
Peptides from cytomegalovirus UL130 and UL131 proteins
induce high titer antibodies that block viral entry into mucosal
epithelial cells

Frances M. Saccoccioa,b,1, Anne L. Sauera,b,1, Xiaohong Cuia, Amy E. Armstrongc, EL-
Sayed E. Habibd, David C. Johnsone, Brent J. Ryckmanf, Aloysius J. Klingelhutzg, Stuart P.
Adlera, and Michael A. McVoya,*

a Department of Pediatrics, Virginia Commonwealth University School of Medicine, 1101 E.
Marshall Street, Richmond, VA 23298, United States
b Department of Microbiology & Immunology, Virginia Commonwealth University School of
Medicine, 1101 E. Marshall Street, Richmond, VA 23298, United States
c Department of Medicine, Virginia Commonwealth University School of Medicine, 1101 E.
Marshall Street, Richmond, VA 23298, United States
d Department of Microbiology, Faculty of Pharmacy, Mansoura University, Mansoura, Egypt
e Department of Molecular Microbiology and Immunology, Oregon Health & Sciences University,
Portland, OR 97239, United States
f Division of Biological Sciences, University of Montana, Missoula, MT 59812, United States
g Department of Microbiology, University of Iowa, 2202 MERF, 375 Newton Road, Iowa City, IA
52242, United States

Abstract
Cytomegalovirus infections are an important cause of disease for which no licensed vaccine exists.
Recent studies have focused on the gH/gL/UL128-131 complex as antibodies to gH/gL/
UL128-131 neutralize viral entry into epithelial cells. Prior studies have used cells from the retinal
pigment epithelium, while to prevent transmission, vaccine-induced antibodies may need to block
viral infection of epithelial cells of the oral or genital mucosa. We found that gH/gL/UL128-131 is
necessary for efficient viral entry into epithelial cells derived from oral and genital mucosa, that
short peptides from UL130 and UL131 elicit high titer neutralizing antibodies in rabbits, and that
such antibodies neutralize viral entry into epithelial cells derived from these relevant tissues.
These results suggest that single subunits or peptides may be sufficient to elicit potent epithelial
entry neutralizing responses and that secretory antibodies to such neutralizing epitopes have the
potential to provide sterilizing immunity by blocking initial mucosal infection.
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1. Introduction
Congenital cytomegalovirus (CMV) infections are a frequent cause of birth defects and
illness in transplant patients. Studies evaluating active or passive immunization to prevent or
treat these infections have been completed. CMV hyperimmune globulin, which contains
CMV-reactive antibodies induced by natural infection, appears effective for treating and
preventing both congenital and transplant-associated infections [1,2]. Active immunization
with either a live attenuated virus or a glycoprotein B subunit vaccine prevents CMV disease
associated with renal transplantation [3] and reduces the risk of primary maternal CMV
infection [4]. For both active and passive immunization, neutralizing activity is probably
essential.

In the past CMV neutralizing activity was measured using fibroblasts as target cells.
However, recent experiments demonstrate that antibodies to epitopes within a pentameric
complex of gH, gL, UL128, UL130, and UL131 (gH/gL/UL128-131) potently neutralize
entry into endothelial, epithelial, and other cell types but have no effect on fibroblast entry
[5–8]. This is because the gH/gL/UL128-131 complex is essential for entry into endothelial
and epithelial cells but fully dispensable for fibroblast entry [5,9,10]. Indeed, mutations
causing loss of UL128, UL130, or UL131 expression are sufficient to eliminate endothelial
tropism [9] and occur within relatively few passages in fibroblasts [11]. Natural infection
elicits very high titer neutralizing antibodies specific for epithelial cell entry and it has been
proposed that antibodies against gH/gL/UL128-131 epitopes may comprise a significant
component of this activity [7,8,12]. In contrast, epithelial entry neutralizing titers induced by
the Towne live attenuated vaccine or the gB subunit vaccine were 28- and 15-fold lower,
respectively, than those induced by natural infection [12]. These results suggest that vaccine
efficacy may be improved using antigens that elicit high titer epithelial entry neutralizing
antibodies.

In this report we investigate two questions relevant to the design of effective vaccine
strategies. First, do antibodies targeting gH/gL/UL128-131 complex neutralize viral entry
into tissues relevant to vaccine protection? For example, mucosal and secretory antibodies
that neutralize viral entry into epithelial cells of the oral or genital epithelium may prevent or
reduce viral transmission. Second, will individual subunits suffice or will more than one
subunit, perhaps the entire complex, be required for a vaccine? We observed that a
functional gH/gL/UL128-131 complex is essential for efficient CMV entry into epithelial
cells derived from both airway and genital mucosa, demonstrated that immunization of
rabbits with short peptides derived from UL130 or UL131 is sufficient to achieve high
epithelial entry neutralizing titers, and showed that these sera are effective at blocking CMV
entry into mucosal epithelial cells. Our results indicate that subunit or peptide immunogens
will elicit epithelial entry neutralizing responses and that successful active immunization
may provide sterilizing immunity.

2. Materials and methods
2.1. Viruses

Virus HB15-t178b was derived from bacterial artificial chromosome (BAC) clone
HB15Tn7Δk [13], which contains the CMV strain AD169 genome [14], by transposition of
a green fluorescent protein (GFP) reporter cassette into the attTn7 site, as described [15].
Virus HB15-t178b retains a UL131 frame shift mutation intrinsic to strain AD169. Virus
BADrUL131-Y4 (a gift from Thomas Shenk and Dai Wang) was derived from a different
BAC clone of the CMV strain AD169 genome [16] that was first modified to express GFP
[17] and then, by repair of the UL131 mutation, to express a functional UL131 protein [18].
Viral stocks were prepared from cell culture media that was clarified by centrifugation,

Saccoccio et al. Page 2

Vaccine. Author manuscript; available in PMC 2011 April 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



adjusted to 0.2 M sucrose, aliquoted, stored at −80 °C, and titered on MRC-5 cells by
limiting-dilution in 96-well plates as described [19].

2.2. Cells
Table 1 summarizes the cell lines used. MRC-5 (ATCC CCL-171), ARPE-19 (ATCC
CRL-2302), and HBE4-E6/E7 (ATCC CRL-2078) cells were obtained from ATCC. HFK-2,
Cx, V428, and HTE 21505 were derived and immortalized by retroviral transduction of
human papilloma virus-16 E6E7 as previously described [20]. MRC-5 and ARPE-19 cells
were propagated in high glucose Dulbecco’s modified Eagle medium (Gibco-BRL)
supplemented with 10% fetal calf serum (HyClone Laboratories), 10,000 IU/L penicillin, 10
mg/L streptomycin (Gibco-BRL) (DMEM). HFK-2, Cx, V428, and HTE 21505 cells were
propagated in keratinocyte serum free medium (KSFM, GIBCO 17005042) supplemented
with 5 ng/ml human recombinant epidermal growth factor 1-53 (Invitrogen) and 0.05 mg/ml
bovine pituitary extract (Invitrogen). HBE4-E6/E7 cells were propagated with KSFM
supplemented with 5 ng/ml human recombinant epidermal growth factor 1-53, 0.05 mg/ml
bovine pituitary extract, and 10 ng/ml cholera toxin (Sigma). All cell cultures were
maintained at 37 °C in a 5% CO2 atmosphere.

2.3. Entry assay
Virus stocks were carefully titered using MCR-5 fibroblast cells, then matching amounts of
HB15-t178b and BADrUL131-Y4 were used to infect replicate cultures of confluent cells
prepared in 24-well plates. After 24 h the cultures were washed three times with PBS and
fresh medium was added. Photomicrographs were taken daily post infection using an
Olympus LX70 Inverted UV microscope.

2.4. Rabbit immunizations
Antisera were initially produced for the purpose of antigen detection and
immunoprecipitation. The amino acid sequence of each protein was evaluated using
computer algorithms that predict hydrophilic, antigenic, and surface exposed domains. From
these results one peptide from each protein was selected based on empirical experience that
N- or C-terminal positions, charged residues, and prolines are desirable. Peptides
DQYLESVKKIHKRLDV (UL128 residues 147–162), SWSTLTANQNPSPPWSKLTY
(UL130 residues 27–46), and SDFRRQNRRGGTNKRTT (UL131 residues 90–106) were
synthesized with C-terminal cysteines by PeptidoGenics (Berkley, CA) and coupled to
maleimide activated keyhole limpet hemocyanin (KLH) under conditions that produce
conjugates in which the peptides comprise 15–30% of the mass. For each peptide one New
Zealand White rabbit was immunized with 500–1000 μg of KLH-conjugated peptide mixed
with Freund’s adjuvant, then boosted three times at 4–6 week intervals with decreasing
doses of KLH-conjugated peptides (250 μg, 100 μg, and 50 μg) in Titer-Max Gold adjuvant
(Sigma, St. Louis, MO). An isoleucine at position 10 of the UL128 peptide was
unintentionally inserted. However, this does not prevent recognition of native UL128 (which
lacks the isoleucine) by the UL128 antiserum. Indeed, all three antisera have been
extensively characterized elsewhere and shown to react specifically with UL128, UL130, or
UL131 by immunoprecipitation and immunoblotting [21,22].

2.5. Neutralization assays
Neutralizing activities were determined by preparing 1:10 dilutions of each serum followed
by additional 2-fold serial dilutions in ARPE-19 culture medium. Each dilution was mixed
with an equal volume of ARPE-19 culture medium containing 4000 pfu of BADrUL131-Y4,
incubated for 1 h at 37 °C, then added to the wells of 384-well plates containing confluent
ARPE-19 monolayers. Each serum was assayed in triplicate and representative
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photomicrographs were taken using a Nikon Eclipse TS100 inverted UV microscope at four
days post infection. GFP fluorescence was measured seven days post infection using a
PerkinElmer Victor3 V 1420 Multilable Counter. Fifty percent inhibitory concentration
(IC50) values and standard errors of the means were calculated using Prism software
(GraphPad Software, Inc.) by plotting the means of triplicate GFP values for each serum
dilution against log2 serum concentration, calculating the best fit four-parameter equation
for the data, and interpolating the serum dilution at the mid-point of the curve as the IC50
neutralizing titer. To evaluate neutralization of viral entry into mucosal epithelial cells rabbit
anti-peptide sera were used at a 1:20 dilution and photomicrographs were taken seven days
post infection.

3. Results
3.1. A functional gH/gL/UL128-131 complex is required for efficient CMV entry into
epithelial cells from mucosal tissues

To determine the role of gH/gL/UL128-131 in CMV entry into epithelial cells from mucosal
tissues, we compared the entry efficiencies of two GFP-tagged viruses (one expressing and
one lacking the gH/gL/UL128-131 complex) by measuring the number of GFP+ cells
observed at different times after infection. Strain AD169 is the standard laboratory/reference
strain of CMV. It has a frame shift mutation in the UL131 gene that disrupts expression of
the UL131 protein [9] and prevents formation and virion incorporation of the gH/gL/
UL128-131 complex [5]. The two viruses used here, HB15-t178b and BADrUL131-Y4, are
both AD169-derived, but while HB15-t178b retains the UL131 mutation and hence fails to
express a virion-associated gH/gL/UL128-131 complex, repair of the UL131 gene in
BADrUL131-Y4 restores UL131 expression and virion-incorporation of the gH/gL/
UL128-131 complex [8].

As shown in Fig. 1A, the two viral inocula were well matched for entry into MRC-5
fibroblasts even as the inocula were serially diluted down to low levels. Cells originating
from genital mucosal tissues, including vagina, cervix, and foreskin, all displayed a
pronounced requirement for gH/gL/UL128-131, as evidenced by high levels of GFP+ cells
on day 3 following BADrUL131-Y4 infection and a virtual absence of GFP+ cells from
cultures that received matching inocula of HB15-t178b (Fig. 1, panels B–D). Similar data
were obtained with airway epithelial cells from tonsil and bronchus (Fig. 1, panels E and F).
Foreskin and bronchial epithelial cells appeared to support the full replication cycle of
BADrUL131-Y4, resulting in viral spread, as suggested by increased GFP expression in
BADrUL131-Y4-infected cell cultures over time (Fig. 1, panels D and F). In contrast, the
number of GFP+ cells remained stable over time in BADrUL131-Y4-infected vaginal,
cervical, and tonsillar epithelial cells (Fig. 1, panels B, C, and E), suggesting a possible post-
entry block to BADrUL131-Y4 replication in these cells.

3.2. Peptide immunogens elicit potent neutralizing activities in rabbits
We determined if rabbit sera raised against peptides from UL128, UL130, or UL131
neutralized epithelial cell entry. The rabbit sera were evaluated using a GFP-based
neutralizing assay similar to one developed to study sera from naturally infected or
experimentally vaccinated humans [12]. Consistent with our previous report [12], sera from
two CMV seronegative donors had no effect on epithelial entry, whereas seropositive sera
from six naturally infected donors blocked epithelial entry even out to dilutions of 1:640
(Fig. 2). Sera obtained from all three rabbits prior to immunization as well as antiserum to
the UL128 peptide failed to neutralize epithelial cell entry at any concentration (Fig. 2).
Rabbit antisera to UL130 or UL131 peptides neutralized epithelial entry with activities
within the range defined by the seropositive sera; however, a 50:50 mixture of the anti-
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UL130 and anti-UL131 sera retained neutralizing activity when diluted four-fold higher than
the strongest seropositive human serum (Fig. 2). All three rabbit sera failed to neutralize
fibroblast entry at any concentration (Fig. 4 and data not shown).

GFP fluorescence was used to calculate neutralizing titers, assessed as IC50 values, for each
serum or serum combination (see Section 2). Titers for the six seropositive sera ranged from
1:1007 to 1:3118. Titers for the antiserum to UL130 (1:6732) or UL131 (1:4096) were
slightly above the range defined by the seropositive sera, while that of the UL130 + UL131
combination (1:15421) was considerably higher (Fig. 3).

3.3. Antibodies to UL130 and UL131 peptides neutralize CMV entry into epithelial cells
from mucosal tissues

To directly confirm that proteins comprising the gH/gL/UL128-131 complex must be
physically present on the virion surface to facilitate viral entry into these cells, we
determined the ability of rabbit anti-peptide sera to block viral entry. As before, the three
antisera had no effect on BADrUL131-Y4 entry into fibroblasts and the anti-UL130 and
anti-UL131 sera potently inhibited entry to ARPE-19 epithelial cells while the anti-UL128
serum did not (Fig. 4). That entry into epithelial cells from cervix, foreskin, and bronchus
was highly sensitive to neutralization by both the anti-UL130 and the anti-UL131 sera (Fig.
4) physically confirmed that entry into these cell types involves UL130 as well as UL131.

3.4. The UL128 and UL131 peptides are highly conserved among CMV isolates
Antigenic variation is important for any potential vaccine immunogen. The UL128-131
proteins are known to be highly conserved between CMV strains [23], but to specifically
determine amino acid variability within the UL128, UL130, and UL131 peptides, DNA
sequences from 29 distinct strains available from GenBank were translated and aligned
using ClustalW. Nine amino acid positions in UL128 and three in UL131 were polymorphic,
but within the UL128 and UL131 peptide regions the amino acid sequences were 100%
identical. UL130 was more variable with 19 polymorphic positions resulting in five variants
within the UL130 peptide region, as shown in Table 2. These results suggest that antibodies
to the UL131 peptide should cross neutralize the majority of CMV strains, whereas antisera
raised against the UL130 peptide might be less effective at neutralizing strains expressing
different UL130 variants.

4. Discussion
In previous studies we and others observed that sera from CMV-infected humans have two
neutralizing activities; one is a moderate activity, comprised mostly of antibodies to gB, that
neutralizes viral entry into fibroblasts. The other is more potent and neutralizes viral entry
into epithelial cells [7,12]. The antigen specificities of the latter are unknown, but because
both the gH/gL/UL128-131 complex and this neutralizing activity are specific to epithelial
cell entry, the antibodies that comprise the epithelial entry neutralizing activity presumably
target gH/gL/UL128-131.

Our results further suggest that a vaccine that incorporates gH/gL/UL128-131 epitopes to
induce epithelial entry neutralizing activities might be effective at preventing viral
acquisition through mucosal epithelia. This presumes, however, that infection of mucosal
epithelial cells is gH/gL/UL128-131-mediated and hence neutralizable with gH/gL/
UL128-131-specific antibodies. To date, the majority of work on the mechanism and
neutralizing activities against epithelial entry have used ARPE-19 cells, which are derived
from the retinal pigment epithelium of the eye. The importance of gH/gL/UL128-131 for
viral entry has also been confirmed for tumor cells of epithelial origin derived from breast,
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cervix, lung, and colon [18]. Here, we evaluated CMV entry into cells derived from tissues
believed to be most relevant to CMV acquisition –airway and genital mucosa – and in all
cases found that entry is gH/gL/UL128-131-dependent. We further observed using a subset
of cell lines that entry can be blocked by antibodies to epitopes within the gH/gL/
UL128-131 complex. These results support the hypothesis that a vaccine that elicits
epithelial entry-specific neutralizing responses in mucosal secretions may provide sterilizing
immunity.

Little is known about the neutralizing epitopes within the gH/gL/UL128-131 complex, and
of central importance for vaccine design, it remains uncertain whether conformational
epitopes unique to the full gH/gL/UL128-131 complex will be required, or whether subunits
or even peptides will be sufficient to elicit neutralizing activities comparable to natural
infection. Some evidence suggests that neutralizing epitopes may often require multisubunit
complexes. A recently described panel of 17 human monoclonals having potent neutralizing
activities against epithelial entry predominantly recognize epitopes that require two or more
subunits – only one of the 17 antibodies reacted with an individual subunit [8]. In addition,
the Towne virus expresses UL128 and UL131, but expression of UL130 is impaired by a C-
terminal frame shift that alters the protein’s stability and steady-state levels [24]. Yet,
despite the presumed ability to express UL128 and UL131 in vivo, the Towne virus does not
elicit high titer neutralizing antibodies specific for epithelial entry [12]. This may be because
the absence of UL130 results in retention of the remainder of the complex (gH/gL/UL128/
UL131) in the endoplasmic reticulum and subsequent failure of this complex to traffic to the
cell surface or become incorporated into virions [21]. Thus, for a live attenuated vaccine,
UL128 and UL131 are not sufficient.

Alternatively, animal antibodies raised against individual UL128, UL130, or UL131
peptides or recombinant proteins do neutralize epithelial or endothelial cell entry, indicating
that each subunit contains neutralizing epitopes [5–7]. However, potency of animal antisera
relative to human immune sera has not been reported. We observed that peptide epitopes
within UL130 or UL131 can elicit epithelial entry neutralizing activities comparable to those
induced by natural infection when administered to rabbits using optimal adjuvants. This
indicates that the gH/gL/UL128-131 complex contains at least two potent neutralizing
epitopes that do not require multisubunit complexes. While the anti-UL128 peptide serum
did not neutralize, the peptide used to raise this serum contained an inadvertent isoleucine
insertion, and although it retains epitopes sufficient for the antiserum to recognize the native
protein [21], the possibility remains that the isoleucine disrupts a neutralizing epitope.
Moreover, as UL128, UL130, and UL131 are respectively 171, 235, and 129 amino acids
long, significant regions of these proteins have not been evaluated and may contain
additional neutralizing epitopes. Indeed, that at least two of the three peptides studied
contain neutralizing epitopes suggests that there may be many more.

Our data do not necessarily imply that a vaccine based on the peptide epitopes described
here would be effective in humans. Development of such a vaccine would face several
hurdles. First, the rabbit immunization protocol used here was designed to elicit maximal
antibody responses and cannot be recapitulated in humans. To achieve comparable antibody
responses in humans it may be necessary to utilize alternative adjuvants, carriers, or vector
systems that are being developed specifically to elicit robust responses to peptide epitopes.
Second, it is not known whether these particular epitopes are immunogenic in humans.
Indeed, peptide-based ELISAs failed to detect antibodies reactive to these peptides in a
small panel of seropositive human sera (Cui and McVoy, unpublished results). However,
vaccination may be more effective than infection at eliciting anti-peptide antibody
responses, and, given that monoclonals that neutralize this entry pathway are exceedingly
potent [8], it is possible that low antibody levels could confer significant neutralizing
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activities. Third, the UL130 peptide exhibits strain heterogeneity and thus antibodies to this
epitope may not cross-neutralize all CMV strains. Thus, while it may be possible to
overcome these obstacles using novel immunization strategies and inclusion of additional or
alternative epitopes, the more instructive implication of our results for vaccine development
is that peptide or single subunit immunogens have the potential to produce high titer
epithelial entry neutralizing responses, and hence, representation of complex conformational
epitopes may not be necessary.

Although theoretically compelling, the premise that epithelial entry neutralizing antibodies
can protect against infection is supported mainly by evidence that naturally acquired
humoral immunity, which has high epithelial entry neutralizing activity, provides clinical
benefits [2,25,26], whereas experimental vaccines that induce weak epithelial entry
neutralizing responses (compared to natural infection) [12] provide either partial [4] or no
protection against primary infection [27]. Thus, our use of seropositive sera as a benchmark
for evaluating immunogens is somewhat arbitrary; neutralizing activities comparable to
those found in seropositive sera may not provide adequate protection, and while higher
levels may be achievable and might enhance protection, other factors, such as cellular
immunity or antibodies that neutralize fibroblast entry, may also be important. Ultimately,
the importance of epithelial entry neutralizing antibodies for CMV vaccine protection may
only be resolved through clinical trials of candidate vaccines that elicit neutralizing activities
equivalent or superior to natural infection. The data presented here may aid in development
of such candidate vaccines.
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Fig. 1.
Matching inocula of HB15-t178b and BADrUL131-Y4 were 10-fold serial diluted and
added to wells of 24-well plates containing confluent cultures of the indicated cells. Cultures
were monitored by fluorescence microscopy and photographed on the days indicated after
infection. Numbers on the left indicate infectious viral dose (pfu/well).
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Fig. 2.
The indicated dilutions of sera from six CMV seropositive and two CMV seronegative
human subjects, postimmune rabbit anti-peptide sera, and corresponding preimmune rabbit
sera were incubated with 4000 pfu of virus BADrUL131-Y4 for 1 h, then used to infect
ARPE-19 epithelial cells. In the bottom row (top panel) equal amounts of rabbit anti-UL130
and anti-UL131 were mixed before being assayed as for the other sera. No serum was added
to the wells in the right-most column (top panel). Representative micrographs were taken
with a fixed exposure four days post infection.
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Fig. 3.
IC50 values for the same six seropositive human sera shown in Fig. 2, the postimmune rabbit
anti-UL130 and -UL131 sera, and the mixture of anti-UL130/UL131 sera were calculated
using GFP fluorescence values measured from triplicate assays seven days post infection.
Error bars indicate standard errors of the means.
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Fig. 4.
Replicate amounts of BADrUL131-Y4 were mixed with no serum (ø) or 1:20 dilutions of
the indicated rabbit anti-peptide antisera. After 1 h incubation the mixtures were added to
confluent cultures containing the indicated cells and the cultures were monitored daily by
fluorescence microscopy. Photographs shown are from day seven post infection.
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Table 1

Cell lines.

Cell line Tissue (cell type)

MRC-5 Fibroblast Fetal lung

ARPE-19

Epithelial

Retinal pigment epithelium

HFK-2 Foreskin (keratinocyte)

Cx Cervix (keratinocyte)

V428 Vagina

HTE 21505 Tonsil

HBE4-E6/E7 Bronchus
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Table 2

Polymorphisms within the UL130 peptide.

Variant UL130 peptide sequencea Number of strains

1 SWSTLTANQNPSPPWSKLTYb 2

2 PWSTLTANQNPSPPWSKLTY 11

3 PWFTLTANQNPSPPWSKLTY 1

4 PWSTLTANKNPSPPWSKLTY 6

5 PWSTLTANQNPSPLWSKLTY 9

a
Amino acid changes relative to the reference strain are shown in bold.

b
Reference strain TR (from which the sequence for the UL130 peptide was derived).
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