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Supplementary Text 
Processing and cell type annotation of spatial transcriptomics data 
For the main experiment, three organoids per timepoint (uninfected as well as 2/3/4dpi) were 
measured on a Xenium slide. We used the pre-designed human multi-tissue and cancer panel 
with 377 genes as well as a custom 100 gene panel including 5 viral genes (table S2) for 
multiplexed transcript detection. For improved cell segmentation, we used the cell 
segmentation add-on kit, which allows segmentation based on DAPI staining, internal protein 
and rRNA detection, as well as cell surface staining. Raw data including cell segmentation was 
pre-processed on the Xenium device using manufacturer’s defaults to yield the initial data 
folder, available through NCBI GEO (accession number GSE313919).  
Subsequently, data was read into R for further analysis. Very low quality cells (less than 10 
counts) were filtered out. To increase sensitivity for cell type detection, we included three 
uninfected organoids from an infection experiment run in parallel using skin organoids 
and Merkel cell polyoma virus infection (72). Next, cells from all time points (i.e., three 
organoids each from this experiment uninfected/2/3/4dpi as well as three uninfected 
organoids from the polyoma virus experiment, in total 15 skin organoid sections) together 
were clustered based on their transcriptome using Seurat (73) (fig. S8). Expression of marker 
genes across clusters was used to manually assign clusters to cell types (fig. S9, table S1). 
Next to major fibroblast and keratinocyte clusters, we found a range of less abundant cell 
types (fig. S10). Some clusters were assigned as “undefined” cells, which frequently 
contained high amounts of viral RNAs (figs. S11C, S14). Likely, as a consequence cell type 
identity could not be assigned due to loss of marker genes. Of note, we also attempted cell 
type annotation following integration using harmony (74) or SCtransform (75), as well as 
annotation using the BuildNicheAssay function in the Seurat package (73), or BANKSY 
(76). While these algorithms successfully identified the expected major cell types, they 
failed to detect low-abundance populations such as melanocytes and Merkel cells, which 
occur as single cells embedded within clusters of another cell type, for example in the stratum 
basale. In contrast, cell-type annotation based solely on cellular transcriptomes was 
superior, enabling robust detection of both major cell types and these rare populations. 

Pilot experiment 
Prior to the main experiment described above, which is the one presented in the main figures, 
we performed a pilot experiment. We used the same gene panels as described above, however 
with the timepoints uninfected/2/6dpi, and with DAPI-staining based nuclear expansion for cell 
segmentation instead of the cell segmentation add-on kit. Cells were re-segmented with a 10 
µm expansion distance instead of the standard 15 µm distance using CellRanger (10x 
Genomics). Otherwise, cell types were assigned as described above for the main experiment 
(Fig. S5, S6). In contrast to the main experiment, we failed to identify several low-abundant 
cell types, which could be due to decreased sensitivity with the nuclear expansion method. At 
6dpi, most cells could not be assigned to a cell type, likely due to high amounts of viral RNA 
across the entire organoid sections and the virus induced host cell shutoff. From the pilot 
experiment, we concluded that advanced cell segmentation using the cell segmentation add-on 
kit which we used in the main experiment was superior to nuclear expansion–based cell type 
annotation. In addition, by 6dpi, HSV-1 infection had progressed too far to be suitable for 
spatial transcriptomics experiments. 
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Fig. S1. Characterizati-
on of skin organoid 
(SkO) differentiation. 
(A) Brightfield images of 
SkOs from day -2 (d-2) of 
differentiation to 126 days 
(d126). White scale bars 
represent 200µm, black 
scale bars 500µm. (B) 
Maximum intensity 
projections from Z-stacks 
of overview images from 
WMI staining of SkOs at 
120 days of differentiati-
on. Scale bars 500µm. (C) 
Zoom-ins of WMI 
staining. Scale bars 50µm. 
(D) IHC staining of SkOs 
at 120 days of differentia-
tion. Boxes in overview 
images indicate areas of 
higher magnification 
shown at the right. Scale 
bars represent 500µm in 
overview images and 
50µm in zoom-ins. H&E: 
hematoxylin and eosin 
stain. Hoechst: nuclear 
stain. Ki67: proliferating 
cells. KRT15: basal layer 
of epidermis, outer root 
sheath, medulla. KRT17: 
epidermis, outer root 
sheath of HFs. KRT20: 
Merkel cells. KRT71: 
inner root sheath of HFs. 
LHX2: bulge region, hair 
germs, hair pegs, hair 
placodes. NEFH: sensory 
neurons, large soma 
neurons. PDGFRα: dermal 
fibroblasts, dermal papilla. 
S100β: Schwann cells, 
satellite glial cells, 
adipocytes, melanocytes. 
SCD1: adipocytes, seba-
ceous glands. SOX2: 
dermal condensates, 
dermal papilla, melanocy-
tes, Merkel cells. TUBB3: 
neuronal cells, Schwann 
cells.
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Fig. S2. Spread of HSV-1 infection in SkOs and NHDF cells. (A) IHC staining against GFP of 120 days old SkOs infected with HSV-1 
expressing GFP from CMV-IE promoter. Boxes in overview images indicate areas of higher magnification shown below. Scale bars 500µm 
in overview images and 20µm in zoom-ins. Upper picture of zoom-ins shows epidermis on the top and dermis below. Lower picture in 
zoom-ins shows hair follicle. (B) Representative brightfield (BF) and fluorescence (GFP) images of NHDF cells and SkOs infected with 
different PFU of HSV-1 17 CMV-IEproEGFP. Uninfected and HSV-1-infected NHDF cells and SkOs are shown at 1, 2, 3, and 4 days post 
infection (dpi). Boxes in the left bottom corner of NHDF show zoom-ins on individual cells. Scale bars: 500 µm. (C) Quantification of HSV-1 
DNA in the culture supernatants of infected NHDF cells and SkOs shown in (B) by qPCR. Three biological replicates were analyzed for each 
condition (n = 3 NHDF cultures and n = 3 SkOs). Error bars represent the standard deviation (SD).

G
FP

dermis

epidermis

hair 
follicle

2dpi 4dpi 6dpiuninfected 8dpi

BF GFP BF GFP BF GFP BF GFP

BF GFP BF GFP BF GFPBF GFP

C



replicate 1 2 1 2 1 2 1 2 1 2
uninfected 2dpi 4dpi 6dpi 8dpi

A

B 2dpi 4dpi

6dpi 8dpi

Fig. S3. (A) Heatmap of bulk RNA-seq of HSV-1 infected SkOs showing deregulated genes of HSV-1 infected SkOs 
at 2, 4, 6, and 8dpi vs uninfected SkOs in the individual replicates. (B) Volcano plots of bulk RNA-seq showing all 
differentially expressed host genes at 2, 4, 6, and 8dpi vs uninfected SkOs. All fold changes and p-values are listed 
in table S4.
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Fig. S4. Cell death 
in HSV-1 infected 
SkOs. (A) Overview 
images of TUNEL 
and cleaved 
Caspase-3 (c-Casp3) 
staining performed 
on FFPE sections of 
HSV-1 infected 
SkOs. As a positive 
control an uninfected 
tissue section was 
treated with DNase. 
White boxes indicate 
zoom-in areas shown 
in (B). Scale bars 
500µm. (B) Zoom- 
ins of images shown 
in (A). Upper panels 
display merged 
channels, images 
below individual 
channels. Scale bars 
50µm.
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Fig. S5. Overview of all SkOs analyzed in the pilot spatial transcriptomics experiment with cells 
colored by cell types.
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Fig. S6. Overview of all SkOs analyzed in the pilot spatial transcriptomics experiment with cells 
colored by HSV-1 UL54 trancript expression.
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Fig. S7. Overview of all SkOs analyzed in the main spatial transcriptomics experiment with 
cells colored by cell types. The sections shown in Fig. 3 are highlighted by orange frames 
(uninfected organoid top right, 3dpi organoid top left), the part shown in fig. S19B is highlighted by an 
orange frame (4dpi, organoid on the right). 
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Fig. S8. UMAP representation of spatial transcriptomics data from main experiment. 
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Fig. S9. Expression of marker genes in clusters from main experiment.
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Fig. S12. Expression of the HSV-1 entry receptors Nectin-1 and TNFRSF14 (HVEM). (A) 
Representative region from an uninfected SkO with cells colored by expression levels of NECTIN1 and 
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Fig. S17. Scanning electron microscopy (SEM) of HFs from HSV-1 infected SkOs at 3dpi and 4 dpi. (A) Overviews 
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Fig. S18. (A) Individual fluorescence channels of overview WMI staining shown in Fig. 5. Maximum intensity 
projections of Z-stacks showing WMI staining of TUBB3 (neurons), S100β (Schwann cells, satellite glial cells), NEFH 
(sensory neurons), PRPH (sensory neurons), and HSV-1 ICP8, ICP0 and gC in uninfected SkOs and at 8dpi. (B) 
Expression of the indicated genes in Schwann and neuronal cells. Dot sizes represent the fraction of cells having at least 
one count of the specified gene, color the average expression. 
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Fig. S19. (A) individual fluorescence channels 
of zoom-ins from whole-mount 
immunofluorescence (WMI) staining shown 
in Fig. 5.  WMI staining shows TUBB3 
(neurons), S100β (Schwann cells, satellite glial 
cells), NEFH (sensory neurons), PRPH (sensory 
neurons), and HSV-1 ICP8, ICP0 and gC in 
uninfected SkOs and at 8dpi. MIP: maximum 
intensity projection of a Z-stack, the two images 
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Z-stack. (B) Definition of Control region (upper 
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comparing (C) the viral load and (D) the ratio 
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Fig. S20. Host gene expression in HSV-1 infected SkO at the infection front. (A) Two-dimensional projection of 
papillary fibroblasts as in Fig. 6A, with cells colored by expression levels of the indicated host genome transcripts. 
(B) Papillary fibroblasts were categorized in “infection front” (cluster 1 in Fig. 6AB), “uninfected next to infection
front”, “infected next to infection front”, “later in infection” and “no virus” (i.e., without viral RNA and further away
from the infection front). Top: two-dimensional projection as in (A), bottom: the same region as in Fig. 6B, both with
cells colored by these categories. (C) Differential gene expression in papillary fibroblasts in the cell categories shown
in (B) at 3dpi vs uninfected. Shown are the genes with padj < 0.05 in at least one category determined by DESeq2.
All p-values are listed in table S4. (D) Fold changes in the bulk RNA-seq data at the indicated timepoints vs.
uninfected organoids for IER3 and selected induced host genes. Significantly upregulated genes have padj <0.05
determined by DESeq2. All p-values are listed in table S4.
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papillary fibroblasts in Fig. 6. The pink arrow at the lowest SkO at 4dpi indicates a region with cells in late 
stages of viral infection (clusters 5-7) which is not preceded by cells at earlier infection stages in the more 
inner parts of the organoid.
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Fig. S22. Host gene expression in HSV-1 infected SkO in specific cell types. (A) Expression values 
of the indicated genes in a subset of cell types. For uninfected and 2dpi SkOs, all cells were combined 
for the analysis. 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. The median viral load was calculated only 
within cells with more than 1 count. Dot sizes represent the fraction of cells having at least one count 
of the specified gene, the color the average expression. Black circles around the dots indicate signifi-
cant differential expression (padj <0.05) in a pseudobulk comparison vs. all cells in uninfected 
cells determined with DESeq2. All p-values are listed in table S4. (B) Fold changes in the bulk 
RNA-seq data at the indicated timepoints vs. uninfected organoids for IRF3, TNF and TNFSF9. 
Significantly upregulated genes have padj <0.05 determined by DESeq2. All p-values are listed in 
table S4. (C) Shown is one replicate of a HSV-1 infected SkO at 4dpi (top left of the 4dpi 
organoids in Fig. S7 and Fig. 8C). Cells are colored by TNF expressing cells, proximal and 
distal cells as indicated.



Fig. S23. IHC staining of HSV-1–infected SkOs for 4-1BBL and CXCL2 showing individual 
fluorescence channels. (A) IHC staining of HSV-1–infected SkO for 4-1BBL (TNFSF9) and HSV-1 
gC, corresponding to the merged images shown in Fig. 8E, with the individual fluorescence channels 
displayed separately. (B) IHC staining of HSV-1–infected SkO for CXCL2 and HSV-1 gC, corre-
sponding to the merged images shown in Fig. 8E, with the individual fluorescence channels displayed 
separately.
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Fig. S24. Comparison of HSV-1 infection in SkOs treated with TNF-α, 4-1BBL (TNFSF9), or IFN-β. (A) Repre-
sentative brightfield (BF) and fluorescence (GFP) images of SkOs infected with HSV-1 17 CMV-IEproEGFP and 
treated with the indicated factors. (B) Quantification of HSV-1 DNA in the culture supernatants of the infected SkOs 
shown in (A) by qPCR. Biological replicates were n=4 for the untreated, TNF-α-treated, and 4-1BBL-treated groups, 
and n=3 for the IFN-β-treated group. Error bars represent the standard error of the mean (SEM). Statistical analysis 
performed with aligned rank transform (ARTool package) with Holm adjustment for multiple comparisons showed 
a significant reduction in HSV-1 DNA levels in the culture supernatant of IFN-β-treated SkOs (** padj < 0.01). All 
p-values are listed in table S4. (C) Bulk RNA-seq analysis of HSV-1-infected SkOs at 4dpi, either untreated or
treated with TNF-α, 4-1BBL (TNFSF9), or IFN-β, showing the percentage of total sequencing reads mapping to
the HSV-1 genome. Biological replicates were n=3 for the untreated, TNF-α-treated, and 4-1BBL-treated
groups, and n=2 for the IFN-β-treated group. (D) Heatmap of the bulk RNA-seq analysis shown in (C), displaying
the relative expression of selected genes across individual biological replicates.



 
 

 
 

Table S1. Cell type annotation of cell clusters from main and pilot spatial 
transcriptomics experiment 
 

Cell type Key markers 
(positive) 

Key 
markers 

(negative, if 
relevant) 

Spatial 
localization 

Notes Cluster 
# main 

exp 

Cluster 
# pilot 

exp 

Adipocytes/ 
sebaceous 
glands 

ADIPOQ, 
PLIN4, LPL,  
PPP1R1B 

  large clusters 
of cells in 
dermis and 
associated 
with hair 
follicles 

Adipocytes and 
sebaceous 
glands are not 
distinguishable 
based on 
markers alone, 
only by 
localization 

23 38 

Arrector pili 
muscle 

MEF2C, 
EDNRB, 
MYH11, ITGA8, 
MYLK, ACTA2 

  cells in 
strands, 
associated 
with hair 
follicles 

  30 16 

Chondrocytes ACAN, 
COL2A1 

  tail   4; 36 7; 55 

Ciliated 
epithelial cells 

CLIC6, 
SCB2A1, 
C1orf194, 
FOXJ1, PCB4, 
DNAAF1, 
CCDC39, 
C6orf118, 
CFAP53 

  single 
structure 
with lumen in 
one HSV-1 
infected SkO 
at  3dpi 

probably an off-
target 
differentiation 

37 not 
found 

Endothelial 
cells 

CD34, CD93, 
PECAM1, LYVE 

  strands in 
dermis and at 
outer rim 

  20 32 

Fibroblasts: 
Dermal papilla 

SOX2, SOX18, 
CXCR4 

  base of hair 
follicle 

  7 10 

Fibroblasts: 
Dermal sheath 

MFAP5, ACTA2   around hair 
follicle 

  8 4 

Fibroblasts: 
Dermal sheath 
(cyc) 

MFAP5, 
ACTA2, 
TOP2A, CDK1, 
MKI67, CENPF, 
UBE2C 

  around hair 
follicle 

cycling dermal 
sheath cells 

24 not 
found 

Fibroblasts: 
Mesenchymal 
type 1 

ASPN, GPC3 SFRP4 cells in 
dermis 
associated 
with 
chondrocytes 

  0 5 

Fibroblasts: 
Mesenchymal 
type 2 

ASPN, GPC3, 
SFRP4 

  single cells in 
dermis 

  33 not 
found 



 
 

 
 

Fibroblasts: 
Myofibroblasts 

DES, ASPN, 
SFRP2, 
MYBPC1, 
NCAM1 

  single cells in 
dermis 

  16; 41 25 

Fibroblasts: 
others 

GPC3, PRG4, 
C7, TMEM100 

  single cells in 
dermis 

  34 40 

Fibroblasts: 
Papillary type 
1 

APCDD1, 
PTGDS, GPC3, 
PDGFRA, 
POLCE 

  outer rim of 
dermis 

Cells of clusters 
5 and 11 (main 
exp.) showed 
similar 
localization as 
cluster 2 (main 
exp.).  High 
viral gene 
expression and  
downregulation 
of fibroblast 
markers led to 
assignment in 
different 
clusters.  

2; 5; 11 0 

Fibroblasts: 
Papillary type 
2 

APCDD1(high), 
PTGDS, GPC3, 
PDGFRA, 
POLCE, 
MEF2C 

  in dermis 
below 
epidermis, 
partially 
associated 
with hair 
follicles 

Cells of clusters 
13 (main exp.) 
and 12 (pilot 
exp.) showed 
similar 
localization as 
clusters 1 (main 
exp.) and 2 
(pilot exp.). 
High viral gene 
expression and  
downregulation 
of fibroblast 
markers led to 
assignment in 
different 
clusters.  

1;13 2;12 

Fibroblasts: 
Papillary type 
3 

APCDD1, 
GPC3, 
PDGFRA 

THBS2, 
PTGDS, 
POLCE 

single cells in 
dermis 

  6 not 
found 

Fibroblasts: 
Pro-
inflammatory 

PDGFRA, TNC, 
UCHL1, PDPN, 
IRF9, STAT2, 
IFNAR1 

  single cells in 
dermis 

  12 not 
found 

Keratinocytes: 
Bulge region 

LHX2, LGR5, 
KRT5, KRT15, 
NFATC1 

  outer layer 
at hair 
follicles 

  10 8 

Keratinocytes: 
IRS 

KRT71   inner layer at 
hair follicles 

  14 14 



 
 

 
 

Keratinocytes: 
Matrix 

LHX2, LRG5, 
TOP2A, CDK1, 
MKI67, CENPF, 
UBE2C 

  hair follicle 
bulb 

  21 17 

Keratinocytes: 
ORS/ 
companion 
layer 

KRT15, TP63, 
SERPINB3, 
C5orf46, 
C15orf48, 
FGFBP1, 
SEMA3C, 
PRDM1 

  outer layer 
at hair 
follicle 

  17 18 

Keratinocytes: 
Stratum 
basale 

COL17A1, 
KRT5, KRT15 

  basal layer in 
epidermis 

  3 1 

Keratinocytes: 
Stratum 
corneum 

LOR, 
SERPINB2, 
SERPINB3, 
KRT10, KRT14 

COL17A1, 
KRT5, 
KRT15 

higher layers 
in epidermis 

  18; 25 6 

Keratinocytes: 
Stratum 
spinosum/ 
granulosum 

COL17A1, 
KRT5, KRT15, 
SERPINB2, 
SERPINB3, 
KLK11, KRT10, 
LOR 

  above 
stratum 
basale in 
epidermis 

  9 11; 47 

Melanocytes MLANA, PMEL, 
KIT, SOX10 

  single cells in 
basal layer 
and at hair 
follicles 

  15 22 

Merkel cells ATOH1, 
HEPACAM2, 
KRT17, CHGA 

  single cells at 
hair follicles 

  43 37 

Neuronal cells 
type 1 

TUBB3, SOX2   tail of HSV-1 
infected SkO 
at 4dpi 

  19 not 
found 

Neuronal cells 
type 2 

UCHL1, PTN, 
MST, SOX2, 
TUBB3, 
NCAM1, 
CHGA, MCF2L, 
SH2D3C 

  tail of HSV-1 
infected SkO 
at 4dpi 

  38 not 
found 

Schwann cells SOX10, MPZ, 
S100B 

  covering 
potential 
axons 

  22 not 
found 



 
 

 
 

Undefined too few 
markers for 
identification 

  dying cells in 
the middle 
of the head 
and highly 
infected cells 

Clusters 
contain dying 
cells in the 
middle of the 
head and highly 
infected cells 
with little to no 
host gene 
expression. A 
cell type 
assignment was 
not possible. 

26-29; 
31; 32; 
35; 39; 
40; 42; 
44-47 

3; 9; 
13; 15; 
19-21; 
23; 24; 
26-31; 
33-36; 
39; 41-
46; 48-
54; 56 

 
  



 
 

 
 

Table S2. Custom panel CZBXK3 for Xenium Spatial transcriptomics 
 

ACAN IL17RE PRAMEF13 
AGA IL22 PRPH 
ANKRD1 IL25 RNASE7 
AQP1 IL4 RORC 
ATOH1 IRF3 RSAD1 
BBC3 IRF7 RSAD2 
BBC3as IRF9 S100B 
CAMP ISL1 SARM1 
CD207 ITGA6 SCD 
CD38 ITGA8 SLC27A4as 
COL23A1 ITGAM SLC9A1 
COL2A1 ITGAX SOX10 
DDX58 KLF18 SRSF3rt 
DEFB103A KRT10 SRSF6rt 
DUX4 KRT14 STAT1 
EDAR KRT15 STAT2 
GATA3 KRT17 TBK1 
HSV1_LAT KRT5 TBX21 
HSV1_UL27 KRT71 TLR3 
HSV1_UL29 LHX2 TMEM173 
HSV1_UL54 LOR TNF 
HSV1_US1 MAVS TNFRSF14 
IDO1 MPZ TNFSF9 
IER3 MX1 TP53 
IFI44 MX2 TP63 
IFNA1 NCAM1 TRIM43 
IFNAR1 NECTIN1 TSLP 
IFNB1 NEFH TUBB3 
IFNG NFATC1 UCHL1 
IFNGR1 NFKBIA UTP6 
IFNGR2 NPNT VIM 
IL13 PLP1 ZSCAN4 
IL17C PMEL  

 
 
  



Table S3. Antibodies used for whole mount immunostaining (WMI) and 
Immunohistochemistry (IHC) 

antibody vendor catalog # dilution WMI dilution IHC 
c-Caspase 3 Cell Signaling 9661T - 1:200 
CXCL2 Invitrogen PA5-122058 - 1:200 
GFP Abcam ab290 - 1:1000 
HSV-1 gC Santa Cruz sc-51626 1:50 1:50 
HSV-1 gD Santa Cruz sc-21719 - 1:50 
HSV-1 ICP0 Santa Cruz sc-53070 1:50 - 
HSV-1 ICP8 Abcam ab20194 1:50 - 
IER3 Abcam ab65152 1:75 - 
IRF3 Cell Signaling 11904 1:200 - 
Ki67 BD Biosciences 550609 1:100 1:100 
KRT 15 Santa Cruz sc-47697 1:50 1:100 
KRT 17 Santa Cruz sc-393091 1:100 1:200 
KRT 20 Cell Signaling 13063S 1:100 1:100 
KRT 71 Invitrogen PA5-83965 1:500 - 
LHX2 Millipore ABE1402 1:1000 1:750 
NEFH Cell Signaling 2836S 1:100 1:100 
PDGFRα Cell Signaling 5241 1:100 1:200 
Peripherin Abcam ab4666 1:2500 - 
S100β Abcam ab52642 1:200 1:200 
SCD1 Sigma-Aldrich HPA012107 - 1:50 
SOX2 BD Biosciences 561469 1:100 1:100 

TNFSF9 (4-1BBL) Antibodies-
online ABIN6940973 - 1:100 

TUBB3 BioLegend 801202 1:100 1:100 



Table S4. Table containing all fold-changes, p-values, and adjusted p-values from the 
statistical analyses of the manuscript. 
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