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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/IL-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 häufigsten Humanpathogenen zählt, dringt über die 

Mukosa, Haut und Kornea in seinen Wirt ein. Das Ziel dieser Dissertation war zu verstehen, wie HSV-

1 in die schützende Gewebestruktur der humanen Haut eindringen kann, um seine Rezeptoren auf 

den Zielzellen zu erreichen und die Infektion im Epithel zu initiieren. Auf zellulärer Ebene lag der Fokus 

auf dem Einfluss zellulärer Eintrittsmechanismen, die für 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 beiträgt, blieb bisher offen. Hier wurden 

Infektionsstudien in menschlichen Keratinozyten bei niedriger Temperatur (7 °C) durchgeführt, um 

energieverbrauchende endozytotische Prozesse selektiv zu blockieren und gleichzeitig die 

Plasmamembranfusion zu ermöglichen. Obwohl die endozytotische Aufnahme von Markermolekülen 

bei niedrigen Temperaturen gehemmt wurde, zeigten Ultrastrukturanalysen nach der Infektion bei 7 

°C sowohl freie Kapside im Zytoplasma als auch umhüllte Viruspartikel in Vesikeln. Neben der Fusion 

mit der Plasmamembran, ergab die Charakterisierung virushaltiger Vesikel, dass die Hülle 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 schützende Barrierefunktion der 

menschlichen Haut überwinden kann, um seine zellulären Rezeptoren zu erreichen. Dazu wurden Ex-

vivo-Infektionsstudien mit humanen Hautexplantaten durchgeführt, um Einblick in die frühen 

Infektionsereignisse zu gewinnen. Wie erwartet, verhinderte die Barrierefunktion intakter Haut die 

Invasion von HSV-1 über die apikale Hautoberfläche.  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 Gewebeschäden HSV-1 den 

Zugang zu allen Epidermisschichten ermöglichte. Im Gegensatz dazu wurden nach Infektion der 

Dermis nur einzelne infizierte Zellen in der apikalen papillären Dermis nachgewiesen, was zeigt, dass 

die extrazelluläre Matrix eine Barriere für die HSV-1-Invasion darstellt. Interessanterweise, wurden   

nach Verwundung der Hautproben Latexkugeln über die Hautläsionen aufgenommen, es waren 

jedoch kaum infizierte Zellen nachweisbar. Wenn allerdings die Verwundungen auch die Dermis 

verletzten, konnte HSV-1 die epidermalen Keratinozyten über die Hautläsionen der Dermis erreichen. 



 
 

Um die Bedeutung der epidermalen Barrierefunktion auf die HSV-1-Invasion näher zu 

charakterisieren, wurde ein pathologisches Hautmodell untersucht, das durch defekte epidermale 

Barrieren gekennzeichnet ist. So führte die ex-vivo-Infektion von läsionalen Hautproben  atopischer 

Dermatitis (AD) Patienten zu einer viralen Penetration über die Hautoberfläche.  Zur weiteren 

Charakterisierung wurden AD-ähnliche Phänotypen induziert, indem Hautproben ohne 

Barrieredefekte mit den Th2-Zytokinen Interleukin (IL)-4 und IL-13 behandelt wurden. Tatsächlich 

waren infizierte Zellen in der Epidermis von IL-stimulierter Haut nachweisbar, was darauf hindeutet, 

dass Th2-Zytokin-gesteuerte Entzündungsreaktionen Modifikationen induzierten, die eine HSV-1-

Invasion über die Hautoberfläche ermöglichten. 

Die Überwindung epidermaler Barrieren bedeutet, dass das Virus seinen zellulären Rezeptor 

erreichen kann, um eine Infektion auszulösen. 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 Äquivalent etabliert, das 

auf primären Keratinozyten basierte. In undifferenzierten Keratinozyten lokalisierte Nektin-1 an 

apikalen und basolateralen Oberflächen, was mit einer hohen Infizierbarkeit korrelierte. In 

ausdifferenzierten epidermalen Äquivalenten wurde Nektin-1 an den lateralen Membranen in den 

meisten Epidermisschichten nachgewiesen. Funktionelle tight junctions (TJs) in der obersten 

granulären Schicht können allerdings den viralen Zugang zu Nektin-1 verhindern, so dass keine 

Infektion zustande kommt. Interessanterweise führte die IL-4/IL-13-Stimulation von 

ausdifferenzierten epidermalen Äquivalenten 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 ermöglichte. Die Umverteilung der TJ-

Komponenten in IL-4/IL-13-stimulierter und atopischer Dermatitis Haut, die mit einer HSV-1-Invasion 

korrelierte, lässt allerdings die Schlussfolgerung zu, dass defekte TJ-Barrieren den erleichterten 

Zugang von HSV-1 zu Nektin-1 ermöglichen können. 
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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; Grünewald 

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 (Ca2+)-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 I 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).  

 

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 (PI) 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 

question 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 II (RNAP II), mediates the 

transcription of the IE genes, of which one will encode for infected cell protein 0 (ICP0), the 

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

ICP0 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). ICP0 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, ICP0 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 ICP0 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.  

 

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 TJ 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 β-catenin which forms a bridge with α-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 AJs, 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 α-catenin in which nectin and cadherin are able to organize and co-localize at AJs 

(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.  

ZO-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 β-catenin which forms a bridge to α-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 IL-4/13-induced filaggrin knockdown skin equivalents reported a decrease in occludin 

expression (Hönzke 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:  

 

I. 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-Mörsdorf (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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II. 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 Mörsdorf lab developed an ex vivo HSV-1 infection model initially with murine skin (Rahn 

et al., 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 Möckel 

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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III. 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.  

 

IV. 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-Mörsdorf 

Journal:   Journal of Virology 

Date of Publication:  28 January 2021 

PMID:    33239453 

PMCID:   PMC7851553  

DOI:    doi:10.1128/JVI.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 Möckel#, Lisa Wirtz#, Katharina Sunaoglu, 

Wolfram Malter, Max Zinser, and Dagmar Knebel-Mörsdorf  (#contributed 

equally) 

Journal:   Journal of Virology 

Date of Publication:  13 October 2021 

PMID:    34379501 

PMCID:   PMC8513464 

DOI:    doi:10.1128/JVI.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 Möckel#, Nydia De La Cruz#, Matthias Rübsam, Lisa Wirtz, Iliana 

Tantcheva-Poor, Wolfram Malter, Max Zinser, Thomas Bieber, and Dagmar 

Knebel-Mörsdorf (#contributed equally) 

Journal:   Journal of Virology 

Date of Publication:  15 August 2022 

PMID:    35969080  

PMCID:   PMC9472615 

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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3.5 Publication 4: Ex Vivo Infection of Human Skin Models with Herpes Simplex Virus 1: 

Accessibility of the Receptor Nectin-1 during Formation or Impairment of Epidermal Barriers Is 

Restricted by Tight Junctions 

Authors:  Nydia C De La Cruz, Maureen Möckel, Hanna Niehues, Matthias Rübsam, 

Wolfram Malter, Max Zinser, Claude Krummenacher, and Dagmar Knebel-

Mörsdorf 

Journal:   Journal of Virology 

Date of Publication:  8 June 2023 

PMID:    37289055 

PMCID:   PMC10308952 

DOI:    doi:10.1128/jvi.00262-23 

 

Conception and design of the study was done by DKM together with NDLC and MM. NDLC 

performed, processed, and analyzed the experiments involving N/TERT cells, specifically 

nectin-1 localization in infected stratified cultures (Fig 1d), latex bead uptake during 3D 

culture development (Fig 2h), and latex bead uptake and nectin-1 localization in IL-4/IL-13-

induced 3D cultures (Fig 3d and 3f). NDLC performed, processed, and analyzed all 

experiments involving 3D cultures generated from primary human keratinocytes summarized 

in Fig 4 and Fig 5.  NDLC also performed, processed, and analyzed cellular and tight junction 

localization studies of all skin samples (control, IL-induced, and AD) depicted in Fig 6 and Fig 

7.  The manuscript was written by DKM with comments, criticisms, and figures by NDLC. 
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3.6 Publication 5: Susceptibility of Human and Murine Dermal Fibroblasts to Herpes Simplex 

Virus 1 in the Absence and Presence of Extracellular Matrix 

Authors:  Lisa Wirtz, Nydia C De La Cruz, Maureen Möckel, and Dagmar Knebel-

Mörsdorf  

Journal:   Journal of Virology 

Date of Publication:  15 December 2021 

PMID:    34908440 

PMCID:   PMC8865408 

DOI:    doi:10.1128/JVI.02068-21 

 

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 
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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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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-

Mörsdorf (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, ICP0-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 ICP0-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-Mörsdorf (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 Möckel 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 (Möckel 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 Möckel 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 McLean, 2012; McAleer and Irvine, 

2013). Indeed, we found significantly decreased filaggrin stainings in the AD skin samples 

compared to nonpathological skin (Möckel et al., 2022).  However, our initial attempt in 

Möckel 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 Möckel 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 Bäsler and Brandner, 

2017).  

In addition to redistributed claudin-1, occludin and ZO-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 Möckel 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-1 is 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 AJs which should be 

located just underneath TJs (Takai et al., 2008). A continually intriguing part in skin physiology 

and pathology is that although TJs and AJs 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 AJs (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 AJs 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 Möckel 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). 

AJs 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 

Bäsler 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 Möckel 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 AJs in the characteristically thickened epidermis of AD skin. Studies have shown 

that nectin-1 is involved in the formation of cadherin-based AJs 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 α-

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 

Möckel 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; Nakatsuji 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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°C degree Celsius 

3D three-dimensional 

AD Atopic dermatitis 

AJ adherens junction 

BHK-21 Baby hamster kidney fibroblasts 

Ca2+ calcium  

CAM cell adhesion molecule 

CHO Chinese hamster ovary 

cldn-1 claudin-1 

CPE cytopathic effect 

DEJ dermoepidermal junction 

DNA deoxyribonucleic acid  

E early 

e-cad E-cadherin 

ECM extracellular matrix 

EM electron microscopy 

et al.  et alia (and others) 

F-actin filamentous actin  

Fig. figure 

FITC fluorescein isothiocyanate 

gC glycoprotein C 

gB glycoprotein B 

gD glycoprotein D 

gH glycoprotein H 

gL glycoprotein L 

HFFF2 Human Fetal Foreskin Fibroblast 2 

HSV herpes simplex virus  

HSV-1 herpes simplex virus 1 

HSV-2  herpes simplex virus 2 

HveB herpesvirus entry mediator B 

HveC herpesvirus entry mediator C 

HVEM herpesvirus entry mediator 

ICP0 infected cell protein 0 

IE immediate-early 

Ig immunoglobulin 
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IHC immunohistochemistry 

IL interleukin 

IL-4 interleukin-4 

IL-13 interleukin-13 

IRF3 interferon regulatory factor 3 

K keratin 

K1 keratin 1 

K5 keratin 5 

K10 keratin 10 

K14 keratin 14 

KO knockout 

L late 

nm nanometer 

NPC nuclear pore complex 

ocln occludin 

PDZ post synaptic density protein, Drosophila disc large tumor suppressor, and 
zonula occludens-1 protein  

PI phosphoinositide 

PM  plasma membrane 

PML promyelocytic leukemia 

PRR poliovirus receptor-related 

RNA ribonucleic acid  

RNAP II RNA polymerase II 

SC stratum corneum 

TEM transmission electron microscopy 

Th2 T helper type 2 

TJ tight junction 

UV ultraviolet 

ZO-1 zonula occludens 1 

ZO-2 zonula occludens 2 

α alpha 

β beta 
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