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Abstract

Herpes simplex virus 1 (HSV-1), which is among the most prevalent of human pathogens, targets
mucosa, skin or cornea. The overall aim of this thesis was to explore how HSV-1 is able to invade the
highly-protected tissue structure of the human skin, access its cellular receptors on target skin cells
for entry, and initiate infection in the epithelium. On the cellular level, the focus was on elucidating
the impact of cellular entry mechanisms in successful infection. Previous studies have demonstrated
that HSV-1 exploits dual modes of uptake—direct fusion at the plasma membrane and endocytic
internalization—to gain entry in keratinocytes, however, attributing the contribution of either
pathway is still open. Here, infection of human keratinocytes at low temperature (7°C) was used as a
tool to selectively block energy-requiring endocytic processes while permitting plasma membrane
fusion. Although the uptake of the endocytic markers was inhibited at low temperature,
ultrastructural analyses revealed the presence of free capsids in the cytoplasm as well as enveloped
virus particles in vesicles after infection at 7°C. In addition to virus particles undergoing direct fusion
at the plasma membrane, characterization of virus-containing vesicles revealed the release of capsids
from vesicles by fusion with vesicle membranes. These results strengthen the role of endocytic

internalization in successful infection.

At the tissue level, the emphasis was on elucidating how HSV-1 overcomes the highly protective
barrier function of the human skin to engage a cellular receptor for entry. To gain insights on the early
entry events during HSV-1 invasion, ex vivo infection studies using human skin explants were
implemented. As expected, the barrier function of full-thickness skin prevented HSV-1 invasion from
the apical skin surface. Once the epidermis was separated from the underlying dermis, HSV-1
efficiently infected basal keratinocytes and later gained access to the suprabasal layers. Viral
replication inhibitor experiments as well as uptake of labelled latex beads (500 nm) demonstrated
the role of virus-induced tissue damage in enabling HSV-1 access to all epidermal layers. In contrast,
only single infected cells were detected in the most apical part of the papillary dermis demonstrating
that the extracellular matrix acts as a barrier against HSV-1 invasion. Strikingly, while partly open skin
lesions of wounded full-thickness skin allowed the enhanced uptake of latex beads, nearly no infected
cells were identified at the sites of wounds. Intriguingly, when wounds reached through the dermis,
HSV-1 infected epidermal keratinocytes via the damaged dermal layer. To further elucidate the
impact of epidermal barrier function in restricting HSV-1 invasion, pathological skin conditions

characterized by impaired epidermal barriers were explored. As ex vivo infection of lesional atopic



dermatitis (AD) demonstrated viral penetration from the skin surface, Th2 cytokines interleukin (IL)-
4 and IL-13 were employed to induce AD-like phenotypes in skin without pre-existing barrier defects.
Indeed, infected cells in the epidermis of IL-stimulated skin were found indicating that Th2 cytokine-
driven inflammatory responses induced modifications that facilitate HSV-1 invasion via the skin

surface.

Overcoming epidermal barriers must be accompanied by viral engagement of a cellular receptor to
initiate infection in the skin. Thus, the distribution of nectin-1, the major receptor on keratinocytes
was investigated. To dissect how barrier formation correlated with receptor accessibility, a human
epidermal equivalent (HEE) based on primary human keratinocytes was adopted. In undifferentiated
keratinocytes, nectin-1 is readily accessible at apical and basolateral surfaces correlating with a high
susceptibility to HSV-1. In fully differentiated HEEs, nectin-1 is expressed at the lateral membranes
of most epidermal layers although accessibility to the receptor is restricted by functional tight
junctions (TJs) in the upper granular layer thus correlating with no infection. Intriguingly, while IL-
4/1L-13 stimulation of HEEs resulted in redistributed nectin-1 and TJ components, the IL-induced
modifications had very minor effects on facilitated HSV-1 invasion in fully differentiated epidermal
equivalents in contrast to human skin explants where IL-stimulation allowed HSV-1 invasion.
Moreover, redistributed TJ components in IL-4/IL-13-stimulated skin and AD skin, both of which
promote HSV-1 invasion, support the role of TJ barrier defects in the facilitated access of HSV-1 to

nectin-1.



Zusammenfassung

Herpes simplex Virus 1 (HSV-1), das zu den haufigsten Humanpathogenen zahlt, dringt tber die
Mukosa, Haut und Kornea in seinen Wirt ein. Das Ziel dieser Dissertation war zu verstehen, wie HSV-
1 in die schitzende Gewebestruktur der humanen Haut eindringen kann, um seine Rezeptoren auf
den Zielzellen zu erreichen und die Infektion im Epithel zu initiieren. Auf zelluldrer Ebene lag der Fokus
auf dem Einfluss zelluldarer Eintrittsmechanismen, die fiir eine produktive Infektion verantwortlich
sind. Bisherige Studien zeigten, dass HSV-1 zwei Aufnahmemodi nutzt — die direkte Fusion mit der
Plasmamembran und die endozytische Internalisierung —, um in Keratinozyten einzudringen. Welcher
Aufnahmeweg zu einer produktiven Infektion beitragt, blieb bisher offen. Hier wurden
Infektionsstudien in menschlichen Keratinozyten bei niedriger Temperatur (7 °C) durchgefiihrt, um
energieverbrauchende endozytotische Prozesse selektiv zu blockieren und gleichzeitig die
Plasmamembranfusion zu erméglichen. Obwohl die endozytotische Aufnahme von Markermolekiilen
bei niedrigen Temperaturen gehemmt wurde, zeigten Ultrastrukturanalysen nach der Infektion bei 7
°C sowohl freie Kapside im Zytoplasma als auch umhiillte Viruspartikel in Vesikeln. Neben der Fusion
mit der Plasmamembran, ergab die Charakterisierung virushaltiger Vesikel, dass die Hille der
Viruspartikel auch mit Vesikelmembranen fusionieren konnte. Diese Ergebnisse verdeutlichen, dass

die endozytische Internalisierung eine Rolle bei einer erfolgreichen HSV-1-Infektion spielt.

Auf der Ebene des Gewebes wurde untersucht, wie HSV-1 die schitzende Barrierefunktion der
menschlichen Haut Gberwinden kann, um seine zelluldren Rezeptoren zu erreichen. Dazu wurden Ex-
vivo-Infektionsstudien mit humanen Hautexplantaten durchgefiihrt, um Einblick in die friihen
Infektionsereignisse zu gewinnen. Wie erwartet, verhinderte die Barrierefunktion intakter Haut die
Invasion von HSV-1 (iber die apikale Hautoberfliche. Sobald die Epidermis von der darunter
liegenden Dermis abgetrennt wurde, infizierte HSV-1 effizient basale Keratinozyten und erreichte
auch suprabasale Schichten. Experimente mit viralen Replikationsinhibitoren sowie die Aufnahme
markierter Latexkugeln (500 nm) verdeutlichen, dass virus-induzierte Gewebeschaden HSV-1 den
Zugang zu allen Epidermisschichten ermdglichte. Im Gegensatz dazu wurden nach Infektion der
Dermis nur einzelne infizierte Zellen in der apikalen papillaren Dermis nachgewiesen, was zeigt, dass
die extrazellulare Matrix eine Barriere fiir die HSV-1-Invasion darstellt. Interessanterweise, wurden
nach Verwundung der Hautproben Latexkugeln Uber die Hautldsionen aufgenommen, es waren
jedoch kaum infizierte Zellen nachweisbar. Wenn allerdings die Verwundungen auch die Dermis

verletzten, konnte HSV-1 die epidermalen Keratinozyten (iber die Hautldasionen der Dermis erreichen.



Um die Bedeutung der epidermalen Barrierefunktion auf die HSV-1-Invasion ndher zu
charakterisieren, wurde ein pathologisches Hautmodell untersucht, das durch defekte epidermale
Barrieren gekennzeichnet ist. So flihrte die ex-vivo-Infektion von ldsionalen Hautproben atopischer
Dermatitis (AD) Patienten zu einer viralen Penetration Uber die Hautoberfliche. Zur weiteren
Charakterisierung wurden AD-dhnliche Phanotypen induziert, indem Hautproben ohne
Barrieredefekte mit den Th2-Zytokinen Interleukin (IL)-4 und IL-13 behandelt wurden. Tatsachlich
waren infizierte Zellen in der Epidermis von IL-stimulierter Haut nachweisbar, was darauf hindeutet,
dass Th2-Zytokin-gesteuerte Entziindungsreaktionen Modifikationen induzierten, die eine HSV-1-

Invasion (iber die Hautoberflache ermoglichten.

Die Uberwindung epidermaler Barrieren bedeutet, dass das Virus seinen zelluliren Rezeptor
erreichen kann, um eine Infektion auszulésen. Um zu analysieren, wie die Bildung der Barrieren mit
der Erreichbarkeit des Rezeptors korreliert, wurde die Lokalisierung des Hauptrezeptors auf
Keratinozyten, Nektin-1, untersucht. Dazu wurde ein humanes epidermales Aquivalent etabliert, das
auf primdren Keratinozyten basierte. In undifferenzierten Keratinozyten lokalisierte Nektin-1 an
apikalen und basolateralen Oberflaichen, was mit einer hohen Infizierbarkeit korrelierte. In
ausdifferenzierten epidermalen Aquivalenten wurde Nektin-1 an den lateralen Membranen in den
meisten Epidermisschichten nachgewiesen. Funktionelle tight junctions (TJs) in der obersten
granuldren Schicht kénnen allerdings den viralen Zugang zu Nektin-1 verhindern, so dass keine
Infektion zustande kommt. Interessanterweise fihrte die IL-4/IL-13-Stimulation von
ausdifferenzierten epidermalen Aquivalenten zwar zu einer Umverteilung von Nektin-1- und TJ-
Komponenten, die IL-induzierten Modifikationen hatten jedoch nur eine sehr geringe Auswirkung auf
eine erleichterte Infizierbarkeit durch HSV-1. Dieser Befund war im Gegensatz zu humanen
Hautexplantaten, wo die IL-Stimulation eine HSV-1 Invasion ermdglichte. Die Umverteilung der TJ-
Komponenten in IL-4/IL-13-stimulierter und atopischer Dermatitis Haut, die mit einer HSV-1-Invasion
korrelierte, lasst allerdings die Schlussfolgerung zu, dass defekte TJ-Barrieren den erleichterten

Zugang von HSV-1 zu Nektin-1 erméglichen kénnen.
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Introduction

Introduction

1.1 Herpes Simplex Virus 1 (HSV-1)

Herpes simplex virus (HSV) is a large, double-stranded DNA virus belonging to the
Alphaherpesvirinae subfamily of the Herpesviridae family. HSV is categorized into two
serotypes identified as HSV-1 and HSV-2 and are among the most prevalent of human
pathogens although HSV-1, which in most cases rapidly acquired during early childhood, is
more widespread than HSV-2 infections (Smith and Robinson, 2002). During primary
infection, the virus replicates in the human host’s epithelial cells and, via retrograde
transport, establishes lifelong, latent infection in sensory neurons (Roizman and Whitley,
2013). Upon a variety of external stimuli, such as ultraviolet (UV) light exposure, the virus is
reactivated, replicates in the neurons and, via anterograde transport, initiates a secondary
infection at or near the site of initial entry. Clinical manifestations are variable but are often
only mild mucocutaneous infections. However, in extreme cases this can lead to more severe
complications such as encephalitis, keratitis, corneal blindness, and disseminated multi-organ
infections especially in immunocompromised hosts (Brady and Bernstein, 2004; Fatahzadeh
and Schwartz, 2007). While HSV-1 is mostly associated with orofacial infections (Herpes
labialis) transmitted through oral-to-oral contact and HSV-2 with genital infections (Herpes
genitalis) transmitted sexually, HSV infections can occur at any site of the body especially after
the virus comes into contact with mucosal surfaces or skin abrasions (Whitley et al., 1998).
While in vivo HSV infections mostly target neurons and epithelial cells as preferred cell types,

most mammalian cell lines are susceptible to HSV in vitro.

The structure of HSV-1 is divided into four distinct morphological units consisting of (1) the
linear, double-stranded DNA (approximately 152 kbp in length encoding for approximately 85
viral proteins) enclosed in (2) the capsid, an icosahedral shell composed of four structural
proteins, mainly the major capsid protein VP5 (Heming et al., 2017), (3) a surrounding
proteinaceous layer termed the tegument which is enclosed by (4) a lipid bilayer envelope
containing surface proteins (Fig. 1) (Roizman and Sears, 1993; Pilling et al., 1999; Griinewald
et al.,, 2003). There are at least 15 surface proteins encoded by HSV-1. Of these, 12 are

glycosylated (denoted as glycoproteins) of which only four—glycoprotein B (gB), gD, gH and
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gl—are deemed essential for successful cellular entry (Karasneh and Shukla, 2011;

Hilterbrand and Heldwein, 2019).

Figure 1. Schematic representing the structure of HSV-1.

The major structural components of HSV-1 include a core containing the linear, double-
stranded DNA enclosed in an icosahedral capsid (161 capsomeres made up of 150 hexons and
11 pentons). The capsid is surrounded by a tegument layer of proteins and further enclosed
by the envelope, a lipid bilayer containing glycoproteins. As a relatively large virus, HSV-1
measures between 150 to 200 nm in diameter (modified from Modrow et al., 1997).

1.2 Cellular entry of HSV-1

Cellular entry of HSV-1 into its target cells is a multi-step, regulated process which involves
the interaction between factors of the host cellular membrane and viral glycoproteins. In
brief, the entry process can be separated into distinct steps which include cellular attachment,
binding to a specific cellular receptor, an optional and/or cell type-specific vesicle uptake
mechanism and, finally, fusion with a cellular membrane (Krummenacher et al., 2013;
Connolly et al., 2021) (Fig 2). Of these, receptor-binding and fusion with a cellular membrane
are absolutely necessary for viral capsid release, which signifies successful HSV-1 cellular
entry, and the subsequent transport and delivery of the viral genome to the host cell nucleus

for the expression of viral genes.
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Figure 2. Schematic illustrating a brief overview of HSV-1 cellular entry

After initial attachment to heparan sulfate proteoglycans (HSPGs), binding of viral gD to a
cellular receptor (nectin-1 or HVEM) triggers the formation of a fusion complex (gD along with
gB and gH/L) upon which the virus will either undergo (1) fusion directly at the cellular plasma
membrane (PM) or (2) endocytosis followed by fusion with the vesicle membrane. The viral
nucleocapsid and tegument proteins are then released into the host cell cytoplasm. The
capsid is delivered to the nuclear pore complex (NPC) for the eventual release of the viral
genome into the host cell nucleoplasm (modified from Campadelli-Fiume and Menotti, 2007).

1.2.1 Cellular attachment and binding

The binding of viral gD to a specific cellular receptor is required for successful HSV-1 cellular
entry. Prior to binding, however, HSV-1 may contact target cells by utilizing heparan sulfate
proteoglycans (HSPGs) for initial attachment. This attachment, mediated by gC or, in the
absence of this glycoprotein, gB can promote viral surfing along cellular filopodia which
express higher levels of HSPGs (Herold et al., 1994; WuDunn and Spear, 1989; Oh et al., 2010).
Since filipodia have been shown not to harbor gD receptors, surfing assists the virus in
reaching the cellular body where gD can bind to one of its cellular receptors (Oh et al., 2010).
gD binds with high-affinity and subsequently triggers conformational changes that thereby
recruit gB and the gH/L homodimer to form a fusion complex with the cell to initiate the

internalization of the virus (Eisenberg et al., 2012).

While initial attachment to HSPGs is not required, binding of gD to one of its three cellular
receptors: nectin-1, Herpesvirus entry mediator (HVEM), or 3-O-sulfated heparan sulfate is

absolutely essential for fusion with a cellular membrane to occur (Eisenberg et al., 2012). The
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extent of use of each receptor varies depending on the target cell-type. Moreover, the
receptors are structurally unrelated and do not act as co-receptors to bind gD during cellular
entry. Using receptor knockout (KO) mouse models, we previously found that nectin-1 serves
as the major receptor in the epidermis with a limited capability of HVEM as a functional
replacement. Moreover, studies with nectin-1/HVEM double KO murine fibroblasts suggest a
minor role for 3-O-sulfated heparan sulfate as an alternative receptor although with limited
efficiency (Petermann et al., 2015a; 2015b). Thus, among these three receptors, nectin-1 is of

greatest interest in our current studies.

1.2.1.1 Nectin-1 as a major HSV-1 receptor

Nectins (nectin 1-4) are a family of calcium (Ca%*)-independent Immunoglobulin (Ig)-like cell-
cell adhesion molecules (CAMs) who homo- and heterophilically interact via their
extracellular domains to form adhesive associations between neighboring cells (reviewed in
Samanta and Almo, 2015). Aside from cell adhesion, they are implicated in other cellular
regulatory processes including cell motility, proliferation, differentiation as well as viral entry
(reviewed in Takai et al., 2008). Originally isolated as poliovirus receptor-related (PRR)
proteins, nectin-1 and nectin-2 were previously known as PRR-1 and PRR-2, respectively
(Eberlé et al., 1995; Morrison and Racaniello, 1992). As they did not indeed act as poliovirus
receptors, they were renamed as nectins from the Latin word necto meaning “to connect”
(Takahashi et al., 1999). Aside from their roles as CAMs, they are also implicated in serving as
receptors for HSV. Nectin-1 (also Herpesvirus entry mediator C, HveC) is widely regarded as
the main receptor in neurons, keratinocytes, and epithelial cells, the natural targets of HSV-1
(Geraghty et al., 1998; Krummenacher et al., 2004, Simpson et al., 2005; Huber et al., 2001).
Poorly expressed in neuronal cells and keratinocytes, nectin-2 (also Herpesvirus entry
mediator B, HveB) has also been reported to serve as an HSV-1 receptor but with very limited
efficiency, only binding gD in some mutant strains of HSV-1 and works as a better receptor

for HSV-2 compared to HSV-1 (Krummenacher et al., 2004; Warner et al., 1998).

As a type | transmembrane protein, nectin-1 has a C-terminus in the cytoplasm containing a
PDZ domain and an ectodomain extending into the extracellular space comprising of the N-
terminal V-domain along with two C-like domains forming an Ig-like fold (V-C-C) (Irie et al.,
2004). The cytoplasmic PDZ domain binds to afadin, an actin-binding protein, thus linking

nectin to the cellular actin cytoskeleton. Meanwhile, the nectin-1 V domain mediates cell-cell
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adhesion via interaction with the nectin-1 V domains of adjacent cells (Takai and Nakanishi,
2003). As the binding site for gD also occurs in the N-terminal V-domain, gD binding interferes
with nectin-1 dimerization which may consequently disrupt the cell-cell adhesion function of
nectin-1 and further trigger the conformational changes needed to activate the fusion
machinery required for HSV-1 entry (Fig. 3) (Cocchi et al., 2001; Zhang et al., 2011; Di Giovine
et al.,, 2011).

nectin-1 dimerization gD binding

Figure 3. Surface representation of the nectin-1 V domain.

Surface representation highlights the overlapping areas involved between nectin-1
dimerization (orange, left) and gD binding (magenta, right) in the nectin-1 V domain (modified
from Di Giovine et al., 2011).

1.2.2 Cellular internalization mechanisms in HSV-1 entry

While binding of gD to a cellular receptor predicates the fusion machinery required for the
successful entry of HSV-1 into the cell, fusion does not necessarily have to occur directly at
the plasma membrane but may take place following an initial endocytic internalization
process in which fusion with a vesicle membrane ensues instead. The preferred mode of HSV-
1 entry varies depending on cell type as well as the availability of cellular receptors (Gianni et
al., 2004; Milne et al., 2005). In neurons and the African green monkey cell line Vero, for
example, fusion occurs at the plasma membrane followed by the immediate release of the
de-enveloped capsid into the cytosol while in Hela cells prior endocytic uptake must take
place before fusion (Lycke et al., 1988; Koyama and Uchida, 1987; Nicola et al., 2005). To add
to the complexity, some cell types including human keratinocytes and fibroblasts can employ

both modes of entry (Rahn et al., 2011). However, since the mechanisms and key players
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involved in direct plasma membrane fusion may be similar to those involved in fusion with an
endocytic vesicle, assigning the exact contribution of each pathway to successful viral entry is

a continued and highly debated subject of interest.

1.2.2.1  Endocytosis and other vesicle uptake mechanisms

Endocytosis, in brief, is the process by which a cell internalizes extracellular substances by
being engulfed in cellular plasma membrane-derived vesicles. While many virus families have
been found to appropriate endocytic internalization mechanisms for cellular entry, the
presentation of endocytosis as a viable mode for HSV-1 entry was initially met with
widespread speculation. As Vero cells were the prototype cell line used in studying HSV for
many years, early findings insisted that fusion must occur directly at the plasma membrane
for successful cellular entry (Morgan et al., 1968; Smith et al., 1974). During the same time,
however, evidence for the possibility of endocytic uptake mechanisms was made available
using early electron microscopy (EM) micrographs which showed enveloped virus particles
within vesicles in Hela cells and Baby Hamster Kidney fibroblasts (BHK-21) (Epstein et al.,
1964; Holmes and Watson; 1963). While vesicle-enclosed virus particles in EM micrographs
gave an early glimpse of a possible endocytic mode of uptake for HSV-1, the contribution of
such a pathway was very early on dismissed for two main reasons: (1) enveloped HSV-1
particles in vesicles does not necessarily predicate the subsequent and mandatory release of
the capsids into the cytosol as no evidence of fusion with the vesicle membrane have been
provided and (2) the putative fate that virus particles found in vesicles leads to abortive
infection in which they are sent for degradation (Morgan et al., 1968; Campadelli-Fiume et
al., 1988). The early postulation that vesicle uptake of HSV-1 leads to abortive infection is not
without sound reason. While a subset of endocytic mechanisms is receptor-mediated, not all
require the interaction with a cellular receptor to form vesicles at the plasma membrane. The
lack of interaction with a cellular receptor, thereof, would present a dilemma for the
enveloped HSV-1. In fact, two such mechanisms: (1) phagocytosis and (2) macropinocytosis
are mostly implicated in the non-selective uptake of extracellular materials and, compared to
its receptor-mediated counterparts, generally form larger vesicles as both involve and are

highly-dependent on a large-scale remodelling of the plasma membrane mediated by actin
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filaments (May and Machesky, 2001; Commisso et al., 2014; reviewed by Mayor and Pagano,
2007).

With the increase of cell types used in HSV studies, however, more recent findings have
provided evidence that HSV-1 can indeed utilize endocytic uptake mechanisms for successful
infection. The diversity of endocytic pathways, of which some may be suitable facilitators of
HSV-1 entry, makes a complex study. Depending on the cell type, endocytic entry of HSV-1
could be pH-dependent, as with keratinocytes, or pH-independent, like in neurons (Nicola et
al., 2005). Adding to the complexity, despite being receptor dependent, clathrin- and
caveolin-mediated endocytosis (the main and best characterized endocytic mechanisms in
eukaryotic cells) are not involved in HSV-1 entry (Rahn et al., 2011; Devadas et al., 2014;
Clement et al., 2006). While macropinocytosis, although believed to be a nonspecific uptake
pathway for internalizing large amounts of fluid, has been suggested for HSV-1 entry in studies
using keratinocytes, Chinese hamster ovary (CHO) and Hela cells which found evidence of
enveloped particles in large vesicles as well as the co-localization of HSV-1 in (the fluid-phase
marker) dextran-positive compartments (Nicola et al., 2005). Moreover, further evidence is
provided by the inhibition of phosphoinositide (Pl) 3-kinase which blocks the formation of
macropinosomes, and concomitantly, the endocytic trafficking of HSV (Sieczkarski and
Whittaker, 2002; Nicola and Straus, 2004). Whether macropinocytosis is indeed a viable entry
route or whether the evidence presented describes a previously uncharacterized entry
pathway that merely incorporates macropinocytosis-like features still requires further
elucidation. If macropinocytosis can indeed be implicated in successful HSV-1 entry, the open
guestion that remains is how/when during engulfment does the virus bind to a cellular
receptor, a required step that predicates fusion with the vesicle membrane to release a de-
enveloped capsid. Once the naked capsid finds its way into the cytosol, it must be transported

to the host cell nucleus for the expression of viral genes.

1.2.3  HSV-1 nuclear transport and viral gene expression

Irrespective of the diverse set of entry mechanisms employed, once a de-enveloped capsid is
released in the host cell cytoplasm, HSV-1 has successfully entered the cell. From here, the
capsid embarks on a journey to the host cell nucleus for the subsequent expression of viral

genes which is a highly-coordinated and temporally-ordered cascade classified as immediate-
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early (IE), early (E), and late (L) genes (Honess and Roizman, 1974; Clements et al., 1977).
Once inside the cytoplasm the de-enveloped capsid, with the help of released viral tegument
proteins and the cell’s microtubules, is transported to the nucleus where it docks in nuclear
pore complexes (NPCs) (Sodeik et al., 1997; Ojala et al., 2000). The viral genome is rapidly
released through the central channel of the NPCs and into the nucleoplasm (while the empty
capsid is left bound to the NPC) where viral tegument protein VP16, the activating
polypeptide, binds to cellular components forming the IE enhancer core complex (Stern and
Herr, 1991). This complex, along with cellular RNA polymerase Il (RNAP 1l), mediates the
transcription of the IE genes, of which one will encode for infected cell protein 0 (ICPO), the

protein used as the readout for successful infection in our studies.

ICPO is a viral IE-gene product with E3 ubiquitin ligase activity whose many functions include
the ability to activate HSV-1 promoters for gene expression, mediate the degradation of
cellular proteins (particularly repressors), and evade the host cell’s antiviral response (Smith
et al., 2011). ICPO has a distinct localization pattern where, during early infection, it is localized
in nuclear foci where it degrades the promyelocytic leukemia (PML) protein as well as the
nuclear antigen Sp100 before re-localizing to the cytoplasm at later infection where it blocks
interferon regulatory factor 3 (IRF3)-mediated innate immune responses (Everett et al., 1998;
Paladino et al., 2010). Because of its distinct localization pattern, ICPO is used as the readout
for successful HSV-1 entry while providing additional temporal information on the state of
infection within a given cell in culture as well as in tissue (Schelhaas et al., 2003; Petermann

et al., 2009).

1.3 The skin, a natural HSV-1 target

Making up the largest organ of the human body, the skin is a complex organ composed of
various tissue structures that can be divided into three, fundamentally distinct layers. This
includes (1) the epidermis, a stratified squamous epithelium which forms the outermost layer
of the skin which, via the basement membrane, is connected to (2) the dermis, the
intermediate layer and skin’s connective tissue and (3) the lowermost layer—the subdermal
fat also known as the hypodermis (Fig. 4). The layers of the skin work harmoniously, as the

dermis, mediated by extrafibrillar matrix and collagen, provides elasticity and stabilizes the
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epidermis while the subcutaneous tissue of the hypodermis, which contains fat reserves,
provides energy and insulation. Together, the skin provides protection by not only preventing
dehydration, but also excluding external environmental assaults like harmful toxins and

pathogens such as HSV-1.

Most HSV-1 virus-receptor interaction studies are conducted using cells in culture while
invasion at the tissue level has been, for the most part, relatively neglected. Thus, to unravel
the molecular and cellular determinants of HSV-1 entry in skin, our lab developed an ex vivo
HSV-1 infection model using murine and human skin samples (Rahn et al., 2015a; De La Cruz
et al., 2022). Using the expression of ICPO as the readout for successful HSV-1 infection, this
ex vivo infection assay focuses on the initial infected cells and very early HSV-1 entry events
in the skin. While HSV-1 efficiently infected basal keratinocytes in isolated murine epidermis
after separation from the dermis, ex vivo infection of intact, full-thickness murine skin was
not observed (Rahn et al., 2015b). Interestingly, wounding of full-thickness murine skin was
still insufficient for infection as mechanical barriers in the skin still prevented HSV-1 entry
(Rahn et al., 2017). These initial findings in murine skin hold the first clues in the relevance of

epidermal barriers in restricting HSV-1 entry in the skin.

epidermis [ (2 = = 2 2 2 = = = 2 2 3 = = = 3| onatinocytes

basement membrane

dermis fibroblasts

subdermal fat adipocytes

Figure 4. Schematic illustration of human skin.

The skin can be divided into three, functionally and morphologically distinct layers comprising
(1) the epidermis, (2) the dermis and (3) subdermal fat (also known as the hypodermis). The
principal cell type in the epidermis and dermis are keratinocytes and fibroblasts, respectively,
while the subdermal fat is mostly made up of adipocytes (fat cells). The epidermis and dermis
are connected via the basement membrane (red).
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1.3.1 The stratified squamous epithelium of the human epidermis

Forming the outermost layer of the skin and thus making it the main target of HSV-1 during
primary infection, the epidermis, is a stratified squamous epithelium comprised of
keratinocytes, melanocytes, Merkel cells, and Langerhans cells of which keratinocytes are the
main resident cell type, making up around 90% of epidermis. It can be divided into four layers,
or strata, which (from outermost to innermost) consists of (1) the stratum corneum (SC,
cornified layer), (2) the stratum granulosum (granular layer), (3) the stratum spinosum
(spinous layer), and (4) the stratum basale (basal layer) (Fig 5). The basal layer consists of a
single layer of actively proliferating keratinocytes that comes in direct contact to the
basement membrane. Basal keratinocytes mainly express keratins (K) 5 and K14 as the main
structural proteins (Fuchs and Cleveland, 1998). At some point, these cells lose their
proliferative capacity and undergo a process of stratification in which they pass through three
distinct stages of differentiation sequentially corresponding to the (suprabasal) spinous and
granular layers followed by the SC. As a basal cell delaminates, it detaches and moves upwards
to give rise to the spinous layer. This transitionary phase involves major changes in the cell’s
transcriptional, morphological, and functional behavior as it leaves the cell cycle, grows in
size, and gains tensile strength established by intercellular connections (reviewed by Fuchs,
2008; Simpson et al., 2011). As the keratinocytes enter the granular layer, the cells begin to
flatten, form tight junctions, and enter the final phase of terminal differentiation in which the
cells, undergoing a series of biochemical and morphological changes, complete their upward
journey as they become the flattened, enucleated dead cells (squames) that make up the
cornified layer. The cornified layer is continually replaced by the underlying differentiating
cells to effectively maintain the skin barrier. This entire process (from basal cell to corneocyte)
occurs within four weeks, showcasing the robust self-renewing capacity of the human

epidermis.
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Figure 5. Schematic of the human epidermal layers and associated junctional proteins.

The stratified epithelium of the human epidermis consists of four layers (from top to bottom):
(1) stratum corneum (SC), (2) stratum granulosum, (3) stratum spinosum, and (4) stratum
basale. Basal keratinocytes are anchored to the basement membrane (red line). Physical
epidermal barrier function is provided by the SC and tight junctions (TJ). The SC is composed
of de-nucleated cells while cell-cell contacts of the underlying nucleated layers are mediated
by adherens junctions (red circles), composed of e.g. E-cadherin (e-cad) and nectin-1 and
functional tight TJs, composed of e.g. occludin (ocln), zonula occludens 1 (ZO-1) and claudin-
1 (cldn-1) which are located in the granular layer. e-cad and nectin-1 can be found in all viable
epidermal layers, but a focus of this study is determining if/how well nectin-1 is expressed in
the upper granular layers. Claudin-1 protein expression can also be found throughout the
viable epidermal layers.

1.3.2 Mechanical barriers of the epidermis

Since the epidermis comes into direct contact with external stimuli on a regular basis, it must
possess an effective barrier for organismal maintenance and protection. The epidermal
barrier function involves multiple factors which includes a microbial, immunological, and the
main focus of this study, a mechanical barrier. Mechanical protection is provided by the
composition, integrity, and complex interactions within the epidermal layers which includes
multiple lines of defense (from the inside-out and the outside-in) to prevent water loss,

exclude external toxins and pathogens, as well as protect the skin from daily wear and tear.

Forming the outer layer of the epidermis, the densely-packed, complex lipid-protein network

of the stratum corneum (SC) is the first line of mechanical defense from the outside-in (Fig. 5)
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(reviewed in Proksch et al., 2008). Specialized substrates of the cornified envelope, an
insoluble protein layer, are among the key players in the effective barrier function. Formation
of the cornified envelope already starts once an epidermal keratinocyte commits to terminally
differentiate in the upper spinous layer with the production of K1 and K10 filaments which
are among the first components expressed in the process of cornification. The keratohyalin
granules, acquired in the granular layer, contain profilaggrin which gives rise to the
interfilamentous protein filaggrin. Filaggrin aggregates keratin filaments into tightly-packed
keratin bundles thereby promoting the characteristically collapsed, flat morphology of the
corneocytes (Richards et al., 1988; reviewed in Armengot-Carbo et al., 2015). Meanwhile, to
reinforce the cornified envelope underneath the plasma membrane, other major structural
proteins including involucrin and loricrin are synthesized and covalently cross-linked by
transglutaminases (Rice and Green, 1979; Mehrel et al., 1990; Steven and Steinert, 1994;
reviewed in Eckert et al., 2005). Furthermore, the lipids (e.g. ceramides, cholesterols, and free
fatty acids) stored in lamellar bodies of granular cells are secreted during cornification and
interconnect to the cornified envelope to provide the lipid-sealed ‘brick and mortar’ model of

cell-cell contacts (Lavker, 1976; Elias, 1983; reviewed in Matsui and Amagai, 2015).

While the cornified layer provides the initial outside-in barrier function of the skin, the
integrity of the underlying epidermal layers mediated by intercellular junctions are just of
equal importance. Forming a belt buckle-like adhesive link between cells, tight junction (TJ)
components, including the integral membrane proteins claudin-1 and occludin, and the
scaffolding protein zonula occludens (ZO-1), in the granular layer provide another line of
defense for the epidermal barrier providing a semipermeable, size-/ion-selective barrier (Fig.
5 and 6). By bridging the intercellular space, transmembrane integral T) proteins are
important in regulating the permeability barrier and also form a border between the apical
and the basolateral plasma membranes (reviewed in Tsukita et al., 2001). While occludin was
the first transmembrane TJ component identified, the finding that its absence still
accompanied functional TJs led to the identification of claudin-1 and claudin-2 (Furuse et al.,
1993; Furuse et al., 1998). The correct assembly and clustering of TJ must be met but since
the transmembrane proteins do not directly interact with each other, cytoplasmic scaffolding
molecules must perform this binding function. Thus zonula occludens proteins, such as ZO-1,

directly interact with occludin and the claudins via an N-terminal PDZ domain while the C-
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terminus forms a direct link to the actin cytoskeleton (Figure 6; reviewed by Niessen, 2007,
Schneeberger and Lynch, 2004). The presence of ZO-1 (or ZO-2) is necessary for the
polymerization of claudins and maintenance of the barrier function (Umeda et al., 2006).
Moreover, linking of ZO-1 to the actin cytoskeleton is important for its localization at TJs. TJ
localization is particularly intriguing for our studies since a major focus is to elucidate the
exact localization of the HSV-1 cellular receptor nectin-1, one component of the adherens

junctions (AJs) which according to literature, should be located immediately underneath TJs.

Similar to TJs, AJ components form complexes that are intimately linked to the actin
cytoskeleton and as their name suggests, are responsible for maintaining intercellular
adhesion (reviewed in Irie et al.,, 2004). The AJ is comprised of two adhesive complexes,
composed of CAMs and their respective binding partner(s): (1) cadherin-catenin and (2)
nectin-afadin. Classical cadherins, such as E-cadherin, form a structurally adhesive unit by
binding to B-catenin which forms a bridge with a-catenin, an actin-binding protein that thus
provides the link to the cellular cytoskeleton (Fig. 6; reviewed in Aberle et al., 1996). Another
actin-binding protein that mediates the link of AJs to the actin cytoskeleton is the nectin-
binding partner afadin. While the nectin ectodomain, its V-domain specifically, binds with the
nectin V-domain of neighboring cells, the PDZ domain located within the cytoplasmic C-
terminus forms a structural adhesion complex with afadin and thereby the actin cytoskeleton
(Fig 6; reviewed in Niessen, 2007). While the formation of both adhesion complexes are
required for functional Als, no evidence has been found that nectin and cadherin, themselves
directly interact. Rather, it is through the interaction of the cytoplasmic binding partners
afadin and a-catenin in which nectin and cadherin are able to organize and co-localize at Als
(Tachibana et al., 2000). Moreover, it has been suggested that while the cadherins mainly
play a role in mediating cell-cell adhesion, nectin may be additionally involved in the
formation of TJs (Takai and Nakanishi, 2003; Takai et al., 2008). This mutually reinforcing
relationship makes it particularly intriguing as to how and under which conditions can HSV-1

overcome TJs to reach its cellular receptor nectin-1 for entry.
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Figure 6. Schematic illustration of tight junctions and adherens junctions.

Z0-1 (or ZO-2, not shown) are localized on the cytosolic side of tight junctions (TJs) and
provide a direct link between the integral transmembrane TJs claudin-1 (or claudin-2, not
shown) and occludin to the actin cytoskeleton of the cell. Right below the TJs are adherens
junctions (AJs) which consists of the nectin-afadin complex and the cadherin-catenin complex.
The extracellular domain of nectin-1 dimerizes with nectins of adjacent cells while the
cytoplasmic region binds afadin which, in turn, associates with actin bundles. In a similar
fashion, cadherins bind with cadherins of neigboring cells. The cytoplasmic region of E-
cadherin then binds to B-catenin which forms a bridge to a-catenin which, in turn, associates
with actin bundles.

1.3.3  Overcoming the epidermal barrier for HSV-1 invasion

While normal, healthy skin provides robust barriers (as detailed above) against viral invasion,
patients with skin lesions can be highly susceptible to primary and recurrent HSV-1 infections
which indicates that the virus may opportunistically depend on damaged tissue and/or an
impaired skin barrier to reach its receptor and initiate entry. Thus, it is presumed that breaks
to the epithelium resulting from mechanical injuries may provide the necessary preconditions
for successful HSV-1 invasion. In clinical settings for example, skin lesions such as those
resulting from burn wounds and skin abrasions are among known predisposing factors for

both primary and recurrent HSV-1 infections (Foley et al., 1970; Shenoy et al., 2015; Becker,
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1992; Wilson et al., 2013). Whether a mechanical break in the skin per se is sufficient to
disturb the epidermal barrier or whether further modifications such as genetic
predispositions or an induced immune response are needed to enable HSV-1 to reach its
receptor and initiate infection is still open. Indeed, a higher susceptibility to HSV-1 infections
is found in individuals afflicted with the pathological skin condition atopic dermatitis (AD)
which, aside from being characterized by skin barrier defects, is also coupled with a
dysregulated immune system which features an enhanced type 2 inflammation (Langan and
Williams, 2019). In fact, patients with AD are at high risk of developing a disseminated HSV
infection known as eczema herpeticum which usually stems from a primary infection (Singh
et al., 2020; Beck et al., 2009). Type 2 inflammation is characterized by the overexpression of
cytokines, in particular interleukins (IL)-4 and IL-13, which act on both immune and epithelial
cells. For example, AD skin is characterized by reduced late differentiation protein levels such
as filaggrin, involucrin, and loricrin compared to healthy individuals therefore contributing to
the skin barrier dysfunction (Giustizieri et al., 2001; Hamid et al., 1996; reviewed in Beck et
al., 2022). Type 2 inflammation may also affect the function of the TJ barrier. A recent study
using 1L-4/13-induced filaggrin knockdown skin equivalents reported a decrease in occludin
expression (Honzke et al., 2016). Alternatively, and quite intriguingly so, a study found that
while claudin-1 expression in AD skin is reduced, IL-4 and IL-13 stimulation of primary human
keratinocytes increased claudin-1 expression and even enhanced TJ barrier function
suggesting that the TJ barrier impairment in AD skin may not be a result of enhanced T helper
type 2 (Th2) cytokines (De Benedetto et al., 2011). Thus, exactly how Th2-driven cytokine

inflammation affects the skin barrier is yet to be fully elucidated.
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2. Aims of the Study

In order to persist as a prevalent human pathogen, HSV-1 must find ways to invade its human
host through the stratified epithelia of mucosa, skin, or cornea. Our lab is particularly
interested in the viral invasion process in the skin. Our focus is on elucidating the cellular and
molecular determinants involved in how HSV-1 is able to gain access into this highly-
protective tissue and initiate infection of target skin cells. Thus, the publications of this study

address:

The impact of endocytic entry mechanisms in successful HSV-1 entry in skin cells

Depending on cell-type and/or receptor, HSV-1 can utilize diverse modes of cellular uptake to
gain access into its target cells and initiate infection. Our previous studies have shown that in
keratinocytes and dermal fibroblasts, two major in vivo targets, HSV-1 enters via both direct
plasma membrane fusion and endocytosis followed by fusion with a vesicle membrane
(Petermann et al., 2015a; Rahn et al., 2011). Since both uptake mechanisms share conserved
fusion mechanisms, are highly dynamic, and occur with extreme rapidity, determining the
contribution of each pathway in successful entry remains a considerable challenge. Thus, in
De La Cruz and Knebel-Mérsdorf (2020) HSV-1 infection is performed at low temperature in
an attempt to selectively block endocytosis. The uptake of several markers are employed to
address the efficiency of low temperature in impeding endocytic processes. In particular,
cholera toxin B is used to address receptor-mediated endocytic processes, while dextran and
fluorescently-labelled latex beads consider the possibility of the alternative, non-receptor
mediated uptake mechanisms macropinocytosis and phagocytosis, respectively. Moreover,
ultrastructural analyses are conducted to visualize virus-containing vesicles and/or free
nucleocapsids to thereby characterize the mode(s) of entry in HaCaT keratinocytes. The use
of serial sections in transmission electron microscopy (TEM) further elevates the
characterization of endocytic entry especially with respect to vesicle prevalence and size.
Furthermore, as presence of enveloped particles in vesicles alone does not necessarily ensure
eventual capsid release, serial sections aim to provide evidence of fusion with a vesicle
membrane ensuing in a de-enveloped capsid in the cellular cytoplasm signifying successful

HSV-1 entry.
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What conditions, mechanical and/or pathological, allow HSV-1 to overcome the epidermal
barrier and facilitate HSV-1 invasion

Before HSV-1 can engage in cellular entry of its target skin cells, the virus must first find ways
to invade the human skin, which under normal conditions, provides effective barriers against
external pathogens. Thus, to unravel the molecular determinants of HSV-1 entry in the skin,
the Morsdorf lab developed an ex vivo HSV-1 infection model initially with murine skin (Rahn
etal., 2015a). The methods are extended to human skin as described in De La Cruz et al. (2022)
in which the ex vivo infection assay addresses the very early entry events and initial infected

cells during HSV-1 invasion of human skin.

In De La Cruz et al. (2021), ex vivo infection studies in human skin are employed to explore
whether introduction of mechanical wounds would facilitate viral invasion. Since
susceptibility of the human epidermis to ex vivo HSV-1 infection serves as a prerequisite for
this wounding study, a detailed characterization of infection in the isolated human epidermis
is performed by analyzing the role of viral replication, spreading, as well as tissue integrity in
the accessibility of HSV-1 to the various epidermal layers. Furthermore, the use of
fluorescently-labelled latex beads (500 nm) serves as a readout for epidermal tissue integrity
as well as determine whether the mechanically-introduced wounds would, in general, allow

particle access in the otherwise highly-protected human skin.

Aside from mechanical wounding, the role of pathological skin conditions for successful viral
invasion is explored. Ex vivo infection studies found that HSV-1 can overcome defective
barriers of lesional atopic dermatitis (AD) skin. Thus, to augment the AD skin results in Mockel
et al. (2022) and dissect the parameters that contribute to successful viral invasion, skin
samples without pre-existing barrier defects are stimulated with IL-4 and IL-13 to determine
whether Th2-driven inflammatory responses introduce skin modifications that are sufficient
to enable viral penetration. Moreover, morphological hallmarks of AD and putative barrier
alterations upon IL-induction are explored by histological analyses as well as initial
immunohistochemistry (IHC) analyses of the SC component filaggrin, a critical barrier

component in AD skin.
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How functional epidermal barriers affect access to the major cellular receptor nectin-1
thereby restricting HSV-1 entry

Overcoming physical epidermal barriers to gain access to its target keratinocytes only
presents part of the hurdle during the HSV-1 invasion process. The fundamental next step is
to find and engage a cellular receptor for entry, with nectin-1 being the most prevalent
receptor in keratinocytes. As a cell-cell adhesion molecule, nectin-1 may be (directly or
indirectly) linked to TJ formation. Thus to investigate the localization and accessibility of
nectin-1 as well as the correlating HSV-1 infection efficiency during TJ and SC assembly, De La
Cruz et al. (to be submitted) utilizes human epidermal equivalents (3D cultures) derived from
N/TERT and primary human keratinocytes. Since human epidermal equivalents can also be
used to mimic pathological conditions, the 3D cultures are induced with IL-4/IL-13 to
potentially introduce molecular and morphological characteristics reminiscent of AD skin.
Whether the resulting effects of IL-induction influence nectin-1 localization and HSV-1
susceptibility during 3D culture development are determined using IHC analyses.
Furthermore, nectin-1 and TJ localization in human skin (under healthy, pathological, and IL-

stimulated conditions) are investigated in detail.

The barrier function of the extracellular matrix in the dermis and its role in particle/viral
accessibility to dermal fibroblasts

Once HSV-1 gains access to its cellular receptors in the epidermis and initiates infection, HSV-
1 actively replicates in epidermal keratinocytes leading to inflammatory responses in the
dermis which can potentially expose dermal fibroblasts to viral invasion. Moreover, during
viral reactivation, HSV-1 can be released via nerve endings within the dermis making dermal
cells in vivo targets of the virus. While primary human and murine fibroblasts in culture are
highly susceptible to HSV-1 infection, infected cells are rarely found both in human and
murine dermal tissue. Thus to assess whether the organization of the dermis in conjunction
with the barrier function of the extracellular matrix contributes to the poor accessibility of
HSV-1 to its target cells, Wirtz et al. (2022) applies the use of fluorescently-labelled latex
beads (500 nm) as a readout for particle penetration in human and murine dermis.
Furthermore, complementary to the particle penetration studies, the extent of viral

penetration is assessed by visualizing the HSV-1 major capsid protein VP5 in human dermis.
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3. Results

3.1 Preface

The results of this dissertation are described in the following six peer-reviewed publications.

3.2 Publication 1: Endocytic Internalization of Herpes Simplex Virus 1 in Human Keratinocytes

at Low Temperature

Authors: Nydia De La Cruz and Dagmar Knebel-Morsdorf

Journal: Journal of Virology

Date of Publication: 28 January 2021

PMID: 33239453
PMCID: PMC7851553
DOI: doi:10.1128/JVI1.02195-20

*Part of this publication was previously published in my Master’s thesis for the University of
Cologne, Faculty of Mathematics and Natural Sciences (February 2020). The additional

experiments which were performed during my PhD studies are delineated below.

Experiments performed during my PhD studies aimed to further characterize endocytic
processes at low temperature using cholera toxin B uptake assays with acid wash (Fig 4b) as
well as uptake assays using fluorescein isothiocyanate (FITC)-dextran to exclude the
possibility of macropinocytosis at low temperature (Fig 4c). Moreover, infection studies with
high passage (passage 7) primary human keratinocytes were performed to visualize whether
the poor infection efficiency of these cells can be attributed to the partial F-actin recovery
after exposure to low temperature (Fig 3c). Finally, an in-depth TEM study using serial sections
(Fig 6) was carefully analyzed to visualize the successful nucleocapsid release from large

vesicles at low temperature.

Conception and design of the study was done by DKM together with NDLC. Experiments were
performed, processed, and analyzed by NDLC. Transmission electron microscopy (TEM)
samples were prepared by NDLC while images were acquired with the support of the CECAD
imaging facility. The manuscript was written by DKM with comments, criticisms, revisions,

and figures by NDLC.
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3.3 Publication 2: Ex Vivo Infection of Human Skin with Herpes Simplex Virus 1 Reveals

Mechanical Wounds as Insufficient Entry Portals via the Skin Surface

Authors: Nydia C De La Cruz*, Maureen Mdockel®, Lisa Wirtz*, Katharina Sunaoglu,
Wolfram Malter, Max Zinser, and Dagmar Knebel-M&rsdorf (*contributed
equally)

Journal: Journal of Virology

Date of Publication: 13 October 2021

PMID: 34379501
PMCID: PMC8513464
DOI: doi:10.1128/JVI1.01338-21

Conception and design of the study was done by DKM together with NDLC, MM, and LW.
NDLC performed, processed, and analyzed the experiments involving isolated skin epidermis
presented in Fig 2 (with the exception of Fig 2b and 2c) as well the experiments involving latex
bead uptake presented in Fig 4h. The manuscript was written by DKM with comments,

criticisms, and revisions by NDLC, MM, and LW. The figures were assembled by NDLC.
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3.4 Publication 3: Herpes Simplex Virus 1 Can Bypass Impaired Epidermal Barriers upon Ex

Vivo Infection of Skin from Atopic Dermatitis Patients

Authors: Maureen Mdckel?, Nydia De La Cruz*#, Matthias Riibsam, Lisa Wirtz, lliana
Tantcheva-Poor, Wolfram Malter, Max Zinser, Thomas Bieber, and Dagmar
Knebel-Mérsdorf (*contributed equally)

Journal: Journal of Virology

Date of Publication: 15 August 2022

PMID: 35969080
PMCID: PM(C9472615
DOI: doi:10.1128/jvi.00864-22

Conception and design of the study was done by DKM together with MM and NDLC. NDLC
performed, processed, and analyzed experiments involving IL-4/IL-13-induction of human
skin presented in Fig 4. The manuscript was written by DKM with comments, criticisms, and

revisions by MM, NDLC, and LW. The figures were assembled by NDLC.
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ABSTRACT To infect its human host, herpes simplex virus 1 (HSV-1) must overcome
the protective barriers of skin and mucosa. Here, we addressed whether pathological
skin conditions can facilitate viral entry via the skin surface and used ex vivo infection
studies to explore viral invasion in atopic dermatitis (AD) skin characterized by disturbed
barrier functions. Our focus was on the visualization of the onset of infection in single
cells to determine the primary entry portals in the epidermis. After ex vivo infection of
lesional AD skin, we observed infected cells in suprabasal layers indicating successful
invasion in the epidermis via the skin surface which was never detected in control skin
where only sample edges allowed viral access. The redistribution of filaggrin, loricrin,
and tight-junction components in the lesional skin samples suggested multiple defective
mechanical barriers. To dissect the parameters that contribute to HSV-1 invasion, we
induced an AD-like phenotype by adding the Th2 cytokines interleukin 4 (IL-4) and IL-13
to healthy human skin samples. Strikingly, we detected infected cells in the epidermis,
implying that the IL-4/IL-13-driven inflammation is sufficient to induce modifications
allowing HSV-1 to penetrate the skin surface. In summary, not only did lesional AD skin
facilitate HSV-1 penetration but IL-4/IL-13 responses alone allowed virus invasion. Our
results suggest that the defective epidermal barriers of AD skin and the inflammation-
induced altered barriers in healthy skin can make receptors accessible for HSV-1.

IMPORTANCE  Herpes simplex virus 1 (HSV-1) can target skin to establish primary infection
in the epithelium. While the human skin provides effective barriers against viral invasion
under healthy conditions, a prominent example of successful invasion is the disseminated
HSV-1 infection in the skin of atopic dermatitis (AD) patients. AD is characterized by
impaired epidermal barrier functions, chronic inflammation, and dysbiosis of skin micro-
biota. We addressed the initial invasion process of HSV-1 in atopic dermatitis skin to under-
stand whether the physical barrier functions are sufficiently disturbed to allow the virus to
invade skin and reach its receptors on skin cells. Our results demonstrate that HSV-1 can
indeed penetrate and initiate infection in atopic dermatitis skin. Since treatment of skin
with IL-4 and IL-13 already resulted in successful invasion, we assume that inflammation-
induced barrier defects play an important role for the facilitated access of HSV-1 to its tar-
get cells.

KEYWORDS HSV-1, atopic dermatitis, human skin, viral entry, epidermal barriers,
IL-4/1L-13
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fter invasion via mucosal surfaces or skin, herpes simplex virus 1 (HSV-1) establishes

primary infection in the epithelium of its human host and becomes latent in neuronal
ganglia. Reactivation can lead to recurrent viral shedding near the site of initial infection.
HSV-1 generally causes mild infections; however, immune deficiencies and dysregulation
are implicated in some severe infections (1). Host and viral factors that are associated with
the outcome of HSV infections are mostly not well understood. Preconditions for successful
viral invasion in tissue are presumably epithelial breaks due to mechanical injuries.
Alternatively, disturbed epithelial integrity and loss of barrier function under pathological
conditions such as inflammatory responses or preexisting infections might facilitate viral
invasion. Patients with atopic dermatitis (AD) can be seriously affected by disseminated
HSV skin infections (termed eczema herpeticum) which, at least in children, usually results
from a primary HSV-1 infection (2). Since AD represents a chronic inflammatory skin disease
with a complex pathophysiology (3, 4), the risk factors for higher susceptibility to HSV-1
include multiple parameters ranging from impaired epidermal barriers and dysbiosis of
skin microbiota to dysregulated immune responses which are most likely mutually reinforc-
ing processes (5-8). In this study, we addressed whether it is a precondition for eczema
herpeticum that the lesional skin of AD patients facilitates the initial steps of HSV-1
invasion.

Successful initiation of viral infection in tissue requires the access of viral glycoproteins
to its host receptors. Cellular entry of HSV-1 includes attachment to heparan sulfate proteo-
glycans on the cell surface, followed by the interaction of the viral glycoprotein D (gD)
with its receptors, which in turn initiates the fusion of the viral envelope with cellular mem-
branes (9, 10). The primary gD receptors for HSV-1 on human cells are the cell-cell adhesion
protein nectin-1 and herpesvirus entry mediator (HVEM), a member of the tumor necrosis
factor receptor superfamily (11, 12). Thus far, less is known about how HSV-1 gains access
to its receptors in the epithelium to initiate infection.

To dissect the relevance of physical epidermal barriers for HSV-1 invasion, we estab-
lished an ex vivo infection model of murine and human skin (13-15). Once the dermis
is separated, murine and human epidermal sheets are highly susceptible to HSV-1 via
the basal layer upon ex vivo infection; however, the virus cannot penetrate full-thick-
ness skin via the apical surface confirming the effective outside-in barrier function of
the skin (14, 15). Even in the absence of the cornified layer, a functional tight-junction
(TJ) barrier effectively inhibits infection of lower layers in murine skin (16). Remarkably,
mechanical wounds of the human skin surface do not provide ad hoc entry portals for
HSV-1 upon ex vivo infection (15). Here, we explored the role of pathological skin con-
ditions for successful penetration of HSV-1.

AD pathogenesis involves multidirectional interactions of immune dysregulation, micro-
bial dysbiosis and barrier dysfunction (4, 17). Physical barrier dysfunctions are based on alter-
ations of multiple components of the stratum corneum and the TJs which rely on genetic
defects and/or inflammation-induced modifications. The best-known dysfunctions comprise
the altered lipid and protein structures of the stratum corneum with filaggrin mutations as
genetic predisposition for AD (18, 19) and increased risk for eczema herpeticum (20). In addi-
tion, TJ proteins are implicated in AD, such as decreased claudin-1 expression, which corre-
lated with disease severity and impaired barriers that may enhance susceptibility to HSV-1
infection (21-24).

In this study, we ex vivo infected lesional skin samples to investigate whether AD
skin per se allows HSV-1 invasion via the skin surface. Since the virus indeed success-
fully penetrated lesional skin, we visualized key players in barrier function which sup-
ported multiple impairments of the physical barriers. To dissect the complex cross talk
of barrier function and immune responses that lead to conditions facilitating HSV-1
invasion, we investigated whether the induced Th2 immune response in skin without
preexisting barrier defects is sufficient for HSV-1 infection. Intriguingly, after ex vivo
infection of interleukin-4 (IL-4)/IL-13-treated skin, we observed infected cells support-
ing that Th2 responses already enabled the virus to overcome the protective skin bar-
rier and gain access to its receptors to initiate infection.
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TABLE 1 Characteristics of AD samples

Location of infection®

Sample  Age(yrs) SCORAD IgE concn (lU/mL) Eczema® 16 h p.i. 24 hp.i.
AD1 41 61 6,307 NA Apical cells NA

AD2 27 66 19.7 NA Apical cells NA

AD4 35 NA 47.7 chr Apical cells  All layers
AD5 55 65 55.6 com All layers All layers
AD6 55 63 8,322 com Only edges Only edges
AD7 47 39 799 acu Only edges Only edges
AD8 32 55 2,175 sub All layers Only edges
AD10 56 65 85 acu Only edges All layers
AD11 38 47 5,850 acu Only edges NA

AD12 20 80 13,552 acu Only edges Only edges
AD13 58 66 14,236 chr Only edges NA

9Eczema (chr, chronic; com, commencing; acu, acute; sub, subacute) categorized at time of sample taking.
bBoldfacing indicates infection via the skin surface.

RESULTS

Ex vivo infection of AD skin. To explore whether AD predisposes the epidermis to
HSV-1 invasion, we ex vivo infected lesional skin samples from AD patients and com-
pared them to control skin from healthy donors. Shave biopsy specimens comprising
the epidermis and a thin dermal layer were taken from AD patients with severe disease
(SCORAD = 30) (Table 1) and from healthy donors. Histological analyses determined
the state of eczema for each sample which ranged from commencing, subacute, acute
to chronic eczema (Fig. 1a and Table 1). All AD samples showed the characteristic epi-
dermal thickening (Fig. 1b), which results from the altered epidermal growth and kera-
tinocyte terminal differentiation (25). To confirm the impaired differentiation programs
of the epidermis, we performed K10/K14 stainings (see Fig. 5, below). Lesional skin was
characterized by expanded basal keratin 14 (K14) and suprabasal keratin 10 (K10) posi-
tive layers leading to enlargement of the epidermis (Fig. 1b).

The heterogeneity of the lesional skin samples allowed us to investigate HSV-1 pen-
etration in AD epidermis under variable conditions (Table 1). After ex vivo infection of
skin shaves with HSV-1 at ca. 100 PFU/cell, we initially visualized the presence of virus
particles by staining the capsid protein VP5. Viruses were visible at the sample edges
of control skin shaves, where some viruses accumulated on or in the most upper part
of the cornified layer at 6 h postinfection (p.i.) (Fig. 1c). In AD skin samples, we
observed virus particles in the cornified layer at this early time, while few particles
were found underneath the granular layer at 16 h p.i. suggesting viral penetration (Fig.
1c and d). The granular layer represents the uppermost nucleated epidermal layer
under healthy conditions while nucleated cells can be also present in the cornified
layer of eczematic skin (see Fig. 5). To explore in more detail whether viruses success-
fully entered individual cells in AD epidermis via the external skin surface, we visualized
the very early expressed viral protein ICPO. Once HSV-1 penetrates cellular membranes
and the viral genome is released into the nucleus, ICPO first localizes in the nucleus
and then relocalizes to the cytoplasm during later infection, indicating viral replication
(13, 26). After submerging control (n = 3) or AD skin shaves (n = 7) in virus suspension
for 6 h, no ICPO-expressing cells were detected even at the sample edges (Fig. 1e). At
16 h p.i,, both control (n = 3) and AD skin shaves (n = 11) showed infected keratino-
cytes at sample edges (Fig. 1f), where loss of tissue integrity was visualized by histolog-
ical analyses (data not shown). In addition, disruption of the basement membrane at
the edges was shown by discontinuous staining of its component collagen VII (Fig. 1f).
In line with previous results of various skin samples from healthy donors (15), infected
cells were limited to the sample edges in control skin. However, in some AD skin sam-
ples (n = 3) we detected single or patches of infected cells in the granular layer with
nuclear ICPO, indicating the completion of successful viral entry or cytoplasmic ICPO,
which demonstrated the onset of viral replication (Fig. 1g). Furthermore, AD skin
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ex vivo infection

FIG 1 HSV-1 penetration in AD skin shaves. (a) Schematic illustrating ex vivo infection of AD skin shaves. HE-
stained sections visualize samples with characteristics of commencing (AD5) and acute eczema (AD7). (b to i)
After infection with HSV-1 at a multiplicity of infection (MOI) of ca. 100 PFU/cell, cross sections of control (C)
and AD skin shaves with DAPI (blue) as nuclear counterstain are shown. Collagen VII (colVIl; red) depicts the
basement membrane. Scale bars, 50 um. (b) K10/K14 immunostainings indicate differentiation defects in the
eczematic AD skin, including expanded suprabasal layers and nuclei in the stratum corneum. (c) VP5-positive
virus particles (green) (arrowheads) at (C2) or below (C1) the control skin surface at 6 h p.i. F-actin (red) depicts
the cell morphology. AD skin with virus particles in the stratum corneum containing cell nuclei. Dashed lines
indicate sample borders. (d) VP5-positive virus particles (green) underneath the granular layer as shown in the
magnification at 16 h p.i. (€) Transmission light (TL) visualizes sample edges with no ICPO-expressing cells at 6
h p.. (f) At 16 h p.i, nuclear (open arrowhead) and cytoplasmic (arrows) ICPO-expressing cells (green) at the
sample edges are shown. (g) ICPO-expressing cells (green) in the granular layer and (h) throughout the
epidermis. (i) Nuclear ICP4-expressing cells (green) throughout the epidermis.

samples (n = 2) with areas of infected cells throughout the epidermal layers were
found at 16 h p.i. (Fig. 1h), while another sample (n = 1) showed infected areas only at
24 h p.. (Table 1). These infected areas exhibited a continuous collagen VII staining
reflecting an intact basement membrane and showed no infection in the underlying
dermal layer. Thus, HSV-1 most likely gained access to the viable epidermis by passing
the cornified layer and the TJs (Fig. 1h). To confirm the ICPO staining pattern through-
out the epidermis, we additionally visualized the viral protein ICP4 which marks the nu-
clear deposition of viral DNA (27). In line with ICPO, the nuclear ICP4 stainings depicted
areas with infected cells throughout all epidermal layers (Fig. 1i). Taken together, the
ex vivo infection studies revealed that AD skin allowed HSV-1 to penetrate via the epi-
dermal surface. The extent of infected cells did not correlate with the state of eczema,
SCORAD, or IgE levels (Table 1). Thus, we conclude that a variety of AD conditions can
facilitate the initial step of infection.
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FIG 2 Characterization of HSV-1 penetration in AD skin shaves. (a) Costaining of Ki67 and ICPO indicates
very few proliferating cells with infection. (b) Quantification of Ki67-positive cells is shown for each sample
and demonstrates variable numbers in AD (n = 8) compared to control (n = 3) skin shaves. (c) Costaining of
CD1a (red) and ICPO (green) shows no infected Langerhans cells. (d) qRT-PCR demonstrates variable nectin-1
transcript levels in AD (n = 7) compared to control (n = 3) skin shaves. Nectin-1 expression is shown for
each infected AD sample.

Since AD is a hyperproliferative skin disease, we performed costainings of the
marker Ki67 and ICPO which demonstrated that proliferative keratinocytes were not
preferentially infected (Fig. 2a). In addition, no enhanced infection was found in highly
proliferative samples compared to samples with fewer Ki67-positive cells (Fig. 2b).

We next explored whether HSV-1 invades AD skin via epidermal Langerhans cells
(LCs). Next to the barrier function of the cornified layer (stratum corneum), TJs, re-
stricted to the granular layer, form a further protective barrier (see Fig. 5, below). The
elongated dendrites of LCs can penetrate TJs without disturbing their barrier function
which, in turn, might allow pathogen uptake (28, 29). In general, HSV-1 can infect epi-
dermal LCs in human skin (30). Costaining of the LC-specific surface antigen CD1a (31)
and ICPO revealed no infected Langerhans cells in areas of infected keratinocytes (Fig.
2¢). Thus, we suggest that extended dendrites of Langerhans cells do not provide a
preferred entry portal for HSV-1 invasion but that keratinocytes represent the initial tar-
gets upon ex vivo infection of the AD skin samples.

To address whether the susceptibility of lesional AD skin to HSV-1 correlated with
enhanced receptor presence, we analyzed nectin-1 expression. At least in murine epi-
dermis, HSV-1 entry strongly depends on nectin-1, while HVEM acts as alternative re-
ceptor (32). In human epidermis, approximately 40 to 85% of the analyzed epidermal
cells express nectin-1 on their surfaces (15). Here, we determined nectin-1 expression
by gRT-PCR which demonstrated a high variation among the AD skin samples but no
significant difference to control skin (Fig. 2d). Interestingly, the high nectin-1 transcrip-
tion levels in some AD skin samples did not correlate with enhanced viral invasion (Fig.
2d). These results are a first hint that receptor accessibility rather than receptor pres-
ence allows viral entry; however, localization studies of nectin-1 are needed to demon-
strate where nectin-1 is present.

Redistributed barrier components in the AD skin shaves. Our ex vivo infection
studies of AD skin shaves imply that HSV-1 can overcome both barriers, the stratum cor-
neum and the TJs, to reach its receptor nectin-1, which, as a component of adherens
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junctions, is located underneath TJs (33). Whether nectin-1 is also expressed on apical
surfaces of granular keratinocytes has not yet been determined. Next, we explored the
physical barrier modifications in the AD skin samples to address their potential contribu-
tion to successful infection. Because of its multifunctional role in barrier formation, we
visualized filaggrin in the AD shaves. As expected, filaggrin stainings were less intense in
AD (n = 6) compared to control (n = 3) skin samples, suggesting reduced filaggrin expres-
sion and alterations of the cornified envelope (Fig. 3a and c). Furthermore, we stained the
differentiation marker loricrin, another barrier component of the squamous layer that is
downregulated in AD skin (34). Staining intensities of loricrin were quite heterogenous in
AD skin, suggesting a variable extent of impaired differentiation (Fig. 3a). Control skin sam-
ples (n = 3) showed reduced heterogeneity of loricrin stainings, which was confirmed by
additional analyses of breast skin (n = 3) from healthy donors (Fig. 3c). Interestingly,
reduced filaggrin or loricrin stainings correlated with viral invasion in most AD samples
(Fig. 30).

We then stained TJ components, including the scaffolding protein ZO-1 and the inte-
gral membrane proteins occludin and claudin-1. The distinct distribution of ZO-1 in the
granular layer, as shown in the control skin (n = 3), was replaced by a punctate staining
pattern in AD shaves (n = 7), while all AD samples (n = 11) showed additional ZO-1 stain-
ings underneath the granular layer in the spinous layer supporting an impaired TJ barrier
(Fig. 3b). Occludin, which was visible at the apical cells of the granular layer in control skin
(n = 3), was redistributed in AD shaves (n = 11), as visualized by the punctate pattern
throughout the suprabasal layers with some heterogeneity in staining intensities (Fig. 3b
and ¢). Finally, we analyzed claudin-1 distribution. As observed for ZO-1 and occludin,
claudin-1 stainings were quite distinct in the granular layer of control skin (n = 3), while
they were reduced in the granular and redistributed to the spinous layer in AD skin
(n = 11) (Fig. 3b). The significantly lower staining intensities in AD shaves suggest
decreased claudin-1 expression (Fig. 3c), which agrees with previous observations (35).

Taken together, all staining patterns confirmed dysregulated barrier components in
AD skin. While all AD samples showed reduced claudin-1 stainings, the patterns of ZO-
1 and occludin stainings were quite heterogenous among the samples (Fig. 3c), which,
in turn, might influence the extent of dysfunctional barriers. Since AD samples with
reduced ZO-1 or occludin in addition to low claudin-1 levels were infected from the
skin surface (Fig. 3¢, black circles), we assume that AD conditions associated with
severely impaired TJ barrier promote HSV-1 invasion. This assumption is in line with
previous findings in murine skin where functional TJs interfere with HSV-1 entry (16).

Ex vivo infection of IL-4/IL-13-treated human skin. Since Th2 cytokine-driven
inflammation and induction of impaired barriers play key roles in AD (36), the Th2 cyto-
kines IL-4 and IL-13 were employed in various human skin models to mimic an AD-like-
Th2-driven inflammatory response (37-39). We dissected the parameters that contribute
to HSV-1 invasion in AD skin by treating human skin from healthy donors with IL-4/1L-13
to explore whether IL-induced modifications of the epidermal phenotype can per se facil-
itate viral penetration. After treatment of full-thickness skin samples prepared from
breast (n = 3) and abdominal skin (n = 2) with IL-4 and IL-13 for 3 days, we observed
marked intercellular edema (discrete spongiosis) (Fig. 4a and b), which represents a hall-
mark of AD. After infection of IL-4/IL-13-treated skin with HSV-1 at ca. 100 PFU/cell for 24
h, we indeed found single ICPO-expressing cells underneath the cornified layer, though
rather rarely in cross sections (Fig. 4c), while the sample edges were well infected. In
addition, a patch of infected cells in suprabasal layers away from the edges was occasion-
ally detected (Fig. 4c). In mock-treated skin (n = 5), ICPO-expressing cells were exclusively
detected at sample edges (Fig. 4c). To better visualize the rare events of infected cells in
IL-4/IL-13-stimulated skin, we infected full-thickness breast (n = 2) and abdominal skin
(n = 2) and then separated the dermis from the epidermis to prepare epidermal whole
mounts (Fig. 4a). Intriguingly, the view on the basal side of all epidermal samples
revealed multiple spots of infected cells ranging from mostly single cells to small cell
clusters (Fig. 4d). Quantification illustrates 3 to 12 infected spots per whole-mount
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preparation after IL-4/IL-13-treatment, while 1 to 2 spots were detected in few mock-
treated samples, though only very close to the edges (Fig. 4e). Intriguingly, some of the
hair follicles in IL-4/IL-13-treated skin showed infected cells close to the interfollicular epi-
dermis, which we never observed at hair follicles from mock-treated skin (Fig. 4d and f).
These results suggest that modifications in IL-4/IL-13-stimulated skin may lead to viral
access via the hair shaft. In murine skin, we found that cells in the bulge and hair germ of
hair follicles are in principle susceptible to HSV-1, but only after ex vivo infection of epi-
dermal sheets with preserved hair follicles (14).

Our initial attempt to visualize potential barrier alterations included filaggrin since it is
known as a critical barrier component in AD skin. After IL-4/IL-13-treatment, we observed
no obvious redistribution or decreased intensities of filaggrin stainings (Fig. 4g). The results,
taken together, show that ex vivo infection with HSV-1 revealed successful viral penetration
in IL-4/IL-13-stimulated skin, supporting that the virus can gain access via the external skin
surface due to the Th2 cytokine-induced modifications.

DISCUSSION

Only a subset (~3%) of AD patients develops eczema herpeticum, suggesting that
in addition to gaining access to its receptors in AD skin, HSV-1 must also find condi-
tions of various dysregulated immune responses that allow a widespread infection.
Thus far, very little is known about the predisposing factors that are associated with
the severe outcome of HSV-1 infection (8, 40). The assumption that impaired barrier
function correlates with facilitated viral penetration was recently supported by a
three-dimensional skin barrier dysfunction model that enables HSV-1 infection (41).
Moreover, clinical trials showed that treatment with the monoclonal antibody dupilu-
mab, which inhibits IL-4/IL-13 signaling, was associated with a decreased risk of ec-
zema herpeticum. Thus, improved AD severity is thought to be related to a decrease
of eczema herpeticum; however, the underlying mechanism still remains elusive (42).
We investigated whether the disturbed barrier function of AD skin and/or the induc-
tion of Th2 inflammatory responses per se is sufficient to allow HSV-1 to initiate infec-
tion in the epidermis.

Our ex vivo infection studies in AD skin samples revealed infected cells in supra-
basal layers away from the edges. Since we never observed infection of the epidermis
by HSV-1 passing through the dermal layer in healthy (15) or AD skin shaves, we con-
clude that the virus invades the lesional AD skin surface. The precondition for suc-
cessful invasion is that the impaired barrier function allows the virus to overcome
both the stratum corneum and the TJ barriers. Visualization of filaggrin and loricrin,
as well as ZO-1, occludin, and claudin-1, demonstrated that all barrier components
were redistributed in the AD compared to the control skin samples although to vari-
ous extents in each sample. The number of AD samples and the complexity of patho-
logical modifications made it difficult to identify a distinct pattern of redistributed
barrier components that could be directly attributed to facilitated invasion of HSV-1.
Impaired barrier function in AD is mostly determined by measuring transepidermal
water loss implying the impairment of the TJ barrier (4). In our experiments, HSV-1
served as a sensor to support that the barrier functions, including the stratum cor-
neum and the TJs, are disrupted to an extent that allows viral penetration in AD
lesions (Fig. 5). Under in vivo conditions, this initial step of infection might be facili-
tated by the enhanced Staphylococcus aureus colonization of AD skin (43) since these

FIG 3 Legend (Continued)

morphology of the stratum corneum (SC) and the stratum granulosum (SG). (b) Immunostainings of AD skin shaves show
redistribution of ZO-1, occludin (ocIn), and claudin-1 (cldn-1) in the suprabasal layers compared to control shaves. Dashed lines
represent the basement membrane. Scale bars, 50 um. (c) Quantification of fluorescence shows intensities in control skin shaves
(dark blue) (n = 3) and breast skin (light blue) (n = 3) versus AD skin shaves with detectable (black) (n = 3 to 5) or undetectable
apical infection (gray) (n = 1 to 3). In AD skin shaves, filaggrin staining intensities are significantly lower in the SG in the stratum
granulosum and the corneum (SG/SC). The redistribution of ZO-1 to the stratum spinosum led to significantly higher intensities the
stratum spinosum (SS) led to significantly compared to control shaves. The discontinuous claudin-1 stainings in AD skin shaves
showed significantly lower intensities in the stratum granulosum (SG) compared to control shaves. P value (*) = 0.05.
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FIG 4 HSV-1 entry in IL-4/IL-13-treated human skin. (a) Schematic illustrating IL-4/IL-13-treatment of full-thickness
human skin (n = 5) followed by ex vivo infection and analyses of infected cells. Epidermal whole mounts were
prepared after infection by dispase Il treatment to show the distribution of the infected cells in the basal layer.
Localization of the immunostainings at the edge or middle of the cross sections is indicated with dotted boxes
(red). (b) HE staining visualizes discrete spongiosis after IL-4/IL-13-treatment of abdominal skin sample for 3 days. (c)
After infection of skin with HSV-1 at ca. 100 PFU/cell for 24 h, cross sections show ICPO-expressing cells (green) only
at edges after mock-treatment. Single infected (green) suprabasal cells and infected cell layers are visible after IL-4/
IL-13-treatment. DAPI (blue) serves as a nuclear counterstain, and collagen VIl (colVIl; red) depicts the basement
membrane. Dashed lines represent the apical sample border. (d) Scheme of epidermal whole mount prepared 24 h
p.i. showing the distribution of infected cells. Inmunostainings of epidermal whole mounts from IL-4/IL-13-treated
skin visualize ICPO-expressing single cells (green) (2, 3) and cell clusters at the hair follicles (4), in the interfollicular
epidermis (1, 5), and at the sample edge (6). K14 stainings depict basal keratinocytes. (e) Quantification of infected
areas in mock-treated (seven replicates from three individuals) and IL-4/IL-13-treated human skin (ten replicates from
four individuals). *, P = 0.05. (f) Uninfected hair follicle of mock-treated skin 24 h p.. (g) Cross sections show
comparable filaggrin (red) distribution in mock- and IL-4/IL-13-treated skin. Transmission light (TL) visualizes the skin
morphology. Scale bars, 50 um.

microbes can target TJs, leading to disturbed junctional integrity (44). The develop-
ment of a disseminated HSV-1 infection in a subset of AD patients additionally relies
on the extent of immune dysregulations.

As soon as 3 h p.i., HSV-1 infects basal keratinocytes if the virus can directly access
receptors in the basal layer of epidermal sheets separated from the dermis (15). ICPO-
expressing cells in AD skin were not detected before 16 to 24 h p.i,, suggesting that
the receptors were not easily accessible throughout the epidermis. Expression of the
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HSV-1 penetration in human skin under pathological conditions
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FIG 5 Schematic representation of how HSV-1 penetrates human skin under pathological conditions. Schematic illustrating
the structure of human epidermal layers with respective markers. The stratum corneum (SC) and the tight junctions (TJs)
form protective barriers to inhibit virus invasion via the skin surfaces of healthy individuals. Atopic dermatitis (AD) skin
characterized by epidermal thickening, disturbed SC barriers (dotted lines), and impaired TJs (dotted boxes) offers the virus
access to keratinocytes throughout the epidermis to initiate infection. After IL-4/IL-13-treatment of human skin, infected

cells are detected which might result from an impaired stratum corneum (SC) and dysfunctional TJs.

receptor nectin-1 was comparable in AD and control skin samples; however, we cannot
exclude that impaired differentiation in AD skin leads to a redistribution of nectin-1
that may facilitate access for the virus.

The finding that AD skin samples could be infected with HSV-1 irrespective of the ec-
zema state suggests that successful invasion depends on the structural outcome of dys-
regulated immune responses rather than on transient inflammatory microenvironments.
Future experimentation will address whether facilitated viral invasion relies on barrier
defects of genetic origin by analyzing infection of nonlesional AD skin. Here, we stimu-
lated healthy skin with IL-4/IL-13 prior to infection to explore the impact of the Th2 cyto-
kine responses on HSV-1 invasion. Various mouse models helped to establish the role of
IL-4/IL-13 in AD pathogenesis and revealed their contribution to allergic inflammation
and attenuated barrier function often based on the downregulation of antimicrobial pep-
tides and filaggrin (45). Supplementation of human skin equivalents with IL-4/IL-13 sup-
ports that the Th2 inflammation supports hyperproliferation, impaired lipid composition,
and reduced skin protein expression, influencing keratinocyte integrity and barrier func-
tion (38, 46).

In IL-4/1L-13-stimulated human skin, we observed penetration of HSV-1 via the skin surface,
although to a limited and variable extent (Fig. 5). Clusters of single infected cells with either
nuclear or cytoplasmic ICPO expression at 24 h p.i. indicated that some cells are still in the early
phase of infection, while others already initiated viral replication. We assume that the IL-4/IL-
13 stimulation induced initial alterations in the skin samples that sufficiently alter the integrity
of cell-cell junctions that allow the virus to reach its receptors and initiate infection (Fig. 5).
Although some viruses evolved strategies to alter cell-cell junctions (47), HSV-1 is thought to
opportunistically rely on conditions that lead to junctional disruption that facilitates the acces-
sibility of receptors. How receptor accessibility might be achieved after supplementation with
IL-4/1L-13 could rely on various conditions. Recent studies of IL-4/IL-13-treated stratified human
keratinocytes showed increased HSV-1 expression which may correlate with the induction of
reduced filaggrin expression. This observation led to the speculation that filaggrin deficiency
modifies the local pH and thereby enhances viral entry (48). Whether and how IL-4/IL-13 treat-
ment of skin induces impaired physical barriers that allow viral invasion or whether further
induced modifications influence receptor distribution and successful invasion is open for
future investigation.

MATERIALS AND METHODS

Preparation of human skin. Skin shaves of lesional skin from various areas were taken with a scal-
pel from patients (n = 11) with diagnosed AD (Table 1). The estimated state of eczema is based on
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hematoxylin and eosin (HE) stainings (Table 1). Immediately after surgery, skin samples were transported
in Dulbecco modified Eagle medium (DMEM)/high-glucose/GlutaMAX (Life Technologies) with 10% fetal
calf serum (FCS), penicillin (100 1U/mL), and streptomycin (100 wg/mL) and prepared for infection.
Control skin shaves were taken from the upper leg of healthy donors (n = 3) comparably to AD patients.
In addition, shave biopsy specimens (n = 3 individuals) were prepared from skin derived from patients
undergoing breast surgery as described previously (15, 49). All skin shaves had a comparable size (ca.
3 x 3 mm). For IL treatment, full-thickness skin samples, which were taken from patients undergoing
breast (n = 3 individuals) or plastic surgery (n = 2 individuals), were cut in pieces (ca. 4 x 4 mm) after re-
moval of subcutaneous fat (49). The size of breast and abdominal skin samples allowed infection experi-
ments with two to three replicates per explant. After infection, epidermal whole mounts from total skin
were prepared by using dispase Il (4 U/mL; Roche) treatment overnight at 4°C to separate the epidermis
from the dermis (49).

Ethics statement. Human skin specimens were obtained after informed consent from all patients. The
study was approved by the Ethics Commission of the Medical Faculty, University of Cologne (approval 17-481).

Interleukin treatment. Inmediately after surgery, total human skin samples were treated with IL-4
(25 ng/mL) and IL-13 (25 ng/mL) diluted in DMEM/high-glucose/GlutaMAX (Life Technologies) with 10%
FCS, penicillin (100 1U/mL), streptomycin (100 wg/mL), and 0.05% bovine serum albumin (BSA). After
3 days, mock- and IL-4/IL-13-treated samples were infected with HSV-1 at ca. 100 PFU/cell for 24 h in the
absence of IL-4/IL-13.

Virus. Infection studies were performed with HSV-1 wild-type (Glasgow) strain 17+ from purified virus prep-
arations obtained from the supernatant of infected BHK cells, as described previously (49). The calculation of the
virus dose was based on the estimated cell number (ca. 2.5 x 10°) of the superficial areas of skin shaves and full-
thickness skin. HSV-1 was given to the tissue samples at 37°C defining time point zero. Skin shaves and total skin
were infected at ca. 100 PFU/cell by submerging them in virus-containing medium for various times (49).

Histochemistry, i ytochemistry, and antibodies. For HE staining, shaves and full-thickness
skin samples were fixed with 3.4% formaldehyde overnight at 4°C or for 2 h at room temperature. Fixed
samples were prepared as paraffin sections (8 um), as described previously (49). The morphology of all
samples was assessed by HE stainings.

For cryosections, skin samples were embedded in OCT compound (Sakura), frozen at —80°C, and cut into
8 um thick cross sections (49). Cryosections were fixed with 2% formaldehyde for 10 min at room temperature,
and epidermal whole-mount preparations were fixed with 3.4% formaldehyde overnight at 4°C (49). For stainings
of claudin-1, occludin, and ZO-1, cryosections were fixed with ice-cold ethanol for 30 min and then with acetone
(-20°C) for 3 min. Sections of total skin and shaves were incubated with primary antibodies overnight at 4°C, fol-
lowed by incubation with the species-specific Alexa Fluor-conjugated secondary antibodies and DAPI (4',6'-dia-
midino-2-phenylindole) for 45 min at room temperature. Epidermal whole mounts were incubated with primary
antibodies overnight at room temperature and with the secondary antibodies and DAPI overnight at 4°C. The fol-
lowing primary antibodies were used: mouse anti-ICPO (MAb 11060; 1:60) (50), mouse anti-ICP4 (MAb 58S;
1:1,000), mouse anti-VP5 (MAb DM165; 1:1,000) (51), mouse anti-collagen VI (1:500; Santa Cruz Biotechnology),
rabbit anti-loricrin (1:1,000; BioLegend), mouse anti-CD1a (1:50) (31), mouse anti-claudin-1 (1:500; A9; Santa Cruz),
mouse anti-filaggrin (1:500) (AKH1; Santa Cruz), mouse anti-occludin (1:400; OC-3F10; Thermo Fisher Scientific),
rabbit anti-ZO-1 (1:400; Thermo Fisher Scientific), rabbit anti-K10 (1:1,000; BioLegend), guinea pig anti-K14 (1:150;
GP-CK14; Progen), and rabbit anti-Ki67 (1:400; Thermo Fisher Scientific). F-actin was labeled with phalloidin-Atto
565 (1:2,000; Sigma) for 45 min at room temperature.

Microscopy of several continuous sections per sample was performed using an epifluorescence microscope
(Zeiss Axiophot) equipped with a Nikon Digital Sight camera system (DS-2MV)/NIS Elements software (for HE
stainings) and a Leica DM IRBE microscope linked to a Leica TCS-SP/5 confocal unit. Images were assembled
using Photoshop (Elements 2018; Adobe) and lllustrator (version CS5; Adobe). Confocal projections and merged
images are shown. Images were analyzed using Fiji (version 2.0.0-rc¢-65/1.51s) (52) by measuring the mean fluo-
rescence intensity of three different areas per sample.

RNA preparation and qRT-PCR. RNA was isolated from 150 uwm thick cryosections of skin shaves em-
bedded 6 h p.i. by using an RNeasy Plus minikit (Qiagen). cDNA was synthesized using SuperScript Il reverse
transcriptase (Life Technologies). qPCRs were performed using the SYBR GreenER qPCR SuperMix Universal
(Life Technologies) on the DNAengine-Opticon 2 System (Bio-Rad). Nectin-1-specific primers (forward, 5'-
CTGCAAAGCTGATGCTAACC-3'; reverse, 5'-GATGGGTCCCTTGAAGAAGA-3') were used; for normalization,
RPLPO (60S acidic ribosomal protein PO) primers (forward, 5'-ACTCTGCATTCTCGCTTCCT-3'; reverse, 5'-
GGACTCGTTTGTACCCGTTG-3') were used. The efficiency for each primer pair was determined, and the rela-
tive expression levels were calculated using the threshold cycle (AAC,) method.

Statistics. For statistical analyses, Student t tests were performed to calculate P values using the unpaired
two-tailed method. Differences were considered to be statistically significant with P values of =0.05 (*).
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ABSTRACT Herpes simplex virus 1 (HSV-1) must overcome epidermal barriers to
reach its receptors on keratinocytes and initiate infection in human skin. The cell-adhe-
sion molecule nectin-1, which is expressed in human epidermis, acts as an efficient re-
ceptor for HSV-1 but is not within reach of the virus upon exposure of human skin
under nonpathological conditions. Atopic dermatitis skin, however, can provide an
entry portal for HSV-1 emphasizing the role of impaired barrier functions. Here, we
explored how epidermal barriers impact HSV-1 invasion in human epidermis and influ-
ence the accessibility of nectin-1 for the virus. Using human epidermal equivalents, we
observed a correlation of the number of infected cells with tight-junction formation,
suggesting that mature tight junctions prior to formation of the stratum corneum pre-
vent viral access to nectin-1. Consequently, impaired epidermal barriers driven by Th2-
inflammatory cytokines interleukin 4 (IL-4) and IL-13 as well as the genetic predisposi-
tion of nonlesional atopic dermatitis keratinocytes correlated with enhanced infection
supporting the impact of functional tight junctions for preventing infection in human
epidermis. Comparable to E-cadherin, nectin-1 was distributed throughout the epider-
mal layers and localized just underneath the tight-junctions. While nectin-1 was evenly
distributed on primary human keratinocytes in culture, the receptor was enriched at
lateral surfaces of basal and suprabasal cells during differentiation. Nectin-1 showed no
major redistribution in the thickened atopic dermatitis and IL-4/IL-13-treated human
epidermis in which HSV-1 can invade. However, nectin-1 localization toward tight junc-
tion components changed, suggesting that defective tight-junction barriers make nec-
tin-1 accessible for HSV-1 which enables facilitated viral penetration.

IMPORTANCE Herpes simplex virus 1 (HSV-1) is a widely distributed human pathogen
which productively infects epithelia. The open question is which barriers of the highly
protected epithelia must the virus overcome to reach its receptor nectin-1. Here, we used
human epidermal equivalents to understand how physical barrier formation and nectin-1
distribution contribute to successful viral invasion. Inflammation-induced barrier defects
led to facilitated viral penetration strengthening the role of functional tight-junctions in
hindering viral access to nectin-1 that is localized just underneath tight junctions and dis-
tributed throughout all layers. We also found nectin-1 ubiquitously localized in the

June 2023 Volume 97 Issue 6

Editor Felicia Goodrum, University of Arizona
Copyright © 2023 De La Cruz et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to Dagmar Knebel-
Morsdorf, dagmar.moersdorf@uni-koeln.de.
The authors declare no conflict of interest.
Received 17 February 2023

Accepted 18 May 2023

Published 8 June 2023

10.1128/jvi.00262-23 1

Downloaded from https:/journals.asm.org/journal/jvi on 25 September 2023 by 134.95.7.150.

36



Results

Accessibility of Nectin-1 to HSV-1 Journal of Virology

epidermis of atopic dermatitis and IL-4/IL-13-treated human skin implying that impaired
tight-junctions in combination with a defective cornified layer allow the accessibility of
nectin-1 to HSV-1. Our results support that successful invasion of HSV-1 in human skin
relies on defective epidermal barriers, which not only include a dysfunctional cornified
layer but also depend on impaired tight junctions.

KEYWORDS HSV-1, nectin-1, epidermal equivalents, N/TERT-1 cells, primary human
keratinocytes, nonlesional atopic dermatitis skin, human skin, virus entry, epidermal
barriers, IL-4/IL-13, human keratinocytes, nonlesional atopic dermatis keratinocytes,
tight junctions

irus entry in cells is mostly well studied with respect to virus-receptor interactions;

the challenge, however, is to understand how these findings relate to entry events
in vivo, and how viruses gain access to their receptors on target cells in tissue. Herpes
simplex virus 1 (HSV-1) penetrates the human host organism via mucosal surfaces or
skin and establishes productive infection largely in the epithelium, which is followed
by latent infection in sensory ganglia for the life of the host. Cellular entry of HSV-1
depends on the interaction between components of the host cellular membranes and
viral glycoproteins (1, 2). The cell-adhesion molecule nectin-1 serves as the primary re-
ceptor for HSV-1 to infect human epithelial cells and neurons, while herpesvirus entry
mediator (HVEM) and modified 3-O-sulfated-heparan sulfate represent further recep-
tors (3-5). HSV-1 binds to nectin-1 via its envelope glycoprotein D (gD), which is essen-
tial for fusion with a cellular membrane to occur (6). Infection studies in nectin-1- or
HVEM-deficient epidermis identified nectin-1 as the major receptor in murine epider-
mis, while HVEM has a more limited role (7).

Nectin-1 belongs to the calcium-independent immunoglobulin superfamily of adhesion
molecules comprising four members, all of which can transinteract with each other
through their extracellular domains and form various cell-cell adhesion complexes (8).
Nectins initially form cis-homo dimers, which then undergo lateral cluster formation on the
cell surface followed by transinteraction with nectin clusters on the opposing cell surface
(9). The cytoplasmic tail of nectins bind afadin, an F-actin-binding protein. Together with
cadherin-catenin complexes, the nectin-afadin complexes constitute adherens junctions
(AJ), which are characterized by different adhesive properties of cadherins and nectins (10).
The formation of nectin-afadin complexes precedes the assembly of cadherin-catenin com-
plexes at AJs, and the presence of AJs, in turn, is a prerequisite for the formation of tight
junctions (TJ). While AJs provide the mechanical connection of adjacent cells, TJs present
in the most apical viable epidermal layer act as barriers, which control the paracellular
transport of molecules. The minimal TJ complex comprises the integral membrane proteins
occludin and claudin-1 and the scaffolding protein ZO-1 which links TJs to the actin cyto-
skeleton. While occludin and ZO-1 localize in the apical granular layer of the epidermis,
claudin-1 is also present outside TJs and distributed throughout the suprabasal epidermal
layers (11).

Upon exposure of human skin to HSV-1, the virus must overcome multiple barriers
to reach its receptor nectin-1 in the epidermis. The initial epidermal barrier is based on
antimicrobial peptides and a physical protection provided by the uppermost stratum
corneum with its lipid-sealed cell-cell contacts. Together with the stratum corneum,
TJs form the physical barriers of the epidermis. Ex vivo infection studies of human skin
and oral mucosa confirm that HSV-1 cannot penetrate skin or mucosa via the external
surface; only when the dermis is separated, the virus can gain access to the epidermis
or oral epithelium via the basal layer and infect both undifferentiated and differenti-
ated keratinocytes (12, 13). Conditions that allow the virus to overcome the epidermal
barriers of human skin could be mechanical injuries resulting in epithelial breaks or
pathological skin conditions leading to impaired barrier functions. Unexpectedly, the
wounded human skin surface does not allow penetration of HSV-1 upon ex vivo infec-
tion (13). However, we observed successful invasion in lesional atopic dermatitis skin,
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FIG 1 HSV-1 penetration in human epidermal equivalents based on N/TERT-1 cells. (A) N/TERT-1 cells under differentiating (1.8 mM Ca?*) and
nondifferentiating (0.4 mM Ca?*) conditions were infected with HSV-1 at a multiplicity of infection (MOI) of 20 PFU/cell. ICPO-expressing cells (green)
correlated with the absence or discontinuous occludin (ocln; red) and diffuse ZO-1 (red) stainings after 1 day of differentiation and 8 days under low
calcium (0.4 mM Ca?*). In contrast, cultures differentiated for 8 days with distinct occludin (red) or ZO-1 stainings (red) at suprabasal cells only show single
infected cells (n > 3 independent experimental settings). (B) Schematic illustrating the generation of 3D cultures on collagen-coated transwell filters and
time points of infection. Two days after seeding (day -1), the medium of the submerged cultures was exchanged with 3D differentiation medium. (C) H&E
stains depict the development of the 3D cultures with a thin layer of still nucleated corneocytes at day 4 and a fully cornified layer at day 8. (D) Flow
cytometry shows nectin-1-positive cells from basal and suprabasal layers of the 3D culture at day 8 (n = 2). (E) After incubation with 500-nm beads for 3 h,
cross sections indicate uptake of beads (green) in apical cell layers at day 0 and day 2 and only single beads at day 4 (n = 3). The dashed line indicates the
border of the thin cornified layer. F-actin (red) depicts cell morphology. (F) After infection with HSV-1 at 20 PFU/cell for 3 h, cross sections visualize ICPO-
expressing cells (green) in the absence of occludin (ocln; red) prior to airlift (day 0), and few infected cells at day 2 with some punctate occludin staining.
Staining of whole mount prepared from a 3D culture at day 4 shows the distribution of cells with punctate occludin (red) staining and single ICPO-
expressing cells (green) with a view on the apical surface of the culture (n = 3). (G) 3D surface-rendered image of the whole mount shown in panel F
visualizes the few ICPO-expressing cells (green) in correlation with punctate occludin (red) at intercellular junctions of the granular layer (n = 3). (h)
Immunostainings at day 8 show strong decrease of claudin-1 (cldn-1; green) and decreased loricrin (lor; blue) in the granular layer after 7 days of IL-4/IL-13

(Continued on next page)
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which is characterized by inflammation-induced modifications and dysfunctional phys-
ical barriers (14). Patients with atopic dermatitis can be seriously affected by HSV skin
infections termed eczema herpeticum (15, 16). We also demonstrated that induced
Th2 immune responses, which mimic an atopic dermatitis-like phenotype, can lead to
successful viral penetration as shown by infected cells in interleukin-4 (IL-4)/IL-13-
treated human skin (14). Thus, we conclude that HSV-1 opportunistically relies on skin
conditions that facilitate the accessibility of nectin-1. The open questions are whether
and how the impairment of intercellular junctions influences the presence and localiza-
tion of nectin-1 so that the receptor can be reached by HSV-1.

Here, we explored how formation of the TJ barrier contributes to viral accessibility
of nectin-1 in the human epidermis by using human epidermal equivalents derived
from N/TERT-1 cells or primary human keratinocytes. As human epidermal equivalents
permit terminal differentiation of keratinocytes which then resemble features of fully
stratified epidermis (17), this model allows the analysis of HSV-1 infection and nectin-1
distribution during differentiation and functional barrier formation. Differentiation
includes extensive reorganization of intercellular junctions, thus the accessibility of
nectin-1 to HSV-1 might differ during junction formation. Our focus was on how the vi-
ral receptor nectin-1 is distributed on keratinocytes during the differentiation process
and under pathological skin conditions. Furthermore, we investigated how inflamma-
tion-induced impairment of epidermal barriers can influence the accessibility of nectin-
1 for HSV-1 in human skin and whether the facilitated viral invasion in atopic dermatitis
skin relies on the redistribution of the receptor.

RESULTS

Susceptibility of N/TERT-1 cells to HSV-1 during epidermal barrier formation.
To explore how barrier formation impacts HSV-1 invasion during differentiation, we uti-
lized human epidermal equivalents derived from the keratinocyte cell line N/TERT-1.
Human N/TERT-1 keratinocytes were shown to retain differentiation and barrier charac-
teristics of primary keratinocytes in organotypic skin models and can be used to gener-
ate an epidermal equivalent with atopic dermatitis features (18, 19). We confirmed the
efficient infection of N/TERT-1 cells by HSV-1 in culture as shown recently (20) and
demonstrated expression of the receptor nectin-1 on nearly all cells by flow cytometry
(data not shown).

After infection of stratified cultures of various murine knockout keratinocytes, we
found that successful HSV-1 entry depends on the extent of impaired TJ integrity (21).
Here, we investigated how TJ formation during differentiation of human N/TERT-1 cells
influences viral susceptibility by initially employing the in vitro differentiation model
induced by elevating extracellular calcium levels (22). Under differentiating conditions
(1.8 mM Ca?*) for 1 day, we observed discontinuous stainings of the TJ components
occludin and ZO-1 at the plasma membrane, which were comparable to nondifferenti-
ating conditions (Fig. 1A). In contrast, continuous staining of occludin and ZO-1 was
visible after 8 days under differentiating conditions indicating the formation of mature
TJs in the apical layer (Fig. 1A). Infected cells were determined by visualizing the imme-
diate early expressed viral protein ICPO which first localizes in the nucleus and then
relocalizes to the cytoplasm during later infection, indicating viral replication (23, 24).
Upon infection, ICPO-expressing cells were detected at 3 h postinfection (hpi) under
short-term (1 day) differentiation conditions, while only single apical cells with no con-
tinuous ZO-1 or occludin stainings were infected after 8 days of differentiation (Fig.

FIG 1 Legend (Continued)

treatment compared to mock-treated cultures (n = 3). Transmission light (TL) visualizes the epidermal layers. (I) After incubation with beads for 24 h, cross
sections indicate some beads (green) in the cornified layer of mock-treated cultures and enhanced uptake of beads (green) in the cornified and granular
layers after IL-4/IL-13 treatment (n = 2). The dashed line indicates the border of the cornified layer. (J) After infection of IL-4/IL-13-treated cultures with
HSV-1 at 20 PFU/cell (n = 3), no ICPO-expressing cells (green) were observed at 3 hpi and only one small cluster of infected cells (arrowheads) was
detected at 24 hpi. DAPI (blue) serves as a nuclear counterstain. Scale bars, 50 um.
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1A). These results support that TJ formation in N/TERT-1 cells can strongly interfere
with HSV-1 susceptibility.

Next, we generated human epidermal equivalents with N/TERT-1 cells to explore
HSV-1 susceptibility during formation of multiple epidermal barriers in detail (Fig. 1B).
Histological sections demonstrated a 1- to 2-layer culture at day 0 with further supra-
basal cells after raising the cultures to the air-liquid interface (day 2), indicating early
differentiation (Fig. 1C). At day 4, several layers of differentiating cells emerged with a
very thin layer of cornification, and at day 8, the cultures were fully differentiated with
multiple layers of the stratum corneum (Fig. 1C). To analyze nectin-1 expression on
cells from fully stratified epidermal equivalents, we performed flow cytometric analy-
ses, which indicated 97.5% of nectin-1-positive cells representing basal and suprabasal
cells (Fig. 1D). The high number of nectin-1-expressing undifferentiated and differenti-
ated N/TERT-1 cells does not mimic the heterogeneous nectin-1 level in human epider-
mis (13).

The extent of functional barrier formation during the differentiation processes of epider-
mal equivalents was investigated by penetration assays with latex beads. Penetration of
beads was easily detected prior to airlift (day 0) and was still observed at day 2 (Fig. 1E). At
day 4, however, only single beads passed the thin layer of cornification, indicating some
barrier function of the early cornified layer (Fig. 1E).

Upon infection by HSV-1 prior to airlift (day 0), ICPO was expressed in many cells at
3 hpi (Fig. 1F). Infection at day 2 resulted in less ICPO-expressing cells compared to day
0 (Fig. 1F), but nearly all apical cells were infected at 9 hpi (data not shown). The
delayed efficiency of infection at day 2 correlated with occludin stainings at the mem-
branes of some apical cells, suggesting an early stage of TJ formation, which was not
yet apparent at day 0 (Fig. 1F). Infection at day 4 led to single infected cells, which cor-
related with a strong enrichment of occludin at lateral membranes in the most apical
granular layer, as shown by whole-mount stainings (Fig. 1F and G). The 3D image visu-
alizes single apical infected cells in areas with discontinuous occludin staining (Fig. 1G).
Our results indicated that TJ formation prior to barrier formation of the stratum cor-
neum strongly interfered with viral invasion. As the initial cornification at day 4 hin-
dered penetration of latex beads, we assume that the thin cornified layer additionally
influences the extent of virus invasion.

Th2-inflammation-induced modifications of N/TERT-1 cultures do not enhance
HSV-1 susceptibility. To further explore the role of TJs and the stratum corneum bar-
rier, we chose conditions that lead to impaired barrier functions. The Th2 cytokines IL-4
and IL-13 were employed in various human skin models to mimic an atopic dermatitis-
like Th2-driven inflammation, which results in hyperproliferation, impaired lipid com-
position of the cornified layer, and reduced skin protein expression; these alterations,
in turn, impair keratinocyte barrier functions (25-27). As IL-4/IL-13 treatment of epider-
mal equivalents based on N/TERT-1 cells can induce histopathological and molecular
hallmarks of atopic dermatitis (19), we investigated whether the cytokine-induced bar-
rier alterations enhance HSV-1 invasion. After IL-4/IL-13 addition to the cultures at day
1, we analyzed barrier components after 7 days of treatment (day 8) and observed
reduced staining of the terminal differentiation marker loricrin and a strong decrease of
the TJ component claudin-1 (Fig. 1H) as described (28) indicating impaired TJs and a dys-
functional epidermal barrier. Effects on differentiation processes were further supported by
an aberrant enrichment of F-actin below the granular layer of the cytokine-stimulated cul-
tures (Fig. 11). Interestingly, penetration assays demonstrated some areas where latex beads
invaded the cornified as well as the granular layer after IL-4/IL-13 treatment, which was
unlike mock-treated cultures (Fig. 11). In contrast, infected cells were detected neither in
cytokine- (Fig. 1J) nor mock-treated cultures (data not shown) at 3 hpi; only at 24 hpi, one
cluster of single ICPO-expressing cells was found after cytokine treatment (Fig. 1J), which
was not observed in mock-treated cultures (data not shown). These results suggest that IL-
4/IL-13 stimulation alters differentiation processes influencing TJ formation and induces
some changes of functional barriers in the cornified layer, however, these changes were
insufficient to substantially allow HSV-1 invasion.
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FIG 2 HSV-1 entry in epidermal equivalents based on primary human keratinocytes. (A) Schematic illustrating the generation of 3D cultures on collagen-
coated transwell filters and time points of infection. (B) HE-stained sections show the morphology of the developing 3D cultures. (C) Filaggrin (flg; green)
and loricrin (lor; red) are detected in the most apical layer at day 2 and 4 and are distributed throughout the cornified and granular layers, respectively, at
day 8 (n = 2). Transmission light (TL) visualizes the fully cornified layer. (D) As a control, immunostainings demonstrate ICP0O-expressing cells (green) after
infection of primary human keratinocytes with HSV-1 at 5 PFU/cell for 4 h with F-actin as a cellular counterstain (n > 3). (E) After infection with HSV-1 at
50 PFU/cell for 6 h, most cells expressed ICPO at day 0, small clusters of infected cells were present at day 2, some cells at day 4, and no infected cells at
day 8 (n = 3). F-actin served as a cellular counterstain. (F) Stainings of whole-mount preparations with view on the apical surface of the cultures visualize
the decreasing number of ICPO-expressing cells (green) at day 2 and 4 in correlation with increasing occludin (ocln; red) network in the suprabasal layers.
(G) Quantification shows the decreased number of ICPO-expressing cells at day 2 and 4 (n = 3). DAPI (blue) serves as a nuclear counterstain. Scale bars,
50 wm.

Susceptibility of primary human keratinocytes to HSV-1 in epidermal equiva-
lents. To dissect barrier formation and successful viral invasion in more detail, we
extended our infection studies to epidermal equivalents based on primary human ke-
ratinocytes (Fig. 2A) which more closely resemble epidermal homeostasis in vivo. The
focus was on infection prior to the formation of a fully stratified human epidermis to
explore the impact of developing TJs preceding the establishment of a cornified layer.
Histological sections demonstrated faster stratification and more heterogeneity com-
pared to N/TERT-1 cells (Fig. 2C). Already at day 2 after airlift, stainings of filaggrin and
loricrin, representing barrier components of the squamous layer revealed both markers
(Fig. 2D). The histological section at day 4 depicted the initiating cornification, which
was supported by the enhanced presence of filaggrin and loricrin in the apical layer
(Fig. 2C and D). At day 8, filaggrin and loricrin stainings indicated an intact cornified
barrier formation with filaggrin in the stratum corneum and loricrin in the terminally
differentiated keratinocytes (Fig. 2D).
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Primary human keratinocytes in culture are well infected by HSV-1 (29). When we
infected densely grown primary human keratinocytes prior to induced differentiation,
we observed approximately 40% of infected cells at 4 hpi (data not shown), visualized
in Fig. 2B, which indicated a delayed onset of infection compared to less densely
seeded cells and a major delay compared to N/TERT-1 cells. Upon infection of epider-
mal equivalents prior to airlift (day 0), large areas with most apical but also basal cells
infected were observed, while only small clusters of apical cells expressing ICPO were
present at day 2, single cells at day 4, and no infected cells at day 8 (Fig. 2E-G). The
strongly decreased number of infected cells at day 2 correlated with areas showing an
occludin network of large suprabasal cells (Fig. 2F and G). Thus, we conclude that areas
with TJs at day 2 already hamper successful viral invasion while areas with less TJ for-
mation still allow infection. More continuous occludin stainings were observed at day
4 indicating mature TJs, which correlated with infection of only some cells (Fig. 2F).
Initiating cornification may additionally contribute to hindered viral accessibility as in
N/TERT-1 3D cultures.

By treating epidermal equivalents with IL-4/IL-13 (Fig. 3A), we further analyzed the
effects of early TJ formation on viral susceptibility and addressed whether inflamma-
tion-induced changes sufficiently alter TJs prior to the establishment of the cornified
layer to enhance HSV-1 invasion. After treatment with IL-4/IL-13 at day 1 followed by
infection 24 h later, we observed increased intensities of ICPO stainings compared to
untreated cultures supporting enhanced efficiency of infection (Fig. 3B and C). After
the short-term cytokine incubation of 24 h, changes of the occludin network, which
was still heterogeneous at this time point (day 2), were difficult to judge. Still, we spec-
ulate that in the absence of the stratum corneum, cytokine-induced changes affecting
TJ formation correlate with enhanced infection.

To further investigate the impact of defective barriers for HSV-1 invasion, we used
primary human keratinocytes of nonlesional atopic dermititis skin for the generation of
epidermal equivalents to explore whether genetically induced weakening of epidermal
barriers can influence viral invasion. Nonlesional atopic dermatitis skin is characterized
by differentiation defects and abnormalities of the stratum corneum (30, 31), although
we still know little about genetic barrier defects. Our experiments with epidermal
equivalents derived from nonlesional keratinocytes indicated a disordered morphology
with a strong delay of TJ and cornified layer formation compared to cultures based on
keratinocytes of healthy individuals, supporting an intrinsic predisposition of nonle-
sional keratinocytes to defective barrier formation. At day 2, we observed most cells
infected except small areas with an initial occludin network, which expanded at day 4
when clusters of infected cells were still present (Fig. 3D and E) while only single
infected cells were detected at day 8 (Fig. 3F). At this time, the suprabasal layers
showed some morphological abnormalities with only initial cornification (Fig. 3F),
which was absent at day 4 (data not shown). These results indicated a correlation of
delayed and impaired barrier formation, and increased viral invasion, which strength-
ens our assumption that early TJ formation already interferes with viral infection.

Distribution of nectin-1 in human epidermal equivalents. To reveal how TJs
impact the accessibility of nectin-1 to HSV-1, we investigated the localization and dis-
tribution of the receptor regarding barrier-forming TJs. When we initially visualized the
receptor on primary human keratinocytes in culture, we found nectin-1 all over the cell
surface even in densely grown cultures (Fig. 4A-C). This finding correlated with efficient
infection of undifferentiated keratinocytes (Fig. 2B). We next investigated how nectin-1 is
distributed throughout the layers of epidermal equivalents derived from primary human
keratinocytes during differentiation and barrier formation. Prior to airlift (day 0) when most
cells were infected (Fig. 2E and F), nectin-1 was present at basal and apical cells with some
apical cells showing areas with enriched nectin-1 at lateral membranes; at this early time of
differentiation, ZO-1 was rarely visible (Fig. 4E). Intriguingly, at day 1, we observed areas
with ZO-1 in addition to nectin-1 enriched at lateral membranes with nectin-1 localizing
underneath ZO-1 (Fig. 4F) which supports initial formation of TJs.
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FIG 3 HSV-1 penetration in epidermal equivalents based on primary human keratinocytes treated with IL-4/
IL-13 or based on nonlesional atopic dermatitis (AD) keratinocytes. (A) Schematic illustrating the generation
of 3D cultures with IL-4/IL-13 treatment at day 1 followed by infection 24 h later. (B) Quantification of
fluorescence shows increased ICPO intensities in IL-4/IL-13-treated cultures at day 2 compared to mock-treated
cultures (n = 3). *, P = 0.05. (C) Max projections of whole mounts prepared at day 2, which were infected
with HSV-1 at 50 PFU/cell for 6 h, depict increased staining intensities of ICPO (green) in IL-4/IL-13- compared
to mock-treated cultures (n = 3). (D) Whole mounts prepared of 3D cultures based on nonlesional AD
keratinocytes were infected with HSV-1 at 50 PFU/cell for 6 h. At day 2, most cells expressed ICPO (green)
except areas with initial occludin (red) network. At day 4, areas with continuous occludin staining enlarged
and a reduced number of ICPO-expressing cells was observed (n = 3). (E) Quantification shows the decreased
number of ICPO-expressing cells at day 4 (n = 3). (F) At day 8, single infected cells (green; arrowhead) were
visualized (n = 3). Transmission light (TL) visualizes the thin cornified layer. F-actin (red) served as a cellular
and DAPI (blue) as a nuclear counterstain. Scale bars, 50 wm.
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FIG 4 Nectin-1 distribution in primary human keratinocytes and epidermal equivalents. (A) Primary human keratinocytes seeded at low density show
nectin-1 (red) localization. (B) YZ images demonstrate equally distributed nectin-1 on basolateral and apical surfaces of cells 1 to 4. (C) Confocal slice of
densely seeded keratinocytes visualizes nectin-1 (red) at lateral membranes (D) Schematic illustrating the distribution of the TJ components occludin (ocln),
Z0-1, and claudin-1 (cldn-1), and the AJ component E-cadherin (ecad) in the stratum corneum (SC), stratum granulosum (SG), stratum spinosum (SS), and
stratum basale (SB). (E) Whole mount of epidermal equivalents prior to airlift (day 0) visualize areas with nectin-1 (red) enriched at lateral membranes in
the absence of ZO-1. (F) Apical slice of whole-mount preparation at day 1 show lateral nectin-1 (red) and ZO-1 (green) at the most apical cells. Nectin-1
underneath ZO-1 is shown in the XZ axis. (G) Three apical slices by the apical surface of whole-mount preparations at day 2 demonstrate the absence of
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We next stained claudin-1, which is distributed throughout the suprabasal layers in fully
stratified epidermis (Fig. 4D) to further characterize the localization of TJ components with
regard to nectin-1. After taking various slices of the apical layer at day 2, the most apical
nucleated cell layer showed neither nectin-1 nor claudin-1, while the cell layers just under-
neath indicated colocalization of nectin-1 and claudin-1 (Fig. 4G). Enriched nectin-1 at lateral
membranes increased from apical to basal layers with strong lateral nectin-1 at all basal cells
(Fig. 4G and H). Taken together with the initial occludin network observed at day 2 (Fig. 2F),
which correlated with strongly decreased numbers of infected cells (Fig. 2G), we conclude
that initial TJ formation can hinder the accessibility of nectin-1, which is present in the vari-
ous epidermal layers. When we analyzed nectin-1 distribution in fully stratified epidermis
(day 8) where no infected cells were found (Fig. 2B), nectin-1 and claudin-1 were present
throughout the granular layer (Fig. 4l). Only claudin-1, however, was detected at the most
apical nucleated cells (Fig. 4l). Costaining of nectin-1 and E-cadherin confirmed that both
adherens junction (AJ) components colocalized in all epidermal layers (Fig. 41); some areas
showed nectin-1 localizing underneath E-cadherin in the most apical granular layer (Fig. 4l,
magnification). These results demonstrate that nectin-1 is present at AJs in the granular layer
but functional TJs prevent the accessibility of nectin-1 to HSV-1 in human epidermal equiva-
lents. Taken together, nectin-1 is present on all keratinocytes during the differentiation proc-
esses while TJs are progressively formed until the cultures are fully stratified which, in turn,
correlates with decreasing accessibility of nectin-1 to the virus.

To investigate whether the defective barriers in epidermal equivalents of nonlesional ke-
ratinocytes influence the localization of nectin-1 toward TJs, we visualized the receptor dur-
ing barrier formation. At day 2, nectin-1 was present next to ZO-1 in the apical layer and
only some areas with ZO-1 above nectin-1 were observed at day 4 (Fig. 5A) which correlated
with fewer infected cells compared to day 2 (Fig. 3E). These results support that the delayed
TJ formation results in better exposure of nectin-1 to the virus compared to 3D cultures of
keratinocytes from healthy individuals. Even at day 8, when single infected cells were
detected (Fig. 3F), the cultures of nonlesional keratinocytes did not resemble fully stratified
epidermis (Fig. 5B) but only showed early cornification, as depicted by the filaggrin and lori-
crin stainings (Fig. 5C). Claudin-1 and nectin-1 were observed throughout the suprabasal
layers while nectin-1 was also strongly present in the basal layer (Fig. 5D). Thus, we conclude
that the defective cornified layer in addition to the underdeveloped TJs allows HSV-1 to
access single cells.

Nectin-1 distribution in atopic dermatitis skin and in IL-4/IL-13-treated human
skin. Recent infection studies revealed successful HSV-1 invasion in skin under patho-
logical conditions such as atopic dermatitis skin, which is characterized by various dis-
turbed barrier functions; we demonstrated the redistribution of the TJ markers claudin-
1, ZO-1, and occludin in lesional skin samples supporting impaired TJ barriers (14).
Here, we addressed whether redistribution of the TJ markers influences the presence and
distribution of nectin-1, leading to viral entry in lesional atopic dermatitis skin. In control
skin, nectin-1 was present in all epidermal layers, while distinct ZO-1 in the most apical
nucleated layer was strictly above nectin-1, as expected (Fig. 6A). In contrast, the discontin-
uous ZO-1 in the granular layer of the thickened atopic dermatitis epidermis no longer
localized above nectin-1 and was redistributed to the spinous layer (Fig. 6A). Nectin-1 was
still observed on the expanded suprabasal layers, however, the stainings were more dif-
fused (Fig. 6A), which unexpectedly correlates with increased nectin-1 transcript levels
compared to controls (14). Costainings with claudin-1 further demonstrated nectin-1
throughout the granular layer with a punctate and reduced pattern of claudin-1 (Fig. 6B)

FIG 4 Legend (Continued)

nectin-1 (red) and claudin-1 (cldn; green) at the most apical nucleated cells, colocalization of nectin-1 and claudin-1 in the following slices and increased
lateral nectin-1 in the third slice. (H) Three slices throughout the whole-mount preparation show the heterogeneous distribution of lateral nectin-1 (red) at
suprabasal cells and the strong continuous nectin-1 staining in the basal layer. (I) Cross sections of epidermal equivalents at day 8 show strong nectin-1
(red) in the basal layer and colocalization with claudin-1 (green) in the spinous and granular layer except the most apical granular layer where only
claudin-1 is present as shown in the magnification. Colocalization of E-cadherin (ecad; green) and nectin-1 (red) is shown in all epidermal layers.
Transmission light (TL) visualizes the morphology of the nucleated and cornified layers. DAPI (blue) serves as a nuclear counterstain. Scale bars, 25 um
(A-H), 50 m ().
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FIG 5 Distribution of nectin-1 in epidermal equivalents based on nonlesional AD keratinocytes. (A) Nectin-1
next to ZO-1 in the apical layer is depicted in the XZ axis. An area with ZO-1 above nectin-1 is shown at
day 4. (B) HE-stained section shows the morphology with a thin cornified layer. (C) Filaggrin (flg; green)
and loricrin (lor; red) are detected in the most apical nucleated layer. (D) Colocalization of claudin-1 (cldn-1;
green) and nectin-1 was present in the suprabasal layers and increased nectin-1 stainings were observed in
the basal layer. Transmission light (TL) visualizes the morphology and the dashed line indicates the border
of the thin cornified layer. DAPI (blue) serves as a nuclear counterstain. Scale bars, 25 wm (A), 50 um (B-D).

indicative of the strongly redistributed TJ marker in atopic dermatitis epidermis (14). As
lesional skin is characterized by epidermal thickening resulting from the altered epidermal
growth and keratinocyte terminal differentiation (32), we analyzed potentially redistributed
AJs under impaired differentiation conditions and stained E-cadherin. This major AJ com-
ponent was evenly distributed in the thickened atopic dermatitis epidermis and colocalized
with nectin-1 throughout all layers, which was comparable to control skin suggesting that
formation of AJs still takes place in the thickened epidermis (Fig. 6C). Our results indicate
that impaired differentiation and defective TJs do not influence the presence of nectin-1
throughout the epidermal layers but most likely provide better accessibility of nectin-1 to
HSV-1.

To further dissect the parameters that contribute to the viral access of nectin-1 under
pathological conditions, we investigated the distribution of TJ and AJ components with
regard to the presence of nectin-1 in healthy human skin samples stimulated with IL-4/IL-
13. Recent studies demonstrated some penetration of HSV-1 via the skin surface after cyto-
kine induction, although we observed no obvious impairment of the cornified layer (14).
Here, we explored potential alterations of TJ components. Occludin, visible in the apical
granular layer, showed a punctate staining pattern in IL-4/IL-13-treated skin compared to
the distinct pattern in mock-treated skin (Fig. 7A). Although still present in the granular
layer, ZO-1 was redistributed to the spinous layer of cytokine-stimulated epidermis (Fig. 7B)
and whole-mount preparations visualized the change from a distinct to a punctate staining
pattern of ZO-1 in the most apical granular layer (Fig. 7C). The distinct distribution of clau-
din-1 in mock-treated skin also changed to a punctate staining (Fig. 7E) and showed
enhanced redistribution to the spinous and basal layers (Fig. 7D and E). These altered stain-
ing patterns support the idea that the IL-4/IL-13 treatment can induce impaired TJs.
Costainings indicated relocalization of claudin-1 regarding nectin-1 in the most apical gran-
ular layer upon IL-4/IL-13 treatment (Fig. 7F), while we detected nectin-1 underneath ZO-1
both in mock- and cytokine-treated skin (Fig. 7G). As in atopic dermatitis epidermis, we
found no obvious redistribution of E-cadherin throughout the IL-4/IL-13-treated skin (Fig.
7H). In summary, the cytokine-induced alterations of TJs and the presence of nectin-1 in
the granular layer further supports that HSV-1 can gain access to its receptor just under-
neath impaired TJs.
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FIG 6 Localization of nectin-1 in atopic dermatitis skin. (A) Cross section of human control skin show nectin-1 (red)
throughout the epidermal layers underneath the distinct staining of ZO-1 (green). Cross sections of thickened atopic
dermatitis skin (samples AD7 and AD8) demonstrate the redistribution of ZO-1 in the granular and spinous layers
compared to control skin. Nectin-1 stainings were diffused in AD7 and AD8 skin samples. (B) Control skin shows
distinct claudin-1 in the granular layer while claudin-1 was reduced in AD7 and AD8 with a more punctate staining
pattern. Costainings visualize nectin-1 throughout the suprabasal layers both in control and AD7/AD8 skin samples.
(C) Colocalization of nectin-1 (red) and E-cadherin (ecad; green) is visible throughout the epidermis in control skin.
Colocalization in the apical granular layer is magnified. Transmission light (TL) visualizes the morphology of the
epidermis. The staining pattern of E-cadherin and nectin-1 is comparable in control and AD8 skin. DAPI (blue) serves
as a nuclear counterstain. Scale bars, 25 um (B, C), 50 um (A).

DISCUSSION

As nectin-1 represents the primary receptor for HSV-1 entry, the intriguing question is
how this component of AJs can be reached by HSV-1 upon exposure of human skin.
Analyses of human skin revealed nectin-1 on 40% to 85% of epidermal cells, including
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FIG 7 Localization of nectin-1 in IL-4/IL-13-treated human skin. (A) Cross sections depict distinct occludin (ocIn; red) in the granular layer of mock-treated
skin compared to punctate occludin staining after IL-4/IL-13 treatment (n = 3). (B) ZO-1 (red) was present in the granular layer and redistributed to the
spinous layer in IL-4/IL-13-treated skin (n = 3). (C) Whole mount prepared from human skin after exfoliative toxin-A treatment visualizes the distinct ZO-1
staining (red) in the granular layer of mock-treated skin compared to the punctate ZO-1 staining after IL-4/IL-13 treatment. (D) Quantification of
fluorescence shows increased claudin-1 in the stratum spinosum (SS) and the stratum basale (SB) after IL-4/IL-13 treatment (n = 3). (E) Cross sections show
distinct claudin-1 (cldn-1; green) in mock-treated skin compared to punctate claudin-1 staining after IL-4/IL-13 treatment (n = 3). (F) Cross sections
demonstrate the redistribution of claudin-1 (cldn-1; green) with regard to nectin-1 (red) in the most apical nucleated cells after IL-4/IL-13 treatment
(magnification) and the presence of nectin-1 (red) throughout the epidermal layers of IL-4/IL-13- and mock-treated skin (n = 3). (G) Cross sections of the
granular layer show nectin-1 (green) underneath ZO-1 (red) in mock- and IL-4/IL-13-treated skin (n = 2). (H) Cross sections visualize colocalization of E-
cadherin (ecad; green) and nectin-1 (red), which was comparable in mock- and IL-4/IL-13-treated skin. DAPI (blue) serves as a nuclear counterstain. Scale
bars, 50 um (A, B, E), 10 um (D, Q).

undifferentiated and differentiated keratinocytes (13). While the variable nectin-1 expres-
sion correlated neither with age nor with skin area, it is still open whether the distribution
throughout the epidermal layers can vary (13). Here, we demonstrated the distribution of
nectin-1 in human epidermis and how the formation and impairment of TJ formation in
human epidermis correlated with successful HSV-1 invasion which revealed the conditions
under which nectin-1 was accessible to the virus. We found that TJ formation in stratified
cultures of N/TERT-1 cells interfered with HSV-1 entry and infection of human epidermal
equivalents confirmed that the extent of TJ formation during differentiation correlated
with the number of infected cells in the suprabasal layers. While mature TJs limited viral
invasion, early cornification during the differentiation process provided a further barrier, as
uptake of beads as well as viral penetration was restricted. To follow up with studies in an
epidermal model closer to in vivo skin homeostasis, we adopted epidermal equivalents
based on primary human keratinocytes which showed some heterogeneity in their mor-
phology more closely reflecting the situation in skin. During differentiation, cell areas with

Downloaded from https:/journals.asm.org/journal/jvi on 25 September 2023 by 134.95.7.150.

June 2023 Volume 97 Issue 6 10.1128/jvi.00262-23 13

48



Results

Accessibility of Nectin-1 to HSV-1 Journal of Virology

TJ formation prevented viral penetration strengthening the role of TJs as effective barriers.
Further TJ formation and early cornification processes strongly interfered with viral inva-
sion; however, the contribution of the stratum corneum barrier remained vague. Barrier
formation of the cornified layer and TJs have an interdependent relationship as cornifica-
tion results from denucleation of keratinocytes of the granular layer and replacement of
the plasma membranes by cornified lipid envelopes still harboring junction components
(33). This makes it difficult to assess the contribution of each barrier in restricting HSV-1
invasion. Ex vivo infection of murine skin revealed that removal of the stratum corneum
was insufficient to allow HSV-1 invasion, emphasizing the role of functional TJs (21).

To further explore the role of functional TJs and the cornified layer, we asked how
impairment of epidermal barriers contribute to facilitated viral penetration. We confirmed
that induction of Th2 responses by treatment of N/TERT-1 3D cultures results in impaired
epidermal barriers (17, 25-27), as latex beads penetrated in the granular layer. However, vi-
ral penetration was still restricted, suggesting that additional demands of impaired barriers
are needed for successful invasion. The challenge of HSV-1 is to gain access to its receptor
nectin-1, implying that the virus must not only penetrate the cornified layer but must also
overcome the TJs to reach nectin-1. We then investigated inflammation-induced effects on
the early state of TJ formation in 3D cultures based on primary keratinocytes. Our results
support that the cytokine responses after short induction by IL-4/IL-13 can already interfere
with TJ development which, in turn, correlates with enhanced infection efficiency, suggest-
ing that the Th2 cytokines can target the TJs rather early. Furthermore, enhanced infection
was found in epidermal equivalents based on nonlesional atopic dermatitis keratinocytes,
which demonstrated an intrinsic predisposition to defective barrier formation and
strengthened the role of TJ formation. This finding further supports the idea that defective
epidermal barriers of atopic dermatitis skin facilitate HSV-1 infection (14).

Next to barrier formation, the nectin-1 distribution in the epidermal layers plays a major
role in understanding the viral access of the receptor. Nectin-1 was strongly present in the
basal layer, as expected, and during differentiation, enriched lateral nectin-1 gradually
decreased toward the most apical nucleated cells and was visible just underneath TJs. As
HSV-1 can penetrate lesional skin of atopic dermatitis patients (14), we explored how these
pathological skin conditions influence the presence and/or distribution of the receptor.
Nectin-1 was present throughout all epidermal layers of atopic dermatitis skin; however, its
distribution toward the TJ markers ZO-1 and claudin-1 strongly changed suggesting that
impaired TJs make nectin-1 more accessible to the virus. Impaired TJs next to the well-
known dysfunctions of the stratum corneum are implicated in atopic dermatitis (28, 34—
36). Furthermore, defective TJs have been shown to modulate the barrier formation of the
stratum corneum (37). Thus, we cannot dissect the impact of the individual barriers pro-
vided by either the stratum corneum or the TJs but suggest that the abnormal cornified
layer of atopic dermatitis skin facilitates viral penetration and that only the impaired TJs
allow viral access to its receptor nectin-1.

We also observed viral invasion via the skin surface after IL-4/IL-13 stimulation of human
skin from healthy individuals, which was less efficient than in atopic dermatitis skin (14).
Comparable to atopic dermatitis skin, claudin-1 was redistributed upon cytokine treatment
and occludin and ZO-1 patterns were also changed. Although nectin-1 remained localized
underneath ZO-1 as in mock-treated skin, the redistributed TJ components most likely indi-
cate impaired TJ barriers which facilitate receptor accessibility. In contrast to atopic derma-
titis skin, we observed no obvious defects of the cornified layer upon cytokine treatment
of human skin (14). As reduced claudin-1 might alter the stratum corneum barrier (38, 39),
we speculate that minor effects on the barrier function could contribute to limited viral
invasion, while dysfunctional TJs led to nectin-1 accessibility.

Next to the physical barriers, Langerhans cells, as major players of the immune bar-
rier, comprise an important element of the skin barrier. As epidermal Langerhans cells
can elongate their dendrites to penetrate TJs (40), penetration of these mononuclear
phagocytes might offer an alternative pathway to overcome the TJ barrier in epithelia
with minor or no cornification. While infection of oral human mucosa or lesional atopic
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dermatitis skin revealed no preferred infection of Langerhans cells (14, 21), initial infec-
tion of various skin mononuclear phagocytes was described in human foreskin epider-
mis characterized by minor cornification (41). Thus, the role of skin barriers for HSV-1
invasion is, most likely, tightly connected to the type of epithelia and the distribution
of nectin-1.

Taken together, we conclude that access of HSV-1 to its receptor nectin-1 in human
skin depends on dysfunctional TJs under pathological conditions such as in atopic der-
matitis and in cytokine-treated skin which comprise multiple impaired physical
barriers.

MATERIALS AND METHODS

Cells and human epidermal equivalents. The human keratinocyte cell line N/TERT-1 (18, 19) was
maintained in K-SFM medium (Gibco) containing 0.4 mM CaCl,, 25 ug/mL bovine pituitary extract (BPE),
0.2 ng/ulL epidermal growth factor (EGF), 100 IU/mL penicillin, and 100 ng/mL streptomycin and was
only grown up to 30% confluence to avoid spontaneous differentiation.

Primary keratinocytes isolated from human juvenile foreskin or adult breast skin were cultured on
dishes coated with rat-tail collagen | (30 g/mL) (Corning), maintained in CnT-PRIME epithelial prolifera-
tion medium (CELLNTEC), and grown until 70% confluence. Isolates of atopic dermatitis nonlesional kera-
tinocytes (n = 2 individuals) were obtained from Ellen van den Bogaard (Radboud University Medical
Center, Nijmegen).

For stratified cultures of N/TERT-1 cells, 1.5x10° cells were seeded in K-SFM medium on coverslips
coated with rat-tail collagen | (40 ug/mL) (Corning). Stratification was induced 24 h postseeding by
switching to differentiation medium by supplementing 1.8 mM Ca?* to DMEM/Ham'’s F12 (1:3) (Life
Technologies) containing 10% fetal calf serum (FCS; calcium free), penicillin (100 1U/mL), streptomycin
(100 wg/mL), epidermal growth factor (EGF) (10 ng/mL), adenine (1.8x10~* M), hydrocortisone (0.5 g/
mL), cholera toxin (10~'° M), insulin (5 wg/mL) and ascorbic acid (0.05 mg/mL). Cultures were refreshed
with medium every other day and infected at day 1 or 8 post-calcium induction.

Human epidermal equivalents were generated with N/TERT-1 cells or with primary human keratino-
cytes isolated from skin of healthy individuals or from nonlesional skin of atopic dermatitis patients as
described (19, 42). Briefly, 1.5x10° cells were seeded on transwell filters (pore size 0.4 um) (Life
Technologies) coated with rat-tail collagen | (100 ug/mL) (Corning) and grown to confluence in K-SFM
medium (Gibco) for N/TERT-1 cells or in CnT-PRIME medium (CELLNTEC) for primary human keratino-
cytes. After 48 h, culture medium was replaced by 3D differentiation medium (80% CnT-3D barrier)
(CELLNnTEC)/20% DMEM (Sigma), and submerged culture inserts were grown for ca. 16 h and then lifted
to the air-liquid interface for 8 days. Cultures were refreshed with differentiation medium every other
day and infected at various times at day 0 or after airlift.

Preparation of human skin. For IL treatment, full-thickness skin samples which were taken from
patients undergoing breast (n = 4 individuals) or plastic surgery (n = 3 individuals) were cut in pieces
(ca. 4 x 4 mm) after removal of subcutaneous fat (43). After IL-treatment, epidermal whole mounts were
prepared by mechanical removal of as much dermis as possible using surgical scissors. The remaining
skin was floated onto a 200-uL droplet of exfoliative toxin A (2 mg/mL) (MyBioSource, MBS1223672)
diluted in phosphate-buffered saline (PBS) containing 1 mM CaCl, and incubated at 37°C for 35 min in a
humidified chamber. After incubation, the cornified and connected granular layers were separated from
the underlying epidermal and remaining dermal layers using forceps.

Ethics statement. Human skin specimens were obtained after informed consent from all patients.
The study was approved by the Ethics Commission of the Medical Faculty, University of Cologne (ap-
proval no. 17-481).

Interleukin treatment. To induce an atopic dermatitis-like phenotype, human skin samples and
human epidermal equivalents were treated with IL-4 and IL-13. Immediately after surgery, skin samples
were treated with IL-4 (25 ng/mL) and IL-13 (25 ng/mL) diluted in DMEM/high-glucose/GlutaMAX (Life
Technologies) with 10% fetal calf serum (FCS), penicillin (100 1U/mL), streptomycin (100 wg/mL), and
0.05% bovine serum albumin (BSA) for 3 days. Epidermal equivalents derived from N/TERT-1 or primary
human keratinocytes were treated with IL-4 (30 and 50 ng/mL, respectively) and IL-13 (30 and 50 ng/mL,
respectively) dissolved in differentiation medium with 0.05% BSA (19, 25). IL-4/13 was added to the
human epidermal equivalents at day 1 after airlifting. After 7 days of incubation, mock- and IL-4/13-
treated N/TERT-1 epidermal equivalents were infected with HSV-1 at ca. 20 PFU/cell for 3 h. After 1 or
3 days of incubation, mock- and IL-4/13-treated epidermal equivalents from primary keratinocytes were
infected with HSV-1 at ca. 50 PFU/cell for 2 h before removal of viral suspension, then further incubated
for 4 h with a dry top. The medium containing IL-4/13 was refreshed every second day prior to infection.

Virus. Infection studies were performed with HSV-1 wild-type (Glasgow) strain 17+ from purified vi-
rus preparations obtained from the supernatant of infected BHK cells, as described (43). The calculation
of the virus dose was based on the estimated cell number of the apical surface in the human epidermal
equivalents at confluence (ca. 2.0x10°). HSV-1 was administered to human epidermal equivalents at
37°C defining time point 0.

Penetration assay. Sulfate-modified polystyrene, fluorescently labeled latex beads (500 nm) (Sigma)
served as a marker for penetration of particles in tissue. Human epidermal equivalents were incubated
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with beads (2 x10° beads/sample) for 3 h or 24 h at 37°C. Samples were thoroughly washed three times
and immediately embedded for preparation of cryosections.

Histochemistry, i ytochemistry, and ibodies. For hematoxylin and eosin (H&E) stains,
human epidermal equivalents were fixed with 3.4% formaldehyde for 10 min at room temperature (RT) (day 0),
30 min at room temperature (day 2), or overnight at 4°C (day 4 to 8), and fixed samples were prepared as paraf-
fin sections (8 wm). The morphology of the developing epidermal equivalents was assessed by H&E stains.

Stratified cultures and cells seeded on coverslips were fixed with 2% formaldehyde for 10 min at
room temperature and permeabilized with 0.5% NP-40 (Sigma) in PBS for 10 min for staining of F-actin
or left unpermeabilized for staining of nectin-1, occludin, and ZO-1.

For cryosections, epidermal equivalents and skin samples were embedded in OCT compound (Sakura),
frozen at —80°C, and cut into 8-um-thick cross sections (43). Cryosections were fixed with 2% formaldehyde
for 10 min at RT, and epidermal whole-mount preparations of epidermal equivalents were fixed with 3.4%
formaldehyde for 10 min at room temperature (day 0), 30 min at room temperature (day 2), or overnight at
4°C (day 4 to 8) (43). For stainings of nectin-1, claudin-1, occludin, and ZO-1, cryosections were fixed with ice-
cold ethanol for 30 min and then with acetone (-20°C) for 3 min. Sections of skin and epidermal equivalents
were incubated with primary antibodies overnight at 4°C followed by incubation with the species-specific
Alexa Fluor-conjugated secondary antibodies and 4',6-diamidino-2-phenylindole (DAPI) for 45 min at RT.
Whole mounts of epidermal equivalents were incubated with primary antibodies overnight at RT and with
the secondary antibodies and DAPI overnight at 4°C. The following primary antibodies were used: mouse
anti-ICPO (MAb 11060; 1:60) (44), rabbit anti-loricrin (1:1000; BioLegend), mouse anti-claudin-1 (1:500; A9;
Santa Cruz), mouse anti-filaggrin (1:500; AKH1; Santa Cruz), mouse anti-occludin (1:400; OC-3F10; Thermo
Fisher Scientific), mouse anti-E-cadherin (1:400; BD-610181; BD Biosciences), rabbit anti-ZO-1 (1:400; Thermo
Fisher Scientific), and mouse anti-nectin-1 antibody (1:250 for whole mounts, 1:500 for cryosections; CK41)
(45). F-actin was labeled with phalloidin-Atto 565 (1:2000) (Sigma) for 45 min at room temperature.

Microscopy was performed using an epifluorescence microscope (Zeiss Axiophot) equipped with a
Nikon Digital Sight camera system (DS-2MV)/NIS Elements software (for H&E stains) and a Leica DM IRBE
microscope linked to a Leica TCS-SP/5 confocal unit. Images were assembled using Photoshop (Elements
2018; Adobe) and lllustrator (version CS5; Adobe). Confocal projections and merged images are shown.
Images were analyzed using Fiji (version 2.0.0-rc-65/1.51s) (46) by measuring the mean fluorescence inten-
sity of three different areas per sample. XZ/YZ orthogonal and 3D projections of whole mounts were gen-
erated using Fiji (version 2.0.0-rc-65/1.51s) and Imaris X64 9.5.1 (Oxford Instruments Group), respectively.

Statistics. For the statistical analyses Student's t tests were performed to calculate P values using the
unpaired two-tailed method. Differences were considered statistically significant with P values = 0.05 (*).

Flow cytometric analysis. Epidermal equivalents (day 8) based on N/TERT-1 cells were incubated
with TrypLE Select (Life Technologies) and processed as described (7). Dissociation of the epidermal
equivalents resulted in the dissociation of basal and suprabasal cells; apical granular cells were not disso-
ciated and still connected to the cornified layer as shown by H&E stains (data not shown). Cell suspen-
sions were incubated in PBS-5% FCS on ice for 30 min with mouse anti-nectin-1 (CK41; 1:100) (45) and
visualized with anti-mouse 1gG-Cy5 (1:100) (Jackson Immunoresearch Laboratories Inc.). Mouse 1gG1
(Life Technologies, 1:20) was used as isotype control.
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Virus 1 in the Absence and Presence of Extracellular Matrix
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Date of Publication: 15 December 2021

PMID: 34908440
PMCID: PMC8865408
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Conception and design of the study was done by DKM together with LW. NDLC performed,
processed, and analyzed the experiments involving the particle penetration assays using latex
bead uptake in human dermis, human skin shaves, HFFF2 cells, and murine dermis
summarized in Fig 3. NDLC also performed, processed, and analyzed experiments involving
viral localization studies shown in Fig 4. The manuscript was written by DKM with comments,

criticisms, and revisions by NDLC and LW. The figures were assembled by NDLC.
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3.7 Publication 6: Ex vivo Human Skin Infection with Herpes Simplex Virus 1
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Journal: Bio-protocol

Date of Publication: 5 May 2022
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The major aim of our lab is to investigate the very early HSV-1 entry events and initial invasion
process in human skin, thus the development of an ex vivo infection assay using human skin
explants serves as an experimental tool to address the various questions involved. The
following protocol details the major methods, techniques, and possible pitfalls involved in our

ex vivo infection studies using human skin.

The manuscript was written by NDLC, MM, and DKM. Figures were assembled by MM and
NDLC.
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4. Discussion

4.1 Cellular internalization of HSV-1: the impact of endocytosis in successful viral entry

As a prevalent human pathogen, HSV-1 has found ways to exploit multiple mechanisms to
accomplish cellular entry in a given target cell. One focus of this study was to investigate entry
in human keratinocytes, a major in vivo HSV-1 target, where the virus has previously been
shown to appropriate dual uptake mechanisms—fusion directly at the plasma membrane and
endocytic modes of entry (Rahn et al., 2011). Irrespective of whether fusion occurs directly at
the plasma membrane or in a vesicle membrane, the highly dynamic entry pathways share
conserved fusion machineries which makes analyzing the impact of either entry pathway to
successful HSV-1 infection difficult. Since endocytosis is an energy-requiring process, we
employed infection of keratinocytes at low temperature (7°C) in De La Cruz and Knebel-
Morsdorf (2020) to selectively block endocytic mechanisms while allowing direct fusion at the
plasma membrane to proceed (Larrick et al., 1985; reviewed by Lippincott-Schwartz et al.,
2000). This was confirmed by the inhibited uptake of the markers cholera toxin B, dextran,
and fluorescently-labelled latex beads showing that receptor-mediated endocytic

mechanisms, macropinocytosis, and phagocytosis do not proceed at 7°C.

Intriguingly, ICPO-expressing cells were found, although delayed compared to internalization
at 37°C, after viral exposure at low temperature. This finding brought forth the initial
hypothesis that direct plasma membrane fusion is the primary mode of entry at 7°C, a
temperature where endocytic uptake mechanisms should not proceed. Indeed,
ultrastructural analyses (TEM) revealed evidence of HSV-1 particles undergoing direct fusion
and free nucleocapsids just underneath the plasma membrane in line with a previous study
which attributed low temperature HSV-1 entry in N/TERT and HaCaT keratinocytes solely on
direct plasma membrane fusion (Sayers and Elliot, 2016). However, our TEM studies also
strikingly revealed enveloped virus particles contained within vesicles at 7°C. Interestingly,
the vesicles found at 7°C were unusually large and often contained several HSV-1 particles.
These findings were reminiscent of results from a previous study using nectin-1 knockout (KO)
primary murine keratinocytes which found large vesicles containing multiple virus particles;

however since ICPO-expressing cells were rarely found in these cells, the virus particles found
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within vesicles were most likely sent for lysosomal degradation (Petermann et al., 2015b). The
abortive fate of virus within vesicles in nectin-1 KO primary murine keratinocytes, which also
showed barely detectable levels of alternative receptor HVEM, is feasible as gD binding to a
cellular receptor is a pre-requisite for HSV-1 cellular entry. Contrary to findings in murine
keratinocytes, however, the TEM analyses of human keratinocytes at low temperature in De
La Cruz and Knebel-Mérsdorf (2020) showed HSV-1 particles undergoing fusion with a vesicle
membrane providing evidence that endocytic internalization at 7°C did not lead to abortive

infection but instead led to successful cellular entry.

In an effort to characterize the endocytic vesicles found in human keratinocytes at 7°C, serial
sections were employed in our TEM studies. Serial sections demonstrated the efficiency of
HSV-1 entry at low temperature since in any given area, multiple virus particles are
undergoing cellular internalization whether the particles are directly fusing at the plasma
membrane or fusing with a vesicle membrane. Moreover, the serial sections visualized the
extent and gravity of these large, virus-containing vesicles. Because of their large size, vesicle
uptake at low temperature could point to macropinocytosis as a putative candidate for HSV-
1 cellular entry. While macropinocytosis is usually associated with the nonspecific uptake of
large amounts of extracellular fluid, this mechanism was briefly suggested in a previous study
using CHO and Hela cells which not only found virus particles within large vesicles in
ultrastructural analyses, but also found the co-localization of HSV-1 with the fluid-phase
uptake marker dextran (Nicola et al., 2005). Since we found only very limited uptake of
dextran at 7°C, it is likely that the vesicle entry mechanism at low temperature is not distinctly
macropinocytosis but is rather a previously uncharacterized, unconventional endocytic

pathway that employs macropinocytic-like features.
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4.2 HSV-1 invasion in human skin

While viral entry of HSV-1 are thoroughly investigated in cultured cells, viral invasion in tissue
is only beginning to be unravelled. Since HSV-1 must first find ways to bypass epithelial
barriers before reaching its cellular receptors for entry, elucidating mechanisms involved in
viral invasion at the tissue level is another main focus in our studies. Here, we addressed the
initial invasion process in human skin in an effort to identify cellular and molecular
determinants that facilitate or impede the virus in overcoming epidermal barriers and initiate

infection.

4.2.1 The susceptibility of human skin to ex vivo HSV-1 infection

Representing one of HSV-1’s major in vivo targets, the human skin provides multiple barriers
against viral invasion. Physical barriers of the skin are provided by the SC as well as the
integrity of the underlying epidermal layers mediated by cellular junctions, in particular TJs.
However, since a variety of viruses exploit transmembrane proteins of cellular junctions as
receptors for cellular entry (in the way that HSV-1 hijacks the AJ component nectin-1),
understanding the molecular mechanisms involved during HSV-1 invasion of the skin is an
important aspect in skin pathology (Mateo et al.,, 2015). To explore under which
circumstances HSV-1 is able to approach its cellular receptors and initiate infection in tissue,

we employed ex vivo infection studies of human skin samples in De La Cruz et al. (2021).

Initial experiments focused on determining the susceptibility of the human epidermal layers
to ex vivo HSV-1 infection. Previous studies using murine skin found that once the epidermis
is separated from the underlying basement membrane and dermis, efficient infection was
observed in basal as well as in the differentiated suprabasal keratinocytes (Rahn et al., 2015b).
We confirmed that the isolated human epidermis is also susceptible to ex vivo infection,
commencing as single, infected basal keratinocytes and then spreads to the suprabasal layers
over time (Fig. 7). Compared to murine epidermis, HSV-1 infection of the human epidermal
layers does not rapidly occur, taking 3 hours before the first indication of infected basal cells

and at least 6 to 9 hours for infected suprabasal cells to appear. Moreover, it can take as long
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as 24 hours until granular cells can be infected which is accompanied by cytopathic effects

(CPE) which may have helped facilitate viral access.

Concomitantly, the invasion route and delay in infection of human skin poses a question as to
how the virus spreads from one basal cell to another as well as cells of the overlying
suprabasal layers. HSV-1 can possibly undergo (1) cell-free spread in which free-floating virus
from the input inoculum or from produced viral progeny achieves access to other layers after
loss of epithelial integrity or (2) cell-to-cell spread in which the virus passes directly through
the cellular junctions in order to infect neighboring cells (Johnson and Huber, 2002; Mateo et
al.,, 2015). In an effort to understand whether the delayed onset of infection was due to
spread of viral progeny or by the loss of tissue integrity over time, we blocked viral replication
to prevent the contribution of viral production during infection. Interestingly, all epidermal
layers including cells of the upper granular layer were still infected in the absence of viral
replication. Moreover, inhibiting viral replication did not rescue effects of tissue integrity loss
which suggests that early infection already leads to tissue damage including disrupted cellular
junctions that may thereby expose upper layers of the epidermis for infection. Virus-induced
tissue damage was further supported by the application of latex beads, which at 500 nm is
around twice in size as HSV-1. While epidermal sheets incubated in bead-containing medium
alone only led to limited penetration in suprabasal layers, co-incubation of virus and beads in
the same suspension led to the enhanced penetration of beads up to the granular cells. This
suggests that infection of the underlying epidermal layers induces tissue damage and

disruptions to cellular junctions that precedes access of the virus to all layers of the epidermis.

The high susceptibility of the human epidermis to ex vivo HSV-1 infection is only achieved
after the separation of the dermis. Since dermal fibroblasts also represent an in vivo HSV-1
target during primary infection and reactivation, the isolated dermis after separation from
the epidermis was also subjected to ex vivo infection in De La Cruz et al. (2021). However, this
only led to rare infected cells restricted to the papillary dermis whereas previous studies using
juvenile murine dermis found a higher occurrence of infected cells (Fig. 7; Wirtz et al., 2020).
The higher susceptibility of murine dermis to HSV-1 may be due to a higher nectin-1
expression in murine dermal cells compared to the surface expression values found in human

(Wirtz et al., 2020). To further explore the species-specific differences in the susceptibility of
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dermal tissue to HSV-1 infection, the penetration of latex beads in human and murine dermis
was explored in Wirtz et al. (2022). In both human and murine dermis, latex beads were
restricted to the upper papillary dermis, although slightly more efficient uptake in murine
compared to human dermis was found. Restricted latex bead penetration may be attributed
to the differences in organization between the papillary and reticular dermis. While the
papillary dermis is home to a dense fibroblast population and thin collagen fibrils, the reticular
dermis contains a densely packed extracellular matrix (ECM) with large collagen fibrils (Sorrell
and Caplan, 2004; Driskell et al., 2013). Visualization of virus particles in infected human
dermis by staining the viral capsid component VP5 supports that the virus is only granted

limited access to the upper part of the papillary dermis.

Interestingly, murine and human dermal fibroblasts are highly susceptible to HSV-1 infection
once they are taken into culture (Petermann et al., 2015a). Multiple parameters may
contribute to the low infection efficiency of dermal fibroblasts in tissue. Studies have found
that the basement membrane serves as a barrier against HSV-1 (Weeks et al., 2000). However,
since the basement membrane zone region is cleaved during dispase treatment, components
of the basement membrane are likely not effective agents against HSV-1 penetration in the
isolated human dermis (Stenn et al., 1989). What more likely contributes is the ECM. While
Wirtz et al. (2022) observed only a slight delay in infection of the otherwise highly susceptible
primary human fibroblasts after collagen embedding, previous studies using murine
fibroblasts found a strong delay thus supporting a role for the ECM (Wirtz et al., 2020). Taken
together, organizational and structural differences in ECM organization may reflect the less

efficient HSV-1 invasion and bead penetration in human compared to murine dermis.

4.2.2 Mechanical wounds are insufficient entry portals for HSV-1 invasion

While the human epidermis and dermis are susceptible to ex vivo HSV-1 infection after
separation from one another, infection of full-thickness skin, as expected, provides effective
barriers against apical HSV-1 invasion. In De La Cruz et al. (2021), ex vivo infection of total
skin samples demonstrated infected cells only at the sample edges (Fig. 7). This is in line with
previous ex vivo infection studies using murine skin in which HSV-1 penetration via the apical

surface was not found (Rahn et al., 2017). Moreover, since infection of sample edges in
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human skin only occurred after long incubation times with the virus (at least 16 h post-
infection), it can be presumed that loss of the basement membrane at the sample edges
precedes HSV-1 access to receptors on epidermal keratinocytes. Since integrity loss at the
sample edge also occurs after incubation in medium alone, the effects are most likely not
virus-induced (data not shown). It could be presumed that HSV-1 invasion at the sample
edges undergo an invasion route similar to that of the isolated epidermis, in which basal
keratinocytes are infected first (which are completely exposed after basement membrane
integrity loss) before spreading to neighboring cells and overlying epidermal layers (Fig. 7).
Together, infection studies of total skin samples strengthens the role of physical epidermal

barriers in restricting HSV-1 access from the apical surface.

While intact, full-thickness skin is resistant to HSV-1 invasion, it is generally assumed that skin
lesions can provide entry portals for HSV-1. In vivo, primary HSV-1 infections have been found
in damaged skin resulting from burn wounds or mechanical abrasion (Foley et al., 1970;
Shenoy et al., 2015). Previous studies using murine skin found that the wounding strategy of
slitting newborn back or adult tail skin with a scalpel demonstrated no infected cells (Rahn et
al., 2017). Moreover, wax stripping of newborn back skin to remove the cornified layer only
led to rare, single infected cells underneath the granular layer (Rahn et al., 2017). In this study,
we utilized the use of microneedles as a more reproducible wounding method to introduce
mechanical lesions that give access to the various epidermal layers as well as the underlying
dermis. A recent study that aimed to provide an ex vivo infection model for the study of
antiviral drugs suggested that microneedle-pretreatment of human abdominal skin led to
productive HSV-1 infection (Tajpara et al., 2019). However, our findings showed that
microneedle wounding of full-thickness skin was insufficient in providing entry for HSV-1 in
which only one out of 13 patient samples led to viral invasion. Thus, mechanically introduced
lesions in total skin biopsies are not sufficient for ex vivo HSV-1 infection from the apical
surface. In contrast, microneedle treatment of skin shaves, in which wounds penetrated all
the way through the dermal layer led to efficient infection. This led to the hypothesis that
wounded shaves allow virus access from the open dermal layer. Thus, it can be proposed that
the invasion route in wounded skin shaves is reminiscent of ex vivo infection of isolated
human epidermis in which HSV-1 invasion commences in the exposed basal keratinocytes to

later gain access to upper epidermal layers. One possible explanation may be that CPE on cells
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of the basal layer destroy cellular junctions to expose cellular receptors and does so in a ripple
effect to cells of the overlying epidermal layers. Whether the successful infection of the basal
keratinocytes acts as a prerequisite for viral invasion of the upper epidermal layers in full

thickness skin is still open.

Since our ex vivo wounding and infection model of human biopsies lacks the aspect of
mechanical skin tension (from body movement, stretching, friction, etc.) that is present
during in vivo conditions, we sought to understand whether wound closure could contribute
to the inhibited viral access in full-thickness skin. A classical representation of wound closure
is depicted by the purse-string model in which the cells on the separated wounded edge are
laterally linked and closed as if they were pulled together by a string composed of actomyosin
ring contractions (Kiehart, 1999; reviewed in Harn et al., 2019). Thus to determine whether
wound closure prevented access to the cells of the epidermis, we utilized fluorescently-
labelled latex beads (500 nm) to assess whether the administered lesions allowed particles to
penetrate the wounded areas at all. Strikingly, we found that incubation of wounded full-
thickness skin samples with fluorescently-labelled latex beads harbored large clusters of
internalized beads in some lesions while a few beads are found in more closed lesions (Fig. 7).
This asserts that, in general, HSV-1 particles should at least have access to areas in close
vicinity of its target keratinocytes in some wounds. Moreover, since both wounds (open and
closed) did not harbor infected cells, we assume that wound closure is not the reason for
restricted viral infection. Rather, it may be the lack of sufficient access to receptors on both

open and closed wounds that restricts successful viral invasion.
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Figure 7. Schematic summary of HSV-1 entry in human skin and upon wounding.

Ex vivo infection of full-thickness (total skin) resulted in infected cells only at the sample
edges. Separation of the epidermis from the dermis allows the virus access to basal
keratinocytes with spreading to suprabasal layers over time. In the isolated dermis, viral
access is limited to single cells of the upper papillary dermis. While wounding of full-thickness
skin does not give virus sufficient access to cellular receptors for infection, wounds allow
efficient access for latex bead (500 nm) penetration via the apical skin surface as well as via
damaged dermal layer in wounded skin shaves. Moreover, basal keratinocytes are infected in
wounded skin shaves where the virus most likely gained access via the damaged dermal layer
(De La Cruz et al., 2021).

4.2.3 Mimicking pathological phenotypes that allow HSV-1 entry

For successful infection, HSV-1 must bypass epidermal barriers of human skin through
epithelial breaks or a pathologically impaired barrier function. While the wounded skin
surface allowed particle penetration of latex beads, HSV-1 invasion was surprisingly not
permitted after ex vivo infection suggesting that further modifications are required for
successful invasion. Individuals with the chronic, pruritic inflammatory skin disease atopic
dermatitis (AD) can be seriously afflicted by cutaneous viral infections in which the most
commonly recognized condition, eczema herpeticum, is caused by HSV. As a complex,
multifactorial disease with a wide spectrum of clinical phentoypes, AD is associated with skin
microbiome imbalance, immune response alterations, and epidermal barrier impairment
which could act as predisposing risk factors for the higher susceptibility to HSV-1 (Bussmann

et al., 2008; Beck et al., 2009; Damour et al., 2020). Our ex vivo infection method allows us to
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mainly focus on whether AD-associated dysfunctional epidermal barriers can facilitate the
initial steps of HSV-1 invasion. Indeed, in Mdckel et al. (2022) we found that HSV-1 can invade
lesional AD skin via the apical skin surface to infect cells of the suprabasal layers. The
dysfunctional epidermal barriers were confirmed in the skin samples by SC and TJ barrier
stainings, although in varying degrees throughout the different AD samples (Mdckel et al.,

2022).

AD is considered an archetypal type 2 immunity-driven disease and thus Th2 cytokine-driven
inflammation are among parameters that could contribute to skin barrier dysfunction (Homey
et al., 2006; reviewed in Beck et al., 2022). However, whether the dysregulated immune
response is a result of skin barrier abnormalities or rather the trigger that give rise to deficient
barriers is not fully understood. Recent studies have shown that the supplementation of Th2
cytokines in human epidermal equivalents induce in vitro hallmarks of AD skin on the lipid
and protein level (Danso et al., 2014). Thus, in Mdckel et al. (2022), we further assessed the
parameters that contribute to HSV-1 invasion in AD skin by stimulating nonpathological skin
with IL-4 and IL-13 to examine whether Th2 cytokine-driven inflammation can induce
sufficient modifications in the skin to drive viral penetration per se. Indeed, ex vivo HSV-1
infection of IL-4/IL-13-stimulated human skin demonstrated successful viral invasion via the
apical skin surface. The vast majority of associated barrier defects described for AD involves
components of the SC. In particular, a loss-of-function mutation in the filaggrin gene is a well-
known genetic risk factor for AD development (Brown and MclLean, 2012; McAleer and Irvine,
2013). Indeed, we found significantly decreased filaggrin stainings in the AD skin samples
compared to nonpathological skin (Mdckel et al., 2022). However, our initial attempt in
Mockel et al. (2022) to visualize putative IL-induced barrier alterations demonstrated no
obvious change in filaggrin staining distribution and intensity suggesting that HSV-1 invasion

upon IL-stimulation is likely not driven by impairments in the SC.

Apart from SC barrier defects, AD skin also characterized by impairments of the TJ barrier
(Brandner et al., 2015; Kobielak and Boddupally, 2014). TJs have historically been considered
a secondary epidermal barrier behind the SC, however, more recent evidence have revealed
their crucial roles in skin barrier function. Thus, TJ barrier deficiencies could putatively be

involved in the facilitated HSV-1 invasion of IL-stimulated skin independent of the SC. Indeed,
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while we found no obvious change in filaggrin stainings in Mdckel et al. (2022), our most
recent findings showed a strong redistribution of the TJ protein claudin-1 upon IL-4/IL-13
induction (De La Cruz et al., to be submitted). The importance of claudin-1 in the mammalian
skin barrier has been extensively shown. Claudin-1-deficient mice undergo a dramatic loss of
water and die within one week of birth (Furuse et al., 2002). Meanwhile, human individuals
who exhibit claudin-1 null mutations suffer from neonatal icthyosis sclerosing cholangitis
(NISCH) syndrome and although it is not lethal, patients exhibit icthyosiform skin alterations
and develop liver disease (Feldmeyer et al., 2006; Hadj-Rabia et al., 2004). Interestingly, while
we found a decrease of claudin-1 in the granular layers coupled with a redistributed increase
in the lower epidermal layers of the IL-induced human skin explants, another study using Th2
cytokine-induced human epidermal equivalents found a decrease of claudin-1 in lower
epidermal layers (Gruber et al., 2015). This may be reflective of the claudin-1 genetic
differences found in distinct AD populations and subgroups (reviewed in Basler and Brandner,

2017).

In addition to redistributed claudin-1, occludin and Z0O-1 also exhibited changes, as staining
of human skin explants after IL-treatment showed more punctate signals in the upper
granular layer compared to mock-treated samples. While occludin is dispensible, both ZO-1
and claudin-1 are crucial for the barrier function of TJs. In fact, ZO-1 is required for the
polymerization and localization of claudin-1 at TJs (Umeda et al., 2006). Changes in TJ staining
distribution in IL-treated skin suggests epidermal barrier impairment which could possibly

allow HSV-1 better access to its cellular receptors to initiate infection in the skin.
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Figure 8. Schematic summary of HSV-1 entry in human skin under pathological conditions

In nonpathological skin conditions, the stratum corneum (SC) and tight junctions (TJ) provide
effective barriers to inhibit HSV-1 invasion from the skin surface. Atopic dermatitis (AD) skin,
on the other hand, is characterized by epidermal thickening, impaired SC barriers (dotted
lines) as well as dysunctional TJ barriers (dotted boxes). IL-4/IL-13 stimulation of healthy,
human skin may result in impaired SC and dysfunctional TJ barriers (modified from Mockel et
al., 2022).
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4.3 Localization of the cellular receptor nectin-1

After overcoming barriers of the human epidermis, the fundamental next step for HSV-1is to
approach and engage a cellular receptor for entry in its target keratinocytes. Previous ex vivo
infection studies using epidermal sheets from HVEM- or nectin-1-deficient mice have
identified nectin-1 as the major receptor while HVEM has a less efficient, more limited role
(Petermann et al., 2015b). This is in line with our human skin results in De La Cruz et al. (2021)
which demonstrated the presence nectin-1 and HVEM on epidermal keratinocytes,
suggesting that both can serve as receptors, with nectin-1 possessing altogether higher levels.
As a cell-cell adhesion molecule, nectin-1 is involved in the formation of Als which should be
located just underneath Tls (Takai et al., 2008). A continually intriguing part in skin physiology
and pathology is that although TJs and Als function to prevent viruses from crossing the
epithelial barrier, certain viruses (HSV included) remarkably exploit components of these
junctional structures as entry receptors. While some viruses developed strategies to directly
alter cellular junctions to reach their receptors, HSV-1 is commonly known to
opportunistically rely on conditions that lead to barrier defects for facilitated access to its
cellular receptors (Torres-Flores and Arias, 2015). Here, we addressed the intriguing question
on how HSV-1 is able to approach nectin-1 in tissue and what role functional and impaired
epidermal barriers could play in restricting or facilitating this access (De La Cruz et al., to be

submitted).

4.3.1 Nectin-1 redistribution during epidermal barrier formation

Studies have shown that the functional assembly and maintenance of TJs are facilitated by
formation of Als (reviewed in Irie et al., 2004). Thus, to relate the localization of nectin-1 and
formation of TJs with HSV-1 susceptibility of human epidermis, we employed stratified
cultures. Previous studies in our lab using stratified cultures based on HaCaT cells and primary
murine keratinocytes have shown that formation of TJs inhibits HSV-1 viral entry (Rahn et al.,
2017). To augment these findings and address whether the distribution and accessibility of
nectin-1 changes during the process of differentiation, we performed infection studies of
stratified cultures based on N/TERT keratinocytes in De La Cruz et al. (to be submitted). In

undifferentiated conditions where TJ components occludin and ZO-1 were either absent or
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diffused, nectin-1 was found in both the apical and basolateral membranes. This correlated
with a high number of infected cells indicating that nectin-1 was readily accessible for HSV-1
in undifferentiated N/TERT keratinocytes. In contrast, after 8 days of differentiation which
showed a more continuous distribution of TJs as visualized by staining of the TJ components,
only single apical infected cells were found in some areas. Under the same culture conditions,
nectin-1 was found enriched in the lateral surfaces of the large apical cells, however, given
the low number of infected cells it can be surmised that the presence of mature tight junctions
restricted viral access to the receptor. Viral inaccessibility in differentiated keratinocytes gives
the first hint that nectin-1 is spatially distributed underneath mature TJs (De La Cruz et al., to

be submitted).

To further investigate nectin-1 distribution in relation to HSV-1 susceptibility of various
epidermal layers during TJ and SC barrier formation, human epidermal equivalents (3D
cultures) were employed in De La Cruz et al. (to be submitted). We first investigated human
epidermal equivalents generated with N/TERT cells as they have been reported to be similar
to those made using primary human keratinocytes in terms of morphology, SC permeability,
and expression of epidermal differentiation markers (Smits et al., 2017). HSV-1 infection
studies and penetration of fluorescently-labelled latex beads in N/TERT 3D cultures support a
negative correlation between functional barrier formation and viral/particle penetration. A
complete block of infection was found after 8 days of exposure to the air-liquid interface
which constitutes a fully developed and stratified 3D epidermal culture with functional TJ and

SC barriers (De La Cruz et al., to be submitted).

TJs and SC may have a plausible, inter-dependent relationship in the formation and
maintenance of a functional epidermal barrier (Haftek et al., 2022). Concomitantly, this makes
it difficult to assess the contribution of both barriers in restricting HSV-1 entry. Thus, to dissect
the barriers and assess the contribution of TJ formation alone in nectin-1 distribution, we
limited our focus on earlier days of 3D culture development which preceded the formation of
the SC (De La Cruz et al., to be submitted). In these studies, we sought to more closely
resemble in vivo epidermal homeostasis and thus generated 3D cultures using primary human
keratinocytes. While undifferentiated primary human keratinocytes were well infected prior

to lifting to the air-liquid interface (Day 0), we observed a large drop in infection a mere 2
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days after which corresponded to emerging TJ formation. The sudden drop in infected cells
may be attributed to the localization of nectin-1 in relation to the TJs. While the receptor is
very well expressed on the lateral membranes of basal keratinocytes, nectin-1 stainings on
suprabasal cells are less distinct and appear to be located underneath lateral claudin-1
stainings. This suggests that early stage TJ formation already provides a barrier against HSV-1
invasion, although the barrier is still leaky as infection is not fully prevented. The earliest
indication of SC formation found at Day 4 is accompanied by even less infected cells. However,
since Day 4 is also accompanied by more mature TJs which may therefore further inhibit
access to nectin-1, it is more likely that functional TJs play a larger role in restricting HSV-1
invasion than the SC at this time point. This is additionally supported by the results of the
infection studies in stratified cultures since, while these models lack the capability of
producing a SC, susceptibility to HSV-1 is prevented by TJ formation alone (De La Cruz et al.,

to be submitted).

Fully developed epidermal 3D cultures (Day 8) revealed that while nectin-1 colocalizes with
E-cadherin at Als in the epidermal layers, nectin-1 also colocalizes with claudin-1 in the
granular layers except for the uppermost SG1 layer where only the TJ was detected (De La
Cruz et al., to be submitted). This indicates that while nectin-1 is present on keratinocytes
throughout the epidermis, HSV-1 is prevented by the presence of functional TJs (and perhaps
the SC) from accessing the receptor. As this most likely represents in vivo conditions in
nonpathological skin, the question arises as to how pathological skin conditions characterized
by epidermal barrier defects influence the localization and accessibility of nectin-1 for the

virus.

4.3.2 Nectin-1 accessibility under pathological skin conditions

In De La Cruz et al. (to be submitted), nectin-1 distribution and accessibility is addressed under
pathological skin conditions. Previously, in Mockel et al. (2022) we found that Th2 cytokine-
induced modifications in human skin after stimulation with IL-4 and IL-13 facilitated HSV-1
penetration. While stainings of the SC component filaggrin did not exhibit obvious changes,
stainings of the TJ proteins claudin-1, occludin, and ZO-1 were all either redistributed or

diffused in IL-stimulated compared to mock-treated samples. A previous study found that IL-
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4 and IL-13-treatment of human epidermal equivalents induced an AD-like phenotype in the
3D cultures (Kamsteeg et al., 2011). Thus, in De La Cruz et al. (to be submitted) we explored
whether IL-stimulation of epidermal 3D cultures during barrier development would result in
changes to the epidermal barrier that could enhance HSV-1 invasion. While IL-induced N/TERT
3D cultures (Day 8) demonstrated weaker stainings of SC and TJ barrier components and
facilitated penetration of latex beads, HSV-1 invasion was only very rarely found in the basal
layer. As nectin-1 staining pattern after IL-stimulation led to a more punctate staining
suggesting some IL-induced effects on intercellular junctions, it is unclear whether IL-
stimulation rendered the receptor unusable or if epidermal barrier changes in the fully
developed 3D cultures were simply not sufficient for HSV-1 invasion. When IL-stimulation
and HSV-1 infection was restricted to the early days of 3D culture development of primary
human keratinocytes, we observed enhanced infection of IL-treated samples only while
cornification was still absent. This suggests that the Th2 cytokines mostly target the TJs rather

than the SC barrier which is in agreement with our results of IL-induced human skin explants.

Since TJ barrier function may be linked to AJ formation, we analyzed the distribution of both
junctional structures in human skin after IL-induction in De La Cruz et al. (to be submitted).
Als can be found at the dermoepidermal junction (DEJ) as well as in cell-cell contact regions
in all viable layers of the epidermis albeit in varying degrees (Kaiser et al., 1993; Tunggal et
al., 2005). TJ proteins colocalize at functional barrier-forming TJ structures in the upper
granular layer, however, they are not restricted to this area and can even be found in other
epidermal layers indicating that the proteins play other roles in the epidermis (reviewed in
Basler and Brandner, 2017). AJ stainings of IL-induced skin in De La Cruz et al. (to be
submitted) revealed that while E-cadherin remained evenly distributed throughout the
epidermal layers, nectin-1 was more strongly expressed in the suprabasal and granular layers.
As TJs are also redistributed after IL-induction, this suggests a putative role for nectin-1 in
modulating TJ formation. While nectin-1 remained localized underneath ZO-1 in both IL- and
mock-treated skin, co-staining of nectin-1 and claudin-1 in the upper granular layers
demonstrated an increase in colocalization as well as more punctate staining after IL-
treatment. Studies have demonstrated that TJ proteins can be involved in proliferation,
differentiation, adhesion, and apoptosis depending on which epidermal layer it is expressed

(reviewed in Kirschner and Brandner, 2012). In fact, TJ remnants of claudin-1 can be detected
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on lateral membranes of lower SC layers and are suggested to form a barrier against
degrading enzymes to protect corneodesmosomes from degradation (Haftek et al., 2011;
Igawa et al., 2011). Whether the more punctated stainings of claudin-1 and nectin-1 found
after IL-induction correspond to SC impairment and thus better access to nectin-1 is still
speculative. Nevertheless, redistributed TJ stainings upon IL-induction of skin suggest an

impaired TJ barrier which could grant HSV-1 better access to nectin-1 in underlying layers.

As we have previously demonstrated in Mockel et al. (2022) that lesional AD skin
characterized by impaired barrier functions predisposes the epidermis for HSV-1 invasion, we
examined nectin-1 distribution and localization in AD skin samples and further analyzed
whether TJ redistribution influences the accessibility of the receptor (De La Cruz et al., to be
submitted). The dysfunctional skin barrier of AD skin is associated with epidermal growth and
differentiation defects (Guttman-Yassky et al., 2009). Thus, in De La Cruz et al. (to be
submitted) we investigated whether alterations in epidermal differentiation influences the
distribution of Als in the characteristically thickened epidermis of AD skin. Studies have shown
that nectin-1 is involved in the formation of cadherin-based Als in keratinocytes (Tanaka et
al., 2003). While evidence for a direct linkage between nectin-1 and E-cadherin themselves
have been found, interactions between their cytoplasmic binding partners afadin and a-
catenin have been described (Hoshino et al., 2005). Indeed E-cadherin and nectin-1
demonstrated colocalized stainings and were evenly distributed throughout the epidermal
layers of both control skin and AD skin samples. While the receptor was found throughout
the epidermal layers, variations in nectin-1 staining intensity between the AD samples was
observed which is reflective of variable nectin-1 transcript levels previously described in
Mockel et al. (2022). Whether less intense stainings of nectin-1 corresponds to disturbed AJ
formation is still speculative. As AJ assembly may be linked to functional TJ, we next explored
how the impaired TJ barriers of AD skin might influence nectin-1 distribution. In
nonpathological skin, we found nectin-1 distinctly underneath ZO-1 indicating that the
functional TJ barrier inhibits HSV-1 invasion from the skin surface. Indeed, analysis of the two
AD skin samples exhibit a marked redistribution of ZO-1 while nectin-1 remained present
throughout the epidermal layers. In contrast to the results from IL-induced skin, increased
redistribution of nectin-1 to the granular layers was not found in AD skin which suggests that

IL-induced redistribution of nectin-1 does not mimic the receptor’s localization in AD skin.
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Indeed, dysfunctional epidermal barriers in AD skin is grounded on many different factors
(Czarnowicki et al., 2017; Nakatsuiji et al., 2017; De Benedetto et al., 2011). Still, regardless of
which factor(s) lead to barrier impairments of the lesional AD skin samples, our results suggest
that the dysfunctional barriers enable virus access to nectin-1. Taken together, our findings
reveal that functional TJs restrict HSV-1 access to nectin-1 in epidermal keratinocytes while
barrier impairment in pathological skin conditions enable easier access for HSV-1 in skin

invasion.
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