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ABSTRACT

Skin keratinocytes represent a primary entry site for herpes simplex virus 1 (HSV-1) in vivo. The cellular proteins nectin-1 and herpes-
virus entry mediator (HVEM) act as efficient receptors for both serotypes of HSV and are sufficient for disease development mediated
by HSV-2 in mice. How HSV-1 enters skin and whether both nectin-1 and HVEM are involved are not known. We addressed the im-
pact of nectin-1 during entry of HSV-1 into murine epidermis and investigated the putative contribution of HVEM. Using ex vivo in-
fection of murine epidermis, we showed that HSV-1 entered the basal keratinocytes of the epidermis very efficiently. In nectin-1-defi-
cient epidermis, entry was strongly reduced. Almost no entry was observed, however, in nectin-1-deficient keratinocytes grown in
culture. This observation correlated with the presence of HVEM on the keratinocyte surface in epidermis and with the lack of HVEM
expression in nectin-1-deficient primary keratinocytes. Our results suggest that nectin-1 is the primary receptor in epidermis, while
HVEM has a more limited role. For primary murine keratinocytes, on which nectin-1 acts as a single receptor, electron microscopy
suggested that HSV-1 can enter both by direct fusion with the plasma membrane and via endocytic vesicles. Thus, we concluded that
nectin-1 directs internalization into keratinocytes via alternative pathways. In summary, HSV-1 entry into epidermis was shown to
strongly depend on the presence of nectin-1, but the restricted presence of HVEM can potentially replace nectin-1 as a receptor, illus-
trating the flexibility employed by HSV-1 to efficiently invade tissue in vivo.

IMPORTANCE

Herpes simplex virus (HSV) can cause a range of diseases in humans, from uncomplicated mucocutaneous lesions to life-threat-
ening infections. The skin is one target tissue of HSV, and the question of how the virus overcomes the protective skin barrier
and penetrates into the tissue to reach its receptors is still open. Previous studies analyzing entry into cells grown in vitro re-
vealed nectin-1 and HVEM as HSV receptors. To explore the contributions of nectin-1 and HVEM to entry into a natural target
tissue, we established an ex vivo infection model. Using nectin-1- or HVEM-deficient mice, we demonstrated the distinct in-
volvement of nectin-1 and HVEM for HSV-1 entry into epidermis and characterized the internalization pathways. Such advances
in understanding the involvement of receptors in tissue are essential preconditions for unraveling HSV invasion of skin, which
in turn will allow the development of antiviral reagents.

Herpes simplex viruses (HSV) are ubiquitous human patho-
gens which can cause a range of diseases, from mild, uncom-

plicated mucocutaneous lesions to life-threatening infections.
HSV-1 is dominantly associated with orofacial infections and en-
cephalitis, whereas HSV-2 more likely causes genital infections.
To enter its human host, HSV must come into contact with mu-
cosal surfaces, skin, or the cornea. During initial exposure on mu-
cosa or skin, HSV targets epidermal keratinocytes and establishes
a primary infection in the epithelium. Cellular entry of HSV relies
on the interaction of several viral glycoproteins with various cell
surface receptors (1, 2). The envelope glycoprotein D (gD) is es-
sential for the entry process, and only after gD binding to a recep-
tor is fusion with a cellular membrane induced (3). The major gD
receptors mediating entry into mouse and human cells are herpes-
virus entry mediator (HVEM) and nectin-1 (4–6). HVEM is a
member of the tumor necrosis factor receptor superfamily which
can activate either proinflammatory or inhibitory signaling path-
ways (7), while nectin-1 is an immunoglobulin-like cell adhesion
molecule (8). A further gD receptor is 3-O-sulfated heparan sul-

fate, which may also play a role in HSV-1 entry into various cell
types (9, 10).
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Although gD interactions with either HVEM or nectin-1 have
been studied extensively in different cell lines, little is known
about the receptors that mediate uptake of HSV-1 in vivo at the
natural sites of virus infection. Based on expression patterns,
HVEM is thought to act as the principal receptor for HSV on
lymphoid cells, with nectin-1 playing the same role on epithelial
and neuronal cells (4). Mice are widely used as an animal model
for studies of HSV skin, mucosal, and corneal infections, and the
murine homologs of HVEM and nectin-1 support HSV entry
(11). One exploratory focus was on infection by HSV-2 via the
intravaginal route in various mouse models (12). When nectin-1/
HVEM double-knockout (double-KO) mice were infected
intravaginally with HSV-2, nearly no signs of viral lesions were
detected, demonstrating that disease development requires ex-
pression of either nectin-1 or HVEM (13). Infection studies with a
gD mutant unable to bind HVEM suggest that gD-HVEM inter-
actions suppress innate defenses during murine intravaginal in-
fection with HSV-2, which may highlight an additional function
of HVEM (14). Another exploratory focus of HSV infection was
on an ocular model where infection followed scarification of the
murine cornea. This method is clearly distinct from the natural
entry route of HSV, but these studies helped us to understand
pathogenesis. Expression of nectin-1 and HVEM was observed in
the epithelium of the murine cornea (15, 16), and infection studies
with HSV-1 in KO mice indicated attenuated disease in the ab-
sence of either HVEM or nectin-1 (17). In contrast, HSV-2 does
not require HVEM to cause disease in corneal infections, suggest-
ing that the HVEM requirement depends on the serotype (18). In
all these mouse models, the impacts of the HSV receptors nectin-1
and HVEM were correlated with disease development. The con-
tributions of individual receptors to the initiation of infection in
various tissues, however, are less clear.

We established an ex vivo infection model of murine epidermal
sheets to explore the invasion route of HSV-1 into epidermal tis-
sue at the cellular level. Our focus is on the identification of the
cells and molecular determinants that mediate initial entry into
tissue. Here we determined the epidermis-specific roles of both
nectin-1 and HVEM as receptors for HSV-1 infection and inves-
tigated the internalization pathway. The outermost layer of skin is
the epidermis, which contains appendages such as hair follicles
and sebaceous glands. The interfollicular epidermis consists of a
multilayered epithelium, including a basal layer, a granular layer,
and an outer, cornified layer of dead, keratinized cells. Keratino-
cytes are the major constituent of the epidermis, and its stratified
structure is the result of epidermal differentiation that allows ke-
ratinocytes of the basal layer to migrate into the upper layers (19).
Nectin-1, -2, -3, and -4 are Ca2�-independent cell-cell adhesion
molecules involved in the formation of adherens junctions in ke-
ratinocytes. In particular, they play important roles in cell-cell
junctions that are dynamic and require remodeling (8). Nectin-1
is the most abundant, being expressed throughout the murine
epidermis, from the basal layer to the cornified layer. Nectin-2 and
-4 are expressed in the lower levels, while nectin-3 is not expressed
in murine epidermis (20). In contrast, the expression pattern of
HVEM in the epidermis is less well characterized.

Here we investigated whether nectin-1 plays an exclusive role
as a receptor during HSV-1 entry into murine epidermis. Our
results indicate that the initial HSV-1 entry into tissue strongly
depends on the presence of nectin-1 in murine epidermis. HVEM
can also serve as a receptor in epidermis, although less efficiently

than nectin-1, based on the small number of HVEM-expressing
cells.

MATERIALS AND METHODS
Mice, preparation of murine skin, and isolation of murine keratino-
cytes. Breeding was performed with Pvrl�/� and Pvrl�/� mice (21), and
genotypes of homozygous animals were confirmed by a duplex PCR assay
with primer pairs for nectin-1 (forward primer, 5=-AGCTGTTTCCGTC
TGGTGTC-3=; wild-type [wt] reverse primer, 5=-AGGGGTGGAGTTAA
GATGAGG-3=; and neomycin resistance cassette reverse primer, 5=-CTTG
GCTGGACGTAAACTCC-3=) as described previously (21).

Murine epidermal sheets were taken from back skin of wt Pvrl�/�

(C57BL/6), Pvrl�/�, or Pvrl�/� newborn mice, named wt, heterozygous,
or nectin-1-deficient mice, respectively, throughout the text. One to 3
days after birth, mice were decapitated, and skin pieces of about 15 mm in
diameter were taken to prepare epidermal sections or whole mounts as
described previously (22). Epidermal sheets were taken from tail skin
from adult mice (1 to 3 months), since the long embedded hair follicles on
the back impeded separation of intact epidermis. After incubation for 30
min at 37°C with 5 mg/ml dispase II (Roche) in phosphate-buffered saline
(PBS), the epidermis was washed three times in PBS, gently removed from
the underlying dermis as an intact sheet by use of forceps, and used im-
mediately for infection studies. Epidermal sheets were also prepared from
newborn or adult tail skin of HVEM KO mice (23). For gentle cell disso-
ciation, the epidermal sheets were incubated with the basal side on TrypLE
Select cell dissociation enzyme (Life Technologies) for 30 min at room
temperature. These cell suspensions were used to isolate keratinocytes or
extract RNA.

Murine primary keratinocytes isolated from newborn epidermis were
cultured on collagen-coated dishes (collagen G; Merck Millipore) in the
presence of 3T3 fibroblasts as feeder cells at 32°C. In brief, primary kera-
tinocytes were maintained in keratinocyte culture medium (Dulbecco’s
modified Eagle’s medium [DMEM]/Ham’s F-12 [3.5:1.1]; Merck Milli-
pore) containing 50 �M calcium ions, 10% fetal calf serum (FCS; calci-
um-free), penicillin (400 IU/ml), streptomycin (50 �g/ml), adenine
(1.8 � 10�4 M), glutamine (300 �g/ml), hydrocortisone (0.5 �g/ml),
epidermal growth factor (EGF) (10 ng/ml), cholera enterotoxin (10�10

M), insulin (5 �g/ml), and ascorbic acid (0.05 mg/ml) in the presence of
mitomycin C-treated 3T3 fibroblasts (strain J2).

Cells, viruses, and plasmids. HaCaT (24) and hTERT RPE-1 (ATCC)
cells were maintained in DMEM/high glucose/GlutaMAX (Life Technol-
ogies) and DMEM/F-12/GlutaMAX (Life Technologies), respectively,
containing 10% FCS, penicillin (100 IU/ml), and streptomycin (100 �g/
ml). Infection studies were performed with purified preparations of
HSV-1 wt strain 17 as described previously (25). In brief, virus inoculum
was added to the cells at 37°C, defining time point 0. For electron micros-
copy (EM) studies, primary keratinocytes were incubated with HSV-1 at
800 PFU/cell for 1 h at 4°C, followed by incubation at 37°C for 10 or 30
min to allow uptake. EM studies of epidermal sheets were performed at
approximately 1,500 PFU/cell, and preadsorption was allowed for 2 h
at 4°C.

Prior to infection, murine primary keratinocytes were seeded without
3T3 fibroblasts and cultivated overnight on collagen-coated dishes (col-
lagen G; Merck Millipore) at 32°C.

Virus titers were determined by plaque assays on Vero-B4 cells. Epi-
dermal sheets were washed at 1 h postinfection (p.i.), and the titer of
cell-released virus (CRV) was analyzed as indicated.

The expression vector pSC386, encoding human HVEM (26), was
used for transient overexpression. Plasmid EGFP-N1 (Clontech) was used
as a control.

Ethics statement. The preparation of epidermal sheets and cells from
sacrificed animals was carried out in strict accordance with the recom-
mendations of the Guide of Landesamt für Natur, Umwelt and Ver-
braucherschutz, Northrhine-Westphalia (Germany). The study was ap-
proved by LANUV NRW (approval number 8.84-02.05.20.13.018).
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FIG 1 HSV-1 enters murine wt or nectin-1-deficient epidermis. (A) Scheme illustrating epidermal whole mounts, showing the visible surface of the basal keratinocyte
layer with hair follicles. The epidermis was prepared either from newborn back skin or from adult tail skin (1-month-old mice). Abbreviations: DHF, developing hair
follicle; HF, hair follicle; IFE, interfollicular epidermis; ORS, outer root sheath; SG, sebaceous gland. (B and C) Epidermal sheets of wt or nectin-1-deficient mice from
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Transient expression. Murine primary keratinocytes (�3 � 105)
were transfected with 1 �g of plasmid pSC386 or EGFP-N1 by use of
X-tremeGENE HP transfection reagent (Roche). At 21 h posttransfection,
cells were infected with HSV-1 at 20 PFU/cell.

RNA preparation and reverse transcription-PCR (RT-PCR). TRIzol
reagent (Life Technologies) was used to extract RNA from keratinocytes
directly after dissociation from murine epidermis by TrypLE Select (Life
Technologies) treatment or from primary murine keratinocytes that were
cultivated for 1 day in the absence of 3T3 fibroblasts. cDNAs were synthe-
sized from total RNA by using SuperScript II reverse transcriptase (Life
Technologies), and PCR was performed with native Taq DNA polymerase
(Life Technologies) and the following primer pairs: (i) nectin-1 primers
(forward, 5=-ACTGGTTTCTGGAGCGCGAGG-3=; and reverse, 5=-CTC
GTAGGGAGGCAGCACGGA-3=), (ii) nectin-2 primers (forward, 5=-AG
CTGGGCCGAACGAACTGATC-3=; and reverse, 5=-AGCCACAACTGT
GCCATCCAGG-3=), (iii) nectin-3 primers (forward, 5=-GAGGCGGCA
AAGCACAACTT-3=; and reverse, 5=-GGATGATGAACTGCAACAGTC
TGTG-3=), (iv) nectin-4 primers (forward, 5=-GGCAGCTTTCAGGCAC
GGAT-3=; and reverse, 5=-GGCACCAGATGGAACTCTGAAG-3=), (v)
HVEM primers (forward, 5=-TGAAGCAGGTCTGCAGTGAG-3=; and
reverse, 5=-GCTGTTGGTCCCACGTCTTA-3=), and (vi) glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) primers (forward, 5=-TGATGAC
ATCAAGAAGGTGGTGAAG-3=; and reverse, 5=-TCCTTGGAGGCCAT
GTGGGCCAT-3=).

Immunocytochemistry and antibodies. Murine epidermal whole
mounts from wt or nectin-1-deficient mice were fixed with 3.4% formal-
dehyde as described previously (27) and then stained overnight with
mouse anti-ICP0 (monoclonal antibody [MAb] 11060) (28) diluted 1:60,
followed by washing with PBS-0.2% Tween 20 for 4 h, overnight incuba-
tion with anti-mouse immunoglobulin G (AF488) (Life Technologies)
and DAPI (4=,6-diamidino-2-phenylindole), and washing with PBS-0.2%
Tween 20 for 4 h, all at room temperature. Murine epidermal cryosections
from wt or nectin-1-deficient mice were embedded in Tissue Tek (Sakura)
and frozen in liquid nitrogen; 10-�m frozen cross sections were then cut
using a CM3050 (Leica) cryomicrotome. The tissue sections were fixed
with 0.5% formaldehyde for 10 min at room temperature, blocked with
5% normal goat serum in PBS for 30 min at room temperature, and then
stained for 60 min with mouse anti-ICP0 (11060) (28) diluted 1:60, fol-
lowed by incubation with AF488-conjugated anti-mouse IgG (Life Tech-
nologies) and DAPI for 45 min at room temperature.

Murine primary keratinocytes grown on collagen G (Merck Milli-
pore)-coated coverslips were fixed with 2% formaldehyde for 10 min at
room temperature, permeabilized with 0.5% NP-40 for 10 min at room
temperature, and then costained for 60 min with mouse anti-ICP0
(11060) (28) diluted 1:60 and/or rabbit polyclonal anti-mouse keratin 14
(AF64; Covance) diluted 1:10,000 (room temperature), followed by incu-
bation with secondary antibodies and DAPI for 45 min at room temper-
ature. Staining of F-actin was performed with tetramethyl rhodamine
isothiocyanate (TRITC)-conjugated phalloidin (Sigma) for 15 min at
room temperature. Phagocytosis assays were performed with sulfate-
modified polystyrene, fluorescent orange latex beads (2 �m) (L1153;
Sigma). Murine primary keratinocytes, HaCaT cells, and RPE-1 cells were
incubated with latex beads (4 � 106 per well in a 24-well plate) for 24 h.
Cells were fixed and stained with TRITC-conjugated phalloidin and
DAPI.

Microscopy was performed using a Leica DM IRB/E microscope
linked to a Leica TCS-SP/5 confocal unit and a Zeiss Axiophot micro-

scope. Images were assembled using Photoshop (version CS2; Adobe) and
Corel Draw (version 9.0; Corel Corporation).

Transmission electron microscopy. Infected cells and epidermal
sheets were prepared for electron microscopy as described previously (29,
30). Ultrathin sections of keratinocytes or semithin sections of epidermal
sheets were cut, stained with uranyl acetate and lead citrate, and analyzed
in a JEOL 1200 EX II or Zeiss 902A electron microscope, respectively.

Fluorescence-activated cell sorter (FACS) analysis. Murine epider-
mal sheets from wt or nectin-1-deficient mice were infected for 3 h, fol-
lowed by incubation on TrypLE Select (Life Technologies) for 15 min at
room temperature and 15 min at 37°C or on enzyme-free cell dissociation
solution (CDS) (Sigma) for 15 min at room temperature, 15 min at 37°C,
and 15 min at room temperature to gently dissociate keratinocytes. The
dissociated keratinocytes were dispersed by gentle pipetting and filtered
one time (TrypLE Select) or two times (CDS) through a 40-�m cell
strainer (BD) to remove cell clumps and debris. To stain surface receptors,
cells were kept in PBS-5% FCS and incubated on ice for 45 min with an
Armenian hamster MAb against murine HVEM (clone HMHV-1B18;
diluted 1:200) (BioLegend), a mouse anti-nectin-1 (CK41) antibody (di-
luted 1:100) (31), or the following isotype controls: for HVEM, Armenian
hamster IgG (eBioscience); and for nectin-1, mouse IgG1 (Life Technol-
ogies). This was followed by incubation with the secondary antibody, i.e.,
anti-Armenian hamster IgG–phycoerythrin (PE) (eBioscience) diluted
1:50 or anti-mouse IgG–Cy5 (Jackson ImmunoResearch Laboratories
Inc.) diluted 1:100, for 30 min on ice. To visualize ICP0, cells were fixed
with 3.7% formaldehyde for 10 min at room temperature, permeabilized
with 0.2% saponin for 15 min on ice, and then incubated on ice for 35 min
with mouse anti-ICP0 (11060) (28) diluted 1:30 in 0.2% saponin or with
isotype control mouse IgG2b (Life Technologies), followed by incubation
on ice for 30 min with anti-mouse IgG–Cy5 (Jackson ImmunoResearch
Laboratories Inc.) diluted 1:20 in 0.2% saponin. Samples were analyzed by
using a FACSCanto II flow cytometer (BD) and FACSDiva (version 6.1.3;
BD) and FlowJo (version 7.6.3; Tree Star) software.

RESULTS
Entry of HSV-1 into nectin-1-deficient epidermis. To address
the role of nectin-1 as a receptor for HSV-1 in the epidermis, we
investigated the skin of mice lacking nectin-1. Nectin-1-deficient
mice have no obvious skin phenotype, which may be explained by
the expression of multiple nectins, such as nectin-2 and -4, leading
to functional redundancy (20). We used mice which carry a null
mutation in the nectin-1-encoding gene, Pvrl1 (Pvrl1�/�) (21).
These are viable and fertile but manifest microphthalmia and de-
fective amelogenesis of the incisor teeth (21). We infected murine
epidermal sheets ex vivo to compare the efficiencies of HSV-1
entry in the absence and presence of nectin-1. Skin was prepared
from backs of newborn mice or from the tails of adult mice, and
the epidermis was separated from the dermis by dispase treat-
ment. The epidermal sheets were submerged in virus-containing
medium, and infection was visualized at various times p.i. by
staining infected cells with an antibody directed against the HSV-1
immediate early protein ICP0. The visualization of ICP0 expres-
sion was used as a marker for successful HSV-1 entry. The cellular
localization of ICP0 passes through distinct phases during early
infection; ICP0 in nuclear foci indicates an early stage of viral gene

newborn skin or from adult tail skin were infected with HSV-1 at 100 PFU/cell. Epidermal whole mounts showing the basal keratinocyte layer and developing hair
follicles (B) or hair follicles from adult epidermis (C) were stained with anti-ICP0 (green) at 3 h p.i. to visualize infected cells. Counterstaining of the nuclei with
DAPI (blue) demonstrates that all cells in wt epidermis were infected, while the number of infected cells in nectin-1-deficient epidermis was reduced. In
nectin-1-deficient epidermis, areas with high and low densities of infected cells are shown. (D) Newborn epidermis from wt mice was infected at 0.1, 1, 10, or 100
PFU/cell and stained with anti-ICP0 (green), which demonstrates the preferential infection of developing hair follicles. (E) Three, 9, 12, or 18 h after infection at
100 PFU/cell, sections of wt and nectin-1 KO epidermises were stained with anti-ICP0 (green) and with DAPI (blue) as a nuclear counterstain, illustrating the
spread of infection in suprabasal layers. Confocal projections and merged images are shown. Bars, 25 �m.
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expression which is followed by relocalization of ICP0 to the cy-
toplasm (32). Previously, we demonstrated that infection of epi-
dermal sheets is initially restricted to the basal keratinocyte layer
(32). When we infected epidermal whole mounts from wt mice
with 50 to 100 PFU/cell, ICP0 was visible in the cytoplasm of all
cells of the basal keratinocyte layer by 3 h p.i., indicating very
efficient entry (Fig. 1B and C). In contrast, a greatly reduced num-
ber of infected cells was detectable in the basal layer of nectin-1-
deficient epidermis (Fig. 1B and C). The efficiency of entry varied
across the interfollicular epidermis, with �10% infection in some
areas and up to �30% in others (Fig. 1B and C). Furthermore,
ICP0 was only in the nucleus in most infected cells at 3 h p.i.,
suggesting that entry was slower in this case than in wt epidermis
(Fig. 1B and C). In addition to the interfollicular epidermis, dif-
ferent regions of the hair follicles were infected. In adult (1-
month-old) wt mice, hair germs and parts of the outer root sheath
of hair follicles were strongly infected, while in nectin-1-deficient
mice, individual infected cells were found in the hair germs and
rarely in the outer root sheaths (Fig. 1A and C). Staining of the
sebaceous glands (SG) underneath the hair shaft was shown to be
unspecific (data not shown).

To compare the efficiencies of entry into epidermis for adult
and newborn mice, we also infected epidermal whole mounts of
nectin-1-deficient newborn mice. These mice showed an even
greater reduction in the number of infected cells in the interfol-
licular epidermis compared to nectin-1-deficient adult epidermis,
with most infected cells present in the developing hair follicles
(DHF) (Fig. 1B). To determine the reason for the higher infection
rate in the densely packed developing hair follicles, we infected the
epidermises of newborn wt mice at different virus doses. At 0.1
PFU/cell, ICP0-expressing cells were found almost exclusively at
the developing hair follicles, while cells in the interfollicular epi-
dermis expressed ICP0 only at a higher multiplicity of infection
(MOI) (Fig. 1D). These results demonstrate that keratinocytes in
the developing hair follicles are more accessible to HSV-1 infec-
tion than those in the interfollicular epidermis in both wt and
nectin-1-deficient newborn mice. We concluded that the recep-
tor(s) is expressed in both the interfollicular epidermis and the
hair follicles of newborn and adult mice. Thus, the reduced num-
ber of infected cells in newborn nectin-1-deficient epidermis mir-
rors that seen in adult epidermis.

When wt epidermis was infected for longer than 3 h (9, 12, and
18 h), we observed increasing numbers of ICP0-expressing cells in
the suprabasal layers, indicating that entry was not restricted to
the basal keratinocyte layer but that the virus was capable of
spreading to other cells in the tissue (Fig. 1E). Virus production
was confirmed by determining the virus titer at 48 h p.i. (Fig. 2).
To analyze whether nectin-1 deficiency interferes with the spread
of infection to suprabasal layers, we visualized ICP0 at various
times p.i. As expected, at 3 h p.i., only a few infected cells were
detected in the basal layer. There was a slight increase in the num-
ber of infected basal keratinocytes at 9 h p.i., but infection of the
suprabasal layer was not observed until 12 and 18 h p.i. and in-
volved relatively few cells, suggesting that viral spread was limited
in the absence of nectin-1 (Fig. 1E). This is in line with the reduced
virus production in nectin-1-deficient compared to wt epidermis
(Fig. 2).

In summary, the efficiency of infection was strongly reduced in
the absence of nectin-1, indicating that nectin-1 serves as the ma-
jor receptor in the basal keratinocyte layer of the epidermis. Nec-

tin-1 also facilitated virus spread to suprabasal layers of the epi-
dermis. However, a limited number of cells allowed HSV-1 entry
and viral spread even in the absence of nectin-1, suggesting the
presence of an alternative receptor(s) in a subpopulation of basal
keratinocytes in the epidermis.

Entry of HSV-1 into nectin-1-deficient keratinocytes. To fur-
ther characterize the role of nectin-1 and possible alternative re-
ceptors in the basal layer of the epidermis, we isolated cells from
epidermal sheets of newborn mice to take primary keratinocytes
in culture. After 2 or 3 passages in culture, primary keratinocytes
of wt, heterozygous (Pvrl1�/�), and nectin-1-deficient (Pvrl1�/�)
mice were infected with HSV-1 at 20 PFU/cell. At 3 h p.i., ICP0
was present in approximately 60% of the cells from wt and
heterozygous mice but only approximately 3% of the nectin-1-
deficient keratinocytes (Fig. 3A and B). Even at 6 h p.i., the num-
ber of infected nectin-1-deficient cells showed only a slight in-
crease, to 5% of cells, while �80% of wt keratinocytes expressed
ICP0 at that time point (Fig. 3A and B). Increasing the multiplicity
of infection to 50 PFU/cell did not increase the numbers of ICP0-
expressing cells in the absence of nectin-1 at 6 h p.i., and this
number even declined by 42 h p.i. (Fig. 3C and D), suggesting that
the few infected cells died and detached without infecting neigh-
boring cells. This suggestion is supported by the observation that
keratinocytes isolated from heterozygous mice showed a notable
cytopathic effect (CPE) at 6 h p.i. (Fig. 3C) and were completely
detached by 18 h p.i. (Fig. 3D). Furthermore, analysis of virus
growth showed an increase in titer in primary keratinocytes from

FIG 2 HSV-1 production in murine epidermal sheets and primary keratino-
cytes. (A) Epidermal sheets from wt or nectin-1-deficient adult tail skin were
infected with HSV-1 at 1 PFU/cell. The virus titer was determined at 3 h and 48
h p.i. in at least 2 independent experiments and demonstrated the reduced
virus production in nectin-1-deficient epidermis. The titer at 3 h p.i. represents
the input virus. (B) Heterozygous or nectin-1-deficient primary keratinocytes
were infected at 50 PFU/cell. At 6, 18, and 42 h p.i., the virus titer was deter-
mined in at least 2 independent experiments and demonstrated the loss of
virus production in nectin-1-deficient primary keratinocytes.
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heterozygous mice but no virus production in nectin-1-deficient
keratinocytes (Fig. 2). The observation that efficiencies of infec-
tion were nearly identical in primary keratinocytes from wt and
heterozygous mice was confirmed by infection studies at a low
MOI (Fig. 3B).

Taken together, the very small number of ICP0-expressing
cells and the failure of the virus to propagate indicate an almost
complete block of entry in the absence of nectin-1. These results
support nectin-1 as the sole receptor in wt primary keratinocytes
and suggest the lack of an alternative receptor.

Nectin-1 and HVEM expression in epidermis and primary
keratinocytes. We next investigated the presence of nectin family
members in nectin-1-deficient mice by RT-PCR. We confirmed
the absence of nectin-1 mRNAs in the epidermis (Fig. 4A). How-
ever, a weak signal was visible for nectin-1-deficient primary ke-

ratinocyte cultures (Fig. 4A and B). Control experiments con-
firmed that this signal was due to the 3T3 fibroblasts which were
cocultured as feeder layers prior to the infection experiments (Fig.
4C). Nectin-2, -3, and -4 were expressed both in epidermis and in
primary keratinocytes, and this expression was independent of the
presence of nectin-1 (Fig. 4A). Nectin-2 serves as a receptor for
various mammalian alphaherpesviruses, but the specificity of mu-
rine nectin-2 is restricted to pseudorabies virus (PRV) (9, 33).
Nectin-3 and -4 exhibit no known receptor activity for alphaher-
pesviruses. Thus, it is unlikely that other nectins can serve as al-
ternative receptors for nectin-1.

The best candidate as an alternative receptor for HSV-1 is
HVEM. As a member of the tumor necrosis factor receptor family,
HVEM is expressed mainly on lymphoid cells but is also found on
fibroblasts and endothelial and epithelial cells (6, 34, 35). To de-

FIG 3 HSV-1 enters murine wt and heterozygous primary keratinocytes but not nectin-1-deficient cells. (A) wt, heterozygous, and nectin-1-deficient primary
keratinocytes infected with HSV-1 at 20 PFU/cell were stained with anti-ICP0 (green) at 3 or 6 h p.i. F-actin was visualized with TRITC-phalloidin (red). While
all wt and heterozygous cells expressed ICP0 at 3 h p.i., ICP0 was rarely found in nectin-1-deficient cells, even at 6 h p.i. (B) wt, heterozygous, and nectin-1-
deficient primary keratinocytes were infected at 2 or 20 PFU/cell. The percentages of infected wt, heterozygous, and nectin-1-deficient primary keratinocytes
from at least three independent experiments demonstrate that only very few primary keratinocytes show ICP0 expression in the absence of nectin-1. Results are
means and standard deviations. (C) Heterozygous and nectin-1-deficient primary keratinocytes infected at 50 PFU/cell were stained with anti-ICP0 (green) and
phalloidin (F-actin; red) at 6 or 42 h p.i. The high MOI resulted in a CPE in heterozygous cells at 6 h p.i., while ICP0 expression was rarely visible in
nectin-1-deficient cells at 6 and 42 h p.i. Confocal projections and merged images are shown. Bars, 50 �m (A) or 100 �m (C). (D) At 6, 18, and 42 h p.i., the
number of infected cells was determined in at least 2 independent experiments. No heterozygous cells were present on the dishes at 18 h and 42 h p.i., because of
the strong CPE.
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FIG 4 Nectins and HVEM are expressed in epidermal sheets, but only nectins are expressed in primary keratinocytes. (A and B) RNAs were isolated from wt or
nectin-1-deficient newborn epidermis or from wt or nectin-1-deficient primary keratinocytes. (A) Results of RT-PCR demonstrate expression of nectin-1, -2, -3, and -4
in epidermis and primary keratinocytes. (B) In contrast, HVEM expression was detected only in epidermis. As a control, GAPDH transcripts are shown. The water
controls (H2O) contained no cDNA. (C) RNAs were isolated from 3T3 fibroblasts, primary keratinocytes cultured with 3T3 fibroblasts, and primary keratinocytes from
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termine whether the presence of HVEM correlated with the sus-
ceptibility of keratinocytes to entry, we investigated HVEM ex-
pression by RT-PCR. After dissociation of epidermal sheets from
wt or nectin-1-deficient mice, HVEM was detected in epidermis
both in the presence and in the absence of nectin-1 (Fig. 4B). In
contrast, no HVEM was detected in primary keratinocytes (Fig.
4B). These results suggest the downregulation of HVEM in kera-
tinocytes when they were taken into culture.

In summary, HVEM was present in murine epidermis, where a
subpopulation of cells was infected in the absence of nectin-1,
while in nectin-1-deficient primary keratinocytes, where HSV-1
ICP0 expression was nearly absent, HVEM was not detected.

Since the protein half-life of HVEM is not known, we cannot
directly correlate the downregulation of HVEM transcription
with the loss of HVEM protein in primary keratinocytes of low
passage number. Maybe the small numbers of ICP0-expressing
cells resulted from HVEM protein that was still present on some
cells. We therefore performed infection studies in nectin-1-defi-
cient keratinocytes that were kept in culture for at least 15 days.
Irrespective of the time in culture, a small number of ICP0-ex-
pressing cells was still detected (data not shown), suggesting that
HVEM was not responsible for HSV-1 entry into these nectin-1-
deficient primary keratinocytes.

As a control, we confirmed that HVEM can facilitate entry by
transfection of an HVEM-expressing plasmid into nectin-1-defi-
cient primary keratinocytes. While untransfected cells or cells
transfected with enhanced green fluorescent protein (EGFP)-ex-
pressing plasmids showed little or no ICP0 expression following
exposure to HSV-1, transient overexpression of HVEM resulted
in a significant number of ICP0-expressing cells (Fig. 4D and E).
These results suggest that overexpressed HVEM can rescue HSV-1
entry into primary nectin-1-deficient keratinocytes.

Surface expression of HVEM and nectin in epidermis. If
HVEM serves as a receptor in the epidermis, it should be expressed
on the surfaces of keratinocytes in the epidermis. To investigate
surface expression of HVEM in comparison to nectin-1, we per-
formed FACS analysis. After dissociation of epidermal sheets from
newborn wt mice, the HVEM-expressing population represented
approximately 17% of the analyzed cells (Fig. 5A). Comparable
percentages were found on cells from epidermis of adult tail skin
(data not shown). Analysis of nectin-1-deficient newborn epider-
mis revealed a population of approximately 10% HVEM-express-
ing cells (Fig. 5A). Staining was performed with a monoclonal
antibody against murine HVEM (clone HMHV-1B18); the spec-
ificity of this antibody was shown by analysis of HVEM-deficient
epidermis, in which the antibody detected no HVEM-expressing
cells (Fig. 5B). HVEM expression on cells from wt or nectin-1-
deficient epidermis was detected only when cells were dissociated
from epidermis by use of an enzyme-free cell dissociation solution
(CDS). This procedure is considerably less efficient than dissoci-
ation with enzyme-based reagents, such as TrypLE Select, which

caused some variations in the number of HVEM-expressing cells
detected. In summary, HVEM was present on the surface for a
subpopulation of keratinocytes in the epidermises of wt and nec-
tin-1-deficient mice.

As a control, surface expression of nectin-1 was investigated on
cells dissociated from wt epidermis by use of TrypLE Select. Stain-
ing with the anti-nectin-1 monoclonal antibody CK41 revealed
that nectin-1 was detected on approximately 70% of the analyzed
cells, indicating that it was present on most keratinocytes in wt
epidermis (Fig. 5C). CK41 antibody did not recognize any
epitopes in nectin-1-deficient epidermis, thereby confirming the
specificity of the antibody (Fig. 5C). Infection of wt epidermis
resulted in a loss of detectable surface nectin-1 (Fig. 5D), while
ICP0 expression was detected in approximately 50% of the ana-
lyzed cells (Fig. 5E). Downregulation of cell surface nectin-1, me-
diated by binding of gD during HSV-1 entry, has been reported
(36, 37). Thus, we suggest that nectin-1, which is present on most
keratinocytes in wt epidermis, is very efficiently internalized upon
HSV-1 entry.

Uptake of HSV-1 into primary keratinocytes and epidermis.
Based on the observations that HVEM was absent in cultured
keratinocytes and that nectin-1 deficiency led to an almost com-
plete block of infection, we assume that nectin-1 serves as the sole
receptor in primary murine keratinocytes. To address HSV-1 in-
ternalization under these circumstances, we analyzed virus uptake
by using electron microscopy. Ten minutes after infection of wt
primary keratinocytes, we observed particles attached to the cell
surface, frequently at cytoplasmic extensions of the plasma mem-
brane. Free capsids were seen in the cytoplasm, often just under-
neath the plasma membrane, which suggests direct fusion of the
viral envelope (Fig. 6A, panel a). One notable feature was the
presence of large vesicles, some containing enveloped virus parti-
cles. Interestingly, free capsids were sometimes visible in close
proximity to such vesicles (Fig. 6A, panel b). In addition, virus
particles were occasionally seen in vesicles with a membrane
closely surrounding the particle (Fig. 6A, panel c). In nectin-1-
deficient primary keratinocytes, attached virus particles were
present at the cell surface, as expected (Fig. 6A, panel d). As seen
for wt cells, we observed large vesicles containing virus particles
(Fig. 6A, panel e), some of which might have been damaged (Fig.
6A, panel f). In contrast to wt primary keratinocytes, we never
observed any free capsids in the cytoplasm of nectin-1-deficient
cells. These results suggest that the loss of infection in the absence
of nectin-1 correlates with the absence of free capsids in the cyto-
plasm. Virus uptake into vesicles appears to be nectin-1 indepen-
dent, but release of the capsids from vesicles by fusion with the
vesicle membrane and direct fusion of the viral envelope with the
plasma membrane may be blocked in the absence of nectin-1.

To further address the formation of large vesicles, we investi-
gated the efficiency of potential phagocytic uptake in primary mu-
rine keratinocytes. Phagocytosis is defined as an uptake mecha-

which 3T3 fibroblasts were washed out. The results of RT-PCR demonstrate HVEM expression in fibroblasts and cocultured keratinocytes, but only minor
amounts were detected when fibroblasts were washed out, indicating that keratinocytes do not express HVEM. Nectin-1 expression is shown as a control. (D)
Nectin-1-deficient primary keratinocytes transfected with a plasmid expressing HVEM (pSC386) prior to infection with HSV-1 at 20 PFU/cell showed an
increased number of infected cells compared to that for untransfected cells. The number of infected cells was determined at 3 h p.i. in 3 independent experiments.
(E) Nectin-1-deficient primary keratinocytes were transfected with plasmids expressing HVEM (pSC386) or GFP (EGFP-N1). After infection at 20 PFU/cell, cells
were stained with anti-ICP0 (red) and anti-keratin 14 (green), which demonstrated that ICP0 was expressed only in wt untransfected and HVEM-transfected
nectin-1-deficient keratinocytes. In contrast, untransfected and GFP-transfected cells were not infected in the absence of nectin-1. Confocal projections are
shown. Bars, 100 �m.
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nism for particles of �0.5 �m (38). To investigate the efficiency of
phagocytic uptake in primary keratinocytes, we examined the up-
take of fluorescently labeled latex beads (2 �m). Beads were inter-
nalized by all primary murine keratinocytes and accumulated at

perinuclear regions (Fig. 7). As a positive control, we analyzed
RPE cells, which are known for extremely efficient phagocytic up-
take, and we observed perinuclear accumulation of the beads in all
cells (Fig. 7). As an additional control, we analyzed HaCaT cells

FIG 5 HVEM is expressed on the surface of wt or nectin-1-deficient epidermis. (A and B) Cells were dissociated from newborn wt or nectin-1- or HVEM-deficient
epidermis by CDS treatment and stained with hamster anti-HVEM or an isotype control antibody. FACS analyses showed that 17% and 10% of the gated cells expressed
HVEM (blue lines) on the surfaces of cells in wt and nectin-1 KO epidermises, respectively. (C) To analyze nectin-1 surface expression, cells were dissociated from
newborn wt or nectin-1-deficient epidermis by TrypLE Select treatment and then stained with anti-nectin-1. FACS analyses demonstrated nectin-1 (blue lines) surface
expression on 70% of the gated cells in wt epidermis. (D) Epidermal sheets infected with HSV-1 at 100 PFU/cell, dissociated with TrypLE Select at 3 h p.i., and stained
with anti-nectin-1 show that nectin-1 disappears after infection. (E) As a control, ICP0 expression was compared in mock-infected wt epidermis (black line) and wt
epidermis infected for 3 h (red line), demonstrating that ICP0 was present in 50% of the cells. Representative profiles from at least 2 (B), 3 (D), or 5 (A, C, and E)
independent experiments are shown.
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and detected efficient uptake in only a limited number of cells
(Fig. 7). Our results demonstrate that phagocytic uptake takes
place in murine primary keratinocytes with a high efficiency,
which presumably explains the prominence of large virus-con-
taining vesicles in both wt and nectin-1-deficient keratinocytes.

We also analyzed virus uptake into epidermal sheets from wt
mice, in which nectin-1 and potentially HVEM act as receptors for

HSV-1. At 10 min p.i., we observed virions at the cell surface of
keratinocytes, representing the basal layer in the epidermal sheets.
In addition, free capsids were detected just underneath the plasma
membrane, suggesting direct fusion of the viral envelope with the
plasma membrane (Fig. 6B, panel a). By 30 min p.i., the majority
of virus particles in the cytoplasm were free capsids, which were
sometimes found in the vicinity of vesicles (Fig. 6B, panel b). Par-

FIG 6 Characterization of HSV-1 uptake into murine primary keratinocytes or epidermal sheets. (A) EM analyses of wt or nectin-1-deficient primary
keratinocytes infected for 10 min show particles on the cell surface (a and d), free cytoplasmic capsids (indicated by arrowheads) (a and b), and enveloped
particles in vesicles (b, c, e, and f). No cytoplasmic capsids are visible in nectin-1-deficient cells, but only particles in vesicles. (B) EM analyses of wt epidermal
sheets infected for 10 or 30 min show a particle on the surface (a), free cytoplasmic capsids (indicated by arrowheads) (a and b), and an enveloped particle in a
vesicle (c), supporting the presence of uptake mechanisms comparable to those in primary keratinocytes. Bars, 0.2 �m.

FIG 7 Uptake of latex beads into epithelial cells. Murine primary keratinocytes, RPE-1 cells, and HaCaT cells were incubated with latex beads (yellow).
Visualization of F-actin (red) and nuclei (blue) demonstrates the internalization of the beads and their accumulation in primary keratinocytes. The very efficient
uptake visible in RPE cells is shown as a control and is compared to the less efficient uptake in HaCaT cells. Confocal projections and merged images are shown.
Bar, 50 �m.
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ticles in vesicles were rarely detected, although some intact virions
in small vesicles were seen (Fig. 6B, panel c), and large vesicles
themselves were less prominent than in cultured keratinocytes.

In summary, these observations suggest that HSV-1 uses alter-
native pathways to enter cultured murine keratinocytes, where
nectin-1 acts as the sole receptor. In epidermal sheets with nec-
tin-1 serving as the major receptor, similar observations were
made. Thus, we assume that nectin-1 promotes both direct fusion
with the plasma membrane and fusion after uptake via vesicles
into murine keratinocytes.

DISCUSSION

The cellular entry of HSV-1 is well studied in cultured cell lines,
but the molecular mechanisms on which entry into epidermis
depends are still unknown. Here we identified the receptor(s) and
characterized the uptake mechanisms contributing to the entry of
HSV-1 into murine epidermis.

Ex vivo infection of murine epidermal sheets revealed nectin-1
as a major but not exclusive receptor for entry of HSV-1 into
keratinocytes. Since HSV-1 does not enter a host via the cornified
layer of skin, we prepared epidermal sheets by removing the der-
mal layer. This allowed the virus to access the basal layer of kera-
tinocytes and to spread to suprabasal layers. While HSV-1 was able
to enter all the basal keratinocytes of wt epidermis, infection of
nectin-1-deficient epidermis was much more limited. The few in-
fected cells were detected mainly in groups, suggesting that only
some areas of the interfollicular epidermis allowed entry. In addi-
tion, the germs of wt hair follicles were infected very efficiently,
while nectin-1-deficient hair germs showed only sporadically in-
fected cells. Thus, we assume that the localization of infected cells
in nectin-1-deficient epidermis reflects sporadic expression of an
alternative receptor.

Since nectin-1/HVEM double-KO mice show almost no signs
of disease development after HSV-2 infection (13, 39), we decided
to investigate HVEM as a potential alternative receptor in the
epidermis. HVEM transcripts were present in the keratinocytes of
newborn and adult epidermis in both the presence and absence of
nectin-1. Interestingly, no HVEM RNA was found in primary ke-
ratinocytes that were kept in culture for at least 5 days, suggesting
that HVEM expression became downregulated after isolation
from newborn epidermis. The lack of HVEM transcripts corre-
lates with our observation that HSV-1 entry into primary kerati-
nocytes was almost completely prevented but could be restored by
transfecting them with an HVEM-expressing plasmid. The situa-
tion in cultured keratinocytes is clearly distinct from that in epi-
dermis, where a reduced number of cells supported infection and
HVEM transcripts were readily detected. Interestingly, although
nectin-1 was detected on the surfaces of nearly all keratinocytes
from dissociated epidermal sheets, HVEM was present on only a
subpopulation of them, which presumably explains, at least par-
tially, its minor role in infection. The widespread occurrence of
nectin-1 is in line with previous results demonstrating that it is
present at cell-cell contacts in the epidermal layers and at the tips
of developing hair follicles in mouse fetal epidermis (40). In con-
trast, the expression of HVEM on skin keratinocytes has not been
described so far. Immunofluorescence studies would be helpful to
further characterize and compare the HVEM expression pattern
with that of nectin-1 in the various epidermal layers; however, our
tested antibodies against HVEM or nectin-1 gave no reliable stain-
ing pattern in the epidermis. From our results, we conclude that

HVEM can serve as an alternative receptor in the epidermis and
that, in the absence of nectin-1, HVEM leads to a rather limited
and slower infection. The high efficiency of nectin-1 as a receptor
for HSV-1 was confirmed by infection studies with HVEM-defi-
cient epidermis, which demonstrated numbers of infected cells
comparable to those in wt epidermis (Fig. 8). The observation that
nectin-1 serves as the major receptor for HSV-1 in epidermis, with
HVEM acting in a minor, possibly supplementary role, is in line
with recent studies demonstrating that a deficiency of nectin-1
decreased the occurrence of viral lesions in murine vaginas after
HSV-2 inoculation, while HVEM deficiency had no effect (13).

The identification of the receptors involved in HSV-1 entry
into the epidermis is an important precondition to better under-
stand the uptake mechanism(s) into keratinocytes. Since nectin-1
acts as the major receptor for HSV-1 in epidermis, we expected
that the observed nectin-1 downregulation from the cell surface
would correlate with the mode of HSV-1 uptake. Recent studies
led to the conclusion that HSV-1 uses a nectin-1 internalization
pathway for endocytic uptake (37). However, our EM studies of
epidermal sheets revealed capsids just underneath the plasma
membrane in addition to enveloped virus particles in vesicles,
suggesting that HSV-1 can enter both by direct fusion with the
plasma membrane and by endocytosis. During uptake into pri-
mary murine keratinocytes, we again observed cytoplasmic cap-
sids underneath the plasma membrane and particles in vesicles,
although vesicle formation appeared more prominent than the
case in epidermal sheets. Surprisingly, large vesicles containing
virus particles were also present in nectin-1-deficient keratino-
cytes, where a block of infection was observed. Since no capsids
were observed in the cytoplasm, we assume that internalization via
such vesicles leads to lysosomal degradation. One possibility is
that in the absence of nectin-1, virus particles get trapped in
phagocytic vesicles (41), which appeared to be prominent in pri-
mary keratinocytes. Non-receptor-mediated uptake of HSV-1 is
in line with previous studies demonstrating that CHO cells, which
lack any known gD receptor, can internalize HSV-1 (42). In con-
trast, in the receptor-negative murine melanoma cell line B78,
virions were found only on the cell surface (43).

FIG 8 Efficiency of HSV-1 infection in epidermal sheets in the presence and
absence of HVEM. Epidermal sheets were prepared from adult wt and HVEM-
deficient tail skin and infected with HSV-1 at 50 to 100 PFU/cell. At 3 h p.i.,
epidermal whole mounts stained with anti-ICP0 (green) and DAPI (DNA;
blue) demonstrated comparable efficiencies of infection in the presence and
absence of HVEM. Abbreviations: HF, hair follicle; IFE, interfollicular epider-
mis; SG, sebaceous gland. Bar, 50 �m.
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We concluded that when nectin-1 is present, HSV-1 most
likely enters via fusion with the plasma membrane, but probably
also by endocytic uptake and membrane fusion, which results in
rapid release of capsids into the cytoplasm. How these alternative
pathways correlate with nectin-1 internalization has still to be
shown. The dual internalization mode in murine keratinocytes is
in line with our results for human keratinocytes, where HSV-1
uptake occurs by direct fusion with the plasma membrane and by
endocytic vesicles, in a process which requires dynamin and is
dependent on cholesterol (27).

In summary, we characterized HSV-1 entry into murine epi-
dermis, where nectin-1 acts as the major receptor, with HVEM
playing a minor role both in initial uptake of free virus and in viral
spread. We assume that only a limited number of keratinocytes in
the epidermal layers express HVEM on the surface, while nectin-1
is present on most cells. Maybe HVEM plays a role not only as a
receptor but also in modulating the host immune response by
interfering with natural ligands (44). In our working model, ex
vivo infection allowed the virus to access the epidermal layers from
the basal side and to reach nectin-1 as the major receptor. Deter-
mining how HSV-1 gains access to the cell-cell adhesion molecule
nectin-1 in intact epidermal layers will require further experimen-
tation.
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