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Abstract

Herpes simplex virus (HSV) uses the cell adhesion molecule nectin-1 as a receptor to enter
neurons and epithelial cells. The viral glycoprotein D (gD) is used as a non-canonical ligand for
nectin-1. The gD binding site on nectin-1 overlaps with a functional adhesive site involved in
nectin-nectin homophilic trans-interaction. Consequently, when nectin-1 is engaged with a cellular
ligand at cell junctions, the gD binding site is occupied. Here we report that HSV gD is able to
disrupt intercellular homophilic trans-interaction of nectin-1 and induce a rapid redistribution of
nectin-1 from cell junctions. This movement does not require the receptor’s interaction with the
actin-binding adaptor afadin. Interaction of nectin-1 with afadin is also dispensable for virion
surfing along nectin-1-rich filopodia. Cells seeded on gD-coated surfaces also fail to accumulate
nectin-1 at cell contact. These data indicate that HSV gD affects nectin-1 locally through direct
interaction and more globally through signaling.
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INTRODUCTION
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Several viruses use cell-cell adhesion molecules from the immunoglobulin (1g) superfamily
as receptors to enter target cells (Dermody et al., 2009). In many cases, the interaction with
the viral ligand requires the disruption of the receptor trans-interaction at intercellular
contacts (Stehle and Dermody, 2004; Walters et al., 2002). Human viruses such as herpes
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simplex virus (HSV), measles virus, reoviruses and coxsackie virus (CVB) also require the
interaction with cell adhesion molecules to direct virions to the endocytic pathway (Barton
et al., 2001; Coyne et al., 2007; Muhlebach et al., 2011; Stiles and Krummenacher, 2010;
Stiles et al., 2008; Stiles et al., 2010). Often, initiation or execution of endocytosis may
require additional cell surface molecules such as integrins (Coyne and Bergelson, 2006;
Gianni and Campadelli-Fiume, 2011; Maginnis et al., 2006; Meier and Greber, 2004; Stiles
and Krummenacher, 2010). HSV uses nectin-1 as its main receptor to infect human
epithelial cells in culture and neurons ex vivo (Galen et al., 2006; Geraghty et al., 1998;
Huber et al., 2001; Linehan et al., 2004; Simpson et al., 2005; Tiwari et al., 2008). In mice,
nectin-1 is the main receptor for virus spread to neurons and is responsible for the
occurrence of mucocutaneous lesions (Knebel-Morsdorf, 2016; Kopp et al., 2009;
Petermann et al., 2015; Rahn et al., 2015; Taylor et al., 2007). HSV can also use two other
unrelated receptors, HVEM (herpesvirus entry mediator) and modified 3-O-sulfated-heparan
sulfate (3-OS-HS), to enter certain cells (Krummenacher et al., 2004; Montgomery et al.,
1996; Shukla et al., 1999; Tiwari et al., 2005; Tiwari et al., 2007). In the absence of nectin-1,
HVEM only allows limited spread of HSV to ganglia in mice (Petermann et al., 2015; Taylor
et al., 2007) and is necessary for HSV-1, not HSV-2, pathogenesis in the eye (Karaba et al.,
2012).

The envelope glycoprotein D (gD) is the viral ligand for nectin-1, HYEM and 3-OS-HS
(Krummenacher et al., 1998; Shukla et al., 1999; Whitbeck et al., 1997). Receptor binding to
gD induces conformational changes to recruit and activate gH/gL and gB (Atanasiu et al.,
2007; Avitabile et al., 2007; Eisenberg et al., 2012; Lazear et al., 2008; Whitbeck et al.,
2006). HVEM and nectin-1 bind to different sites on gD but both receptors induce similar
conformational changes to activate gD (Connolly et al., 2003; Krummenacher et al., 2005;
Lazear et al., 2014; Spear et al., 2006). Membrane fusion can occur at the cell surface in a
pH-independent manner (e.g. in Vero cell, primary neurons) but in most cases membrane
fusion follows virion endocytosis (Clement et al., 2006; Milne et al., 2005; Nicola, 2016;
Nicola and Straus, 2004). The route of HSV entry depends on the cell type but not
necessarily on the gD receptor (Delboy et al., 2006; Milne et al., 2005; Nicola and Straus,
2004). Furthermore, fusion with a vesicular membrane occurs in a low-pH-dependent
manner in some but not all cell types (Nicola et al., 2005; Nicola et al., 2003). Interaction of
gD with nectin-1 or HVEM causes receptor internalization, which triggers virus endocytosis
in cells where this route of entry is preferred (Stiles and Krummenacher, 2010; Stiles et al.,
2008; Stiles et al., 2010). Virus endocytosis also benefits from the interaction of gH/gL with
integrins (Gianni et al., 2013). Integrins are also involved in internalization of reoviruses
which use JAM (junctional adhesion molecule) as a receptor (Maginnis et al., 2006). Later
during infection, gD de novo expression leads to down-regulation of nectin-1 in infected
cells (¢h) (Krummenacher et al., 2003). Furthermore, expression of gD at the plasma
membrane leads to down-regulation of nectin-1 and HVEM from the surface of adjacent
cells (trans) following a transient interaction at cell-cell contacts (Stiles and Krummenacher,
2010; Stiles et al., 2008; Stiles et al., 2010).

Nectins and nectin-like molecules are a family of cell adhesion molecules that contain three
extracellular Ig-like domains (one distal V-domains and two proximal C domains) (Mandai
et al., 2015). Nectins are homodimers at the cell surface and trans-interact with members of
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the family in homopbhilic and heterophilic fashion (Miyahara et al., 2000; Sakisaka et al.,
2007). Specificities of ligands within the nectin family allow a large set of trans-interactions
that reflects particular intercellular junctions (Rikitake et al., 2012). For instance nectin-1
interacts with itself (homophilic trans-interaction) at epithelial adherens junctions (AJ) and
with nectin-3 at neuronal synapses (Mizoguchi et al., 2002). Importantly, nectin-1 trans-
interaction with a ligand is necessary for its accumulation at cell contacts (Krummenacher et
al., 2003; Miyahara et al., 2000). Upon accumulation to junctions, nectin-1 recruits the actin-
binding adaptor afadin (AF-6), which in turn helps recruits cadherin and several junctional
molecules to cell-cell contacts (Takai et al., 2008). Although afadin interaction with nectin-1
is not required for infection or gD-mediated internalization of nectin-1 (Stiles and
Krummenacher, 2010), it may affect virus spread (Keyser et al., 2007; Sakisaka et al., 2001).
Interestingly, formation of actin-based filopodia can be induced by HSV in certain cells and
these protrusions are likely involved in macropinocytosis of viral particles (Clement et al.,
2006). Actin-remodeling small GTPases Racl and cdc42 are activated during HSV entry
into epithelial cells (Hoppe et al., 2006) and gD binding activates cdc42 in neurons (De
Regge et al., 2006).

Nectins dimerize through their V-domain using a canonical adhesive interface that involves
B-strands C-C’-C”-F-G and intervening loops (Harrison et al., 2012). Remarkably, the gD
binding site overlaps with this functional interface (Di Giovine et al., 2011; Narita et al.,
2011; Zhang et al., 2011). Consequently, gD interferes with nectin-1 adhesive function.
Indeed, soluble gD prevents nectin-1-mediated cell aggregation (Krummenacher et al., 2002;
Sakisaka et al., 2001). Unlike cellular ligands, which are only known to cause nectin-1
accumulation at cell contacts and recruitment of afadin, gD binding at cell contacts induces
nectin-1 endocytosis and dissociation from afadin (Stiles and Krummenacher, 2010; Stiles et
al., 2008).

To investigate the specific response induced by gD, we first analyzed nectin-1 localization
immediately upon binding to gD. By using purified soluble gD ectodomains we were able to
intensify and magnify the effects that the virion glycoprotein may have locally at the site of
infection. The very rapid redistribution of nectin-1 from the cell contacts reflects the
disruption of the nectin-1 homophilic trans-interaction by gD. In addition to this direct steric
effect, exposure of cells to purified gD immobilized on glass surfaces prevented the
accumulation of nectin-1 at cell contacts. This suggests that a limited interaction with gD
may cause a more extensive response in the cell that affects nectin-1 distribution. We further
show that the relocalization of gD does not requiring interaction with the actin-binding
afadin and that this interaction is also dispensable for virus surfing along filopodia. Nectin-1
redistribution is specific to gD and reinforces the concept that HSV uses gD as a non-
canonical ligand for nectin-1 despite binding to a natural functional site on the receptor.

MATERIALS AND METHODS

Cell lines

Construction of cell lines derived from mouse melanoma B78H1 cells to constitutively
express WT nectin-1 (B78H1-C10) or GFP-tagged nectin-1 (B78H1-CG23, -CXG10, -
NGC12, -N1VB, -NGC-389) was previously described (Krummenacher et al., 2003;
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Krummenacher et al., 2002; Stiles and Krummenacher, 2010). These cell lines were grown
in Dulbecco modified Eagle’s Medium (DMEM) containing 5% fetal calf serum (FCS) and
penicillin/streptomycin plus 0.5 mg/ml G418. Human endometrial epithelial cells (ECC-1, a
kind gift from Dr B. Herold) cells were maintained in DMEM-F12 medium supplemented
with 10% fetal calf serum. ECC-1 cells were transfected with plasmid pCK495 encoding
human nectin-1a tagged with EGFP at the N-terminus (Krummenacher et al., 2003). Cells
were selected as a polyclonal population, named ECC-1-N1G, in culture medium
supplemented with G418 (1/mg/ml) and subsequently maintained in medium containing 0.5
mg/ml G418.

Proteins and antibodies

Soluble proteins were purified from Sf9 cells infected with recombinant baculovirus.
gD(306t) contains the full ectodomain of gD from HSV-1 KOS and gD(285t) corresponds to
a shorter form of gD with higher affinity for nectin-1 (Rux et al., 1998; Sisk et al., 1994).
Soluble gD was purified by immunoaffinity using monoclonal antibody (MAb) DL6 as
previously described. Mutant gD(3C-38C)306t and gD(3C-38C)285t have been described
previously (Lazear et al.). Nectin-1(346t) contains the ectodomain of human nectin-1a
tagged with 6-histidines at the C-terminus (Krummenacher et al., 1998). Nectin-1(245t) and
nectin-1(143t) contains respectively the tagged V-C and V domains of nectin-1
(Krummenacher et al., 1999). Nectin-2(361t) contains the human nectin-2 ectodomain
tagged with 6 histidine residues at the C-terminus (Lazear et al.). Soluble nectin
ectodomains were purified by nickel affinity chromatography. MAb CK41 detects a
conformation-dependent epitope on the V-domain of nectin-1 and prevents nectin-1 binding
to gD and to nectin-1 itself (Krummenacher et al., 2000). Thus CK41 is thought to bind a
functional site on nectin-1.

Treatment of cells with soluble protein

Cells were seeded on LabTek 3.5 cm glass bottom culture dishes and grown overnight. Cells
in 2 ml culture medium were placed in an INSTEC HCS60 heating stage for observation and
imaging. Data were collected prior to and immediately after addition of soluble protein.
Protein at the indicated final concentration was added to cell culture supernatant directly
above the cells and allowed to diffuse. Images were collected using a Nikon Eclipse
TE2000-U equipped with a Perkin-Elmer Spinning Disk Ultraview RS confocal scanner and
a Hamamatsu ORCA-ER camera. A Melles-Griot lonlaser system emitting at 488 and 568
nm was used to excite the fluorescence of GFP and AlexaFluor 594. Images were acquired
and analyzed using the Perkin Elmer Ultraview software.

Treatment of cells with immobilized protein

PBS solutions containing 10 pg/ml gD(306t), 10 pg/ml gD(285t), 10 pg/ml gD(3-38C)306t,
10 pg/ml gD(3-38C)285t, 10 pug/ml necl(346t), 14 pg/ml nec1(245t) or 28 pug/ml for the
smaller nec1(143t) were added to glass coverslips and incubated for 2.5 h at room
temperature. Coverslips were washed with culture medium containing 5% FCS. Cells were
seeded on treated coverslips and allowed to adhere for various times. Medium was removed
and cells were fixed with 3% paraformaldehyde in PBS for at least 30 min before quenching
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with 50 mM NHA4CI for 5 min at room temperature. The coverslips were rinsed three times
with PBS and once with H20 and then mounted in ProLong Antifade solution.

Virus surfing

B78H1-C10 and B78H1-NGC-389 cells were grown overnight to be subconfluent on
LabTek 3.5 cm glass bottom culture dishes. Virus KOS-K26 (Desai and Person, 1998) was
added at an MOI of 50 pfu/cell and recorded over time. Images were collected using a Nikon
Eclipse TE2000-U equipped with a Perkin-Elmer Spinning Disk Ultraview RS confocal
scanner and a Hamamatsu ORCA-ER camera.

RESULTS

Rapid relocalization of nectin-1 at cell contacts in the presence of soluble gD

Since the gD binding site overlaps a nectin-1 functional site (Di Giovine et al., 2011; Zhang
et al., 2011), we investigated how gD affects nectin-1 accumulation at cell contacts. We first
used B78H1-derived cells as a model since B78H1 mouse melanoma cells do not express
any endogenous HSV gD receptor (Miller et al., 2001). In B78-CG23 cells, nectin-1 tagged
with a C-terminal GFP (nectin-1-GFP) is the only functional receptor for gD
(Krummenacher et al., 2003). It is also a functional adhesion molecule, even though the
cytosolic GFP tag prevents interaction with afadin (Krummenacher et al., 2003). Nectin-1-
GFP accumulates on filopodia and at contact areas between cells where it forms a patchy
pattern of zones of intense accumulation and zones of apparent exclusion (Fig. 1A, D, G, J).
When B78-CG23 cells were exposed to low concentrations of the high-affinity gD(285t), the
distribution of nectin-1 was rapidly affected (Fig. 1A-C). After 10 seconds, changes of
pattern are limited (compare panels A and B, at areas indicated by arrow #1). Within two
minutes following the addition of 5 pg/ml gD(285t), no recognizable pattern could be seen
(Fig. 1C). Movie S1 (suppl. data) shows that relocalization of nectin-1 is essentially
complete 40 seconds after adding 100 pug/ml gD(285t). gD(3C-38C) fails to bind nectin-1
due to a double mutation which blocks access to the nectin-1 binding site (Connolly et al.,
2005). Accordingly, the non-binding gD(3C-38C)306t had no effect on nectin-1 localization,
even at high concentration (Fig. 1E, F)(Movie S2). Since nectin-1 naturally binds to itself,
the nectin-1 ectodomain (nec1(346t)) or the single adhesive V-domain (nec1(143t)) were
tested. At high concentrations, neither soluble forms of nectin-1 affected nectin-1-GFP
localization (Fig 1G—-L). This suggests that, unlike gD, soluble nectin-1 did not compete
with membrane anchored nectin-1. Because addition of GFP to the nectin-1 C-terminus
prevents functional interaction with cytoplasmic afadin in B78-CG23 cells, we also tested
the effect of gD on nectin-1 tagged with an N-terminal GFP (GFP-nectin-1) in B78-NCG12
cells. GFP-nectin-1 interacts with cytoplasmic afadin (Krummenacher et al., 2003) but was
similarly redistributed upon addition of gD to B78-NGC12 cells (data not shown). This
suggests that gD binding to a functional site of nectin-1 uniquely leads to rapid redistribution
of nectin-1 from cell contacts. This effect does not require the connection of nectin-1 to the
actin cytoskeleton mediated by afadin.

Alternative splicing of the PVRL1 gene can generate two membrane-anchored isoforms of
nectin-1 (a and B), which share the same ectodomain but have alternate trans-membrane
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regions and cytoplasmic tails. Nectin-1a., which was used so far in this study, possesses the
C-terminal afadin binding site. In contrast, nectin-1p lacks this binding site and is naturally
unable to bind afadin. Nevertheless, nectin-1f accumulates at cell contacts of B78H1 cells
upon homophilic trans-interaction (Stiles and Krummenacher, 2010). Here, B78-N1BG cells
expressing GFP-nectin-1p (Stiles and Krummenacher, 2010) were used to record the
localization of the receptor before and immediately after addition of the soluble gD. For live
cell microscopy, we used the full gD ectodomain (gD(306t)), which has a lower affinity for
nectin-1 compared to gD(285t) (Krummenacher et al., 1998). Similar to the a. isoform, GFP-
nectin-1p accumulated on filopodia and at defined zones of the cell contact area (Fig. 2A).
When gD(306t) was added, this pattern gradually dissolved and after 2 minutes the
distribution of nectin-1 appeared homogenous (Fig. 2B—F, Movie S3). Upon close
examination, it appears the dissolution of that pattern originates at the periphery of the
contact area and proceeds towards its center. Concomitantly, accumulation of nectin-1 on
filopodia also decreased. When soluble nectin-1(346t) is used under similar conditions no
effect is seen (Movie S4). This control shows that the apparent fading of the signal upon
addition of gD is not due to photobleaching of GFP. We took advantage of the contact zones
with different intensities to analyze the changes of redistribution. Regions with low and high
accumulation of nectin-1-GFP were selected to monitor changes of fluorescence intensities
before and immediately after the addition of soluble gD(306t) (Fig. 2G, H). A loss of
intensity in the bright zone was concomitant with an increase of brightness in the originally
dark zone. This change is reproducible. However, the decrease in brightness within an area
of contact is not necessarily of the same magnitude as the increase of brightness in another
area, because bright and dark areas are not necessarily equal in surface. However, brightness
across reaches similar levels across the contact area at the end of the recording, as suggested
by the images (Fig. 2G; Suppl. movie S3). The movement of the cells further complicates
the analysis (notably of the kinetics of redistribution) as the contact areas can vary over time.
To avoid over interpretation of quantification based on confocal sections, we used arbitrary
units in our measurements over time and omitted numbers in graphs of figure 2H. This
suggests that gD induces a fast redistribution of nectin-1 on the plasma membrane at or near
cell-cell contact sites. Because nectin-1 needs to trans-interact with a membrane-anchored
ligand on opposite cells to accumulate at cell contacts, this dissipation is consistent with
soluble gD disrupting the functional homophilic trans-interaction of nectin-1
(Krummenacher et al., 2002; Sakisaka et al., 2001). Consequently, nectin-1 bound to soluble
gD is free to move on the cell surface (Fig. 21). This characteristic of gD was also tested in
epithelial cells expressing a GFP-nectin-1 which was able to interact with cytoplasmic
afadin. Human endometrial epithelial cells (EEC-1) were stably transfected to express GFP-
nectin-1a and sorted to generate the polyclonal line ECC-1-N1G. In these cells GFP-
nectin-1 readily accumulates at cell contacts (Fig. 3A.). Upon addition of gD(285t), we also
observed a redistribution of nectin-1 away from the cell junctions. In these cells gD appears
less efficient since a distinct amount of nectin-1 remains at cell contacts. Although gD is
seen at cell junctions (Fig. 3B inset), the relative inefficiency of gD to induce large scale
redistribution of nectin-1 may be due to the difficulty that gD may encounter to reach
nectin-1 in established junctions. Altogether, these data demonstrate that gD is able to
displace nectin-1 ligands at cell contacts.
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Exposure to immobilized gD causes a relocalization of nectin-1

The relocation of nectin-1 from cell junctions by soluble gD reflects the ability of gD to
disrupt the nectin-1 trans-dimers. Here, we wanted to test whether gD can affect nectin-1
location without intercalating between cells at junctions. It has been shown that the
spreading of L-cells was affected by immobilized nectin-1 ligands on the support surface
(Kawakatsu et al., 2002). Thus we tested whether gD may also globally affect the
distribution of nectin-1 when immobilized on glass coverslips. B78-CXG10 cells which
express nectin-1-GFP (Krummenacher et al., 2003) were allowed to attach and spread on the
glass coverslip surface before fixing and observation of GFP. When coverslips were pre-
treated with PBS only, nectin-1-GFP showed its characteristic accumulation at cell-contact
(Fig. 4A). In contrast, when gD(285t) was immobilized on the surface, nectin-1 failed to
accumulate at cell contacts, even though gD was not sterically intercalating between cells
(Fig 4B). A milder effect was seen with the low affinity gD(306t) (Fig. 4B). The specificity
was confirmed with the use of gD(3C-38C) that does not bind nectin-1. Cells exposed to this
form of gD still accumulated nectin-1-GFP at cell contacts (Fig. 4D, E). Nectin-1-GFP in
B78-CXG10 cells does not interact with endogenous afadin. However, the same effect is
observed using B78-NGC12 cells expressing GFP-nectin-1 that interacts with afadin and
B78-CG23, where nectin-1GFP does not interact with afadin (data not shown). This suggests
that the response is not mediated through afadin. We further compared the effect of
immobilized gD with that of various nectin-1 constructs. Again, a lack of accumulation of
nectin-1 at cell contacts was seen when gD(285t) was present on the glass surface (Fig. 5B).
In contrast, nectin-GFP was not visibly perturbed when any one of the nectin-1 constructs
was immobilized on glass (Fig 5D—F). The soluble nectin-2 ectodomains (i.e. nec2(361t))
which does not interact with nectin-1 was used as a negative control and showed no effect.
This suggests that gD may have an extensive effect in the location of nectin-1 and induces a
different response than nectin-1 itself.

Virus surfing on nectin-1-expressing cells

HSYV, like other viruses, has been shown to move along cell filopodia and the speed of this
movement is consistent with actin-based motors (Clement et al., 2006; Lehmann et al., 2005;
Oh et al., 2010). Since nectin-1 is abundant on filopodia, we investigated whether interaction
of nectin-1 cytoplasmic tail with the actin-binding afadin was required for surfing. We first
used C10 cells, which only have human nectin-1la as a receptor for HSV. In these cells
nectin-1 binds to afadin (Krummenacher et al., 2002). When HSV-K26, which has its capsid
tagged with GFP (Desai and Person, 1998), was added to cells, it rapidly attached to the
surface. Virions that bound to distal regions of filopodia moved directionally towards the cell
body and accumulated at the base of filopodia (Fig. 6). We then used B78-NGC-289 cells
which express a truncated form of human nectin-1a lacking the cytoplasmic tail and its
afadin binding site (Stiles and Krummenacher, 2010). This receptor, which is functional for
entry and for adhesion, is also tagged with GFP at its N-terminus. Again, when HSV-K26 is
added to these cells, virions are seen moving along filopodia (Fig. 7). Both virions move
towards the same cell (upper left side of images in figure 7), where virions are already
accumulating and where active membrane ruffling is observed. This indicates that the
association of nectin-1 with cytoplasmic adaptors, including the actin-binding afadin, is not
required for virus surfing.
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DISCUSSION

It is remarkable that several viruses use nectins as receptors since these molecules may not
be readily available on the surface of the cell (Geraghty et al., 1998; Mendelsohn et al.,
1989; Muhlebach et al., 2011; Noyce et al., 2011; Noyce et al., 2013). Furthermore, viral
ligands often share binding sites with the natural ligands for these adhesion molecules (Di
Giovine et al., 2011; Harrison et al., 2012; Zhang et al., 2013). This implies that the viral
ligand may need to displace natural ligands at cell contacts and disrupts receptors trans-
interactions during entry. The reason for such a preference shown by many unrelated viruses
is unclear. It may be to access areas with high density of receptors, to induce signaling that
mimic cell adhesion or, for HSV and measles in particular, to spread directly from cell to
cell. In any case, viruses using such receptors face several challenges that include reaching
the receptor, accessing the binding site and possibly inducing endocytosis. The
consequences of gD binding to nectin-1 to trigger the fusion machinery are well
documented, however this binding is not sufficient to allow virus entry (Geraghty et al.,
2001). This is important since this observation suggests that nectin-1 has an additional role
in routing virions during entry and/or transducing signals that benefit the establishment of
infection.

HSV binding to cells is sufficient to activate signaling pathways (MacLeod and Minson,
2010). A first pathway may activate PI3K to induce the formation of filopodia (Clement et
al., 2006; Tiwari and Shukla, 2010) and a second pathway may trigger endocytosis of the
virus (Gianni and Campadelli-Fiume, 2011; Stiles and Krummenacher, 2010; Stiles et al.,
2010). HSV moves towards the cell body by riding along these actin-rich filopodia (figures
6, 7 and reference (Clement et al., 2006; Oh et al., 2010)). Oh et al. (Oh et al., 2010)
reported that cdc42, which can be activated by gD binding to nectin-1 (De Regge et al.,
2006), had only a limited role in HSV surfing. That study also showed that gB alone allows
surfing of quantum dots, presumably through interaction with heparan sulfate proteoglycans
(Oh et al., 2010). However, since nectin-1 is enriched on filopodia and is able to connect to
the actin cytoskeleton via the adaptor afadin, we asked whether this connection was required
for HSV surfing. HSV movement appeared similar on filopodia of B78H1 derived cells
whether the available nectin-1 was able or not to connect to the actin cytoskeleton, this
indicates that HSV does not take advantage of the receptor connection to the actin
cytoskeleton to move towards or on the cell surface.

Since HSV uses a cell adhesion molecule as a receptor, it is important for the virus to access
its receptor at cell junctions. This is supported by the observation that disruption of cell
junctions with calcium chelators exposes nectin-1 and facilitates HSV entry (Yoon and
Spear, 2002). Furthermore, the overlapping positions of the gD binding site and the
canonical nectin-1 dimerization site posits that a dissociation of nectin-1 dimers at must
occur during virus entry, or spread, at cell junctions. Since a direct observation of this local
virus-induced dissociation is difficult to observe, we used soluble gD to magnify this effect
throughout cell contact surfaces. The soluble glycoprotein diffuses more readily than virions
and allows the visualization of nectin-1 dissociation by increasing receptor motility on the
plasma membrane. Using this model we observed that the extent and rapidity of nectin-1
relocalization was dependent on the concentration and affinity of gD. The affinity of the gD
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ectodomain (gD(306t)) for soluble nectin-1 is in the micromolar range but can be increased
by truncating its C-terminus which masks part of the nectin-1 binding site. As a result
gD(285t) binds faster to nectin-1 thereby increasing its affinity 50 to 100 fold. The affinity
of nectin-1 homo-dimerization was determined as 17.5 mM (Harrison et al., 2012). This may
explain why a relatively high concentration of gD(306t) was needed. Although it is difficult
to relate the active concentration of soluble gD with the amount of gD on the virion envelope
required for entry, the local concentration of gD on the viral envelope may be sufficient to
disrupt nectin-1 trans-interaction and localization locally at the site of entry. A close
investigation of the effects of virion gD at the local site of interaction with nectin-1 is
needed. The global redistribution of nectin-1, which is magnified by soluble gD, is unlikely
to extend to the whole junction in the presence of limited number of virions. Yet, the ability
of gD to induce nectin-1 motility suggests that it may occur locally at the site of virion
binding. We believe that this capacity is critical for the virus to use nectin-1 receptors that
are engaged in homophilic interactions at cell junctions.

The use of soluble gD aims at magnifying effects on receptors for direct and kinetics
observations. The concentrations used cannot be directly compared to a concentration of gD
during an infection but may mimic local concentration of virion gD at the site of binding.
The largescale effect on junctions may not be achieved during infection but our data reflects
relocalization of nectin-1 bound by virions during infection and spread. This relocation is
thought to be a prelude to virus internalization by endocytosis (Stiles and Krummenacher,
2010). Adenoviruses use a soluble form of their receptor-binding fiber protein to disrupt
CAR trans-interaction and facilitate dissemination of virus through epithelium (Walters et
al., 2002). There is no evidence that HSV uses or requires this mechanism to disseminate
through an epithelial tissue.

Relatively little is known about cell responses induced by HSV gD binding to nectin-1. Like
nectin-1 natural ligands, gD activates small GTPases involved in actin-remodeling (De
Regge et al., 2006; Hoppe et al., 2005; Hoppe et al., 2006; Ogita and Takai, 2006) but gD
appears unique in triggering nectin-1 internalization rather than accumulation at cell contacts
(Stiles and Krummenacher, 2010). Interestingly, the majority of GFP-nectin-1 was down-
regulated from the surface of B78 cells early during entry. Since those cells overexpress
nectin-1, the extent of down-regulation achieved by relatively few virions (50 pfu/cells),
suggested that HSV may induce a response leading to internalization of nectin-1 molecules
not directly interacting with gD. Consistent with that observation, here we see that, cells
exposed to gD adsorbed on support surface failed to accumulate nectin-1 at cell contacts.
Soluble gD, but not soluble nectin-1, triggers this response through interaction with cell
surface nectin-1. This again sets gD apart from natural ligands for nectin-1, however this
response may be triggered naturally under physiological circumstances that have not yet
been observed. This study shows that HSV gD is adapted to disrupt nectin-1 trans-
interaction at cell contacts and to induce receptor relocalization away from junctions as a
prelude to virus endocytosis. This highlight the dual nature of gD which mimics the binding
of a natural nectin ligand but induces an alternate response in the cell for the benefit of the
virus during entry.
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Research highlights VIRO-16-490

Soluble forms of HSV gD induce nectin-1 relocalization at cell
junctions.

Nectin-1 relocalization is rapid and specific to gD binding.

Exposure to immobilized HSV gD prevents of nectin-1 accumulation at
cell contacts.

Virion surfing does not require nectin-1 connection to afadin and
cytoskeleton.
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gD285t gD306t (3C-38C) Nect1(346t) Nect1(143t)
0.15 uM (5ug/ml) 2.7 uM (100 ug/mi) 7.2 uM (100 pg/ml)

Figure 1. Relocalization of nectin-1-GFP in response to soluble gD
Localization of nectin-1-GFP in B78-CG23 cells is indicated at different time points after

the addition of the indicated purified forms of gD. Panels A, D, G and J show the typical
pattern of nectin-1-GFP accumulation at contacts between overlapping cells (arrows) prior to
the addition of gD. Only soluble gD(285t) led to changes in this accumulation pattern (A—
C). Soluble non-binding gD(3-38C)306t (D-F), soluble nectin-1 ectodomain (G-I) and
soluble nectin-1 V-domain (J-L) do not affect nectin-1-GFP patterns over time. Total
projections of Z-sections are shown at each time point. Striation indicated by and asterisk is
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due to this projection of non-overlapping sections. Panels M-O indicate the position of major
cells in the corresponding fields. These shapes represent the best approximations from 3D
projections of the multiple confocal z-sections. The darker areas represent cell overlaps. In
panel P, the overall shape of the cell cluster and the darker areas of cell contacts are
indicated.
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Figure 2.
Dissipation of nectin-1 from cell contacts induced by soluble gD. A-F. B78H1-N1BG cells

expressing nectin-1p-GFP were observed by confocal live cell microscopy and recorded
before (A) and during 2 min following addition of soluble gD (B—F). Purified ectodomain
gD(306t) was added (100 pg/ml) after 60 sec of recording. Nectin-1-GFP is visible at cell
contacts (1-2) and on filopodia (3) before addition of gD. Nectin-1 forms a typical pattern of
nectin-1 at areas of contact between cells aand 6 (2). Light and dark zones are rapidly lost
and the contact area appears a pale gray. The circles delineating regions of interests appear
to be located differently in the picture frame as they followed cells moving towards each
other. Recording started at time t=0 sec, stopped at t=60 sec for addition of gD and resumed
at t=77 sec. At each indicated time a stack of six z-sections is shown. Shape of cells a-d'is
shown on panel F. Panels A-F are black and white snapshots form live recording
(Supplementary Movie S3) with enhanced brightness and contrast. All panels were treated
similarly to avoid artefacts. G. Magnification of contact area between cells aand & to show
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the localization of regions of interest where nectin-1-GFP accumulates (bright) or is
excluded (dark). The area of overlap is delineated by dashed lines. Snapshots were collected
60 sec prior to the addition of gD or 100 sec after recording resumed. H. Quantification of
GFP intensity over time in regions of interest indicated in panel G was performed over time
using supplementary movie S3. The gray area indicates the period of time when recording
was paused during the addition of gD. Arbitrary units are used. 1. Model of infiltration and
binding of soluble gD leading to lateral diffusion of nectin-1-GFP.
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Figure 3.
Redistribution of GFP-nectin-1 from junction of epithelial cells. A. detection of GFP-

nectin-1a accumulating at junctions between human ECC-1-NIG cells. B. After incubation
with soluble gD(285t) (1 uM) for 2h, the intensity of GFP at cell junctions is decreased.
Under each condition, an intensity profile following a straight line through several cell
junctions is shown. Images were captured under similar conditions. Intensity units are
arbitrary. The insets show gD immunostaining with polyclonal serum R7 followed by
Alexa594-coupled secondary antibody.
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B: gD(285t) C: gD(306t)

E: gD(3-38C)306t
e

Figure 4.
Inhibition of accumulation of nectin-1 at cell contact by immobilized gD. B78-CXG10 cells

expressing nectin-1-GFP were seeded for two hours on glass that had been pretreated with
PBS or the indicated purified forms of gD. Cells were fixed after 2h. Arrows indicate
accumulation of nectin-1-GFP at cell contacts.
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- B: gD(285t) C: Nectin-2(361).
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Figure 5.
Accumulation of nectin-1 at cell contact in the presence of immobilized purified nectin-1.

B78-CXG10 cells expressing nectin-1-GFP were seeded for two hours on glass that had
been pretreated with PBS or the indicated purified proteins. Cells were cultures overnight
before fixation. Arrows indicate accumulation of nectin-1-GFP at cell contacts.
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Figure 6.
HSV surfing on filopodia of nectin-1 expressing cells. HSV-K26 with GFP-tagged capsid

was added to C10 cells about 3 min prior to recording. Images show the space between two
cells (boxed in A and B) connected by a thin filopodium, which itself is not visible in
contrast image (panel A) Three particles (filled arrows) move at the same speed and reach
the lower cell where virions are already accumulating. The open arrow shows a fixed capsid
for reference. The contours of unstained cells (c1, c2 and ¢3) are outlined in panel A and
became visible in fluorescence fields as they accumulate GFP-tagged virions (B—F). Stacks
of 3 confocal Z-sections are shown at each time point in the GFP channel (B-F). Time from
the start of recording is indicated in seconds.
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Figure 7.
HSV surfing on filopodia of cells expressing GFP-nectin-1 without cytoplasmic tail. HSV-

K26 with GFP-tagged capsid is added to B78-NGC-389 cells immediately prior to
recording. Confocal images show the space between two cells connected by filopodia. Filled
arrows indicate two moving capsids on two different filopodia. Open arrows indicate areas
of ruffling membrane. Time from the start of recording is indicated in seconds.
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