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Human cytomegalovirus (HCMYV) can bind, fuse, and initiate gene expression in a diverse range of verte-
brate cell types. This broad cellular tropism suggests that multiple receptors and/or universally distributed
receptors mediate HCMV entry. Our laboratory has recently discovered that certain 31 and 33 integrin
heterodimers are critical mediators of HCMYV entry into permissive fibroblasts (A. L. Feire, H. Koss, and T.
Compton, Proc. Natl. Acad. Sci. USA 101:15470-15475, 2004). It has also been reported that epidermal growth
factor receptor (EGFR) is necessary for HCMV-mediated signaling and entry (X. Wang, S. M. Huong, M. L.
Chiu, N. Raab-Traub, and E. E. Huang, Nature 424:456-461, 2003). Integrins are known to signal synergis-
tically with growth factor receptors, and this coordination was recently reported for EGFR and (33 integrins in
the context of HCMYV entry (X. Wang, D. Y. Huang, S. M. Huong, and E. S. Huang, Nat. Med. 11:515-521,
2005). However, EGFR-negative cell lines, such as hematopoietic cells, are known to be infected by HCMV.
Therefore, we wished to confirm a role for EGFR in HCMYV entry and then examine any interaction between
B1 integrins and EGFR during the entry process. Surprisingly, we were unable to detect any role for EGFR in
the process of HCMYV entry into fibroblast, epithelial, or endothelial cell lines. Additionally, HCMV did not
activate the EGFR kinase in fibroblast cell lines. We first examined HCMV entry into two EGFR-positive or
-negative cell lines but observed no increase in entry when EGFR was expressed to high levels. Physically
blocking EGFR with a neutralizing antibody in fibroblast, epithelial, or endothelial cell lines or blocking EGFR
kinase signaling with a chemical inhibitor in fibroblast cells did not inhibit virus entry. Lastly, we were unable
to detect phosphorylation of EGFR in fibroblasts cells in response to HCMV stimulation. Our findings
demonstrate that EGFR does not play a significant role in HCMYV entry or signaling. These results suggest that
specific integrin heterodimers either act alone as the primary entry receptors or interact in conjunction with

an additional receptor(s), other than EGFR, to facilitate virus entry.

Human cytomegalovirus (HCMV), a member of the Herpes-
viridae family of viruses, is an opportunistic pathogen that
causes significant disease in immunocompromised individuals,
including AIDS patients, organ transplant recipients, and ne-
onates (2, 21). Like all herpesviruses, HCMV maintains a
lifelong infection of its host, and persistent infection is associ-
ated with proliferative diseases such as atherosclerosis (1, 11,
18) and gastrointestinal cancer (10, 23). HCMV has broad
tissue tropism and can infect a variety of vertebrate cell types,
including fibroblasts, monocytes/macrophages, smooth muscle
cells, vascular endothelial cells, astrocytes, epithelial cells, tro-
phoblasts, stromal cells, and hepatocytes (2, 19, 21). Conse-
quently, HCMV can manifest disease in almost every organ
system and tissue type (2, 21).

In vitro, HCMV entry is promiscuous as it can bind, pene-
trate, and initiate infection in nearly all of the vertebrate cell
lines tested (20). HCMYV initially tethers itself to cell surface
heparan sulfate proteoglycans (HSPGs) mediated via two viral
envelope glycoproteins, gM and gB (5, 14). HSPGs are ubig-
uitously expressed and absolutely required for HCMV entry;
however, HSPGs alone are not sufficient to mediate HCMV
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entry (5). Virion interaction with HSPGs is easily dissociable
with soluble heparin, but the virus quickly transitions to a
second, more stable interaction with one or more different
receptors that ultimately leads to pH-neutral fusion of the
virion, presumably at the cell surface (5). The ability of HCMV
to enter a wide variety of cell types suggests that HCMV
utilizes multiple receptors and/or a widely distributed cell sur-
face receptor for entry.

Recently, cellular integrins (a2B1, a6B1, and avp3) were
identified as entry receptors for HCMV that may constitute the
second, more stable attachment receptor (7, 28). Neutralizing
antibodies to the a2, a6, aV, B1, and B3 integrin subunits
inhibit HCMV entry in a dose-dependent manner without
blocking virion attachment (7). Additionally, 81 integrin-null
fibroblasts showed markedly reduced HCMV entry compared
to the same cell line with restored B1 expression (7). It was also
discovered that HCMV gB contains an integrin recognition
motif, the disintegrin-like domain, which is highly conserved
throughout the beta and gamma herpesviruses (7). Peptides
encompassing this disintegrin-like domain of gB are able to
specifically block HCMV entry, supporting a role for this re-
gion in the entry process (7). HCMV also induces the phos-
phorylation and activation of 81 (7) and B3 (28) integrins and
focal adhesion kinase and causes distinct morphological
changes in the cell due to actin rearrangements (7, 28).

Epidermal growth factor (EGF) receptor (EGFR) was also
recently implicated as a receptor for HCMV (28, 29). Many of
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the downstream consequences of EGFR activation are consis-
tent with HCMYV infection, including activation of mitogen-
activated protein kinases through Ras and Raf, the phospha-
tidylinositol-3-OH kinase-Akt pathway, and phospholipase
C-v, which leads to intracellular mobilization of Ca>", as well
as activation of protein kinase C (29). Furthermore, Wang et
al. report that HCMYV entry correlated with EGFR expression
and was blocked by an EGFR neutralizing antibody (29). Al-
though EGFR is a broadly expressed cellular receptor, it is not
found on all HCMV-permissive cell types, including hemato-
poietic cells, such as monocytes/macrophages, dendritic cells,
and neutrophils (22). It is possible that other cellular receptors,
including other growth factor receptors, may substitute for
EGFR on these cell types, although this has not been demon-
strated. The primary goal of this study was to confirm a role for
EGFR in HCMYV entry, specifically into permissive fibroblast
cells, as well as epithelial and endothelial cell lines. A second-
ary goal of this study was to determine if B1 integrins and
EGFR are able to coordinately mediate early HCMV entry
events. Surprisingly, we could find no role for EGFR in HCMV
entry or signaling pathways.

High levels of EGFR expression by a human breast cancer
cell line failed to enhance HCMYV infection compared to an
EGFR-negative human breast cancer cell line, indicating that
EGFR alone is not able to mediate HCMV entry. Physically
blocking EGFR on fibroblast, epithelial, or endothelial cells
with a neutralizing antibody failed to inhibit HCMYV infection
to any degree, suggesting that EGFR is not needed in a struc-
tural capacity to mediate HCMV entry. Additionally, blocking
EGFR kinase activation in fibroblasts with a chemical inhibitor
failed to block HCMYV entry, suggesting that HCMV also does
not require signaling through the EGFR kinase. Last, we were
unable to detect EGFR phosphorylation in fibroblasts upon
stimulation with HCMV, even at high multiplicities of infec-
tion (MOIs), indicating that the EGFR kinase, generally a
good indicator of EGFR activation, does not become stimu-
lated by HCMV. Together, these data indicate that EGFR is
not required for HCMV infection, in either a structural or a
signaling role; however, this does not rule out the existence of
another receptor(s), in addition to cellular integrins, in the
HCMYV entry process.

MATERIALS AND METHODS

Cell lines and viruses. Normal human dermal fibroblasts (NHDFs; Clonetics,
San Diego, CA) and human breast cancer cells, MDA-MB-453 (MB453; HTB-
131) and MDA-MB-468 (MB468; HTB-132), obtained from the American Type
Culture Collection (ATCC; Manassas, VA) were grown at 37°C in 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (FBS; Omega Scientific, Inc., Tarzana,
CA), 1% L-glutamine (Invitrogen), and 1% penicillin-streptomycin-amphotericin
B (pen-strep-ampho B; BioWhittaker, Walkersville, MD). Human embryonic
lung (HEL) fibroblasts (ATCC; CCL-137) were grown at 37°C in 5% CO, in
minimum essential alpha medium (Invitrogen) supplemented with 10% FBS, 1%
L-glutamine, 1% pen-strep-ampho B, 1 mM sodium pyruvate (Invitrogen), 0.1
mM nonessential amino acids (Invitrogen), and 1.5 g/liter sodium bicarbonate
(Invitrogen). Spontaneously arising retinal pigment epithelial (ARPE-19; CRL-
2302) cells were purchased from ATCC and grown at 37°C in 5% CO, in
DMEM-F12 (1:1) (BioWhittaker) medium supplemented with 10% FBS,
1% 1L-glutamine, and 1% pen-strep. Human umbilical vein endothelial cells
(HUVEC) and myometrial uterine microvascular endothelial cells (UtMVEC)
were purchased from Clonetics and grown at 37°C in 5% CO, in endothelial cell
basal medium (Clonetics) supplemented with 3 mg/ml bovine brain extract, 10 ng/ml
human EGF, 1 pg/ml hydrocortisone, 10% FBS, and 1% gentamicin sulfate and
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ampho B (GA-1000). HCMV strain AD169 was propagated in NHDFs as pre-
viously described (4), and HCMYV strain Towne was propagated in HEL fibro-
blasts. Both were cushioned over 20% sorbitol, resuspended in Tris-buffered
saline (TBS), repelleted, and resuspended in TBS, and titers were determined by
immediate-early (IE1-72 and IE2-86) gene expression detection via indirect
immunofluorescence as previously described (3). HCMV AD169-GFP (green
fluorescent protein) indicator virus encoding an IE2-GFP fusion product was
kindly provided by Deborah H. Spector (University of California, San Diego)
(24) and propagated in NHDF cells (4). Clinical strain VR1814 was a generous
gift from Giuseppe Gerna (IRCCS Policlinico San Matteo) (9) and was propa-
gated in HUVEC, pelleted through a 20% sorbitol cushion, and resuspended in
TBS. Strain AD169 repaired at the UL131 locus, BADrUL131, was a kind gift
from Thomas Shenk (Princeton University) (27) and was propagated in
ARPE-19 cells, pelleted through a 20% sorbitol cushion, and resuspended in
TBS.

Reagents and antibodies. Recombinant human EGF was purchased from
Invitrogen. The EGFR kinase inhibitor tyrphostin AG1478 was purchased from
Calbiochem (La Jolla, CA). Heparin was purchased from Sigma-Aldrich (St.
Louis, MO). Restore Western blot stripping buffer was purchased from Pierce
Biotechnology (Rockford, IL) and used according to the manufacturer’s instruc-
tions. Monoclonal antibody 1203, which recognizes the immediate-early (IE1-72
and TE2-86) gene products of HCMYV, was purchased from the Rumbaugh-
Goodwin Institute for Cancer Research, Inc. (Plantation, FL). A rabbit poly-
clonal antibody that recognizes the immediate-early (IE1-72 and 1E2-86) gene
products was kindly provided by Jay A. Nelson (Oregon Health Sciences Uni-
versity) (16). Anti-EGFR (1005) and phosphospecific anti-EGFR (Tyr-1173)
polyclonal antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Anti-EGFR neutralizing monoclonal antibody and P-Tyr-
conjugated agarose were purchased from Upstate Biotechnology (Lake Placid,
NY). Alexa Fluor 594 goat anti-mouse secondary antibody was purchased from
Molecular Probes (Eugene, OR). A goat anti-rabbit horseradish peroxidase-
conjugated secondary antibody was purchased from Pierce Biotechnology.

SDS-PAGE and Western immunoblotting. Cells were harvested in phosphate-
buffered saline (PBS) containing 1% 3-[(3-cholamidopropyl)-dimethylammo-
nio]-1-propanesulfonate (CHAPS; Sigma; St. Louis, MO) for EGFR and IE gene
product detection or in RIPA cell lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM
Na;VO,, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 wg/ml leupeptin,
1 pg/ml aprotinin, 1% Triton X-100, 0.25% deoxycholate) for phospho-EGFR
(P-EGFR) detection. Protein concentration was determined with a Bio-Rad
(Hercules, CA) protein assay kit with bovine immunoglobulin G as the standard.
Equivalent amounts of total cellular protein were boiled in sodium dodecyl
sulfate (SDS) gel loading buffer and subjected to SDS-8% polyacrylamide gel
electrophoresis (PAGE), followed by Western immunoblotting with anti-EGFR
(1005), anti-IE, or anti-P-EGFR (Tyr-1173).

Time course of HCMYV infection. Subconfluent NHDF, MB468, and MB453
cells were grown in six-well plates and infected at an MOI of 1 PFU/cell at 37°C
for 2 h. Virus that had not penetrated cells was inactivated with low-pH citrate
buffer (40 mM citric acid, 10 mM KCI, 135 mM NaCl [pH 3.0]) (12). The cells
were incubated for 8, 24, 48, or 72 h postinfection at 37°C in DMEM supple-
mented with 2% FBS, 1% glutamine, and 1% pen-strep-ampho B. Cells were
harvested, subjected to SDS-PAGE, and then subjected to Western immuno-
blotting for IE gene expression as described above.

Virus entry assays. Subconfluent NHDF or HEL cells were grown in 12-well
plates for AD169-GFP infection and on glass coverslips in 12-well plates for
Towne infection. Cells were washed twice with PBS and then treated with 0, 0.1,
1.0, or 10 pg/ml EGFR neutralizing antibody or 0, 5, 50, or 500 nM AG1478
diluted in serum-free DMEM at 37°C for 30 min. Medium was aspirated from
the cells, HCMV (AD169-GFP or Towne) was added to the cells at an MOI of
0.5 PFU/cell, and the mixture was incubated at 37°C for 2 h. For the EGFR
kinase inhibitor entry assay, AG1478 was also added to the virus at the same
concentrations used in the pretreatment. Virus that had not penetrated cells was
inactivated with low-pH citrate buffer. The cells were incubated for 24 h in
DMEM supplemented with 2% FBS, 1% glutamine, and 1% pen-strep-ampho B.
Infected cells were detected via flow cytometry for IE2-GFP (AD169) or indirect
immunofluorescence assay for IE gene expression (Towne). For detection of
GFP by flow cytometry, cells were released with trypsin, DMEM supplemented
with 10% FBS was added to inactivate the trypsin, and the cells were then
pelleted and resuspended in PBS. Propidium iodide (Molecular Probes) was
added, and samples were analyzed on a FACScan flow cytometer (Becton Dick-
inson, Mountain View, CA) with a standard filter set. Samples were gated for
propidium iodide exclusion (live cells) and assayed for GFP expression. The data
were analyzed with FlowJo (version 6.1; Tree Star, Inc., Ashland, OR). Indirect
immunofluorescence analysis was performed as previously described (5), with



VoL. 81, 2007

mouse anti-IE monoclonal antibody 1203, followed by detection with Alexa
Fluor 594 goat anti-mouse secondary antibody. Experiments were performed in
duplicate with a minimum of 500 cells scored per coverslip.

Positive controls were performed by incubating NHDF or HEL cells with the
EGFR neutralizing antibody or AG1478 for 30 min, washing them twice in PBS,
and then stimulating them with 100 ng/ml EGF for 10 min. Cells were harvested
and analyzed by SDS-PAGE and Western immunoblotting for P-EGFR (Tyr-
1173) as described above.

For the VR1814 entry assay, EGFR neutralizing antibody was incubated with
ARPE-19 cells, UUMVEC, or HUVEC at 0 or 10 pg/ml for 1 h at 37°C. For the
BADrUL131 entry assay, EGFR neutralizing antibody was incubated with
ARPE-19 cells, UMVEC, or HUVEC at 0, 0.01, 0.1, 1.0, or 10 wg/ml for 1 h
at 37°C. Antibody was removed, and cells were infected with VR1814 or
BADrUL131 at an MOI of 1.0 PFU/ml for 4 or 2 h, respectively. BADrUL131
was also incubated with soluble heparin prior to addition to cells. Cells were
washed three times in complete medium and incubated for 24 h at 37°C. Cells
infected with VR1814 were then fixed in 4% paraformaldehyde, and immuno-
fluorescence analysis was performed to visualize IE antigens. Percent GFP in
cells infected with BADrUL131 was determined by flow cytometry.

EGFR activation assay. Subconfluent NHDF or HEL cells were grown in
six-well plates, washed twice in PBS, serum starved for 24 h, and then stimulated
with HCMV (AD169 or Towne) at an MOI of 5.0 PFU/ml for 0, 5, 10, 30, or 60
min. Cells were washed with PBS, harvested in RIPA buffer, and analyzed by
SDS-PAGE and Western immunoblotting for P-EGFR (Tyr-1173) as described
above.

Immunoprecipitation assay. Subconfluent NHDF or HEL cells were grown in
100-mm plates, washed twice in PBS, serum starved for 24 h, and then stimulated
with HCMV (AD169 or Towne) at an MOI of 10 PFU/ml for 10 min. Cells were
washed with PBS, lysed in RIPA buffer, and centrifuged at 13,000 rpm at 4°C for
10 min. Cell supernatant was incubated with 40 .l of P-Tyr antibody conjugated
to agarose at 4°C while rotating overnight. Samples were washed three times in
RIPA buffer and then three times in RIPA buffer without detergent and analyzed
by SDS-PAGE and Western immunoblotting for EGFR (1005) as described
above.

RESULTS

EGFR expression does not correlate with HCMYV infection.
It was previously reported that an EGFR-negative human
breast cancer cell line (MB453) was resistant to HCMYV infec-
tion, whereas an EGFR-positive human breast cancer cell line
(MB468) was permissive for viral gene expression (29). We
initially performed immunoblot analysis to confirm EGFR ex-
pression levels in these cell lines. As reported in Fig. 1A,
MBA468 cells greatly overexpress EGFR. MB453 cells also ap-
pear to express some EGFR, although at significantly reduced
levels compared to MB468 cells. HCMV-permissive NHDF
cells also express EGFR. When HCMV viral gene expression
was evaluated in the variably EGFR-expressing cell lines, we
were unable to detect major IE proteins at 8, 24, 48, or 72 h
postinfection with HCMV strain AD169 (Fig. 1B). Similar
results were obtained with the Towne strain of HCMV at 72 h
postinfection (Fig. 1C); however, in both cases infection of
NHDF cells resulted in high levels of IE1 gene expression (Fig.
1B and C). These results were confirmed by flow cytometric
analysis of MB468 and MB453 cells infected with an HCMV
IE2-GFP reporter in which no GFP was present in either cell
line at 24 h postinfection (data not shown).

An EGFR neutralizing antibody does not inhibit HCMV
entry into fibroblasts. EGF binds EGFR in a specific ligand-
binding pocket, leading to receptor dimerization and activation
of EGFR (25). Activation can be inhibited by a neutralizing
antibody, which binds the extracellular domain of EGFR and
blocks EGF access to the ligand-binding pocket to prevent
EGFR activation; importantly, the antibody itself does not
activate the intrinsic tyrosine kinase of EGFR (13). It was
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FIG. 1. EGFR expression and HCMV infection in EGFR-positive
and EGFR-negative cell lines. (A) Immunoblot detection of EGFR
expression in NHDF and mammary breast cancer cell lines MB468
(EGFR positive) and MB453 (EGFR negative). (B) HCMV AD169
was unable to infect EGFR-negative or -positive mammary breast
cancer cell lines as detected by immunoblotting. The IE1 viral protein
was detected in NHDF, MB468, and MB453 cells infected with HCMV
strain AD169 at an MOI of 10 PFU/ml. (C) HCMV Towne was unable
to infect EGFR-negative or -positive mammary breast cancer cell lines
as detected by immunoblotting. The IE1 viral protein was detected in
NHDF, MB468, and MB453 cells infected with HCMYV strain Towne
at an MOI of 5.0 PFU/ml. h.p.i., hours postinfection. M, mock infec-
tion.
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reported by Wang et al. that an EGFR neutralizing antibody
(Upstate Biotechnology) at 1 wg/ml inhibited HCMV attach-
ment by 65% and infection by 97% (28). Therefore, we hy-
pothesized that this same monoclonal antibody would inhibit
HCMV (AD169 and Towne strains) entry into fibroblasts.
However, as reported in Fig. 2A and B, pretreatment of NHDF
or HEL cells with the EGFR neutralizing antibody, even at
concentrations of up to 10 pg/ml, failed to inhibit HCMV
infection as measured by flow cytometric detection of IE2-GFP
gene expression at 24 h postinfection. The neutralizing anti-
body did, however, inhibit EGF-mediated EGFR phosphory-
lation (Tyr-1173) at concentrations as low as 0.1 ug/ml
(Fig. 2C).

AG1478, an EGFR kinase inhibitor, does not inhibit HCMV
entry into fibroblasts. EGFR stimulation results in the activa-
tion of its intrinsic tyrosine kinase, which subsequently auto-
phosphorylates the receptor and leads to many downstream
signaling events (30). A potent EGFR-specific kinase inhibitor,
tyrphostin AG1478 (50% inhibitory concentration = 3 nM),
efficiently blocks EGFR tyrosine kinase activation (8). It was
previously reported that AG1478 completely inhibits HCMV
(strain Towne) gene expression in MB468 cells (29). There-
fore, we hypothesized that AG1478 would be able to inhibit
HCMYV IE gene expression in human fibroblasts. However,
even at high concentrations of AG1478 (500 nM), no inhibition
of HCMV (AD169 and Towne strains) IE2-GFP gene expres-
sion, as measured by flow cytometry 24 h postinfection, was
observed in NHDF or HEL fibroblast cells (Fig. 3A and B). In
a parallel experiment, EGF-mediated EGFR phosphorylation
(Tyr-1173) was inhibited by AG1478 treatment (Fig. 3C).

HCMYV does not induce EGFR phosphorylation in fibro-
blasts. EGFR is rapidly autophosyphorylated at specific ty-
rosine residues upon activation (30), and it has been reported
that EGFR becomes phosphorylated within minutes of infec-
tion with HCMYV (strain Towne) (29). We hypothesized that
HCMYV would be able to stimulate EGFR phosphorylation in



6244 ISAACSON ET AL.

s
w

oo
=
= .
=

'
o0 70
o 60 3o H——H
GEL Qs
ch40 13— &4
=30 = 30 H”’H*
5 4 5 20
2 +NHDF-ADI6Y 2 [=NHDF-Towne
5 10[=-HEL-AD169 & Ml =HEL-Towne
0
0 [ 1 0 0= 0] [ I
EGFR Neutralizing Antibody (ug/mL) EGFR Neutralizing Antibody (pg/mL)
(2. NHDF HEL

EGF (100 ng/mL)

EGFR Ab.
10 Mock 0 0.1 1.0 10

(ng/mL) Mock 0 0.1 1.0

P-EGFR [ =
LT L L L L L

FIG. 2. HCMV infection in EGFR neutralizing antibody-treated
fibroblast cells. (A) Increasing concentrations of an EGFR neutraliz-
ing antibody were unable to inhibit HCMV AD169 entry into fibro-
blast cells. IE2-GFP gene expression was detected by flow cytometry in
NHDF and HEL fibroblasts treated with EGFR neutralizing antibody,
followed by infection with HCMV AD169-GFP at an MOI of 0.5
PFU/ml. (B) Increasing concentrations of an EGFR neutralizing an-
tibody were unable to inhibit HCMV Towne entry into fibroblast cells.
IE1 and IE2 gene expression was detected by immunofluorescence in
NHDF and HEL cells treated with an EGFR neutralizing antibody,
followed by infection with HCMV Towne at an MOI of 0.5 PFU/ml.
(C) Positive control verifying that EGFR phosphorylation is inhibited
in fibroblast cells treated with an EGFR neutralizing antibody (Ab.).
NHDF and HEL cells were treated with EGFR neutralizing antibody,
followed by stimulation with EGF. P-EGFR (1173) was detected by
immunoblotting. Blot was stripped and reprobed for total EGFR.

EGF (100 ng/mL)

EGFR

fibroblast cells. To test this hypothesis, NHDF and HEL cells
were stimulated with HCMV (AD169 and Towne strains) at
various time intervals between 5 min and 1 h. As demonstrated
in Fig. 4A and B, neither HCMV strain was able to stimulate
EGFR phosphorylation (Tyr-1173) in NHDF or HEL cells at
an MOI of 5 PFU/ml, although EGF (100 ng/ml) activates
EGFR in these cell lines within minutes of stimulation. In
addition, HCMV strain AD169 at an MOI of 10 PFU/ml or
HCMV strain Towne at an MOI of 10 or 100 PFU/ml was not
able to stimulate EGFR phosphorylation (Tyr-1173) at 10 min
poststimulation (data not shown).

NHDF or HEL fibroblasts were also stimulated at an MOI
of 10 PFU/ml for 10 min with HCMYV strain AD169 or Towne,
followed by immunoprecipitation of all phospho-tyrosine pro-
teins and EGFR detection by Western blotting. As demon-
strated in Fig. 4C, EGFR does not become phosphorylated on
any tyrosine residues following stimulation with HCMV. Ad-
ditionally, EGFR was immunoprecipitated, followed by detec-
tion of all phosphorylated tyrosine residues by Western blot-
ting, again indicating that no such phosphorylation occurs
following HCMYV stimulation (data not shown).

An EGFR neutralizing antibody does not inhibit VR1814
and BADrUL131 strain entry into epithelial and endothelial
cell lines. To test if differences between laboratory-adapted
and clinical strains of HCMV would allow the utilization of
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FIG. 3. HCMV infection of AG1478-treated fibroblast cells.
(A) Increasing concentrations of AG1478 were unable to inhibit
HCMV AD169 entry into fibroblast cells. IE2-GFP gene expression
was detected by flow cytometry in NHDF and HEL cells treated with
AG1478, followed by infection with HCMV AD169-GFP at an MOI of
0.5 PFU/ml. (B) Increasing concentrations of AG1478 were unable to
inhibit HCMV Towne entry into fibroblast cells. IE1 and IE2 gene
expression was detected by immunofluorescence in NHDF and HEL
cells treated with AG1478, followed by infection with HCMV Towne at
an MOI of 0.5 PFU/ml. (C) Positive control verifying that EGFR
phosphorylation is inhibited in fibroblast cells treated with AG1478.
NHDF and HEL cells were treated with increasing concentrations of
AG1478, followed by stimulation with EGF. P-EGFR (1173) was de-
tected by immunoblotting. The blot was stripped and reprobed for
total EGFR.

EGFR in the entry process, ARPE-19 cells, UUMVEC, and
HUVEC were incubated with an EGFR neutralizing antibody,
followed by infection with clinical endotropic VR1814 strain or
BADrULI131, an AD169 strain with the UL131 locus repaired,
conferring the ability to enter epithelial or endothelial cells
(27). As reported in Fig. SA, EGFR neutralizing antibody at 0
and 10 pg/ml did not inhibit VR1814 virus entry into the
various cell lines. Additionally, BADrUL131 entry was also not
inhibited following pretreatment with EGFR neutralizing an-
tibody at concentrations up to 10 pg/ml but was inhibited
following pretreatment with soluble heparin (Fig. 5B).

DISCUSSION

The promiscuous nature of HCMV entry, presumably due to
its ability to utilize multiple and/or ubiquitously expressed re-
ceptors, has made identification of essential cellular receptors
difficult. Although many entry receptors for HCMV have been
proposed, few have fully satisfied the criteria of true virus
receptors. Heparan sulfate proteoglycans (HSPGs) are well
established, at least in cell culture systems, to act as the initial
attachment receptors for HCMV (5). Supporting the role of
HSPGs in HCMYV entry, virions are able to bind HSPGs and
soluble heparin completely blocks HCMV entry (5). More
recently, two laboratories have verified the role of cellular
integrins as entry receptors for HCMV (7, 28). Evidence sup-
porting this includes HCMV-mediated activation of 81 and 33
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FIG. 4. EGF and HCMYV stimulation of fibroblast cells. (A) HCMYV is unable to stimulate EGFR phosphorylation in NHDF cells. NHDF cells
were stimulated with EGF, HCMV AD169, or HCMV Towne. P-EGFR (Tyr-1173) was detected by immunoblotting. The blot was stripped and
reprobed for EGFR. (B) HCMYV is unable to stimulate EGFR phosphorylation in HEL cells. HEL cells were stimulated with EGF, HCMV AD169,
or HCMV Towne. P-EGFR (Tyr-1173) was detected by immunoblotting. The blot was stripped and reprobed for EGFR. (C) HCMYV is unable
to stimulate EGFR phosphorylation in NHDF or HEL cells. Cells were stimulated with EGF, HCMV AD169, or HCMV Towne. All phospho-
tyrosine proteins were immunoprecipitated (IP), followed by detection of EGFR by Western blotting (WB). M, mock infection.

integrins and downstream integrin-specific signaling pathways
(7, 28). Additionally, neutralizing antibodies to specific inte-
grin heterodimers are able to inhibit HCMV entry (7, 28).
Moreover, a cell line lacking B1 integrin expression supports
minimal HCMYV infection, while infection returns to wild-type
levels when B1 is reintroduced into cells (7). HCMV glyco-
protein B also contains a highly conserved integrin-binding
domain known as the disintegrin-like domain (7).

Recent reports have also indicated that EGFR can serve as
an entry and signaling receptor for HCMV (29). We sought to
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FIG. 5. HCMV VR1418 and BADrUL131 infection in EGFR neu-
tralizing antibody-treated epithelial and endothelial cells. (A) An
EGFR neutralizing antibody (Ab) at a concentration of 10 pg/ml was
unable to inhibit HCMV VR1418 entry into epithelial and endothelial
cells. IE2 gene expression was detected by immunofluorescence in
ARPE-19 cells, UUMVEC, and HUVEC treated with EGFR neutral-
izing antibody, followed by infection with VR1814 at an MOI of 1.0
PFU/ml for 4 h. (B) Increasing concentrations of an EGFR neutral-
izing antibody were unable to inhibit HCMV BADrUL131 entry into
epithelial and endothelial cells. GFP was detected by flow cytometry in
ARPE-19 cells, UMVEC, and HUVEC treated with an EGFR neu-
tralizing antibody, followed by infection with HCMV BADrUL131 at
an MOI of 1.0 PFU/ml for 2 h.
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determine what, if any, interaction EGFR has with B1 inte-
grins. Surprisingly, we could not confirm a role for EGFR in
either HCMV entry or signaling events. The presence of
EGFR did not confer permissiveness to HCMV in human
breast cancer cell lines, contradicting previously reported re-
sults (29). It is important to note that these breast cancer cell
lines are not from matched backgrounds and instead were
isolated from two different patients. Differences other than
EGFR expression levels, such as FGFR expression, are also
known to exist (17). Regardless, expression of more than 1 X
10° EGFR molecules/cell (15) failed to allow HCMV to infect
MB468 cells and initiate IE gene expression. We next wanted
to focus on permissive fibroblasts, a more relevant cell type for
HCMYV infection.

We found that physically blocking EGFR with a potent
monoclonal EGFR neutralizing antibody failed to inhibit
HCMYV infection of NHDF and HEL fibroblast cells, even at a
high concentration (10 pg/ml). Although the neutralizing an-
tibody efficiently blocks EGF-mediated EGFR stimulation, it
was possible that HCMV interacted with EGFR at a site dif-
ferent from the endogenous EGF ligand. However, the same
neutralizing antibody was previously reported to inhibit
HCMYV glycoprotein B interaction with EGFR, HCMV attach-
ment, and HCMV entry, even at a low (1 pg/ml) concentration
(28, 29). Additionally, Soderberg et al., when investigating the
contribution of CD13 to HCMV entry, used an EGFR poly-
clonal antibody to treat HEL fibroblasts but also failed to
inhibit HCMV entry (26), again indicating a limited role for
EGFR in the HCMYV entry process.

It remained possible, however, that EGFR was not needed
in a structural role to physically mediate HCMV entry, but
rather its kinase signaling capabilities were required. However,
we found that a potent (50% inhibitory concentration = 3 nM)
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EGFR kinase inhibitor, AG1478 (8), was unable to block
HCMYV gene expression in either NHDF or HEL fibroblast
cells. This again was surprising given previous reports that this
inhibitor blocks all stages of HCMV gene expression in MB468
breast cancer and HEL fibroblast cells (28, 29). Our results
suggest that the EGFR tyrosine kinase signaling activity is not
necessary to mediate HCMV entry or to induce or maintain
HCMYV IE gene expression.

Additionally, we found that HCMYV virions, even at high
MOIs, are not capable of activating the EGFR tyrosine kinase,
as measured by receptor autophosphorylation. Although Wang
et al. have demonstrated HCMV-mediated EGFR phosphory-
lation within minutes of stimulation (29), we were not able to
reproduce these results, even when using a comparable MOIL.
Additionally, Fairley et al. have reported that HCMV actually
promotes a loss of the EGFR receptor along with its phosphor-
ylation and signaling. Receptor down-regulation, however,
does not occur with UV-inactivated virus, suggesting that virus
binding itself is not necessary, but instead, this viral function
has been mapped to an HCMYV early gene (6).

It remained possible that differences between or within labo-
ratory-adapted and clinical HCMYV isolates caused our results to
conflict with previously published reports. Therefore, clinical en-
dotropic strain VR1814 and BADrUL131, an AD169 strain with
a repair at the UL131 locus restoring its ability to enter both
epithelial and endothelial cells (27), were tested for the ability to
enter epithelial and endothelial cell lines following treatment with
an EGFR neutralizing antibody. However, no difference was
found in IE gene expression at 24 h postinfection, indicating that
clinical strains also do not require EGFR to mediate virus entry
into epithelial or endothelial cells.

Together, our data indicate that EGFR does not play a
significant role in the entry or signaling of HCMV. EGFR does
not appear to be needed in a structural capacity to mediate
HCMV entry, its kinase activity does not enhance HCMV gene
expression, and the EGFR tyrosine kinase itself is not activated
by HCMYV stimulation. No obvious explanation has been found
for why the results presented herein differ from previously
published reports. To our knowledge, the preparation and
purity of the virus stocks used for both studies are comparable.
Although clinical isolates of HCMV were tested, it remains a
formal possibility that variability between or within HCMV
strains results in the ability to activate, signal through, and/or
enter cells via EGFR. It is also possible that other tyrosine
kinases, including other growth factor receptors, play a role in
the HCMYV signaling and entry cascade, perhaps in coordina-
tion with cellular integrins. In fact, Charles Cobbs and col-
leagues (University of Alabama—Birmingham) have also
found that HCMV does not activate EGFR but indicate the
possible presence of another, as yet unidentified, tyrosine ki-
nase that may be involved (personal communication). Further-
more, it is very likely that other entry receptors exist for
HCMV which also may act synchronously with cellular inte-
grins to mediate the virus-cell fusion event.
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