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Purpose: Lichen planus (LP) and oral lichen planus (OLP) share clinical and histological similarities, yet their distinct immuno-
pathological mechanisms make differentiation and management challenging. Clarifying these differences is essential for accurate
diagnosis and treatment. This study aimed to investigate the systemic immune profile of OLP using single-cell transcriptomics,
identifying distinct immune cell subsets and signaling pathways contributing to its chronic inflammatory state. Additionally, it sought
to compare the inflammatory lesion microenvironments of OLP and LP by analyzing key immune pathways and cellular interactions.
Methods: Peripheral blood mononuclear cells (PBMCs) were obtained from 16 OLP patients and 5 healthy controls. Single-cell
transcriptomic data from PBMCs and lesion tissues of OLP and LP were analyzed to profile immune and inflammatory signatures. Key
molecular findings were validated using independent datasets and enzyme-linked immunosorbent assays (ELISA).

Results: Prostaglandin D2 synthase (PTGDS), a pivotal enzyme in prostaglandin metabolism, emerged as a diagnostic marker with
elevated expression in NK cells from OLP patients. Additionally, a novel CXCR4"e"_TS5C22D3"e CD4 cytotoxic T cell subset with
enhanced cytotoxicity was identified, potentially contributing to OLP pathogenesis. OLP blood samples also demonstrated significant
upregulation of TNF and TLR signaling in NK cells, indicating a heightened chronic inflammatory state. Comparative tissue analysis
revealed intensified TNF-driven inflammation and a disrupted HIF/A— vascular endothelial growth factor (VEGF) interactions in OLP,
contrasting with LP’s robust VEGF-mediated angiogenesis.

Discussion: These findings highlight distinct immunopathogenic mechanisms between OLP and LP. The upregulation of PTGDS in
NK cells and CXCR4ME"-TSC22D3"€" CD4 cytotoxic T cells in PBMCs indicates systemic immune dysregulation in OLP, while
tissue-level differences suggest impaired vascular remodeling and chronic inflammation. These insights underscore the need for
targeted immunomodulatory therapies.

Conclusion: This study identifies distinct immune signatures that differentiate OLP from LP, highlighting potential therapeutic targets
that require further validation for personalized treatment strategies.

Plain Language Summary: Lichen planus (LP) and oral lichen planus (OLP) are inflammatory conditions that affect the skin and
mouth. Although they appear similar, our study shows that they are driven by different immune responses, which may require distinct
treatment approaches. Understanding these differences can help doctors provide better care for each condition.

In this study, we analyzed blood and tissue samples from people with OLP and compared them to samples from healthy individuals
and those with LP. We used tissue samples from healthy individuals undergoing orthognathic surgery as a control group. By studying
gene activity at the level of individual cells, we identified a protein called PTGDS that was elevated in OLP, especially in a type of
immune cell known as natural killer (NK) cells. PTGDS could serve as a valuable marker for diagnosing OLP.
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We also discovered a unique group of immune cells in OLP that exhibited increased activity, possibly contributing to ongoing
inflammation. Additionally, OLP and LP displayed distinct microenvironments, with OLP samples showing higher activity in certain
inflammation-related pathways, suggesting a more chronic and persistent immune response compared to LP.

These findings reveal important differences between LP and OLP, providing insights that may lead to more effective, targeted

treatments for each condition. Understanding these unique immune responses may ultimately improve patient outcomes by guiding
more personalized approaches to managing LP and OLP.

Keywords: single-cell RNA sequencing, lichen planus, oral lichen planus, chronic inflammation, systemic immunity

Introduction

Lichen planus (LP) is a relatively common immune-mediated disorder that primarily affects middle-aged individuals and
can involve the oral mucosa, skin, and other mucosal surfaces. Oral lichen planus (OLP), a subset of LP, manifests as
chronic lesions in the oral cavity, causing discomfort rather than extreme pain. Symptoms such as burning sensations,
sensitivity to hot, acidic, or spicy foods, and irritation when brushing can significantly impair daily activities like
speaking and chewing, leading to a reduced quality of life for OLP patients. These lesions tend to persist for many years,
characterized by periods of exacerbation and remission, making OLP a chronic and intractable condition.'” Though the
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disease is not fatal and some lesions are even asymptomatic and thus no treatment is needed, it is notorious for its
chronicity and intractability, especially in OLP. To develop effective treatment strategy against diseases, it is essential to
understand its causative factors and its pathogenesis clearly, but the exact cause and its involved mechanism of OLP
remains elusive. Stress, anxiety, mechanical trauma, hypersensitivity reactions, and viral infections have been suggested
as contributing factors. However, studies have not confirmed a direct causal relationship, instead recognizing them as co-
factors or triggers.”> Though the correct cause in the development of OLP is controversial, it is evident that the
pathogenesis is based on sophisticated immune reaction to a certain causative factor.

There is a consensus among researchers that the development of OLP begins with the recognition of irritants,
triggering a complex interplay between various immune and non-immune cells, cytokines, and adhesion molecules.®”
This intricate process ultimately results in a dysregulated cell-mediated immune response. This immune response leads to
the degradation of the basement membrane through proteolytic mechanisms and an inappropriate immune reaction,
primarily orchestrated by specific T-cell subsets. These T-cells target oral keratinocytes, ultimately leading to the
apoptosis of these cells as well. While T cells play important roles in the pathogenesis of OLP, their actions are
influenced by various immune interactions.”'® Therefore, simply inhibiting or targeting them without a thorough
understanding may not directly lead to safe and effective treatments.''

The recent advancements in single-cell transcriptomics provide a powerful tool with unprecedented resolution for
dissecting complex immune ecosystems.'>'* This has been instrumental in aiding the identification of inflammatory cell
states, immune cell subsets, and functional states in the systemic immunity of chronic inflammatory diseases.'> ' Using
this technology, our study aimed to characterize the single-cell transcriptional atlas of peripheral blood mononuclear cells
(PBMCs) in healthy controls and patients with OLP, providing discovery of diagnostic markers and novel insights into
the immune landscape driving OLP pathogenesis in the context of systemic chronic inflammation.

While OLP and LP share some clinical and histological features, increasing evidence suggests that these two
conditions are driven by distinct immunopathological mechanisms. These distinct immune and inflammatory pathways
likely contribute to the differing clinical manifestations and disease progression of OLP and LP.?® However, the specific
immunopathological differences between OLP and LP remain poorly characterized, and a detailed investigation into
these divergent pathways is critical for the development of targeted, disease-specific therapies.

Despite extensive research into the pathogenesis of OLP, including genetic, autoimmune, viral, and environmental
factors, a comprehensive understanding of its immune landscape remains elusive. Clarifying this landscape is essential
for advancing our knowledge of OLP and developing targeted immunomodulatory therapies that address systemic
inflammation and improve patient outcomes. Additionally, understanding the distinct immunopathological differences
and microenvironments of OLP and LP is essential for guiding clinical decision-making and developing more persona-
lized treatments. By distinguishing their unique immune profiles, we can lay the foundation for tailored therapeutic
approaches that target the specific inflammatory processes driving each condition.

Materials and Methods

Sample Acquisition

This study, approved by the Institutional Review Board of Pusan National University Dental Hospital, included
16 peripheral blood samples from OLP patients and 5 from healthy individuals. The blood samples were collected
from the patients during the exacerbation period when their symptoms were severe, as they presented for their initial
visit. OLP diagnosis was based on modified World Health Organization diagnostic criteria.?' Table 1 outlines all clinical
characteristics of the participants.

Single-Cell Preparation and Library Construction

Thawed cell stocks in 10% FBS/DMEM were washed and counted using a fluorescence cell counter. Cell viability was
assessed using a dead cells removal kit. Cells were multiplexed with cell multiplexing oligos and pooled. Libraries for
single-cell RNA-seq and cell multiplexing were prepared following the 10x chromium single-cell 3’ v3.1 protocol.
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Table | Characteristics of Healthy Individuals and OLP Patients

Healthy OLP
Variable N Mean (SD¥*) Variable N Mean (SD¥*)
Age (years) 5 43.6 (8.79) Age (years) 16 51 (14.08)
N | Percentage (%) N | Percentage (%)
Sex 5 Sex 16
Female 0 0 Female I 68.75
Male 5 100 Male 5 31.25
Sample types Clinical classification | 16
Blood 5 100 Reticular | 6.25
Erosive 5 31.25
Ulcerative 7 43.75
Unknown 3 18.75
Sample types
Blood 16 100

Notes: *OLP, oral lichen planus; SD, standard deviation.

Abbreviations: CD4 CTLs, CD4 cytotoxic T lymphocytes; CD8 TCMs, CD8 central memory T cells; CD8
TEMs, CD8 effector memory T cells; cDCs, conventional dendritic cells; DEGs, differentially expressed genes;
ELISA, enzyme-linked immunosorbent assay; FBS, fetal bovine serum; GO, Gene Ontology; HPCA, Human
Primary Cell Atlas; KEGG, Kyoto Encyclopedia of Genes and Genomes; LAIR, leukocyte-associated immuno-
globulin-like receptor; LP, lichen planus; NK cells, natural killer cells; OLP, oral lichen planus; PBMCs, peripheral
blood mononuclear cells; PCA, principal component analysis; pDCs, dendritic cells; DCs, PGD2, prostaglandin
D2; PGH2, prostaglandin H2; qPCR, quantitative polymerase chain reaction; RNA-seq, RNA sequencing; TCR,
T-cell receptor; Thl, T-helper | cells; Th2, T-helper 2 cells; Thl17, T-helper 17 cells; t-SNE, t-distributed
Stochastic Neighbor Embedding; TLR, toll-like receptor; TNF, tumor necrosis factor; Tregs, regulatory T cells;
UMARP, uniform manifold approximation and projection; UMIs, unique molecular identifiers; LR, ligand-receptor;
VEGF, vascular endothelial growth factor; OSCC, oral squamous cell carcinoma.

Libraries were quantified using qPCR and sequenced on the HiSeq platform by Illumina, with approximately 20,000 read
pairs per cell for gene expression and 5,000 read pairs per cell for cell multiplexing.

Single-Cell RNA-Seq and Data Processing

Quality and basic statistics of raw sequencing data were assessed with FastQC,?* and data were processed using Cell
Ranger v6.0.2 (10X Genomics) with the human genome (GRCh38).** Low-quality unique molecular identifiers (UMIs)
were excluded, retaining cells with >500 and <6000 genes detected, and <5% mitochondrial reads. Data normalization
was done via log transformation, identifying the top 2000 highly variable genes using variance-stabilizing transforma-
tion. Dimensionality reduction was performed, and data were annotated by mapping to a PBMC reference dataset with
Seurat V4** and SingleR.?

Analysis of Single-Cell RNA-Seq Data

We followed a single-cell analysis pipeline that has been extensively validated in previously described studies.'*'* The data
were processed using the Seurat (v4.3.0).%* Differentially expressed genes (DEGs) were identified using the “FindMarkers”
function with the Wilcoxon test, defining DEGs by adjusted p-values < 0.05 and |logFC| > 0.25. Adjusted p-values were
calculated using the Benjamini-Hochberg (BH) correction method. Cell type proportions were analyzed using the propeller
R package?®, with statistical significance assessed via linear modeling after variance stabilization. Cell—cell interactions were
explored using CellChat,”” while gene signature scores were computed from Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway gene sets using the UCELL package®® and the Mann-Whitney U statistic.
Specifically, we adapted the tumor necrosis factor (TNF) signaling pathway (hsa04668), Toll-like receptor (TLR) signaling
pathway (hsa04620), apoptotic signaling pathway (GO:0097190), leukocyte migration (GO:0050900), T cell activation via
T-cell receptor (TCR) (GO:0002291), immune tolerance (GO:0002507), 12 cytotoxicity-associated genes (PRFI, IFNG,
GNLY, NKG7, GZMB, GZMA, GZMH, KLRKI, KLRBI, KLRDI, CTSW, and CST7), and 6 well-defined exhaustion markers
(LAG3, TIGIT, PDCDI, CTLA4, HAVCR?2, and TOX).*
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Independent Validation Cohort

We obtained single-cell RNA sequencing data (accession number: HRA002370)*° from patients with OLP, including
both peripheral blood and tissue samples, through the National Genomics Data Center. For LP lesion tissue, we utilized
single-cell RNA sequencing data from the NCBI Gene Expression Omnibus (GEO) database (accession number:
GSE254542),*" enabling a comparative analysis of immune and cellular dynamics between OLP and LP. Tissues from
healthy individuals undergoing orthognathic surgery were used as controls. All participants, including patients and
controls, had no history of prior treatment. The clinical characteristics of HRA002370 and GSE254542 are shown in
Supplementary Tables 1 and 2, respectively.

Enzyme-Linked Immunosorbent Assay

PBMC samples from 23 healthy controls and 38 OLP patients were collected in EDTA vacutainers. Plasma was isolated
by centrifugation and stored at —80°C. Protein levels were measured using an Enzyme-linked immunosorbent assay
(ELISA) kit (MyBiosource, Cat. No. MBS160094) following the manufacturer’s protocol, with absorbance read at
405 nm.

Statistical Analysis

Statistical analysis was conducted using R v4.1.3. Differences between groups were assessed with an unpaired Welch’s
t-test, and gene correlations were evaluated using the Spearman correlation coefficient. Significance was set at p < 0.05
(two-sided).

Results
A Single-Cell Transcriptional Atlas of PBMCs in Healthy Controls and OLP Patients

We conducted an integrated analysis of single-cell transcriptome data from healthy controls (n=5) and patients with OLP
(n=16) to characterize the single-cell profiles of PBMCs. We then performed data preprocessing and quality control by
filtering out low-quality UMIs, resulting in a total of 122,299 single cells being profiled (Healthy controls: 31,500 cells;
OLP: 90,799 cells) (Figure 1A, and Supplementary Figure 1). We utilized Seurat v4>* and singleR,** a reference-based

mapping approach, to annotate the major cell types in PBMCs. In total, we identified 17 major cell types: B cells, CD14
Monocytes, CD16 Monocytes, CD4 cytotoxic T lymphocytes (CD4 CTLs), CD4 memory T cells, CD4 naive T cells,
CD8 naive T cells, CD8 central memory T cells (CD8 TCMs), CD8 effector memory T cells (CD8 TEMs), conventional
dendritic cells (cDCs), natural killer (NK) cells, other T cells, plasmacytoid dendritic cells (pDCs), T-helper (Th) 1 cells,
Th2 cells, Th17 cells, and regulatory T cells (Tregs) (Figure 1B). To validate the accuracy of the reference-based
annotation, we examined the expression patterns of marker genes for cell types using uniform manifold approximation
and projection (UMAP) plots (Supplementary Figure 2). The cell percentages for each sample are provided in
Supplementary Table 3. Of note, the proportions of Th17, Th2, and CD4 Memory T cells tended to be higher in OLP
patients compared to the healthy controls (Figure 1C, and Supplementary Table 4). Then, we evaluated the cytotoxicity

and exhaustion scores, which are considered significant in chronic inflammatory diseases, between OLP patients and
healthy control group for each cell type. CD4 CTLs and NK cells exhibited higher cytotoxicity scores in OLP patients.
Conversely, B cells, CD4 naive T cells, CD8 TEMs, and Th1 cells showed higher cytotoxicity scores in healthy controls.
CD4 CTLs and NK cells also demonstrated higher exhaustion scores in OLP patients. Other T cells and Tregs exhibited
higher exhaustion in OLP patients, too. In contrast, CD4 Memory T cells showed decreased exhaustion scores in OLP
patients (Figure 1D and E). Previous studies have reported abnormal regulation of genes associated with TNF and TLR
signaling in patients with OLP.**>* Therefore, we additionally compared the expression levels of gene sets related to
TNF and TLR signaling pathways between OLP patients and healthy controls. Both TNF (OLP mean:10.53; healthy
controls mean:10.31) and TLR (OLP mean: 6.73; healthy controls mean: 6.71) signaling scores showed higher expres-
sion levels in OLP patients (Figure 1F and G). In particular, TNF signaling was highly expressed in lymphoid cells
within PBMCs of OLP patients compared to healthy controls. However, in the case of TLR, the increase was not as
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Figure | Single-cell transcriptional profiling of PBMCs from healthy controls and patients with OLP. (A) UMAP plot of cells from healthy and OLP samples. (B) UMAP plot showing
annotated cell types identified through multi-modal reference mapping, with colors representing different cell types. (C) Bar graph showing cellular composition at the individual sample
level. Statistical significance is indicated by asterisks (Welch’s t-test). (D) Box plots of cytotoxicity gene set signature scores in healthy controls (n = 5) and OLP samples (n = 16). Groups
are color-coded. Horizontal lines represent median values, with whiskers extending to 1.5 times the interquartile range. (E) Box plots of exhaustion gene set signature scores in healthy
controls (n = 5) and OLP samples (n = 16). Groups are color-coded. Horizontal lines represent median values, with whiskers extending to 1.5 times the interquartile range. (F) Violin
plot comparing TNF signaling gene set signature scores between healthy controls (n = 5) and OLP patients (n = 16), including a box plot. Horizontal lines represent median values, with
whiskers extending to 1.5 times the interquartile range (Unpaired t-test with Welch’s correction, p < 0.001). (G) Violin plot comparing TLR signaling gene set signature scores between
healthy controls (n = 5) and OLP patients (n = 16), including a box plot. Horizontal lines represent median values, with whiskers extending to 1.5 times the interquartile range (Unpaired
t-test with Welch's correction, p < 0.05). (H) UMAP plot showing TNF signaling expression in healthy controls and OLP patients. Increased expression is represented by a shift toward
red. (I) UMAP plot showing TLR signaling expression in healthy controls and OLP patients. Increased expression is represented by a shift toward red. Statistical significance is indicated
as follows: ns: p 2 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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pronounced as with TNF. In other words, specific cell type differences were not evident, but there was a slight increase
across all cell types (Figure 1H and I).

NK Cells Induced TNF Signaling Interactions in OLP Patients
We compared the expression levels of gene sets involved in the TNF and TLR signaling pathways from the KEGG
database between OLP patients and healthy controls. Subsequently, we calculated signaling signature scores in each
sample and compared them with clinical features. We evaluated sub-signaling pathways, such as TNF-p38 signaling,
extrinsic apoptotic pathway, TNF-IRF1 signaling pathway, chemotactic effects, TLR4-IRF3/7 signaling pathway, TLR1/
2/4-NFKB signaling pathway, and promotion of Th17 cells differentiation for each sample. The genes associated with the
TNF and TLR signaling pathways were predominantly upregulated in OLP patients. Simultaneously, OLP patients
exhibited an increased promotion of Thl7 cells differentiation (Figure 2A). These findings suggest the uncontrolled
inflammatory state in patients with OLP.

Then, we employed the CellChat algorithm to analyze and quantify cell-cell communication via ligand-receptor (LR)
interactions. As shown in Supplementary Figure 3, the relative flow level of TNF signaling was significantly higher in

OLP patients. To address the question of whether specific cells induce inflammatory interactions through TNF signaling
in OLP, we first investigated differential signaling pathways and the pattern of outgoing signaling across cell groups.
Interestingly, TNF signaling exhibited different signaling patterns between healthy controls and OLP patients
(Figure 2B). NK cells, along with CD4 CTLs and monocytes, robustly activated the TNF signaling pathway in patients
with OLP. In healthy controls, it was indicated that Th1 cells and Tregs predominantly induce the TNF signaling pathway
(Figure 2C and D).

Prostaglandin D2 Synthase-High NK Cells Indicate a Higher Proportion in Patients
with OLP

We hypothesized that NK cells within PBMCs of OLP patients would exhibit distinct molecular characteristics compared
to cells from healthy controls. We initially clustered the healthy control group and the OLP patient group separately using
the Louvain algorithm after log normalization and principal component analysis (PCA). Subsequently, we visualized 11
NK clusters using t-distributed Stochastic Neighbor Embedding (t-SNE) (Figure 3A). Notably, we observed a significant
difference in the proportions of NK cell sub-clusters 2 and 5 between OLP patients and the healthy control group.
Specifically, NK cluster 2 exhibited a higher proportion in OLP patients (Figure 3B), whereas NK cluster 5 showed
a higher proportion in healthy controls (Figure 3C). We then assessed the cytotoxicity and exhaustion scores of NK cells
across two clusters exhibiting differences in proportions (Figure 3D and E). The mean values of cytotoxicity and
exhaustion scores for NK cluster 2 in OLP patients are 74.73 and 5.47, respectively. In healthy controls, the mean
values of cytotoxicity and exhaustion scores are 73.15 and 4.92, respectively. For NK cluster 5, the mean value of
cytotoxicity and exhaustion scores were 74.57 and 4.57 in OLP patients, compared to 73.36 and 5.55 in healthy controls.
Welch’s #-test comparing the mean difference between groups showed statistically significantly higher cytotoxicity scores
in clusters 2 and 5 among OLP patients. This suggests an overall elevated level of cytotoxicity in NK cells from OLP
patients. Cluster 5 of NK cells also showed exhaustion in the healthy controls. Prostaglandin D2 synthase (PTGDS) is
a glutathione-independent prostaglandin D synthase that catalyzes the conversion of prostaglandin H2 (PGH2) to
prostaglandin D2 (PGD2).>* Based on the analysis of DEGs for each cell type between patients with OLP and healthy
controls (Supplementary Table 5), PTGDS demonstrated upregulation in NK cells among patients with OLP compared to

healthy controls. Additionally, increased PTGDS expression was observed in NK cluster 2, which showed a higher
proportion in patients with OLP (Figure 3F). Moreover, higher PTGDS expression was consistently observed in NK cells
from OLP patients in the HRA002370 dataset (Figure 3G). To validate whether PTGDS secretion was increased in
patients, we utilized ELISA to measure the protein levels in the serum. The elevation of PTGDS expression was further
confirmed in the plasma of both OLP patients and healthy controls, with the OLP group exhibiting a higher PTGDS level
compared to the healthy group (Figure 3H and Supplementary Table 6). The leukocyte-associated Ig-like receptor (LAIR)

is a small family of ITIM-containing inhibitory receptors, belonging to the Ig superfamily. LAIR-2 is a secreted
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Figure 2 Cell-cell communication and signaling pathway. (A) Schematic diagram comparing gene expression levels of TNF and TLR signaling pathways between healthy
controls and OLP patients. Solid lines represent the cell membrane; dotted lines represent the nuclear membrane. The diagram uses brightness to indicate statistical
significance (based on an unpaired Welch’s t-test), arrows for activation, bars for inhibition, and dotted arrows for indirect effects or state changes. The accompanying
heatmap displays gene signature scores for pathways, with the top panel showing clinical characteristics (lesion, sex, and age). (B) Heatmap representing the relative signaling
strength of an outgoing pathway across cell groups. The color bar indicates the overall signaling strength for each pathway, while the top colored bar plot shows the total
signaling strength per cell group, and the right grey bar plot displays the total signaling strength per signaling pathway. (C) Chord plot illustrating TNF signaling pathway

interactions in healthy controls. (D) Chord plot illustrating TNF signaling pathway interactions in OLP patients.
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molecule, whereas LAIR-1 is its membrane-bound homologue. LAIR-2 is believed to play a regulatory role in the
interaction between collagen and LAIR-1. It was identified due to its similarity to LAIR-1, a membrane-bound receptor
that modulates the innate immune response.*® >’ LAIR2 exhibited decreased expression in cluster 5 of NK cells in OLP
patients (Figure 3I). Similarly, in the HRA002370 dataset, LAIR2 was also validated to show decreased expression in
OLP patients (Figure 3J). We evaluated the characteristics of NK cells based on the lesions of OLP patients, distinguish-
ing between erosive and ulcerative. Clusters 2 and 5 of NK cells exhibited similar distributions in both erosive and
ulcerative lesions (Figure 3K). A noteworthy observation is that OLP patients with ulcerative lesions showed higher
PTGDS expression compared to patients with erosive lesions, while conversely, LAIR2 exhibited decreased expression in
ulcerative lesions (Figure 3L and M). Ulcerative lesions, which represent more severe and deeper tissue damage
compared to erosive lesions, exhibited increased cytotoxicity, and decreased exhaustion levels (Figure 3N).

Features of T Cell Subsets in Patients with OLP

OLP is a chronic inflammatory oral mucosal disease of unknown etiology mediated by T cells.*® We hypothesized that
subsets of T cells within the PBMCs of OLP patients would exhibit distinct molecular characteristics compared to cells from
healthy controls. We separated the data into 11 subsets of T cells. There were no significant differences in the subset
proportions of T cells between erosive and ulcerative lesions compared to healthy controls (Figure 4A and B). We observed
that DEGs upregulated in patients with OLP were involved in processes including cytokine production, cell migration,
positive regulation of leukocyte cell-cell adhesion, and positive regulation of leukocyte-mediated cytotoxicity
(Supplementary Table 7). In addition, using an apoptosis and migration scoring system, we observed that T cells in OLP

patients likely underwent migration and apoptosis (Figure 4C and D). In patients with OLP, most subsets of T cells, including
CD4 CTLs, CD4 Memory T, and Tregs, exhibited higher apoptosis and migration scores. The significant activation of
apoptosis and migration pathways in T cells within the PBMCs of OLP patients may indicate an association between cell
apoptosis and lymphocyte migration and the imbalance of the systemic immune system in OLP patients. Additionally, we
compared the apoptosis (Figure 4E), migration (Figure 4F), T cell activation via T cell receptor (TCR) (Figure 4G), immune
tolerance (Figure 4H), cytotoxicity (Figure 4I), and exhaustion (Figure 4J) scores of T cells in OLP patients to those in
healthy controls based on the lesion type OLP is an inflammatory condition with autoimmune features. T cells from erosive
and ulcerative patients exhibited lower immune tolerance scores compared to healthy controls (Figure 4H). These findings
are consistent with previous studies suggesting that some patients with OLP may develop an autoimmune state attacking
other target organs. Recent research has shown the coexistence of autoimmune thyroid disease and OLP, as well as type 1
diabetes and OLP. The association of OLP with other autoimmune processes implies the potential for OLP-affected patients

to develop autoimmune states that actually trigger auto-aggression against other targets.**

CXCR4"E".TSC22D3"&" CD4 CTLs Exhibit Increased Cytotoxicity in OLP Patients
We hypothesized that CD4 CTLs within the PBMCs of OLP patients would exhibit distinct molecular characteristics
related to cytotoxicity compared to healthy controls. To address this question, we investigated genes co-expressed highly
in CD4 CTLs from OLP patients and examined the characteristics of the CD4 CTLs clusters. As a result, we discovered
a novel cell type showing independent features in OLP. A significant discovery is that both CXCR4 and TSC22D3
exhibited high expression in OLP patients in both our cohort and the HRA002370 dataset (Figure SA and B). We also
confirmed that CXCR4 and TSC22D3 were co-expressed with each other (Figure 5C and D). We divided the samples into
high-expressed and low-expressed groups based on the mean values of CXCR4 and TSC22D3 expression levels, and
additionally compared the percentage of cells expressing high levels of CXCR4 and TSC22D3 between patients with
lesions and healthy controls CXCR4™E"-TSC22D3"" CD4 CTLs showed the least distribution in healthy controls and the
highest proportion in ulcerative lesions. CXCR4"E"-TSC22D3"€" CD4 CTLs showed the least distribution in healthy
controls, and increased from erosive to ulcerative lesions (Figure SE). This was also observed in the HRA002370 dataset,
with OLP patients showing a higher proportion of CXCR4™E"-TSC22D3"e" cells within CD4 CTLs (Figure 5F).

To identify the existence of specific clusters with high expression of CXCR4 and 7SC22D3, we performed re-
clustering of CD4 CTLs along with using the Louvain algorithm after log normalization and PCA. The significant finding
is that CD4 CTLs cluster 3 exhibited notably high expression of CXCR4 and 7SC22D3 in OLP patients, and we identified
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Figure 4 Characterization of T cell subsets in PBMCs of healthy controls and patients with OLP. (A) t-SNE plot of T cells; healthy controls (left) and OLP patients (right). (B)
Bar plot of cell compositions in healthy controls and OLP patients, with OLP subdivided into erosive and ulcerative groups based on lesion type. (C) Box plots of apoptosis gene
set signature scores in T cells from healthy controls (n = 5) and OLP patients (n = |16). Horizontal lines indicate median values; whiskers extend to 1.5 times the interquartile
range. Statistical significance is indicated by asterisks (Welch’s t-test). D) Box plots of T cell migration gene set signature scores in T cells from healthy controls (n = 5) and OLP
patients (n = 16). Horizontal lines indicate median values; whiskers extend to |.5 times the interquartile range. Statistical significance is indicated by asterisks (Welch’s t-test).
Box plots comparing gene set signature scores for apoptosis (E), migration (F), T cell activation via TCR (G), immune tolerance (H), cytotoxicity (I), and exhaustion (J) between
healthy controls and OLP patients, stratified by lesion type (erosive vs ulcerative). Horizontal lines indicate median values; whiskers extend to 1.5 times the interquartile range.
Statistical significance is indicated by asterisks (VWelch’s t-test). Statistical significance is indicated as follows: ns: p 2 0.05, *: p < 0.05, **: p < 0.0, ***: p < 0.001.
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Figure 5 Classification of CXCR4"&" TSC22D3"€" CD4 CTLs in patients with OLP. (A) A box plot comparing the expression levels of CXCR4 (p < 0.001) and TSC22D3 (p < 0.001) in
CD4 CTLs between healthy controls and OLP patients (Unpaired t-test with Welch’s correction). (B) A box plot comparing the expression levels of CXCR4 (p < 0.001) and
TSC22D3 (p < 0.001) in CD4 CTLs between healthy controls and OLP patients for validation using the HRA002370 dataset (Unpaired t-test with Welch’s correction). (C)
A Spearman correlation scatter plot shows a positive correlation between the expression levels of CXCR4 and TSC22D3 in CD4 CTLs of OLP patients. (D) A Spearman correlation
scatter plot shows a positive correlation between the expression levels of CXCR4 and TSC22D3 in CD4 CTLs of OLP patients in the HRA002370 validation set. (E) The bar graph
illustrates the cellular composition of CD4 CTLs with high CXCR4 and high TSC22D3 in healthy controls, erosive, and ulcerative groups. (F) Bar graph illustrating the cellular
composition of CXCR4"2" - TSC22D3"€" CD4 CTLs in healthy controls and OLP patients from the HRA002370 dataset. (G) Dot plot displaying the expression levels of CXCR4,
TSC22D3, LITAF, SYTL3, DUSP2, and PIK3R [ in CD4 CTL clusters of OLP patients. (H) t-SNE plot displaying clusters within the CD4 CTL population of healthy controls, erosive, and
ulcerative groups. (I) The dot plot illustrates the expression levels of CXCR4, TSC22D3, LITAF, SYTL3, DUSP2, and PIK3R[ in CD4 CTLs clusters in patients with OLP from the
HRA002370 dataset. (J) The t-SNE plot highlights cluster | within CD4 CTLs cells from the HRA002370 dataset. Healthy controls are displayed on the left, while OLP patients are
shown on the right. (K) Violin plot comparing cytotoxicity scores between the CXCR4"€" - TSC22D3"&" and CXCR4'°" - TSC22D3'" groups in CD4 CTL cells of OLP patients within
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cells of OLP patients within our cohort and the HRA002370 validation set. Statistical significance is indicated as follows: ns: p = 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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LITAF, SYTL3, DUSP2, and PIK3RI as marker genes for cluster 3 of CD4 CTLs (Figure 5G and H). Consistently, we
identified cluster 1 of CD4 CTLs with high CXCR4 and TSC22D3 expression in the HRA002370 validation set, where it
was predominant in OLP patients and showed similar marker gene characteristics (Figure 51 and J). Based on these
results, we hypothesized that CYCR4"€"-7SC22D3"€" CD4 CTLs might also influence cytotoxic function. To answer this
hypothesis, we evaluated cytotoxicity and exhaustion score systems. Ultimately, CXCR4"E"-TSC22D3"" cells exhibited
higher cytotoxicity and exhaustion compared to CXCR4'°¥-TSC22D3"" cells (Figure 5K and L). These findings high-
light transcriptional features of CD4 CTLs in the blood of OLP patients, characterized by the disease’s hallmark mediated
by T cells, emphasizing the discovery of novel OLP-specific CD4 CTLs cluster in the circulating immune system.

Differential Microenvironment in OLP and LP Lesions

Single-cell transcriptomic analysis revealed distinct cellular subpopulations within tissue samples (Healthy con-
trols:13190 cells; LP: 57036 cells; OLP: 30728 cells). UMAP projection (Figure 6A) and proportional composition
(Figure 6B) illustrate these clusters. Specifically, fibroblasts (COL1A1), keratinocytes (FLG, KRT14, and KRT1), vascular
endothelial cells (VECs) (ENG), lymphatic endothelial cells (LECs) (CCL21), myofibroblasts (AC74A2 and TAGLN),
lymphocytes (CD3D and PTPRC), Schwann cells (SOX10), B cells (MS4A41), dendritic cells (DCs) (CLEC4C and XCR1),
and macrophages (CD68) were identified (Supplementary Figure 4). Immune cell subsets were annotated using the

SingleR* reference-based algorithm. The relative distribution of T-cell subsets differed significantly among healthy
controls, LP, and OLP samples, with OLP exhibiting a markedly higher proportion of CD8 TCMs, CD8 TEMs, and other
T cells compared to the other groups (Figure 6C). To characterize differences in signaling networks within the lesion
microenvironment of OLP and LP, we analyzed LR interactions, revealing distinct intercellular communication patterns
between the two conditions. The overall interaction strength differed between the two conditions, with LP (37,755)
exhibiting a higher total interaction strength compared to OLP (34,964) (Figure 6D). The analysis of LR interactions
revealed significant differences in signaling pathways between OLP and LP (Figure 6E). Several key pathways exhibited
distinct activation patterns, suggesting differential intercellular communication dynamics in the two conditions. Notably,
CD70, IL16, and TNF signaling showed higher activity in OLP, whereas visfatin, C-C motif chemokine ligand (CCL),
pleiotrophin (PTN), fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), and annexin signaling
were more pronounced in LP. These findings indicate that the signaling environment within the lesion microenvironment
is uniquely modulated in each condition, potentially contributing to their distinct pathophysiological characteristics.
Notably, TNF signaling was significantly elevated in OLP lesions, consistent with its increased expression in PBMCs
from OLP patients, indicating a systemic pro-inflammatory state. Moreover, intercellular communication within the TNF
signaling pathway was more extensively activated in OLP than in LP, spanning a broad range of cell types (Figure 6F).
This heightened TNF signaling was observed not only in CD4" and CD8" T-cell subsets but also in other lymphocytes,
endothelial cells, and stromal cells in OLP. The widespread activation of TNF across these diverse cell populations
suggests that OLP is characterized by an intensified inflammatory microenvironment, potentially driving disease
progression through sustained 7NF-mediated immune responses. These findings underscore the pivotal role of TNF
signaling in shaping the inflammatory landscape of OLP, distinguishing it from the signaling dynamics observed in LP.
TNF signaling was most strongly activated in OLP, as evidenced by both LR interactions and overall signaling scores.
TNF-TNFRSFIB interaction showed strong activation specifically in OLP (Figure 6G). Additionally, TNF signaling
scores exhibited a stepwise increase, with LP showing significantly higher scores than healthy controls, and OLP
displaying a significantly greater TNF signaling score compared to LP (Figure 6H). While OLP exhibited a dominant
TNF-driven inflammatory response, it also showed downregulated VEGF signaling, distinguishing its microenvironment
from that of LP. VEGF-mediated intercellular communication was significantly weaker in OLP (Figure 6I) than in LP
(Figure 6J), suggesting a limited pro-angiogenic response within OLP lesions. The reduced VEGF signaling in OLP,
despite persistent inflammation, indicates a fundamentally distinct tissue remodeling process compared to LP.
Interestingly, although HIF'14, a key hypoxia-related gene, was upregulated in OLP, VEGF LR interactions remained
notably weaker in this condition. In contrast, LP exhibited both higher VEGF LR expression and stronger receptor
engagement, supporting active angiogenesis (Figure 6K). These findings suggest that while hypoxia-associated signaling
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is activated in OLP lesion, it does not effectively induce VEGF-mediated vascular remodeling, unlike in LP, where
VEGF signaling is fully engaged.

Discussion

OLP is a T cell-mediated chronic inflammatory disorder that causes oral mucosal damage and pain. Although OLP and
cutaneous LP share clinical and histological traits, emerging evidence suggests they are driven by distinct immuno-
pathological mechanisms, leading to differences in clinical presentation and disease progression. However, these specific
distinctions remain underexplored, hindering the development of targeted therapies.*' ** Our study addresses this gap by
providing a comprehensive single-cell analysis of the immune cell landscape in OLP, revealing key immune contributors
to its pathogenesis. This work aims to advance clinical care and support the development of more personalized treatment
strategies.

Our analysis identified a dysregulated immune response characterized by elevated proportions of specific T cell
subsets, including Th17 cells, Th2 cells, and CD4 memory T cells, in OLP patients compared to healthy controls.
Consistently, recent research has reported that Th17 and Th2 cells, along with their signature cytokines, play pivotal roles
in the pathogenesis of OLP as well as autoimmune diseases.***> These findings corroborate previous research implicat-
ing T cell-mediated immunity in OLP pathogenesis and highlight the role of cellular immunity in driving disease
progression.*® Furthermore, assessment of cytotoxicity and exhaustion scores unveiled heightened immune activity,
particularly in CD4 CTLs and NK cells in OLP patients. The increased cytotoxicity and exhaustion levels suggest a state
of chronic inflammation and immune dysregulation within the OLP microenvironment, which may contribute to disease
pathogenesis and progression. Analysis of gene expression related to TNF and TLR signaling pathways revealed higher
expression levels in OLP patients, indicating uncontrolled inflammatory responses. The association between uncontrolled
inflammation in OLP and aberrant regulation of TNF and TLR signaling pathways has been extensively
discussed.>*****” However, specific signaling pathways within the systemic immune system and the involved immune
cell types remain unclear. In our study, subsequent investigation into cell-cell communication via LR interactions
identified NK cells as significant contributors to TNF signaling activation in OLP patients, further implicating their
role in driving inflammation and immune dysregulation.

PTGDS is known to play a critical role in regulating inflammation in astrocytes in Parkinson’s disease, and it has also
been recently associated with periodontitis, a chronic inflammatory condition.***° In our study, PTGDS emerged as
a potential diagnostic marker for OLP, with its upregulation observed in NK cells. This finding was further supported by
elevated PTGDS expression in plasma samples, as confirmed by ELISA, and validated in the HRA002370 dataset. The
consistent elevation across multiple platforms underscores its pivotal role in the immune dysregulation associated with
OLP. These results suggest that PTGDS may not only serve as a diagnostic biomarker but also as a potential therapeutic
target, offering new avenues for the treatment of OLP by modulating inflammatory pathways through PTGDS regulation.
Further investigation into its specific functions within NK cells and its broader impact on the immune system in OLP is
warranted to fully understand its clinical utility. Additionally, analysis of T cell subsets revealed an increased apoptosis
and migration score, as well as a decreased immune tolerance score in OLP patients, indicative of systemic immune
dysregulation and autoimmune features associated with the disease.’”** CXCR4 has been reported to exhibit high
expression in OLP patients, indicating its potential as a therapeutic target. However, the mechanism by which CXCR4
governs the pathophysiological processes of OLP is not clearly understood.’*>*! In our study, we confirmed
a correlation between CXCR4 and 7SC22D3 expression. Interestingly, we identified a novel OLP-specific cluster of
CXCR4"€".TSC22D3"€" CD4 cytotoxic T cells in PBMCs, which was further validated by confirming its presence in the
HRA002370 dataset. CXCR4™E"-TSC22D3"" CD4 CTLs exhibited higher cytotoxicity compared to CXCR4™-
TSC22D3"Y CD4 CTLs. TSC22D3 is one of the glucocorticoid-induced genes and plays an important regulatory role
in immune suppression and cell proliferation. 7SC22D3 participates in cellular responses to corticosteroid and gluco-
corticoid stimuli, which endogenous glucocorticoid signaling can influence, leading to T cell differentiation from a naive
to a dysfunctional state. Previous research has suggested a regulatory cascade from glucocorticoid stimulation to the
dysfunctional state mediated by 7SC22D3. Additionally, it has been emphasized that stress-induced glucocorticoid surge
and upregulation of 7SC22D3 can neutralize therapy-induced anti-cancer immune surveillance and impair anti-tumor
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immunity by activating I[FN-y T cell activity. Notably, one critical regulator, TSC22D3, has frequently been identified in
the state transitions from the intermediate state to the pre-dysfunction and dysfunction state of CD8 T cells, exerting
diverse roles in each state transition through rewiring of regulatory interactions. It has been reported that 7SC22D3 is
also highly expressed in CD4 T cells. However, the precise function of 7SC22D3 in CD4 T cells has not been
elucidated.>>> Our results suggest that the CXCR4"€"-7SC22D3"" cluster in CD4 CTLs may contribute to the
cytotoxic mechanism and uncontrolled inflammatory response in the systemic immunity of OLP. This finding further
elucidates the heterogeneity of T cell responses in OLP and underscores the importance of understanding transcriptional
features in disease pathogenesis.

Our finding highlights distinct microenvironmental differences between OLP and LP, demonstrating that OLP is
primarily driven by TNF-mediated inflammation, while LP exhibits enhanced VEGF signaling and vascular remodeling.
These findings provide new insights into the differential pathophysiology of these two conditions and suggest potential
mechanisms underlying their progression.

TNF, a key pro-inflammatory cytokine central to chronic inflammation through its promotion of immune cell
activation, cytokine secretion, and tissue damage, may be further amplified by an imbalanced oral microbiota that has
been proposed to induce Th17-mediated chronic inflammation and exacerbate tissue damage via upregulation of IL-6, IL-
1B, and TGF-p, thereby promoting TNF signaling.’*>® The strong TNF-TNFRSFIB interaction in OLP suggests
a unique inflammatory signaling mechanism that may intensify immune activation and tissue damage, extending beyond
the typical effects of TNF alone. While increased TNF expression in OLP is well established, our findings highlight
TNFRSFIB as a key mediator of sustained inflammation, potentially amplifying keratinocyte apoptosis, epithelial barrier
disruption, and prolonged immune infiltration. Given that TNFRSFIB preferentially promotes 7NF-induced cell survival
and immune regulation, its heightened activation in OLP may contribute to chronic inflammation and tissue remodeling
unique to this condition.””

Beyond chronic inflammation, OLP is recognized as a potentially malignant disorder with an increased risk of oral
squamous cell carcinoma (OSCC). Patients with OLP have been reported to have a significantly higher risk of developing
tongue cancer and other forms of oral cancer compared to the general population.®® This malignant potential is thought to
be linked to persistent TNF-driven inflammation, oxidative stress, and chronic epithelial damage, which can create
a microenvironment favorable for carcinogenesis.®’ These clinical implications highlight the importance of early
detection and management of chronic inflammation in OLP to mitigate cancer risk.

In contrast, LP displayed a more interactive and pro-angiogenic microenvironment, with VEGF signaling being
significantly stronger than in OLP. VEGF is a key regulator of angiogenesis, promoting endothelial cell proliferation and
vascular remodeling.®*®® The enhanced VEGF-mediated intercellular communication observed in LP, particularly among
endothelial and stromal cells, suggests active tissue remodeling and vascularization. This aligns with previous studies
showing increased VEGF expression in LP, which correlates with microvascular expansion and tissue remodeling.®*
These findings indicate that LP is regulated by a dynamic pro-angiogenic response, distinguishing it from the inflam-
matory pathology of OLP.

Previous studies have reported that keratinocyte proliferation in OLP is positively correlated with increased dermal
microvascular density within the lesion.®> Our results revealed that while HIFIA, a key hypoxia-related gene, was
upregulated in OLP, VEGF LR interactions remained notably weak. HIF'1A4 is known to induce VEGF expression under
hypoxic conditions,®® yet our findings suggest that OLP fails to translate this hypoxia signaling into effective VEGF-
driven angiogenesis. One possible explanation is that the imbalance between TNF-driven inflammation and VEGF
signaling in OLP may contribute to impaired vascular responses. Prior studies have shown that persistent inflammation
can impair endothelial cell function and disrupt angiogenic signaling, leading to a dysregulated microenvironment.®” Our
findings further reinforce previous reports showing that VEGF expression is significantly lower in OLP compared to
controls, whereas HIFIA expression is elevated.®® However, our study uniquely demonstrates that this dysregulated
hypoxia response is a distinct feature of OLP when compared to LP, which exhibits a more angiogenically active
microenvironment. Unlike LP, where VEGF signaling drives vascular remodeling, OLP exhibits a disrupted hypoxia-
angiogenesis axis with upregulated HIF 14 but weak VEGF LR interactions. This distinction suggests that OLP is
characterized by a hypoxia-driven inflammatory state rather than a pro-angiogenic response, further contributing to its
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chronic disease progression and impaired tissue remodeling. This imbalanced hypoxia-VEGF signaling in OLP, which
contrasts with the angiogenic signature of LP, may be a key factor driving sustained inflammation, prolonged immune
activation, and delayed tissue healing in OLP lesions. These findings have important clinical implications. The strong
TNF-TNFRSF1B interaction in OLP suggests TNF-targeted therapies may help mitigate chronic inflammation and tissue
damage. The disrupted hypoxia-VEGF axis highlights the need for alternative approaches to restore vascular homeostasis
and prevent disease progression. Additionally, given the increased risk of OSCC in OLP patients, regular monitoring and
early intervention strategies are essential.®’

This study has several limitations. An established animal model could not be utilized due to the unclear pathogenesis
of OLP, limiting the ability to experimentally validate disease mechanisms. Additionally, the relatively small sample size
may affect the generalizability of our findings. Despite these limitations, our study provides important insights into the
distinct inflammatory and vascular differences between OLP and LP by evaluating systemic chronic inflammation at both
the single-cell and protein levels. These findings identify potential diagnostic and therapeutic targets, laying the
groundwork for future investigations.

Conclusions

Our study provides a comprehensive characterization of the immune landscape in OLP, offering critical insights into
potential therapeutic targets and emphasizing key distinctions between OLP and LP. The distinct immune and signaling
profiles observed in OLP suggest key molecular targets that may guide future intervention strategies. However, further
functional validation of these biomarkers is necessary to confirm their clinical relevance. Longitudinal studies tracking
immune responses in OLP and comparative analyses with LP will be essential for refining personalized treatment
approaches and improving patient outcomes.
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