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ABSTRACT
The Antigenic Domain 2 (AD-2) is a short region near the N-terminus of glycoprotein B of human
cytomegalovirus (HCMV). AD-2 has been shown to contain linear epitopes that are targets for neutralizing
monoclonal antibodies from human subjects with natural HCMV infection. However, AD-2 appears to be
masked by the adjacent immunodominant AD-1 region. We assessed a serum panel from HCMV-
seropositive individuals and found a wide range of antibody titers to AD-2; these did not correlate to
serum neutralization. To expose potential epitopes in AD-2, we constructed a series of AD-2 peptide-
conjugate vaccines. Mice were immunized 3 times and produced high and sustained antibody titers to
AD-2 peptides, but neutralization was weak even after a single boost with whole HCMV virions. Rabbits
were likewise immunized with AD-2 peptide vaccines, and produced a robust antibody response, but
neutralization was inferior to a recombinant gB vaccine with an oil-in-water adjuvant. These results
highlight the challenges of developing a peptide-based vaccine specific to the HCMV gB AD-2 region.
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Introduction

Human cytomegalovirus (HCMV) is an important pathogen
which can cause in utero infection, leading to childhood neuro-
developmental disability.1 To prevent congenital virus infec-
tion, a prophylactic vaccine could be developed, targeting the
populations at risk of HCMV infection including HCMV sero-
negative women of child-bearing ages or female adolescents.2,3

However, vaccines developed in previous years have failed to
produce a robust protective response. Two vaccine candidates,
a live attenuated virus Towne strain and a recombinant glyco-
protein B (gB) formulated with MF59 adjuvant, have advanced
to Phase II efficacy evaluation, with some indications of effi-
cacy.4-6 However, no vaccine candidate has yet been able to
achieve broad and sustained protection against HCMV acquisi-
tion in HCMV seronegative subjects. At least 2 lines of investi-
gation have been proposed to improve upon these vaccines.
The first follows the discovery of the missing pentameric gH/
gL/pUL128-131 complex not found in laboratory isolates, such
as Towne or AD169, due to extended passages in fibroblast
cells.7 The second is based upon potential immunological mis-
direction toward non-neutralizing epitopes in the gB.

The HCMV gB is a logical target for vaccine design for 2
reasons. First, it is essential for viral infectivity.8 Specifically, gB
is critical for viral entry to cells, and has been suggested as a
fusogen based on its homology to the HSV-1 gB structure and
understanding of its role in the fusion mechanism.9-11 Peptides
including the heptad repeat in the coiled-coil structure inhibit
membrane fusion.12 Second, gB is a dominant antigen in

HCMV-infected humans and experimental animals exposed to
HCMV.13 The dominant antibodies binding to HCMV recog-
nize gB, and gB-specific CD4 and CD8 T-cell responses are
found in HCMV seropositive individuals.14

The antigenic domain 2 (AD-2) contains protective epitopes
and spans a short region near the N-terminus of the HCMV gB
(approximately amino acids 68–81). It was identified more
than 2 decades ago15 using a human monoclonal antibody,
C23,16 and is considered to be a linear epitope region that is
highly conserved among clinical isolates of the virus and can
neutralize viral infection in both fibroblasts and epithelial
cells.17 Interestingly, an AD-2-specific antibody, ITC88,18 has
also been shown to mediate other functions as well, as it is able
to prevent early stages of the anti-apoptotic effect that allows
HCMV-infected cells to survive after infection.19 Most recently,
2 human mAbs targeting AD-2 have been reported to be under
preclinical development as therapeutic agents: TRL34520 and
TCN-202.21

In contrast, in natural infection, immunity to AD-2 does not
usually develop effectively; only a fraction of naturally HCMV-
seropositive individuals develop such antibodies and often at
low titers.22 It has been hypothesized that AD-2 is somewhat
immunogenic but is often masked by the immunodominant
antigenic domain 1 (AD-1), spatially located near AD-2.
Because AD-2-specific neutralizing Abs appear to recognize
continuous, so-called linear, epitopes, one could design syn-
thetic peptide-conjugate vaccines to purposely induce the anti-
bodies of the AD-2 specificity. In this study, we explore this
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vaccination concept by designing a series of synthetic carrier-
conjugated peptides covering AD-2 and its flanking regions.
Here we demonstrated that such a vaccine could produce
strong binding titers specific to AD-2 but was unable to gener-
ate significant levels of neutralization in a well-characterized
assay. The results were benchmarked against an epidemiologi-
cal survey presented here.

Results

To explore the antigenic potential of AD-2 of HCMV gB in
detail, we synthesized overlapping 21-mer peptides that
spanned and flanked the AD-2 region, as shown in Figure 1.
Two peptides flank AD-2 (peptides 1 and 11), while peptides 3
and 9 overlap and extend beyond AD-2. In the central region,
we tested a higher density of overlapping peptides (peptides 5,
6, and 7). This set of AD-2 peptides was evaluated in parallel
with a recombinant gB vaccine designed to mimic a vaccine
clinical candidate,5 and the repaired intact AD169rev
virion.23,24

To understand the response rate to the AD-2 region in
HCMV seropositive subjects, we have assembled a serum panel
from HCMV seropositive and seronegative women of age 18–
39 as described in the section of Materials and Methods. From
this panel, we selected 100 seropositive subjects and tested their
sera for neutralization activity in epithelial (ARPE-19) and
fibroblast (MRC-5) cells, and for binding by ELISA to a pool of
AD-2 peptides, recombinant gB antigen, or purified HCMV
AD169rev virions. To test if neutralization could be predicted
by ELISA titers to these antigens, we calculated the linear corre-
lation of log-transformed neutralization and log-transformed
ELISA titers. The neutralization and ELISA data appear to be
log-distributed. While all correlations were highly statistically
significant (p < 0.01), the R2 values were low, demonstrating
that the variation in the neutralization data could not be
explained from ELISA titers alone. ELISA titers to the whole
AD169rev virion antigen predicted approximately 20% of vari-
ation in neutralization (in ARPE-19 R2D 0.19, in MRC-5 R2D
0.21), and ELISA titers to gB somewhat less (in ARPE-19 R2D
0.13, in MRC-5 R2D 0.22). In particular, the AD-2 ELISA titer
was not predictive of neutralization (in ARPE-19 R2D 0.06, in
MRC-5 R2D 0.07). Neutralization titers vs. AD-2 ELISA titers
are plotted in Figure 2 for ARPE-19 and MRC-5 cells. There is
a trend of increasing neutralization with AD-2-specific binding,
but the variation in the neutralization at each endpoint titer is
high. Thus, the data suggest that the majority of neutralizing

activity in naturally infected immune sera is not predicted by
antibody specificity and titers to AD-2.

While AD-2 ELISA titers do not appear to be highly predic-
tive of neutralization in persons naturally exposed to HCMV,
we hypothesized that AD-2-specific vaccination could elicit
strong serological neutralization. This would follow from the
idea that AD-2 contains potent epitopes for neutralization, but
that its immunogenicity is ranked low in the immune recogni-
tion hierarchy. The most straightforward method to test this
hypothesis is to develop an AD-2-centric vaccine and evaluate
the immune responses in animal models. Accordingly, we pre-
pared synthetic peptides corresponding to AD-2, conjugated to
CRM carriers, as described in the Materials and Methods. The
AD-2 peptide-conjugate vaccines were then tested in mice and
rabbits.

Mice of 10 per group were immunized with AD-2 peptide-
conjugate vaccines at days 0, 21, 48, and 110, and then further
boosted with AD169 virions at day 138. A control group was
vaccinated with saline buffer with alum but no peptide or viri-
ons. The ELISA binding titers after 3 priming immunizations
and after the boost are shown in Figure 3. All AD-2 peptide-
conjugate vaccines were immunogenic and high titers were
achieved (Fig. 3A), approximately 1:106 for most vaccines.
These titers were sustained and enhanced after boosting with
AD169 virions (Fig. 3B). After the single boost injection with
AD169 virions, antibody titers to AD169 were detectable but
comparatively low (Fig. 3C); group geometric means ranged
from 25 to 170.

We tested for neutralization with the sera collected at the
same time point of highest antibody titer, after the boost. Neu-
tralization was tested in the same manner as the serological sur-
vey (Fig. 2), in ARPE-19 cells (Fig. 4A) and MRC-5 cells
(Fig. 4B). In both epithelial and fibroblast cells, neutralizing
titers were comparatively modest; geometric mean neutralizing
titers ranged from 7 to 52. This contrasts with the robust ELISA
binding titers shown in Figure 3, and the strong neutralization
seen in the human subjects with natural HCMV infection
(Fig. 2). Neutralizing titers of AD-2-vaccinated and sham-vac-
cinated mice were generally similar; group geometric means
were no more than 3.5-fold higher and less than 2-fold lower
than sham-vaccinated groups. This modest potency and lack of
differentiation from sham-vaccinated controls demonstrated
no significant neutralization even after multiple immunizations
with CRM-conjugated AD-2 peptides.

To evaluate the AD-2 peptide concept in another bench-
mark animal model, we vaccinated rabbits with the same AD-2

Figure 1. Scheme of peptides that flank and span the CMV Antigenic Determinant 2 (AD-2) region based on a series of overlapping peptides. The peptide labels as well as
the amino acid spanned by each within the AD169 gB are shown. The minimal linear epitope recognized by AD-2 specific mAbs is underlined, and flanking regions identi-
fied in some literature reports as included in the AD-2 epitope are in boldface.
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peptide-conjugate vaccines. To focus on the core AD-2 region,
rabbits of 4 per group were vaccinated with the vaccines of pep-
tide 5, peptide 6, or peptide 7. These three peptides focused on
the core AD-2 region. The recombinant gB antigen with an oil-
in-water adjuvant25 was included as a positive control. Vaccina-
tions occurred on weeks 0, 3, and 8, with intervening blood col-
lections, as described in the section of Materials and Methods.

ELISA titers were robust across multiple time points, as
shown in Figure 5A. For each vaccinated group, titers rose at
week 6, peaked at week 10, and subsided to a lower level at
week 16. At the maxima time point (week 10), the binding titers
from the 4 individual rabbits were narrowly distributed within
each group (Fig. 5B). The group geometric means were very
similar between AD-2 peptides 5, 6, and 7. This is not unex-
pected, due to the high degree of overlap between these pepti-
des. Rabbits immunized with adjuvanted recombinant gB
vaccine had higher binding titers as can be determined by
inspection of data in Figure 5B. Because the maximum titers
were reached at week 10, and the intra-group titers were nar-
rowly distributed, this time point was selected for neutraliza-
tion assays.

Neutralization assays for individual rabbit sera were per-
formed similarly to the mouse protocol in ARPE-19 cells.
Neutralization titers were modest for all groups (Fig. 6A). To
amplify weak neutralization and detect complement-depen-
dent neutralization, the neutralization assays were performed
with and without the addition of rabbit complement as
described in the Materials and Methods. For the AD-2 pep-
tide-conjugate vaccine groups, without complement, all titers
were below the limit of detection (1:5) with the exception of
one rabbit with a modest 1:18 titer. With the addition of

complement, that rabbit reached a 1:53 titer. In contrast, the
4 animals in the gB/MF59 group had modest neutralizing
titers without complement (< 1:5, 1:7, 1:10, 1:17) but signifi-
cantly higher neutralization titers with complement (410,
28000, 2230, 4100, respectively). Similarly to the mouse
experiment, the AD-2 peptide-conjugate vaccine generated
only weakly neutralizing serological responses despite robust
antibody binding titers.

Discussion

From our survey of HCMV seropositive individuals, antibod-
ies to the linear peptides in AD-2 are generated in natural
infection, but these are only weakly correlated with neutrali-
zation. Given that HCMV-neutralizing AD-2-specific human
antibodies have been discovered, there are several possible
explanations. First, the majority of AD-2-directed antibodies
may be non-neutralizing, potentially with a minute minority
of strongly neutralizing antibodies. This may explain the fact
that only a few of AD-2 neutralizing mAbs have been
reported in the past 20 y. Second, the neutralizing antibodies
may be predominantly directed against conformational non-
continuous epitopes within AD-2 that are not faithfully cap-
tured by linear peptides. By this account, any epitope-
focused vaccine approach, including peptide conjugate vac-
cines as described in this study, or the chimeric virus-like
particle approach by displaying a linear non-conformational
epitope on hepatitis B virus core antigen,26 would unlikely
be effective for induction of functional antibodies. In con-
trast, if a chimeric virus-like particle could present the AD-2
epitope in its native confirmation, this could be a viable

Figure 2. Serum neutralizing titers (NT50) in (A) epithelial (ARPE-19) and (B) fibroblast (MRC-5) cells vs ELISA titers (AD-2 peptides 5, 6, and 7) from the epidemiological
study. Correlations were highly significant (p � 0.01), but most of the variability in neutralization is not predicted by AD-2 peptide ELISA (R2 D 0.06, 0.07).

Figure 3. Binding ELISA responses to AD-2 peptides at day 69 (A), AD-2 peptides at day 146 (B), and AD169 virions at day 146 (C). Mice (nD10) were immunized with
CRM-conjugated AD-2 peptides at days 0, 21, 48, and 110, and boosted with AD169 virions at day 138. Sham vaccine is a saline buffer with alum but no peptide. Sham
vaccinated animals were tested against a pool of all AD-2 peptides. All AD-2 peptides were immunogenic and this was sustained and enhanced after boosting with
AD169 virions. Antibody titers to AD169 were comparatively low. Error bars represent the SEM.
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approach. Third, different antigenic domains on distinct
regions of the gB antigen may act synergistically,27 and neu-
tralizing responses to AD-2 may require this cooperative
effect.

Here we tested the hypothesis that a CRM-conjugated AD-2
peptide vaccine would be able to elicit AD-2-directed antibod-
ies that could exhibit neutralization. We did consistently
observe a strong and specific binding response by ELISA, but
were unable to detect significant neutralization in either of 2
species, mouse and rabbit (even in the presence of comple-
ment). Our experiment to prime the mice with the AD-2 pep-
tide-conjugate vaccines followed with whole AD169 virion
boost also failed to elicit neutralizing activity. We did not iden-
tify any clear immunological hot spots in the AD-2 region by
peptide mapping; all peptide vaccines generated sufficient anti-
body titers in animals. For this reason, a more focused vaccine
comprising a subset of these peptides would not likely be
effective.

The combination of the serological survey and negative
neutralization results from the AD-2 peptide-conjugate vac-
cine study point to the limitation of some avenues but also
point to future approaches for vaccines targeting AD-2. The
highly immunogenic but non-neutralizing responses, and lack
of correlation in human sera, indicate that conjugated peptide
vaccines are unlikely to ever be effective. A more complex
structured protein construct may be required to generate anti-
bodies that are similar to the previously identified AD-2 neu-
tralizing antibodies. One approach would be to generate

constructs that demonstrate binding to the few identified AD-
2 neutralizing monoclonal antibodies either by screening of a
structured random peptide library or synthetic peptide mim-
etics with rationales of structural knowledge. Furthermore,
because monoclonal antibodies specific to AD-2 exhibit con-
siderable somatic hypermutation,28,29 and the general obser-
vation that HCMV seropositive persons are chronically
infected, significant maturation may be required for neutrali-
zation. This would require an extensive scheme of repeated
immunizations perhaps including boosting with heterologous
constructs. Further experiments along these lines would
definitively test if the AD-2 region can provide the basis for a
durable vaccine for the prevention of HCMV infection.

One of the limitations to our vaccine design was lack of struc-
tural knowledge of the AD-2 epitope in the context of native
pre-fusion form of the gB protein. Without such information,
we would have to assume a simple continuous epitope which
was demonstrated by our data incapable of driving functional
antibodies as peptide-conjugate vaccines. Unfortunately, AD-2
is located in N-terminal region that was not present in the struc-
ture recently solved for a post-fusion form HCMV gB.30 Co-
crystallization of a neutralizing antibody with its cognate antigen
has tremendous values in rational design of synthetic vaccine,
and such endeavor has been reported for peptide mimetics vac-
cines for HIV-1 gp41 fusion intermediate epitope.31 Thus, a
structure of an AD-2 neutralizing antibody with a native gB pro-
tein containing the AD-2 region would provide molecular basis
for refining the design for an AD-2 based vaccine.

Figure 4. Neutralizing titers (NT50) in (A) ARPE-19 cells, (B) MRC-5 cells at day 146 from sera of mice immunized with CRM-conjugated AD-2 peptides at days 0, 21, 48,
and 110, and boosted with AD169 virions at day 138. Even with the robust binding titers to AD-2 peptides (Fig. 3), no significant neutralization due to immunization with
AD-2 was observed (i.e., neutralizing titers of AD2-vaccined and sham-vaccinated mice were generally similar). Error bars represent the SEM.

Figure 5. ELISA from rabbits immunized with CRM-conjugated AD-2 peptides, or gB with an oil-in-water adjuvant. (A) Time course of immune response, group geometric
mean and standard error; and (B) individual rabbits’ titers at the peak response (week 10). The lower limit of detection is 1:40. None of the AD-2 peptide vaccines were
superior to gB/MF59 at any time after immunization.
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Materials and methods

Antigens and vaccines

Overlapping linear 21-mer peptides from the AD169 strain of
HCMV gB (UL55) were chosen to map serological responses
across the AD-2 region. The definition of each peptide is shown
in Figure 1. Peptides 1 and 11 lie outside the defined AD-2
region, and peptides were most closely overlapping near the
center of the AD-2 region to maximize the possibility of detect-
ing an optimal AD-2 immunogen. The peptides were conju-
gated to a recombinant CRM197 carrier,32 via a linker of
aminohexanoic acid at the C-terminus, and glutamic acids (E
or EEE) to balance pI as described previously.33,34 Conjugation
of peptides was confirmed by the shift of the molecular weight
of CRM197 protein on SDS-PAGE (data not shown). In addi-
tion, vaccines were characterized by amino acid analysis for
purity, peptide loading efficiency and peptide-conjugate con-
centration (Supplemental Table 1). For immunization of mice
and rabbits, vaccines were buffered in 150 mM NaCl, 25 mM
HEPES with 2X amorphous aluminum hydroxylphosphate sul-
fate (AAHS) adjuvant (450 mg/mL). The dilution to 1X AAHS
adjuvant was performed within 3 hours of vaccination.

Reagents, cells and viruses

Recombinant protein HCMV gB, based upon the Towne strain,
was constructed and expressed as reported previously,35 and
sourced from Sino Biological, Inc. (Beijing, China). An oil-in-
water emulsion similar in composition to MF59 adjuvant was
constructed at Merck for comparison.25 ARPE-19 and MRC-5
cells were cultured as previously described.36 AD169 was
obtained from ATCC, and propagated in MRC-5 cells.37

HCMV AD169 revertant virions (AD169rev) have been
described elsewhere.38 The HCMV virions were purified from
the supernatant by ultracentrifugation at 64000xg at 20oC
through a 20% Sorbitol cushion in PBS as previously
reported.38 Purified virion pellets were resuspended in Hank’s
balanced salt solution and stored at ¡70oC.

Vaccinations

Mice and rabbits were maintained in the animal facility of
Merck, West Point, PA. All animal studies were conducted in

accordance with the Guide for the Care and Use of Laboratory
Animals and were approved by Merck’s Institutional Animal
Care and Use committee (IACUC). Specific pathogen-free
Balb/c female mice of 4–6 weeks age were purchased from
Taconic Farm. Mice were immunized by i.m. injection of both
quadriceps in 50 mL volume per site without anesthesia. Female
New Zealand White (NZW) rabbits of 3–4 months of ages were
purchased from a specific pathogen-free colony at Covance
(Denver, PA). The animals were housed individually and were
immunized by i.m. injection of quadriceps in 0.5 mL volume
without anesthesia.

Groups of 10 mice were vaccinated with each peptide at
6 mg per dose. An additional group of 10 mice was sham-vacci-
nated with alum in saline for use as a negative control. Mice
were vaccinated on days 0, 21, 48, and 110. Mice were boosted
on day 138 with 3 mg of AD169rev virions.38 Mice were bled
on days 55, 69, 132, and 146 (8 d after the boost). Groups of 4
rabbits were vaccinated with AD-2 peptides 5, 6, or 7, (10 mg
dose) or a positive control (gB with oil-in-water adjuvant,
30 mg dose). Rabbits were vaccinated at weeks 0, 3, and 8. Rab-
bits were bled at weeks 0, 6, 10, and 16.

Epidemiological survey

We have previously assembled and characterized a panel of
serum samples from 200 healthy female subjects (18–39 y old)
from a local blood bank with donor consent.39 Serum aliquots
were treated at 56oC for 30 min to inactivate complement.
Serum samples were tested for HCMV reactivity using a com-
mercial CMV IgG Enzyme Immunoassay Kit (BioCheck, Inc.),
and grouped into seropositive and seronegative cohorts based
on the cut-off value recommended by the manufacturer. For
this report, a set of 100 HCMV seropositive subjects’ sera were
tested in ELISAs and viral neutralization assays. Seven HCMV
seronegative subjects were included to provide an estimate of
assay sensitivity and serve as negative controls.

ELISA

The method was reported previously.39 Briefly, 96-well plates
were coated with either individual peptides at 2 mg /mL or
AD169 virions at 1 mg /mL in PBS and incubated overnight at
4oC. The next day, plates were washed and blocked with 3%

Figure 6. Neutralizing titers (NT50) from rabbits immunized with CRM-conjugated AD-2 peptides or gB with MF59 adjuvant. (A) sera alone, (B) with added rabbit comple-
ment. The lower limit of detection is a 1:5. Horizontal bars represent the geometric mean of each group. None of the AD-2 peptide vaccines were superior to gB/MF59.
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milk in PBS for 2 hours at room temperature. After washing,
sera were added in titration with 4-fold dilutions and incubated
for 90 minutes at room temperature. After washing, HRP con-
jugated goat anti-mouse IgG was added at 1:2000 and plates
were incubated for one hour at room temperature. Plates were
then washed and developed with 3,30,5,50 – tetramethylbenzi-
dine (TMB) for 3–5 minutes, stopped with H2SO4, and read on
a standard plate reader. Endpoint titers were calculated as the
highest dilution that was greater than twice the geometric
mean of the negative controls.

Viral neutralization assay

An immunostaining (IMS) neutralization assay was performed
as previously described.36 Mouse sera were tested at a lowest
dilution of 1:40, and rabbit sera at a lowest dilution of 1:5, in
serial 2-fold dilutions. On each microtiter plate, media with
virus were used as positive controls, and na€ıve sera were used
as negative controls. Rabbit sera were tested with and without
complement. Rabbit complement (Cedarlane Labs) was titrated
to determine the dilution (1:32) at which the complement itself
does not affect the viral antigen staining. Then, titrated
immune sera in the presence or absence of complement were
incubated with HCMV virus at room temperature for one hour
and the mixture was transferred into cell coated plates. Assays
were then performed as reported.36

Statistical analysis

Statistical calculations were performed in JMP Pro 10.0 and
GraphPad Prism 5.04.
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