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Abstract

For Herpes Simplex Virus 1 (HSV-1) the skin is the primary site of infection. After the primary
lytic infection, the virus enters the peripheral nervous system where it establishes latency.
Spontaneous reactivation from the latently infected neurons leads to the typical HSV-1-induced
diseases like cold sores. Modelling HSV-1-induced skin pathologies is challenging due to the
variety of different cell types and structures in the skin and human-specific responses to the
infection. Nevertheless, studies using monolayer cell lines, raft cultures, ex vivo skin and
mouse models provided an immense contribution to our understanding of HSV-1 infection in
the skin. However, the contribution of many skin-specific structures, especially hair follicles, to
primary infection and reactivation remains unclear. In this study, we used complex human hair
bearing skin organoids that were derived from induced pluripotent stem cell as a model for
HSV-1 infection. We performed microscopy, bulk and spatial transcriptomics with single cell
resolution to gain new insights into the cell-type specific viral life cycle and host responses. We
show a restricted viral infection in keratinocytes of the epidermis and specific cell types of hair
follicles. We show a cell type specific induction of interferon-stimulated genes and the TNF
pathway. We can follow paracrine signaling through the tissue, showing that TNF response
genes are upregulated in adjacent cells. Taken together, the skin organoids in combination
with novel spatial transcriptomics techniques provide a physiologically highly relevant model
system for HSV-1 infection in the skin.
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Introduction

Herpes Simplex Virus 1 (HSV-1) is a highly prevalent human pathogen with a global
prevalence of ~67% in under 50-year-old individuals *. Primary infection usually occurs via the
mucosal surfaces or micro-lesions in the skin. Initially HSV-1 productively replicates in the
epithelial cells of skin and mucosa causing inflammation and tissue damage and consequently
blisters 2. After replication in epithelial cells, HSV-1 enters the nerve endings of peripheral
neurons and travels along their axons to the cell bodies in trigeminal ganglia where it
establishes latency®*. Upon spontaneous reactivation, HSV-1 enters the Iytic life cycle and
produces infectious viral particles that travel along the axons in an anterograde manner to the
epithelial cells of skin and mucosa. The following lytic replication in the epithelium leads to the
characteristic herpes lesions that release virus to the environment 2.

In the past, many different model systems have been used to elucidate the mechanisms of
primary infection and reactivation by HSV-1 in the skin. Due to the complexity of skin and the
involvement of many different cell types, in vitro modelling by monolayer cell cultures can only
recapitulate certain aspects of the viral life cycle. More complex model systems used to study
virus susceptibility, spread and cytopathic effects are animal models>®, ex vivo murine®*'° and
human skin explants®'"'? and epithelial raft cultures' ',

While the understanding of HSV-1 pathogenesis in the skin has exceptionally increased using
these model systems, many aspects remain elusive. Especially the susceptibility and
contributions of specific structures, like hair follicles, different fibroblasts subpopulations and
low abundancy cell types, to primary infection, latency establishment and reactivation are not
understood. The field of organoids is constantly evolving and creating potential new model
systems for virus research'>". In this study we used a highly complex skin organoid (SkO)
model generated from human induced pluripotent stem cells (hiPSCs) for the analysis of HSV-
1 pathogenesis in the skin. The SkOs were generated after a protocol from Lee and colleagues
1819 They contain a stratified epidermis, fat-rich dermis, pigmented hair producing hair follicles,
sebaceous glands, melanocytes and Merkel cells. The hair follicles are innervated by sensory
neurons that are covered in Schwann cells on their axons while their somata assemble in
trigeminal like clusters together with satellite glial cells. SkOs contain all cell types expected in
the fetal skin of the second trimester of development except for sweat glands, vascularization
and immune cells'®'°. Similar to many other organoids, SkOs show an inside out morphology
with the dermis being exterior and exposed to the culture medium and the epidermis being
interior with hair from hair follicles growing to the inside of the organoid. In our study, we
infected SkOs with HSV-1 from the dermal site, leading to infection of the dermal fibroblasts
first and then the keratinocytes therefore mimicking a primary infection by deep wounding
inside the dermis or by reactivation. By using microscopy, bulk and spatial transcriptomics, we
reveal how HSV-1 spreads in the tissue and analyze the spatial and temporal host response.

Material and Methods

SkO generation and microscopy

SkOs were generated from the human iPS cell line UKEi0O01-A according to the protocol by
Lee and colleagues. All procedures involving the hiPSC lines were approved by the local
ethics committee in Hamburg (Az PV4798, 28.10.2014). Only SkOs showing correct
differentiation as determined by the appearance of hair follicles (HF) at 110 to 120 days post
production were used for further experiments.

For immunohistochemistry SkOs were fixed in 4% buffered formalin over night at 4°C and then
transferred to PBS. Afterwards they were protected in 3% agarose, dehydrated using a Leica
ASP300S tissue processor, and embedded in paraffin. Organoid paraffin sections were cut at
3 ym and stained with hematoxylin and eosin (H&E) according to standard procedures. For
immunohistochemical staining sections (3 um) were processed as following: After dewaxing
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and inactivation of endogenous peroxidases (3% hydrogen peroxide), antibody specific
antigen retrieval was performed using the Ventana BenchMark XT autostainer (Ventana,
Tuscon, Arizona, USA). Sections were blocked and afterwards incubated with the primary
antibodies, see Table S1. For detection of specific binding and DAB staining, the UltraView
Universal DAB Detection Kit (Roche, #760-500) was used, which contains both, anti-mouse
and anti-rabbit secondary antibody. Counter staining and bluing were performed with
Hematoxylin (Ventana Roche, # 760-2021) and Bluing Reagent (Ventana Roche, # 760-2037)
for 4 min. Subsequently, stained sections were mounted in mounting medium.

For immunofluorescence staining, paraffin organoid sections were cut at 3 um and thoroughly
deparaffinized in 2x 20 minutes in Xylene and a descending alcohol row. Antigen retrieval was
then performed by pressure boiling the sections in Universal R buffer (#AP0530-500; Aptum,
UK) for 20 minutes (2100 Antigen Retriever; Aptum). Sections were briefly rinsed and blocked
for 1 hour (MAXblock, Active Motif). Antibodies (see Table S1) were incubated overnight at
4°C. After intensive washing, AlexaFluor488-, AlexaFluor555, or AlexaFluor647-coupled
secondary antibodies were applied for 1.5 hours. Sections were washed again, counterstained
with DAPI and mounted in Fluoromount-G (SouthernBiotech, Birmingham, USA).

Pictures of IHC and immunofluorescence staining were acquired with the Sysmex Pannoramic
MIDI Il slide scanner. Image cropping was performed with QuPath0.4.3 and pictures
assembled with Microsoft PowerPoint.

For whole mount staining of SkOs the qCe3D method was used according to Lee and
colleagues'® with the following adjustments: Clearing was performed for 48hrs and stained and
cleared SkOs were mounted in iSpacer (SUNJinLab) 4 well imaging spacers. For antibodies
see Table S1. Imaging was performed with a Leica TCS SP8 X confocal microscope. Images
were processed with Imaris and Imaged 2.14 and pictures assembled with Microsoft
PowerPoint.

Virus infection

HSV-1 17 CMV-IEproEGFP expressing EGFP under the control of the CMV |IE promoter was
described before °. The virus was propagated on Vero cells and the infection titer determined
by plaque assay. Before infection the medium on SkO was exchanged and again 12hrs after
infection. Afterwards medium exchange was performed every day.

Bulk RNA-seq

For bulk RNA-seq 4 SkOs per condition (untreated, 2 days post infection (dpi), 4 dpi, 6 dpi, 8
dpi) were used. Total RNA was isolated individually from each SkO by adding QlAzol lysis
reagent (Qiagen) and disrupting the organoid by grinding with a pestle. The lysate was
homogenized with a QlAshredder (Qiagen). After one round of chloroform extraction, RNA was
cleaned up with the RNeasy MinElute Cleanup Kit (Qiagen). DNA was two times digested with
the DNA-free DNA removal kit (Thermo Fisher Scientific). RNA concentration was determined
with the Qubit RNA broad range assay (Thermo Fisher Scientific) and equal amounts of RNA
from two SkO of the same condition were pooled resulting in duplicates for each condition for
sequencing. RNA integrity was determined via a Bioanalyzer RNA 6000 Pico Assay (Agilent,
5067-1514). RIN values were in the range between 5.5 and 9.2. From each sample 520 ng
total RNA was subjected to rRNA depletion (following the Lexogen RiboCop rRNA Depletion
Kit for Human/Mouse/Rat V2 protocol, catalog number: 144.24) and further processed via the
RNA-Seq V2 Library Prep Kit with UDIs (Lexogen, catalog number: 175.96) in the short insert
size variant (RTM) according to manufacturer’s instructions. Libraries were quality controlled
on a Bioanalyzer High Sensitivity DNA Assay (Agilent, 5067-4626) and were sequenced on an
lllumina NextSeq 500 instrument with NextSeq 500/550 High Output Kit v2.5 (75 Cycles,
product number: 20024906) in a single-read mode (1 x 83 bp). After demultiplexing via
bcl2fastq, 20.7 — 28.6 million (M) read pairs assigned to each sample. All samples passed
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quality control by fastqc and were subjected to downstream analysis. Processing was done
with the nf-core/RNA-seq pipeline (v3.12.0) within the nf-core framework?'. The pipeline was
executed with Nextflow v23.04.1%, utilizing STAR (v2.6.1d)? for alignment to the GRCh38
human genome and Human herpesvirus 1 genome (X14112.1), as well as Salmon (v1.10.1)%*
for transcript-level quantification based on STAR’s alignment output. To eliminate duplicate
reads, the --with_umi option was enabled. Gene-level quantification was derived from
transcript-level estimates using the R package tximport (v1.34.0)?°, which sums transcript
abundances for each gene.The generated raw gene-level counts were normalized and
variance-stabilized using the regularized log transformation (rlog) from DESeq2 (v1.34.0)%,
addressing the variance-over-mean trend. Principal component analysis (PCA) confirmed high
reproducibility across biological replicates. Differential expression analysis was performed
using DESeq2, identifying genes as significantly differentially expressed (DEGs) if they
exhibited a fold change = 2 and an adjusted P-value < 0.05. The normalized rlog-transformed
counts were then used for clustering and visualization. An overrepresentation analysis of
differentially expressed host genes (padj. <0.05 and log2FC =1/<-1) was performed with
WebGestalt?’. GO terms associated with biological processes were selected with an FDR
<0.05.

Spatial transcriptomics experiments

SkOs were imbedded in paraffin as described for IHC staining. 3 SkOs for each condition were
assembled in one agarose mold before embedding all conditions (uninfected/2dpi/3dpi/4dpi for
the main experiment, uninfected/2dpi/6dpi for the pilot experiment). In situ RNA measurements
were performed using the Xenium system (10x Genomics). The pilot experiment was done at
the MDC/BIH genomics platform using nuclear expansion based on DAPI staining for cell
segmentation. The main experiment was performed at the 10xGenomics facility in Stockholm
using multimodal segmentation (nuclear stain, RNA and protein based cell staining, cell
surface staining). For both experiments, the human multi tissue gene panel was used,
supplemented by the 100 genes custom panel CZBXK3 (Table S2). Sections of 5um thickness
were placed on a Xenium slide according to the manufacturer's protocol, with drying at 42°C
for 3 hours and overnight placement in a desiccator at room temperature, followed by
deparaffinization and permeabilization to make the mRNA accessible. The Probe Hybridization
Mix was prepared according to the user guide (CG000582, Rev D, 10x Genomics). The
staining for Xenium was performed using Xenium Nuclei Staining Buffer (10x Genomics
product number: 2000762) as a part of the Xenium Slides & Sample Prep Reagents Kit (PN-
1000460). Following the Xenium run, Hematoxylin and Eosin (H&E) staining was performed
on the same section according to the Post-Xenium Analyzer H&E Staining user guide
(CG000613, Rev B, 10x Genomics).

Spatial transcriptomics analysis

The spatial transcriptomics data was analyzed in R using the VoltRon package %, as well as
packages from tidyverse?®. Other packages used include DESeq2 %, apeglm *°, sf *' and
concaveman . Briefly, we first assessed cell type identity only on cellular transcriptomes, i.e.
without taking spatial information into account. Viral load was defined as percent viral counts
(i.e., sum of the five viral genes UL54, US1, UL27, UL29, LAT) of all counts per cells. Cells
with 10 or less cellular RNA counts were filtered out. Differential expression was calculated as
pseudo-bulk per cell type, i.e., counts were summed up per group (0 dpi and 2 dpi all cells, 3
and 4 dpi either cells with 1 or less viral count “-” , viral load below “+” , or above the median
“++” within the group). For the proximity analysis, if at least 3 cells were not more than 70 ym
apart from each other, they were taken into account (“TNF expressing”), and the proximal area
defined at 280 ym around these cells. ChatGPT (OpenAl, htitps://chat.openai.com, model 01)
assisted in writing R code
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Results

Generation of skin organoids

SkOs were produced after the protocol from Lee and collegues'® and checked for correct
differentiation by brightfield microscopy, immunohistochemistry (IHC) and whole mount
immunofluorescence staining (WMS) (Figure 1 and Suppl. Figure 1). The results show the
expected head and tail structure with the dermis and epidermis in the head and cartilage in
the tail. Our SkOs reached full complexity around 120 days after production. The hair follicles
show the expected structures e.g., dermal papilla, matrix, inner root sheet, and outer root
sheet (Suppl. Figure 1). We detect Merkel cells and innervation of the hair follicles with
assembly of neuron somata in the organoid tail (Figure 1).

Infection of SkOs with HSV-1

Fully differentiated SkOs (~120 days old) were infected with HSV-1 strain 17 that expresses
GFP under the control of a CMV |IE-promoter. Since we wanted to observe viral spread within
the tissue we infected one SkO with only 800 PFU which corresponds to an approximate MOI
of 0.2, when assuming 4x10° cells on the organoid surface. At 2 dpi GFP expression was
visible by fluorescence microscopy at spots on the surface of the organoid (Figure 2A). At 4
dpi GFP fluorescence increased and spread over the complete organoid. In IHC on sections
of SkOs and WMS the infection was first detectable at sites where hair follicles protruded from
the organoid surface (Figure 2B and Suppl. Figure 2). At 2 dpi the first layers of fibroblasts in
the dermis showed expression of GFP, HSV-1 |E ICPO and HSV-1 late protein gD. At 4 dpi the
infection reached the inner structures of the organoid including the epidermis where the
keratinocytes of the basal layer and the stratum spinosum stained positive for GFP, ICPO and
gD. Keratinocytes of the stratum corneum showed no signs of infection. Similarly, the different
cell layers at the hair follicles were positive for GFP, ICPO and gD except for the cornified hair
structures. Until 8 dpi, we observed no sign of infection in these structures just as in the
cartilage of the organoid tail. Furthermore, we observed a strong cytopathic effect in the
infected cells. Infected fibroblasts of the dermis showed the first signs at 2 dpi and especially
at 4 dpi. Infected keratinocytes in the epidermis and the inner cell layers at the hair follicles
started at 6 dpi to show cytopathic effects that resulted in dissolvement of the basal membrane
and hair follicle integrity.

Bulk transcriptomics of HSV-1 infected skin organoids

Having established that HSV-1 can productively infect SkOs to analyze the host response to
the viral infection. We performed bulk RNA-seq of untreated and HSV-1 infected SkOs at 2,
4, 6 and 8 dpi. At 2 dpi we observed only 20 DEGs, which increased to ~1000 at 4 dpi and ~
5000 at 6 and 8 dpi (Figure 3A). GO analysis of 2 dpi vs. control produced no enriched terms,
due to the low number of DEGs. Analysis of 4dpi vs control showed an enrichment of GO-
terms belonging to immune responses (e.g., leukocyte activation) and inflammation (e.g.,
response to tumor necrosis factor) in the upregulated DEGs (Figure 3 B). At 6 and 8 dpi we
found terms of cellular differentiation (e.g., skin development) stand out among the
downregulated DEGs. This could reflect the typical HSV-1 induced host cell shutoff®3.
However, the percentage of viral reads reaches ~20% of all reads already at 4dpi and
increases only slightly up to ~25% at 6 and 8 dpi (Figure 3C).

Spatial transcriptomics of HSV-1 infected skin organoids

To comprehensively understand the temporal spatial dynamics of the viral infection and the
host response in the SkO model system we used spatial transcriptomics. We performed two
spatial transcriptomics experiments with single cell resolution on the Xenium platform. In the
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pilot experiment, we profiled sections of uninfected SkOs as well as 2 and 6 dpi. For the main
experiment, we switched to 2, 3 and 4 dpi (Figure 4). We quantified expression of the ~500
measured genes, including five viral transcripts (HSV-1 US1, UL27, UL29, UL54 and LAT).
Cell type identities were assigned based on non-integrated transcriptomes (Figure 4A, Suppl.
Figure 3A-D). We identified all cell types, including low abundant cell types e.g., Merkel cells,
that we expected to find based on single cell sequencing data and immunostainings performed
by Lee and colleagues'®. Furthermore, the transcriptome-based cell type assignment
differentiated between subtypes that coincide with specific localization such as different
fibroblasts (papillary and mesenchymal) that localize proximal or distal to the epidermis.
Keratinocyte subtypes of the stratum basale, spinosum, granulosum, and corneum were
distinguishable and clearly spatially restricted. Cell types of the hair follicles (dermal sheath,
outer root sheath, inner root sheath, matrix, bulge region) were identified and matched their
expected localization. Cell type assignments were also successful in infected SkOs (Figure
4B). However, some highly infected cells, particularly fibroblasts, lost their transcriptional
identity and were thus assigned as “undefined” (Figure 4B, gray colored cells in the upper
central part, and Suppl. Figure 3C). This can be visualized e.g., with complete loss of PDGFRa
mRNA, a pan-fibroblast marker, in highly infected cells due to host cell shutoff** (compare
Figure 4C and 4D, top panels). Accordingly, the proportion of “undefined” cells increased in
highly infected (4dpi) vs. uninfected organoids but did not exceed ~15% of all cells (Figure 4E).
When we analyzed the expression of the viral transcripts US1/ICP22, UL54/ICP27,
UL29/ICP8, UL27/gB and LAT we detected, as expected from protein staining, infection
starting in the outermost fibroblast layers of the dermis at 2dpi and then spread through the
organoid until the infection reached the epidermis at 4dpi (Figure 4D and Suppl. Figure 3B).
To investigate susceptibility and viral gene expression between the different cell types in SkOs,
we first compared the proportion of infected cells in the main cell types of skin, fibroblasts and
keratinocytes. We investigated the most abundant subtypes, papillary type 1 and papillary type
2 fibroblasts, as well as stratum basale and stratum spinosum keratinocytes. When looking at
the percentages of cells with at least 2 viral transcript counts, papillary type 1 were more
frequently infected at the earlier time points, likely due to their more exposed localization at the
outside of the organoids compared to type 2 (Figure 4F, upper panel). At 4 dpi papillary
fibroblasts type 1 and 2 have similar proportions of HSV-1 infected cells, in contrast to the
keratinocyte populations which still have a lower proportion of positive cells. Also, the viral load
remained considerably lower in keratinocytes compared to fibroblasts (Figure 4F, lower panel).
Since we only measured five viral transcripts, we could not assess the entire viral gene
expression cycle. We therefore focused on the immediate UL54 transcript and the very late
LAT. When ordering cells along increasing viral load, we found in papillary fibroblasts the
expected pattern, i.e. a strong increase of UL54 RNA at the beginning followed by a
plateau/decline, with the LAT RNA constantly accumulating (Figure 4G). In stratum basale
keratinocytes however, there was indication of a lag phase, and considerably slower viral
replication.

Of note, particularly the stratum basale keratinocytes lie further within the tissue compared to
the papillary fibroblasts, for which type 1 lies most outside and type 2 is closer to the epidermis.
Since the organoids were infected from the exterior surface, the lower viral load of
keratinocytes could be a consequence from them being infected at a later timepoint. We
therefore investigated the relationship between distance from organoid surface and proportion
of positive cells as well as viral load (Suppl. Figure S3E+F). We sorted keratinocytes of the
stratum basale and papillary fibroblasts 1 and 2 into bins of equal distance to the organoid
boundary and analyzed the fraction of cells with at least 2 viral counts. This showed that, even
in low and medium distance to the organoid boundary, a lower proportion of keratinocytes were
virus positive compared to both fibroblast subtypes. At larger distances, papillary fibroblasts
type 1 also showed a lower fraction of virus positive cells than papillary type 2, which could be
due to them being first infected and starting to show cytopathic effects. Interestingly, when we
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analyzed the viral load in positive cells, keratinocytes of the stratum basale showed always a
lower viral load than fibroblasts at the same distance to the organoid boundary. This indicates
that the lower viral load in stratum basale keratinocytes compared to the main fibroblast
subtypes of the dermis in SkO is not a spatial effect but rather dependent on cell type and/or
extracellular structures that might restrict susceptibility and permissiveness of stratum basale
keratinocytes compared to the fibroblasts in the dermis.

Hair follicles slow done viral spread

The SkOs used here feature a multitude of structures, including hair follicles (HF) that harbor
many cell types from different origins. A specific fibroblasts subtype of the dermis, the dermal
sheath cells, cover the outer root sheath keratinocytes and the bulge region. At the base of HF
another fibroblast subtype, the dermal papilla, are found. The inner layers of keratinocytes in
HF consist of the inner root sheath and the matrix. Melanocytes can be embedded in the
keratinocyte layers. When we analyzed the viral loads in the cell types of HF we found that all
show considerably lower viral loads than the surrounding papillary fibroblasts with high
amounts of viral RNAs (Figure 5A). Indeed, there was much less viral RNA within the hair
follicles, even when the surrounding papillary fibroblasts show very high viral load (Figure 5B).
Again, we analyzed if this effect was induced by the more inner localization of specific cell
types, which was not the case (Suppl. Figure 4B,C). We hypothesized three potential
explanations for this observation. First, there could be a layer of non-permissive cells
surrounding the hair follicles. Second, a barrier of extracellular matrix might act protectively.
And third, the infection cycles in the different cell types within the hair follicles could be
considerably slower compared to e.g., the surrounding papillary fibroblasts.

To investigate the first possibility, we identified in organoids at 4 dpi the dermal sheath
fibroblasts which surround hair follicles and are next to highly infected papillary fibroblasts
(Figure 5D, Suppl. Figure S4A). Indeed, the viral load in these dermal sheath fibroblasts
showed a strong drop from the cells just outside (Figure 5C). Other cell types of HF further
inside showed even less viral load. Since the main spatial transcriptomics experiment only
extended to 4 dpi, we went back to the immunostainings to check whether at later time points
hair follicles would be fully infected, which was indeed the case (Figure 5F). So, in conclusion,
the collective evidence suggests that hair follicles in general are not non-permissive, but show
a much slower viral infection cycle.

HSV-1 induces layered expression of TNF family cytokines

We next turned to investigate changes in the host transcriptome induced by the virus. HSV-1
infection leads to a general shutoff of host genome transcription * as well as read-through 3*
and antisense transcription %, but also induction of several genes **°. To identify host genes
responding to the infection, we calculated differential expression values per cell type between
infected and uninfected organoids, taking into account the viral RNA content, i.e., by separating
cells into no viral RNA (less than 2 HSV-1 counts), low virus RNA (viral load below the median
calculated within the cell type and time point but across all individual organoids) and high virus
RNA (viral load above the median). For further analysis, we focused on the interferon-
stimulated genes IRF9 and MX1, which were previously shown to be induced by viral infections
of both DNA*® and RNA viruses*'. IRF9 mRNA was present in uninfected organoids at
relatively high levels and was significantly upregulated primarily in keratinocytes of the stratum
spinosum (Figure 6A, top panel). MX1 on the other side was more induced in papillary
fibroblasts (Figure 6A, bottom panel). At 3dpi MX1 was significantly upregulated in subtype 1
without virus and in highly infected cells. In subtype 2 MX1 was upregulated at 4 dpi in highly
infected cells. That IRF9 and MX1 were significantly upregulated also in cells without virus
indicates that they were rather indirectly induced, possibly through paracrine signaling.
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In our bulk RNA-seq experiment we found that genes involved in response to TNF were
overrepresented in the significantly upregulated genes at 4 dpi (Figure 3B). In spatial
transcriptomics, we also found the cytokines TNF (coding for TNFa) and TNFSF9 (coding for
4-1BBL) significantly upregulated by HSV-1 infection. Notably, their expression was highly cell
type-dependent and largely mutually exclusive, with TNF induced in keratinocytes (mainly
stratum basale) and TNFSF9 in papillary fibroblasts (Figure 6B, E, F). In contrast to IRF9 and
MX1, expression of TNF and TNFSF9 clearly depended on viral presence. Their expression
accumulated with increasing viral load, but peaked at some point, which could be due to the
shutoff of host transcription (Figure 6C and D). We verified that the signal does not originate
from read-in transcription originating from HSV-1-induced disruption of transcription
termination for an upstream gene®. Both the bulk RNA-seq data generated here as well as
published bulk RNA-seq data from HSV-1 infected fibroblasts ** and HaCat keratinocytes *2
did not indicate that upregulation of TNF and TNFSF9 are results of read-in. In contrast, these
two datasets provided evidence from cell culture samples for TNFSF9 being induced in
fibroblasts and TNF in keratinocytes. Notably, also in our SkO model we also observed in our
SkO model induction of genes that results from antisense (BBC3) or read-through transcription
(DUX4, CD79A, PECAM1) (Suppl. Figure S5), confirming data from HSV-1 infection of cell
lines.

Taken together, we could observe localized, layered patterns of the induction of two TNF family
members upon HSV-1 infection in the skin organoids. The combination of specific locations for
the various cell types and cell type-dependent gene induction therefore could lead to a spatially
coordinated cytokine expression upon encounter with the virus.

Expression of TNF induces NF-kB targets in surrounding cells

We further investigated, if expression of TNF would lead to functional sensing in surrounding
cells. We first defined cells proximal to TNF expressing cells (Figure 7A). Next, we identified
potential TNFa induced genes in fibroblasts based on a published RNA-seq data set *3. Eight
of these genes were included in our spatial transcriptomics experiment (Figure 7B). By
calculating the differential expression in fibroblasts proximal vs. distal to the TNF-expressing
cells we found that these genes were generally upregulated proximally, however the effect was
not significant in cells proximal versus distal to TNF expressing cell groups. By focusing on
CXCL2, a TNFa-induced gene, we find a high number of cells expressing CXCL2 in the dermis
close to TNF expressing keratinocytes (Figure 7C). To investigate whether this could also be
caused by 4-1BBL (TNFSF9), we looked for regions with high TNFSF9 but no/low TNF
expression. CXCL2 levels in these regions appeared to be considerably lower (Figure 7D). In
summary, our results suggest that the cell-type specific induction of the TNF gene that leads
to secretion of the TNFa cytokine and subsequently induction of target genes in the
immediately surrounding cells.

Discussion

In this study, we showed for the first time an infection of complex human hair bearing skin
organoids with HSV-1. Due to the inside-out morphology of the organoids and the infection
therefore starting from the dermis our model is closest to the reactivation scenario of HSV-1,
when infectious particles are released from neuronal cells into the fibroblast layer of the dermis
4 This makes our model highly relevant for investigating HSV-1 induced pathologies, since
most of them are a result of reactivation and not primary infection. For instance recurrent
herpes labiales has an average incidence of about 1.6 per 1000 patients each year .
Furthermore, skin organoids can also provide insights into how suppression of full lytic
infections upon reactivation may be triggered “°.

When analyzing the susceptibility of the cells to HSV-1 in the SkO model we found that
eventually (latest time point 10 dpi) all cell types in our model system were infected by HSV-1
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except for the stratum corneum, cornified structures in the HFs and cartilage in the tail of the
SkO. This may be expected due to a lack of immune cells that could clear the infection. A
resistance of the stratum corneum against HSV-1 infection has been reported by many other
studies using mouse models and ex vivo skin showing that the cornified keratinocyte layer
prevents HSV-1 infection by the external surface®®. However, studies on ex vivo skin also
showed that wounding from the external side through different approaches like microneedling
lead to only limited infection of the epidermis’"'?. Only infection from the dermal side by either
removal of the dermis or deeper wounding through the epidermis into the dermis lead to
efficient infection of the basal keratinocytes and spread to the higher differentiated keratinocyte
layers®#’. This highlights the protective role of the epidermis. At the moment, we do not
understand why chondrocytes are also resistant to viral infection. Since there is also no
expression of the GFP reporter from the viral genome, it is likely that viral entry is already
blocked. Further experiments will show if this is due to an absence of the entry receptors or
simply a physical barrier by extensive extracellular matrix produced by the chondrocytes.

To understand virus spread and host response in the full complexity of our skin model system
we performed spatial transcriptomics. We can clearly identify all expected cell types which
allowed a cell type and location specific analysis of viral load and host response, making this
a well suitable method to comprehensively study virus infections in such complex models. We
identified a multitude of fibroblasts and keratinocyte subpopulations that show remarkable
differences in viral loads and host responses. Viral loads in papillary fibroblasts were much
higher than in keratinocytes of the stratum basale and stratum spinosum, indicating that they
produce higher yield of infectious particle, thereby contributing to the rapid spread of HSV-1
through the dermis, which we observed in the SkO. However, fibroblasts of the dermal sheath
and dermal papilla at HF show strongly reduced viral loads compared to adjacent papillary
fibroblasts. Studies in ex vivo models showed that fibroblasts of the dermis are susceptible to
HSV-1 although less so than keratinocytes ®''. In these studies fibroblasts were not
differentiated between different subtypes. Moreover, the main subtype of adult dermis, reticular
fibroblasts, is not present in our model system, which could explain the different results. In all
cell types of HFs we found a delayed viral infection. Since HF are eventually infected at later
time points, we exclude that entry receptors are missing on these cell types. We speculate that
the delayed viral infection is a cell-type specific restriction of viral gene expression especially
in cells of the dermal sheath and the dermal papilla. The keratinocyte populations of the HF
could therefore be protected from viral infection or, similar to keratinocytes of the stratum
basale and spinosum, in general also show a restricted viral gene expression. High resolution
methods such as spatial transcriptomics will in the future allow a dissection of the dynamic of
viral spread in skin.

Based on our results from bulk RNA-seq we analyzed induction of immune and inflammatory
pathways, especially the TNF pathway, since this was upregulated at 4 dpi. We detected two
different types of TNF cytokines being induced in infected cells, namely TNF (coding for TNFa)
in keratinocytes of the stratum basale express, and TNFSF9 (coding for 4-1BBL) in papillary
fibroblasts. We also observed induction of TNF target genes in surrounding cells and a
potential priming of adjacent uninfected cells, indicating that the gene activation is indeed
functional. Induction of TNF was previously associated with HSV-1 in cerebral
infections/reactivations “34°. The combination of cell-type specific TNF family inductions and
the layered organization of the skin could be the onset of a spatially coordinated immune
response leading to rapid suppression of reactivating virus. In the future, we want to further
investigate the effect of TNF on the viral gene expression and potential protective effects on
uninfected cells.

In summary, we show that SkOs are a physiologically highly relevant model system for HSV-
1 infection in the skin. The combination with novel techniques that allow spatial transcriptome
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analysis on the single cell level allows analysis of viral gene expression and viral host response
in unprecedented depth.
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Figure 1: Characterization of SkO differentiation. A, Brightfield images of SkO from -1 (d-1) to 120 days (d120) of differentiation. Scale bars 500um.
B, Maximum intensity projections from Z-stack overview images of whole mount IF staining of 120 days old SkOs. Scale bar 500pum. C, Zoom-ins of
whole mount IF staining. Scale bars 50um. KRT17: Epidermis, outer root sheath of hair. PDGFRa: Dermal fibroblasts, dermal papilla. TUBB3: Neuronal
cells, Schwann cells. Hoechst: Nuclear stain. KRT20: Merkel cells. KRT71: Inner root sheath of hair. KRT15: basal layer of epidermis, outer root sheath,
medulla. LHX2: Bulge region, hair germs, hair pegs, hair placodes. SOX2: Dermal condensates, dermal papilla, melanocytes, Merkel cells. S1008:
Schwann cells, satellite glial cells. NEFH: Sensory neurons, large soma neurons.
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Figure 2

Figure 2: Infection of SkOs with
HSV-1 leads to cytopathic
effects. A, Brightfield (BF) and
fluorescence (GFP) images of 120
days old SkO untreated and
infected with HSV-1 (expressing
GFP from CMV promoter) at 2, 4,
6, and 8 days post infection (dpi).
Scale bars 500um. B, IHC staining
of 120 days old SkO infected with
HSV-1. Arrows in overview images
indicate areas of higher magnifica-
tion shown below. Time points as
in A. Scale bars 500um in overview
images and 20pm in zoom-ins.
Upper picture of zoom-ins shows
always left epidermis and right
dermis with basal layer in the
middle. Lower picture in zoom-ins
shows hair follicle. H&E: Hemat-
oxylin and eosin stain. GFP:
Staining against GFP expressed
by HSV-1 from CMV promoter. gD:
Staining against HSV-1 glycopro-
tein D.

H&E

GFP

gD

untreated 2 dpi 4 dpi
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Figure 3: Bulk transcriptomics of HSV-1
infected SkOs. A, Volcano plots showing all
differentially expressed host genes at 2, 4, 6,
and 8 dpi versus untreated (ctrl) SkOs. B, GO
analysis (WebGestalt) was performed using
significantly (padj. <0.05) up- or downregulated
genes (log2FC =1/=-1) from RNAseq analysis of
SkOs infected with HSV-1 at 4, 6 and 8 dpi
compared to untreated SkOs. Top10 of the
highest enrichment ratio from significantly
enriched GO-Terms (FDR <0.05) are shown for
each condition and grouped by biological
function. C, Percentage of reads mapping to
HSV-1 in untreated and 2, 4, 6, 8 dpi. Each bar
shows one replicate.


https://doi.org/10.1101/2025.02.10.637415
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.02.10.637415; this version posted February 11, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figure 4
E
[0}
&
Fibroblasts Keratinocytes Others =
[l Dermal Papilla [ Stratum Basale Adipocytes/sebaceous glands 3
B Myofibroblasts type 1 [ Stratum corneum [ Arrector pili muscle g;_
Mesenchymal type 1 IRS Endothelial cells =
B Mesenchymal type 2 [l Matrix Melanocytes %
[ Proinflammatory [ Bulge region Merkel cells ©
Dermal sheath (cyc) ORS/companion layer Neuronal cells type 1 h
[l Papillary type 1 B Stratum spinosum/ Neuronal cells type 2
|9 Papillary type 2 granulosum [ Schwann cells
Papillary type 3 [ Chondrocytes
[l Dermal sheath '
undefined Undefined cell type
¢ B D B
PDGFRA 0246 PDGFRA 0246
F
[0}
S »
E €
=
23
D S
2a
2§
o C
g5

olz468 HSV-1 LAT 0246

log10 (percent HSV-1 transcripts)

G Fibroblasts: papillary type 1

1.00

0.75

0.50

0.25

0.00

F
:

Odpi

2dpi

3dpi 4dpi

0.75

0.50

0.00

D

N h ‘il

odpi 2dpi 3dpi 4dpi

20 Keratinocytes: stratum basale

B
KRT71 0246 g3 e ea
= (R
9o
o .
320 )
C
o 3y
k] :2-
=10 &
[0} L
<] -2
D
o 0 J‘

HSV-1 LAT
*HSV-1 UL54

bs,*
8833822338030, 088.30,8807

increasing viral load —>

increasing viral load —>

Figure 4: Spatial transcriptomics of HSV-1 infected skin organoids. AB, shown is a part of an uninfected
(A) organoid and one at 3dpi, with cells colored by cell type. CD, the same sections as in AB, but colored by
expression levels of the indicated genes. E, relative abundances of selected cell types at the different time-
points. Thin lines represent standard deviations across the three organoids per timepoint. Coloring as in AB.
F, upper part, percent of cells with at least 2 HSV-1 transcript counts for selected cell types. Indicated are
individual values from the three organoids per timepoint, and standard deviations. Lower part, distribution of
log10-transformed viral loads (percent viral transcripts). The middle line in the boxplot displays the median, the
box indicates the first and third quartile, whiskers the 1.5 interquartile range (IQR). Outliers beyond are marked
by single dots. G, cells with at least 2 viral counts were ordered along viral load and binned with 20 cells per
bin. Shown are the percentages of the two indicated viral transcripts within the bin for papillary type 1 fibro-

blasts (left) and stratum basale keratinocytes (right).
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Figure 5: Hair follicles show higher resistance to virus infection. A, viral load of the celltypes present in
hair follices, in comparison to type 1/2 papillary fibroblasts. B, HSV-1 UL54 expression around hair follicles.
Shown are two segments from an uninfected organoids (left) and a 4dpi organoid (right). Top row: cells
colored by celltype, with hair follicle cell types labeled. Bottom row: cells colored by normalized HSV-1 UL54
expression. Surrounded with orange are dermal sheats in proximity to highly infected papillary fibroblasts. C,
dermal sheath cells were identified by being next to cells with more than 20% viral load. Their viral load (mid-
dle box) is shown next to the viral load of cells not more than 50 micrometers outside of the hair follicle (left
box) or 50 micrometers inside the hair follicle (right box). D, DAPI, cell surface protein and interior protein
staining on the Xenium slide. Surrounded with orange blue are dermal sheath cells as in B. F, Slices of infect-
ed organoids harvested at the indicated timepoints post infection were stained using immunohostchemistry
against the viral gD protein.
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Figure 6: Celltype-specific induction of cytokines. AB, expression values of the indicated genes in a
subset of cell types. For uninfected and 2dpi organoids, all cells are aggregated. For 3dpi and 4dpi, cells are
split up in those with no or only 1 viral count (-), and those with viral load below (+) and above (++) the median,
with the median viral load calculated only within cells with more than 1 counts. Dot sizes represent the fraction
of cells having at least one count of the specified gene, the color the average expression. If the dot is encircled
in black, this indicates significant different expression in a pseudobulk comparison vs. all cells in uninfected
cells. CD, cells with at least 2 viral counts were ordered along viral load and binned with 20 cells per bin. Shown
are the percentages of TNF, TNFSF9 and HSV-1 UL54 within the bin for stratum basale keratinocytes (B) and
papillary 1 fibroblasts (C). EF, shown is a part of an uninfected SkO at 4dpi, with cells colored by cell type (E)
or colored by expression levels of the indicated genes (F).
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Figure 7: TNF induction leads to proxi-
mal expression of target genes. A,
Shown is a 4 dpi SKkO, top left in Fig. S3.
Cells are colored by: TNF expressing cell
groups (blue), proximal to these cells (red),
everything else (green). B, differential
expression of TNF target genes in fibro-
blasts proximal to vs. distal to TNF express-
ing cell groups. C, CXCL2 expression in the
section from Fig. 6F (TNF expressing cells
encircled in red). D, a comparable section
from another 4 dpi organoid containing
TNFSF9 expressing cells, which does not
lead to (strong) proximal CXCL2 expres-
sion.
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