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Abstract

Congenital cytomegalovirus (CMV) infection is the most common infectious cause of disability in newborn infants. CMV
also causes serious disease in solid organ (SOT) and haematopoietic stem cell transplant (HSCT) recipients. In otherwise
healthy children and adults, primary CMV infection rarely causes illness. However, even asymptomatic CMV infections
may predispose an individual towards an increased risk of atherosclerosis, cancer and immune senescence over the life
course, although such associations remain controversial. Thus, although a vaccine against congenital CMV infection would
have the greatest public health impact and cost-effectiveness, arguably all populations could benefit from an effective
immunisation against this virus. Currently there are no licensed CMV vaccines, but there is increased interest in developing
and testing potential candidates, driven by the demonstration that a recombinant CMV glycoprotein B (gB) vaccine has
some efficacy in prevention of infection in young women and adolescents, and in CMV-seronegative SOT recipients. In
this review, the recent and current status of candidate CMV vaccines is discussed. Evolving concepts about proposed
correlates of protective immunity in different target populations for CMV vaccination, and how these differences impact
current clinical trials, are also reviewed.
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Introduction

In this article, the candidate vaccines against CMV infection are
described, with an emphasis on recent and current clinical trials.
Although the biggest impact from a financial and public health
perspective for a CMV vaccine would be the prevention of disabling
congenital infection, there are many challenges that make the
demonstration of efficacy for this indication a daunting goal. For
this reason, the first approved CMV vaccine, which is anticipated
to be in the near future – may well end up being licensed for
prevention or amelioration of disease in SOT or HSCT patients.
Whether the correlates of protective immunity induced by a vaccine
for this population would be relevant to the problem of prevention
of congenital infection is a provocative question that remains
unresolved at this time, but which requires careful scrutiny as trials
of various vaccine platforms move forwards in the clinic.

Epidemiology of CMV infection and target
populations for vaccination

In a landmark review by Weller published in 1971, CMV was
described as a ‘ubiquitous agent with protean clinical
manifestations’ [1,2]. Although most primary infections are
asymptomatic in otherwise healthy adults, CMV infection can cause
a variety of clinical syndromes in both immune competent and
immune compromised individuals. CMV, in addition to Epstein-Barr
virus, is well recognised to be a cause of mononucleosis in young
adults [3]. CMV is a particularly important cause of morbidity and
mortality in SOT and HSCT patients, causing viraemia with
attendant end-organ diseases such as hepatitis and pneumonitis
[4–6]. In addition to these direct effects, CMV is associated with
serious indirect effects in transplant patients, such as graft
rejection, graft failure, and in HSCT patients, graft-versus-host
disease [7,8]. Antiviral therapies, although invaluable in the
management of CMV disease in these populations, have limitations,
including drug toxicities and the emergence of resistance. Thus,
a CMV vaccine administered to the SOT or HSCT recipient prior
to transplantation could prove to be of great value in improving

transplant outcomes. CMV also produces serious morbidity,
including sight-threatening retinitis, in patients with advanced HIV
infection [9], although how a CMV vaccine might be of benefit
in preventing disease in the HIV-infected population is not
immediately intuitive.

In addition to the prospects of a vaccine improving the outcome
of CMV in immune compromised patients, an argument can be
made for the benefits of universal immunisation of all individuals
over the course of life. The rationale for this stems from an
emerging body of evidence suggesting that CMV may play a role
in the pathogenesis of inflammatory and autoimmune diseases,
and of malignancies, in particular glioblastoma multiforme [10].
CMV serostatus may also impact the clinical course of burns,
trauma and sepsis [11–13]. Additionally, CMV seropositivity has
been associated in some studies with a decreased response to
influenza vaccination, suggesting that protection against CMV
could provide secondary benefits with respect to an improved
response vaccine, with an inferred (but unproven) reduction in
risk of acquisition of influenza [14–16]. This phenomenon may
be true only in older individuals, since a study of CMV-seropositive
young adults demonstrated enhanced antibody responses to
influenza vaccination, along with increased CD8+ T cell sensitivity
and higher levels of interferon-γ, compared to seronegative
individuals [17]. CMV has been proposed to be a co-factor in the
pathogenesis of vascular disease, including atherosclerotic coronary
artery disease [18-20]. Finally, CMV seropositive status has
emerged as a risk factor for all-cause mortality in large population-
based cohorts in the United States and Europe [21,22]. Given that
the overall seroprevalence of CMV is higher in African-Americans
than Caucasians in the United States [23], CMV seropositivity
emerges as a contributing factor in the observed socioeconomic
disparities identified in all-cause mortality between these two
groups [24].

Both from a public health and financial cost perspective, prevention
of congenital transmission of CMV is the greatest driving force
behind development of a CMV vaccine. CMV transmission to the
fetus occurs in between 0.5% and 0.7% of pregnancies in the
United States and other developed nations [25]. Estimates are
less precise in the developing world, although recent evidence
suggests even higher transmission rates – in the range of 4% or
greater [26]. Approximately 13.5% of congenitally infected
newborns are symptomatic [27]. In the developed world, congenital
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CMV is the most common infectious cause of brain damage and
sensorineural hearing loss, and is an occasional cause of mortality
[28]. Infants born to seronegative pregnant women acutely
infected in pregnancy are at particularly high risk for infection in
the setting of maternal exposure to CMV, with up to ~32% of
primary maternal infections leading to congenital CMV transmission
in this setting [25,29]. Several lines of evidence suggest that a
pre-conception vaccine could modify the risk of congenital
infection and its attendant sequelae. At least two studies have
compared CMV transmission to the fetus from seronegative and
seropositive women, in an attempt to quantify the protective
benefit of preconception natural immunity. In one study, protection
attributable to seropositive status was 60%, and in another, 91%
[30,31]. In addition to protecting against transmission to the fetus,
preconception immunity decreases the severity of disease if
transmission occurs. It has been reported that 25% of congenitally
infected infants born to women with primary CMV infections during
pregnancy had at least one sequela, compared with only 8% in
infants born to mothers with recurrent infection [32]. The risk for
development of adverse long-term neurodevelopmental outcomes
appears to be highest in those infants born to mothers with
first-trimester maternal CMV infections. In this setting,
approximately 20–25% of infants who are congenitally infected
will develop sensorineural hearing loss, and up to 35% will have
other sequelae involving the central nervous system [33]. Thus,
a CMV vaccine that recapitulated the protective features of natural
immunity could decrease both the rate and severity of congenital
CMV infections if administered to CMV-seronegative women.

The long-term costs to healthcare systems associated with
symptomatic congenital CMV infection are substantial. This is not
surprising in light of the extensive disability often associated with
these infections. Complications include sensorineural hearing loss,
cerebral palsy, mental retardation, developmental delay, learning
disability and seizure disorders [34], and the most severely affected
children may require long-term residential care. The economic
impact of congenital CMV was assessed by the Institute of
Medicine (IOM) in the 1990s. It was estimated that the costs of
medical and educational care for children with congenital infection
in the United States amounted to approximately $1.9 billion per
year [35–37]. The IOM accordingly ranked the development of
a CMV vaccine as having the single highest priority, from a
cost-savings perspective, of any potential new vaccine. The IOM
model proposed a vaccine that would be universally administered
to 12-year-old boys and girls, with the goal of conferring protective
immunity prior to entry into child-bearing years. Subsequent work
suggested that such an adolescent vaccine would only need to
be modestly effective, in the range of ~60%, to provide cost
savings to society [38].

A major and unresolved issue complicating the analyses of
vaccination strategies against congenital CMV infection is what
has been referred to as ‘the paradox of infection’ in infants born
to women with immunity prior to pregnancy [39]. Although the
risk of congenital CMV transmission in a woman with
preconception immunity is lower than in a woman with primary
infection during pregnancy, overall as many as three-quarters of
congenital CMV infections occur following non-primary maternal
infections, because of the high background rates of CMV
seroimmunity among women of childbearing age in most
populations [29]. It remains incompletely defined whether these
infections represent reactivation of latent infection, or re-infection
with novel strains of CMV: there is evidence to support both
mechanisms [40–42]. Irrespective of the mechanism of re-infection,
congenital infections can produce substantial long-term disabilities,
including sensorineural hearing loss. Thus, to most effectively

prevent congenital CMV infection, a vaccine will be required that
has the ability not only to both protect seronegative women from
primary infection, but also the capacity to augment the immune
response in seropositive individuals in order to prevent reactivation
or re-infection.

CMV vaccines currently in clinical trials
Recently completed or currently active clinical trials of candidate
CMV vaccines are summarised in Table 1. These include adjuvanted
recombinant protein vaccines based on the immunodominant
envelope glycoprotein, CMV glycoprotein B (gB); vaccines
expressing immunogenic viral gene products (including gB, plus
the T cell targets, ppUL83 [pp65] and/or the major immediate
early protein 1 [IE1]) using DNA plasmid or peptide-based
technologies; vectored vaccine approaches based on the expression
of gB and other CMV antigens using live virus and virus-like
particle (VLP) systems; and replication-impaired or replication-
defective CMV (attenuated vaccines or disabled single-cycle [DISC]
vaccines). These individual categories are summarised below.

Recombinant gB vaccines
Subunit approaches utilising adjuvanted recombinant formulations
of gB have arguably advanced the furthest in clinical trials of CMV
vaccines performed to date. These trials have been driven by the
observations that antibodies to gB are invariantly present in
CMV-seropositive individuals, and are capable of viral neutralisation
[43,44]. Several Phase I and Phase II clinical trials using a
recombinant CMV gB in microfluidised adjuvant 59 (MF59), a
proprietary oil-in-water emulsion from Novartis first used in
influenza vaccines, have been completed, [45–50]. Most studies
have employed a three-dose series of vaccine. The gB construct
has been based on sequence derived from the Towne strain of
CMV, modified such that the transmembrane domain and the furin
cleavage site have been removed. The carboxy-terminal cytoplasmic
component downstream of the transmembrane domain was
re-engineered as an in-frame fusion with the truncated gB ORF
[51]. As such, the vaccine is expressed as a truncated, secreted
polypeptide, and the protein is purified by chromatography from
tissue culture supernatants in Chinese hamster ovary (CHO) cells.

The gB/MF59 vaccine has been evaluated in a Phase II study in
postpartum women. This study found the gB/MF59 vaccine to
have 50% efficacy against primary CMV infection in seronegative
women vaccinated within 1 year of giving birth compared to
women in the same cohort who received the placebo [47]. Women
who enrolled in this study but were found to be CMV-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 women who were
seropositive [48]. Using ELISA data and neutralising antibody titres,
gB specific responses were shown to be boosted in vaccinated
seropositive women compared to controls, and antibody titres
remained higher in seropositive vaccine recipients at 6 months
after the final vaccine dose than at day 0 of the vaccination series.
The CD4+ T cell response to gB and levels of IFN-γ producing T
cells were also both higher for vaccinees at the majority of time
points, including 6 months after the final vaccination. Since the
majority of congenital CMV infections occur in the setting of
preconception immunity to the virus, these data could have
important implications for how a vaccine against congenital
infection could be implemented into clinical practice – if the
observed augmentation in antibody and cell-mediated immune
responses correlated with improved protection of the fetus.

Another clinical trial targeting young women was recently reported
in healthy, CMV-seronegative adolescents. The incidence of CMV
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infection after three vaccinations was reduced in the vaccine group
compared to placebo, though this difference was not significant
(P=0.2) [49]. CMV viraemia was detected via PCR of urine and
blood samples and if viraemia was detected, the subject was placed
into a substudy (http://www.clinicaltrials.gov NCT00815165). This
substudy retained blinding and is examining CMV-specific cell
mediated responses in greater detail. Data from this substudy are
still under analysis and are not currently available.

Towards the goal of testing the gB/MF59 vaccine in a transplant
setting, a Phase II double-blinded study (http://www.clinicaltrials
.gov NCT00299260) examined immunogenicity and CMV disease,
as assessed by viraemia (DNAemia), in kidney or liver transplant
patients [50]. Seronegative organ recipients who received gB/
MF59 and had seropositive organ donors demonstrated reduction
in viraemia and days of ganciclovir treatment compared to those
who received placebo. Additionally, duration of viraemia post-
transplantation was inversely correlated to the magnitude of the
gB antibody response. The study authors hypothesised that the
immune response to gB/MF59 vaccination blocked the ability of
the donated organ to transmit CMV to the new host. The
mechanism was not defined, but was speculated to be related to
vaccine-engendered antibody-dependent cellular cytotoxicity [50].

Another gB subunit vaccine, designated as GSK1492903A, is a
recombinant gB vaccine adjuvanted in a proprietary system
developed by GlaxoSmithKline (GSK) laboratories (http://
www.clinicaltrials.gov NCT00435396). The gB subunit sequence
used in the making of this vaccine was based on the AD169 CMV
strain. 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. In addition, the carboxy-terminal 394 amino acids
of the herpes simplex virus type 1 (HSV-1) glycoprotein D (gD)
were fused to the AD169 derived gB sequence to facilitate
secretion [52]. In a Phase I study, there were no serious adverse
effects noted in any vaccinee. Although these results are not yet
published, the data are publicly available (www.gsk-
clinicalstudyregister.com/study/108890#rs, and www.gsk-
clinicalstudyregister.com/study/115429#rs).

DNA vaccines for CMV
ASP0113 (previously known as VCL-CB01 and TransVax) is a DNA
vaccine against CMV that was developed by Vical Corporation and
is currently under license to Astellas for Phase III clinical trials and
commercialisation. ASP0113 is a bivalent CMV DNA vaccine
consisting of two plasmids, VCL-6368 and VCL-6365 formulated
with poloxamer CRL1005 and a cationic surfactant, benzalkonium
chloride in PBS [53,54]. VCL-6368 encodes the pp65 protein from
AD169 with the putative protein kinase domain removed by
deletion of amino acids 435–438. VCL-6365 encodes the
extracellular domain (amino acids 1–713) of CMV gB derived from
the AD169 sequence. Formulation of the two plasmids with
CRL1005 and benzalkonium chloride produces a thermodynamically
stable, self-assembled nanoparticle system with a defined particle
size, surface charge and stability profile. A Phase I clinical trial
evaluating the safety of ASP0113 found no serious adverse events
in the 22 CMV seropositive and 22 seronegative individuals
immunised [54]. The most common complications included pain
and tenderness at the injection site, induration, erythema, malaise
and myalgia. Vaccination of seronegative 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.

Subsequent evaluation of ASP0113 efficacy has been completed
in a double-blind, placebo-controlled, parallel group, Phase II

trial in seropositive patients following HSCT (http://
www.clinicaltrials.gov NCT00285259) [55]. There were no
significant differences in adverse events comparing vaccine and
placebo, and CMV viraemia (DNAemia) was significantly reduced
following vaccination with ASP0113. There was also a non-
significant reduction in the rate of initiation of antiviral therapy
between the vaccinated and placebo-treated groups (47.5% vs
61.8%). A global, Phase III clinical trial was recently initiated to
continue the evaluation of ASP0113 efficacy in HSCT patients
(http://www.clinicaltrials.gov NCT01877655). Similar studies to
evaluate the safety and efficacy of this DNA vaccine in solid organ
transplant patients (Phase II, http://www.clinicaltrials.gov
NCT01974206) 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 NCT00370006 and NCT00373412)
[56]. These studies were in CMV-seronegative subjects vaccinated
intramuscularly or intradermally with the DNA vaccine, followed
by administration of Towne vaccine (described below), to examine
for immune priming by the DNA vaccine. Vical has proposed further
development of the trivalent DNA vaccine as a platform for
immunisation against congenital CMV infection, but the current
state of this vaccine in clinical development is uncertain. Vical has
also recently published results from preclinical evaluation of gB
and pp65 plasmids delivered in combination with a different
adjuvant system, the cationic lipid-based adjuvant Vaxfectin, which
has been observed to increase the immunogenicity of antigens
delivered as plasmid DNA [57,58].

Peptide vaccines

Pilot trials suggesting pp65-specific cytotoxic T lymphocyte (CTL)
responses can protect HSCT patients from post-transplant CMV
disease prompted the development of vaccines focusing on delivery
of pp65 epitopes as peptide vaccines [107]. The CTL epitope HLA
A*0201 pp65495–503 was identified as a promising peptide sequence
due to its limited sequence variation among analysed 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 systems (http://clinicaltrials.gov
NCT00722839), healthy participants 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 be a TLR9 antagonist [59,60]. 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 IFN-α production, IL-10 secretion, and NK cell activity. The
combination of this adjuvant with the PADRE and Tet pp65495–503

vaccines increased the stimulation of vaccine responses in human
subjects [60]. It has been estimated that the HLA A*2010
pp65495–503 epitope will cover 30–40% of the at-risk population
based on the frequency of the HLA A*2010 allele in the population
[60].

This vaccine construct was also studied in seropositive patients
undergoing HSCT who were at risk for CMV reactivation post-
transplant (http://clinicaltrials.gov NCT01588015; [61]). This
open-label, Phase Ib trial was primarily focused on safety. The trial
showed no adverse effects on HSCT, no acute graft-versus-host
disease, no development of anti-dsDNA antibodies and no
unexpected adverse effects. Additionally, 54 grade 3–4 adverse
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events were reported in vaccinees, as compared to 91 adverse
effects in patients who did not receive the vaccination and were
simply under observation. Interestingly, although no virological
data was reported and the study was not powered to examine
CMV-related disease outcomes, it was noteworthy that, compared
with observation, there was better relapse-free overall survival
recorded in patients that received the vaccine when compared to
those in the observation group [61]. Based on these encouraging
preliminary data, Phase II studies of this Tet-pp65 vaccine,
designated as CMVpp65-A*0201 or CMVPepVax, are now in
progress (http://clinicaltrials.gov NCT02396134), with enrolment
targeting HLA-A*0201-positive, CMV-seropositive HSCT recipients
at the City of Hope (Duarte, California) and the University of
Minnesota. Study endpoints will include CMV-related events such
as viraemia, initiation of anti-CMV antivirals, and CMV end-organ
disease, and other HSCT-related events such as disease-free
mortality, graft-versus-host disease, and overall time to
engraftment.

Enveloped virus-like particle vaccines

Enveloped virus-like particles (eVLPs) are protein structures that
mimic wild-type viruses but do not have a viral genome, creating,
in principle, safer vaccine candidates. An eVLP CMV vaccine,
manufactured by VBI laboratories, is currently in Phase I studies
in CMV seronegative subjects. The technology is based on
co-transfection of the vaccine immunogen of interest (in this case,
CMV gB) with the Moloney murine leukaemia virus (MLV) gag
protein in human embryonic kidney (HEK) cells. Expression of MLV
gag promotes genesis of eVLPs: the gag protein is cleaved by
cellular proteases to yield the viral matrix, capsid and nucleocapsid
proteins. Capsid proteins spontaneously assemble into VLPs which
then acquire a lipid envelope as they are released from the cell.
Inclusion of gB allows this protein to be expressed in the eVLP,
with an authentic glycosylation profile derived from post-
translational processing in HEK cells. In preclinical studies, eVLPs
using two gB variants were examined in mice: a gB-based VLP,
with an expression construct encoding 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 1–752) fused with the
TM and cytoplasmic domains of vesicular stomatitis virus (VSV)
G protein [62]. Both vaccines were found to induce neutralising
antibody titres 10-fold higher than titres induced with the same
dose of soluble recombinant gB protein in BALB/c mice, with titre
levels comparable to those observed with immunoglobulin
(Cytogam) treatment. Notably, however, 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.
Improved neutralisation levels were observed when the neutralising
capacity of vaccine-induced antibody was evaluated in both
fibroblasts and in epithelial cells.

A Phase I study of this vaccine, VBI-1501A, was initiated in early
2016 and is currently enrolling (https://clinicaltrials.gov/ct2/
show/NCT02826798). This study will compare safety and
immunogenicity of four dose formulations of vaccine, ranging from
0.5 μg to 2 μg gB content with aluminum phosphate (alum),
1.0 μg gB content without alum, and placebo in approximately
125 healthy CMV-seronegative volunteer participants between 18
and 40 years of age. An additional eVLP CMV vaccine candidate
has been described by VBI vaccines, targeting both gB and pp65.
This vaccine consists of a Gag plasmid fused in-frame with pp65
along with co-transfected CMV gB plasmid. This vaccine has been
proposed for use as a therapeutic vaccine, to be administered in

combination with GM-CSF, for CMV-associated glioblastoma
multiforme [63]. A pre-IND meeting is anticipated for 2016.

Another candidate eVLP vaccine against CMV was developed by
Redvax GmbH, a spin-off from Redbiotec AG, a privately held Swiss
biopharmaceutical company. In contrast to the VBI approach, which
uses mammalian (HEK) cells, this technology is based on a
baculovirus expression system. Although initially the purification
of these eVLPs was difficult due to their relatively large size,
modifications were introduced into the production system that
allowed for easier clarification and concentration of these particles
[64]. The Redvax technology has recently been purchased by Pfizer
vaccines, which has stated its commitment to developing a
congenital CMV vaccine programme.

Vectored vaccines
Another category of CMV vaccine that has reached Phase II clinical
trials is based on the approach of expressing viral antigens via a
viral vector. Typically such 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 utilised an attenuated canary pox vector to deliver
either gB (ALVAC-CMV[vCP139]) or pp65 (ALVAC-CMV[vCP260])
[65,66]. The gB-expressing ALVAC vaccine failed to increase
neutralising titres among seropositive recipients and did not induce
significant neutralising titres in seronegative subjects as compared
to baseline titre levels. Therefore, it was studied as a part of a
‘prime-boost’ strategy in which priming with the ALVAC vaccine
was followed by subsequent doses of either Towne vaccine
(described below) or gB/MF59 subunit vaccine [65,67]. The
ALVAC-gB vaccine primed for an improved response to subsequent
Towne vaccination. Subjects primed with ALVAC-gB developed
neutralising titres and ELISA antibodies to gB sooner upon Towne
boosting than did controls immunised with a recombinant ALVAC-
rabies glycoprotein control. In contrast, no benefit of priming with
ALVAC-gB was noted with respect to subsequent responses to
purified, adjuvanted gB subunit vaccine. In addition to the
ALVAC-gB vaccine, the pp65-expressing ALVAC (vCP260) has
progressed to Phase I clinical trials. Results indicate that the vaccine
has a favourable safety profile and is capable of eliciting robust
pp65-specific CTL and antibody responses in healthy, CMV-
seronegative adults [66]. A follow-up Phase II clinical trial in HSCT
patients (http://www.clinicaltrials.gov NCT00353977) was
completed in 2008.

An alphavirus-based vectored vaccine platform has undergone
clinical trial evaluation. This vaccine, originally developed by
AlphaVax, was designated as AVX601. It was derived from
Venezuelan equine encephalitis (VEE) virus. In this vaccine, the
VEE structural proteins were replaced with genes expressing the
extracellular domain of Towne gB and a pp65-IE1 fusion protein
in a double-promoter replicon [68,69]. Seronegative volunteers
in a 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 administration,
and participants developed CTLs and neutralising antibody
responses to all three CMV antigens following vaccination [70].
This platform was acquired by Novartis Corporation in 2008, and
is now held by GSK following their purchase of the Novartis vaccine
portfolio. Plans for Phase II studies are unknown at this time.

Another vectored vaccine approach that has recently entered Phase
I study utilises an attenuated recombinant lymphocytic
choriomeningitis virus (LCMV) platform [71]. This vector utilises
producer cells that constitutively express the LCMV viral
glycoprotein (GP), making it possible to replace the gene encoding
LCMV GP with vaccine antigens of interest. These rLCMV vaccines
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are replication-defective, and elicit not only robust CTL and CD4+
T cell responses, but also high-magnitude neutralising antibody
responses. These vectors also do not appear to elicit vector-specific
antibody immunity, which would permit re-administration of vector
for booster vaccinations, a feature that might be highly desirable
for protection of a woman during her reproductive years. Moreover,
LCMV has a very low seroprevalence in humans, another useful
attribute of using this platform. Hookipa Biotech AG has developed
a replication-deficient LCMV-vectored CMV vaccine, designated
HB-101, which is a bivalent vaccine containing two vectors, one
expressing the CMV pp65 protein and one expressing gB. A Phase
I dose escalation study has started to enroll three successive
cohorts of 18 healthy volunteers; each cohort will receive either
low, middle or high doses of the vaccine (n=14 volunteers), or
placebo (n=4; https://clinicaltrials.gov NCT02798692), using a
three-dose series of vaccine at 0, 1 and 4 months by intramuscular
route. The primary study endpoint is safety, and secondary
endpoints will include ELISA and virus-neutralisation titres; IFN-γ
ELISPOT specific for gB and pp65; and intracellular cytokine
staining assays.

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 CMV antigens, including pp65, gB, and the pentameric
complex (PC) of proteins gH/gL/UL128/130/131, in rodent or
nonhuman primate model systems [72–77]. Of particular note,
a recent study demonstrated that when mice or macaques were
vaccinated with an MVA vector expressing all five of the protein
components of the PC, neutralising antibody responses were
engendered that were capable of blocking CMV infection of
Hofbauer macrophages, a fetal-derived cell localised within the
placenta [78]. This result may have particular relevance to a CMV
vaccine designed to elicit immune responses capable of blocking
transplacental viral transmission to the developing fetus.

Attenuated and ‘DISC’ vaccines

The earliest attempts to develop a vaccine against CMV infection
used live, attenuated viruses. Initial studies focused on the highly
tissue culture-passaged attenuated CMV strains AD169 and Towne.
A detailed account of the attenuating mutations that accumulated
in these strains during the process of tissue culture passage is
beyond the scope of this article, but is the subject of several
excellent reviews [79–81]. It is of particular interest that both
strains of CMV have mutations in open reading frames (ORFs)
that disrupt expression of the PC. The Towne strain contains a
two base-pair insertion (TT) in UL130 leading to a frameshift
mutation in this ORF, and the AD169 strain has a one base-pair
insertion (A) similarly leading to a frameshift mutation in UL131.
Mutations in the PC components of these passaged isolates are
likely to contribute to their attenuation, but also probably impair
immunogenicity in the vaccinated host, particularly with respect
to the ability to engender antibody responses that could block
infectivity of epithelial and endothelial cells, important targets of
infection in vivo.

AD169 was the first CMV vaccine studied in humans, when lysate
from sonicated AD169-infected cells was administered
subcutaneously to healthy students and staff volunteers at St
George‘s Hospital Medical School in London, UK in doses ranging
from 100 to 300,000 plaque-forming units (pfu) [82]. While a 96%
conversion rate was achieved in the 10,000 pfu group, only half
of the volunteers had detectable CMV antibody responses when
they were evaluated 8 years post-vaccination [83,84] – an
interesting observation in light of similar concerns about duration

of immunity that have been raised with respect to the MF59/gB
vaccine study reported in 2009 [47].

Immune responses after vaccination with the Towne strain of CMV
are well documented in healthy, seronegative adults [31,85]. Towne
vaccination also provided some protection against severe CMV
disease in transplant recipients, although it did not protect against
CMV infection post-transplantation and generated a limited
neutralising antibody response, as measured via ELISA, when
compared to that of wild-type infection [86]. Towne‘s diminished
ability to induce protective immunity has been attributed both
to its attenuation and lower neutralising antibody titres compared
to wild-type infection [31].

In an effort to find a vaccine with the safety profile of Towne but
without the virus‘s limiting attenuations, efforts were undertaken
to generate ‘chimeric’ viruses containing components of the highly
attenuated Towne strain and the less attenuated clinical CMV
isolate, Toledo [87]. These Towne/Toledo chimeric viruses
containing various genome combinations of both viruses were
generated by co-transfection of overlapping cosmid libraries. These
vaccines were initially evaluated in a Phase I trial in CMV-
seropositive subjects [88]. 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. All vaccines contained the
Toledo-derived region of the genome referred to as the ULb’
region, a region that rapidly undergoes deletions and mutations
when CMV is passaged serially in fibroblasts [79–81]. In the Phase
I study, transaminase levels and leukocyte counts, along with CMV
culture results post-vaccination, were compared among the
Towne/Toledo recombinant vaccine recipients and against historical
controls from virus challenge studies in which subjects were
experimentally infected with the Toledo strain [88]. This side-by-
side analysis suggested that the Towne/Toledo chimeric vaccines
were attenuated relative to the parental Toledo strain. These
chimeras were next evaluated in CMV-seronegative recipients in
a dose-range study (101–103 pfu/dose) for safety and
immunogenicity (http://www.clinicaltrials.gov NCT01195571). No
subject had CMV in urine or saliva. Eleven of 36 CMV seronegative
men enrolled in the study underwent seroconversion.
Seroconversion was more commonly observed with vaccine
chimeras 2 and 4. All 11 seroconverters developed low but
detectable levels of neutralising antibody, and some subjects
demonstrated CD8+ T responses to IE1. All of the chimeras
contained a disrupted UL128 sequence derived from the Toledo
strain and therefore, like Towne and AD169, are presumed to be
incapable of eliciting PC-specific antibody responses [89]. Future
work should concentrate on evaluating chimeras 2 and 4 in
follow-up clinical trials, and on elucidating the molecular basis
for the different immune responses induced by these chimeric
vaccines.

In light of concerns about the safety profile of live, attenuated
CMV vaccines, generation of transgenic disabled infectious single
cycle (DISC) vaccine strains represents an attractive alternative.
These viruses are propagated in specific cell types or under certain
growth conditions that allow for viral replication [90-92]. In vivo,
DISC viruses are replication incompetent and express a limited
subset, if any, of the viral proteome. One such virus, V160, is
currently undergoing Phase I clinical trials in both seronegative
and seropositive subjects in which restoration of expression of
UL131 was achieved by bacterial artificial chromosome (BAC)
recombineering [90]. The frame-shift mutation in the first exon
of UL131 underlying the epithelial tropism deficiency in AD169
was repaired in E. coli by deletion of an adenine in the 7 nucleotide
A-stretch in UL131 to rescue the epithelial and endothelial cell
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tropism and thus allow proper processing and expression of the
pentameric gH complex. This clone was further modified by
removing the BAC segment by Cre/lox recombination. The
modified BAC DNA was transfected into human retinal pigmented
epithelial (ARPE-19) cells, to recover infectious virus. The virus
has been further modified so that the essential viral proteins
IE1/IE2 and UL51 are expressed as individual fusion proteins with
an unstable variant of the FKBP12 protein. FKBP12 is a
rapamycin-binding protein within the family of FK506, or
tacrolimus, binding proteins, called FKPBs [91]. UL51 is essential
for viral cleavage–genome packaging, while IE1/IE2 are necessary
during both acute infection and reactivation from viral latency
[93,94]. V160 is able to propagate in retinal pigment epithelial
cells in the presence of a synthetic stabilising ligand, Shield-1.
In the absence of this ligand, the fusion protein is rapidly degraded
and viral replication is inhibited [93]. Other conditional replication-
deficient CMV (rdCMV)/DISC vaccine strains contain different
FKBPs fused to the essential CMV proteins UL52, UL79, and UL84.
These fusion proteins regulate the transcription of viral gene
products, viral DNA synthesis, and processing and packaging of

viral genomes [95,96]. Since the Shield-1 ligand does not exist
in nature, the V160 DISC virus should be unable, in principle, to
revert to replication competence, ensuring an excellent safety
profile for this vaccine.

Perspective

In recent years there has been a surge in interest on the part of
the pharmaceutical industry in developing a CMV vaccine. This
development is gratifying for clinicians who have recognised this
unmet need for decades [97], and has been driven both by the
success (albeit suboptimal) of the recombinant gB vaccine [47]
as well as by an increase in overall knowledge and awareness of
the problem of congenital CMV.

In spite of these advances, many challenges remain. A major unmet
need is the lack of knowledge of a correlate of protective immunity
for the developing fetus. Indeed, at an even more basic level, clarity
is required in addressing the issue of what component of the
maternal–placental–fetal triad we are targeting with a CMV vaccine
(Figure 1). The immunological correlates of protection in the

• CD8+ T cells
• Functionality?
• Cytokines/chemokines

•NK cells
•TLRs
•Cytokines

•Defensins
•Regulatory T cells
•Antibody

•Anti-gB>Anti-PC? 
• Antibody avidity  
• Neutralising vs Non-neutralising Ab
• Fc receptor

• Neutralising antibody

• Anti-gB antibody
• Anti-PC antibody
• High avidity antibody

• CD4+ T cells
• CD8+ T cells

• CD4+ T cells

• CD45RA+
• Cytokines

Placenta

Mother

Newborn

•Antibody
•Avidity>Neutralising?
•Other mechanisms-ADCC?

Figure 1. Schematic representation of the potential targets of a vaccine against congenital CMV infection. Clarity is required regarding the issue of whether a vaccine primarily needs to
target the maternal, placental, or fetal compartment. Congenital infection, including attendant sequelae, occurs even in the face of high-titre neutralising antibody in the
neonate. The paradox of re-infection with subsequent transmission [39] also needs to be resolved. If sterilising immunity can be achieved in the mother, placental and fetal
transmission become moot points. Engendering protective immunity in a vaccine is likely to require robust maternal antibody and T-cell responses, particularly CD4+
responses
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context of congenital CMV infection are the subject of a recent
review [98]. Will a CMV vaccine be successful by limiting maternal
DNAemia, thereby limiting haematogenous seeding of the placenta
and (therefore) preventing fetal infection? In this setting, a role
for neutralising antibody as a correlate of protection against
congenital transmission has been proposed, although a recent
placebo-controlled trial of CMV-Ig, perhaps surprisingly, failed to
demonstrate a benefit against transplacental transmission [99].
CMV-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 [99]. These recent results stand in
contrast to a non-randomised study in 2005 that showed that
CMV-Ig significantly reduced both the rate of mother-to-fetus
transmission and the risk of congenital disease in cases of primary
maternal infections [100]. The nature of the antibody response
– in particular, whether a woman has high-titre antibody targeting
the PC proteins – may emerge as a key predictor of transmission
[101], an observation which in turn would be highly informative
to vaccine design. A currently active NIH-funded clinical trial of
passive antibody therapy, under the leadership of Brenna Anderson
at Duke University, will study the role of CMV-Ig for prevention
of fetal CMV infection, and may resolve this question (http://
clinicaltrials.gov NCT01376778). Other correlates of protection
may emerge as key effectors of CMV control in the context of
the maternal immune response. These include maternal CD4+ T
cells, which were recently shown to be critical in protection against
congenital CMV in a rhesus macaque model [102], and also appear
to play a role in protection against transmission in women
[103,104]. Indeed, delayed CD4+ and/or CD8+ responses and
decreased functionality of T cells (diminished or modified cytokine
production, functional exhaustion), as well as decreased
percentages of CD45RA+ effector memory T cells, all seem to be
important factors in potentiating the risk of congenital CMV
transmission [98,103,105–107].

Once CMV has reached the placental–fetal interface, immunological
correlates of protection may be different from those in the maternal
compartment. The placenta is relatively void of T-lymphocytes [98].
Innate effectors of immunity, particularly NK cells, predominate.
Antibody is probably still critical in protection, but it is unclear
if neutralising antibody that targets the PC [78] or neutralising
antibody that targets gB [108] is of greater importance at the
level of the trophoblast. Non-neutralising antibody may
paradoxically facilitate the translocation of CMV across the
neonatal Fc receptor, expressed on placental trophoblasts, actually
promoting congenital transmission [109]. In a study of
transplacentally acquired antibodies in infants with and without
neurological sequelae, higher levels of both anti-gB and
neutralising antibody were observed in those infants with sequelae,
and no association between neutralisation and hearing loss was
noted [110]. These observations must be kept in mind when
contemplating CMV vaccine strategies focused on neutralising
antibody as a presumed correlate of protection. The presence of
high-avidity antibody may be more important than neutralising
antibody in protection against fetal transmission [111–113]. Novel
strategies that go beyond the current vaccines in clinical trials are
needed. Non-neutralising functions of IgG, such as antibody-
mediated cellular cytotoxicity, need to be examined in more depth.
Examination of the B-cell repertoire in immune individuals may,
through analytic vaccinology techniques, provide insights into
novel, heretofore unrecognised subunit vaccine candidates [114].
Finally, the study endpoints that would be required for a clinical
trial prior to licensure of a vaccine against congenital CMV need
to be considered. Although a recent consensus statement
suggested that prevention of congenital infection would be an
appropriate endpoint for such a trial [115], it should be

remembered that most congenital CMV infections produce no
sequelae or disability. Therefore, reduction in fetal viral load may
be an alternative (and appropriate) endpoint to consider in
evaluation of CMV vaccines, both in preclinical ‘proof-of-concept’
models and in clinical trials in women.
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