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Abstract

Varicella-zoster virus (VZV), a common pathogen with humans as the sole host, causes primary infection and undergoes
a latent period in sensory ganglia. The recurrence of VZV is often accompanied by severe neuralgia in skin tissue, which
has a serious impact on the life of patients. During the acute infection of VZV, there are few related studies on the patho-
physiological mechanism of skin tissue. In this study, transcriptome sequencing data from the acute response period within
2 days of VZV antigen stimulation of the skin were used to explore a model of the trajectory of skin tissue changes dur-
ing VZV infection. It was found that early VZV antigen stimulation caused activation of mainly natural immune-related
signaling pathways, while in the late phase activation of mainly active immune-related signaling pathways. JAK-STAT,
NF«B, and TNFa signaling pathways are gradually activated with the progression of infection, while Hypoxia is pro-
gressively inhibited. In addition, we found that dendritic cell-mediated immune responses play a dominant role in the
lesion damage caused by VZV antigen stimulation of the skin. This study provides a theoretical basis for the study of the

molecular mechanisms of skin lesions during acute VZV infection.
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Introduction

Herpes zoster (HZ) is the clinical manifestation of the
reactivation of varicella zoster virus (VZV) (Oxman
2000). Following infection, VZV is dormant in sensory
neurons(Sadzot-Delvaux et al. 1990). When the immune
system is compromised or immune function is reduced, the
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virus can be reactivated, leading to shingles(Stankus et al.
2000). VZV is a member of the herpes virus with a diameter
of about 150-200 nm and a core of double-stranded DNA
(You et al. 2017). Viruses have three-dimensionally sym-
metrical capsids. Outside the capsid is a spherical envelope
composed of lipids and proteins, and only the enveloped
virus is infectious(Sun et al. 2020). There are 6—8 glycopro-
teins on the viral film. The viral glycoproteins gpl, gp2 and
gp3 all induce neutralising antibodies in the body, with gp1
being the main antigen of the virus and the main source for
the preparation of viral vaccines(Vafai et al. 1984). VZV is
able to multiply in the nuclei of human embryonic fibroblasts
and epithelial cells and produce focal cytopathies. Humans
are the only known host in nature (Balfour 1988); (Yamani-
shi et al. 1980). After primary infection with VZV, the virus
ascends through the sensory nerves and forms an incisional
infection in one or more of the spinal dorsal root ganglia and
trigeminal ganglia (Gershon and Gershon 2013), (Hyman et
al. 1983). Despite the widespread incidence of herpes zoster
virus and the large number of potential infections, yet the
molecular mechanisms underlying changes in skin samples
during acute infection remain unclear.
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In this study, we explored the molecular mechanisms
of local skin lesions caused by acute VZV infection and
changes in the microenvironment of skin tissues using
transcriptome sequencing data obtained from VZV antigen
infection of human skin. The study reveals the early and
late stages of acute VZV-induced skin lesions, reveals the
molecular biology and cell biology mechanisms, and pro-
vides a theoretical basis for the prevention and treatment
of VZV-induced skin lesions. The specific process of the
research is shown in Fig. 1.

Methods
Data sources

The data used in this study, GSE130633(Chambers et al.
2021), was derived from the GEO database(Barrett et al.
2012). The samples came from human patient biopsies.
The cohort contains high throughput sequencing data from
126 skin lesions caused by VZV antigen stimulation. These
samples contained 30 normal skin samples, 30 samples after
6 h saline injections, 32 samples after 6 h VZV antigen treat-
ment and 34 samples after 2 days VZV antigen treatment.

Data processing flow

We use “Seurat 4.0” R package(Ye et al. 2022), (Butler et
al. 2018) to construct Seurat objects for 126 samples. The
samples are then preprocessed by “SCTransform” function
(Hafemeister and Satija 2019). After obtaining a normalized

Fig. 1 Work flow

expression profile matrix, linear dimensionality reduction
was performed using “RunPCA” function to identify the
main top 30 principal components. The distance between
samples was calculated using “FindNeighbors” function
(ndims=1:30), and nonlinear dimensionality reduction
was carried out on the samples using “RunUMAP” func-
tion (ndims=30). For the differential expression analysis,
the One vs. Others strategy was utilized to identify dif-
ferentially expressed genes in different treatment groups
using the “FindAllMarker” (wilcoxon test) function. Genes
meeting the screening criteria of adj.p <0.01 and abs (avg_
log2FC)>1 were considered as differentially expressed
genes.

Functional enrichment analysis

Gene sets were subjected to functional enrichment analysis
using “clusterprofileR” R package (Wu et al. 2021). First,
overexpression analysis was performed on the differentially
expressed genes of different treatment groups. Second,
GSEA was performed on the eigengenes of the PC1 axis
and PC2 axis. Gene sets of GO (G.0.C.J 2004) and KEGG
(Kanehisa and Goto 2000) were used for overexpression
analysis. Whereas GSEA (Reimand et al. 2019) uses the
MSIGDB C2 KEGG (Liberzon et al. 2011) gene set.

ssGSEA

To further compare the differences in signaling pathways
in each sample, the ssGSEA (Hénzelmann et al. 2013)
algorithm in “GSVA” R package was used to evaluate
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the enrichment of signaling pathways in the MSigDB C2
KEGG gene set in 126 samples. Differences in signaling
pathways between treatment groups were found using the
“FindAllMarker” (wilcoxon test) function.

Transcription factor activity analysis

“DoRothea” R package (Holland et al. 2020) was used to
assess the transcription factor activity of 126 samples. First,
the transcription factor regulatory networks with confi-
dences of A, B, C were selected from the “doRothea hs”
function (DoRothEA is a gene set containing transcription
factors that interact with their targets. Different types of
interaction evidence such as interaction inference from gene
expression. The trustworthiness of the interaction between
TF and target was classified into five levels (A-E) according
to the amount of supporting evidence, with A being the most
credible and E being the low trustworthiness. In this study,
grades A, B, and C were selected at medium confidence).
The transcription factor activity matrix was then obtained
by assessing the transcription factor activity of 126 sam-
ples using the “run_viper” function. The information was
integrated into the Seurat object by constructing an Assay
object. The “FindAllMarker” (wilcoxon test) function was
used to find differences in transcription factor activity across
treatment groups.

Signal pathway activity analysis

“PROGENy” R package (Schubert et al. 2018) utilizes a
vast collection of publicly available signaling perturbation
experiments to identify a shared set of pathway responsive
genes for both human and mouse. These genes, in combi-
nation with any statistical approach, can be employed to
predict pathway activities from either bulk or single-cell
transcriptomic data. In our study, we used the R package
“decoupleR” (Badia-i-Mompel et al. 2022) to evaluate
the activity of 14 common signaling pathways in 126 skin
samples. Initially, we constructed a model using the top 500
genes with the “get progeny” function. Subsequently, we
assessed the weights of the 14 signaling pathways in the 126
samples using the average weight algorithm (“run_wmean”
function).

Pseudo-time series analysis

After the skin is stimulated by VZV antigen, it will experi-
ence a series of pathological changes successively. “Mono-
cle” R package (Peresini et al. 2015) was used to construct
pseudo-temporal trajectories of skin samples. First convert
the Seurat object to a CDS object through the “as.CellDa-
taSet” function. Next, we use the differentially expressed
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genes to reduce the dimension of the sample (“DDRTree”
R package) to construct the dynamic change trajectory of
the sample. To find the main regulatory genes driving skin
changes, we used the differentialGeneTest function (full-
ModelFormulaStr = “ ~ sm.ns (Pseudo-time)”) to analyze
the samples. We screened the top 200 genes for clustering
and visualization based on the ranking of q.values to find
gene modules that regulate changes in skin samples.

Tissue microenvironment analysis

We utilized “XCELL” R package (Aran et al. 2017) to
assess the scores of 64 cell types in 126 samples. As part
of the data processing, the transcriptome data underwent
normalization through a logarithmic transformation (log2
(TPM + 1). Default parameters were applied in XCELL, and
the results of the evaluation were recorded in Appendix 1.

Weighted gene co-expression network analysis
(WGCNA)

Gene co-expression regulatory modules associated with
clinical traits can be found by “WGCNA” R package
(Langfelder and Horvath 2008), which has been widely
used in the transcriptomic and proteomic fields. Firstly, we
performed voom normalization of expression profile data
from 126 skin samples by the R package “limma”. The nor-
malised expression profile matrix was then used to construct
a gene co-expression regulatory network using the R pack-
age “WGCNA”. We screened genes with standard devia-
tion greater than 1 for subsequent co-expression module
analysis. To make the modules conform to the scale-free
network characteristics, we suspended a soft threshold of
10 and fused genes with distance less than 0.25 to form
the co-expression modules. We eventually obtained 2 co-
expression modules (blue and turquoise). We calculated the
relationship between the principal components (ME) of the
two modules and the different treatment groups of the skin.

Statistics

R version 4.1 was used for analysis of data and plotting
of images. the R package “pscych” (Revelle and Revelle
2015) was used for correlation analysis (spearman) and
corrplot for plotting correlation heat maps. the R packages
“ggplot2”, “ggpubr” (Kassambara and Kassambara 2020)
were used for statistical plotting. Comparisons between
multiple groups were performed using kruskal-wallis.
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Results

Transcriptome distribution characteristics of VZV
antigen-stimulated skin samples

Three clusters were obtained by non-linear dimensionality
reduction (UMAP) and unsupervised clustering (Louvain)
of 126 skin samples (cluster0O: 61 samples, clusterl: 38 sam-
ples, cluster2: 27 samples; Fig. 2A and B). We performed
chi-square tests on the samples from each of the four treat-
ments within the three clusters. The results revealed that in
cluster 0, 49% of the samples were Normal skin, 31% were
from 6 h after saline injection, 8% were from 6 h after VZV
antigen challenge, and 11% were from 2 days after VZV
antigen challenge. For cluster 1, 68% were from 6 h after
VZV antigen challenge, 29% were from 6 h after saline
injection, and only 3% were from 2 days after VZV antigen

Fig. 2 Transcriptome dynamics
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challenge. In cluster 2, 96% were from 2 days after VZV
antigen challenge, and only 4% were from 6 h after VZV
antigen challenge (Fig. 2C).

This result could reflect the severity of VZV antigen irri-
tation of the skin as cluster2 > cluster1 > cluster0. Further
exploring the expression profile characteristics of the differ-
ent treatment groups, we can observe on the PCA 2D scatter
plot that 2 days after VZV antigen challenge and Normal
Skin are more closely distributed on PC2, while the 6 h after
saline injection group and 6 h after VZV antigen challenge
group are mainly distributed on the negative axis of PC2.
Furthermore, we can clearly observe that the temporal axis
of VZV antigen infection is distributed along PC1 (Fig. 2D).
We performed GSEA (MSIGDB KEGG gene set) based on
the ranking of the contribution of genes to the PC axis. The
results showed that the genes contributing positively to the
PC1 axis were mainly enriched in AMPK signaling pathway,
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Chemical carcinogenesis-DNA adducts, Drug metabolism-
cytochrome P450, Estrogen signaling pathway, Retinol
metabolism, Salivary secretion, Steroid hormone biosyn-
thesis and other signaling pathways (Fig. 2E). Genes con-
tributing negatively to the PC1 axis were mainly enriched in
Apoptosis, Epstein-Barr virus infection, Naturall killer cell
mediated cytotoxicity, NF-kappa B signaling pathway, Viral
carcinogenesis, Viral myocarditis and other signaling path-
ways (Fig. 2F). Genes that positively contribute to the PC2
axis are primarily enriched in Autoimmune thyroid disease,
Glycolysis/Gluconeogenesis, Human immunodeficiency
virusl infection, Natural killer cell mediated cytotoxicity,
Primary immunodeficiency, T cell receptor signaling path-
way, Th1 and Th2 cell differentiation, and Viral myocarditis
(Fig. 2G). Conversely, genes that negatively contribute to
the PC2 axis are mainly enriched in the Chemokine signal-
ing pathway, IL-17 signaling pathway, TNF signaling path-
way, Viral protein interaction with cytokine and cytokine
receptor, and other signaling pathways (Fig. 2H). The PC2
axis mainly reflects the stress response of the skin to the
wound.

Differences in gene expression signatures of VZV
antigen-stimulated skin

We compared the expression profile characteristics of skin
samples from four different treatment groups from three
different perspectives. First, we performed differential
expression analysis of the expression profiles of the four
subgroups (One vs. Others strategy) and performed func-
tional enrichment analysis (GO) of the upregulated genes in
each treatment group by clusterprofileR (Fig. 3A, Fig. S1).
We found that postsynapic-related signaling pathways were
significantly activated in the 6 h after saline injection group.
The cytokine and chemokine-related signaling pathways
were significantly activated in the VZV antigen challenge
group after 6 h. Immune-related signaling pathways were
significantly activated in the VZV antigen challenge group
after 2 days.

Further, we assessed the activity of 186 KEGG gene sets
from 126 skin samples using ssGSEA. The results showed
that innate immunity and active immunity-related path-
ways were activated, and cellular metabolism-related path-
ways were inhibited in the VZV antigen challenge group
after 6 h and in the VZV antigen challenge group after 2
days (Fig. 3B). Innate immunity related pathways includ-
ing Cytosolic DNA-sensing pathway, NOD-like receptor
signaling pathway, Toll-like receptor signaling pathway,
RIG-I-like receptor sighalng patway, jak-STAT signaling
pathway, Type 1l diabetes mellitus, Cytokine-cytokine recep-
tor interaction. Active immunity related pathways includ-
ing Systemic lupus erythematosus, Antigen processing and
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presentation, Autoimmune thyroid disease, Allograft rejec-
tion, Intestinal immune network for 1gA production, Cell
adhesion molecules(CAMs), Viral myocarditis, Asthma,
Type 1 diabetes mellitus, Graft-versus-host disease, Leish-
mania infection, Primary immunodeficiency, ABC trans-
porters, Hematopoietic cell lineage, Proteasome, Natural
killer cell mediated cytotoxicity, Fc epsilon Rl signaling
pathway, T cell receptor signaling pathway, Complement
and coagulation cascades, Chemokine signaling pathway,
Folate biosynthesis. Cellular metabolism-related pathways
including Melanogenesis, Basal cell carcinoma, Hedgehog
signaling pathway, Butanoate metabolism, Proximal tubule
bicarbonate reclamation, Glycine, serine and threonine
metabolism, Glycosphingolipid biosynthesis-lacto and neo-
lacto series, Circadian rhythm-mammal, Nitrogen metabo-
lism, Drug metabolism-cytochrome P450, Metabolism of
xenobiotics by cytochrome P450, Taurine and hypotaurine
metabolism.

Further, we compared the differences in transcription fac-
tor activity. BCL6, GLI2, ATF3, KMT2A, NFKB2, TFAP2C
were significantly activated in the Normal skin group, and
these genes are involved in the regulation of DNA methyla-
tion. In the 6 h after VZV antigen challenge group, transcrip-
tion factors such as FOXL2, NR1H2, FOSL2, JUN were
significantly activated, and these genes are involved in the
Th17 cell differentation and Positive regulation of miRNA
transcription. The transcription factors RFXS5, SPIB, LYLI,
TBX21 were significantly activated in the 2 days after VZV
antigen challenge group, and these genes are involved in
the Human T-cell leukemia virus 1 infection and Hepatitis
B (Fig. 30).

Ultimately, we compared the activation levels of 14
prevalent signaling pathways in 126 skin samples. Our find-
ings indicated a progressive increase in the activity of JAK-
STAT, NF-kB, TNF-a, VEGF, and PI3K signaling pathways
with the advancement of skin infection, while the activity
of the Hypoxia signaling pathway decreased progressively.
Additionally, we observed a notable reduction in the activi-
ties of the p53 and TGF-f signaling pathways in the group
following VZV antigen challenge after 2 days (Fig. 3D and
E).

Changes in the tissue microenvironment during skin
stimulation by the VZV antigen

We used XCELL to assess the tissue infiltration scores of
64 cell types and 3 integrated scores from 126 skin samples.
We found that most of the immune cells (DC cells, B cells,
T cells, Macrophage, etc.) scores increased with disease
progression, while some stromal cells (Keratinocytes, Myo-
cytes, HSC, Chondrocytes, etc.) scores decreased (Fig. 4).
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Differences in KEGG signaling pathway enrichment scores. From the
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ing pathways. The VZV antigen challenge group showed significant
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The pseudo-chronological progression model of
VZV antigen-infected skin

To explore the progression characteristics of VZV anti-
gen-stimulated skin, we constructed a disease progression
model using monocle. We found that VZV antigen-infected
skin progresses through Normal skin, 6 h after saline
injection, 6 h after VZV antigen challenge, and finally to
2 days after VZV antigen challenge (Fig. 5A and B). The
CXCL10, CXCL11, GBP5, GZMB, IL1B, IRG1 were all
elevated with Pseudo-time (Fig. 5C). This implies that these
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factors mainly involved in Regulation of DNA methylation. 6 h after
VZV antigen challenge group showed high expression of transcription
factors mainly in Th17 cell differentiation. The transcription factors
in the 6 h after VZV antigen challenge group were mainly enriched in
Th17 cell differentiation, Positive regulation of miRNA transcription
signaling pathway. The transcription factors that were highly expressed
in the 2 days after VZV antigen challenge group were mainly enriched
in the Human T-cell leukemia virus 1 infection, Hepatitis B signaling
pathway. (D, E) Results of signaling pathway activity analysis using
the Progeny algorithm

genes are gradually upregulated in the process of cell state
changes and are likely to regulate the deterioration or pro-
gression of the disease state. We screened the top 200 genes
associated with Pseudo-time (rank by q.value). These 200
genes could be clustered into 3 clusters (clusterl, cluster2,
cluster3; Fig. 5D), with cluster 3 having the highest cor-
relation with disease progression. Figure 5E shows that
cluster 2 is mainly enriched on the T cell receptor signaling
pathway, Cytokine-cytokine receptor interaction, Hemato-
poietic cell lineage, Th17 cell differentiation, Cell adhesion
molecules, Th1 and Th2 cell differentiation, Chemokine sig-
naling pathway, Primary immunodeficiency, Natural killer
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Group B8 Normal skin

E3 6 hours after saline iniection
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Fig. 4 Comparison of the scores of cells obtained by the XCELL
algorithm in the four treatment groups. It can be seen that immune-
related cells (DCs, B-cells, Macrophages, Basophils, etc.) gradually
increase with VZV antigen infection of the skin, while stromal cells
(Neurons, Epithelial cells, HSC, Smooth muscle) gradually decrease.
The * represents the significance of the contrast between the four treat-

cell mediated cytotoxicity, PD-L1 expression and PD-1
checkpoint pathway in cancer. Figure 5 F shows that clus-
ter 1 is mainly enriched on the Cytokine-cytokine recep-
tor interaction, Viral protein interaction with cytokine and
cytokine receptor, Chemokine signaling pathway, Rheu-
matoid arthritis, IL-17 signaling pathway, Chagas disease,
NF-kappa B signaling pathway, Toll-like receptor signaling
pathway, Malaria, Pertussis. Figure 5G shows that cluster 1
is mainly enriched on the Osteoclast differentiation, Cyto-
kine-cytokine receptor interaction, Viral protein interaction
with cytokine and cytokine receptor, Measles, Chemokine
signaling pathway, B cell receptor signaling pathway, 1L-17
signaling pathway, Staphylococcus aureus infection, Hema-
topoietic cell lineage.

Gene expression regulation during VZV antigen-
stimulated skin progression in relation to the tissue
microenvironment

We first analyzed 126 skin samples with WGCNA and found
two co-expressed regulatory modules (blue module and tur-
quoise module; Fig. 6A, B, C). Among them, the Turquoise
module was highly correlated with virus infection (6 h after
VZV antigen challenge: R=0.72, p<0.001; 2 days VZV
antigen challenge: R=0.74, p<0.001; Fig. 6D). Functional
enrichment analysis and PPI regulatory network analysis
were performed on the hub genes (MM > 0.7) in the module
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ment groups; **P<0.01; ***P<0.001; ****P<0.0001. The a rep-
resents the significance of the contrast between normal skin and 6 h
after saline iniection. The b represents the significance of the contrast
between normal skin and 6 h after varicela zoster virus antigen chal-
lenge. The c represents the significance of the contrast between normal
skin and 2 days after varicela zoster virus antigen challenge

using Metascape, respectively. The blue module hub genes
(72) are mainly involved in the Leukocyte migration signal-
ing pathway, and the core genes of its PPI regulatory network
are mainly involved in the Interleukin-10 signaling pathway
(IL6, CXCLS8, CXCL1, IL1B, CCL2, CXCL2; Fig. 6E, F).
Turquoise module hub genes (457) are mainly involved in
the Cell activation signaling pathway, and the core genes of
its PPI regulatory network are mainly involved in Cytokine
Signaling in immune system, TCR pathway and other sig-
naling pathways (Fig. 6G, H). The results showed that these
key genes of VZV antigen-stimulated skin progression were
closely related to the tissue microenvironment.

Next, to explore the relationship between molecular
biological mechanisms and cellular infiltration of the tis-
sue microenvironment during the progression of VZV
antigen infection of the skin, we compared 64 cells in four
treatment groups with co-expression modules (blue and
turquoise), Pseudo-time, PC1, PC2 using Spearman’s cor-
relation coefficients (Fig. 7). We found that DC was posi-
tively correlated with blue, turquoise, and Pseudo-time and
negatively correlated with PC1 in all four treatment groups.
Basophils in VZV antigen-stimulated skin correlated posi-
tively with blue, turquoise, and Pseudo-time and nega-
tively with PC1; CD4+memory T cells and CD4 +naive
T cells, CD4 +Tem, CD8 + Tcm correlated positively with
blue, turquoise, Endothelial cells and Epithelial cells were
negatively correlated with blue, turquoise, Pseudo-time and
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Fig. 5 Modeling the differ-
entiation trajectory of VZV
antigen-stimulated skin. (A)

The differentiation trajectory of
VZV antigen-stimulated skin
was constructed from transcrip-
tomic data of 126 skin samples
(P value < 0.05). (B) Distribution
of the four different treatment
groups on the two-dimensional
scatter plot obtained by the
DDRTree algorithm. From the
plot, we can find that the Normal
skin group is at the initial stage
of differentiation, while the 2
days after VZV antigen chal-
lenge group is at the end of
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positively correlated with PC1. Macrophage M1 was nega-
tively correlated with blue, turquoise, and Pseudo-time and
positively correlated with PC1 in the VZV antigen-infected
group, whereas Macrophage M2 was positively correlated
with turquoise, Pseudo-time and negatively correlated with
PC1 in the Normal skin group. Notably, Fibroblast was
positively correlated with blue, turquoise, and Pseudo-time
and negatively correlated with PC1 in the 6 h after saline
injection group, while the opposite was true in the 2 days
after VZV antigen challenge group. Neurons in the 6 h after
saline injection, 6 h after VZV antigen challenge group were
significantly negatively correlated with blue, turquoise,
Pseudo-time and positively correlated with PC1. Neutro-
phils were only positively correlated with blue, turquoise,
Pseudo-time and negatively correlated with PC1 and PC2
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in the 6 h after saline injection and 6 h after VZV antigen
challenge groups. Thl cells and Tregs were only positively
correlated with blue, turquoise, Pseudo-time and negatively
correlated with PC1 in the 2 days VZV antigen challenge
group. Overall, ImmuneScore showed a significant increase
in cellular composition and a significant decrease in Stro-
maScore following VZV antigen stimulation of the skin.
This reflects the typical characteristics of skin following
VZV antigen stimulation.
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Fig.6 WGCNA results for 126
skin samples. (A, B) Optimal soft
thresholds were chosen to make
the gene expression network
conform to a scale-free distribu-
tion. (C) Finally, 2 co-expression
modules were obtained. (D)
Relationship between the blue
and turquoise modules and the
four treatment groups. The high-
est correlation of the turquoise
module with VZV antigen
stimulation can be found in the
figure (R>0.7, P<0.001). (E)
Functional enrichment analysis of
the hub genes of the blue module
(Module Membership > 0.7).

(F) Results of the core regula-
tory modules and functional
enrichment analysis of the PPI
network constructed by the

blue module of hub genes. (G)
Functional enrichment analysis of
the turquoise module’s hub genes
(Module Membership > 0.7).

(H) Results of core regulatory
modules and functional enrich-
ment analysis of PPI networks
constructed from the hub genes
of the turquoise module

Fig. 7 Correlation analysis of 64
immune cells and three compos-
ite indices with blue, turquoise,
PC1, PC2, Pseudotime in the
four treatment groups (Wilcoxon
test). *** P<0.001, ** P<0.01,
*P<0.05
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Discussion

Herpes zoster (HZ), commonly known as shingles, occurs
due to the reactivation of the varicella-zoster virus (VZV),
which remains dormant in the spinal cord and cranial sensory
ganglia following the initial childhood infection (Gershon
and Gershon 2013). The characteristic presentation of her-
pes zoster includes a painful, reddish, maculopapular rash
that forms fluid-filled lesions before crusting over (Schel-
lack 2011). Reactivation of VZV leading to HZ or shingles
is often associated with age-related decline in immunity or
immunosuppressive conditions (Gershon et al. 2010). HZ is
distinguished by a painful or itchy blistering rash, typically
occurring on one side of the body. While the associated pain
can persist, the average duration of the HZ rash is 7 to 10
days, and the skin typically heals completely within approx-
imately 2 to 4 weeks (Gater et al. 2014). Despite the wide-
spread occurrence of HZ, the pathogenic mechanisms of
skin infections caused by VZV are not extensively studied.
This study specifically examines the cellular and molecular
processes underlying changes in skin tissue within 2 days of
VZV antigen stimulation.

We firstly performed dimensionality-reduced clustering
on the transcriptomes of 126 skin samples and found that
the skin tissues of the four treatment groups had obvious
heterogeneity and exhibited typical time-series features on
the UMAP 2D scatterplot. To this end, we explored the tem-
poralization characteristics of the samples using proposed
temporal sequence analysis to find disease progression
trajectories following VZV antigen stimulation of the skin
within 2 days. The use of time-series analysis to model cell
differentiation trajectories at the single-cell level has been
widely used in single-cell transcriptomics. However, such
studies at the bulk RNA level are still relatively rare. As
the early infection process of the skin to VZV is distinctly
chronological, this analytical approach can conveniently
help us to unravel the main molecular biological regulatory
mechanisms driving the progression of skin infection. Using
monocle, we identified the main regulatory factors driving
the skin’s response to VZV antigen stimulation. We found
that inflammation and activation of antiviral-related signal-
ing pathways are typical features of VZV-infected skin. This
result is consistent with the previous findings(Arvin et al.
2010).

We further compared the changes in signaling pathways
in the four treatment groups. We found that the activity of
JAK-STAT, NFkB, TNFa, and PI3K signaling pathways
progressively increased during disease progression, while
the activity of Hypoxia progressively decreased. JAK-STAT,
NFkB, and TNFa are typical inflammation-activated signal-
ing pathways. The P53 signaling pathway was significantly
reduced in the 2 days after VZV antigen challenge group.

The findings indicate that skin cells experience disruption
in their cellular repair mechanisms following VZV antigen
infection. Additionally, we observed a significant reduction
in the TGFB signaling pathway in the group challenged
with VZV antigen for 2 days. TGF-B is known to induce
Foxp3-positive regulatory T cells (iTregs) in the presence of
interleukin 2 (IL-2), while in the presence of IL-6, it leads to
the generation of Th17 cells that produce pathogenic IL-17
(Xu et al. 2007). Furthermore, TGF-p hinders the prolif-
eration of immune cells and cytokine production through
both Foxp3-dependent and non-dependent mechanisms
(Yoshimura and Muto 2010). JAK-STAT and NF«B signal-
ing pathways are signaling pathways that are widely acti-
vated by immune cells during the natural immune response
phase(Chen et al. 2018). In addition, we assessed the sig-
naling pathway scores of the KEGG gene set in the four
treatment groups using ssGSEA. We found that in the 6 h
after VZV antigen challenge group, natural immune-related
signaling pathways (NOD-like receptor signaling pathway,
Toll-like receptor signaling pathway, RIG-I-like receptor
signaling pathway) were significantly activated. This repre-
sents the early state of the immune response to VZV antigen
stimulation of the skin. During the 2 days after VZV anti-
gen challenge phase, both natural and active immunity were
activated. It reflects the physiology of the skin in response to
VZV antigen stimulation. Finally, we explored the process
by which the cellular composition of the tissue microenvi-
ronment of the skin changed across the 4 treatment groups.
We found that DC were significantly and positively corre-
lated with Pseudo-time in all 4 treatment groups. The results
suggest a major role for DC cell-mediated immunity (both
natural and active) in the skin tissue during VZV antigen
stimulation. Neutrophils were significantly positively corre-
lated with Pseudo-time only in the 6 h after saline injection,
6 h after VZV antigen challenge group. The results suggest
that neutrophils are mainly involved in the wound repair
process(Diegelmann and Evans 2004). It has been shown
that neutrophils are significantly aggregated at the wound
site. Basal granulocytes, on the other hand, were signifi-
cantly and positively correlated with Pseudo-time mainly
in the VZV antigen-treated group. It is suggested that basal
granulocytes play a major role in the repair of viral infec-
tions. Finally, a significant number of immune cells were
activated in the 2 days after VZV antigen challenge group
and were significantly positively correlated with Pseudo-
time, whereas the opposite was true for stromal cells. It
reflects the extensive immune activation and proliferation
of skin tissue and apoptosis of stromal cells that occur in the
late phase of the VZV antigen response.

In summary, this study has made full use of the tran-
scriptomic information of the skin to explore the molecular
biology and cell biology mechanisms of the stress response
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process after VZV antigen stimulation of the skin, providing
a theoretical basis for the development of VZV therapeu-
tic drugs and vaccines. However, the conclusions obtained
from this study need to be validated by further experiments.
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