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Cellular integrins were identified as human cytomegalovirus (HCMV) entry receptors and signaling medi-
ators in both fibroblasts and endothelial cells. The goal of these studies was to determine the mechanism by
which HCMV binds to cellular integrins to mediate virus entry. HCMV envelope glycoprotein B (gB) has
sequence similarity to the integrin-binding disintegrin-like domain found in the ADAM (a disintegrin and
metalloprotease) family of proteins. To test the ability of this region to bind to cellular integrins, we generated
a recombinant soluble version of the gB disintegrin-like domain (gB-DLD). The gB-DLD protein bound to
human fibroblasts in a specific, dose-dependent and saturable manner that required the expression of an intact
�1 integrin ectodomain. Furthermore, a physical association between gB-DLD and �1 integrin was demon-
strated through in vitro pull-down assays. The function of this interaction was shown by the ability of cell-bound
gB-DLD to efficiently block HCMV entry and the infectivity of multiple in vivo target cells. Additionally, rabbit
polyclonal antibodies raised against gB-DLD neutralized HCMV infection. Mimicry of the ADAM family
disintegrin-like domain by HCMV gB represents a novel mechanism for integrin engagement by a virus and
reveals a unique therapeutic target for HCMV neutralization. The strong conservation of the DLD across beta-
and gammaherpesviruses suggests that integrin recognition and utilization may be a more broadly conserved
feature throughout the Herpesviridae.

Like many other herpesviruses, human cytomegalovirus
(HCMV) is an opportunistic pathogen that is able to asymp-
tomatically infect the human population with high incidence
throughout the world. Primary infection is followed by a life-
long latent phase that may reactivate and cause disease during
the immunosuppression experienced by AIDS patients and
organ transplant recipients (14, 52). HCMV disease is also a
cause of significant morbidity and mortality during primary
congenital infections (66). Currently there is no effective
HCMV vaccine, and HCMV antiviral therapies, such as gan-
ciclovir, are highly toxic and unsuitable for treating pregnant
women in the congenital setting (92).

HCMV disease can manifest itself in most organ systems
and tissue types. Pathology from HCMV-infected individuals
reveals that HCMV can infect most cell types, including fibro-
blasts, endothelial cells, epithelial cells, smooth muscle cells,
stromal cells, monocytes/macrophages, neutrophils, neuronal
cells, and hepatocytes (20, 25, 77, 83, 87). The broad intrahost
organ and tissue tropism of HCMV is paralleled in vitro with
the virus’ ability to bind and fuse with nearly every vertebrate
cell type tested (40, 62, 78). However, full productive infection
is limited to secondary strains of fibroblasts and endothelial
cells. The ability of HCMV to enter such a diverse range of cell
types is indicative of multiple cell-specific receptors, broadly

expressed receptors, or a complex entry pathway in which a
combination of both cell-specific and broadly expressed cellu-
lar receptors are utilized.

The genes that encode envelope glycoprotein B (gB) and gH
are essential (37), play several key roles during virus entry and
egress, and are conserved throughout the Herpesviridae (re-
viewed in reference 80). A soluble form of gB truncated at the
transmembrane domain (gBs) binds to permissive cells specif-
ically, blocks virus entry, and is sufficient to trigger signal trans-
duction events that result in the activation of an interferon-
responsive pathway that is also activated by HCMV virions (10,
12, 13).

HCMV entry requires initial tethering of virions to cell sur-
face heparan sulfate proteoglycans (HSPGs) (22, 80). The
HCMV envelope contains at least two separate glycoprotein
complexes with affinities for heparan sulfate: gB (22) and the
gM/gN complex (48). The gM/gN complex is more abundant
than gB within the envelope (88) and binds heparin with higher
affinity (49). Thus, the gM/gN complex is thought to be the
primary heparin-binding component of the HCMV envelope.

Virus-cell tethering via HSPGs is followed by a more stable
interaction and subsequent signal transduction cascades. This
interaction was proposed to be mediated via cell surface epi-
dermal growth factor receptor (EGFR) (17, 95). These data,
however, conflicted with more recent reports that demonstrate
EGFR is not explicitly required for infection (21, 42). Platelet-
derived growth factor receptor (PDGFR) has also been re-
ported to function as an attachment receptor that functions to
activate signaling cascades required for infection (79). The
relative contribution of signaling and virus-host cell attach-
ment for each of these growth factor receptors remains to be
further characterized. The possibility also exists that additional
attachment receptors still remain unidentified.
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Integrins are expressed on the cell surfaces of all vertebrate
cells, a characteristic that parallels the promiscuity of HCMV
entry. Additionally, �1 integrins are capable of mediating
many of the same signal transduction pathways that are trig-
gered during HCMV entry into host cells. Upon binding and
fusing with host cell surfaces, HCMV triggers changes in Ca2�

homeostasis (36) and the activation of phospholipases C and
A2, as well as an increased release of arachidonic acid and its
metabolites (2). Additionally, mitogen-activated protein kinase
(MAPK) (44, 45), phosphatidylinositol-3-OH kinase (PI3-K)
(46), and G proteins are activated (73). Indeed, it was shown
that HCMV entry led to an activation of integrin signaling
pathways that reorganized the actin cytoskeleton (31) and
phosphorylated �1 and �3 integrin cytoplasmic domains (31),
focal adhesion kinase (FAK) (31), and Src (94). Integrin anti-
body blocking studies in combination with HCMV infectivity
assays in �1 integrin-null GD25 cells identified �2�1, �6�1,
and �V�3 integrins as HCMV “postattachment” entry recep-
tors (31). Certain integrin signaling events could be triggered
by both HCMV and a soluble version of gB and require the
expression of �1 integrin, identifying this specific viral ligand in
integrin engagement (31).

ADAM family members are multifunctional proteins that
contain a metalloproteinase domain involved in ectodomain
shedding and a disintegrin module of approximately 90 amino
acids that confers RGD-independent integrin binding (43, 81,
99). The minimum component of the disintegrin module re-
quired for integrin engagement is the 12- to 13-amino-acid
disintegrin loop, for which a consensus sequence has been
described: RX6DLXXF (29). The 20-amino-acid stretch en-
compassing the gB disintegrin-like domain is highly conserved,
with greater than 98% amino acid identity among HCMV
clinical isolates. Additionally, this domain is present in most
gammaherpesviruses and all betaherpesviruses, suggesting that
integrin engagement may be a conserved feature for most of
the Herpesviridae. Synthetic peptides of the gB disintegrin loop
block virus fusion (tegument delivery) but not virus attachment
(31). This fact suggests a disintegrin-mediated molecular
mechanism of herpesvirus-integrin engagement. Glycoprotein
H (gH) has also been identified as an �V�3 integrin ligand
(94). However, gH contains no previously identified integrin
recognition motifs, and the �V�3 integrin heterodimer does
not typically engage ADAM family proteins.

Herein, we explore the molecular mechanism of integrin
engagement by HCMV envelope gB. We provide multiple
lines of evidence that demonstrate a physical interaction be-
tween the gB disintegrin module with �1 integrin. Further-
more, this interaction has significant consequences to the viral
life cycle, since a soluble version of the gB disintegrin module
efficiently blocks HCMV infection at a postattachment step
during entry into multiple in vivo cell targets. Similarly, poly-
clonal antibodies directed against the gB disintegrin-like do-
main neutralize HCMV infectivity. These data identify the
molecular mechanism of an HCMV ligand-receptor interac-
tion required for virus-host fusion.

MATERIALS AND METHODS

Cells and viruses. �1 integrin knockout fibroblasts (GD25), �1 integrin-re-
stored GD25 cells (GD25�1) (97), and �1 integrin-restored GD25 expression
cytoplasmic double tyrosine mutant (GD25�1-YYFF) (68, 96) cells were a gen-

erous gift from D. Mosher (University of Wisconsin, Madison). Normal human
dermal fibroblasts (NHDFs), GD25, GD25�1, and GD25�1-YYFF cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (GIBCO) in a 5% CO2 atmosphere at 37°C. GD25�1 and
GD25�1-YYFF were grown in medium that also contained 20 �g/ml puromyocin
(Sigma). To prevent heparan sulfate biosynthesis, NHDF, GD25, GD25�1, and
GD25�1-YYFF cells were grown in the presence of sulfate-deficient minimal
essential medium (MEM), as previously described (23, 74, 100). Human umbil-
ical vein endothelial cells (HUVEC; Clonetics) were maintained in endothelial
cell basal medium 2 (EBM-2) supplemented with 10% fetal bovine serum and
other recommended growth factors (EGM-2 SingleQuots; Cambrex) in a 5%
CO2 atmosphere at 37°C. HCMV AD169 was grown and titers were determined
on NHDFs as previously described (62). [3H]thymidine-labeled HCMV AD169
was grown and gradient purified and titers were determined on NHDFs as
previously described (84). HCMV AD169 producing immediate-early protein 2
fused to green fluorescent protein (GFP) was a kind gift from D. Spector
(University of California, San Diego) and was grown and titers were determined
as previously described (69). Endothelial cell tropic HCMV strain VHL/e was
grown in HUVEC and the titers were determined as previously described (90,
91). Herpes simplex virus 1 strain (HSV-1) strain HSV-1(KOS)gL86 marked
with the Escherichia coli lacZ gene was a gift from R. Montgomery (University of
Wisconsin, Madison) (57).

Proteins. A fragment corresponding to amino acids 57 to 146 of gB (gB
disintegrin-like domain [DLD]) was cloned from pCAGGS-gB (13) by PCR
with the following primers: 5� gB-DLD (5�-GGA ATT CCA TAT GGT AAC
GTC TTC TGA AGC C-3�) and 3�gB-DLD (5�-CGG GAT CCT TAA ACC
TTT TGG TAG ACC CG-3�). The gB-DLD fragment was cloned into the
NdeI and BamHI sites of the bacterial expression vector pET-28a (Novagen,
Madison, WI) with an amino-terminal His6 tag fragment corresponding to
amino acids 651 to 718 of gB (gB-S651–718). This fragment was also amplified
from pCAGGS-gB by PCR with the following primers: OML30 (5�-CGG
GAT CCA TGG ATA TCG ACC CGC TGG AA-3�) and OML31 (5�-CG
AGA TCT TCG AAT TAC TAC TAC TAC TAC TAC TGA AGG AGC
ACC TTG TTC GTC CGG CGA GTA CTC CAG CAG-3�). The fragment
was cloned into the NcoI and HindIII sites of the bacterial expression vector
pTriEx-1.1 (Novagen) with a carboxyl-terminal His6 tag. Both vectors were
transformed into E. coli DH5�. To produce recombinant protein, gB-DLD
and gB-S651–718 plasmids were isolated by using the FastPlasmid minikit per
the manufacturer’s instructions (Eppendorf, Hamburg, Germany) and trans-
formed into E. coli BL21(DE3) strain for protein expression. E. coli contain-
ing the pET-28a–gB-DLD construct was grown at 37°C in Luria-Bertani (LB)
medium containing kanamycin (50 �g/ml) and cells with the pTriEx 1.1–gB-
S651–718 construct were grown in LB medium containing ampicillin (50 �g/ml)
to an A600 of 0.6. To produce radiolabeled gB-DLD, E. coli containing the
pET-28a–gB-DLD fusion was grown at 37°C in Vogel’s medium (26) without
sulfate as described above. Ten microcuries of 35S-labeled Na2SO4 was then
added at the time of protein induction. To induce recombinant protein,
isopropyl-�-D-thiogalactopyranoside (IPTG; Roche, Indianapolis, IN) was
added to a final concentration of 1 mM and incubated for 4 h at 37°C. The
cells were chilled on ice and harvested by centrifugation at 4,000 rpm for 10
min at 4°C. Protein was isolated from inclusion bodies as previously described
(61). Protein was then solubilized in 8 M urea–300 mM NaCl–10 mM imi-
dazole–50 mM Tris (pH 7.9). Affinity purification of the proteins was accom-
plished through nickel-nitriloacetic acid agarose (Ni-NTA) columns (Qiagen,
Valencia, CA) per the manufacturer’s instructions. Eluate from the Ni-NTA
column was placed onto an S-200 sizing column, and 1-ml fractions were
collected. Fractions containing protein were determined by measuring the
absorbance of each fraction at 214 nm using a SpectraMax 190 spectropho-
tometer (Molecular Devices, Sunnyvale, CA). Fractions that corresponded to
absorption peaks were analyzed by sodium dodecyl sulfate-polyacrylamide
electrophoresis (SDS-PAGE) to determine the size of the protein. The ab-
sorption peak fractions that contained a protein of the same size as the
gB-DLD or gB-S651–718 were pooled and concentrated using a Ni-NTA col-
umn as described above. The concentrated fractions of gB-DLD were dia-
lyzed extensively against 55 mM MES (pH 5.5), 300 mM NaCl, while gB-
S651–718 fractions were dialyzed against 55 mM Tris (pH 8.3), 300 mM NaCl.

Antibodies. Monoclonal antibodies (MAb) used for Western blotting in the
gB-DLD pull-down experiment that were specific for �1 integrin (MAb 1965)
and �3 integrin (MAb 2008) were purchased from Chemicon (Temecula,
CA). For immunoprecipitation (IP) experiments a mouse monoclonal anti-gB
(Abcam), mouse monoclonal anti-integrin �3 (Abcam), or mouse polyclonal
anti-integrin �1 (Millipore) antibody was used. The antibodies used for
Western blotting of the immunoprecipitations were a human monoclonal
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anti-gB (ITC88), rabbit monoclonal anti-integrin �3 (Abcam), and rabbit
polyclonal anti-integrin �1 (Millipore). Monoclonal antibody 1203, which
recognizes the immediate-early gene products of HCMV, was purchased from
the Rumbaugh-Goodwin Institute for Cancer Research, Inc. (Plantation, FL).
A monoclonal antibody raised against the tegument protein pp65 was pur-
chased from Advanced Biotechnologies (Columbia, MD). His probe (sc-803),
a rabbit polyclonal raised against a His-tagged recombinant protein that
recognizes His6-tagged proteins, was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Fluorescein-conjugated and horseradish peroxidase
(HRP)-conjugated secondary antibodies were purchased from Pierce (Rock-
ford, IL). To generate rabbit polyclonal antibodies to gB-DLD, gB-DLD was
cross-linked to keyhole limpet hemocyanin (KLH) by using 1-ethyl-3-dim-
ethyl aminopropylcarbodiimide (EDC), prior to immunization. Pathogen-
free, barrier-raised New Zealand White rabbits (HsdOkd:NZW) were primed
by injection with gB-DLD, followed by dosing administered 28, 56, and 84
days later. Rabbit serum was collected 98, 105, and 112 days following the
primary immunization (Harlan Bioproducts for Science, Madison, WI). Total
IgG antibodies were purified from serum using the ImmunoPure (G) IgG
purification kit per the manufacturer’s instructions (Pierce, Rockford, IL).

Immunoprecipitation and immunoblotting. NHDF cells were infected with
adenovirus particles expressing full-length VR1814 gB (20 PFU/cell). Protein
expression was allowed to proceed for 72 h before the cells were washed in 1�
phosphate-buffered saline (PBS; 0.137 M NaCl, 0.0027 M KCl, 0.1 M Na2HPO4,
0.002 M KH2PO4, pH 7.4) and lysed (0.025 M Tris, 0.15 M NaCl, 0.001 M
EDTA, 1% NP-40, 5% glycerol, pH 7.4) in the presence of protease inhibitors
(Thermo Scientific). A 500-�g aliquot of lysate was incubated with 5 �g of
antibody for 16 h at 4°C. Complexes were immunoprecipitated using the Classic
IP kit (Pierce Biotechnology) according to the manufacturer’s protocol. The
complexes were washed two times in lysis buffer and two times in 1� Tris-
buffered saline (0.025 M Tris, 0.15 M NaCl; pH 7.2). Samples were boiled for 5
min at 100°C. Protein was then run on 4 to 12% SDS-PAGE gels and transferred
to nitrocellulose membranes. Membranes were blocked in PBST (0.137 M NaCl,
0.0027 M KCl, 0.1 M Na2HPO4, 0.002 M KH2PO4, 0.05% Tween 20; pH 7.4)
containing 5% dried milk. Blots were probed with the respective antibodies, all
diluted 1:1,000 in PBST containing 5% dried milk for 16 h 4°C. The membranes
were then washed in PBST and incubated with the appropriate secondary anti-
body conjugated to HRP diluted 1:2,000 in PBST containing 5% dried milk for
1 h. HRP was detected using Amersham ECL Plus Western blotting detection
reagents (GE Healthcare) according to the manufacturer’s instructions. HRP
signal was detected using Amersham Hyperfilm ECL (GE Healthcare) and a
Kodak X-OMAT 2000A processor.

Protein-binding experiments. NHDF, GD25, GD25�1, and GD25�1-YYFF
cells were grown to confluence in 96-well plates. Cells were chilled to 4°C,
washed in cold PBS, and blocked in 1 mg/ml bovine serum albumin (BSA) for
60 min. Cells were then washed with cold PBS and MES protein buffer and
incubated with 10 �g/ml of the indicated protein for 30 min or during the time
course experiment for the indicated times. Cells were then washed briefly in
PBS and fixed with 3% paraformaldehyde. Bound His-tagged protein was
detected with polyclonal antibody His probe (sc-803), horseradish peroxi-

dase-conjugated goat anti-mouse secondary antibody, and ImmunoPure tet-
ramethylbenzidine substrate (Pierce) with absorbance measured at 405 nm.
The specific activity for radiolabeled gB-DLD was 55,000 cpm. For radiola-
beled binding experiments, NHDF, GD25, GD25�1, and GD25�1-YYFF
cells were grown to complete confluence in 24-well plates. Cells were chilled
to 4°C, washed in cold PBS, and blocked in 1 mg/ml BSA for 60 min. Cells
were then washed with cold PBS and MES protein buffer and incubated with
5 �g/ml of the indicated protein for 30 min. Cells were then briefly washed in
PBS to remove unbound protein in PBS, lysed in 1% Triton X-100, and
scintillation counts were determined.

Homologous competition. NHDFs were grown to confluence on 12-well plates.
Cells were chilled to 4°C, washed in cold PBS, and blocked in 1 mg/ml BSA for
60 min. Cells were then washed with cold PBS and MES protein buffer and
incubated with 2 �g/ml of radiolabeled gB-DLD in the presence of increasing
amounts of unlabeled gB-DLD for 30 min. Cells were then washed three times
with PBS to remove unbound protein and lysed in 1% Triton X-100, and radio-
activity (in cpm) was determined for by scintillation.

Virus infectivity and entry assays. To assay for HCMV infectivity, NHDFs
were incubated with gB-DLD or gB-651 for 60 min at 37°C. Cells were washed
with PBS and incubated with HCMV AD169-GFP at an approximate multi-
plicity of infection (MOI) of 0.5 PFU per cell for 60 min at 37°C. Nonpen-
etrated virus was inactivated with low-pH citrate buffer and removed with
PBS washes. At 24 h postinfection flow cytometry was performed to quanti-
tate GFP-positive versus total NHDF cells. Cell viability was simultaneously
measured by propidium iodide exclusion. To assay for entry by pp65 nuclear
localization, NHDFs were plated on glass coverslips and incubated with
gB-DLD or gB-651 as indicated for 60 min at 37°C. Cells were washed with
PBS and incubated with virus at an approximate MOI of 0.5 PFU per cell for
3 h at 37°C. Immunofluorescence was performed to detect nuclear-localized
pp65, as previously described (31). For endothelial infectivity experiments,
HUVEC plated on glass coverslips were incubated with gB-DLD or gB-651
for 30 min at 37°C. Cells were washed with PBS and incubated with HCMV
VHL/e at an approximate MOI of 0.1 PFU per cell for 120 min at 37°C.
Nonpenetrated virus was inactivated with low-pH citrate buffer (40 mM citric
acid–10 mM KCl–135 mM NaCl; pH 3.0), and 24 h later, immunofluorescence
was performed to detect immediate early proteins (16). For the HSV entry
assay, gB-DLD or gB-651 was incubated with NHDFs for 60 min at 37°C and
challenged with HSV-1(KOS)gL86. Any nonpenetrated virus was either re-
moved with washes or inactivated with low-pH citrate buffer. Cells were
incubated 6 h at 37°C before lysis in 1% Triton X-100. �-Galactosidase
activity was measured by addition of o-nitrophenyl-�-D-galactoside, and the
absorbance was monitored at 420 nm.

Virus attachment experiment. NHDFs were treated with gB-DLD, gB-651, or
heparin for 60 min at 4°C. Cells were washed and infected with [3H]thymidine-
labeled HCMV (MOI, 100 PFU per cell) for 120 min at 4°C. Unbound virus was
removed with PBS washes. Cells were then lysed in 1% Triton X-100, scraped,
and counted by scintillation to measure 3H counts per minute.

FIG. 1. Relationships between glycoprotein B fragments used in this study. Schematic of HCMV envelope gB fragments. The amino-terminal
gB disintegrin module is comprised of amino acids 57 to 146, while gB-651 represents a C-terminal gB fragment with no recognizable receptor-
binding motifs.
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RESULTS

Production and purification of glycoprotein B fragments. To
test the cell and receptor-binding properties of the gB disinte-
grin module, we produced and purified two histidine-tagged gB
fragments. The fragment that we termed the gB-DLD module
contains the gB amino-terminal amino acids 57 to 146. This
module encompasses the consensus ADAM family disintegrin
loop (RX6DLXXF), the minimum motif required for ADAM-
mediated, RGD-independent integrin engagement (29). The
gB-DLD was subcloned, expressed in E. coli, and purified by
both nickel affinity and size exclusion. A carboxy-terminal
gB fragment comprised of amino acids 651 to 718 that con-
tains no recognizable receptor-binding motifs (gB-651) was
similarly produced and purified. The relationship between
full-length gB, gB-DLD, and gB-651 are represented sche-
matically in Fig. 1.

The rapid binding of the gB disintegrin-like domain to per-
missive cells is specific, dose-dependent, and saturable. The
kinetics of gB-DLD binding to permissive host cells was mea-
sured by incubating NHDF cells with a constant concentration
of gB-DLD at 4°C for the indicated times. Interestingly, gB-

DLD bound permissive cells with very rapid kinetics, which
approached saturation in less than 15 min (Fig. 2A). The mea-
sured kinetics were more rapid than that previously observed
for HCMV-cell binding; however, they were consistent with
prebound virus fusion events (12, 84). These data support the
hypothesis that integrin engagement occurs at a postattach-
ment step in the entry pathway, as previously described (31).

We next compared the permissive cell-binding properties of
gB-DLD and a C-terminal gB fragment that contains no rec-
ognizable receptor-binding motifs (gB-651). Cells treated with
gB-DLD exhibited a dose-dependent binding that reached sat-
uration at 12 �g/ml (1.1 �M), while gB-651 demonstrated only
minimal cell binding (Fig. 2B).

To confirm specific binding of the gB-DLD to human fibro-
blasts, we performed a homologous competition experiment.
In this experiment, a constant concentration of 35S-radiola-
beled gB-DLD (Fig. 2C) was incubated in the presence of
increasing concentrations of nonradiolabeled gB-DLD. Inocu-
lates were then allowed to bind to NHDF cells at 4°C and
washed, and the amount of radiolabeled gB-DLD that bound
to cells was detected by scintillation after cell lysis. We ob-

FIG. 2. Binding properties of the gB disintegrin-like domain. (A) gB-DLD binds permissive human fibroblasts with rapid kinetics. NHDF cells
were incubated with a constant concentration (10 �g/ml) of gB-DLD at 4°C in 96-well plates after blocking with 1 mg/ml BSA. Cells were incubated
for the indicated times, washed, fixed, and probed for the gB-DLD His6 tag by cell enzyme-linked immunosorbent assay (ELISA). (B) gB-DLD
binds permissive human fibroblasts in a dose-dependent and saturable manner. Increasing concentrations of gB-DLD or gB-651 were added to
NHDF cells for 60 min at 4°C, and cells were washed, fixed, and assayed for bound protein by cell ELISA. (C) Audioradiograph of 35S-labeled
gB-DLD. E. coli cells were grown in the absence of sulfate prior to recombinant protein induction and the addition of 35S. A sample of the prep
was separated by SDS-PAGE and exposed to film overnight. A prominent band at approximately 12 kDa corresponds to the predicted mass of
gB-DLD. The specific activity of this preparation was 56,207 cpm/�g. (D) Homologous competition. A constant concentration of radiolabeled
gB-DLD (1 �g/ml) was added to human fibroblasts in the presence of increasing concentrations of cold gB-DLD. Nonspecific binding was
determined by the addition of a 100-fold molar excess and was determined to be 19%.
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served a dose-dependent competition for cell surface binding
sites between labeled and unlabeled gB-DLD (Fig. 2D). These
data indicate that the disintegrin module of gB binds specifi-
cally to human fibroblasts.

gB-DLD binding to cell surfaces is dependent on �1 integrin
expression. Cellular integrins �2�1, �6�1, and �V�3 have
been shown to serve as HCMV entry receptors that act at a
postattachment step in the entry pathway (31, 94). Since dis-
integrin-like domains of the ADAM family preferentially bind
�1 integrins and represent the only recognizable integrin-bind-
ing motif found on HCMV envelope glycoproteins (31, 81), we
tested the ability of the gB disintegrin-like domain to bind cells
that either express or lack an intact �1 integrin ectodomain.
Low-level gB-DLD binding to mouse fibroblast cells lacking �1
integrin (GD25) was observed compared with the dose-depen-
dent and saturable binding to permissive human fibroblasts
(NHDF), GD25 cells with �1 integrin expression restored
(GD25-�1), or GD25 cells restored with a signaling-defective
�1 integrin (GD25-�1YYFF) (Fig. 3A). These data confirm
that �1 integrin is required for gB-DLD cell surface binding.
Furthermore, the presence of dose-dependent binding to the
GD25-B1YYFF mutant suggests that gB-DLD binding does
not require certain integrin-specific signaling cascades.

HCMV infection begins with a tethering interaction be-
tween two distinct viral glycoprotein complexes: glycoprotein

M/N complex and glycoprotein B with cell surface HSPGs (12,
22, 48). While the number and precise location of gB heparin-
binding domains remains uncertain, synthetic peptides to a
linear motif found adjacent to the disintegrin loop have been
shown to bind heparin and block virus attachment (75). To test
whether gB-DLD cell binding requires cell surface HSPG, we
assayed for the ability of radiolabeled gB-DLD to bind NHDF,
GD25, GD25-�1, and GD25-�1YYFF cells grown in the ab-
sence of sulfate. Cells grown in medium containing sodium
chlorate fail to produce cell surface HSPGs (23, 74, 100), a
characteristic confirmed by a greater than 95% reduction in
HCMV entry compared to the same cell line grown in DMEM
(data not shown). Interestingly, we observed a reduction in
gB-DLD binding to all cell lines that lack HSPGs (Fig. 3B).
These data support the hypothesis that gB-DLD may possess
partial heparan sulfate-binding abilities but that HSPGs are
not required for gB-DLD host cell binding. Confirming the
results above, gB-DLD was unable to bind the GD25 cells that
lack an intact �1 integrin ectodomain.

gB-DLD physically associates with �1 integrin. To confirm
a physical association between full-length gB and �1 integrin
we performed immunoprecipitation experiments. NHDF cells
were transduced with an adenovirus that expresses gB. While
gB, �1, and �3 integrin were all present in NHDF cells, im-
munoprecipitation of gB pulled down �1, but not �3 integrin
(Fig. 4A). Conversely, immunoprecipitation of �1 integrin
pulled down gB and not �3 integrin. Immunoprecipitation of
�3 integrin did not pull down gB or �1 integrin. To further
confirm the specificity of the �1 integrin-gB interaction, we
observed a cell surface protein unrelated to integrins, the dis-
coidin domain receptor 1 (DDR1), which was present in the
lysate but was not pulled down in any immunoprecipitation
test. These data confirm that full-length gB interacts with �1
but not �3 integrin.

To confirm that it is the gB disintegrin-like domain that is
responsible for the gB-�1 integrin interaction, we performed in
vitro pull-down assays. NHDF cells were incubated with either

FIG. 3. gB-DLD binding to cell surfaces is dependent on �1 inte-
grin expression. (A) Increasing concentrations of gB-DLD were added
to NHDF, GD25, GD25-�1, or GD25-�1YYFF cells, which rendered
them unable to activate certain integrin-specific signal transduction
cascades. Cells were then washed, fixed, and probed for the gB-DLD
His6 tag by cell enzyme-linked immunosorbent assay. (B) A constant
concentration of radiolabeled gB-DLD (1.0 �g/ml) was added to the
indicated cell lines grown in DMEM (blue) or in sodium chlorate
MEM (red) to inhibit heparan sulfate formation. The specific activity
of the preparation was 56,207 cpm/�g.

FIG. 4. gB-DLD physically associates with �1 integrin. (A) NHDFs
were infected with adenovirus particles expressing full-length gB at an
MOI of 20 PFU/cell. Protein expression was allowed to proceed for
72 h before the cells were washed and lysed. Complexes were immu-
noprecipitated, reduced, boiled, and separated by SDS-PAGE. Sam-
ples were then Western blotted as indicated. (B) NHDFs were lysed
and incubated in the presence or absence of gB-DLD or gB-651 for
4 h, prior to the addition of Ni-NTA for 16 h. Beads were washed,
resuspended in reducing sample buffer, boiled, and separated by SDS-
PAGE. Samples were then separately blotted for either �1 integrin, �3
integrin, or His6 tag.
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gB-DLD or gB-651, and lysates were precipitated with Ni-NTA
agarose beads. Western blot assays were performed for either
�1 or �3 integrin to demonstrate a physical interaction, or with
a His6 probe to ensure efficient pull down of each protein
fragment. Antibodies directed against a histidine tag detected
bands at approximately 12 kDa and 10 kDa, representing an
efficient pull down of both gB-DLD and gB-651, respectively
(Fig. 4B). Additionally, nickel-NTA beads alone did not inter-
act with either �1 or �3 integrin. However, while both �1 and
�3 integrin were detected in the lysate, gB-DLD pulled down
�1 integrin but not �3 integrin. gB-651 did not precipitate
either integrin (Fig. 4B). These data demonstrate the first
physical association between gB and an integrin subunit and
confirm the ability of the gB disintegrin-like domain to bind �1
integrin.

Cells bound with gB-DLD block HCMV infectivity at the
level of postattachment entry. We next performed a series of
experiments to identify the functional significance of gB-DLD–
integrin binding. To measure the effect of these fragments on
HCMV infectivity, NHDF cells were bound with the indicated
concentrations of either gB-DLD or gB-651, washed, and in-
fected with an HCMV-GFP reporter virus (IE2-GFP) (69).
Flow cytometry was performed 24 h postinfection to quantitate
GFP-positive (infected) versus total cells. Additionally, cell
viability for each sample was assayed simultaneously via pro-
pidium iodide exclusion. All doses had greater than 90% via-
bility (data not shown). While gB-651 did not inhibit HCMV
infectivity at any tested dose, we observed a dose-dependent
block to HCMV infectivity in cells bound to gB-DLD with a
50% inhibitory concentration (IC50) of 50 �g/ml or 4.7 �M
(Fig. 5A).

To eliminate the possibility that the inhibition of HCMV
infectivity in cells bound to gB-DLD was nonspecific, we tested
the effect of gB-DLD or gB-651 on the infectivity of HSV-1, a
related virus that lacks a gB disintegrin-like domain. Here, we
saw no effect on HSV-1 infectivity in cells treated with either
gB-DLD or gB-651; however, infectivity could be blocked with
soluble heparin, as previously described, indicating that the
block to HCMV infectivity imposed by gB-DLD was not due to
nonspecific steric hindrance (Fig. 5B). Furthermore, these data
also indicate that the HSPG binding observed with radiola-
beled gB-DLD in Fig. 3B does not lead to a functional inhibi-
tion of HCMV infectivity.

A block to HCMV infectivity could be due to one of several
steps prior to HCMV gene expression, including virus-cell at-
tachment, fusion, or nucleocapsid uncoating and trafficking to
the nucleus. To discern between these possible mechanisms,
we bound both gB fragments to NHDFs and infected the cells
with HCMV for 3 h prior to fixation and immunofluorescence
for nuclear-localized HCMV tegument phosphoprotein of 65
kDa (pp65). Within 2 h of virus-cell fusion, the highly abun-
dant pp65 (88) translocates to and accumulates within the
nucleus (70), where it blocks the induction of certain antiviral
genes (15). A dose-dependent decrease of pp65-positive
NHDF nuclei was observed in cells treated with gB-DLD but
not gB-651 (Fig. 5C). These data indicate that gB-DLD was
blocking infection at or before virus-cell fusion. To test
whether the block to HCMV infectivity occurred at the level of
virus attachment, we assayed for the ability of [3H]thymidine-
labeled HCMV to bind to NHDFs treated with either gB-DLD

or gB-651. We observed a reduction in the ability of HCMV to
bind to host cells that were bound to gB-DLD; however, this
effect was not dose dependent and was less than 50% reduced
at doses that completely block HCMV infectivity (Fig. 5D).
Combined, these data confirm the role of �1 integrins as
postattachment entry receptors. Cells bound and saturated
with gB-DLD are resistant to HCMV infectivity. Furthermore,
the block to infection occurs after virus attachment but before
the delivery of pp65 to the cytosol.

Polyclonal antibodies generated against gB-DLD neutralize
HCMV infectivity. We next tested whether antibodies gener-
ated against the gB disintegrin-like domain could neutralize
HCMV infectivity by binding to this domain on virions during
the entry pathway and preventing �1 integrin engagement.
HCMV was incubated with increasing concentrations of iso-
type control rabbit IgG or total rabbit IgG purified from gB-
DLD-immunized rabbit sera. A dose-dependent neutralization
of HCMV infectivity was demonstrated in viruses treated with
gB-DLD rabbit polyclonal during infection, while no effect was
observed in isotype control-treated virus (Fig. 6). These data
further point to the importance of the gB disintegrin-like do-
main during the HCMV entry pathway.

The gB disintegrin-like domain mediates entry into other
physiologically relevant cell types. HCMV can infect a broad
range of cell types in vivo, including fibroblasts, endothelial
cells, and monocytes/macrophages (3, 25, 40, 76, 84, 91). It was
previously reported that the 20 amino acids encompassing the
gB disintegrin-like domain was greater-than-98% identical at
the amino acid level among 44 HCMV clinical isolates (31). To
test the importance of the gB disintegrin-like domain in
HCMV entry of another physiologically relevant cell type, we
infected HUVEC with a nonfibroblast-adapted strain of
HCMV, VHL/e (90, 91). At 24 h postinfection cells were fixed
and immunofluorescence performed to visualize immediate-
early viral protein synthesis. We observed a dose-dependent
block in HCMV infectivity when endothelial cells were treated
with gB-DLD, but not with gB-651 (Fig. 7A). The percentage
of IE-positive cells per total cells was counted for each treat-
ment and is presented relative to the percent infection of
untreated cells. gB-DLD inhibited VHL/e infection with an
IC50 of 3 �g/ml (0.3 �M) (Fig. 7B). Similarly, the gB-DLD
fragment blocked epithelial cell and fibroblast infection of the
clinical isolate VR1814, with IC50 values that ranged from 1 to
5 �M (data not shown). These data support a role for a gB-�1
integrin-dependent entry pathway in endothelial and epithelial
cells and potentially other physiologically relevant cell types.

DISCUSSION

For many years the molecules that mediate HCMV entry
have remained elusive. Recently, the discovery that �2�1,
�6�1, and �V�3 integrin heterodimers functioned as HCMV
entry receptors (31) has fueled further study toward identifying
the molecular mechanism of integrin engagement by HCMV
envelope glycoproteins. Herein, we demonstrate that engage-
ment of �1 integrins is mediated by a specific region on the
amino terminus of gB. Binding studies revealed that the gB
disintegrin module binds to cells specifically and that this bind-
ing requires the expression of �1 integrin. Furthermore, a
direct physical association between the gB disintegrin module
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FIG. 5. gB-DLD binding to host cells blocks HCMV infection at a postattachment step of virus entry. (A and B) Infectivity assays. gB-DLD
or gB-651 was allowed to bind to permissive human fibroblasts, followed by washes and infection with HCMV-GFP or HSV-1(KOS)gL86 for 60
min. Cells were then citrate washed to remove unbound virus, and infection was allowed to proceed for 24 h followed by flow cytometry to assay
for GFP-positive cells (HCMV) (A) or for 6 h followed by assaying for �-galactosidase activity (HSV-1) (B). (C) Entry assay. Human fibroblasts
were incubated with increasing concentrations of gB-DLD or gB-651. Unbound protein was washed, and cells were infected with HCMV for 3 h.
Virus was then washed off, cells were fixed, and an immunofluorescence assay was performed to visualize nuclear localization of HCMV tegument
pp65. The percent pp65-positive nuclei per total 4�,6-diamidino-2-phenylindole (DAPI)-stained nuclei is shown for each panel. (D) HCMV-binding
assay. Human fibroblasts were incubated with gB-DLD, gB-651, or heparin, followed by challenge with 3H-labeled HCMV at 4°C. Unbound virus
was washed, cells were lysed, and scintillation counting was performed.
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and �1 integrin was established through in vitro pull-down
assays. Indeed, this interaction was physiologically relevant,
since both permissive human fibroblasts and endothelial cells
bound to and saturated with the gB disintegrin module were
refractory to HCMV infection at the level of postattachment
entry.

Additionally, it was previously proposed that gH could func-
tion as a ligand for �V�3 integrin (94). However, the precise
molecular mechanism of �V�3 engagement by gH is unknown,
since this glycoprotein lacks any previously identified integrin
recognition motif. The data presented in this study, combined
with the reports that �V�3 integrin is also important for entry
(31) and interacts with gH (94), suggest that HCMV interacts
with both �1 and �3 integrin heterodimers during the entry
pathway to mediate HCMV entry to permissive human fibro-
blasts.

In addition to gB- and gH-mediated integrin engagement,
HCMV entry has been shown to phosphorylate EGFR and
PDGFR (79, 95). Both growth factor receptors have been
shown to perform a similar function and trigger PI-3 kinase
and Akt activation coincident with virus entry. The relative
contribution of each growth factor receptor with respect to
signaling virus-cell attachment remain to be further explored.
Indeed, complex cross talk pathways (65) and physical associ-
ations (101) exist between integrins and growth factor recep-
tors (11, 24, 67, 71, 82). For example, it has previously been
demonstrated that growth factor receptor phosphorylation can
lead to inside-out integrin activation, resulting in a change in
integrin conformation and affinity for integrin ligand (50, 85).
Conversely, integrin binding can activate classic outside-in sig-
naling, whereby the integrin ligand can stimulate growth factor
phosphorylation in the absence of cognate growth factor (55,
56, 58, 59). Future work will elucidate the contributions of each
of these receptors in HCMV entry-induced signal transduction
pathways.

Interesting parallels can be drawn between disintegrin-like
domain-mediated mammalian cell-cell fusion events and those
of HCMV and other viruses. The interaction of the disintegrin-
like domain of the ADAM family with integrins has been
implicated in the coordination of many pH-neutral mammalian

cell-cell fusion events, including sperm-egg fusion (9, 30, 102),
osteoclast- (1, 19) and macrophage-derived multinucleated
giant cell formation (1, 54), trophoblast syncytialization (38,
47, 72, 93), and myogenesis (33, 51). The molecular mechanism
of most ADAM integrin-mediated fusion events remains
poorly understood. However, in myoblast fusion, it is thought
that the ADAM12 cysteine-rich domain (adjacent to the dis-
integrin module) binds the heparan sulfate proteoglycan (syn-
decan-4) with low affinity, and that interaction triggers confor-
mational changes that expose the ADAM12 disintegrin-like
domain to allow for integrin binding (39). Integrins then bind
the disintegrin-like domain and make firm cell-cell attach-
ments that allow for membrane fusion. A similar mechanism
can be envisaged for HCMV engagement of integrins during
virus-cell fusion, since gB possesses both HSPG and �1 inte-
grin-binding capabilities. Similar to ADAM12-mediated myo-
blast fusion, the role of the required HSPG binding step in
triggering the exposure of gB-DLD during HCMV entry re-
mains to be explored.

Parallels also exist between integrin-mediated HCMV fu-
sion and ADAM-mediated sperm-egg attachment. The first
ADAM family member identified, PH-30 (now known as fer-
tilin-�, or ADAM-2), was found on the surface of sperm cells
and was first characterized due to its similarities with classic
viral fusion proteins (9, 60, 98). Sequence similarity between
the amino terminus of PH-30 with the high-affinity integrin-
binding snake venom disintegrin proteins led investigators to
coin the term disintegrin-like domain. This protein was found
on the sperm cell surface and contains a putative integrin-
binding disintegrin-like domain on the amino terminus along
with a highly hydrophobic stretch that is predicted to function
as a fusion peptide. It was determined that sperm glycoprotein
PH-30 could bind to �1 integrin (via a disintegrin-like domain)
(5). While subsequent work has shown that the integrin-
ADAM interaction is not strictly required for sperm-egg bind-
ing and fusion, in vivo evidence supports its role for enhancing
the rate of sperm-egg binding (8).

The molecular mechanism of membrane fusion remains a
largely unknown facet of herpesvirology. Thus, by identifying
envelope glycoprotein ligands and their cognate receptors we
can begin to understand the molecular mechanism of herpes-
virus fusion. Unlike orthomyxoviruses, filoviruses, and retrovi-
ruses, which use a single glycoprotein for membrane fusion,
herpesviruses typically employ multicomponent fusion ma-
chines that frequently consist minimally of gB, gH, and gL (80).
Despite the complexity of multicomponent fusion machines, it
is very likely the fusion process bears strong parallels to single-
component fusion proteins. �-Helical coiled-coil domains are
critical structures involved in both mammalian intracellular
fusion events and virus-cell fusion that function to drive the
energetic folding of membranes together. In viral systems, fu-
sion is a regulated process that requires a conformational
change in the fusogenic protein to expose these coiled-coil
motifs. By using an algorithm to detect potential coiled-coils,
heptad repeat regions in gB and gH were predicted to form
�-helical coiled-coils (28, 53). Synthetic peptides to these mo-
tifs inhibited HCMV entry, including virion content (tegument
and capsids) delivery, suggesting that these motifs play a fun-
damental role in membrane fusion. Mutational analysis of both
the gB disintegrin loop and coiled-coils in the context of

FIG. 6. Polyclonal antibodies generated against gB-DLD neutral-
ize HCMV infectivity. Rabbits were immunized with gB-DLD, and
serum was collected and IgG purified. Either control rabbit IgG or
gB-DLD rabbit IgG was incubated with HCMV-GFP prior to infec-
tion. After 60 min, unpenetrated HCMV was removed with citrate
washes, and the infection was allowed to proceed for 24 h. To measure
infectivity, cells were collected and flow cytometry was performed.
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HCMV virions will be required to further analyze the impor-
tance of these domains during HCMV entry. Furthermore,
recent data indicate that gB plays a critical role during cell-cell
fusion (41, 86). Future work will also explore the significance of
the gB-DLD–integrin interaction in mediating this interaction
to promote the transmission of virus genetic material to adja-
cent uninfected cells.

The rapid kinetics of gB-DLD binding compared with
HCMV-cell binding suggests that the integrin-binding disinte-

grin-like domain may be hidden on virion gB and may then be
exposed after receptor engagements to allow for integrin bind-
ing and fusion. Currently, there is no crystal structure of
HCMV gB, so the location of the gB-DLD with respect to
other HCMV gB domains and relative exposure is unknown.
The structure of glycoprotein B from both HSV and Epstein-
Barr virus (EBV) has been resolved (7, 35). However, the
orientation of individual domains differs between the struc-
tures, and it is hypothesized that the resolved structures for

FIG. 7. gB-DLD blocks the infectivity of endothelial cell-tropic HCMV. (A) HUVEC were incubated with increasing concentrations of
gB-DLD or gB-651, washed, and infected with endothelial cell-tropic VHL/e. After 120 min, unpenetrated virus was removed with washes and
infection was allowed to proceed for 24 h. Infection was assessed via immunofluorescence to HCMV immediate-early proteins and 4�,6-diamidino-
2-phenylindole (DAPI) staining (total cells). (B) To quantify these data, numbers of immediate-early protein-positive nuclei per total DAPI-
stained cells were counted and are represented as the percent infectivity. Data are shown relative to percent infectivity without any protein
treatment.
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both proteins represent the postfusion form of the protein. The
fusion process likely requires significant conformational
changes, and recent data suggest that gB may interact directly
with gH and that gB conformational changes may be driven by
the UL131 locus gene products that associate with gH (64).

Herein, we report that the gB disintegrin module from the
fibroblast-tropic HCMV AD169 strain can potently block in-
fectivity of the endothelium-tropic VHL/e strain. This is not
surprising, given the high conservation of the gB disintegrin
module among clinical isolates; the 20-residue stretch of the
disintegrin-like domain is greater than 98% identical at the
amino acid level. Future work will focus on identifying a role
for specific cellular integrin heterodimers in mediating HCMV
entry into other physiologically relevant cell types, such as
endothelial cells and monocytes.

The conservation of the gB disintegrin-like domain through-
out the beta- and gammaherpesviruses suggests that this do-
main may bind integrins to mediate the entry of these viruses
as well. Kaposi’s sarcoma-associated herpesvirus (KSHV) has
been shown to utilize an RGD sequence on gB to bind �3�1,
�V�3, and �V�5 integrin heterodimers to mediate virus entry
(4, 32). Recently, vascular endothelial growth factor receptor
(VEGFR) was also shown to be activated by KSHV gB (103).
The coordination of growth factor receptor activation, integrin
engagement, and virus entry is beginning to emerge as a com-
mon theme in herpesvirus entry (89). Furthermore, integrins
have also been shown to be important for the entry of memory
B cells and epithelial cells (18, 27). While it is the BMRF2 and
gH/gL glycoproteins that have been implicated in the integrin
interactions mediating these EBV entry events, it remains pos-
sible that the gB disintegrin-like domain may also play a role in
coordinating integrin engagement, growth factor signaling, and
virus entry.

Finally, understanding the molecular mechanism of integrin
engagement by HCMV could identify promising new thera-
peutic avenues and research areas to explore. Envelope glyco-
proteins (gB), tegument protein pp65, and HCMV dense body
(defective particles consisting of tegument and envelope gly-
coproteins) subunit vaccines have been developed to induce
strong humoral and cell-mediated immune responses (6, 34).
These recent attempts have not resulted in an effective vaccine
against HCMV, but encouraging progress toward this goal is
under way. In future studies, an antigen affinity-purified rabbit
polyclonal gB-DLD antibody may be a valuable reagent in
further exploring the gB disintegrin loop in virus entry. Fur-
thermore, humanized monoclonal antibodies generated
against the fusion protein of respiratory syncytial virus have
proven to be an effective therapeutic when administered to
RSV-infected neonates (63). Similarly, humanized monoclonal
antibodies to the disintegrin loop may be a valuable therapeu-
tic agent to block herpesvirus entry in immunocompromised
populations.
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