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Herpes simplex virus 1 (HSV-1) enters cells either via fusion of the virion envelope and host cell plasma
membrane or via endocytosis, depending on the cell type. In the study reported here, we investigated a viral
entry pathway dependent on the paired immunoglobulin-like type 2 receptor � (PILR�), a recently identified
entry coreceptor for HSV-1 that associates with viral envelope glycoprotein B (gB). Experiments using inhib-
itors of endocytic pathways and ultrastructural analyses of Chinese hamster ovary (CHO) cells transduced
with PILR� showed that HSV-1 entry into these cells was via virus-cell fusion at the cell surface. Together with
earlier observations that HSV-1 uptake into normal CHO cells and those transduced with a receptor for HSV-1
envelope gD is mediated by endocytosis, these results indicated that expression of PILR� produced an
alternative HSV-1 entry pathway in CHO cells. We also showed that human and murine PILR� were able to
mediate entry of pseudorabies virus, a porcine alphaherpesvirus, but not of HSV-2. These results indicated that
viral entry via PILR� appears to be conserved but that there is a PILR� preference among alphaherpesviruses.

Herpesviruses (family Herpesviridae) are divided into three
subfamilies (alpha-, beta-, and gammaherpesviruses) on the
basis of biological characteristics and genomic organization
(36). Human herpes simplex virus 1 (HSV-1), HSV-2, and
porcine pseudorabies virus (PRV) are representative members
of the alphaherpesvirus subfamily. The alphaherpesviruses
have a very broad host range in cultured cells and can infect
and cause diseases in selected laboratory animals, such as ro-
dents (41). These features indicate that each of these viruses
can recognize structural features of receptors conserved
among human and animal species. Consistent with this hypoth-
esis, these alphaherpesviruses appear to have common path-
ways for entry into cells (41). The initial interaction of these
viruses with cells is binding of virion envelope glycoprotein C
(gC) and gB to cell surface glycosaminoglycans, preferentially
heparan sulfate (3-O-S-HS) (15, 16, 41). Subsequent viral pen-
etration requires fusion between the virion envelope and the
host cell membrane and depends on gB, the heterodimer gH/
gL, gD, and a gD receptor (33, 42, 46). For HSV-1 entry, this
fusion occurs either on the cell surface or within an endosome,
depending on the cell type (11, 25, 29–31, 40). To date, three
HSV-1 entry pathways have been reported: (i) direct fusion

between the virion envelope and cell plasma membrane, as
seen for Vero and HEp-2 cell entry (10, 11, 40, 50); (ii) low-
pH-dependent endocytosis, as seen for cell entry with HeLa
cells, Chinese hamster ovary (CHO) cells expressing gD recep-
tors, and human primary epidermal keratinocytes (29, 30); and
(iii) low-pH-independent endocytosis, as seen for C10 murine
melanoma cell entry (25). A salient question that remains is
what determines the viral entry choice between fusion with the
cell plasma membrane for some cell types and endocytosis for
other cell types.

The gD receptors reported to date fall into three classes
(41): (i) HVEM (herpesvirus entry mediator), a member of the
tumor necrosis factor receptor family; (ii) nectin-1 and nec-
tin-2, members of the immunoglobulin (Ig) superfamily; and
(iii) specific sites on 3-O-S-HS generated by certain 3-O-sulfo-
transferases (12, 26, 39, 47). Different alphaherpesvirus gD
glycoproteins appear to have somewhat different receptor pref-
erences. For example, although both HVEM and nectin-1 are
excellent entry receptors for both HSV-1 and HSV-2, nectin-2
is a poor receptor for HSV-1 entry but does have entry activity
for HSV-2 (12, 26, 47). In contrast to nectin-2, 3-O-S-HS is a
poor receptor for HSV-2 entry but does have entry activity for
HSV-1 (39). In the case of PRV, the virus can use human
nectin-1 or nectin-2 but not human HVEM or 3-O-S-HS (12,
26, 39, 47).

In addition to the interaction of virion gD with a cell mem-
brane gD receptor, gB binding to a cellular receptor(s) other
than 3-O-S-HS has been suggested to mediate HSV-1 entry
(4). Consistent with this suggestion, we have recently reported
that paired Ig-like type 2 receptor � (PILR�) associates with
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gB and functions as an entry coreceptor for HSV-1 (37).
PILR� is one of the paired receptor families expressed mainly
in immune cells, in which one receptor has inhibitory functions
and the other mediates activation functions (9, 28, 38). Trans-
duction of PILR� into HSV-1-resistant CHO cells produces
cells susceptible to HSV-1 infection, but this HSV-1 infection
can be blocked by treating the cells with a soluble form of
PILR� or antibodies against PILR�. More importantly,
HSV-1 infection of primary human CD14-positive peripheral
blood mononuclear cells (PBMCs) expressing both HVEM
and PILR� is blocked by either anti-PILR� or anti-HVEM
antibody, suggesting that cellular receptors for both gD and gB
are required for HSV-1 infection. Since expression of PILR� is
restricted mostly to immune cells (9) and is not expressed in
cells commonly used for in vitro study of HSV-1, such as Vero
cells (H. Arase, unpublished observation), we propose that
there is another gB receptor(s) that plays a role in HSV-1 entry
into PILR�-negative cells.

Although our previous studies presented the first data that
PILR� can serve as an entry receptor for HSV-1 in the cell
types that were examined (including CHO cells expressing
PILR� and primary human CD14-positive PBMCs), the de-
tails of PILR�-dependent viral entry remain to be elucidated.
In the studies reported here, we have characterized some of
the aspects of PILR�-dependent herpesvirus entry, such as the
entry pathway and conservation of this entry in other alpha-
herpesviruses.

MATERIALS AND METHODS

Cells and viruses. Vero, CPK, and IC21 cells were described previously (18,
22, 44). CHO-hPILR�, CHO-mPILR�, and CHO-neo cells are transfectants
stably expressing human PILR�, mouse PILR�, and empty vector, respectively,
and were propagated in Ham’s F-12 medium supplemented with 10% fetal calf
serum (FCS) and 250 �g G418/ml (17). Cells were subcultured in nonselective
medium prior to use in all experiments. HEK293T cells were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% FCS. Human PBMCs
were obtained using Ficoll-Paque Plus (GE Healthcare), and CD14-positive cells
were separated from PBMCs using a MACS purification system (Miltenyi Bio-
tec). Primary human CD14-positive PBMCs were cultured in RPMI 1640 me-
dium supplemented with 10% FCS. Ham’s F-12 medium and Advanced RPMI
1640 (Invitrogen) medium supplemented with 1% FCS were used for virus
infection with various types of CHO cells and primary human CD14-positive
PBMCs, respectively.

Wild-type HSV-1(F), HSV-2(G), HSV-2 186, and PRV Indiana strain were
described previously (18, 27, 44). YK333 is a derivative of HSV-1(F) and carries
an enhanced green fluorescent protein (EGFP) expression cassette under the
control of the Egr-1 promoter in the unique long 3 (UL3)-UL4 intergenic region
(45). YK338 and YK382 are derivatives of HSV-1(F) and HSV-2 186, respec-
tively, carrying the Venus FP cassette under the control of the HSV-1 UL26.5
promoter in the UL50-UL51 intergenic region, as described elsewhere (27).
HSV-1 YK338 and YK333 and HSV-2 YK382 have been shown to have pheno-
types identical to those of wild-type HSV-1(F) and HSV-2 186, respectively, in
cell cultures, and cells infected with YK333 or with YK338 and YK382 efficiently
express EGFP or Venus FP, respectively (27, 45).

Monensin treatment. CHO-hPILR� and CHO-hNectin-1 cells were preincu-
bated in various concentrations of monensin for 1 h at 37°C. The cells in each
sample then were mixed with YK333 in the presence of the drug at a multiplicity
of infection (MOI) of 1, followed by centrifugation at 32°C at 1,100 � g for 2 h.
After the supernatant was removed, infected cells were washed twice with phos-
phate-buffered saline, refed with the appropriate medium containing monensin,
and incubated at 37°C for a further 5 h. The cells then were fixed with 4%
paraformaldehyde and analyzed by FACSCalibur with Cell Quest software (Bec-
ton Dickinson).

Energy depletion. YK333 was bound to CHO-hPILR� or CHO-hNectin-1
cells (at an MOI of 1) at 4°C for 1 h. The inoculum was then removed, and the
cells were treated with glucose-free medium containing 2% bovine serum albu-

min, 0.3% 2-deoxy-D-glucose, and 0.05% sodium azide or with control medium
and held at 4°C for 15 min and then at 37°C for 30 min. Extracellular virus was
acid inactivated by removing the medium and replacing it with acid citrate buffer
(40 mM citric acid [pH 4.7], 135 mM NaCl, 10 mM KCl) for 2 min. The cells then
were washed, refed with the appropriate medium, and incubated for a further
7 h. The cells were then fixed with 4% paraformaldehyde and analyzed by
FACSCalibur.

Electron microscopy (EM) analysis. CHO-hNectin-1 or CHO-hPILR� cells or
primary human CD14-positive PBMCs were mixed with HSV-1(F) (at an MOI of
50), followed by centrifugation at 4°C at 1,100 � g for 2 h or 30 min, respectively,
to allow attachment, and then incubated at 37°C for 2 min. Infected cells were
fixed with 1% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium phos-
phate buffer (pH 7.4) for 1 h on ice. The cells then were harvested and fixed for
1 h with the same fixative. Small pieces of the fixed pellet were washed with the
same phosphate buffer containing 3% sucrose and postfixed with 1% osmium
tetroxide in the same phosphate buffer for 1 h on ice. For primary human
CD14-positive PBMCs, infected cells were fixed with 2.5% glutaraldehyde in 0.1
M ice-cold sodium cacodylate buffer (pH 7.2) containing 0.5 mg ruthenium
red/ml for 1 h, during which time cells were allowed to warm up to room
temperature. The cells were then washed with 0.1 M cacodylate buffer (pH 7.2)
and postfixed with 2% OsO4 in the same cacodylate buffer containing 0.5 mg
ruthenium red/ml for 1 h at room temperature, followed by routine embedding
in Epon. The samples were then dehydrated with an ethanol gradient series
followed by propylene oxide, embedded in an Epon 812 resin mixture, and
polymerized at 70°C for 2 days. Thin sections were cut, stained with uranyl
acetate and lead citrate, and examined with a Hitachi H7500 electron micro-
scope.

Virus entry assays. CHO cells or primary human CD14-positive PBMCs were
inoculated with PRV or an HSV at an MOI of 5, followed by centrifugation at
32°C at 1,100 � g for 2 h. The inoculum was then removed, and the cells were
refed with the appropriate medium. (i) In experiments in which various types of
CHO cells or primary human CD14-positive PBMCs were infected with recom-
binant HSVs carrying a fluorescent marker, infected cells were fixed with 4%
paraformaldehyde at 8 h or 14 h postinfection, respectively, and analyzed by
fluorescent microscopy or FACSCalibur. (ii) In experiments in which various
types of CHO cells were infected with wild-type HSVs, infected cells were
stained with anti-gD antibody at 8 h postinfection and fixed with 4% parafor-
maldehyde. The stained cells were then incubated with Alexa Fluor 488-conju-
gated anti-mouse IgG (Invitrogen) and analyzed by FACSCalibur. (iii) In exper-
iments in which primary human CD14-positive PBMCs were infected with
wild-type HSVs, infected cells were harvested at 14 h postinfection and analyzed
by immunoblotting (19) with anti-ICP27 antibody. (iv) In experiments in which
various types of CHO cells were infected with PRV, infected cells were fixed with
4% paraformaldehyde at 8 h postinfection, permeabilized with 0.1% Triton
X-100, and stained with anti-EP0 antibody. The stained cells were then incubated
with Alexa Fluor 488-conjugated anti-rabbit IgG (Invitrogen) and analyzed by
FACSCalibur. (v) In experiments in which primary human CD14-positive
PBMCs were infected with PRV, infected cells were harvested at 7 h postinfec-
tion and analyzed by immunoblotting with anti-EP0 antibody.

Antibodies. Mouse monoclonal antibodies (MAb) to gD (DL6), ICP27
(8.F.137B), and �-tubulin (DM1A) were purchased from Santa Cruz Biotech-
nology, Abcam, and Sigma-Aldrich, respectively. Rabbit polyclonal antibody to
PRV EP0 was described previously (48). For blocking experiments, anti-PILR�
MAb (M4) (IgG1 isotype) (37) and anti-Flag MAb (M2) (IgG1 isotype), the
latter used as a control, were purchased from Sigma-Aldrich.

Binding of soluble PILR�-Ig fusion protein to the surfaces of infected cells.
Soluble PILR�-Ig fusion proteins were produced and used for the detection of
gB on the surfaces of HEK293T cells infected with HSV-1(F), HSV-2 186, or
PRV at an MOI of 5 for 12 h, as described previously (37).

RESULTS

Effect of ATP synthesis inhibitors and monensin treatment
on HSV-1 infection of CHO cells expressing PILR�. Endocy-
tosis is an active, energy-dependent process and, therefore, is
sensitive to ATP synthesis inhibitors (24). It has been reported
that treatment with energy depletion medium containing so-
dium azide and 2-deoxy-D-glucose resulted in inhibition of
both pH-dependent and pH-independent endocytic entries of
HSV-1 into cells such as HeLa cells, CHO cells expressing
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nectin-1, and C10 cells, while this treatment did not affect
HSV-1 entry into Vero cells (25, 30). pH-dependent endocytic
entry of HSV-1 requires that virion particles be delivered to an
acidic endosomal compartment (30). Monensin is a carboxylic
ionophore that blocks endosomal acidification, and it has been
reported that pH-dependent endocytic entry of HSV-1 into
cells such as HeLa cells and CHO cells expressing nectin-1 is
inhibited by monensin treatment but that monensin has no
effect on pH-independent endocytic entry of HSV-1 into C10
cells or on nonendocytic entry into Vero cells (25, 30). To
investigate an HSV-1 PILR�-dependent entry pathway, CHO-
hPILR� and CHO-hNectin-1 cells treated with or without
energy depletion medium containing sodium azide and 2-de-
oxy-D-glucose were infected with recombinant HSV-1 YK333,
which expresses EGFP, at an MOI of 5 for 7 h, and the infected
cells were analyzed for EGFP fluorescence by flow cytometry.
In addition, cells were infected with HSV-1 YK333 at an MOI
of 5 for 7.5 h in the presence or absence of various concentra-
tions of monensin, and HSV-1 infection was analyzed as de-
scribed above. We note that CHO-hPILR� cells are able to
produce low but consistent yields of progeny virus, based on
the observation that virus titers in the supernatants of CHO-
hPILR� and CHO-hNectin-1 cells infected with wild-type
HSV-1(F) at an MOI of 5 for 24 h were 1.3 � 102 and 1.3 �
104, respectively, while that of CHO-neo cells was not detect-
able. As shown in Fig. 1A, HSV-1 entry into CHO-hNectin-1
cells treated with energy depletion medium was significantly
inhibited. Furthermore, there was a dose-dependent inhibition
of HSV-1 entry when CHO-hNectin-1 cells were treated with
increasing concentrations of monensin (Fig. 1B). These results
were consistent with previous reports (30). In contrast, when
CHO-hPILR� cells were treated with energy depletion me-
dium or monensin, no inhibitory effect on HSV-1 entry was
evident (Fig. 1A and B). These results indicated that the
HSV-1 entry pathway into CHO cells expressing PILR� was
distinct from that into CHO cells expressing the gD receptor.
Since HSV-1 entry by fusion of the virion envelope and cell
plasma membrane is not affected by treatment with energy
depletion medium or monensin (30), these results supported
the conclusion that HSV-1 entry into CHO-hPILR� cells was
the result of fusion of the virion envelope and cell plasma
membrane.

We note that treatment of CHO-hPILR� cells with 50 mM
monensin increased viral entry a little (Fig. 1B). Although it is
unknown how monensin affects viral entry into CHO-hPILR�
cells, similar results were also observed with HSV-1-infected
Vero cells in the presence of lysosomotropic agents (monensin
and ammonium chloride) (30).

Ultrastructural analysis of PILR�-dependent HSV-1 entry.
HSV-1 entry into CHO-hPILR� cells was studied further by
EM. CHO-hPILR� and CHO-hNectin-1 cells were incubated
with wild-type HSV-1(F) at an MOI of 50 for 2 h at 4°C, and
the temperature was raised to 37°C for 2 min. Infected cells
were then placed on ice, fixed, and processed for EM. In
addition, primary human CD14-positive PBMCs were pre-
pared by the procedure described above except that the cells
were incubated with HSV-1 at 4°C for 30 min. Primary human
CD14-positive PBMCs endogenously express PILR�, as well
as gD receptors for alphaherpesviruses, including HVEM, nec-
tin-2, and poliovirus receptor (34). We previously demon-

strated that HSV-1 infects these cells in a PILR�-dependent
manner, based on the observation that HSV-1 infection was
blocked by anti-PILR� MAb (37). EM of HSV-1-infected
CHO-hNectin-1 cells showed enveloped virions surrounded by
invaginations of the cell plasma membrane (Fig. 2A) and
within vesicles (Fig. 2B and C), both of which are typical
features of HSV-1 endocytic entry (30). In contrast, EM anal-
ysis of HSV-1-infected CHO-hPILR� cells showed that virions
on the cell surface were not in membrane invaginations (Fig.
2D and E) and that naked or unenveloped nucleocapsids were
in the cytosol adjacent to the cell plasma membrane (Fig. 2F).

FIG. 1. Effects of endocytosis inhibitors on HSV-1 entry into cells.
(A) CHO-hPILR� and CHO-hNectin-1 cells were infected with
YK333 at an MOI of 1 at 4°C for 1 h. The inoculum was then removed,
and cells were treated with glucose-free medium containing 2% bovine
serum albumin, 0.3% 2-deoxy-D-glucose, and 0.05% sodium azide and
held at 4°C for 15 min and then at 37°C for 30 min. Virus that had not
penetrated the cells was inactivated by acid treatment, and infection
continued for an additional 7 h, after which infected cells were ana-
lyzed by flow cytometry. The relative mean fluorescence intensity
(MFI) of infected cells treated with energy depletion medium was
calculated as the percentage relative to that of mock-treated infected
cells. The mean and standard deviation from three independent ex-
periments is shown for each cell type. (B) CHO-hPILR� or CHO-
hNectin-1 cells were pretreated with the indicated concentrations of
monensin for 1 h at 37°C. Cells were then infected with YK333 at an
MOI of 1 for 7 h in the presence of the drug and analyzed by flow
cytometry. The relative MFI of infected cells was calculated as the
percentage relative to that in the absence of the drug. The mean and
standard deviation from three independent experiments is shown for
each data point for each cell type.

4522 ARII ET AL. J. VIROL.



These features were consistent with those observed with HSV-
infected Vero cells, as reported earlier (11, 40). When approx-
imately 50 virions were counted and categorized, 62% of viri-
ons in CHO-hNectin-1 cells exhibited typical features of
endocytic HSV-1 entry. In contrast, 83% of virions in CHO-
hPILR� cells exhibited typical features of HSV-1 entry by
fusion at the plasma membrane. Results similar to those ob-
tained with HSV-1-infected CHO-hPILR� cells were also ob-
tained with HSV-1(F)-infected primary human CD14-positive
PBMCs (Fig. 3). These results confirm that PILR�-dependent
entry of HSV-1 into cells such as CHO-hPILR� cells and
primary human CD14-positive PBMCs is by fusion of the
virion envelope and cell plasma membrane.

HSV-2 infection of PILR� transfectants. To test whether
PILR� is able to mediate HSV-2 entry, CHO-hNectin-1,
CHO-hPILR�, and CHO-neo cells were incubated with re-
combinant HSV-1 YK338 or recombinant HSV-2 YK382, both
of which express Venus FP, at an MOI of 5 for 8 h, and HSV
infection was analyzed for Venus FP fluorescence by fluores-
cence microscopy (data not shown) and flow cytometry (Fig.
4A). As reported previously (12), transduction of CHO cells
with human nectin-1 greatly enhanced entry of both HSV-1
YK338 and HSV-2 YK382 (Fig. 4). In contrast, transduction
with human PILR� efficiently enhanced entry of HSV-1
YK338, as described previously (37), but failed to enhance
entry of HSV-2 YK382 (Fig. 4). Similar results were obtained
when CHO-hPILR� cells were infected with HSV-2 YK382 at
an MOI of 50 (data not shown). To eliminate the possibility
that insertion of the Venus FP expression cassette into the
HSV-2 genome affected PILR�-dependent entry of HSV-2
YK382, we used two wild-type HSV-2 strains [HSV-2 186 and
HSV-2(G)] for further experiments. CHO-hNectin-1, CHO-
hPILR�, and CHO-neo cells were incubated with wild-type

HSV-2 186, HSV-2(G), or HSV-1(F) at an MOI of 5 for 8 h,
harvested, stained with anti-gD antibody, and analyzed by flow
cytometry. As shown in Fig. 4B, the results were consistent
with those obtained with fluorescent viruses (Fig. 4A): there
was good infection of CHO-hNectin-1 cells by all three viruses,

FIG. 2. EM of HSV-1 entry into CHO cells expressing PILR�. HSV-1(F) was added to CHO-hNectin-1 (A to C) or CHO-hPILR� (D to F)
cells for 2 h at 4°C, followed by a shift to 37°C for 2 min and then preparation of the cells for EM. Bar, 200 nm.

FIG. 3. EM of HSV-1 entry into CD14-positive PBMCs. HSV-
1(F) was added to primary human CD14-positive PBMCs for 30 min at
4°C, followed by a shift to 37°C for 2 min and then preparation of the
cells for EM. Bar, 200 nm.
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there was good infection of CHO-hPILR� cells by HSV-1(F)
but little infection by the two HSV-2 strains, and there was
little infection of CHO-neo cells by all three viruses. These
observations indicated that PILR� was unable to mediate
HSV-2 entry into CHO cells.

PRV infection of PILR� transfectants. To investigate
whether both human and murine PILR� are able to serve as
receptors for PRV, CHO-hNectin-1, CHO-hPILR�, CHO-
mPILR�, and CHO-neo cells were incubated with PRV at an
MOI of 5 for 8 h, harvested, stained with anti-PRV EP0 anti-
body, and analyzed by flow cytometry. As shown in Fig. 5A,
transduction with human nectin-1, human PILR�, and murine
PILR� resulted in efficient PRV infection. To study the direct
involvement of PILR� in PRV entry, PRV entry was analyzed
using anti-PILR� MAb (M4), which has been shown to block
HSV-1 entry mediated by PILR� (37). As shown in Fig. 5B,
when CHO-hPILR� cells were infected with PRV in the pres-
ence of anti-PILR� MAb, infection was blocked by the MAb in

a dose-dependent manner, while the control MAb did not
affect PRV infection. These results indicated that PILR� me-
diated PRV entry into CHO cells.

Binding of PILR� to the cell surface molecule(s) expressed
in HSV-1-, HSV-2-, and PRV-infected cells. Envelope glyco-
proteins of HSV-1, HSV-2, and PRV are known to be ex-
pressed on the surfaces of infected cells (6). To test whether
cell surface molecules induced by HSV-2 and PRV infection
bind to PILR� like HSV-1 gB (37), HEK293T cells were mock
infected or infected with HSV-1(F), HSV-2 186, or PRV at an
MOI of 5 for 12 h, and binding of human PILR�-Ig fusion
protein to cell surface molecules on infected cells was analyzed
by flow cytometry. As shown in Fig. 6, HSV-1(F)-, HSV-2 186-,
or PRV-infected cells were stained with human PILR�-Ig fu-
sion protein. Consistent with our previous report (37), mock-
infected cells were not stained with human PILR�-Ig fusion
protein, based on the observation that the staining patterns of
mock-infected cells with human PILR�-Ig and control-Ig fu-
sion proteins were identical (data not shown). These results
indicated that PILR� was able to bind to the cell surface

FIG. 4. HSV-2 infection of CHO cells expressing PILR�.
(A) CHO-hNnectin-1, CHO-hPILR�, and CHO-neo cells were in-
fected with HSV-2 YK382 or HSV-1 YK338 at an MOI of 5. At 8 h
postinfection, infected cells were divided into two aliquots. One ali-
quot was examined by fluorescence microscopy (data not shown), and
the other was analyzed by flow cytometry (A) to determine the per-
centages of infected cells. (B) CHO-hNnectin-1, CHO-hPILR�, and
CHO-neo cells were infected with wild-type HSV-2 186, HSV-2(G), or
HSV-1(F) at an MOI of 5. At 8 h postinfection, infected cells were
stained with anti-gD antibody and analyzed by flow cytometry to de-
termine the percentages of infected cells. The mean and standard
deviation from three independent experiments is shown for each cell
type.

FIG. 5. PRV infection of CHO cells expressing PILR�. (A) CHO-
hNectin-1, CHO-hPILR�, CHO-mPILR�, and CHO-neo cells were
infected with PRV at an MOI of 5. At 8 h postinfection, infected cells
were fixed, permeabilized, stained with anti-EP0 antibody, and ana-
lyzed by flow cytometry to determine the percentages of infected cells.
The mean and standard deviation from three independent experiments
is shown for each cell type. (B) CHO-hPILR� cells were infected with
PRV at an MOI of 5 in the presence of various concentrations of
anti-PILR� MAb or control MAb. At 8 h postinfection, infected cells
were stained with anti-EP0 antibody and analyzed by flow cytometry to
determine the percentages of infected cells.
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molecule(s) induced by HSV-2 and PRV infection, although
these viruses differed in their abilities to use PILR� for viral
entry, as shown above.

HSV-2 and PRV infection of primary human CD14-positive
PBMCs. We investigated whether the abilities of HSV-1,
HSV-2, and PRV to utilize PILR� for viral entry, evidenced by
the experiments with CHO cells overexpressing PILR�, were
similar in cells expressing PILR� endogenously. In the first
series of experiments, primary human CD14-positive PBMCs
were incubated with wild-type HSV-1 YK338 or HSV-2 YK382
at an MOI of 5 for 14 h, harvested, and analyzed by flow
cytometry. As reported previously (37), primary human CD14-
positive PBMCs were efficiently infected with HSV-1 YK338
(Fig. 7A). In contrast, these cells were not infected with HSV-2
YK382 (Fig. 7A). In the second series of experiments, primary
human CD14-positive PBMCs were infected with wild-type
HSV-1(F), HSV-2 186, or HSV-2(G) at an MOI of 5 for 14 h,
harvested, and immunoblotted with mouse MAb to ICP27.
Immunoblotting was used instead of flow cytometry in these
studies to detect viral infection because immunostained cells
showed a very high background in flow cytometry. Consistent
with the observations with fluorescent viruses, wild-type HSV-
1(F) efficiently infected primary human CD14-positive
PBMCs, while the wild-type HSV-2 strains did not (Fig. 7B).

The anti-ICP27 antibody reacted with ICP27 proteins of both
HSV-1 and HSV-2 in lysates of Vero cells infected with HSV-
1(F), HSV-2 186, and HSV-2(G) (Fig. 7B). Taken together,
these observations indicated that HSV-2 was unable to infect
primary human CD14-positive PBMCs. In the third series of
experiments, primary human CD14-positive PBMCs were in-
fected with PRV at an MOI of 5 for 7 h in the absence or
presence of anti-PILR� MAb (M4) or control MAb, har-
vested, and immunoblotted with anti-PRV EP0 antibody. As
shown in Fig. 7C, PRV infected primary human CD14-positive
PBMCs and this infection was blocked by anti-PILR� MAb.
These results indicated that PRV infection of primary human
CD14-positive PBMCs was dependent on the presence of cell
surface PILR�. Similarly, HSV-2 did not infect IC21 cells, a

FIG. 6. Binding of PILR� to the cell surface molecule(s) in HSV-
1-, HSV-2-, or PRV-infected cells. HEK293T cells were mock infected
or infected with wild-type HSV-1(F), HSV-2 186, or PRV at an MOI
of 5. At 12 h after infection, infected cells were stained with PILR�-Ig
fusion protein and analyzed by flow cytometry.

FIG. 7. HSV-2 and PRV infections of primary human CD14-posi-
tive PBMCs. (A) Primary human CD14-positive PBMCs were infected
with HSV-1 YK338 or HSV-2 YK382 at an MOI of 5. At 14 h postin-
fection, infected cells were analyzed by flow cytometry to determine
the percentages of infected cells. (B) Primary human CD14-positive
PBMCs were infected with wild-type HSV-1(F), HSV-2 186, or HSV-
2(G) at an MOI of 5 for 14 h, harvested, and analyzed by immuno-
blotting with ICP27 or �-tubulin. Vero cells were analyzed by the same
procedure as described above and immunoblotted with ICP27. (C) Pri-
mary human CD14-positive PBMCs were infected with PRV at an
MOI of 5 in the presence (20 �g/ml) or absence of anti-PILR� MAb
or control MAb. At 7 h postinfection, infected cells were analyzed by
immunoblotting with anti-EP0 antibody. Values to the left of the blots
indicate molecular size markers in kilodaltons.
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PILR�-positive murine macrophage line, although these cells
could be infected by HSV-1 and PRV in a PILR�-dependent
manner (data not shown). Thus, the ability of HSV-1, HSV-2,
or PRV to infect CHO cells was a function of whether PILR�
was being expressed in these host cells. These observations
further support our conclusion that PILR� is able to mediate
entry of PRV but not HSV-2.

DISCUSSION

Since the discovery of host cell gD receptors for alphaher-
pesviruses (12, 26, 39, 47), studies of entry mechanisms for
HSV and other alphaherpesviruses have focused mainly on the
interaction between virion gD and host cell membrane gD
receptors. However, it has long been believed that a mole-
cule(s) other than 3-O-S-HS mediates HSV-1 entry by associ-
ating with gB (4), although there has been a lack of data on the
gB receptor(s). The recently discovered PILR� is the only
HSV-1 entry receptor reported to date that associates with gB,
and studies of PILR�-dependent entry of alphaherpesviruses
are still in an early stage. In the studies reported here, we
investigated aspects of PILR�-dependent entry of alphaher-
pesviruses. The salient features of this study are summarized
below.

(i) HSV-1 entry into CHO cells expressing PILR� was me-
diated by fusion of the viral envelope and the host cell plasma
membrane. It has been reported that HSV-1 entry into normal
CHO cells is by endocytosis but that the virus then undergoes
lysosomal degradation (30). However, expression of a gD re-
ceptor on CHO cells has been reported to enable the virus to
enter the cytosol and initiate viral gene expression, although
this viral entry is also by endocytosis (30). Consistent with these
reports, we have shown here that HSV-1 entered CHO-hNec-
tin-1 cells via endocytosis, indicating that CHO cells typically
take up HSV-1 by endocytosis. In contrast, experiments in this
study using energy depletion medium and an endosome iono-
phore and ultrastructural analyses of infected CHO-hPILR�
cells showed that PILR� expression on CHO cells altered the
HSV-1 entry pathway, with virus entry being via fusion of the
virion envelope and the CHO-hPILR� cell plasma membrane.
These observations suggested that a gB receptor is one of the
factors that determine whether HSV-1 entry is via fusion at the
cell surface or endocytosis. Since gB has been reported to play
a central role in fusion mediated by HSV-1 glycoproteins (2, 3,
13, 14, 43), high-level expression of gB receptors on a cell
surface might bias HSV-1 entry toward fusion at the cell
plasma membrane instead of endocytosis. To our knowledge,
these are the first data suggesting that a cell factor may be
involved in the choice between two alternative entry pathways
for HSV-1. The possibility that a gB receptor may be a deter-
minant between two alternative entry pathways for HSV-1
provides a unique opportunity for studying the mechanism by
which the choice is made between entry by fusion of the virion
envelope and cell plasma membrane or by endocytosis.

(ii) PILR� mediates PRV entry but not HSV-2 entry. gB
and PILR� are highly conserved among all Herpesviridae sub-
families and mammals, respectively (36, 49). Therefore, entry
of a herpesvirus via PILR� may be a common feature of
mammalian herpesviruses. Consistent with this hypothesis, we
have demonstrated here that porcine alphaherpesvirus PRV

can utilize human and murine PILR� as an entry receptor,
based on the observations that transduction of CHO cells,
which are relatively resistant to PRV entry (32), with human
and murine PILR� made the cells susceptible to PRV infec-
tion, and that this infection was blocked by anti-PILR� MAb.
The studies reported here also showed that PRV can infect
cells expressing PILR� endogenously (primary human CD14-
positive PBMCs and IC21 cells) in a PILR�-dependent man-
ner. The use of PILR� as a receptor by both HSV-1 and PRV
suggests that PILR� may mediate entry of other mammalian
alphaherpesviruses and possibly other mammalian beta- and
gammaherpesviruses. In contrast, different alphaherpesviruses
differ in their abilities to use PILR�, as previously reported
that alphaherpesviruses differ in their abilities to use gD re-
ceptors (12, 26, 39, 47). Thus, we showed that expression of
PILR� on CHO cells did not make the cells susceptible to
HSV-2 infection, unlike the results for HSV-1 and PRV. We
also showed that HSV-2 was not able to infect cells expressing
PILR� endogenously (primary human CD14-positive PBMCs
and IC21 cells), although both HSV-1 and PRV enter these
cells in a PILR�-dependent manner. Therefore, PILR� cannot
mediate entry of HSV-2, even though the homology between
HSV-1 and HSV-2 gB is much higher than that between
HSV-1 and PRV gB (7, 23, 35). These observations indicated
that there is not only a PILR� preference among alphaherpes-
viruses but also a specificity for PILR�-dependent entry of
HSV-1 and PRV, which reinforces the conclusion that PILR�
is an entry receptor for HSV-1 and PRV.

(iii) HSV-2 was not able to infect primary human CD14-
positive PBMCs, which predominantly consist of monocytes
(37), or murine IC21 macrophages, but HSV-1 efficiently in-
fects both of these cell types. It is possible that the different
susceptibilities of PILR�-positive cells to the two HSV sero-
types, observed in vitro, reflect HSV serotype-dependent sus-
ceptibility and/or infection efficiency of PILR�-positive cells in
vivo. It is well established that HSV infections in vivo are
controlled by the host immune response (8, 21), including the
activities of monocytes, macrophages, and dendritic cells, all of
which express PILR� and have been suggested to play roles in
host innate resistance to HSV infection (1, 5, 20). The different
susceptibilities and/or infection efficiencies of these PILR�-
positive immune cells to the two HSV serotypes might affect
the immunomodulatory activities of cells in vivo, leading to
different immune responses in HSV-1 and HSV-2 infections.
This possibility might be significant for understanding the
pathological differences between HSV-1 and HSV-2.
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