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Abstract

Human cytomegalovirus (HCMV) is ubiquitous in all populations, and is the most commonly
recognized cause of congenital viral infection in developed countries. On the basis of the
economic costs saved and the improvement in quality of life that could potentially be conferred by
a successful vaccine for prevention of congenital HCMV infection, the Institute of Medicine has
identified HCMV vaccine development as a major public health priority. An effective vaccine
could potentially also be beneficial in preventing or ameliorating HCMYV disease in
immunocompromised individuals. Although there are no licensed HCMYV vaccines currently
available, enormous progress has been made in the last decade, as evidenced by the recently
reported results of a Phase 1l trial of a glycoprotein B vaccine for the prevention of HCMV
infection in seronegative women of childbearing age. HCMV vaccines currently in clinical trials
include: glycoprotein B subunit vaccines; alphavirus replicon particle vaccines; DNA vaccines;
and live-attenuated vaccines. A variety of vaccine strategies are also being examined in preclinical
systems and animal models of infection. These include: recombinant vesicular stomatitis virus
vaccines; recombinant modified vaccinia virus Ankara; replication-deficient adenovirus-vectored
vaccines; and recombinant live-attenuated virus vaccines generated by mutagenesis of cloned
rodent CMV genomes maintained as bacterial artificial chromosomes in Escherichia coli. In this
article, we provide an overview of the current state of clinical trials and preclinical development of
vaccines against HCMV, with an emphasis on studies that have been conducted in the past 5
years. We also summarize a number of recent advances in the study of the biology of HCMV,
particularly with respect to epithelial and endothelial cell entry of the virus, which have
implications for future vaccine design.
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Overview of the clinical problem of congenital cytomegalovirus infection:
the rationale for a cytomegalovirus vaccine

Human cytomegalovirus (HCMV) is a ubiquitous p-herpesvirus that leads to congenital
infection in 0.5-2% of all pregnancies, often with devastating consequences for the
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developing fetus [1]. Transmission of HCMV to the fetus can occur during any trimester,
but the risk of adverse fetal effects appears to be highest when primary infection occurs in
the first half of pregnancy [2]. Among congenitally infected infants, approximately 10%
have signs and symptoms of disease at birth. Although the remaining 90% of infants are
asymptomatic at birth, 10-15% will subsequently develop permanent sequelae, including
sensorineural hearing loss and mental retardation (Figure 1) [3-5]. The public health impact
of congenital HCMV infection is substantial and under-recognized: in fact, more children
suffer from long-term neurodevelopmental handicaps as a result of congenital HCMV
infection than either Down syndrome or fetal alcohol syndrome [6].

Congenital HCMV infection can occur as the result of a primary maternal infection, re-
activation of a latent infection, or re-infection with a new strain of virus [7-9]. Although
imperfect, preconception maternal immunity to HCMV provides some degree of protection
against vertical transmission of the virus; this is the key observation driving interest in
development of a preconception vaccine for HCMV. Reports in the literature regarding
transmission of HCMV to the fetus in the setting of primary maternal infection vary widely,
with a range of 24-75%, but the risk is high, with an overall risk of transmission of
approximately 30% reported in a recent meta-ana lysis [10]. By contrast, the risk of HCMV
transmission to the fetus after a recurrent maternal infection during pregnancy appears to be
in the range of 0.15-2% [11]. The incidence of congenital HCMV infection is dependent on
the overall seroprevalence in the population, with highly seropositive populations exhibiting
the highest rates of infection [12]. The total number of congenitally infected infants born in
the setting of recurrent maternal infection is 4-5-fold greater than those born following
primary maternal infection [13]. These observations suggest that current vaccine strategies
for young women, which have focused on vaccination of the seronegative woman, may
require re-evaluation. Indeed, a HCMYV vaccine may ideally need to prevent re-infection, by
‘boosting” immunity in seropositive women. A recent multicenter study of newborn
screening for congenital HCMYV infection identified an overall prevalence of 0.45% in the
seven sites surveyed; although the serological status of women in this study was not
described, this provides a useful benchmark for overall population-based estimates of the
impact of congenital infection on pregnancies in the USA [14]. The impact of preconception
immunity was demonstrated in a study by Fowler et a/., which reported a 69% reduction in
the risk of congenital HCMV infection in future pregnancies in women who were
seropositive for HCMV when compared with seronegative women [15]. Not only do women
with preconception immunity to HCMV have a significant reduction in transmission of virus
to the fetus, but some studies also suggest that there is a decreased severity of disease if their
infants are congenitally infected, compared to infected infants born to women who had
primary infection in pregnancy. It has been reported that 25% of congenitally infected
infants whose mother had a primary HCMV infection during pregnancy had at least one
sequela, compared with 8% in infants born to women with recurrent infection [11].

These observations regarding the protective effect of preconception maternal immunity have
bolstered the case for development of a maternal vaccine, toward the goal of reducing both
the incidence of congenital HCMV and the severity of disease if vertical transmission
occurs. A HCMV vaccine could also, in theory, benefit other patient populations at high risk
for HCMV disease, including allograft recipients, hematopoietic stem cell transplant patients
and patients with malignancies [16]. However, the magnitude of the neurodevelopmental
injury associated with congenital HCMYV infection makes women of childbearing age the
most important target population for vaccine development from both an economic and and a
public health perspective. A recent Institute of Medicine report, “Vaccines for the 21st
Century’, characterized a HCMV vaccine as the *highest-level (level 1) priority for vaccine
development in the new millennium’ [17,18]. A recent review published in 2005
summarized the status of HCMV vaccines [19], but since publication of this article, there
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has been a significant surge in interest in moving vaccines forward in clinical trials, driven
largely by the success of a purified recombinant glyco protein B (gB) vaccine in a Phase 11
study (described in the following section) [20]. In this article, we summarize recent activity
in HCMV vaccines since 2005 and consider preclinical strategies that may move forward in
future clinical trials.

What has gone into people — an update on the status of recent and ongoing
clinical trials

A number of HCMV vaccines have been evaluated in clinical trials and substantial advances
have been made in the field of HCMV vaccine development. Here, we summarize the data
from clinical trials since 2005 (Table 1).

Trial of a subunit vaccine consisting of recombinant HCMV envelope gB with MF59

adjuvant

All HCMV-infected individuals have antibody to gB, an essential viral glycoprotein that is
necessary for viral infectivity [21]. A significant proportion of neutralizing antibodies to
HCMYV in human serum are specific for epitopes on gB [21-25]. A recent study of the use of
HCMYV gB vaccine plus MF59 adjuvant was reported. This study was a Phase Il,
randomized, double-blind, placebo-controlled clinical trial in seronegative women of
childbearing age, in which vaccine was administered following a 0-, 1- and 6-month
schedule [20]. The major experimental end point reported in this study was the time to
primary HCMV infection, documented by seroconversion using an assay in which viral
target antigens were depleted of gB protein [26,27]. Primary HCMV infection was
confirmed by virus culture or immunoblotting in 18 out of 225 (8%) of the vaccine group
compared with 31 out of 216 (14%) of the placebo group, an overall efficacy of 50% (95%
Cl: 7-73%).

One question raised by the results of this study is whether or not a vaccine efficacy of 50%
would be adequate for eventual widespread implementation of the gB vaccine into clinical
practice. Insight into this question can be gained by considering the overall force of infection
of HCMV in the population. The basic reproductive number (R of HCMV is estimated to
be approximately 1.7-2.5, meaning that only 1.7-2.5 of individuals will become infected
from exposure to any single person infected [28,29]. As calculated in one study [30], HCMV
could be eradicated from a community via ‘herd immunity”’ if 50% (if Rp=1.7) or 60% (if
Rp=2.5) of the population is protected from primary infection. Thus, the 50% level of gB
vaccine efficacy demonstrated in the recently reported Phase Il study, performed in a
population with intense exposure to HCMV, may already be sufficient to prevent HCMV
transmission within a community [20,31,32]. Although the basic reproductive number of
HCMYV is similar to that of smallpox (Ry= 2.3-2.4), Thus, the 50% level of gB vaccine
efficacy demonstrated in the recently reported phase 11 study, performed in a population
with intense exposure to HCMV, may already be sufficient to prevent HCMV transmission
within a community [20, 31, 32].

Only limited information could be gleaned from this study about the impact of gB
vaccination on congenital HCMV infection. Congenital HCMV infection occurred in one
out of 81 (1.2%) and three out of 97 (3.1%) infants born to gB vaccine and placebo
recipients, respectively. One infant in the placebo group had severe symptomatic congenital
HCMYV infection. However, the sample size for the study was too small to support any
conclusions about efficacy on the basis of the infection rate in newborns [20,33]. Therefore,
although the study demonstrated that the gB vaccine could significantly reduce the risk of
acquiring primary maternal HCMV infection, the study did not address the question of
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whether vaccine-induced HCMV immunity was equivalent to natural immunity in
modulating either infection rate or sequelae for the fetus [33]. Future studies, such as a
Phase 111 clinical trial with the rate of congenital infection as the primary end point, would
be required to determine the possibility of protection of women of childbearing age (and
more importantly, their newborns) through universal immunization [31].

More local and systemic reactions occurred in the gB vaccine group than in the placebo
group, but the majority of these reactions were mild and short lived. There were no
significant differences between the vaccine and placebo groups in overall rates and severity
of adverse events, indicating that the safety profile of gB vaccine is outstanding and that
further studies are warranted [20,33]. Further studies are needed to define the duration of
protection and the correlation between antibody level and subsequent protection, and to
optimize the immunization schedule. Since re-infection with new strains of HCMV with
which the host has no prior experience can lead to transmission to the fetus with subsequent
sequelae [8,34], the issue of cross-protection against diverse clinical isolates following
administration of gB vaccine from a single genotype must also be defined in future studies.

Clinical trial evaluation of a two-component alphavirus replicon particle vaccine
containing HCMV gB and phosphoprotein 65 (pp65)/immediate early fusion proteins

The gB and the tegument phosphoprotein 65 (pp65, also known as ppUL83) are the HCMV
antigens most frequently recognized by CD4* T cells, and pp65 is also one of the antigens
most frequently recognized by CD8* T cells in immune individuals [35]. Therefore, for
vaccination strategies aimed at eliciting T-cell responses, most attention has focused on the
pp65 protein [36]. The HCMV immediate—early protein with a molecular mass of 72 kDa
(IE1) is also an important target of the CD8* T-cell response to HCMV infection, and IE1-
specific responses have been identified in up to 40% of HCMV-seropositive subjects [37].
Thus, the /E1 gene product is also being evaluated as a candidate vaccine immunogen in a
number of clinical trials.

Alphavirus replicon vector systems are being used as platforms for the development of many
prophylactic and therapeutic vaccines for infectious diseases and cancer [38], and this
platform has also been applied to HCMV vaccines. The initial report of the use of an
alphavirus vaccine against HCMV was a randomized, double-blind, Phase I study of an
alphavirus replicon in healthy, HCMV-seronegative adult volunteers [39]. AVX601 is a
two-component alphavirus replicon particle vaccine expressing HCMV gB and an in-frame
fusion protein of pp65-1E1 [40]. In a recently described clinical trial with two groups of 20
HCMV-seronegative individuals, subjects in group 1 received the lower dose of vaccine (1 x
107 infectious units) and subjects in group 2 received the higher dose of vaccine (1 x 108
infectious units). For each dosage level, 16 participants received the study vaccine and four
participants received placebo by intramuscular or subcutaneous injection at 0, 8 and 24
weeks after enrollment [39]. A total of 4 weeks after the third dose, 93% of subjects in group
1 and 100% of subjects in group 2 developed neutralizing antibodies detected by
microneutralization assay. T-cell responses to each of the HCMV antigens measured by ex
vivo, direct IFN-y enzyme-linked immunospot (EL1Spot) assay were detected in 90-97% of
vaccine recipients after the second dose, with similar rates of response in groups 1 and 2.
The magnitude of the T-cell response was greatest for pp65 followed by gB and IE1.
Polychromatic flow cytometry demonstrated that HCMV antigen-specific CD4* and CD8*
effector T cells producing multiple cytokines in response to HCMV peptide stimulation
were induced in all subjects immunized with AVX601.

The vaccine was well tolerated, with only mild-to-moderate local reactogenicity, although
erythema and induration began or persisted for more than 7 days in half of the subjects after
subcutaneous injection. Mild-to-moderate systemic reactogenicity was reported in some
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subjects, with no clinically important changes in laboratory parameters. These results
support acceptable safety for further evaluation of AVX601. Further studies are required to
demonstrate the vaccine's ability to prevent HCMV infection in women of childbearing age
and to prevent congenital HCMV disease.

Bivalent HCMV DNA vaccine

As already discussed, the potential value of HCMYV vaccines is not limited to prevention of
congenital infection [36]. Since immunocompromised patients, such as transplant recipients,
are also a target population for HCMV vaccination, the use of a HCMV DNA vaccine in
immunocompromised subjects would eliminate the safety concerns of live-attenuated
HCMV or live recombinant viral-vectored vaccines [41]. DNA vaccines elicit robust CD4*
and CD8* T-cell and antibody responses and are, in principle, well suited to specificity and
precision in vaccine design [101]. Although the favorable safety profile of DNA vaccines
favors the transplantation/oncology patient setting as a logical target population for
evaluation and possible licensure, efficacy in this patient population could lead to future
studies for prevention of HCMV infection and disease in mothers and infants.

As with the alphavirus platform, DNA vaccines for HCMV have focused on immunogens
gB and pp65. VCL-CBO01, a bivalent HCMV DNA vaccine that contains two plasmids
encoding HCMV pp65 and gB (along with poloxamer CRL1005 and benzalkonium chloride
to increase immunogenicity) was evaluated in a Phase |, open-label, dose-escalating trial in
healthy HCMV-seropositive and HCMV-seronegative adults [42]. Through week 16 of the
study, immunogenicity was documented in 45.5% of HCMV-seronegative subjects and in
25% of HCMV-seropositive subjects who received the full vaccine series, defined by gB-
binding ELISA and/or ex vivo IFN-y ELISpot assay with pp65 or gB antigens. An
additional assay, the cultured IFN-y ELISpot assay, was employed to evaluate whether the
vaccine primed the memory T-cell response; this assay demonstrated a positive response to
pp65 and/or gB in 68.2% (15 out of 22) of HCMV-seronegative subjects, including subjects
who did not have detectable responses by ex vivo IFN-y ELISpot assay or ELISA. These
results suggest that the VCL-CBO01 vaccine has the ability to prime antigen-specific T cells,
with the capacity to proliferate and secrete IFN-y on restimulation with antigen [43, 44], and
that the cultured ELISpot assay appears to be more sensitive than the ex vivo ELISpot assay
for the detection of vaccine-induced antigen-specific T-cell responses [42]. A limitation of
the VCL-CBO1 vaccine was the lack of gB antibody response in HCMV-seropositive
subjects, although the vaccine boosted the existing pp65 T-cell response. Further
modifications of this vaccine may be required to optimize immunogenicity, particularly to
the gB moiety and amongst HCMV-seropositive individuals.

VVCL-CBO01 was generally well tolerated. The most common adverse events (AEs) were mild
and moderate site injection pain, and no serious AEs were observed. Although a grade 1 AE
(transient or mild discomfort) developed in 81.8% of study subjects, and a grade 2 AE
(mild-to-moderate limitation in activity) developed in 40.9% of study subjects, the severity
of AEs did not increase significantly with increasing dose or accelerated vaccine schedule,
and all AEs resolved without sequelae [42]. These safety data are comparable to those
observed in other Phase I clinical trials of HCMV vaccines, and support the continued
investigation of VCL-CBOL1 in future studies.

A Phase Il, randomized, double-blind, placebo-controlled clinical trial to assess the safety
and immunogenicity of VCL-CBO01 is ongoing in donors and recipients undergoing
allogeneic hemato poietic stem cell transplantation (HCT) [45-47]. In preliminary
immunogenicity analyses, higher frequencies of HCMV-specific pp65 and gB T cells were
observed at days 56 and 84 after transplantation in 33 HCMV-seropositive recipient-only
individuals, immunized at 3-5 days prior to, and 3-6, 12 and 28 weeks after transplantation
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compared with placebo [45,46]. However, there were no differences in anti-gB antibody
levels after transplantation. The VCL-CBO1 vaccine had an impact on HCMV disease in this
population. Interim results from a Phase Il study with 80 HCT recipients demonstrated 24—
70% reductions in the occurrence of HCMYV infection, recurrence of HCMV infection,
duration of DNAemia, area under the curve for cumulative viral load post-HCT and peak
magnitude of DNAemia in VCL-CBO01-vaccinated patients compared with recipients
receiving placebo. In addition, the time to initial viral reactivation was reduced, and a site-
by-site ana lysis suggested that vaccine recipients required a shorter duration of antiviral
therapy and were less likely to initiate antiviral therapy compared with placebo [46,47]. The
final results from the Phase 11 trial will be of value for developing strategies to prevent
HCMYV disease in HCMV-seropositive transplant recipients, and may lead to other trials of
VVCL-CBO01 or related vaccines for the prevention of congenital HCMV infection [47].

Live-attenuated HCMV Towne vaccine with or without adjuvant recombinant IL-12 and/or
priming by DNA vaccine

Although several HCMV vaccines have been developed and tested in humans, the vaccine
that has been most extensively evaluated for the longest period of time is the live-attenuated
Towne vaccine [48-50]. Immunization with Towne vaccine prevented HCMV disease in
seronegative renal transplant recipients, although it did not prevent infection in these
patients or in parents of HCMV-infected children [48,50]. Recent evidence suggests that the
relative defect in Towne vaccine may be related to inadequate antigen-specific IFN-y
responses by CD4* and CD8* T cells following vaccination [51]. A few approaches to
improve the immunogenicity of the Towne vaccine are currently being explored [52-54].
One approach, reviewed in the previous update on CMV vaccines published in 2005 [19],
was to generate a series of genetic recombinant vaccines containing regions from the
genome of the unattenuated Toledo strain of HCMV, substituted for the corresponding
regions of the Towne genome [54]. In another approach, HCMV DNA vaccine is used to
prime for memory immune responses to Towne vaccine [53]. A third approach is to co-
administer Towne with recombinant human (rh)IL-12 [52]. Each of these approaches is
briefly reviewed in the following sections.

The immunogenicity and safety of the Towne vaccine with adjuvant rhiL-12 were evaluated
in a Phase I, dose-escalation, randomized clinical trial in HCMV-seronegative healthy
volunteers [52]. The adjuvant effect of rhiL-12 was associated with dose-related increases in
peak anti-HCMV gB IgG titers and improved viral lysate-specific CD4" T-cell proliferation
responses. There was a trend (p = 0.09) toward a higher proportion of subjects developing a
positive CD8* T-cell IFN-y response to the pp65 peptide pool at any time point after Towne
vaccine administration in the groups assigned to rhlL-12 doses of 0.5 j.g or higher. The
vaccine with adjuvant rhIL-12 at doses up to 2 g was well tolerated, and rIL-12 co-
administration with Towne did not lead to Towne persistence in vaccinees, as confirmed by
whole-blood HCMV DNA PCR and urine HCMV culture. Thus, this adjuvanted Towne
vaccine is sufficiently safe to warrant future studies in HCMV-seronegative individuals.

As noted, another approach to improve the immunogenicity of Towne has recently been
reported, in which a HCMV DNA vaccine was used to prime for memory responses [53].
The priming effect of VCL-CT02, a DNA vaccine containing HCMV genes pp65, IE1 and
gB (cloned from the AD169 strain), along with Towne vaccination, was evaluated in a series
of Phase I clinical trials in healthy HCMV-seronegative volunteers [53]. HCMV-specific
memory T cells were detected by cultured INF-y ELISpot assay in 60% of subjects (three
out of five) primed intramuscularly. The median time to first pp65 T-cell response and gB
antibody response after Towne vaccination was 14 days for DNA-primed subjects and 28
days for controls administered Towne only, suggesting a more rapid induction of antigen-
specific responses (all p < 0.05 by log-rank test). Although the DNA vaccine alone had
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minimal immunogenicity, vaccination with VCL-CTO02 was found to be able to safely prime
for an anamnestic response to administration of the Towne vaccine. In the intramuscular or
intradermal trial, VCL-CT02 was well tolerated with no severe AEs. The most common AEs
observed were mild and transient local reactions, such as pain, erythema and swelling at the
injection site. All urine HCMV cultures obtained after Towne vaccination were negative in
all subjects. Further studies attempting to increase and optimize immunogenicity and to test
its capability of moderating the course of HCMV infection would be beneficial.

The other approach to improve the immunogenicity of the Towne vaccine that continues to
be evaluated in clinical trials is the family of intertypic ‘chimeric’ vaccines generated as
mixtures of Towne and Toledo genome [54]. These vaccines retain some, but not all, of the
mutations that apparently contribute to Towne vaccine attenuation and were hypothesized to
be less attenuated and, hence, presumably more immunogenic than the Towne vaccine. Four
independent chimeric vaccines were produced and tested in a double-blind, placebo-
controlled study [54]. Although vaccinations with the Towne/Toledo chimeras failed to
boost humoral and cellular immune responses to HCMYV in healthy sero positive volunteers,
these four vaccine candidates were well tolerated and did not cause systemic infection [54].
Future studies are warranted to ascertain the safety and immunogenicity of these vaccine
candidates in HCMV-seronegative individuals who would likely represent the eventual
target of a HCMV vaccine program [19].

Preclinical vaccine development —what is in the pipeline?

Several other vaccination strategies have been proposed for prevention of HCMYV infection
and disease and some have been validated, to varying degrees, in animal models using
rodent CMVs. The following section summarizes work from these model systems, with an
emphasis on novel strategies developed and evaluated /n vivo, and published since 2005
(Table2).

Recombinant vesicular stomatitis virus expressing murine cytomegalovirus gB

Mucosal surfaces play a key role in acquisition of HCMV infection. HCMV can be
transmitted via saliva, sexual contact, placental transfer, blood transfusion, solid-organ
transplantation or HCT [55]. The nasal, oral and genital mucosas are natural routes for
horizontal HCMV infection. As a recombinant vaccine vector, vesicular stomatitis virus
(VSV) can induce strong humoral and cellular immunity, particularly at mucosal surfaces.
This attribute makes recombinant VSV (rVSV) an attractive candidate for development of a
vectored HCMV vaccine [56].

Toward the goal of validating this strategy, live rVSV vector expressing a murine CMV
(MCMV) homolog of the gB protein has been developed and tested in the mouse model
[56]. To assess the efficacy of a mucosal rVSV-gB vaccine in protection against infection
with MCMV, a single intranasal dose of rVVSV-gB was administered and a challenge dose of
live MCMV was injected intraperitoneally into mice 4 weeks after immunization. All of the
immunized mice developed serum antibodies to gB. Immunization with rVSV-gB induced
neutralizing antibody responses, and resulted in reduced viral titers in lung homogenates
following MCMV challenge infection, compared with the unvaccinated controls.
Splenocytes from VSV-gB immunized mice produced a CD8* IFN-vy response to gB,
suggesting that rvVSV-gB stimulates a cellular immune response. Immunized mice exhibited
minimal AEs and none of the mice required veterinary intervention. The safety and
immunogenicity data from this animal trial provides support for potential further studies of
this strategy in human clinical trials.

Expert Rev Vaccines. Author manuscript; available in PMC 2013 March 13.
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Recombinant modified vaccinia virus Ankara

The attenuated poxvirus, modified vaccinia virus Ankara (MVA), was developed as a safer
alternative to licensed vaccinia virus derivatives as a potential smallpox vaccine, and has
been well established as a safe and potent antigen delivery system [57]. An attractive feature
of MVA for delivery of heterologous antigens as potential vaccines is its potential for
accomodating a large complement of foreign genes. This appears to be related to the fact
that the MVVA genome has undergone six major deletions during serial passage [57], which,
in turn, allows the insertion of multiple HCMV genes without impacting replication or
packaging of subsequent antigens [58].

A recombinant MV A vaccine has been constructed that expresses a soluble, secreted form of
HCMYV gB, based on the AD169 strain sequence [59]. In preclinical studies, high levels of
gB-specific neutralizing antibodies, which appear to be equivalent to levels induced by
adjuvanted subunit gB protein immunization or by natural HCMV infection [60-62] in
humans, were elicited in mice vaccinated with gB-MVA [59]. The gB-MVA immunization
produced very similar levels of gB-specific antibody response and had similar booster
efficacy regardless of pre-existing MVA or vaccinia virus immunity, suggesting utility for
prospective vaccinees who have received the smallpox vaccine [36,59,63]. A trivalent MVA
expressing gB, pp65 and IE1 has been developed and proposed for clinical studies [64]. This
trivalent MVVA vaccine potently induced humoral and cellular immunity to gB after
immunization of mice. Further support for human studies comes from an experiment using
two healthy volunteers in whom their peripheral blood mononuclear cells (PBMCs) were
stimulated with the trivalent MV A vaccine; in this experiment, specific cytotoxic T-cell
responses to pp65 and IE1 were elicited [64]. Recombinant MV As have similarly been
generated expressing both full-length pp65 and exon 4 of IE1, and are capable of inducing
robust primary cell-mediated immunity and stimulating vigorous expansion of memory T-
cell responses to both antigens in PBMCs of HCMV-seropositive donors [58]. These
properties make the MVVA-based vaccine approach a potentially ideal strategy for generation
of antigen-specific T cells for adoptive transfer therapy [64-66], as well as for priming and
boosting immunity in transplant recipients [58]. Another recombinant MV A expressing
pp65 and a fusion protein of HCMV IE1 exon 4 and IE2 exon 5 was constructed to
maximize the representation of IE-specific immunity [67]. This approach is based on the
observation that the IE2 stimulated a vigorous CD8" and a smaller CD4* T-cell memory
response in a large percentage of asymptomatic HCMV-seropositive adults [35]. In an
experiment using two different types of humanized transgenic mice that express human
HLA A2 or B7 without expressing murine class | MHC-1 alleles, the recombinant MVA
was processed efficiently by multiple HLA alleles [67]. Evaluation of human PBMCs from
healthy HCMV-seropositive donors or patients within 6 months of receiving HCT showed
robust stimulation of existing HCMV-specific CD4* and CD8* T cells [67].

A recombinant MV A vaccine was evaluated in a rhesus macaque model of CMV infection.
In this study, an MVVA expressing the rhesus CMV gB, pp65-2 and IE1 homologs was
generated and administered to rhesus macaques with or without prior priming with DNA
plasmid vaccines for the same antigens [68]. In the study, following the first recombinant
MVA boosting, the rhesus macaques primed with only a single dose of DNA plasmids
elicited earlier and stronger antibody and cellular immune responses than those without
priming. Similar levels of antibodies to anti-gB and pp65-2, neutralizing antibody response,
and pp65-2- and 1E1-specific CD4* and CD8" T cells were detected in both vaccinated
groups after the second MV A boost, with the exception of anti-1E1 antibodies, which were
not detectable in the MV A group. Plasma peak viral loads were reduced in both vaccine
groups compared with untreated controls [68]. These promising data from this highly
relevant nonhuman primate model underscore the potential of MVVA-vectored vaccines for
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prevention of HCMV infection and disease, and justify continued development of these
vaccines for eventual study in clinical trials.

Replication-deficient adenovirus-vectored polyepitope vaccine

Another vectored vaccine approach that has recently been pursued in preclinical studies is
that of utilization of a replication-deficient adenoviral vector for expression of CMV subunit
vaccine candidates [69—73]. Similar to the rVSV vaccines [56], systemic and mucosal
immunity to MCMV could be induced by intranasal immunization using a replication-
deficient adenoviral vector-expressing MCMV gB or glycoprotein H in a murine model
[70,71]. More recently, modified adenoviral vector Ad5F35, Ad5F35-AD-1, has been
generated, expressing the immunodominant antigenic domain-1 epitope of HCMV gB based
on the sequence from the AD169 strain [72]. After /n vitro infection with Ad5F35-AD-1,
PBMCs from healthy blood donors expressed AD-1 antigen to high levels with little
detectable cytopathic effect. Since the AD-1 epitope is well conserved between different
strains of HCMV [74], expression of the AD-1 epitope from AD5F35 is expected to elicit
neutralizing antibody responses to diverse clinical isolates [72].

As noted, most efforts in clinical trials of candidate subunit HCMV vaccine development
and testing have focused on gB, pp65 and IE1 [36]. However, many other HCMV-encoded
proteins play a key role in the host immune response [35,75-77]. A novel replication-
deficient adenoviral-vectored vaccine, Ad-gBCMVpoly, was designed to induce a broad
repertoire of HCMV-specific immune responses [73]. Ad-gBCMVpoly encodes 46 HCMV
T-cell epitopes from multiple antigens, such as IE1, IE2, pp50, pp65, pp150, gB, gH and
DNase. This HLA class I- and class Il-restricted T-cell polyepitope was covalently linked to
the extracellular domain of HCMYV gB antigen, which allowed the expression of the HCMV
polypeptide and gB proteins as a single fusion protein [73]. Immunization with this chimeric
vaccine elicited neutralizing antibody responses and virus-specific CD4* and CD8* T-cell
responses in a murine model [69,73]. Mice immunized with this chimeric vaccine strongly
resisted infection with recombinant vaccinia virus expressing HCMV antigens gB and IE1
[69,73]. Following /n vitro stimulation with the vaccine, there was a rapid expansion of
multiple antigen-specific human CD4* and CD8* T cells from healthy HCMV-seropositive
individuals. As the Ad-gBCMVpoly vaccine can induce both humoral and cellular
immunity, it has the potential to be useful in different clinical settings, ranging from
congenital infection (where 1gG plays a key role in protecting the fetus) to primary infection
or reactivation of HCMV in immunocompromised patients (where T cells may be the key
effectors of protection) [69,73,78]. This polyepitope vaccine could be delivered with any of
a number of vectors, including DNA vaccines or recombinant protein vaccines, further
underscoring its potential value in a variety of approaches designed to protect the at-risk
host against HCMV infection and/or disease [69].

Recombinant live CMV vaccine by bacterial artificial chromosome mutagenesis

An ideal live-attenuated HCMV vaccine should grow to high titers in cell culture for easy
production, should be severely attenuated /n7 vivo, even in immunocompromised hosts, and
should elicit a strong immune response sufficient to protect against HCMV-associated
disease [79,80]. A novel approach to the generation of such a vaccine is the targeted deletion
of CMV genes modulating the host immune response [79]. This approach has been
facilitated by the advances in mutagenesis of cloned CMV genomes maintained as bacterial
artificial chromosomes (BACs) in Escherichia colf as well as the rapidly expanding
knowledge about the role of viral genes in immunopathogenesis and immune evasion
[79,81-83].
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To test this concept, a recombinant MCMV lacking a total of 32 genes as 31.2 kb at the left
and right genome termini of the wild-type genome, Am01-17+m144-158-MCMV, was
generated by MCMV BAC mutagenesis [79]. This MCMV mutant has lost the genes m01-
17and m144-158and, thereby, most of the known immune modulators regulating functions
in MHC-1 presentation (m04, m06 and m152) and natural killer (NK) cell response (m144,
mi45, m152, mi55and m157) [79,80]. The recombinant deletion mutant replicated to wild-
type levels /n vitro but was severely attenuated /n vivo in immunocompetent BALB/c mice
and even in the SCID/bg mouse, which lacks NK, B and T cells and which is the mouse
strain most sensitive to MCMV [84]. It was well-tolerated in mice deficient for the type |
IFN receptor [79]. The recombinant deletion mutant induced MCMV-specific antibodies and
a specific cellular immune response detectable by tetramer staining of peripheral cytotoxic
CD8* T lymphocytes and protected mice from challenge with wild-type MCMV [79].
Immunization with the UV-inactivated recombinant deletion mutant induced no protective
immunity to subsequent challenge with wild-type MCMV, indicating that viral replication /n
vivowas necessary for successful protection [79,80]. Targeted deletion of CMV genes by
BAC mutagenesis offers a novel and valuable tool for rationale design of live-attenuated
HCMYV vaccines. Preclinical evaluation in animal models can aid in generating recombinant
vaccines by experimental determination of the attenuation and immunogenicity of candidate
vaccines following removal of viral genes that plays roles in pathogenesis and/or immune
evasion [79,80].

Advances in understanding the basic biology of HCMV applied to novel
vaccine design

A number of recent advances in the study of the biology of HCMV have identified novel
potential vaccine targets, particularly those involved in epithelial/endothelial cell entry, as
areas for future vaccine design. Another intriguing area of HCMV biology that has recently
been elucidated is the impact of HCMV genes on host antiviral defense mechanisms
mediated through dsRNA-activated protein kinase (PKR). The possible utility of future
vaccine strategies based on these areas of new knowledge is considered in this section of the
article.

Epithelial/lendothelial cell entry & the HCMV UL128-131 protein complex

Recent studies into the attachment and entry of HCMV into epithelial and endothelial cells
have demonstrated that the pathways by which the virus enters fibroblasts compared with
endothelial/epithelial cells are different. Moreover, the host neutralizing antibody response
is more complex than previously thought, with some antibody targeting and neutralizing
virus at the interface with epithelial/endothelial cells. These observations suggest that
vaccine design may need to anticipate and prevent these distinct pathways of infection. Cell
type-specific mechanisms of entry were initially identified by Hahn and colleagues [85].
This work, using an endotheliotropic strain of HCMV cloned as a BAC (FIX-BAC),
demonstrated that three HCMV genes, UL 128, UL 130, and UL 131, were critical for
endothelial cell tropism. These genetic determinants of endothelial tropism were
subsequently also found to be responsible for HCMV entry into dendritic and epithelial cells
[86,87]. Endocytic entry of HCMV requires a complex of HCMV proteins: gH, gL, UL128,
UL130 and UL131. Evidence to suggest that a HCMV vaccine targeting the endocytic
pathway of entry would provide advantages over existing HCMV vaccine strategies has
been provided by the work of the McVoy [88] and Gerna [89] laboratories. These studies
demonstrated that the majority of the neutralizing activity of convalescent human sera from
HCMV-seropositive individuals targets the endocytic pathway of entry. Sera from recipients
of the Towne vaccine or the gB/MF59 vaccine showed that Towne recipient sera and gB/
MF59 recipient sera had epithelial neutralizing titers that were, on average, 28-fold and 15-
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fold lower than titers from seropositive subjects with HCMV infection, respectively [88].
Accordingly, subunit expression of the gH/gL/UL128/UL130/UL131 proteins as vaccine
candidates merits consideration for future preclinical and clinical development.

Viral immune modulation genes: the key role of PKR

Human cytomegalovirus-encoded genes that inhibit the PKR host defense pathway play a
critical role in HCMV immune evasion. PKR is a major effector of IFN-induced host
defenses following viral infection. A key element triggering this host defense cascade is the
production of dsSRNA, synthesized following infection of cells by many viruses, including
the CMVs [90]. The presence of dsSRNA functions as an “alarm signal’ to the host, resulting
in activation of cellular pathways designed to inhibit viral replication, including PKR, which
functions by shutting off protein synthesis. In the presence of dSRNA, PKR undergoes a
conformational change, dimerizes, autophosphorylates and then phosphorylates the subunit
of eukaryotic initiation factor 2 leading to inhibition of translation initiation and of viral
replication. Evolution of dsSRNA-activated host antiviral pathways has been matched by the
evolution of viral mechanisms that thwart these pathways [91,92]. One strategy that appears
to have evolved in multiple viral lineages is the sequestration of dSRNA by dsRNA binding
proteins. For example, the vaccinia virus E3L protein binds to dsSRNA and contributes to
repression of PKR, and a vaccinia virus lacking E3L (VVVAE3L) has an extremely limited
host range for replication in cell culture and is avirulent in mice [93]. In the case of the two
HCMYV genes, TRSIand /RS1, each binds to dSRNA resulting in suppression of PKR
activation, and deletion of these genes results in highly attenuated HCMV that has its
replication severely impaired by activation of the PKR pathway [94,95].

The notion that elimination of a viral PKR antagonist will make a useful HCMYV vaccine has
precedence from the vaccinia system [96]. A recombinant vaccinia virus with a deletion of
the viral PKR antagonist, VVDE3L, had negligible virulence, even in immunodeficient
animals, and yet induced a strong immune response that was protective against subsequent
challenge with wild-type virus. Extension of these observations toward the long-term aim of
designing a fully protective but highly attenuated HCMV vaccine would be a logical
approach to live-attenuated vaccine design.

Expert commentary

A vaccine comprised of a recombinant HCMV envelope gB with MF59 adjuvant was
recently found to have efficacy for prevention of HCMV infection in a Phase Il clinical trial
in young mothers. The report of 50% efficacy is a promising development in the long search
for an effective vaccine to protect against congenital HCMV infection.

The optimal HCMV vaccine strategy remains to be identified. Ideally, an HCMV vaccine
would elicit humoral and cell-mediated immunity without the potential risk of establishing a
latent HCMV infection or risks of a live viral vector. An optimal vaccine could be
administered to either immunocompetent females of childbearing age or to the
immunocompromised patients who underwent organ transplantation.

A number of recent advances in the study of the biology of HCMV have identified novel
potential vaccine targets, particularly those involved in epithelial/endothelial cell entry, as
areas for future vaccine design. The subunit expression of the gH/gL/UL128/UL130/UL131
proteins, which are essential for entry into epithelial and endothelial cells, could be exploited
for vaccine design, and this approach merits consideration for future preclinical evaluation.

The ideal target population for an HCMV vaccine remains to be determined. Although the
Institute of Medicine modeled its ana lysis of the potential benefits of an HCMV vaccine
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program upon hypothetical administration of a vaccine to adolescents, the health benefits of
universal immunization in early life could extend beyond the prevention of congenital
HCMYV disease and could theoretically impact long-term health consequences of HCMV
infection, which may include certain types of malignancy (such as glioblastomas),
atherosclerosis and immunosenescence.

Five-year view

Continued evaluation of the HCMV gB vaccine will lead to a definitive Phase I1I clinical
trial that will provide a robust test of the vaccine's ability to prevent HCMV infection in
women of childbearing age. The results of a Phase Il clinical trial of bivalent HCMV DNA
vaccine will be available and will provide information about the safety and immunogenicity
of this vaccine in transplant recipients. Clinical trials of vectored-vaccine approaches and
recombinant live vaccines will be conducted in adolescent and young adult populations.
Preclinical evaluation of subunit vaccines based on novel potential vaccine targets,
particularly those involved in epithelial/endothelial cell entry, will be performed in animal
models. These studies may help justify and prioritize future human clinical trials.
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Key issues

A vaccine for congenital human cytomegalovirus (HCMV) infection is a major
public health priority. Analysis of cost—effectiveness indicates that such a
vaccine could have a major economic impact on the very high costs of caring for
children with symptomatic congenital HCMV infection.

A breakthrough for HCMV vaccines came in 2009 with the publication of a
Phase Il study of a purified, recombinant vaccine based on adjuvanted
glycoprotein B. This vaccine demonstrated an efficacy of approximately 50%
against acquisition of HCMV infection in a clinical trial in young women.

Novel approaches to HCMV vaccines include vectored vaccines, DNA
vaccines, BAC-based vaccines and genetically engineered, live attenuated
vaccines. These vaccines are in various stages of preclinical and clinical
development.

Until a HCMV vaccine is licensed, continued efforts must be made in education.
Increasing public awareness of HCMV can help reduce the acquisition of
infection among susceptible women and may help decrease the burden of
congenital HCMV infection and disease.
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1000 infants with congenital HCMV

Symptomatic
127 (12.7%)

—— |

Deaths Survivors
5 (4%) 122 (96%)

Asymptomatic 873 (87.3%)

No mortality 873 (100%)

[ |
No 50-70 118
permanent (40-58%) (13.5%) No permanent sequelae
sequelae ’

17-20% of 1000 infants will
have permanent sequelae

Figure 1. Estimates of long-term sequelae in infants with congenital human cytomegalovirus

In a given cohort of 1000 infants with congenital HCMV, 170-190 will have permanent
sequelae, of whom one out of three is from the symptomatic group and two out of three are
from the asymptomatic group.

HCMV: Human cytomegalovirus.

Data from [3].
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Human cytomegalovirus vaccines that have undergone evaluation in clinical trials since 2005.
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Vaccines Status Characteristics and results Ref.
gB/MF59 adjuvant Phase I1 study Acceptable safety for further studies [20]
completed Evaluated in HCMV-seronegative women within 1 year after they had given

birth

Vaccine efficacy of 50% on the basis of infection rates per 100 person years
gB/pp65/IE1 alphavirus Phase | study Favorable safety profile [39]
replicon trivalent vaccine completed Evaluated in healthy, nonpregnant adults

Elicits humoral and cellular immune responses

Based on replication-deficient alphavirus technology
gB/pp65 bivalent DNA Ongoing Phase Well tolerated with no serious adverse events in a Phase | study [42,47]
vaccine 11 study HCMV-seropositive or -seronegative healthy adults in Phase I and HCT

recipients in Phase Il studies

Higher frequencies of HCMV-specific pp65 and gB T cells compared with

placebo
Towne * rhIL-12 + priming Phase | studies Favorable safety profile; no evidence for viral latency or viral shedding in [52,53]

by DNA vaccine encoding completed
pp65, IE1 and gB

recipients

Evaluated in HCMV-seronegative healthy adults

Augmentation of immunogenicity by inclusion of rhIL-12 or DNA vaccine in
Phase | studies

gB: Glycoprotein B; HCMV: Human cytomegalovirus; HCT: Hematopoietic stem cell transplant; IE1: Immediate—early protein with a molecular
mass of 72 kDa; pp65: Phosphoprotein 65 (ppUL83); rhIL-12: Recombinant human IL-12.
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Table 2
Alternative cytomegalovirus vaccine strategies that have been explored in preclinical/animal model studies
since 2005.
Vaccine strategies Characteristicsand results Ref.
Recombinant vesicular stomatitis virus ~ Favorable safety profile — minimal adverse effects in a mouse model [56]
Neutralizing antibody response and CD8* IFN-y response to gB
Protection against challenge with MCMV in a mouse model
Potential for induction of mucosal immune responses through mucosal vaccination
Recombinant modified vaccinia virus Good safety profile [58,64,67,68]
Ankara Excellent humoral and cellular immune responses in HLA A2 Tg mice and rhesus
macaques
Protective efficacy in rhesus macaque models
Large foreign gene capacity enables expression of multiple immunogens
Replication-deficient adenovirus Favorable safety profile owing to inability to replicate in human cells [72,73]
Neutralizing antibody responses and virus-specific T-cell responses in HLA A2 Tg
mice
Efficacy in a HLA A2 mouse model
Potential for induction of mucosal immune responses
Recombinant live CMV by BAC Severely attenuated /n7 vivo, even in immunodeficient mice [79]

mutagenesis

MCMV-specific antibodies and a strong T-cell response

Protective in a mouse model with replication-competent mutant

Offers theoretical potential for specifically engineered vaccines with deletions in
putative pathogenesis or immune evasion genes

BAC: Bacterial artificial chromosome; CMV: Cytomegalovirus; gB: Glycoprotein B; MCMV: Murine cytomegalovirus; Tg: Transgenic.
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