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ABSTRACT The Cbl E3 ligase has been linked to the down-modulation of surface
signaling responses by inducing internalization of surface receptors. The adaptor
protein CIN85 is a partner of Cbl that augments many of these interactions. Previ-
ously, an interaction was demonstrated between ICP0 and CIN85, which results in
the removal of epidermal growth factor receptor (EGFR) from the surface of the in-
fected cells with a concomitant attenuation of EGFR signaling. Here, we examined
whether Cbl mediates the removal of the herpes simplex virus 1 (HSV-1) entry re-
ceptor Nectin-1 from the surface of infected cells. We found the following: (i) that
Cbl, Nectin-1, and the viral glycoprotein D (gD) form a complex in infected cells; (ii)
that during infection Nectin-1 is removed from the surface of the infected cells but
is retained on the surface of cells that have been depleted of Cbl; and (iii) that in
cells infected with a ΔICP0 mutant virus, Nectin-1 remained on the cell surface. Thus,
Cbl is necessary but not sufficient for the removal of Nectin-1 from the cell surface.
In addition, we observed that in Cbl-depleted cells there was enhanced entry after
infection. These cells were susceptible to secondary infections by HSV-1. Viral entry
in CIN85-depleted cells was only moderately enhanced compared to that in the Cbl-
depleted cells, suggesting that the Cbl–Nectin-1 interaction is likely the key to the
downregulation of surface Nectin-1. The removal of the HSV-1 entry receptor Nectin-1
from the surface of the infected cells may be part of the strategy of the virus to effi-
ciently spread to uninfected cells.

IMPORTANCE The Cbl E3 ligase suppresses surface signaling responses by inducing
internalization of surface components. The targets of Cbl include such components
as immune system receptors, growth factor receptors, adhesion, and cell-to-cell con-
tact molecules. The immediate early protein ICP0 of herpes simplex virus 1 (HSV-1)
interacts with CIN85, an adaptor protein that augments Cbl functions. The conse-
quence of this interaction is the removal of the epidermal growth factor receptor
(EGFR) from the surface of the infected cells with concomitant suppression of the
EGF ligand signaling. The viral entry receptor Nectin-1 is also internalized during
HSV-1 infection in a Cbl-dependent mechanism, and that increases the opportunity
of the virus to spread to uninfected cells. The diversion of the Cbl/CIN85 endocytic
machinery may be a strategy utilized by the virus to alter the cell surface pattern to
prevent detrimental host responses.
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During herpes simplex virus 1 (HSV-1) infection, the immediate early protein ICP0
(infected cell protein 0) exerts two major sets of functions. First, ICP0 localizes in

the nucleus immediately after its production and is involved in the blockage of the
gene silencing machinery and provides an impediment to certain branches of innate
immunity (1–4). After ICP0 accomplishes its major nuclear functions, it translocates to
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the cytoplasm, where it interacts with a new set of binding partners and exerts a second
set of functions, presumably later in infection (1, 5–8). Although ample literature has
been focused on the nuclear functions of ICP0, only a few reports have explored its
cytoplasmic roles.

Earlier studies using a yeast two-hybrid screening approach identified two major
cytoplasmic binding partners of ICP0. The first is elongation factor 1�, a subunit of the
EF-1 complex, which mediates the elongation of peptide chains during translation of
mRNAs. The second is the adaptor protein CIN85, a partner of the E3 ubiquitin ligase
Cbl, which ubiquitinates various cell surface receptors and initiates their internalization,
endocytic trafficking, and sorting (5, 6, 9–14). Subsequently, it was observed that ICP0
alone, in the absence of other viral proteins, induced a reduction in the surface
abundance of epidermal growth factor receptor (EGFR) and decreased the total amount
of EGFR in the cells due to internalization and subsequent degradation of the receptor
in endocytic compartments (6). Under these conditions EGF-dependent gene activation
was blocked.

Our data demonstrate that Cbl interacts with the viral entry receptor Nectin-1. Thus,
the question arises as to how Cbl influences the surface abundance of Nectin-1. Several
reports have been focused on the fate of the HSV-1 receptor Nectin-1 following
infection (15–17). Nectin-1 acts as the main glycoprotein D (gD) receptor in neurons
and epithelial cells (18–20). Nectin-1 is a cell adhesion molecule (CAM) that accumulates
at adherens junctions of epithelial cells, at contacts between cultured cells, and at
synapses of neurons (21). During initial infection, HSV-1 enters either by direct fusion at
the plasma membrane or by fusing its envelope with endosomal membranes after
endocytosis of the virion (22–24). The pathway used by virions during entry is cell type
dependent, but in all cases four essential glycoproteins are required (22). Binding of gD
to a receptor is an essential step of entry and cell-to-cell spread, but it is not sufficient
to promote fusion of the viral envelope with membranes of the target cell (22, 25, 26).
The viral fusion machinery is comprised of three glycoproteins, gB and gH/gL (22, 25,
26). Nectin-1 is one of the few receptors that gD uses for virus entry. All the known
receptors are structurally unrelated molecules, but each can mediate entry indepen-
dently.

In recent years it was demonstrated that the interaction of gD with Nectin-1 is not
limited to the early steps of infection. Expression of gD later in infection is correlated
with downregulation of Nectin-1 within the infected cells (15–17). Thus, gD accumu-
lates at sites of contact between infected and adjacent noninfected cells but not
between infected cells. Three isoforms of human Nectin-1 have been reported and are
known as �, �, and � (27, 28). Nectin-1� and -1� differ in their transmembrane domains
and the cytoplasmic tails, but they share identical ectodomains (27–31). The isoform �

lacks a transmembrane domain and is secreted (29–31). Both Nectin-1� and -1� serve
as HSV-1 entry receptors, and they are both internalized in infected cells in a
gD-dependent manner (15–17, 22).

Here, we present data that Nectin-1 interacts with the Cbl/CIN85 endocytic machin-
ery and is removed from the surface of the infected cells by a Cbl- and ICP0-dependent
mechanism. The viral glycoprotein D (gD) is part of the Nectin-1/Cbl complex. The
removal of Nectin-1 from the surface of the infected cells increases the opportunity
of the virus to spread to noninfected cells. In the situation in which Nectin-1 is not
removed from the surface of the infected cells, such as in Cbl-knockdown cells, the
spread of progeny virions to neighboring cells is impaired. The removal of viral entry
receptors from the surface of infected cells is a common strategy used by other viruses
as well to successfully disseminate.

RESULTS
Cbl forms a complex with the major HSV-1 receptor Nectin-1. In a series of

experiments, HEp-2 cells, either mock infected or exposed to 10 PFU of HSV-1(F) per
cell, were harvested at 7 h after infection, lysed, and reacted with the Cbl rabbit
polyclonal antibody. Control lysates were reacted with antibody directed against an
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intracellular nonmembrane protein, the RNA polymerase II. The immunoprecipitated
complexes were electrophoretically separated on denaturing polyacrylamide gels and
reacted with anti-Nectin-1 mouse monoclonal antibody. As shown in Fig. 1A, the Cbl
antibody pulled down Nectin-1 but not the control IgG. In the reciprocal immunopre-

FIG 1 Interaction of Cbl with the viral entry receptor Nectin-1. (A) HEp-2 cells seeded on F25 flasks were either mock
infected or infected with wild-type virus at 10 PFU/cell. At 7 h after infection the cells were harvested and lysed, and
immunoprecipitations (IP) were done either with the Cbl rabbit polyclonal antibody or with the control RNA polymerase
II rabbit polyclonal antibody. The Cbl immunocomplexes were electrophoretically analyzed on 9% denaturing poly-
acrylamide gels, transferred to nitrocellulose sheets, and immunoblotted with the Nectin-1 mouse monoclonal antibody,
as described above. (B) HEK-293 cells were cotransfected with a Cbl and a Nectin-1 expression plasmid. At 24 h
posttransfection the cells were exposed to HSV-1(F) (10 PFU/cell). The cells were harvested at 6 h postinfection and lysed,
and immunoprecipitations were done with a Nectin-1 mouse monoclonal antibody or with the control RNA polymerase
II mouse monoclonal antibody. The Nectin-1 immunocomplexes were separated on a 6% denaturing polyacrylamide gel,
and immunoblot analysis was done with the Cbl rabbit polyclonal antibody. (C) GST-Cbl or GST-tagged bacterial purified
proteins were mixed with lysates from mock- or HSV-1(F)-infected cells (10 PFU/cell, 8 h after infection). The proteins
bound on GST or GST-Cbl were separated on denaturing polyacrylamide gels as described above and immunoblotted
with the Nectin-1 antibody. The Ponceau S staining depicts the amounts of proteins used in this GST pulldown assay.
The arrow b points to the form of Nectin-1 that interacts with Cbl. The line a shows two forms of Nectin-1 that were not
pulled down by the GST-Cbl. (D) Infection and GST pulldown reactions were done as described for panel C. The proteins
bound on GST or GST-Cbl were separated on denaturing polyacrylamide gels and immunoblotted with the gD mouse
monoclonal antibody. WB, Western blotting.
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cipitation assay, HEK-293 cells cotransfected with Cbl- and Nectin-1-expressing plas-
mids were mock infected or infected with HSV-1(F) (10 PFU/cell) at 24 h posttransfec-
tion. The cells were harvested at 6 h after infection, lysed, and reacted with the Nectin-1
mouse monoclonal antibody. Control lysates were reacted with a mouse monoclonal
antibody directed against RNA polymerase II. The immunoprecipitated complexes were
separated on denaturing polyacrylamide gels and reacted with anti-Cbl rabbit poly-
clonal antibody. As shown in Fig. 1B, the Nectin-1 antibody pulled down Cbl (lanes 3
and 4) but not the control antibody (lane 5). To further confirm this association the
glutathione S-transferase (GST)-Cbl fusion protein purified from bacteria or GST alone
was incubated with lysates from mock- or HSV-1(F)-infected cells that were harvested
at 8 h after exposure to the virus. As shown in Fig. 1C, the Nectin-1 antibody in the input
reacts with at least three major bands, ranking in molecular mass from 78 to 120 kDa.
These bands most likely correspond to modified forms of Nectin-1. The faster-migrating
product of Nectin-1 was specifically pulled down by the GST-Cbl fusion protein and not
by the control GST. These results suggest that Cbl associates with Nectin-1.

Nectin-1 forms a complex with the HSV-1 glycoprotein D during the entry of the
virus in the cells but also postentry. The postentry interaction appears to trigger the
internalization and relocalization of Nectin-1. Therefore, we investigated whether GST-
Cbl could pull down the viral glycoprotein D along with Nectin-1. For this purpose, a
GST pulldown assay was performed similar to the one represented in Fig. 1C, in which
the GST-Cbl or the control protein GST was reacted with lysates from HSV-1(F)-infected
or uninfected cells. As shown in Fig. 1D, the GST-Cbl protein (lane 6) but not GST alone
(lane 4), pulled down glycoprotein D. We conclude that Cbl associates with the complex
of Nectin-1 with glycoprotein D.

Nectin-1 is removed from the surface of the HSV-1(F)-infected cells but is
retained on the surface of infected cells depleted of Cbl. To determine whether the

interaction of Nectin-1 with Cbl alters the abundance of Nectin-1 on the surface of the
infected cells, two series of experiments were performed. First, we derived HEp-2 cell
clones from cultures exposed to lentiviruses expressing Cbl-specific short hairpin RNAs
(shRNAs) or nontargeting RNAs. For these studies we selected two clones, a clonal line
exposed to a nontargeting shRNA and a clonal line exposed to a Cbl-targeted shRNA.
The clonal lines were mock infected or exposed to HSV-1(F) (10 PFU/cell). The cells were
harvested at 3, 6, 9, or 18 h and analyzed as described above for the presence of Cbl.
The results were as follows. The levels of Cbl contained in cells exposed to the
nontargeting shRNA remained stable throughout the 18-h interval after infection (Fig.
2A, lanes 1 to 5). The clones inoculated with lentiviruses expressing a Cbl-specific
shRNA contained significantly less Cbl than the nontargeting shRNA-treated cells (Fig.
2A, lanes 6 to 10). �-Actin contained in cell lysates served as a loading control.

In the second series of experiments the Cbl-depleted and control cells were mock
infected or exposed to 10 PFU of HSV-1(F) per cell. At 9 h after infection the surface
proteins were labeled with a nonpermeable form of biotin. The reaction was then
quenched, the unbound biotin was rinsed off, and the cells were lysed. Lysates of
replicate cultures were reacted with antibody to Nectin-1. The immunoprecipitated
biotin-bound Nectin-1 was detected with antibody to streptavidin. The results are
shown in Fig. 2B. The Nectin-1 bound by biotin is shown under normal exposure (top
panel). It is noteworthy that in this and virtually all experiments performed at 9 h
postinfection, we observed a “smear” in lanes containing electrophoretically separated
proteins from infected cells. One hypothesis that could explain the smear is that
proteins made during infection nonspecifically bind to Nectin-1 and are pulled down.
This phenomenon is accentuated at 9 h, or later, after infection. To enable a better
evaluation of the results, the same data but at a much higher contrast are shown in the
middle panel in Fig. 2B. As indicated by the arrow, the amount of Nectin-1 pulled down
from the cell surface was significantly higher in Cbl-depleted cells. It is noteworthy that,
as shown in the bottom panel, the total amount of Nectin-1 did not change, suggesting
that the internalized Nectin-1 was not necessarily degraded during HSV-1 infection.
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To explore whether the reduction in the surface amount of Nectin-1 is apparent at
earlier times after exposure to the virus, we repeated the experiment described above
except that the cells were biotinylated at 6 h postinfection, that is, before significant
amounts of progeny viruses were released from infected cells, and we exposed the cells

FIG 2 Nectin-1 is removed from the surface of the Cbl-expressing but not from the Cbl-depleted cells
during HSV-1 infection. (A) Characterization of a Cbl-depleted HEp-2 cell line. HEp-2 cells were infected
with lentiviral vectors carrying a Cbl shRNA or control nontargeting shRNA. Puromycin-resistant clones
were obtained as described in Materials and Methods. The Cbl-depleted cells and the control derivatives
were infected with HSV-1(F) at 10 PFU/cell. The cells were harvested at 3 h, 6 h, 9 h, and 18 h after
infection, equal amounts of total proteins were analyzed as described above, and immunoblotting was
done with the Cbl rabbit polyclonal antibody. �-Actin was used as a loading control. (B) HEp-2 cells,
Cbl-knockdown cells, and the nontarget controls seeded in F150 flasks were infected with wild-type virus
at 10 PFU/cell. At 9 h after infection, the cell surface proteins were labeled with biotin as indicated in the
Materials and Methods section. The cells were harvested at 30 min postlabeling and lysed, Nectin-1 was
immunoprecipitated with the Nectin-1 mouse monoclonal antibody, and immunoblotting was done with
the streptavidin-HRP-conjugated anti-mouse IgG, as described above. (C) HEp-2 cells or their Cbl-
knockdown derivatives seeded in F150 flasks were infected with wild-type virus at 5 PFU/cell or mock
infected. At 6 h after exposure of the cells to the virus, surface proteins were labeled with biotin as
described above, and surface Nectin-1 was detected as described for panel B.
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to 5 PFU/cell instead of 10 PFU/cell. As shown in Fig. 2C the Nectin-1 was removed from
the surface of the infected cells by 6 h after exposure to the wild-type virus (Fig. 2C,
compare lanes 1 and 6). The elimination of Nectin-1 from the cell surface was blocked
in Cbl-knockdown cells (compare lanes 6 and 8).

Removal of Nectin-1 from the cell surface requires the presence of ICP0. HEp-2
cells were mock infected or exposed to 5 PFU per cell of HSV-1(F) or the ΔICP0 mutant
virus. The assessment of cell surface Nectin-1 was done at 6 h postinfection, according
to the procedures described above. The results shown in Fig. 3 suggest that the amount
of Nectin-1 is not reduced in cells infected with wild-type or mutant virus (compare
lanes 1 to 3). Moreover, these results indicate that the amount of Nectin-1 on the
surface of wild-type virus-infected cells was reduced (Fig. 3, compare lanes 4 and 5) but
not on the surface of the ΔICP0 mutant virus-infected cells (compare lanes 4 to 6). We
conclude that ICP0 is involved in the internalization of Nectin-1 during HSV-1 infection.

Cbl and Nectin-1 accumulate in the perinuclear space in infected cells. The
distribution of Cbl was monitored in mock-infected and infected HEp-2 cells. The HEp-2
cells were exposed to 10 PFU of HSV-1 per cell. The mock-infected and infected cells
were fixed 8 h after infection and reacted with anti-Cbl polyclonal antibody and
anti-ICP0 monoclonal antibody. The results shown in Fig. 4 indicate that in mock-
infected cells Cbl formed small granules that were dispersed throughout the cytoplasm
(panel a). In infected cells Cbl retained its granular appearance but appeared to be
concentrated in perinuclear space (Fig. 4, compare panel a to panels b to d and
compare panel e to panels f to h).

Endogenous Nectin-1 could not be detected by immunofluorescence. To determine
the effects of infection, we first transfected the cells with a Nectin-1-expressing plasmid
and then infected them with HSV-1(F) (10 PFU/cell), as detailed in the legend of Fig. 4.
As shown in Fig. 4i, Nectin-1 was dispersed throughout the cytoplasm in uninfected
cells. In infected cells it tended to aggregate in granular structures in the perinuclear
space (panels j to l). In addition, we investigated potential colocalization of Nectin-1
with Cbl in cells transfected with a Nectin-1-expressing plasmid and infected with
HSV-1(F). As shown in Fig. 4, Nectin-1 (panels m and p) and Cbl (panels n and q)
following HSV-1(F) infection accumulate in the perinuclear area, where they partially
colocalize (panels o and r), while in uninfected cells no particular perinuclear accumu-
lation or colocalization was noticed (panels s and t). We conclude that HSV-1 infection
alters the localization of Nectin-1 and Cbl and that the proteins colocalize in the
perinuclear area.

To further confirm that the localization of Nectin-1 is altered in a Cbl-dependent
mechanism, we performed a lipid floatation assay. HEp-2 cells or their Cbl-knockdown
derivatives were either mock infected or exposed to HSV-1(F) (10 PFU/cell). The cells
were harvested at 8 h postinfection, and detergent-resistant membranes were dis-

FIG 3 ICP0 is required for the removal of Nectin-1 from the surface of the infected cells. The ICP0-null
mutant or the wild-type virus was used to infect HEp-2 cells (5 PFU/cell) seeded in F150 flasks, as
described above. The cells were harvested at 6 h postinfection. Detection of the surface Nectin-1 was
done as described in the legend of Fig. 2.
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solved in a heavy sucrose solution of 1.5 M and overlaid with two lighter layers of
sucrose of 1.3 M and 0.15 M. Following ultracentrifugation, samples were collected from
the top to the bottom of the gradient, and the distribution of Nectin-1 in the gradient
was examined by immunoblot analysis. The results shown in Fig. 5 may be summarized

FIG 4 Perinuclear accumulation of Cbl and colocalization with Nectin-1 during herpes infection. (a to h)
HEp-2 cells seeded in four-well slides were either mock infected or exposed to the wild-type virus (10
PFU/cell). The cells were fixed at 8 h after infection and costained with the Cbl rabbit polyclonal antibody
and the ICP0 mouse monoclonal antibody, as described in Materials and Methods. (i) Nectin-1 transfected
HEp-2 cells stained with the Nectin-1 mouse monoclonal antibody. (j t o l) HEp-2 cells seeded in four-well
slides were infected with HSV-1(F) (10 PFU/cell) at 24 h following transfection with a Nectin-1-expressing
plasmid. The cells were fixed 8 h after exposure to the virus and costained with the Nectin-1 mouse
monoclonal antibody and the ICP0 rabbit polyclonal antibody, as described above. (m to r) HEp-2 cells
seeded in four-well slides were transfected with a Nectin-1-expressing plasmid for 24 h prior to infection
with HSV-1(F) (10 PFU/cell). The cells were fixed at 8 h after infection and costained with the Nectin-1
mouse monoclonal antibody and the Cbl rabbit polyclonal antibody. (s and t) Nectin-1 transfected HEp-2
cells stained with the Nectin-1 mouse monoclonal antibody and the Cbl rabbit polyclonal antibody.

FIG 5 Changes in the membrane distribution of Nectin-1 in Cbl-depleted cells. HEp-2 cells and their
Cbl-depleted derivatives were either mock infected or exposed to HSV-1(F) (10 PFU/cell). The cells were
harvested at 8 h postinfection, and detergent-insoluble membranes were adjusted to 1.5 M sucrose and
overlaid with 5 ml of 1.2 M sucrose, followed by a 2-ml layer of 0.15 M sucrose. Following ultracentrif-
ugation as detailed in the Materials and Methods section, fractions (500 �l) were collected from the top
to the bottom of the gradient. Equal volumes from each fraction were used for protein analysis in 9%
denaturing polyacrylamide gels. Immunoblotting was done with the Nectin-1 antibody.
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as follows: in uninfected cells and HSV-1(F)-infected cells the distribution of Nectin-1 in
the sucrose gradient appears similar although a reproducible reduction in the amounts
of Nectin-1 could be detected in the light-density sucrose fractions in HSV-1(F)-infected
cells. In uninfected Cbl-depleted cells, we observed a scattering of Nectin-1 to heavier
sucrose fractions. Finally, a significant loss of Nectin-1 from the light-density sucrose
fractions was observed in Cbl-depleted cells that were exposed to HSV-1(F). In the
absence of Cbl, Nectin-1 appears to translocate from detergent-insoluble membranes
to membranes that accumulate in high-density sucrose fractions. We conclude that Cbl
influences the localization of Nectin-1.

In Cbl-depleted cells viral entry is enhanced, and the infected cells remain
susceptible to virus superinfection. The objective of another series of experiments
was to test the hypothesis that in infected cells ICP0 mediates the removal of Nectin-1
from the cell surface by the Cbl-CIN85 complex in order to reduce the entry into the
infected cells of virus progeny made in that cell.

In this series of experiments we exposed HEp-2 cells, the Cbl-knockdown clonal
derivatives, and nontarget controls to 30 PFU of HSV-1(F) per cell. At 0, 2, 5, or 8 h
after infection with HSV-1(F), the cells were exposed to 1 PFU/cell of a second
recombinant herpesvirus. To differentiate between the two viruses, the second virus
was tagged by enhanced green fluorescent protein (EGFP) fused to ICP0. All
infected cells were harvested at 2 h after exposure to the second, tagged virus, and
the amounts of EGFP DNA were measured by quantitative PCR (qPCR) and normal-
ized to the amounts of EGFP DNA present in HEp-2 cells at 2 h after exposure of the
cells to the second virus at 0 h (time zero) after infection with HSV-1(F). The results
are described below.

As shown in Fig. 6, the amount of second virus that entered Cbl-knockdown cells at
time zero was approximately 10-fold higher than that in HEp-2 cells or in the nontarget
controls. From these results we conclude that the amount of Nectin-1 normally present
in untreated infected cells was limited and may not have been sufficient for entry of all
of the virus particles to which the cells were exposed. We estimate a ratio of 40 to 100
physical particles per PFU (32). By this calculation, the cells were exposed to approxi-
mately 1,200 to 3,000 particles per cell. The amount of Nectin-1 present on the cell
surface appears to be tightly regulated in as much as significantly more virus entered
cells in Cbl-knockdown cells. We also noticed that the ability of the second virus to

FIG 6 Susceptibility of cells depleted of Cbl to virus superinfection. HEp-2 cells, the Cbl-knockdown
derivatives, and control shRNA-treated cells were exposed to the wild-type virus at 30 PFU/cell. At 0 h,
2 h, 5 h, or 8 h postinfection, the cells were exposed to the EGFP-ICP0 virus (1 PFU/cell) for 2 h. Then the
cells were harvested, total DNA was extracted as described in Materials and Methods, and quantification
was done by qPCR analysis using primers for EGFP. Amplification of �-actin DNA served as an internal
control for the normalization process.
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infect cells was diminished with time in both untreated and Cbl-knockdown cells. It
may be that additional changes occur to Nectin-1 during infection that prevent it from
functioning as a receptor despite its presence on the cell surface. The data suggest that
Cbl is necessary but not sufficient to down-modulate the amount of Nectin-1 available
for entry of HSV-1 into cells.

The role of CIN85 in the HSV-1(F) entry process. The objective of another series
of experiments concerned the adapter protein CIN85. Since CIN85 is the adaptor that
is recruited by Cbl during the receptor internalization process, we sought to determine
the contribution of CIN85 to the viral entry process. For this purpose HEp-2 cells were
depleted of CIN85 with the aid of lentiviral vectors, as described in Materials and
Methods. Of the four cell lines that were developed, we selected clone 22 for further
studies (Fig. 7A), but similar analysis was performed using clone 20, which yielded
similar results (data not shown). Specifically, the CIN85-depleted cells, the Cbl
knockdown (KD) cells, HEp-2 cells, and the nontargeting shRNA-treated cells were
exposed to 30 PFU of HSV-1(F) per cell. At 0, 2, 5, or 8 h after wild-type virus
infection, the cells were superinfected with the EGFP-ICP0 virus as described above.
As in the experiment shown in Fig. 6, EGFP-ICP0 virus entry was quantified by qPCR.
The results shown in Fig. 7B demonstrate that although Cbl depletion enhanced
viral entry by approximately 10-fold, the CIN85-depleted cells show only a small
increase in viral entry. In both instances the susceptibility of cells depleted of CIN85
to superinfection gradually declined.

DISCUSSION

Here, we have discussed a strategy that HSV has evolved to successfully disseminate
to uninfected cells that involves the removal of the HSV entry receptor Nectin-1 from
the surface of the cells which the virus enters and in which it replicates. Previously, the
Cbl/CIN85 complex was shown to mediate the elimination of the EGFR from the surface
of the HSV-1-infected cells. We show here that the Cbl/CIN85 complex is also involved
in the elimination of the viral entry receptor Nectin-1 from the surface of the infected
cells (21). In cells depleted of Cbl, the Nectin-1 receptor remained on the cell surface,
and the progeny virions entered cells in which they were produced. A combination of
pulldown and immunoprecipitation assays demonstrated that Nectin-1 and Cbl form a

FIG 7 (A) Development of CIN85-depleted HEp-2 cells. HEp-2 cells were exposed to lentiviruses carrying
different shRNAs against CIN85, which were propagated as described in Materials and Methods. After
cells were selected in puromycin, the efficiency of depletion of CIN85 was evaluated by Western blot
analysis using equal amounts of lysates from the shRNA-treated cell lines and the parental HEp-2 cells.
Clone 22 demonstrated more efficient depletion of CIN85. �-Actin was used as a loading control. (B) The
Cbl KD cells are more susceptible to virus superinfection than the CIN85 KD cells. HEp-2, the Cbl KD,
CIN85 KD derivatives, and nontargeted shRNA-treated cells were exposed to the wild-type virus and the
EGFP-ICP0 virus, as described in the legend of Fig. 6. The entry of the EGFP-ICP0 virus was quantified by
qPCR as described in the legend of Fig. 6.
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complex. Moreover, the viral glycoprotein D, which binds to Nectin-1 during the entry
of the virus into the cells, was also found in the Nectin-1/Cbl complex. Cbl usually
recognizes posttranslational modifications, such as tyrosine phosphorylation in the
cytoplasmic tail of surface molecules before internalization (13, 33–36). Whether such
a modification is introduced to Nectin-1 during HSV-1 infection and how the Cbl/CIN85
complex is recruited to eliminate Nectin-1 following the entry of the virus into the cells
are currently unknown. Nectin-1 was detected in three forms by immunoblot analysis
using two different antibodies. Interestingly, only the faster-migrating form was pulled
down by Cbl. The nature of the other two forms is unknown. Nectin-1 exists in three
isoforms containing 517 amino acids (aa), 458 aa, and 352 aa (28). Each isoform undergoes
posttranslational modifications, including glycosylation, phosphorylation, and perhaps
ubiquitination (28). Moreover, nectins form cis and trans dimers with each other to form
cell-cell adhesions (28). They also form heterophilic complexes with other immunoglobulin-
like CAMs, especially with nectin-like molecules (28). Also interactions of the different
Nectin forms with different matrix metalloproteinases have been reported that may
result in the formation of different multiprotein complexes and may generate very
specific signals at cell-to-cell junctions (28). Cbl may recognize certain posttranslational
modifications introduced to Nectin-1 following entry of the virus into the cells. Also,
the formation of the Nectin-1/gD/Cbl complex may occur in particular submembrane
compartments. Finally, Cbl may associate with Nectin-1 when it is in the monomeric
stage and not when it forms dimers.

Indeed, following infection, a fraction of Nectin-1 colocalizes with Cbl in the peri-
nuclear area. Additionally, an analysis of detergent-insoluble membranes in a sucrose
gradient demonstrated that the depletion of Cbl followed by wild-type virus infection
significantly reduced the amounts of Nectin-1 present in the detergent-insoluble mem-
branes, which float in light-density fractions. These results confirmed that Cbl influences the
localization of Nectin-1.

Our data also indicated that ICP0 is required for the internalization of Nectin-1.
Possible modifications of surface components mediated by ICP0 cannot be ex-
cluded. The elimination of Nectin-1 from infected cells occurs approximately 6 h
following inoculation of cells with virus, which coincides with the time that ICP0
accumulates in the cytoplasm (37). ICP0 is known to interact with CIN85 in the
cytoplasm (6). Depletion of CIN85 did not increase the HSV-1 entry levels compared
to levels in the Cbl-depleted cells. These data imply that Cbl is the major player in
the receptor elimination process. This is one more example which shows that the
virus hijacks the partners of key regulators, the other examples being the interaction
of ICP0 with BMAL-1 to recruit CLOCK to remodel the viral chromatin and the interac-
tion of ICP0 with cyclin D3 to recruit the CDK4/CDK6 kinases to optimize viral gene
expression (38, 39).

Upon internalization, Nectin-1 remains stable in intracellular compartments, which
is in contrast to the EGFR, which is rapidly degraded following internalization (6). After
internalization, many surface components remain stable and can signal from within the
intracellular compartments (40). This has been linked to signal amplification. Many
internalized components are targeted to recycling endosomes and from there again to
the cell surface or the tight junctions (40–44). The functions and the fate of internalized
Nectin-1 remain to be identified.

In the cells in which Nectin-1 was not internalized during HSV infection, we
observed a 10-fold increase in the amount of virus entering the cells. Reentry was
monitored for several hours after the cells were exposed to the first virus. However, we
observed that entry gradually declined even though Nectin-1 was retained on the cell
surface. One possible explanation is that Nectin-1 is modified by a virus-induced
mechanism later during infection, and therefore it does not function any more as an
entry receptor. This modified form of Nectin-1 might actually be the one internalized
with the aid of Cbl.

This study underscores the significance of the ICP0-CIN85 interaction in the cyto-
plasm and suggests that ICP0 has important cytoplasmic functions in addition to its role
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in the nucleus immediately after infection. The repertoire of receptors targeted for
internalization during HSV-1 infection could identify novel antiviral factors.

MATERIALS AND METHODS
Cells and recombinant viruses. The sources and propagation of HEp-2 and HEK-293 cells were

reported elsewhere (38). HSV-1(F), a limited-passage isolate, is the prototype strain used in this laboratory
(45). The properties of R7910, a ΔICP0 null mutant virus, and of the EGFP-ICP0 virus, which expresses an
EGFP fusion form of ICP0, were described before (46, 47).

Development of stable cell lines depleted of Cbl or CIN85 using shRNA lentiviral vectors. The
PLKO.1 shRNAs for Cbl, CIN85, and the nontargeting control shRNA were purchased from ThermoFisher.
For the development of the respective lentiviral vectors, HEK-293 cells seeded in an F25 (25-cm2) flask
at 60% confluence were cotransfected with 8 �g of the plasmid carrying the shRNA, 8 �g of the
Gag-Pol-expressing plasmid, and 1 �g of a vesicular stomatitis virus G protein (VSV-G)-encoding plasmid
with TurboFect, according to the manufacturer’s instructions. At 48 h after transfection the supernatant
from the cultures was collected, filtered through 0.45-�m-pore-size filters, and used to infect HEp-2 cells.
Puromycin selection initiated 24 h after cell exposure to lentiviruses and continued until only resistant
clones survived. The clones of HEp-2 cells with the greatest reduction in Cbl or CIN85 expression were
used for further experimentation.

Immunoprecipitation. Cells seeded on an F25 flask were lysed in 1 ml of lysis buffer (50 mM HEPES,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1% NP-40,
1 mM Na3VO4, 1 mM NaF, 0.5% sodium deoxycholate, and protease inhibitor cocktail) and incubated for
30 min on ice, and the cell debris was removed by centrifugation at 7,000 rpm for 10 min. The
supernatant fluids were reacted with protein A-agarose 50% slurry (Sigma) at 4°C for 20 min to clear the
lysates. Upon removal of the beads, lysates were reacted either with 2 �g of rabbit polyclonal Cbl
antibody (Santa Cruz) or with the control RNA polymerase II rabbit polyclonal antibody (Santa Cruz)
overnight at 4°C. The lysate-antibody mixtures were incubated with 50 �l of protein A-agarose 50% slurry
at 4°C for 2 h. The beads were then rinsed four times with the same buffer and eluted by 1� sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer at 95°C for 5 min. The
precipitates were loaded on a 9% SDS-PAGE gel and examined by Western blotting.

Purification of the GST-Cbl fusion protein and GST-Cbl pulldown assays. The full-length Cbl was
PCR amplified from pRK5-Cbl, digested with EcoR V, and inserted into the SmaI site of pGEX-4T2 in frame
with glutathione S-transferase (GST) (6). The purification of Cbl was done as previously described (39).
Briefly, Escherichia coli XL1-Blue cells transformed with the pGEX-4T2- or with the pGEX-4T2-Cbl-
expressing plasmid were induced with 0.3 mM isopropyl-�-D-thiogalactopyranoside (IPTG) for 3 h after
the optical density at 600 nm reached a value of 0.5. The harvested cells were lysed by sonication in
phosphate-buffered saline (PBS) supplemented with Triton X-100 and sodium lauroyl sarcosinate at a
final concentration of 1%. The cell debris was removed by centrifugation, and the GST or GST-Cbl
proteins were adsorbed to the glutathione-agarose beads (Sigma). Purified proteins were eluted after
extensive rinsing of the beads with PBS–1% Triton X-100. For the GST pulldown assays, 2 � 107 HEp-2
cells, mock infected or infected with the wild-type virus at 10 PFU/cell, were lysed in HEPES–1% Triton
X-100 buffer consisting of 50 mM HEPES (pH 7.4), 250 mM NaCl, 10 mM MgCl2, 1 mM PMSF, and protease
cocktail inhibitor (Sigma) supplemented with 1% Triton X-100. The lysates were reacted overnight with
equal amounts of GST or GST-Cbl proteins immobilized on glutathione beads and rinsed three times with
the HEPES–1% Triton X-100 buffer, and the bound protein complexes were dissolved in loading buffer
composed of 4% SDS, 100 mM Tris-Cl (pH 6.8), 20% glycerol, and 0.2% bromophenol blue, supplemented
with �-mercaptoethanol, and boiled for 5 min. After centrifugation to remove the beads, the eluted
proteins were subjected to electrophoretic analysis on 9% polyacrylamide gels.

Immunoblot analysis. The procedures for immunoblot analysis were described elsewhere (39).
Briefly, the cells were harvested at the times after infection discussed in the figure legends, rinsed with
PBS, solubilized in triple detergent buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1% sodium dodecyl
sulfate, 1% Nonidet P-40, 0.5% sodium deoxycholate, 100 �g ml�1 of phenylmethylsulfonyl fluoride)
supplemented with phosphatase inhibitors (10 mM NaF, 10 mM �-glycerophosphate, 0.1 mM sodium
vanadate) and protease inhibitor cocktail (Sigma), as specified by the manufacturer, and briefly sonicated.
The protein concentration in total cell lysates was determined with the aid of a Bio-Rad protein assay
(Bio-Rad Laboratories). Approximately 60 �g of proteins per sample was subjected to further analysis.
Proteins were electrophoretically separated in denaturing polyacrylamide gels, transferred to a nitrocel-
lulose sheet electrically, blocked with PBS supplemented with 0.02% (vol/vol) Tween 20 (PBST) and 5%
nonfat milk, and reacted overnight at 4°C with the appropriate primary antibodies diluted in PBST–1%
nonfat milk. The rabbit polyclonal antibody to Cbl (Santa Cruz) and the mouse monoclonal antibodies to
CIN85 (Santa Cruz), Nectin-1 (CK6; Santa Cruz), and Nectin-1 (R&D systems) were used at a dilution of
1:500. The mouse monoclonal antibody to �-actin (Sigma) and the horseradish peroxidase (HRP)-
streptavidin anti-mouse IgG (Pierce) were used at a 1:1,000 dilution. The mouse monoclonal
antibody to gD (kindly provided by B. Roizman, University of Chicago) was used at a 1:1,000 dilution.
After several rinses with PBST–1% nonfat milk, the membranes were reacted with the appropriate
secondary antibody conjugated to either alkaline phosphatase or horseradish peroxidase. Finally,
protein bands were visualized with 5-bromo-4-chloro-3-indolylphosphate (BCIP)-nitroblue tetrazo-
lium (Denville Scientific, Inc.) or with ECL Western blotting detection reagents (Amersham Biosci-
ences) according to the manufacturer’s instructions.

Biotinylation and purification of cell surface proteins. HEp-2 cells (2 � 107) were washed three
times with ice-cold PBS and incubated with 10 ml of ice-cold sulfo-NHS-LC-biotin (sulfosuccinimidyl-6-
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biotinamido-hexanoate), freshly dissolved in PBS (pH 8) to 0.5 mg/ml, for 30 min at 4°C. Next, the cells
were washed three times with PBS supplemented with 100 mM glycine to quench the reaction and
remove excess biotin reagent and by-products. Cells were then collected, lysed in radioimmunoprecipi-
tation assay (RIPA) buffer (100 mM Tris [pH 8.0], 140 mM NaCl, 1% Triton X-100/0.1% SDS, 1% deoxycholic
acid, 0.5 mM EDTA, protease and phosphatase inhibitors), and briefly sonicated. Immunoprecipitation of
total Nectin-1 was done with 3 �g of mouse monoclonal Nectin-1 antibody, as detailed above, and
immunoblotting was done with the HRP-streptavidin anti-mouse IgG diluted 1:1,000 (Pierce). Protein
bands were visualized with 5-bromo-4-chloro-3-indolylphosphate (BCIP)-nitroblue tetrazolium (Denville
Scientific, Inc.), as described above.

Superinfection assay. HEp-2 cells, their Cbl- or CIN85-knockdown derivatives, and the nontargeting
control shRNA-treated cells, seeded in T25 flasks, were exposed to 30 PFU of HSV-1(F). At 0 h, 2 h, 5 h,
or 8 h after infection with the wild-type virus, the cells were exposed to 1 PFU of the EGFP-ICP0 virus in
199V medium, composed of medium 199 (Sigma catalog no. M0393) supplemented with 1% fetal bovine
serum, for 2 h at 37°C. For the extraction of total DNA, the cells were harvested, lysed in buffer containing
50 mM Tris-HCl [p� 8.0], 100 mM EDTA [pH 8.0], and 0.5% (wt/vol) SDS and incubated with 100 �g/ml
proteinase K overnight at 55°C. Then the samples were incubated with RNase A (50 �g/ml) for 2 h at 37°C
prior to phenol-chloroform extraction and ethanol precipitation. The entry of the EGFP-ICP0 virus was
measured by quantitative real-time PCR analysis using the following EGFP primers: forward, 5=-CCA AGC
TTG AAT TCA CCA TGG TGA GCA-3; reverse, 5=-GGA AGC TTG ATA TCC TTG TAC AGC TCG TC-3=. Primers
for the �-actin DNA used for the normalization process were the following: forward, 5=-CTA TCC CTG TAC
GCC TCT GG-3=; reverse, 5=-TGG TGG TGA AGC TGT AGC C-3=.

Isolation of detergent-insoluble membranes. For isolation of detergent-insoluble membrane
domains, approximately 1 � 108 cells per sample were resuspended in 1 ml of ice-cold detergent lysis
buffer (25 mM Tris, pH 7.6, 150 mM NaCl, 5 mM EDTA, 40 mM Na3VO4, 200 mM NaF, 0.05% Triton X-100,
and protease inhibitor cocktail), followed by 30 min of incubation on ice before ultracentrifugation. The
samples were then adjusted to 1.5 M sucrose in 20 mM Tris, pH 7.5, in a total volume of 2 ml, placed in
the bottom of an ultracentrifuge tube, and overlaid with 5 ml of 1.2 M sucrose, followed by a 2-ml layer
of 0.15 M sucrose. Samples were centrifuged at 38,000 rpm in a Beckman SW41 rotor for 18 h at 4°C.
Fractions (500 �l) were withdrawn from top to bottom and analyzed by immunoblot analysis.

Transfection/infection assays. HEK-293 cells seeded in six-well plates at 70 to 80% confluence were
transfected with 1 �g/well of Nectin-1-expressing plasmid, kindly provided by R. Longnecker (North-
western University), and 1 �g/well of Cbl-expressing plasmid, kindly provided by I. Dikic (Goethe
University, Germany), with the aid of Lipofectamine 3000 (Life Technologies), according to the instruc-
tions of the suppliers. At 24 h posttransfection the cells were exposed to HSV-1(F) (10 PFU/cell). The cells
were harvested at 6 h postinfection, and immunoprecipitations with a Nectin-1 mouse monoclonal
antibody (R&D Systems) or a control RNA polymerase II mouse monoclonal antibody (Santa Cruz) were
done as described above.

Immunofluorescence. The procedures for immunofluorescence have been described elsewhere (39).
Briefly, HEK-293 cells seeded in four-well slides (Erie Scientific) were transfected with 200 ng/well of
Nectin-1-expressing plasmid, kindly provided by R. Longnecker (Northwestern University), in mixtures
with 1 �l of Lipofectamine and 1.5 �l of Plus reagents per well, as specified by the supplier (Invitrogen).
At 24 h posttransfection, the cells were exposed to 10 PFU of virus per cell and fixed in 4% paraformal-
dehyde at the times indicated in Results. The cells were permeabilized, blocked with PBS-TBH solution
consisting of 0.1% Triton X-100 in PBS, 10% horse serum, and 1% bovine serum albumin (BSA), and
reacted with primary antibodies diluted in PBS-TBH. The ICP0 mouse monoclonal antibody (Goodwin
Institute for Cancer Research, Plantation, FL) was used at a dilution of 1:800. The mouse monoclonal
antibody to Nectin-1 was used at a dilution of 1:1,000. The Cbl rabbit polyclonal antibody was used at
a dilution of 1:500. The four-well cultures were then rinsed several times with PBS-TBH and reacted with
Alexa-Fluor 594-conjugated goat anti-rabbit or Alexa-Fluor 488-conjugated goat anti-mouse, diluted
1:1,000 in PBS-TBH. After several rinses, first with PBS-TBH and then with PBS, the samples were mounted
and examined with a Zeiss confocal microscope equipped with software provided by Zeiss.
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