epitopes from eight different HCMV antigens (IEl,
IE2, pp50, pp65, ppl50, gB, gH, and DNase) [118, 119].
Transgenic mice demonstrated robust CD8+ and CD4+
T-cell and neutralizing antibody responses after immu-
nization with Ad-gBCMVpoly, and exhibited humoral and
cellular immune responses after challenge with recombi-
nant vaccinia viruses encoding HCMV antigens.
Researchers concluded that these findings supported the
hypothesis that Ad-gBCMVpoly could be a future pre-
vention strategy against HCMV in a clinical setting
[118, 119].

2.8 Pentameric Complex

As noted, the HCMV PC is a five-component glycoprotein
H-anchored complex responsible for receptor-mediated viral
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entry into host epithelial and endothelial cells [120]. Several
studies have shown the PC to be a worthwhile focus for new
vaccine models, as mentioned previously in this review. It
has also been shown that a vaccine with restored PC
expression induces neutralizing antibody titers at levels ten
times higher than a recombinant gB vaccine [121]. The peak
neutralizing titers resulting from this vaccination were close
to levels found in HCMV seropositive subjects, and were
sustained in rabbits for over one year. Additionally, studies
have shown that an antibody response to the PC can be
generated in subjects with HCMV primary infections as well
as those with reactivated infections [122]. In these individ-
uals with reactivated infections, neutralizing antibodies
directed towards the pULI130-ULI131A dimer or the
pULI128-UL131A trimer were significantly stronger than
those directed towards gH or gB. Similarly, the entire PC
induced significantly more potent antibody responses against
HCMYV than those elicited by a gH/gL. complex [123].

Homologs of the HCMV PC components (gH/gL/
UL128/UL130/UL131A) have been identified in animal
model strains of CMV, and tested as vaccine constructs
specifically in the rhesus CMV (RhCMV) model. The UL’
region in RHCMYV encodes multiple ORFs which have been
identified as having functions similar to HCMV homologs,
including homologs of the PC proteins [124]. Trunca-
tion/modification of the RhCMV ULb’ region resulted in
lowered viral shedding, tissue dissemination, and plasma
DNAemia even in the presence of an intact ULI28 ho-
molog, suggesting that other genes within the ULb’ region
are key for RhCMV dissemination and replication in vivo
[124]. An MVA virus coexpressing the five RhCMV
homologs to the HCMV PC was developed and named
MVA-RhUL128C. Though vaccination with MVA-
RhUL128C did not reduce viral shedding based on
RhCMV genome copies obtained from oral swabs fol-
lowing experimental viral challenge of macaques, it was
shown to induce neutralizing antibodies that blocked viral
infection of monkey kidney epithelial (MKE) cells as well
as rhesus fibroblasts [101]. The ability of sera from MVA-
RhUL128C immunized animals to block infection in these
cell lines was comparable to that of antibody from
RhCMV-seropositive monkeys, providing support for fur-
ther evaluation of this vaccine in the RhRCMV model.

3 Challenges to HCMYV Vaccine Development

Despite encouraging progress towards a vaccine for
HCMV, there are some challenges that have yet to be
remedied. The role of antibodies as a correlate of protec-
tion against congenital transmission of HCMV remains
incompletely defined. One important parameter of the
antibody response to HCMV infection that may emerge as
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a correlate of protection is the ability of antibody to prevent
cell-to-cell spread of virus. In one study, neutralizing
antibodies did not demonstrate the ability to inhibit viral
cell-to-cell spread, inhibit plaque formation, or reduce
plaque size in cell culture when added post-HCMYV infec-
tion [125]. This result was obtained using both HCMV-
specific hyperimmune globulin (HCMV-Ig) as well as
several mAbs directed against gH, gB and PC. HCMV-Ig
and the mAbs were tested on both laboratory-adapted and
clinical isolates of HCMV using both fibroblasts and
epithelial cells in this study [125]. However, other authors
[105, 126, 127] independently demonstrated that mono-
clonal antibodies and serum were able to prevent HCMV
cell-to-cell spread when added 24 hours’ post-infection at
higher concentrations. Thus, the role of antibody in inhi-
bition of cell-to-cell spread requires further evaluation.

Limitations in antibody-mediated protection have also
been identified in clinical trials of passive antibody ther-
apy. In one study, pregnant women with primary HCMV
infection were passively immunized by administration of
either HCMV-Ig, or a placebo, in randomized fashion.
Surprisingly, the two groups showed no significant differ-
ence in the levels of neutralizing antibodies in the blood,
nor in the rate of transmission of HCMV from the mother
to the child [128]. HCMV-Ig was not shown to reduce the
maternal or placental viral load compared to placebo and it
did not have an effect on virus-specific T-cell responses.
These recent results stand in contrast to a non-randomized
study in 2005 that showed that HCMV-Ig significantly
reduced both the rate of mother-to-fetus transmission and
the risk of congenital disease in cases of primary maternal
infections [129]. A currently active NIH-funded clinical
trial of passive antibody therapy, under the leadership of
Brenna Anderson at Duke University and Uma Reddy at
the NICHD, is currently studying the role of HCMV-Ig for
prevention of fetal CMV infection. Results from this trial
may resolve this unanswered question, and should help
inform future vaccine studies (http://clinicaltrails.gov
NCTO01376778).

Genetic polymorphisms impact the antibody response to
HCMV vaccination with gB adjuvanted in MF59, further
complicating the search for a universal, effective vaccine
[130]. HCMV gB and gH activate TLR2/1 leading to
upregulation of NF-kB and SP-1. It was shown that the
TLR2 R753Q single nucleotide polymorphism (SNP) was
associated with HCMV disease and replication in liver
transplant recipients [131-133]. Thus, the role of TLR
polymorphisms in the context of host immune response to
HCMV infection and vaccination requires further study.
Four of the SNPs in the TLR7 gene (rs179009, rs179008,
rs179018, rs179013) led to higher overall vaccination-in-
duced antibody response in homozygous individuals of the
minor allele, as compared to heterozygotes and

homozygotes of the common allele. Additionally, minor
allele homozygotes of the rs1953090 SNP in IKBKE, an
intracellular signaling molecule, showed lower antibody
titers after the third vaccination with gB/MF59 when
compared to their antibody response after the second dose
[130].

4 Conclusions and Future Prospects

Due to the high costs resulting from congenital HCMV
infection, along with the personal and societal toll that this
infection exerts on affected families, the development of a
vaccine to protect newborns against the devastating con-
sequences of this disabling disease is a high priority.
Vaccines are also a high priority for recipients of SOT and
HSCT. Positive clinical trial results have been reported
using adjuvanted recombinant gB vaccine as well as DNA
vaccines targeting gB and pp65. Phase II studies demon-
strated benefits with both approaches, and the DNA vac-
cine platform has reached phase III clinical trials. Phase I
studies are currently examining a replication-defective
DISC vaccine, live virus vaccines based on chimeric
recombinants derived from the Towne and Toledo strains
of HCMYV, an eVLP vaccine, an LCMV-vectored vaccine,
and peptide vaccines. The emerging knowledge about the
importance of the PC as a target of protective antibody
response has refined discussion about the ideal constituents
required in an HCMV vaccine. Encouraging data obtained
from in vitro and animal model studies suggest that
inclusion of the PC in future vaccine design may be
essential for optimal protection, though there are currently
no clinical trials focused exclusively on a PC vaccine. Host
genetic variations in innate and adaptive immune responses
and an incomplete knowledge regarding the correlates of
protective immunity, particularly for the developing fetus,
present challenges to vaccine development. In spite of
these challenges, considerable progress has been made in
recent years. Progress in HCMV vaccine development
could be accelerated by increased knowledge and aware-
ness of the problem of congenital infection [134]. Increased
knowledge in turn will help drive societal, political and
economic forces that will drive future HCMV vaccine
discovery.
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