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Interaction of herpes simplex virus (HSV) glycoprotein D (gD) with specific cellular receptors is essential for
HSV infection of susceptible cells. Virus mutants that lack gD can bind to the cell surface (attachment) but do
not enter, implying that interaction of gD with its receptor(s) initiates the postattachment (entry) phase of HSV
infection. In this report, we have studied HSV entry in the presence of the gD-binding variable (V) domain of
the common gD receptor nectin-1/HveC to determine whether cell association of the gD receptor is required for
HSV infection. In the presence of increasing amounts of the soluble nectin-1 V domain (sNec1123), increasing
viral entry into HSV-resistant CHO-K1 cells was observed. At a multiplicity of 3 in the presence of optimal
amounts of sNec1123, approximately 90% of the cells were infected. The soluble V domain of nectin-2, a
strain-specific HSV entry receptor, promoted entry of the HSV type 1 (HSV-1) Rid-1 mutant strain, but not of
wild-type HSV-1. Preincubation and immunofluorescence studies indicated that free or gD-bound sNec1123 did
not associate with the cell surface. sNec1123-mediated entry was highly impaired by interference with the
cell-binding activities of viral glycoproteins B and C. While gD has at least two functions, virus attachment to
the cell and initiation of the virus entry process, our results demonstrate that the attachment function of gD
is dispensable for entry provided that other means of attachment are available, such as gB and gC binding to
cell surface glycosaminoglycans.

Herpes simplex virus (HSV) enters most cells by pH-inde-
pendent fusion of the virus envelope with the cell surface mem-
brane through a poorly understood cascade of molecular in-
teractions involving multiple viral glycoproteins and cellular
receptors. HSV attachment to the cell involves recognition both
of cell surface proteoglycans and one or more specific cellular
receptors (see references 70 to 72 for reviews). While binding
to proteoglycans is not essential for virus entry, it enhances the
efficiency of infection (3, 27, 30, 31, 41). In cell culture, glyco-
proteins designated gH/gL, gB, and gD have been shown to be
essential for entry (5, 15, 21–23, 32, 33, 35, 43, 62). Deletion of
one or more of these essential proteins results in enveloped
virus particles that are capable of binding to cells but cannot
proceed further into the entry cascade (5, 20, 22, 43, 62).

Virus attachment to cell surface glycosaminoglycans (GAGs) is
mediated by the virion glycoproteins gC and gB (69, 70, 73)
and involves interactions between positively charged sequences
on these molecules and negatively charged components of
heparan, chondroitin, and dermatan sulfate (3, 27, 66, 73, 80,
81). A second binding event involves recognition by gD of a
cognate cell surface receptor. The target cell must express a
receptor for gD (25, 51), and gD must bind this receptor to
initiate the entry process (23, 25, 33, 43, 51, 79). While it has
recently been shown that HSV type 1 (HSV-1) can enter cer-

tain cells through endocytosis, productive infection in these
instances also requires a gD receptor (48, 55, 56, 58).

Three receptors have been described for HSV-1 gD: (i)
herpesvirus entry mediator A (HVEM, or HveA), a member of
the tumor necrosis factor alpha receptor family (51), binds gD
in vitro (57, 79), and its expression on the surface of nonsus-
ceptible cells is sufficient to mediate viral entry (51, 79).
HVEM has a somewhat limited expression pattern in vivo (51).
(ii) Nectin-1 or herpesvirus entry mediator C (HveC; also
referred to as poliovirus receptor-related protein 1) is a mem-
ber of the nectin family of adhesion molecules belonging to the
immunoglobulin superfamily (25). Nectin-1 is a type I trans-
membrane glycoprotein (25) with a cytoplasmic C terminus
that interacts with the cytoskeleton (64) and an ectodomain
comprised of an N-terminal V domain and two C2-like do-
mains. The nectin-1 V domain mediates cell-cell adhesion by
homotypic or heterotypic trans interactions with nectin V do-
mains on neighboring cells (63, 75). In addition, nectins can
form cis homo-oligomers by interactions involving C2-like do-
mains of adjacent molecules (40, 50). Nectin-1 has three iso-
forms, nectin-1� (HveC), nectin-1� (HIgR), and nectin-1�,
which are derived from a single primary transcript by alterna-
tive splicing (11, 25, 44). The three isoforms share identical V
and C domains but differ in their transmembrane and intra-
cellular domains. All three have the ability to bind gD and
mediate cellular entry of HSV-1. Nectin-1 has a wide expres-
sion pattern in vivo, and its � and � isoforms are probably the
major HSV-1 entry receptors in the central and peripheral
nervous systems (11, 28, 47). (iii) Heparan sulfate modified by
the activity of 3-O-sulfotransferase-3 functions as an entry re-
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ceptor exclusively for HSV-1 (68), unlike nectin-1 and HVEM,
which enable entry of multiple alphaherpesviruses (72).

Epitope mapping and sequence deletion studies have shown
that only the V region of the nectin-1 ectodomain is necessary
for binding to gD (9, 10, 24, 38, 40). A truncated form of
nectin-1, containing just the V domain, binds to gD with the
same affinity as the full-length form, although receptor oli-
gomerization is altered by the truncation (40). Functionally,
epitopes recognized by monoclonal antibodies to nectin-1 that
block HSV infection lie within the V domain (10, 38). Further-
more, a soluble nectin-1 derivative containing the V domain
fused to an immunoglobulin Fc domain was found to specifi-
cally compete with cell surface nectin-1� for binding to viral
gD, resulting in reduced viral entry when the soluble fusion
protein was included in the culture medium (10). In addition,
it has been shown that a deleted version of nectin-1� consisting
of the V domain fused to the transmembrane region was able
to confer entry susceptibility to nonpermissive cells, indicating
that the C2-like domains are not essential (10). Replacement
of the immunoglobulin family poliovirus receptor V domain
with the nectin-1 V domain confers new HSV-1 entry-mediat-
ing capability to the chimeric poliovirus receptor (10), and
similar results have been reported for nectin-1 V domain chi-
meras with other immunoglobulin-like receptors (24). In com-
bination, these results demonstrated that the V domain of nec-
tin-1 is necessary and sufficient for interaction with gD and that
the cell-anchored V domain is sufficient to allow virus entry.

It is generally believed that binding of gD to its cellular
receptor(s) provides two functions: (i) stabilization of the
HSV-cell interaction initiated by the binding of gC and gB to
cell surface GAGs (21, 59); and (ii) initiation of the fusion
process between the viral envelope and the cell membrane.
Viruses that lack gD can attach to the cell, and cells that lack
gD receptors can bind the virus (43, 51, 67), demonstrating that
gD interaction with a cell-associated receptor is not required to
bring the virus in contact with the cell. It is conceivable, there-
fore, that soluble gD receptors that lack a transmembrane
region and do not associate with the target cells in other ways
(44) can mediate entry. Indeed, it has been reported for certain
enveloped viruses that soluble receptors, while inhibiting entry
into susceptible cells, enable entry into receptor-deficient cells
(1, 7, 13, 37, 74).

In this report, we demonstrate that cell association of nec-
tin-1 is not required for nectin-1-dependent HSV-1 infection.
We observed substantial virus entry into gD receptor-deficient
CHO-K1 cells when the soluble V domain of nectin-1 was
present during virus incubation with the cells. This phenome-
non was dependent on binding of the soluble molecule to
virion gD and interaction of viral gB/gC with cell surface
GAGs. No evidence was obtained for cell association of the
soluble V domain. These results suggest that gD binding to the
cell is not required for virus entry.

MATERIALS AND METHODS

Cells and viruses. Cricetulus griseus Chinese hamster ovary cells (CHO-K1;
ATCC CCL-61) were maintained in Ham’s F-12K medium (Gibco-Invitrogen,
Carlsbad, CA) with 10% fetal bovine serum (FBS; Gibco). CHO-K1 cells con-
stitutively expressing full-length human HveC/nectin-1�, referred to here as
CHO-Nec1 cells, were kindly provided by Patricia Spear (Northwestern Univer-
sity, Illinois) and grown in Ham’s F-12K medium supplemented with 10% FBS

and 400 �g/ml G418 (Gibco). pgsA-745 (ATCC CRL-2242) is a CHO cell mutant
defective in glycosaminoglycan synthesis (17). pgsD-677 (ATCC CRL-2244) is a
CHO cell mutant deficient for heparan sulfate polymerization (42). 293T cells
were grown in Dulbecco’s modified Eagle’s medium (Gibco) with 10% FBS.

Recombinant virus QOZHG is a previously described, replication-defective
derivative of HSV-1 strain KOS (6). Due to deletions and sequence substitutions,
this virus does not produce four of the immediate-early (IE) proteins (ICP4, -22,
-27, and -47) but expresses reporter genes encoding �-galactosidase and en-
hanced green fluorescent protein. QOZHG was grown on ICP4/ICP27-comple-
menting Vero-7B cells (45). KHZ.1 is an HSV-1 KOS derivative expressing
�-galactosidase from a cytomegalovirus promoter in the thymidine kinase (tk)
locus (60). KOS-Rid1/tk12, generously provided by P. Spear, contains the Q27P
(rid1) mutant version of gD and expresses the lacZ reporter gene from within the
tk locus (77). KHZ.1 and KOS-Rid1/tk12 were grown and titers were determined
on Vero cells (ATCC CCL-81).

Antibodies. Nectin-1 V domain-specific monoclonal antibody (MAb) CK6 and
anti-gD polyclonal antibody R7 were kindly provided by G. H. Cohen and R. J.
Eisenberg (University of Pennsylvania) (36, 38). Peroxidase-conjugated anti-His
tag MAb was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Expression plasmids for soluble proteins. (i) sNec1123�His. The cDNA se-
quence encoding the signal peptide and V domain of human nectin-1 (amino acids
�30 to �123) was amplified by PCR using primers NecN1 (5�-CCCAAGCTTGCC
ACCATGGCTCGGATGGGGCTTGCGGGCGCCGC-3�) and NecC153 (5�-CCG
CTCGAGCTAGGATCCCTCTATCCAATTGGTGGGTTTGGCCATC-3�). The
primer sequences were designed to provide a Kozak translational initiation
sequence (GCCACCATG) at the start of the open reading frame and a BamHI
restriction site immediately 5� to the stop codon. Genomic DNA from CHO-
Nec1 cells was used as the PCR template. The PCR products were digested with
HindIII and XhoI and ligated into the HindIII-XhoI sites of pcDNA3.1(�)
(Invitrogen) to generate recombinant plasmid pNec1153�his, which was verified
by DNA sequencing.

(ii) sNec1123. Sequences encoding six histidine residues followed by a TAA
stop codon were introduced into the BamHI site of pNec1153�his using annealed
oligonucleotides. The annealed oligonucleotides were generated by mixing equal
amounts of primers HIS1 (5�-GATCACACCATCACCATCACCATTAAG-3�)
and HIS2 (5�-GATCCTTAATGGTGATGGTGATGGTGT-3�) in annealing
buffer (20 mM Tris-HCl, pH 7.5, 50 mM NaCl, and 10 mM MgCl2), heating at
95°C for 5 min, and slowly cooling to room temperature. The final plasmid,
pNec1153-his, was verified by DNA sequencing.

(iii) sNec1123TMC. To generate the expression plasmid for sNec1123TMC, a
convenient derivative of pNec1153-his was used. This derivative, pNec1/2/1153-his,
contained the coding sequence for amino acids 36 to 70 of mature nectin-2,
replacing nectin-1 codons �36 to �67 in pNec1153-his, creating a unique BstEII
site at the upstream nectin-1–nectin-2 boundary. The nectin-2 sequence in
pNec1/2/1123-his between the BstEII site and a unique EcoRI site flanking the
downstream nectin-2–nectin-1 boundary was replaced with a BstEII-EcoRI frag-
ment specifying nectin-1 codons �36 to �67 with the desired mutations at
positions �46, �47, and �55 (QN76-77AA,M85F in reference 46). The mutant
nectin-1 fragment was generated by annealing of two 3�-complementary oligo-
nucleotides, double-strand formation using the Klenow fragment of Escherichia
coli DNA polymerase I, and digestion with BstEII and EcoRI. The sequences of
the oligonucleotides were as follows (mutant codons underlined): 5�-ACCCAG
GTCACCTGGCAGAAGTCCACCAATGGCTCCAAGGCCGCCGTGGCC
ATCTACAACCCA-3� (TMC�) and 5�-CCGCAGGAATTCCACACGCTC
GCGGTAGGGAGCCAGCACGGACACGCCAAAGGATGGGTTGTAGAT
GGCCAC-3� (TMC-).

(iv) sNec2135. The expression construct for the nectin-2 variable domain
(pNec2168-his) was kindly provided by S. Wendell (University of Pittsburgh). The
construct contained the coding sequence for the signal peptide and V domain
(amino acids �33 to �135) of human nectin-2 followed by six histidine codons
and a translation termination codon. The tagged nectin-2 sequence was obtained
by a two-step PCR procedure on a human testis cDNA library (obtained from P.
Robbins, University of Pittsburgh) using overlapping primer pairs. The first
primer pair (B5in, 5�-GCCCTCCTGCCGTCGAGATC-3�; B3in, 5�-CTTGGT
TCTTGGGCTTGGCTATGACTC-3�) was used for amplification of an internal
portion of the coding sequence. The second pair (B5out, 5�-CCCAAGCTTGCC
ACCATGGCCCGGGCCGCTGCCCTCCTGCCG-3�; B3out, 5�-CCGCTC
GAGCTAATGGTGATGGTGATGGTGGGCCTCAGCTTGGTTCTTGGG
CTTGGC-3�) was used to complete the sequence by reamplification of the
product of the first reaction. The second primer pair provided a HindIII site and
a Kozak sequence preceding the nectin-2 translation initiation codon (bold type)
in B5out and added six histidine codons, a stop codon (bold type), and an XhoI
site after nectin-2 position �135 (underlined) in B3out. The final product was
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digested with HindIII and XhoI and inserted between the HindIII and XhoI sites
of pcDNA3.1(�). Sequence verification was performed for the selected recom-
binant, pNec2168-his (S. Wendell, personal communication).

(v) sgD287. The expression plasmid for sgD287 contained the gD coding se-
quence to amino acid 287 (HindIII-NarI fragment) fused in frame to six histidine
codons and a translation termination codon and inserted between the HindIII and
EcoRI sites of pcDNA3.1(�) (A. R. Frampton, Jr., personal communication).

Production and purification of soluble proteins. 293T cells were transfected
with appropriate expression plasmids using LipofectAMINE-Plus reagent (Invitro-
gen). Transfected cultures were incubated for 3 days at 37°C, and the culture media
were harvested and loaded onto Ni-chelated columns (Clontech, Palo Alto, CA) for
purification of the His-tagged proteins according to the manufacturer’s protocol.
The eluted material was dialyzed at 4°C for 16 h against three exchanges of phos-
phate-buffered saline (PBS) and concentrated using a Centricon YM-10 centrifugal
filter device (Amicon, Bedford, MA). Specific proteins were identified by gel elec-
trophoresis and immunoblotting. The concentration of each purified protein was
determined by Bradford assay (Bio-Rad, Hercules, CA).

Recombinant proteins for examination of the effects of the His tag on
sNec1123-mediated infection were similarly obtained by transfection of 293T
cells. Medium samples were analyzed by Western blotting, and concentrations
were calculated from densitometry scans compared to purified sNec1123 stan-
dards on the same blot.

Standard infection procedure. A total of 3 	 105 CHO-K1 cells suspended in
cold PBS were preincubated with virus for 30 to 60 min at 4°C on a rocking device
in a volume of 280 �l. Soluble recombinant protein was added to 40-�l samples,
and the mixtures were incubated for 1 to 2 h at 37°C under constant rocking. The
cells were collected by low-speed centrifugation, washed once with PBS, resus-
pended in 40 �l F-12K–10% FBS medium, and seeded in a single well of a
96-well plate. After incubation for 15 to 17 h in a 5% CO2 incubator at 37°C, the
cultures were processed for entry assays. Deviations from this procedure are
noted in the text.

Entry assays. Virus entry was determined by staining of infected cell monolayers
for �-galactosidase activity (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
[X-Gal] staining) or by quantitative colorimetric assay (o-nitrophenyl-�-D-galacto-
pyranoside [ONPG]), as previously described (54). Briefly, cultures were fixed
with 0.25% glutaraldehyde (Sigma, St. Louis, MO) for 1 min at room tempera-
ture, washed twice with PBS (pH 7.4), and stained with 0.2 mg/ml X-Gal (Sigma).
Stained cultures were photographed under a Nikon Diaphot microscope (Nikon,
Melville, NY), and computer-enlarged images were used to count the total
number of cells and the number of blue cells in defined fields. For ONPG assays,
the cells were lysed in 150 �l of 1% NP-40, 1 mM MgCl2, 50 mM �-mercapto-
ethanol, and 4 mg/ml ONPG (Sigma). The lysates were incubated at 37°C until
a light yellow color developed, and the reactions were terminated by the addition
of an equal volume of 1 M Na2CO3. Enzyme activity was determined by reading
the absorbance at 405 nm.

Electrophoresis and Western blotting. Gel electrophoresis and immunoblot-
ting of purified His-tagged proteins were performed as previously described (54).
For analysis of unpurified, secreted recombinant proteins produced by trans-
fected 293T cells, 40-�l medium samples were electrophoresed. Different
amounts of purified sNec1123 protein were included as standards. These blots
were reacted with MAb CK6 (38) (1:5,000 dilution) for 12 h at 4°C, washed, and
incubated with horseradish peroxidase-conjugated goat anti-mouse antibody (1:
15,000 dilution; Sigma) for 45 min at room temperature. Duplicate blots were
reacted with peroxidase-conjugated anti-His tag MAb (Santa Cruz). Peroxidase
activity was detected using an ECL kit (Amersham-Pharmacia, Piscataway, NJ).

sNec1123/sgD287 prebinding assay. A total of 3 	 105 CHO-K1 cells were
suspended in 0 to 500 nM sNec1123, sgD287, or both in 280 �l PBS and incubated
for 1.5 h at 4°C under constant agitation. The cells were collected, washed twice
with cold PBS, and resuspended in 280 �l cold QOZHG virus dilution (multi-
plicity of infection [MOI] of 1) in PBS. After incubation of the mixture for 1 h
at 4°C under continued agitation, fresh sNec1123 protein (500 nM) was added
and the samples were incubated for 1 h at 37°C with agitation. Aliquots (40
�l/well) were seeded in a 96-well plate and incubated with 100 �l fresh F-12K–
10% FBS for 15 to 17 h in a 5% CO2 environment at 37°C prior to processing for
ONPG assay.

Heparin competition assay. Various dilutions of QOZHG in PBS were pre-
incubated with 25 �g/ml heparin for 1 h at 4°C under agitation. A total of 3 	 105

CHO-K1 cells were resuspended in 280 �l preincubation mix and incubated for
30 min at 4°C. sNec1123 was then added to a final concentration of 450 nM, and
the cells were incubated for 1 h at 37°C under continued agitation. Aliquots of 40
�l were seeded with 100 �l F-12K–10% FBS in a 96-well plate and left overnight
in a 37°C–5% CO2 incubator. Samples were then processed for ONPG assay.

Heparin inhibition of QOZG infection of CHO-Nec1 cells was tested by the
same protocol without the addition of sNec1123.

RESULTS

Preparation of soluble nectin-1 V domain. Soluble, histidine
(His6)-tagged nectin-1 V domain, comprised of residues 1 to
123 of mature human nectin-1 (sNec1123), was produced by
transfection of human 293T cells with an appropriate expres-
sion construct (pNec1153-his). Culture media were collected
after 72 h and enriched by passage over a Ni2� affinity column.
sNec1123 was identified by immunoblotting using His6-specific
and nectin-1 V domain-specific antibodies (54) (data not
shown). As a quality control, the enriched preparation was
found to inhibit HSV-1 infection of CHO cells expressing a
transfected nectin-1 cDNA construct (CHO-Nec1 cells [25]) in
a dose-dependent manner (data not shown), consistent with
previous reports (10, 25, 40, 44).

sNec1123 promotes HSV-1 entry into gD receptor-deficient
CHO-K1 cells. To measure HSV entry into cells, we used a
replication-defective recombinant virus, QOZHG, that carries
an expression cassette for �-galactosidase (6). This virus was
chosen to prevent viral spread and limit virus-mediated cyto-
toxicity. Since spread and cytotoxicity are peripheral events
that may influence viral reporter gene expression upon infec-
tion, this approach should enable a more accurate assessment
of virus entry efficiency compared to the use of replicating,
cytotoxic viruses that resemble wild-type (wt) HSV more
closely. Nonetheless, as referred to in our account below, many
of the results reported here have been confirmed with a rep-
licating virus.

Using QOZHG, we determined whether sNec1123 could pro-
mote HSV-1 infection of HSV-resistant CHO-K1 cells. The
virus and cells were mixed and incubated in suspension for 1 h
at 4°C before addition of sNec1123 and further incubation at
37°C for 90 min. The cells were then plated, and �-galactosi-
dase activity was visualized 16 h later by X-Gal staining. Rep-
resentative results are shown in Fig. 1A. While few blue cells
were observed after infection in the absence of sNec1123, mod-
est to dramatic increases in the number of blue cells were evident
at increasing MOIs when the infections were carried out in the
presence of 1 �M soluble receptor. As illustrated in Fig. 1B,
the percentage of blue cells in triplicate cultures increased with
both the MOI and the sNec1123 dose. At the highest MOI and
dose, nearly 90% of the cells were reproducibly infected. Quan-
titative measurement of cumulative �-galactosidase expression
in triplicate cultures of infected cells by ONPG assay showed a
similar profile of dose and MOI dependence (Fig. 1C). These
results, along with qualitatively similar observations using a
replication-competent reporter virus (data not shown, but see
Fig. 3C, below), demonstrated that sNec1123 could mediate
HSV-1 entry into gD receptor-deficient CHO-K1 cells, result-
ing in expression of a viral reporter gene.

Efficiency of sNec1123-mediated infection of receptor-defi-
cient cells. To obtain an estimate of the relative efficiency of
sNec1123-mediated infection, we compared QOZHG entry
into CHO-K1 cells in the presence of sNec1123 with entry of
the same virus into CHO-Nec1 cells in the absence of soluble
receptor. Infections were performed following virus preincu-
bation with the cells, as above, and entry was determined by
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ONPG assay. The results indicated that sNec1123-mediated
entry was approximately 2.5-fold less efficient than entry me-
diated by cell surface nectin-1 (Fig. 2A).

We were curious to determine whether sNec1123 could me-
diate HSV infection of other receptor-deficient cell lines. As
an example, we chose J1.1-2 cells. It has been reported that
receptor-bearing derivatives of these cells are infected by fu-
sion of the HSV envelope with the plasma membrane (26),
unlike receptor-bearing derivatives of CHO cells, which are
infected by virus endocytosis (56, 58). In the experiment shown
in Fig. 2B, we preincubated QOZHG with sNec1123 at 4°C
prior to infection of J1.1-2 or CHO-K1 cells in suspension. It
can be seen that infection of CHO-K1 cells (panel b) yielded
vastly more blue cells than infection of J1.1-2 cells (panel d) at
the same MOI and sNec1123 concentration. Infection by our
standard protocol involving preincubation of the virus and cells
at 4°C followed by infection in the presence of soluble receptor
yielded essentially the same results (data not shown). While
these experiments demonstrated that sNec1123-mediated infec-
tion of receptor-deficient cells is not limited to CHO-K1 cells,
the apparent difference in efficiency remains to be carefully
explored.

Infection requires sNec1123 interaction with viral gD. We
generated a mutant sNec1123 protein, denoted sNec1123TMC,
to examine whether the entry-promoting activity of the wt mole-
cule involved interaction with gD. sNec1123TMC contained a
combination of mutations previously shown to abolish gD
binding (QN76-77AA,M85F [46]). Although recognized on a
Western blot by both nectin-1- and His tag-specific antibodies,
sNec1123TMC failed to inhibit HSV infection of CHO-Nec1
cells at concentrations that produced 50% inhibition using wt
sNec1123 (data not shown). This result confirmed that the mu-
tant protein could not compete with cellular nectin-1 for bind-
ing to gD. As shown in Fig. 3A, the TMC version of sNec1123

also failed to enable QOZHG entry into CHO-K1 cells, unlike
wt sNec1123.

To strengthen the suggestion from these results that soluble
receptor-mediated virus entry into CHO-K1 cells requires spe-
cific interaction of the mediator with gD in the viral envelope,
the related V domain of nectin-2 was tested. Nectin-2 (HveB)
functions as an entry receptor for HSV-1 strains that have
specific amino acid changes in gD, such as the rid1 (Q27P)
mutation, but not for wt HSV-1 (77). As illustrated in Fig. 3B,
soluble nectin-2 V domain (sNec2135) promoted entry of the

FIG. 1. Soluble Nec1123-mediated HSV-1 infection of CHO-K1 cells. CHO-K1 cells in suspension were incubated with reporter virus QOZHG
at three different MOIs for 1 h at 4°C and infected for 1.5 h at 37°C in the presence of increasing concentrations of sNec1123 protein. The cells
were then collected and plated. (A) Monolayers stained with X-Gal 16 h after plating. (B) Enlarged images of stained monolayers were used to
count the number of blue and total cells in defined fields, and the results were computed as the percentage of blue cells in each well. (C) Separate
monolayers were collected for quantitative measurement of �-galactosidase expression by ONPG assay. Results in panels B and C represent
averages of triplicate determinations.
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replication-competent rid1 mutant virus KOS-Rid1/tk12 (77)
into CHO-K1 cells, whereas little entry was observed with a
replicating wt gD virus, KHZ.1 (60). At the same time, both
viruses were capable of entry in the presence of sNec1123

(Fig. 3C), consistent with the abilities of nectin-1 to bind both
wt and rid1 mutant gD (39) and to serve as an entry receptor
for the corresponding viruses (25). Entry of the Rid1 virus
saturated at a lower sNec1123 concentration than entry of
KHZ.1, perhaps due to the reportedly increased affinity of
nectin-1 for gD(rid1) compared to gD(wt) (39, 40). KOS-Rid1/

tk12 entry mediated by sNec2135 appeared less efficient than
entry of the same virus mediated by sNec1123, as anticipated
from observations that nectin-2/HveB may be a less efficient
entry receptor for HSV(rid1) strains than nectin-1/HveC (24).

Additional evidence that sNec1123-mediated virus entry in-
volves specific interaction of the mediator with viral gD was pro-
vided by the following observations. (i) Preincubation of the sol-
uble nectin-1 V domain with soluble gD ectodomain (sgD287)
reduced the entry-promoting activity of sNec1123 in a manner
dependent on the molar ratio of sNec1123 to sgD287 (Fig. 3D).
The ectodomain of gD, truncated with a C-terminal His6 tag after
position 287, was expressed in 293T cells and purified from the
supernatant, essentially as described for sNec1123. Preincubation
of sNec1123 with an equimolar amount of soluble gD for 15 min
at 4°C abolished sNec1123-mediated QOZHG infection of
CHO-K1 cells, while low but measurable infection was observed
when the molar amount of sNec1123 was twice that of sgD287. As
a quality control for our soluble gD preparation, we confirmed
that preincubation of the protein with CHO-Nec1 cells inhibited
virus infection (Fig. 3E), consistent with previous reports (10, 12).
(ii) sNec1123-mediated infection of CHO-K1 cells was inhibited
by increasing amounts of anti-gD antibodies in the infection mix-
ture (data not shown). Together, these results showed that HSV-1
infection of receptor-deficient CHO-K1 cells in the presence of
soluble nectin V-domain required viral gD and specific interac-
tion of gD with the V domain.

Soluble Nec1123 mediates viral entry without binding to the
cell. As a potential explanation for the apparent ability of
sNec1123 to mediate viral entry into CHO-K1 cells, we consid-
ered the possibility that the soluble protein associates with the
cell surface. One mechanism could involve binding of the pos-
itively charged histidine tag to negatively charged cell surface
determinants, such as heparan sulfate. To examine this possi-
bility, we used a sNec1123 expression construct that lacked the
C-terminal histidine codons (pNec1153�his) to produce soluble
protein by standard transfection of 293T cells and incubation
of the cells with serum-free medium. For comparison, His6-
containing sNec1123 was produced by the same procedure. The
media were collected, and the yields of both products exam-
ined by immunoblotting using nectin-1-specific antibody CK6
(38). As illustrated in Fig. 4A, similar amounts of CK6-reactive
proteins were observed in the two samples. Using an anti-His
tag antibody, the same series of bands were detected in me-
dium from pNec1153-his-transfected cells (Fig. 4A, �His), but
not in medium from pNec1153�his-transfected cells (�His),
confirming the identities of the products. Increasing amounts
of the two unpurified protein preparations were used in KHZ.1
entry assays into CHO-K1 cells. The results demonstrated that
both preparations were active in mediating virus entry and that
their specific activities were comparable (Fig. 4A). Thus, a
critical role for the histidine tag in sNec1123-mediated infection
of CHO-K1 cells was excluded.

By immunofluorescence analysis, no binding of sNec1123 to
the surface of CHO-K1 cells was observed, although binding to
gD-expressing cells was readily detected (data not shown). A
functional assay was used to further determine whether
sNec1123 binding to the cells, alone or complexed with gD,
could be a condition for sNec1123-mediated virus entry. We
preincubated CHO-K1 cells for 1.5 h at 4°C with sNec1123,
soluble gD ectodomain (sgD287), or different ratios of the two

FIG. 2. Soluble Nec1123-mediated HSV-1 infection of gD receptor-
deficient cells. (A) Comparison of virus entry mediated by soluble
nectin-1 V domain and cellular nectin-1. CHO-K1 and CHO-Nec1
cells were infected in suspension with QOZHG at different MOIs in
the presence (CHO-K1) or absence (CHO-Nec1) of 450 nM sNec1123.
The cells were plated, and �-galactosidase expression in triplicate
cultures was measured by ONPG assay. (B) Comparison of sNec1123-
mediated infection of CHO-K1 and J1.1-2 cells. QOZHG and sNec1123
(500 nM) were mixed and incubated for 1 h at 4°C prior to infection of
CHO-K1 or J1.1-2 cells in suspension at an MOI of 3 for 1 h at 37°C.
The cells were then plated, and virus entry was visualized by X-Gal
staining 15 h later. Both experiments in this figure (A and B) were
repeated twice with similar results.
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soluble proteins. The cells were then washed and exposed to
QOZHG virus in the presence or absence of sNec1123. The
results can be summarized as follows (Fig. 4B): (i) preincuba-
tion with sNec1123 failed to render the cells susceptible to
HSV-1 infection in the absence of sNec1123 added at the time
of infection; (ii) preincubation of the cells with sNec1123 did
not inhibit entry in the presence of sNec1123; and (iii) pre-
incubation of the cells with premixed sNec1123 and sgD287 or
sgD287 alone did not alter virus infection in the presence or
absence of sNec1123. These results indicated that sNec1123

alone did not attach to the cell surface to either function as a
virus receptor or block potential binding sites for sNec1123-
coated virus. Furthermore, they argued against gD-dependent
binding of sNec1123 to critical structures on the cell surface and
vice versa, against sNec1123-dependent gD binding to potential

coreceptors. We conclude that sNec1123-mediated infection of
gD receptor-deficient CHO-K1 cells occurred without specific
binding of the soluble mediator to the cells.

Efficient sNec1123-mediated entry of HSV-1 into CHO-K1
cells depends on interaction of gB and/or gC with cell sur-
face GAGs. The ability of sNec1123 to stimulate viral entry
without itself binding to the cell surface implied that its
involvement was in triggering virus penetration into the
cytoplasm rather than causing adsorption of the virus to the
cell surface. To determine whether adsorption was at all
necessary for sNec1123-mediated virus entry into CHO-K1
cells, we tested the contributions of gB, gC, and GAGs to
the process.

First, we examined whether blocking the GAG binding
sites of gB and gC by heparin would diminish sNec1123-

FIG. 3. Specificity of sNec1123-mediated entry. Results are from ONPG assays 16 h after plating. (A) Comparison of QOZHG entry mediated
by sNec1123 and the gD binding-defective mutant derivative sNec1123TMC. CHO-K1 cells were infected at an MOI of 1 in the presence of
increasing amounts of sNec1123 or sNec1123TMC protein. (B) Virus entry mediated by soluble nectin-2 V domain (sNec2135). CHO-K1 cells were
infected with replication-competent, lacZ-expressing viruses containing wild-type gD (KHZ.1) (60) (MOI 
 12) or rid1 mutant gD (KOS-Rid1/
tk12) (77) (MOI 
 6) in the presence of increasing amounts of sNec2135 protein. (C) Entry of KHZ.1 (MOI 
 6) and KOS-Rid1/tk12 (MOI 
 3)
in the presence of sNec1123. (D) Inhibition of the entry-promoting activity of sNec1123 by preincubation of the soluble receptor with soluble gD
ectodomain, sgD287. Soluble receptor and soluble gD were mixed in the indicated molar proportions (nM/nM) and incubated for 15 min at 4°C.
QOZHG was then added, and the mixture was incubated for another 15 min at 4°C. CHO-K1 cells in suspension were then infected at 37°C for
50 min (MOI 
 3) and plated with fresh medium. The numbers under the bars show the concentrations of the two soluble molecules during
infection. Results are expressed as percent infection relative to the positive (360/0) control. (E) Inhibition of infection of receptor-bearing cells by
soluble gD. CHO-Nec1 cells in suspension were incubated with sgD287 at the indicated concentrations for 30 min at 4°C prior to infection with
QOZHG (MOI 
 3) for 50 min at 37°C. Results are expressed as percent infection relative to the control without sgD. All results represent
averages of triplicate determinations, and each experiment was performed at least twice.
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mediated virus entry into CHO-K1 cells. As illustrated in
Fig. 5A, preincubation of QOZHG with 25 �g/ml heparin
reduced sNec1123-mediated infection approximately 200-fold.
For comparison, infection of CHO-Nec1 cells was reduced
approximately 100-fold (Fig. 5B). Thus, sNec1123-mediated vi-
rus entry was sensitive to heparin, but not much more than
unassisted infection of CHO-Nec1 cells. These results were
consistent with previous reports that envelope gD binding to
cognate cell surface receptors does not contribute significantly
to initial virus attachment (21, 43, 51). In addition, they indi-
cated that virus attachment to gD receptor-deficient cells was
not completely blocked by heparin. This likely reflects addi-
tional interactions between the virus and cells, such as the
recently described heparin-resistant binding of HSV gB to an
unknown receptor (4).

Second, we investigated virus entry into two CHO-K1 sub-
clones that lack some or all of the GAGs involved in HSV
attachment. The pgsD-677 cell line is deficient for heparan
sulfate polymerization, and pgsA-745 cells are defective in
glycosaminoglycan synthesis (17, 42). Following incubation
with QOZHG, little or no viral gene expression was observed
in CHO-K1 cells or either of the mutant lines in the absence of
sNec1123. In the presence of sNec1123, increased reporter gene

activity was observed in CHO-K1 cells, but not in the mutant
lines (Fig. 5C). Similar results were obtained using the repli-
cating virus KHZ.1 (data not shown). In addition, we observed
that the level of sNec1123-mediated entry into CHO-K1 cells of
a replication-competent mutant virus that lacked gC and the
GAG-binding polylysine (pK) region of gB (KgC�gBpK� [41])
was more than 15-fold lower than that of KHZ.1 (data not
shown). Together, these observations indicated that virus in-
teraction with glycosaminoglycans plays a major role in effi-
cient sNec1123-dependent infection.

DISCUSSION

We have shown that soluble, truncated forms of the HSV
entry receptors nectin-1/HveC and nectin-2/HveB are able to
stimulate entry of HSV-1 into receptor-deficient CHO-K1
cells. Entry was dependent on adherence of the soluble recep-
tor to viral envelope gD and on gB/gC-mediated virus attach-
ment to cell surface glycosaminoglycans, but it did not appear
to involve association of the soluble receptor with the cell
surface. Together, these results support the notion that the
principal function of HSV entry receptors is to promote virus
entry rather than cell attachment.

FIG. 4. Examination of sNec1123 association with the target cells. (A) Effect of the His6 tag on sNec1123-mediated entry. Left, soluble nectin-1 V
domain with (�His) or without (�His) His tag was produced by transfection of 293T cells and identified in the culture medium by immunoblotting using
nectin-1 (CK6) and His tag-specific antibodies. Concentrations of the recombinant proteins were determined by densitometry comparison to purified
sNec1123 standards (data not shown). Right, different amounts of the collected 293T medium (expressed as nM recombinant protein) were included in
KHZ.1 infections of CHO-K1 cells at an MOI of 3. Entry was determined by ONPG assay. (B) Effects of preincubation of CHO-K1 cells with sNec1123
and/or soluble gD ectodomain (sgD287) on QOZHG infection (MOI 
 1) in the presence (gray bars) or absence (open bars) of 500 nM sNec1123.
Concentrations of soluble proteins during the preincubation period are indicated at the bottom. Following the preincubation, cells were washed and
incubated with virus for 1 h at 4°C prior to infection at 37°C for 1 h in the presence or absence of freshly added sNec1123. The cells were collected and
plated with fresh medium, and entry was determined by ONPG assay the following day. The two panels show independent experiments, each performed
in triplicate.
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Studies in the past 2 years have demonstrated that HSV-1
infects gD receptor-bearing CHO cells mainly by receptor-
independent virus uptake into endocytic vesicles, followed by
receptor- and low-pH-dependent virus release into the cyto-
plasm (56, 58). In contrast, infection of Vero cells occurs by
pH-independent virus envelope fusion with the cytoplasmic
membrane and requires prior interaction with a gD receptor.
Both pathways result in genome delivery to the nucleus, as
evidenced by viral and/or reporter gene expression, but differ-
ences in entry efficiencies may exist. Based on evidence that
HSV infects receptor-bearing J1.1-2 cells, derived from recep-
tor-deficient J1.1-2 BHK cells, by envelope fusion with the cell
membrane, a recent report suggested that the HSV entry path-
way is determined by intrinsic differences between cell lines
(26). We have tested receptor-deficient J1.1-2 cells and ob-
served that these cells are susceptible to sNec1123-mediated
infection, although less dramatically than CHO-K1 cells.
Whether the lower rate of J1.1-2 infection signifies differences
in entry pathways remains to be conclusively shown, but the
observation indicates that our results are not peculiar to a
single cell line.

Our observations relate to a previous study demonstrating
that intracellular expression of the secreted � isoform of nec-
tin-1 rendered HSV-resistant J1.1-2 cells susceptible to HSV
infection (44). A significant difference between that study and
ours is that we used an exogenous mediator, purified sNec1123

protein, while the effector molecule employed in the earlier
study was produced by the target cells. The endogenous pro-
duction of nectin-1� raised the possibility that incomplete re-
lease of the molecule from the cell membrane would provide
cell-associated binding sites for gD which could function as
bona fide entry receptors. Indeed, nectin-1� was detected on
the surface of these producer cells, providing a satisfactory
explanation for the acquired susceptibility of these cells to
HSV infection (44).

Nectin-1 and -2 are members of a larger family of cell ad-
hesion molecules that can interact with each other in various
ways (cis or trans) and combinations (homo- or heterotypic)
(63). These properties raised the concern that our sNec1123

could form functional cell surface receptors for gD by associ-
ating with known or unknown nectins on CHO or J1.1-2 cells.

For example, it has been demonstrated that J1.1-2 cells possess
nectin-3 (8), which can interact in trans with nectin-1 (18). The
following considerations argue against such mechanisms. First,
evidence has been reported that cis dimerization of nectins
requires the membrane-proximal C2-like domain (40, 49), sug-
gesting that the V domain alone will not dimerize in cis with
heterotypic nectins on the cell surface. Second, the ability of
nectin-1 to interact in trans with other nectins is mutually
exclusive with its ability to bind to HSV-1 gD (61, 65), arguing
that sNec1123 bound to nectin-3 or other nectins on the cell
surface will not simultaneously interact with viral gD to trigger
entry. Experimentally, we observed that preincubation of
CHO-K1 cells with sNec1123 followed by removal of unbound
protein failed to render the cells susceptible to HSV and failed
to inhibit infection in the presence of sNec1123. Likewise, pre-
incubation of the cells with sNec1123 complexed with soluble
gD followed by removal of unbound material did not inhibit
sNec1123-mediated infection, indicating that there was no gD-
dependent binding of sNec1123 to the cells that could block
subsequent binding of free or virus-complexed sNec1123.
Together, these considerations favor the interpretation that
sNec1123 did not associate with any known or unknown
CHO-K1 or J1.1-2 cell surface structures to form functional
gD receptors on these cells, thus supporting the conclusion
that sNec1123 was capable of triggering HSV entry into
resistant cells without prior binding to the cell surface.

Soluble receptor-mediated infection has been reported pre-
viously for other viruses, most notably subgroup A avian sar-
coma and leukosis virus (ASLV-A) (13) and ASLV-B (37), but
also certain human immunodeficiency virus type 2 and simian
immunodeficiency virus strains (1, 7, 78), as well as mouse
hepatitis virus (MHV) (16, 74). In the human immunodefi-
ciency virus type 2 and simian immunodeficiency virus systems,
enhanced infection mediated by soluble CD4 may be due to
conformational changes in soluble CD4-bound gp120 that pro-
mote interaction of gp120 with essential coreceptors (82). HSV
binding to GAGs is reportedly stabilized by binding of gD to
cognate receptors (22, 59), but this is likely an indirect effect
caused by the increased number of contacts between the virus
and cell. We did not see inhibition of sNec1123-mediated in-
fection by prior incubation of the cells with premixed sNec1123

FIG. 5. Requirement for GAG binding in sNec1123-mediated infection. (A) Heparin inhibition of sNec1123-mediated virus entry. Different
dilutions of QOZHG were preincubated with or without 25 �g/ml heparin for 1 h at 4°C and incubated with CHO-K1 cells in suspension for 30
min at 4°C prior to the addition of 450 nM sNec1123 and infection for 1 h at 37°C. The cells were plated with fresh medium, and entry was measured
by ONPG assay the next day. Data represent the averages of triplicate determinations. (B) Heparin inhibition of infection via cellular nectin-1.
QOZHG was preincubated with heparin as above and adsorbed to CHO-Nec1 cells. Infection was as described above without added sNec1123
protein. The cells were processed for ONPG assay as above. (C) Infection of GAG-deficient CHO cells. CHO-K1 and GAG-deficient pgsD-677
and pgsA-745 cells were infected with QOZHG at an MOI of 3 in the presence (black bars) or absence (gray bars) of 450 nM sNec1123 protein.
Virus entry was determined by ONPG assay. Values are averages from triplicate infections.
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and soluble gD ectodomain, arguing against a scenario in
which nectin-1 binding to gD enables gD interaction with an
unknown coreceptor. However, given the very recent demon-
stration of GAG-independent HSV gB binding to cell surfaces
(4), it is conceivable that this newly described interaction is
enhanced by sNec1123 binding to virion gD. In the MHV study,
soluble receptor was shown to mediate or enhance viral spread
to receptor-deficient cells by spike protein-dependent cell fu-
sion, but attempts at direct MHV infection of receptor-defi-
cient cells were unsuccessful, even under conditions designed
to bring the virions in close proximity to the cell surface (74).
Compared to ASLV, GAG binding by HSV appears to repre-
sent the missing attachment function provided by extraneous
manipulation of the infection conditions in the ASLV studies
(13, 37). In both the HSV and ASLV systems, the soluble
receptor appears to enable virus penetration rather than at-
tachment.

Soluble nectin-1, like soluble HVEM and soluble receptors
for other viruses, can be used to inhibit infection of susceptible
cells (2, 10, 14, 19, 25, 34, 40, 44, 51, 76, 79). Traditionally, this
effect has been interpreted as evidence of competition between
the soluble and cell-associated receptors for virus binding.
However, it has also been recognized that soluble receptors
may cause virus inactivation (2, 29, 52, 53). We have examined
different conditions for sNec1123-mediated infection and ob-
served the most consistently high levels of infection when the
soluble molecule was added after virus attachment to the cells
at 4°C. We imagine that soluble receptor binding to virion gD
at 37°C triggers the entry machinery, leading to infection if the
virus is localized at the cell surface at the time of sNec1123

binding. In the absence of prior virus attachment to the cells,
we speculate that sNec1123 binding to the virus at 37°C results
in inactivation of the viral entry machinery. We further spec-
ulate that soluble receptor-mediated inhibition of HSV infec-
tion of receptor-bearing cells may be mediated in part by the
same mechanism of virus inactivation. In three studies report-
ing soluble nectin-1-mediated inhibition of HSV infection of
nectin-1-bearing cells, the soluble receptor was preincubated
with the virus at 37°C prior to infection (10, 25, 44). A fourth
study reported inhibition after preincubation of the virus and
soluble receptors at 4°C (40), which could reflect rapid virus
inactivation at the infection temperature prior to adequate
attachment of the receptor-coated virus particles to the cells.
While these hypotheses require experimental validation, they
provide a tentative rationale for the seemingly contradictory ob-
servations that soluble gD receptor inhibits HSV entry into
receptor-bearing cells but promotes entry into receptor-nega-
tive cells. In this regard, it has been reported that HSV infec-
tion of HVEM-bearing cells is inhibited by soluble nectin-1,
and vice versa, that infection of nectin-1-bearing cells is inhib-
ited by soluble HVEM (25). These observations were inter-
preted as supporting evidence that the HVEM- and nectin-1-
binding domains of gD overlap. Our hypothesis offers the
alternative explanation that the conditions of these experi-
ments—virus preincubation with soluble receptor at 37°C—may
have inactivated the virus entry machinery irrespective of the
nature of the HSV entry receptor present on the target cells.

Our observation of soluble receptor-mediated HSV infec-
tion of receptor-deficient cells agrees with previous studies
indicating that the normal subsurface interaction of nectin-1

with the cytoskeleton is not directly involved in HSV entry (24,
64). Instead, our results suggest that the essential consequence
of gD’s binding to its receptor is activation of the viral fusion
machinery, be it at the cytoplasmic or endosomal membrane,
and that this outcome requires only the gD-binding V domain
of nectin-1. Accordingly, our observations are consistent with
current models proposing a conformational change in gD upon
receptor binding which leads to activation of the fusion func-
tions of other HSV envelope glycoproteins, most likely gB
and/or gH/gL (reviewed by Spear et al. [71, 72]). For certain
cell types, activation by this mechanism may not be sufficient,
and exposure to an acidic environment may be required (58),
thus delaying the fusion step until the virus appears in endo-
somes. In this instance, conformational changes initiated by
extracellular contact between gD and its receptor must be
remarkably stable to persist through the process of endocytic
internalization to the stage of endosomal release. It remains to
be determined how this scenario can be reconciled with our
proposal that premature activation of the fusion machinery
results in virus inactivation.
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