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Genital herpes (GH) is a common sexually transmitted disease, which is primarily caused by herpes simplex virus
type 2 (HSV-2), and continues to be a global health concern. Although our understanding of the alterations in
immune cell populations and immunomodulation in GH patients is still limited, it is evident that systemic intrinsic
immunity, innate immunity, and adaptive immunity play crucial roles during HSV-2 infection and GH reac-
tivation. To investigate the mechanisms underlying HSV-2 infection and recurrence, single-cell RNA sequencing
(scRNA-seq) was performed on immune cells isolated from the peripheral blood of both healthy individuals and
patients with recurrent GH. Furthermore, the systemic immune response in patients with recurrent GH showed
activation of classical monocytes, CD4" T cells, natural killer cells (NK cells), and plasmacytoid dendritic cells
(pDCs), especially of genes associated with the Toll-like receptor signaling pathway and T cell activation.
Circulating immune cells in GH patients show higher expression of genes associated with inflammation and
antiviral responses both in the scRNA-Seq data set and in independent quantitative real-time polymerase chain
reaction (qQRT-PCR) analysis and ELISA experiments. This study demonstrated that localized genital herpes,
resulting from HSV reactivation, may influence the functionality of circulating immune cells, suggesting a po-

tential avenue for future research into the role of systemic immunity during HSV infection and recurrence.

1. Introduction

Genital herpes (GH), a common sexually transmitted disease (STD), is
a global health issue. In 2016, it was estimated that nearly 500 million
people aged 15-49 years worldwide were infected with HSV-2, repre-
senting a seroprevalence of 13.2%. Additionally, 3.75 billion people aged
0-49 years were infected with HSV-1, with a seroprevalence of 66.6%
(James et al., 2020). GH patients are predominantly infected with HSV-2
(Corey and Handsfield, 2000; Groves, 2016). Although severe compli-
cations from HSV-2 infections are rare, they increase the risk of human
immunodeficiency virus (HIV) infection by three- to five-fold due to the
mucosal disruption and recruitment of CD4" T lymphocytes (Freeman
et al., 2006). Vertical transmission from mother to infant may also result
in neonatal death despite prompt therapy. Furthermore, repeated in-
cidences of genital lesions are associated with psychological stresses
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(Arduino and Porter, 2008; Gupta et al., 2007). Antiviral medications
such as acyclovir, valacyclovir, and famciclovir are commonly prescribed
for GH. However, these drugs are unable to prevent GH recurrence
(Tuddenham et al.,, 2022). Unfortunately, a permanent and highly
effective cure for HSV infection remains elusive, and there are currently
no licensed prophylactic or therapeutic vaccines on the market (Sharma
et al., 2023).

HSV-1 and HSV-2 are double-stranded DNA viruses belonging to the
family Alphaherpesvirinae. The HSV-1 and HSV-2 genomes show high
sequence identity. These viruses can invade skin or mucosal lesions and
induce a latent state in the sensory ganglia. The latent virus can peri-
odically reactivate in response to specific triggers, including local trauma
(e.g., surgery or UV light), systemic stimuli (e.g., immunosuppression or
fever), and social stress (Cliffe et al., 2015; Dong-Newsom et al., 2010;
Schiffer and Corey, 2013). These reactivation episodes are more common
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in HSV-2 infections (Tuddenham et al., 2022), but the specific triggers
have not been explicitly identified (Gupta et al., 2007). Some studies
have found evidence for a close link between HSV activity and the human
immune system (Khanna et al., 2003). Clinical evidence indicates that
immunosuppressed patients often have a longer duration, more severe
symptoms, and a higher frequency of HSV reactivation than immuno-
competent individuals (Gupta et al., 2007). However, these studies have
generally focused on local immune responses at the affected skin or
mucosal lesions, and the effect of HSV infection on systemic immune
responses is less well understood. Studies on the role of the circulating
immune system have been limited by the lack of bona fide cell and ani-
mal models (Birzer et al., 2020; Lang and Nikolich-Zugich, 2005; Yan
et al., 2020).

In contrast to conventional bulk RNA sequencing, which reveals an
average gene expression level of an ensemble of different cell types,
single-cell RNA sequencing (scRNA-seq) can analyze gene expression in
each cell group. ScRNA-seq is a type of high-throughput sequencing
technology at the single-cell level, which can uncover new cell sub-
populations and reveal features of cellular gene expression, and is
particularly suitable for studies of infectious and tumor diseases (Choi
et al., 2019; Suomalainen and Greber, 2021; Triana et al., 2021). Here,
scRNA-seq profiling of peripheral blood mononuclear cells (PBMCs) and
granular cell layers from patients with recurrent GH and HSV-2 IgG
negative healthy controls was used to identify changes in the circulating
immune system and transcriptional regulatory genes of individual im-
mune cell subsets associated with GH recurrence. We uncovered an
immunological landscape and showed that the expression of inflamma-
tion- and antiviral-related genes was upregulated in GH patients, in
particular the Toll-like receptor and IL-17 signaling pathways. These
findings reveal the activation of circulating immune cell subsets during
GH recurrence, thereby identifying potential genes and pathways asso-
ciated with GH episodes.

2. Materials and methods

2.1. Subjects, clinical sample collection, and preparation of single-cell
suspensions

Whole-blood samples were collected from four patients suffering
from recurrent GH [genital herpes patient (GHP) group], with at least six
episodes per year, during their episodes of GH and four healthy volun-
teers who are HSV-2 IgG negative as controls [healthy person (HP)
group]. They were admitted to the Sir Run Run Shaw Hospital (Hang-
zhou, China) between July 2020 and August 2020 (Supplementary
Table S1). PBMCs and granular cell layers were isolated from blood
anticoagulated with ethylenediaminetetraacetic acid (EDTA) by Ficoll-
Hypaque density centrifugation (Ficoll separation) (Fig. 1A).

Blood cells and plasma were collected from patients with clinical
relapse and from volunteers for subsequent experiments. Plasma was
isolated from each participant and stored at —80 °C. Blood cells were
lysed using red blood cell lysis solution (Biosharp, China). The immune
cells were then collected for flow cytometry and quantitative real-time
polymerase chain reaction (QRT-PCR) analysis.

2.2. Chromium 10x Genomics library and sequencing

Single-cell suspensions were counted and loaded onto the Chromium
Single Cell 3’ Chip (10x Genomics) according to the manufacturer's in-
structions for the 10x Genomics Chromium Single-Cell 3’ kit v3. The 12
10x reactions were distributed across 5 chips, with each reaction
involving the following numbers of cells: 4,794 (GHP1), 10,597 (GHP2),
11,996 (GHP3), 10,917 (GHP4), 9,873 (HP1), 12,404 (HP2), 16,777
(HP3), and 15,911 (HP4). The following cDNA amplification and library
construction steps were performed according to the standard protocol.
Libraries were sequenced on an Illumina NovaSeq 6000 sequencing
system (paired-end multiplexing run, 150 bp) by LC-Bio Technology Co.,

861

Virologica Sinica 39 (2024) 860-874

Ltd. (Hangzhou, China). Cells representing doublets, low-quality cells,
and empty droplets were deleted after they passed severe high-quality
filtering (Supplementary Table S2).

2.3. scRNA-seq data alignment and sample aggregating

Sequence data were demultiplexed and converted to FASTQ format
using Illumina bcl2fastq software. Sample demultiplexing, barcode
processing and single-cell 3 gene counting were conducted
by Cell Ranger version 3.1.0 (https://support.10xgenomics.com/
single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger,
10x Genomics). ScCRNA-seq data were aligned to the human reference
genome (hg19, GRCh37).

2.4. Dimensional reduction and clustering analysis

The Cell Ranger output was loaded into Seurat version 3.1.1 (Stuart
et al.,, 2019) (https://satijalab.org/) for dimensional reduction, clus-
tering and data analysis of scRNA-seq data. Overall, cells passing the
quality control threshold needed to meet the following criteria: genes
expressed in less than one cell were removed; the number of genes
expressed per cell was set with a lower cutoff (> 500) and an upper cutoff
(< 5000); UMI counts exceeded 500; and the percentage of mitochon-
drial DNA-derived gene expression was < 25%. The LogNormalize
method of Seurat software was used to calculate the expression value of
genes. Principal component analysis (PCA) was performed using the
normalized expression values. The top 10 principal components (PCs)
were utilized for clustering and t-SNE analysis. Clusters were identified
using a weighted Shared Nearest Neighbor (SNN) graph-based clustering
method. Marker genes for each cluster and differentially expressed genes
(DEGs) between the two groups were identified using the ‘bimod’
(likelihood-ratio test) method with default parameters via the FindAll-
Markers function in Seurat. Marker genes for each cluster were selected
based on expression in more than 10% of the cells in a cluster and an
average log (fold change) greater than or equal to 0.26. Cell types were
identified and annotated using the SingleR package (Aran et al., 2019),
the Cellmarker database (http://biocc.hrbmu.edu.cn/CellMarker/), and
the GeneCards database (https://www.genecards.org/), and subse-
quently clustered using the Seurat package (Butler et al., 2018).

2.5. GO and KEGG pathway enrichment analysis

The Gene Ontology (GO, http://www.geneontology.org) (Ashburner
et al., 2000) and the Kyoto Encyclopedia of Genes and Genomes (KEGG,
http://www.genome.jp/kegg) (Kanehisa et al., 2021) enrichment analyses
were performed to annotate the functions of DEGs. Gene set enrichment
analysis (GSEA) (https://www.gsea-msigdb.org/gsea/index.jsp) was
performed using the Molecular Signatures Database (MSigDB).

2.6. RNA extraction and cDNA synthesis

Total RNA was extracted from blood samples through blood RNA kit
(Yeasen, China) according to the manufacturer's instructions. The
extracted RNA was quantified via Nanodrop 2000 (Thermo Fisher Sci-
entific, USA) and converted to cDNA using the PrimeScrip™ FAST RT
reagent Kit with gDNA EraserR (Takara, Japan), following the manu-
facturer's instructions.

2.7. Quantitative real-time polymerase chain reaction

qRT-PCR was performed to evaluate mRNA expression using TB
Green Premix Ex TaqTM II (Takara, Japan) in accordance with the man-
ufacturer's instructions. Each reaction was conducted in triplicate. Rela-
tive gene expression levels were normalized with human f-actin using
the 2"AACT method. The IFNGR1 primers were: forward
5-TCTTTGGGTCAGAGTTAAAGCCA-3' and reverse


https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://satijalab.org/
http://biocc.hrbmu.edu.cn/CellMarker/
https://www.genecards.org/
http://www.geneontology.org
http://www.genome.jp/kegg
https://www.gsea-msigdb.org/gsea/index.jsp

S. Chen et al.
A PBMC+
4GHP+4HP Granular cell layer
'i ® @ o
Gorilal fients (GHP) Single cell isolation
enital herpes patients
Healthy people (HP) @ © @
B 0-T1® CD4+ T cells
91,674 cells 1-T26 Treg
2-T3® NKcells

All Samples

3-T4® CD4+ T cells
4-M1 @ Classical Monocytes
5-T5@ CD8+ T cells
6-T6® CD8+ T cells
7-M2e
8-M3e
9-B1e B cells
10-M4 @ Classical Monocytes
11-B2@ B cells
12-M5 @ Classical Monocytes
13-M6 ® Non-classical Monocytes
14-M7 @ Classical Monocytes
15-O1@ HSC

Neutrophils

GHP1
GHP2
GHP3
GHP4
HP1
HP2
HP3
HP4

C

tSNE2

25

50 75 100

Fractions of cells

© T/NKcells
® Myeloid cells
®Bcells

© Undefined

tSNE1

= (=
—

i] i 1]

)

10x sequencing library

16-M8 @ Neutrophils

17-B3 @ B cells

18-T7 ® Megakaryocytes

19-M9 @ Classical Monocytes

20-T8 ® Megakaryocytes
21-M10® CD1c+ mDCs

22-T9 ® Proliferating T Cells

23-B4 @ Plasmablasts
24-M11@ pDCs

25-B5@ B cells

26-02 @ Erythroblasts
27-M12 ® Immature neutrophils

28-03 @ Erythroblasts
29-M13 @ Neutrophils

30-B6 @ B cells

All Samples

tSNE2

lusters

o
- Bl

tSNE1

Virologica Sinica 39 (2024) 860-874

Data visualization &
interpretation

© T/NK cells
® Myeloid cells
®Bcells

@ Undefined

o
||
=
o

; = 1; Cell types
P GHP I T/NKcells
g = g? . Myeloid cells
6 22 . B cells
I E [ Undefined
8 []24 HP
9 25
10 [ 26
1 [ 27
iH B 0 25 50 75 100
14 [ 30 Fractions of cells
15
G T B U
CD3E, CD3D
CD2, CCL5
IL32, IFITM1
LCK, GIMAP7
GNLY, LTB
GZMA, GZMB
GZMK, CD247
LYZ, LST1
AIF1,.CD14 L Al Expression
S100A8,S100A9 i

L EEHI)

FCN1, MS4A6A
SERPINA1, FOS
RETN, VCAN, MAFB
FCGR3A, MNDA
CD79A, CD79B
MS4A1, BIRC3
HLA-DRA, MZB1
HLA-DQA1, CD19
IGHM, IGHD
BANK1, FCER2
GATA2, RUNX1

MAF, HBB
HBA1, HBA2

2

1

A

Il

Lyz

All Samples

Expression Level

Fig. 1. Single-cell transcriptional profiling of PBMCs and granular cells. A The diagram of experimental workflow. B t-SNE projection of single-cell profile with each
cell colored for 31 clusters based on the gene expression analysis. C The percent of cells for 31 clusters in 4 genital herpes patients (GHPs) and 4 healthy persons (HPs).
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5-TTCCATCTCGGCATACAGCAA-3'. The IFNGR2 primers were: forward
5'-CTCCTCAGCACCCGAAGATTC-3' and reverse 5-GCCGTGAACCATT-
TACTGTCG-3'. The S100A8 primers were: forward 5'-ATGCCGTCTA-
CAGGGATGAC-3' and reverse 5-ACTGAGGACACTCGGTCTCTA-3'. The
S100A9 primers were: forward 5-GGTCATAGAACACATCATGGAGG-3'
and reverse 5'-GGCCTGGCTTATGGTGGTG-3'. The CXCL8 primers were:
forward 5'-ACTGAGAGTGATTGAGAGTGGAC-3’ and reverse
5'-AACCCTCTGCACCCAGTTTTC-3.

2.8. ELISA

Human IL-8 ELISA Kit (Elabscience, China), Human TLR-2 (Toll-like
Receptor 2) ELISA Kit (Elabscience, China), and Human IFN-y (Interferon
Gamma) ELISA Kit (Elabscience, China) were used to measure protein
levels in the plasma, according to the manufacturer's protocols.

2.9. Flow cytometry

Immune cells were stained with antibodies targeting CD45-APC-H7
(BD Pharmingen, USA), CD11b-APC (BioLegend, USA), CD66b-FITC
(BioLegend, USA), CD14-PE (BioLegend, USA), and 7-AAD staining (BD
Pharmingen, USA). Live cells were identified as 7-AAD negative. CD45"
cells were gated as lymphocytes and further subdivided as myeloid cells
(CD45"CD11b™), neutrophils (CD457CD66b™), and CD14" monocytes
(CD457CD14"). Gates for activation and inhibitory markers were
established using isotype control antibodies.

2.10. Quantification statistical analysis

Statistical analysis for scRNA-seq data was described above. Data
were analyzed using GraphPad Prism 8, using unpaired two-tailed Stu-
dent's t-tests or pair t-tests where appropriate. Other statistical methods
are detailed in Supplementary Table S9.

3. Results

3.1. The myeloid cell population is a predominant immune cell population
in some GH patients

To investigate the role of systemic immune responses in GH, we
conducted scRNA-seq on PBMCs and granular cells obtained from four
patients at the onset of GH and four age- and sex-matched healthy
volunteers (Supplementary Table S1). After high-quality filtering,
91,674 PBMCs and granular cells were included in further analyses
(GHP group, 37,690 cells; HP group, 53,984 cells) (Fig. 1B). Cells were
categorized into 31 clusters based on marker genes and SingleR vali-
dation (Supplementary Table S3; Supplementary Fig. S1), which
correspond to T cells (CD4" and CD8™ subsets), B cells (naive and
plasmablasts subsets), natural killer cells, monocytes (CD14" and
CD16" subsets), neutrophils (mature and immature subsets), and den-
dritic cells (myeloid DCs and plasmacytoid DCs) (Fig. 1B and C, Sup-
plementary Tables S4-S6). These 31 clusters were then grouped into
four categories according to cell types and functions: T and NK cell
group, B cell group, myeloid cell group, and undefined cell group
(Fig. 1D and E, Supplementary Fig. S2A). The T and NK cell group
comprised T cells highly expressing CD3D, CD3E, and CD2, and NK cells
expressing GZMB and GNLY (56.4% of total cells). The B cell group
contained B cells expressing CD79A, CD79B, and CD20 (MS4A1) (8.9%
of total cells) and the myeloid cell group was formed by myeloid cells
expressing LYZ, S100A9, and S100A8 (32.8% of total cells), which
included monocytes (CD14™ and CD16™ subsets), neutrophils, and DCs
(myeloid DCs and plasmacytoid DCs) (Fig. 1D-H, Supplementary Fig.
S2B and C). The undefined cell group (1.9% of total cells) included
subtypes of cells with high GATA2 or HBB gene expression and is likely
a mixture of hematopoietic stem cells (HSCs) and erythroblasts
(Fig. 1D-G). Myeloid cells including neutrophils (cluster 7 and 8) and
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classical monocytes (cluster 10) had a relatively high proportion of GH
patients: 36.77% of GHP2 cells were cluster 7 cells, 54.06% of GHP1
cells and 15.53% of GHP4 cells were cluster 8 cells, both neutrophils,
and 30.59% of GHP2 cells were classical monocytes (cluster 10). In
healthy volunteers, only 1%-2% of cells were found in cluster 7, 8, and
10 (Supplementary Table S3). The elevated myeloid cell populations in
patients’ blood support the hypothesis that, in addition to immune cells
at skin lesion sites (Adachi et al., 2021; Dhanushkodi et al., 2022),
recurrence of GH might influence circulating immune cells.

3.2. Activation of inflammatory-related pathways in recurrent GH patients

To explore the immune pathways associated with recurrent GH, we
carried out a DEGs analysis between the GHP and HP groups. A total of
651 up-regulated genes and 242 down-regulated genes (log2Fold-change
> 0.26, P < 0.01) were identified in the GH group compared with the HP
group. The top 10 up-regulated genes include NAMPT, FCGR3B, G0S2,
IL1R2, DUSP1, CXCL8, IFITM2, S100A8, GCA, and SRGN (Fig. 2A, Sup-
plementary Table S7, Fig. S4). Most of these genes participate in cellular
metabolic processes, inflammatory responses, and apoptosis. Identified
GO-annotated modules participate in biological process associated with
viral infection and immune responses, including neutrophil degranula-
tion (GO: 0043312), innate immune response (GO: 0045087), inflam-
matory response (GO: 0006954), defense response to virus (GO:
0051607), and immune system process (GO: 0002376). KEGG enrich-
ment pathway analyses also identified Th17 cell differentiation
(hsa04659), Thl and Th2 cell differentiation (hsa04658), NOD-like re-
ceptor signaling pathway (hsa04621) and Natural killer cell mediated
cytotoxicity (hsa04650) (Fig. 2B and 2C). Our GSEA analysis showed
enrichment in the MAPK signaling pathway (GSEA normalized enrich-
ment score = 1.61, P-adjust < 0.01, g-values < 0.01), Toll-like receptor
signaling pathway (GSEA normalized enrichment score = 1.67, P-adjust
< 0.01, g-values < 0.01), and JAK-STAT signaling pathway (GSEA
normalized enrichment score = 1.53, P-adjust < 0.05, g-values < 0.05)
(Fig. 2D). The genes including FOS, JUN, RAC1, MAPK1, MAPK14, IL1B,
MAP2K3, are simultaneously involved in both the MAPK signaling
pathway and Toll-like receptor signaling pathway.

3.3. Myeloid cell clusters highly expressed inflammation-related genes in
recurrent GH patients

The myeloid cell group comprised 13 clusters (M1-M13), encom-
passing classical and non-classical monocytes, neutrophils, myeloid
dendritic cells (DCs), and plasmacytoid dendritic cells (pDCs) (Fig. 3A
and 3B). Five clusters (M1, M4, M5, M7, and M9) consisted of classical
monocytes (CD147CD167). These clusters exhibited high expression of
inflammation-related genes such as S100A8, S100A9, S100A12, and
RETN (Zeiner et al., 2015) (Fig. 3C and 3D). Cluster M9 showed high
expression of PPBP (CXCL7) and PF4 (CXCL4), linked to chemokine
release and receptor desensitization (Schwartzkopff et al., 2012).
Upregulation of CXCL8, ZFP36, CXCR4, CCL3, PPBP, and CCL3L1,
associated with monocyte migration, was observed in cluster M9
(Geissmann et al., 2003). Comparing the changes in M9 gene expression
between the GHP and HP groups, we found that the M9 gene cluster in
the GHP group exhibited higher levels of monocyte migration-related
genes such as CXCL8, ZFP36, CXCR4, CCL3, and CCL3L1 (Supplemen-
tary Table S7). This indicates a more pronounced tendency for the clas-
sical monocyte population in the GHP group to migrate from blood into
tissues, suggesting a potential role of the M9 classical monocyte popu-
lation in GH relapse by inducing chemotaxis of effector cells to infection
sites. The DEGs analysis revealed increased expression of genes such as
JUN, DUSP1, FOS, HLA-DQB1, RHOB, TSC22D3, ZFP36, JER2, JUNB,
PPBP, G0S2, and NFKBIA in classical monocytes of the GHP group
(Fig. 3E; Supplementary Table S7). DEGs in classical monocytes between
GHP and HP showed significant enrichment in immune response (GO:
0006955), inflammatory response (GO: 0006954), mitochondrion
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(GO: 0005739), and oxidative phosphorylation (hsa00190) according to
GO and KEGG enrichment analysis (Supplementary Fig. S5). GSEA
analysis of these DEGs revealed enrichment in the Toll-like receptor
signaling pathway (GSEA normalized enrichment score = 1.51, P-adjust
< 0.05, g-values <0.05), apoptotic process (GSEA normalized enrich-
ment score = 1.28, P-adjust < 0.01, g-values < 0.01), T cell receptor
signaling pathway (GSEA normalized enrichment score -1.62,
P-adjust < 0.01, g-values < 0.01), and adaptive immune response (GSEA
normalized enrichment score = —1.51, P-adjust < 0.01, g-values < 0.01)
(Fig. 3F).

Cluster M6 was identified as a non-classical monocyte cluster
(CD14"°“CD16™), which expressed CD16A (FCGR3A), CDKN1C, RHOC,
and LYPD2, but without SI00A12 expression. These cells are assumed to
exercise the function of surveillance in the immune process (Bianchini
et al., 2019). In our study, non-classical monocytes exhibited high
expression of CDKN1C and RHOC, while the expressions of inflammatory
response-associated genes such as SI00A8 and S100A12 were low.

Neutrophils are capable of infiltrating GH skin lesions (Shao et al.,
2021). Mature and immature neutrophils were classified into clusters
M2, M3, M8, M12, and M13. Mature neutrophils (M2, M3, M8, and M13)
express high levels of FCGR3B (CD16B). Immature neutrophils (M12)
highly express CD24, PGLYRP1, DEFA3, and DEFA4 (Fig. 3C-E).
Furthermore, according to our GO enrichment analysis, clusters M2 and
M3 were both enriched for similar terms, such as apoptotic process and
inflammatory response. However, M3 expressed more genes related to
viral response status (Supplementary Fig. S6A). According to the GO and
KEGG analysis of DEGs between GHP and HP, neutrophils in the GHP
group appeared to be in a more activated state compared to the HP group,
which corresponds to these cell populations being predominantly rep-
resented in GHP patients, as the upregulated genes were mainly enriched
in IL-17 signaling pathway, NOD-like receptor signaling pathway, TNF
signaling pathway, and immune system process (Supplementary
Fig. S6B).

3.4. DC clusters and their potential impact on recurrent GH

Dendritic cells play an important role in HSV infection. We identified
two DC clusters: myeloid DCs (mDCs), which expressed the DC-specific
marker CLEC10A (M10), and M11, a plasmacytoid DC (pDC) cluster
characterized by high expression of ITM2C, LILRA4, and CLEC4C (Cao
and Bover, 2010; Murray et al., 2019) (Fig. 3C-E). In GH patients, the
proportion of pDCs decreased (0.24% vs. 0.74%, P < 0.01). GO enrich-
ment analysis of DCs showed that upregulated genes in the GHP group
are involved in protein binding (GO: 0005515), apoptotic process (GO:
0006915), as well as the MHC class II protein complex (GO: 0042613).
Genes associated with the MHC class II protein complex, including
upregulated HLA-DQA1, HLA-DQB1, HLA-DRB5, HLA-DRB6, HLA-DPAI,
and downregulated HLA-DQA2, were identified. Additionally, genes
associated with the interferon-gamma-mediated signaling pathway and
immune response, such as FOS, JUN, CXCR4, and DUSP1 were highly
expressed in the pDC cluster of the GHP group (Fig. 3E).

Due to the low levels of DCs in peripheral blood and the controversial
nature of each DC subpopulation, we subsequently conducted a more
detailed subpopulation analysis of DCs and pDCs. The total of 1058
identified DCs were re-clustered into 6 clusters (DC1-DC6) (Fig. 4A and
B, Supplementary Fig. S7A and S7B). Cluster DC6 exhibited high
expression of AXL and SIGLEC6 (Fig. 4C), indicating that this cluster
represented the AXL'SIGLEC6" DC (AS DC) subpopulation, a DC
subset that constitutes 2% to 3% of the DC population and
expresses both conventional DC (cDC) and pDC-associated markers
(Alcantara-Hernandez et al., 2017; Villani et al., 2017). PPP1R14A,
CCND3, KLF4, LILRA4, DAB2, and PLP2 exhibited strong expression in
these cells (Supplementary Table S8 and Fig. S7C). The DEGs of GHP AS
DCs were enriched in the PI3K-Akt signaling pathway (map04151)
(Fig. 4D and 4E), including the up-regulated genes SGK3, VEGFB, DDIT4,
PPP2R2D, GNB5, and GYS1 (Fig. 4F).
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3.5. scRNA-seq identified 6 B cell clusters

Six B cell clusters (B1-B6) expressing CD79A, CD79B, and CD20
(MS4A1) were identified, representing various stages of B cell develop-
ment in peripheral blood (Fig. 5A and 5B). CD79A and MS4A1, markers
of mature B cells, were strongly expressed in clusters B1, B2, B3, B5, and
B6. The activated B cell marker TCF4 was also highly expressed in
clusters B1, B2, and B3. Immunoglobulin-related genes such as IGHA1,
IGKC, and IGLC2, which are characteristic of plasmablasts, were found in
B4 (Fig. 5C and 5D). However, genes related to B cell activation such as
IGHA1, MZB1, and S100A8 showed no significant difference between the
GHP and HP groups (Fig. 5E and Supplementary Table S7).

3.6. Up-regulated toll-like receptor signaling pathway genes in T and NK
cells of GH patients

T and NK cells were separated into 9 clusters, including 7 cp3hish
clusters (Fig. 6A and 6B). In the GHP group, the proportions of clusters T1
and T2 were lower than in the HP group (Fig. 6B and Supplementary
Table S3). Clusters T1, T2, and T4 were identified as CD4" T cells. T1
exhibited a high level of CCR7, indicating that it was a naive T cell
cluster; T2 highly expressed FOXP3 and IL2RA, categorizing it as a Treg
subset. LTB, a gene associated with activated CD4" T cells, was highly
expressed in T4. T2 also expressed AQP3, LDHB, and GPR183, all linked
to T cell migration (Fig. 6C and 6D). Additionally, we identified two
CD8™ T cell clusters with high CD8A and CD8B expression. The cytotoxic
effector T cells (T5) highly expressed GZMH, NKG7, and FGFBP2, while
the transitional CD8 effector T cells (T6) expressed GZMK and KLRBI.
Moreover, T7 and T8 were considered megakaryocyte-like cells as they
expressed significant levels of PPBP, PF4, and GNG11. STMN1 and
HIST1HA4C, associated with proliferating T cells, were concentrated in the
remaining T9 cluster (Fig. 6C and 6D). Two CD3"" clusters were also
identified. Apart from megakaryocyte-like cells (T8), T3 was defined as
NK cells. GNLY, NKG7, GZMB, PRF1, KLRF1, and SPON2 were all
expressed in this cluster, which are associated with NK cytotoxic activity
and memory function.

Notably, CD4 " T cells expressed inflammation-related genes, such as
FOS, JUN, JUNB, JUND, DUSP1, CXCR4, and NFKBIA. They were
significantly up-regulated in the GHP group (Fig. 6E and 7A). These
genes were primarily enriched in the TNF signaling pathway
(map04668), IL-17 signaling pathway (map04657), Nod-like receptor
signaling pathway (map04621), and MAPK signaling pathway
(map04010) (Fig. 7B and 7C). Atypical and long-term HSV infections are
the most common clinical manifestations of NK cell dysfunction, which is
associated with Toll-like receptor and NOD-like receptor signaling
pathways (Lenart et al., 2021). We found that the Toll-like receptor
signaling pathway was enriched according to GO and KEGG enrichment
analysis, with up-regulated NFKBIA, CCL4L2, FOS, JUN, and CCL4 in the
GHP group (Fig. 7D and Supplementary Table S7). This result supports
that the immune functions associated with GHP recurrence may be
related to NK cells.

CD8™ T cells were decreased in the GHP group (T6 4.06% vs. 8.63%,
P < 0.01), possibly due to CD8" T cell exhaustion in GH patients.
However, our DEGs analysis did not yield substantial evidence (Supple-
mentary Table S7).

3.7. Experimental validation of elevated gene expression associated with
immune inflammation and antiviral responses in genital herpes patients

We then sought to validate the scRNA-seq findings through flow
cytometry analysis, ELISA, and qRT-PCR, involving 8 patients with
genital herpes who experience more than 10 recurrences per year and
had an outbreak within the last 3 days, as well as 6 healthy volunteers.
None of these subjects were included in the scRNA-seq analysis.

The IFN-y level in GHP plasma (50.59 + 8.79 pg/pL) was significantly
higher compared to HP plasma (19.03 + 13.78 pg/pL; P < 0.001) (Fig. 8A).
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Similarly, the TLR-2 level in GHP plasma (0.73 + 0.58 ng/pL) was elevated
compared to HP plasma (0.19 £ 0.08 ng/pL; P < 0.05) (Fig. 8A). The IL-8
concentration in GHP plasma (4.55 + 1.35 pg/pL) was markedly greater
than in HP plasma (2.29 + 0.42 pg/pL; P < 0.01) (Fig. 8A). The level of

IFNGR1, IFNGR2, CXCL8, S100A8, and SI00A9 mRNA expression in blood
immune cells was determined by qRT-PCR. These mRNA expressions were
significantly higher in GHP than in HP (P < 0.01, P < 0.05) (Fig. 8B).
Likewise, CD14™ monocytes (13.07 £+ 3.47% vs 7.84 £+ 2.42%; P < 0.01)
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and neutrophils (50.35 + 9.09% vs 22.44 + 12.81%; P < 0.01) were more
abundant in GHP than HP (Fig. 8C and 8D). These experimental results
validated the results of scRNA-seq data.

4. Discussion

Recurrent GH represents a significant global health concern, given the
inadequacy of current prevention and treatment strategies. Therefore, it
is imperative to investigate the potential mechanisms underlying the
host's response to recurrent GH. While research has primarily focused on
local immune responses associated with GH, debates have arisen
regarding the systemic regulation of immunity (Smith et al., 2022). For
instance, previous studies examining CD4" T cell-mediated immune re-
sponses following in vitro stimulation with HSV antigens found no sig-
nificant differences between GH patients and HSV seropositive healthy
controls (Franzen-Rohl et al., 2011). However, a cross-sectional study in
HIV-infected individuals revealed a negative correlation between the
frequency of circulating HSV-2-specific CD8" T cells and the severity of

870

GH (Sheth et al., 2008). Several studies have suggested an association
between CD8™ T cell exhaustion and recurrent GH episodes (Moss et al.,
2012; Posavad et al., 1997). Additionally, CD8" T cells from patients
with recurrent GH are more likely to express genes linked to depletion
(Coulon et al., 2020; Lind et al., 2021).

In the local immune response, the immune system is already primed
for an antiviral immune response associated with T cell activation in
HSV-2 skin lesions. We analyzed publicly available RNA-sequence data of
genital herpes from the Gene Expression Omnibus (GEO). The differen-
tially expressed genes between lesions and control skin profiles were
derived from 26 lesion samples from patients with recurrent HSV-2
infection and 29 healthy genital skin samples (GSE#172423) and
revealed significant enrichment for innate immune response, positive
regulation of T cell activation (Th17 cell differentiation and Th1 and Th2
cell differentiation; P < 0.01 for both), inflammatory response and viral
defense response (TNF signaling pathway and NOD-like receptor
signaling pathway; P < 0.01 for both) (Supplementary Fig. S8). However,
these data are solely based on local immune responses. This study aimed
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to elucidate the influence of HSV infection on circulating immune cell
subsets during episodes of GH recurrent utilizing sScRNA-seq on periph-
eral blood samples from GH patients and healthy controls to explore
differences in distribution frequencies and immune cell subsets between
the two groups. Remarkably, our analysis revealed that neutrophils
(cluster 7 and 8) and classical monocytes cluster (cluster 10) were the
predominant components of immune cells in GHP. The marker genes in
these cells were enriched in GO terms such as viral process, innate im-
mune response, and inflammatory response. These observed alterations
are consistent with prior studies that have investigated changes in the
cellular composition of peripheral blood during the pathophysiological
response to infection (Garand et al., 2018).

Our investigation showed an upregulation of genes related to
inflammation and antiviral responses within the immune cells of GH
patients. In general, the DEGs exhibited enrichment in several pathways,
including the NF-kappa B signaling pathway, Toll-like receptor signaling
pathway, Th17 cell differentiation, and IL-17 signaling pathway.
Notably, these pathways encompassed genes such as NFKBIA, CXCLS,
S100A8, and FOS, which collectively manifest the host response to HSV
infection. The links between these pathways and HSV infection or relapse
have been supported by various studies. For example, research has
indicated that the diminished TLR3 response of NK cells is associated
with susceptibility to herpes labialis, offering insight into why symp-
tomatic outbreaks of herpes labialis tend to occur when the host's co-
stimulatory functions are disrupted, such as during periods of stress or
prolonged UV light exposure (Yang et al., 2012). Furthermore, another
study highlighted the potential of vaccines targeting TLR-2 to elicit both
local and systemic CD8™ T cell responses, thereby conferring protection
against HSV-2 (Truong et al., 2019). Our findings are consistent with
other research exploring the interplay between Toll-like receptor
signaling pathway-related genes and HSV's interaction with the human
immune system (Carty et al., 2014; Gao et al., 2021; Samudio et al.,
2016). Importantly, the immune response to infection hinges on
achieving a delicate equilibrium between protection against the patho-
gens and mitigation of potential immunopathological consequences.

The function and heterogeneity of myeloid cells in recurrent GH
remain unclear and potentially associated with antigens. We proceeded
to focus on the changes in gene expression within each cell type.
Monocytes, which patrol various body tissues in search of infection
signs, have the capacity to differentiate into dendritic cells and mac-
rophages at infection sites. Monocyte-derived antigen-presenting cells
(APCs) can stimulate effector Thl cells to secrete IFN-y, an essential
mediator of cytotoxic T cells, for antiviral protection when viruses such
as HSV-2 invade the body (Iijima et al., 2011). Research shows that
IFN-y has the potential to exert broad-spectrum antiviral effects within
neurons and may also have additional effects on HSV-1 reactivation
(Danastas et al., 2023). Our data suggest that GH may also influence the
proliferation and development of circulating classical monocytes. These
differences may be related to genes associated with immune cell ac-
tivity, such as JUN, DUSP1, FOS, JUNB, and NFKBIA. While previous
studies have reported sustained expression of interferon-stimulated
genes (ISGs) within vaginal neutrophils after HSV-2 infection in a
mouse model (Lebratti et al., 2021), our scRNA-seq data did not reveal a
significant increase in ISG-related genes within the neutrophil popula-
tion in GH patients.

Mature DCs function as primary APCs and secrete different cytokines
depending on the stimulus. They can differentiate naive T cells through
the Thl or Th2 pathway to exert immune effects. After recognizing the
virus, DCs release IFN-I to inhibit HSV replication. pDCs efficiently
release IFN-I (Macleod et al., 2014), thereby regulating the body's im-
munity and bridging innate and adaptive immunity to effectively sup-
press viral infections (Collins et al., 2017; Shin et al., 2016). Vaginal and
low-grade systemic infections may require pDCs to control HSV infection
(Kumamoto et al., 2013). However, the study did not find a significant
association between GH severity and circulating pDC function (Sozzani
et al.,, 2010; Swiecki et al., 2013). We found that changes in major
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histocompatibility complex genes, like HLA-A, HLA-DQA2, HLA-DQBI,
HLA-DRBS5, and HLA-DQA1, suggest potential alterations in pDC anti-
gen presentation function during HSV episodes. We identified a cell
population labeled AS DCs, characterized by high expression of AXL and
SIGLEC6 (Chen et al., 2020; Leylek et al., 2019). KEGG pathway analysis
revealed that DEGs in AS DCs were mainly enriched in the PI3K-Akt
signaling pathway.

HSV-specific CD4™ T cells have been identified as infiltrating genital
ulcerations caused by HSV-2 and secreting IFN-y (lijima and Iwasaki,
2016; Khanna et al., 2003). Cytotoxic CD8" T cells play a vital role in
limiting HSV infection and reactivation (Zhu et al., 2007). They can
monitor HSV-1 gene expression in sensory neurons where the virus es-
tablishes lifelong latency (Tijima and Iwasaki, 2014). As for T cells, CD4"
T cells exhibited higher expression levels of genes associated with the
TNF signaling pathway, IL-17 signaling pathway, Nod-like receptor
signaling pathway, and Toll-like receptor signaling pathway. Addition-
ally, upregulation of genes related to the Toll-like receptor signaling
pathway was observed in NK cells. However, there was no evidence of
exhaustion in terms of gene expression for circulating CD8" T cells.

In order to explain some observations, we correlated them with the
clinical conditions of the patients. For instance, compared with the other
two patients, GHP3 and GHP4 exhibited higher numbers of classical
monocytes (clusters 4 and 12) and fewer neutrophils (clusters 7 and 8) in
the t-SNE plots (Fig. 1F). According to analyzing the time from the most
recent herpes outbreak to blood sampling, we found that GHP3 had the
shortest interval of 1 day, followed by GHP4 with 2 days, while both GHP1
and GHP2 had 5 days (Supplementary Table S1), with relatively alleviated
lesions. These changes may be due to incomplete immune cell activation in
the early phase, which may later result in an increase in neutrophil and
monocyte activity, gradually alleviating genital herpes (lijima et al., 2011).
Experimental validation was also conducted to preliminarily confirm the
scRNA-seq data. The results demonstrated that patients with genital herpes
exhibited elevated levels of IFN-y, IL-8, and soluble TLR-2 in their plasma
compared to healthy controls. Additionally, qRT-PCR confirmed increased
mRNA expression of certain inflammation and antiviral-related genes
identified through scRNA-seq in GHP. These findings are consistent with
the sequencing results. Furthermore, the proportions of monocytes and
neutrophils were higher in the GHP group, suggesting that the impact of
genital herpes on myeloid cells might be a factor contributing to the
observed elevations of these markers in the blood.

Despite analyzing the state of immune cell subsets during recurrent
genital herpes infections through single-cell sequencing, our study has
some limitations, such as a small sample size of patients and poor con-
sistency between the patient and control groups. Additionally, there was
some intergroup variability in the data, making the association between
the disease and certain observations relatively weak. However, unlike
bulk RNA-seq, scRNA-seq detects RNA expression levels in individual
cells, identifying functionally related cell groups across different samples
through dimensional reduction and marker gene expression. This allows
researchers to compare cell groups with the same function between the
two groups and explore differences in the same cell types. The study
requires validation in the future, such as large-scale clinical sample
collection.

5. Conclusions

Overall, this study utilized single-cell sequencing to analyze changes
in gene expression in peripheral blood immune cells of patients with
recurrent genital herpes during the relapse period compared to healthy
controls. In patients with recurrent genital herpes, inflammatory re-
sponses in peripheral blood immune cells can be activated, and genes
related to cell metabolism, inflammatory signaling, and apoptosis process
are up-regulated, suggesting that, in addition to immune cells that locally
infiltrate the herpes lesion sites, peripheral blood immune cells may also
play a significant role in the recurrence of genital herpes, particularly
genes associated with the Toll-like receptor pathway, TNF signaling
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pathway, and IL-17 signaling pathway. This study provides a clinical
single-cell atlas of peripheral blood immune cells during relapse in pa-
tients with recurrent genital herpes, offering new insights into potential
immune changes of HSV infection.
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