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ABSTRACT Oral mucosa is one of the main target tissues of the human pathogen
herpes simplex virus 1 (HSV-1). How the virus overcomes the protective epithelial
barriers and penetrates the tissue to reach its receptors and initiate infection is still
unclear. Here, we established an ex vivo infection assay with human oral mucosa
that allows viral entry studies in a natural target tissue. The focus was on the sus-
ceptibility of keratinocytes in the epithelium and the characterization of cellular re-
ceptors that mediate viral entry. Upon ex vivo infection of gingiva or vestibular mu-
cosa, we observed that intact human mucosa samples were protected from viral
invasion. In contrast, the basal layer of the oral epithelium was efficiently invaded
once the connective tissue and the basement membrane were removed. Later dur-
ing infection, HSV-1 spread from basal keratinocytes to upper layers, demonstrating
the susceptibility of the stratified squamous epithelium to HSV-1. The analysis of po-
tential receptors revealed nectin-1 on most mucosal keratinocytes, whereas herpesvi-
rus entry mediator (HVEM) was found only on a subpopulation of cells, suggesting
that nectin-1 acts as primary receptor for HSV-1 in human oral mucosa. To mimic
the supposed entry route of HSV-1 via microlesions in vivo, we mechanically wounded
the mucosa prior to infection. While we observed a limited number of infected kera-
tinocytes in some wounded mucosa samples, other samples showed no infected
cells. Thus, we conclude that mechanical wounding of mucosa is insufficient for the
virus to efficiently overcome epithelial barriers and to make entry-mediating recep-
tors accessible.

IMPORTANCE To invade the target tissue of its human host during primary infec-
tion, herpes simplex virus (HSV) must overcome the epithelial barriers of mucosa,
skin, or cornea. For most viruses, the mechanisms underlying the invasion into the
target tissues of their host organism are still open. Here, we established an ex vivo
infection model of human oral mucosa to explore how HSV can enter its target tis-
sue. Our results demonstrate that intact mucosa samples and even compromised tis-
sue allow only very limited access of HSV to keratinocytes. Detailed understanding
of barrier functions is an essential precondition to unravel how HSV bypasses the
barriers and approaches its receptors in tissue and why it is beneficial for the virus
to use a cell-cell adhesion molecule, such as nectin-1, as a receptor.

KEYWORDS HSV-1, HVEM, epithelial barrier, keratinocytes, Langerhans cells,
mechanical wounding, nectin-1, oral human mucosa, viral invasion

he human oral cavity is one of the primary portals of entry for herpes simplex virus
1 (HSV-1). Primary infection usually occurs during childhood and results in viral
replication at mucosal surfaces followed by latent infection of the trigeminal ganglion,
which represents the largest human reservoir of HSV-1 (1). Reactivation can lead to
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FIG 1 Structure of human oral epithelia. Shown is a scheme illustrating the cell layers of lining and
masticatory mucosa. str., stratum.

recurrent herpes labialis, mucosal ulcers, or asymptomatic excretion of HSV-1 into the
oral cavity (2). Previous studies showed the presence of specific HSV-1 antigens in
human oral mucosa and demonstrated the sensitivity of oral mucosa explants to HSV-1
infection (3-5). In addition, the susceptibility of human respiratory mucosa to HSV-1
was observed upon infection of human nasal explants (6). However, it is still not
understood how HSV-1 invades human mucosa during primary infection or penetrates
mucosa after reactivation to reach its receptors. The plausible assumption is that
mucosal breaches help the virus to bypass epithelial barriers to initiate infection upon
primary infection. The oral mucosa shows a number of adaptations to withstand the
multiple challenges in the oral cavity such as mechanical forces and the continual
exposure to bacterial commensals as well as pathogens. Next to strong physical barriers
of the oral epithelia, an immunologic barrier of antimicrobial peptides, chemokines, and
cytokines limits infection and inflammation (7, 8). Nonetheless, HSV-1 can penetrate the
oral epithelium in vivo. If nectin-1 acts as major receptor, it is an intriguing question
how the virus gains access to this cell-cell adhesion molecule, which interacts with the
viral envelope glycoprotein gD to mediate fusion with cellular membranes (9).

We established an ex vivo infection model to investigate the cellular components
that determine HSV-1 susceptibility in tissue. Using murine epidermal sheets, we
characterized this infection assay and demonstrated the involvement of nectin-1 and
herpesvirus entry mediator (HVEM) as cellular receptors for successful HSV-1 entry
(10-12). From our studies in wounded murine skin and in in vitro keratinocyte differ-
entiation models, we conclude that functional tight junctions (TJs) can act as major
physical barriers that prevent the accessibility of the receptors for HSV-1 invasion into
tissue (13). Here, we adapted the experimental conditions of ex vivo infection to human
oral mucosa, which allows the viral invasion process in the natural target tissue to be
studied. Oral mucosa is remarkably different from other mucosae and shows a structure
similar to skin. It consists of a stratified multilayer of squamous cells with a basement
membrane and underlying connective tissue (termed lamina propria) (14) (Fig. 1). The
oral epithelium may be either para/ortho-keratinized or nonkeratinized (Fig. 1) and in
both cases exhibits lipid-based permeability barriers in the superficial layer (15). The
rather thick epithelial layer of oral mucosa (Fig. 2a and 3a) represents a particularly
strong physical barrier that protects the oral cavity against surface abrasions and the
invasion of pathogens. The epithelium is characterized by a relatively high rate of
cellular turnover, which strongly contributes to an effective barrier function (16).

We studied HSV-1 entry into human gingiva comprising an epithelium with a
cornified layer (para-keratinized) and representing the masticatory mucosa, which is
subject to various mechanical forces in the oral cavity (Fig. 1). In addition, we analyzed
viral entry into vestibular mucosa, which belongs to the lining mucosa and exhibits a
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FIG 2 HSV-1 enters gingival epithelia. (a) Hematoxylin and eosin (HE)-stained section of gingival mucosa visualizes the stratified epithelium (e) and the
underlying lamina propria (Ip). (b and c) Epithelial sheets from gingival mucosa were separated from the lamina propria by dispase Il and infected with HSV-1
at 100 PFU/cell. (b) Immunostainings of sections show ICPO-expressing cells (green) in the basal layer at 3 h p.i. and viral spreading to the upper layers at 6
h p.i. with DAPI (blue) as nuclear counterstain. (c) Infected whole mounts showing the basal keratinocyte layer were stained for ICPO (green) and keratin 14
(red). ICPO-expressing cells were mostly found in clusters. A 2-fold magnification of the boxed area is added. Single immunofluorescence is shown. Bars

represent 50 um in panel a and 100 wm in panels b and c.

noncornified (nonkeratinized) epithelium representing a more permeable and flexible
surface layer than the gingival epithelium (Fig. 1).

Our studies indicate that oral epithelia are very susceptible to HSV-1 once the lamina
propria and the basement membrane are removed prior to ex vivo infection. Efficient
entry into the basal keratinocyte layer was followed by viral spreading into the prickle
cell layers, irrespective whether the epithelia were prepared from gingiva or vestibular
mucosa. In contrast, no invasion was observed from the apical surfaces of the epithelia,
and only a few infected cells were detected after wounding of mucosa samples by
scalpel cuts. Thus, we conclude that mechanical wounding per se allows only minor
access to the receptors that mediate cellular entry of HSV-1; this suggests that further
disruption of mechanical barriers is needed, which precedes efficient viral invasion.

RESULTS

HSV-1 can enter the oral epithelium via the basal keratinocyte layer. To address
the susceptibility of human oral mucosa to HSV-1 and to characterize the physical
barrier function of mucosa, we performed ex vivo infection studies. The samples of oral
mucosa were derived from either gingiva or vestibular mucosa, which differ in their
structure according to the functional demands in the oral cavity. After submerging
complete mucosa samples from at least 7 patients in virus suspension for 3, 6, or 24 h
postinfection (p.i.), we observed no infected cells in either gingiva samples with a
para-keratinized epithelium (data not shown) or in vestibular mucosa samples with a
nonkeratinized epithelium (Fig. 1; see Fig. 7b). Based on our observation in murine skin
that infected keratinocytes are only detectable when the dermis is removed from the
epidermis prior to ex vivo infection (11, 12, 17), we prepared epithelial sheets from oral
mucosa samples to analyze susceptibility to HSV-1 in the explant cultures. After
separation from the lamina propria by dispase Il treatment, the epithelia were sub-
merged in virus suspension, and infected keratinocytes were determined by visualizing
expression of the viral protein ICPO at various times p.i. As ICPO is expressed once the
viral genome is released into the nucleus, visualization of ICPO allows the determination
of successful entry into individual cells (17, 18). ICPO staining demonstrated that
keratinocytes in the basal layer of the oral epithelia prepared from either gingiva or
vestibular mucosa were already infected at 3 h p.i. (Fig. 2b and 3c). Moreover, the
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FIG 3 HSV-1 enters vestibular epithelia. (a) HE-stained section of epithelium from vestibular mucosa separated from the lamina propria by dispase Il. (b) EM
analysis of vestibular epithelia shows cell-cell contacts in the basal layer and a magnification of a desmosome. (c) Sections of infected vestibular epithelia (100
PFU/cell) stained for ICPO (green) visualize viral spreading from basal to upper layers with DAPI (blue) as nuclear counterstain. (d) Sections of infected vestibular
epithelia were costained for ICPO (green) and CD1a (red) to visualize the distribution of Langerhans cells (LCs). No preferred infection of LCs was detected at
16 h p.i. The white line indicates the apical mucosal surface. Single immunofluorescence (c) and overlays (d) are shown. Bars represent 50 um in panel a, 0.1
um in panel b, and 50 wm in panels c and d.

number of infected cells increased by this time point when the epithelial sheets were
preincubated for 16 h in medium prior to infection, which correlated with flattening of
the basal keratinocytes (data not shown). To exclude morphological changes and
putative tissue damage during preincubation, further infection studies were performed
immediately after preparation of the oral epithelial sheets.

To assess the integrity of the epithelia at the time of infection, we performed
electron microscopy (EM) studies. After preparation of epithelia from vestibular mucosa,
we found that basal keratinocytes were loosely connected by extensive cellular exten-
sions and that desmosomes were mostly intact (Fig. 3b), whereas the stratum spinosum
was characterized by tightly packed cells (data not shown). These results confirmed the
loss of the basement membrane and the hemidesmosomes, which attach the epithe-
lium to the basement membrane; the loss, in turn, might induce the plasma membrane
extensions observed at the bottom of the basal cells, suggesting highly motile mem-
brane protrusions (Fig. 3b). Thus, we conclude that HSV-1 had direct contact with an
intact basal keratinocyte layer when incubated with epithelial sheets immediately after
removal of the lamina propria.
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FIG 4 HSV-1 infection of primary oral keratinocytes. Human primary oral keratinocytes were infected with
HSV-1 at 20 PFU/cell. Nuclear ICPO staining (green) at 2 h p.i. followed by cytoplasmic ICPO at 4 h p.i.
illustrates the course of early infection. Bar, 25 um.

Comparison of infected epithelial sheets revealed no obvious difference in the
number of infected cells at 3 h p.i., depending on whether the epithelia were prepared
from gingiva (n = 8) or vestibular mucosa (n = 8) (Fig. 2b and 3c). The efficiency of
infection, however, varied from patient to patient: while samples from 9 patients
exhibited a sparsely infected basal layer at 3 h p.i, samples from 7 patients showed a
high number of infected basal cells. These variations might be related to the extremely
high rate of cellular turnover in the epithelium, which, in principle, supports the barrier
function of the epithelium and can vary from one tissue sample to the other. The
varying cellular turnover might affect the amount and availability of receptors so that
susceptibility to infection could be reduced if fewer receptors are available on dividing
and migrating cells.

When the surface of the basal layer was analyzed by preparing whole mounts, ICPO
expression was often detected in clusters of basal keratinocytes at 3 h p.i. (Fig. 2c).
Nearly all basal cells expressed ICPO at 6 h p.i., demonstrating that all basal keratino-
cytes are generally accessible for HSV-1, some only in a delayed manner. Spreading to
upper layers could be detected already at 6 h p.i. and continued at longer infection
times (Fig. 2b and 3c). Overall, these results indicate efficient susceptibility of the
stratified epithelium to HSV-1.

We next investigated whether Langerhans cells (LCs) represent a preferred target
cell type in the epithelium. Immunity to HSV is initiated by skin dendritic cells that take
up the virus; in human skin, HSV infects epidermal LCs that penetrate the dermis,
undergo apoptosis, and are taken up by dermal dendritic cells (19). Our interest is
based on the observation that epidermal LCs can elongate their dendrites to penetrate
cellular keratinocyte junctions, which in turn, might allow circumvention of epidermal
barriers during pathogen uptake (20). As the highest density of epithelial LCs was
detected within the vestibular mucosa (21), we stained infected epithelia from vestib-
ular mucosa with an antibody against the LC-specific surface antigen CD1a (22),
confirming a high number of LCs throughout the epithelium. Costaining of ICP0 at 16
h p.i. revealed no preferred infection of LCs, suggesting that keratinocytes instead
represent the initial targets, at least under these experimental conditions (Fig. 3d).

To investigate whether the efficiency of infection was delayed in tissue compared to
cells in culture, we determined the time course of ICP0O expression in infected primary
human oral keratinocytes. At early times after infection, ICPO localizes in nuclear foci,
but it relocalizes to the cytoplasm later during infection (17). When primary cells were
infected at 20 PFU/cell, nuclear ICPO staining was detected at 2 h p.i., while most cells
showed cytoplasmic ICPO at 4 h p.i. (Fig. 4). As cytoplasmic ICPO was often present in
the basal keratinocytes of the epithelium at 3 h p.i. (100 PFU/cell), we conclude that
HSV-1 can enter oral epithelia very efficiently once the lamina propria is removed.

Nectin-1 and HVEM are expressed on human oral keratinocytes. To address
whether the susceptibility of mucosal epithelia correlates with the presence of the
putative HSV-1 receptors nectin-1 and HVEM, we investigated receptor expression in
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FIG 5 Nectin-1 and HVEM are expressed in human oral epithelia and primary keratinocytes. (a) RNAs were isolated from epithelial sheets prepared from
vestibular mucosa or from primary oral keratinocytes. RT-PCR demonstrates expression of nectin-1 and HVEM; as a control, GAPDH transcripts are shown. (b)
Cells were dissociated from vestibular epithelial sheets by TrypLE Select treatment and stained for nectin-1. To investigate surface expression of HVEM, cells
were dissociated from epithelial sheets by CDS treatment. Flow cytometric analyses indicate 92% and 40% of cells were positive for nectin-1 and HVEM,
respectively. APC-A, allophycocyanin-conjugated antibody; FITC-A, fluorescein isothiocyanate-conjugated antibody. (c) Results from samples from 4 (nectin-1)
or 3 (HVEM) different patients are shown as means *+ standard deviation (SD), demonstrating that surface expression of HVEM is present on fewer cells than
nectin-1.

epithelia from vestibular mucosa. Nectin-1 and HVEM were present in the oral epithe-
lium and primary oral keratinocytes, respectively, as shown by reverse transcription-PCR
(RT-PCR) (Fig. 5a). The surface expression and distribution of the receptors on oral
keratinocytes in tissue were analyzed by flow cytometric analysis. After dissociation of
epithelial sheets from vestibular mucosa of 4 patients, staining with the anti-human
nectin-1 monoclonal antibody CK41 revealed nectin-1 on approximately 90% of the
analyzed cells (Fig. 5b and c). In general, the analyzed cell population included at least
93% live cells (data not shown). We then dissociated epithelial sheets from 3 patients
by use of an enzyme-free cell dissociation solution (CDS), which is needed to detect
HVEM on keratinocytes (10). After staining with the anti-human HVEM polyclonal
antibody R140, the HVEM-expressing population represented approximately 40% of the
analyzed cells (Fig. 5b and c). Taken together, nectin-1 was present on most oral
keratinocytes, while HVEM was detected on the surface of a subpopulation of cells,
which suggests nectin-1 as major receptor on oral epithelial cells of vestibular mucosa,
although additional receptors cannot be excluded.

As a key component of adherens junctions (AJs), nectin-1 is located underneath the
tight junctions (TJs) and is expressed throughout the epidermis of human skin (23, 24).
When we visualized nectin-1 in comparison to AJ and TJ components in vestibular
mucosa, we observed nectin-1 staining mainly at the basal epithelial layer (Fig. 6a). In
contrast, the AJ component E-cadherin was visible throughout the epithelium, while
the TJ component ZO-1 was detected in the stratum distendum, where E-cadherin was
less prominent (Fig. 1 and 6b, ¢, and d). The prominent ZO-1 localization in the stratum
distendum of the vestibular mucosa corresponds to the distribution of the TJ compo-
nent in the stratum granulosum of human epidermis from adult skin samples (25). We
assume that nectin-1 expression is not restricted to the basal layer, but due to a rather
weak staining of the basal cells, it might be difficult to detect nectin-1 signals on the
larger cells of the upper epithelial layers (Fig. 6a). The weak staining might indicate a
rather low and varying amount of nectin-1 per oral keratinocyte in the context of tissue,
which in turn might be largest in basal cells.

HSV-1 can enter oral human mucosa only sparsely after wounding. We never
observed ICPO-expressing cells on the apical side of infected epithelia from either
gingiva or vestibular mucosa samples (Fig. 7f), which is in line with the efficient physical
barrier in oral epithelia protecting them against pathogen invasion. When we infected
intact gingival mucosa samples for 6 or 12 h, we sometimes observed very few
ICPO-expressing cells, which were only at the sample edges (Fig. 7a); this effect
was even more pronounced after incubation of the samples in medium for 22 h
prior to infection for 6 or 9 h (Fig. 7a). As the presence of these infected cells
correlated with elongated nuclei (Fig. 7a) or even dissociation at the sample edges,
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nectin-1

FIG 6 Localization of nectin-1, ZO-1, and E-cadherin in vestibular epithelia. (a) Sections of vestibular mucosa were stained for nectin-1 (green) or (b) costained
for ZO-1 (red) or (c) E-cadherin (green) and keratin 14 (magenta), respectively, with DAPI (blue) as nuclear counterstain. Nectin-1 is rather weakly detected in
the basal layers, while ZO-1 is found in the intermediate and superficial layers and E-cadherin throughout the stratified epithelium. Costaining of the junctional
proteins ZO-1 and E-cadherin illustrates their presence in the intermediate layers. Two-fold magnifications of the boxed areas are added. The white line indicates
the apical mucosal surface. Single immunofluorescence (a) and confocal projections and merged images (b, ¢, and d) are shown. Bars represent 25 um in panel
a and 50 wm in panels b, ¢, and d.

we assume that the infected cells do not reflect viral penetration into intact cellular
layers but into dissociated cells. As control, we visualized apoptotic cells by terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) stain-
ing, confirming the viability of most cells at the wound edges after preincubation
for 22 h (Fig. 7b). However, an increase of TUNEL-positive cells was observed at the
apical surface of preincubated samples compared to samples without preincuba-
tion (Fig. 7b). Thus, we hypothesize that the number of apoptotic cells at the apical
surface at 24 h p.i. correlated with the time in culture (Fig. 79g).
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FIG 7 No efficient HSV-1 entry after wounding of mucosa samples. (a) Gingiva samples completely cut with a scalpel were infected (100 PFU/cell) for 6 h or
preincubated in medium for 22 h prior to infection for 6 h. Immunostainings visualize some infected cells at 6 h p.i. and an increased number of ICPO-expressing
cells after preincubation at the sample edges of the epithelia. Nuclear counterstaining with DAPI (blue) illustrates elongated nuclei after preincubation. Four-fold
magnifications of boxed areas are added. (b) TUNEL-positive cells with DAPI as nuclear counterstain are shown at the wound edges at 22 h + 6 h p.i. and at
the apical surfaces in comparison to 6 h p.i. (c) Gingiva samples were slit with a scalpel and infected with HSV-1 at 100 PFU/cell for 24 h. Staining for ICPO shows
infected cells at the wound edges with DAPI as nuclear counterstain. A 2-fold magnification of the boxed area is added. (d) Vestibular mucosa samples slit with
a scalpel were infected (100 PFU/cell) for 48 h. Immunostainings visualize no ICPO-expressing cells, and differential interference contrast (DIC) shows tissue
morphology. (e) TUNEL-positive cells are shown at the apical surface and the wound edges at 48 h p.i. (f) Intact vestibular mucosa samples were infected (100
PFU/cell) for 24 h. Immunostainings visualize no ICP0-expressing cells. (g) TUNEL-positive cells are visible at the apical surface. (h) The virus titer was determined
after infection (50 PFU/cell) of intact or wounded vestibular mucosa at 3 (n = 4), 48 (n = 4), and 72 (n = 2) h p.i. The white line indicates the apical mucosal
surface. Confocal projection (c) and overlays of immunofluorescence (a, b, d, e, f, and g) are shown. Bar, 100 um.

To investigate whether the physical barrier function of intact mucosa can be
overcome by wounding, we applied various protocols to wound the oral mucosa
samples immediately prior to ex vivo infection. The small size of the tissue allowed no
stripping procedures to remove epithelial layers, and the use of punches was not
suitable. Thus, complete mucosa samples were slit with one or multiple scalpel cuts,
which just reached the lamina propria. After various scalpel cuts into complete gingiva
samples from 3 patients followed by infection, we observed no ICPO-expressing cells at
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6 h p.i. (data not shown). At longer times of infection, the extent of dissociation varied
strongly from patient to patient. When we analyzed scalpel cuts in complete gingiva
with moderate dissociation at 24 h p.i, we found infected cells at the wound edges in
the lower part of the epithelium and no penetration from the apical surface (Fig. 7c).
In contrast, when we analyzed scalpel cuts in vestibular mucosa from 4 patients that
was not completely dissociated, we observed no infected cells at 24 and even 48 h p.i.
at the wound edges (Fig. 7d). TUNEL staining confirmed again the viability of most cells
at the wound edges at 48 h p.i. (Fig. 7e). Both in wounded gingiva and in vestibular
mucosa, we never found infected cells in the lamina propria (Fig. 7a, ¢, d, and f). The
heterogeneity in viral susceptibility at wound edges suggests that the dissociation of
the mechanical barriers in scalpel cuts varies strongly.

We also determined production of virus progeny in wounded vestibular mucosa in
comparison to intact mucosa samples. Infection of intact mucosa as well as of wounded
samples led only to some increase in virus progeny at 48 and 72 h p.i,, supporting that
wounding did not improve the susceptibility to HSV-1 (Fig. 7h). Assuming that the rate
of dissociation advances with increasing incubation time of the mucosa samples in
medium, infection is probably limited to areas of disintegrated tissue. Thus, we con-
clude that wounding overcomes the mechanical barriers for HSV-1 invasion only after
distinctive breakup of cellular junctions.

DISCUSSION

The general assumption is that HSV enters its host through breaks in tissue and
immediately initiates infection; however, the experimental evidence of how the virus
invades human oral or genital mucosa during primary infection is still missing. Here, we
addressed the initial steps of HSV-1 invasion into human oral mucosa prior to virus
production. Based on an ex vivo infection model with human explants, we analyzed the
determinants of viral invasion into individual cells in tissue. One precondition for
successful invasion is the presence of cell surface receptors that mediate interaction
with viral glycoproteins (26). The major receptors for entry into mouse and human cells
are HVEM and the cell adhesion molecule nectin-1 (9, 27). In murine epidermis, we
found that HSV-1 entry strongly depends on the presence of nectin-1, while HVEM has
a more limited role (10). Here, we demonstrate the surface expression of nectin-1 on
most of the cells in the human oral epithelium and the presence of approximately 40%
of HVEM-expressing cells. By means of immunofluorescence stainings, we detected
nectin-1 only very weakly at the basal epithelial layer, which might be insufficiently
reflecting the distribution throughout the epithelium. However, Hung et al. (28) ob-
served nectin-1 also only in the basal layer and stratum spinosum of human gingiva.
Future studies are needed to understand the precise distribution of nectin-1 in human
epithelia.

Our ex vivo infection studies revealed efficient HSV-1 invasion into the human oral
epithelium via the basal layer under the experimental conditions in which the lamina
propria was removed prior to infection. EM studies confirmed that removal of the
lamina propria by dispase Il treatment also detached the basement membrane from the
epithelium, which can provide a barrier toward pathogen invasion (29). Importantly,
cell-cell junctions of the basal layer appeared intact, indicating that HSV-1 can reach its
receptors once it gains access to plasma membranes that lost contact with underlying
structures. Time course experiments demonstrate no preferential virus entry into a
subset of basal keratinocytes but penetration into all basal cells in a time-delayed
fashion. These findings are in line with our observations in murine epidermis once
nectin-1 and/or HVEM are present (10). Entry via the basal layer of the epithelium might
reflect invasion upon reactivation and anterograde axonal transport. As most nerves
terminate within the lamina propria, and only a few endings occur between epithial
cells (14), we assume that in vivo HSV-1 is either shed into the connective tissue or
reaches basal keratinocytes already after release from nerve endings.

Upon ex vivo infection of epithelial samples, we found virus spreading from the
basal to the prickle cell layers. To address the mode of spreading in tissue, we added
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human anti-HSV serum 1 h p.i. (data not shown). These initial experiments suggest
direct cell-to-cell spread of HSV-1 in the oral epithelium as a major route of virus
spreading.

Human oral mucosa provides a strong physical barrier that generally protects from
pathogen invasion and mechanical injuries (30). As the permeability barrier can vary
within the oral cavity, we performed the ex vivo infection studies with gingiva repre-
senting the least permeable masticatory mucosa and with vestibular mucosa belonging
to the lining mucosa whose areas are most permeable. The variation in the permeability
reflects differences in the types of lipid making up the intercellular permeability barrier
in the stratum distendum (lining mucosa) or stratum granulosum (masticatory mucosa)
(15, 31). We found no infected cells in the apical layers after submerging gingiva as well
as vestibular mucosa samples in virus suspension, although minor lesions from sample
taking sometimes occurred. Only very few infected cells were observed at the edges of
some samples. These observations were made in tissue samples, which were incubated
less than 20 h in medium to avoid cell dissociation prior to virus entry. Assuming that
the cell-cell junctions in gingiva as well as vestibular mucosa samples were still
functional at the time of infection, our results demonstrate that the permeability of the
epithelia does not allow the virus to reach its receptors via penetration into intercellular
spaces of the stratum distendum (vestibular mucosa) or stratum granulosum (gingiva).
Surprisingly, scalpel cuts into the epithelia just prior to infection were still insufficient
to allow efficient virus entry. Even when virus production was compared after infection
of intact or wounded mucosa samples, we found no enhanced production in wounded
samples. Our results indicate that mechanical wounding is insufficient for enhanced
virus invasion into human oral mucosa, suggesting that further contributions play a role
in virus entry. Under in vivo conditions, the mucosal surfaces are coated with saliva, a
relatively mobile fluid with few mucins, limited enzymatic activity, and nearly no
proteases, but which contains antimicrobial peptides, which contribute to the barrier
function of oral mucosa (7, 32). Furthermore, the biofilm of the oral cavity harbors
commensal as well as pathogenic bacteria, whose imbalance can lead to inflammatory
responses and bacterial invasion into tissue (33). A plausible assumption is that
disturbance of epithelial integrity induced by bacteria facilitates invasion of viral
pathogens. Studies supporting a periodontopathic role of herpesviruses emphasize the
potential cross talk of various pathogens during disease development (34). In immu-
nocompromised individuals, HSV can cause opportunistic infections. In the case of HIV
infection, the increased risk of HSV invasion may be mediated by immune dysfunction;
however, recent reports demonstrate HIV-induced impairment of mucosal barrier
function (35, 36). For human oral epithelia, Sufiawati and Tugizov (37) suggested that
HIV-associated disruption of cellular junctions contributes to HSV-1 infection. Taken
together, we hypothesize that HSV-1 invasion into human oral mucosa needs further
disruption of intercellular junctions in addition to mechanical wounding of tissue to
make receptors such as nectin-1 accessible for virus penetration.

MATERIALS AND METHODS

Preparation of human oral mucosa, isolation of human oral keratinocytes, and viruses. Samples
of human oral mucosa were received from patients undergoing removal of retained wisdom teeth
(gingiva) or corrective jaw surgeries (vestibular mucosa). Samples were taken from healthy individuals
and from areas of the oral cavity without signs of inflammation (no periodontal pockets, no redness, no
swelling). Immediately after surgery, tissue samples were stored in phosphate-buffered saline (PBS) and
prepared for infection. After removal of subcutaneous fat tissue, samples were cut into pieces of
approximately 0.5 by 0.5 cm. Depending on the size, complete mucosa pieces were either left untreated
or were cut with a scalpel prior to infection. The surface of complete mucosa was slit with one or multiple
scalpel cuts. Epithelial sheets were prepared from gingival or vestibular mucosa after incubation of the
mucosa samples for 2 h at 37°C or overnight at 4°C with 5 mg/ml dispase Il (Roche) in PBS, followed by
3 washing steps and gentle removal as an intact sheet from the underlying lamina propria. Epithelial
sheets and intact or wounded mucosa samples were incubated in Dulbecco’s modified Eagle’s medium
(DMEM; high glucose, GlutaMAX supplement [Life Technologies]). For gentle cell dissociation, the
epithelial 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.
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Human primary keratinocytes isolated from gingival epithelia were cultured in the presence of
mitomycin C-treated 3T3 fibroblasts (strain J2) as feeder cells at 37°C. Cells were maintained in DMEM
(high glucose, GlutaMAX supplement [Life Technologies])-Ham’s F-12 (Gibco) (3.5:1.1) containing 10%
fetal calf serum (FCS), penicillin (400 IU/ml), streptomycin (50 ng/ml), adenine (1.8 X 10~4 M), glutamine
(300 mg/ml), hydrocortisone (0.5 ng/ml), epidermal growth factor (EGF) (10 ng/ml), cholera enterotoxin
(101 M), insulin (5 wg/ml), and ascorbic acid (0.05 mg/ml).

Infection was performed with purified preparations of HSV-1 wild-type strain 17 as described
previously (38). Tissue samples were placed in virus suspension at 37°C defining time point zero. The
calculation of the virus dose was based on the estimated cell number in the basal layer and the lateral
surfaces (1 X 10% cells per mm?2). Intact or wounded mucosa and epithelial sheets were infected with
HSV-1 at approximately 100 PFU/cell; after incubation for 1 h at 37°C, the virus-containing medium was
replaced. Human primary oral keratinocytes were seeded without 3T3 fibroblasts prior to infection at 20
PFU/cell. After infection of intact or wounded vestibular mucosa samples at 50 PFU/cell, the titers of
cell-released virus were determined by plaque assays on Vero B4 cells at 3, 48, and 72 h p.i.

Ethics statement. Human oral mucosa specimens were obtained, after informed consent, from
patients undergoing dental surgery at the Department of Oral and Maxillofacial Plastic Surgery, Univer-
sity Hospital of Cologne. Samples were taken in strict accordance with the recommendations of the
ethics commission of the Medical Faculty, University of Cologne. The study was approved by the Ethics
Commission, Medical Faculty (approval no. 10-205, 15 September 2010).

RNA preparation and RT-PCR. TRIzol reagent (Life Technologies) was used to isolate RNA from
keratinocytes directly after dissociation from vestibular epithelia or from primary oral keratinocytes that
were cultivated for 1 day without 3T3 fibroblasts. cDNAs were synthesized using the SuperScript Il
reverse transcriptase (Life Technologies); PCR was performed with Tag DNA polymerase (Life Technol-
ogies) and the following primer pairs: (i) nectin-1 primers (forward, 5’-TTGACCGCATTCTTCCTCCC-3;
reverse, 5'-CCACCAGGACCTTGTCATCC-3'), (ii) HVEM primers (forward, 5'-GTCCAGCGGAAAAGACAGGA-3’;
reverse, 5'-TGGACAGCCTCTTTCAGCAG-3’), and (iii) GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) primers (forward: 5'-TGATGACATCAAGAAGGTGGTGAAG-3'; reverse: 5’ -TCCTTGGAGGCCATGTGGG
CCAT-3").

Immunocytochemistry and antibodies. For cryosections, complete mucosa or epithelial sheets
were embedded in Tissue Tek (Sakura), frozen, and cut into 10-um cross sections as described
previously (12). For hematoxylin and eosin (HE) staining, tissue sections were fixed with 1%
formaldehyde and stained for 10 min with hemalum to visualize nuclei followed by counterstaining
of the cytoplasm with eosin for 5 min. For immunofluorescence, tissue sections fixed with 1%
formaldehyde were stained with mouse anti-ICPO (11060; 1:60) (39), AF488-conjugated anti-mouse
1gG (Life Technologies), and DAPI (4’,6-diamidino-2-phenylindole). In addition, fixed cryosections
were blocked with 5% normal goat serum (NGS) and 0.2% Tween 20 in PBS for 3 h at room
temperature and costained with mouse anti-E-cadherin (1:400 [BD]) or polyclonal rabbit anti-ZO-1
(1:400 [Life Technologies]) and guinea pig anti-keratin 14 (1:150 [Progen]) at 4°C overnight followed
by incubation with the corresponding secondary antibodies and DAPI for 45 min at room temper-
ature. Nectin-1 was visualized in cryosections after fixation with 100% methanol for 10 min at —20°C,
blocking with 5% NGS and 0.005% saponin in PBS for 3 h at room temperature, and staining with
mouse anti-nectin-1 (CK41; 1:50 in 5% NGS and 0.01% saponin) (40) overnight at 4°C followed by
incubation with the corresponding secondary antibodies and DAPI. For detection of DNA fragmen-
tation, tissue sections were fixed with 4% formaldehyde, labeled using the DeadEnd fluorometric
TUNEL system (Promega), and counterstained with DAPI.

For whole mounts (17, 41), gingival epithelia were fixed with 3.4% formaldehyde for 2 h, costained
with mouse anti-ICPO (11060; 1:60) (39) and rabbit polyclonal anti-mouse keratin 14 (AF64; 1:10,000
[Covance]) as counterstain of the basal epithelial layer, and visualized with the corresponding secondary
antibodies as described previously (12).

Human primary oral keratinocytes were fixed with 2% formaldehyde for 10 min, permeabilized with
0.5% NP-40 for 10 min, and stained for 60 min with mouse anti-ICP0 (11060; 1:60) (39) and then visualized
by the corresponding secondary antibody, all at room temperature.

Microscopy was performed using a Leica DM IRB/E microscope linked to a Leica TCS-SP/5 confocal
unit or a Zeiss Axiophot. Images were assembled using Photoshop (version CS2; Adobe).

Transmission electron microscopy. Vestibular epithelia were prepared for EM as described previ-
ously (42). Semithin sections were stained with uranyl acetate and lead citrate and analyzed in a Zeiss
EM109.

Flow cytometric analysis. Vestibular epithelial sheets were incubated on TrypLE Select (Life Tech-
nologies) or on enzyme-free cell dissociation solution (CDS) (Sigma) and processed as described
previously (10). Cell suspensions prepared by TrypLE Select (Life Technologies) were incubated in
PBS-5% FCS on ice for 45 min with mouse anti-nectin-1 (CK41; 1:100) (40), and nectin-1 was visualized
with anti-mouse IgG-Cy5 (1:100 [Jackson ImmunoResearch Laboratories, Inc.]). Cell suspensions prepared
by enzyme-free CDS (Sigma) were kept in PBS-5% FCS and incubated on ice for 45 min with rabbit
polyclonal anti-human HVEM (R140; 1:500) (43) followed by visualization of HVEM with anti-rabbit AF488
(1:200 [Life Technologies]). For nectin-1 and HVEM, mouse IgG1 (Life Technologies) and polyclonal rabbit
1gG (Abcam) were used as isotype controls. Viable cells were assessed by 7-aminoactinomycin D (7-AAD;
1:40 [BD]) after incubation for 10 min on ice. Samples were analyzed by using a FACSCanto Il flow
cytometer and FACSDiva (version 6.1.3, BD) with FlowJo (version 7.6.3, Tree Star) software.
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