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delays onset and modulates
Immune response in alopecia
areata mice: insights from
single-cell RNA sequencing
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It has been demonstrated that CXCL12 inhibits hair growth via CXCR4, and its
neutralizing antibody (Ab) increases hair growth in alopecia areata (AA). However,
the molecular mechanisms have not been fully elucidated. In the present study,
we further prepared humanized CXCL12 Ab for AA treatment and investigated
underlying molecular mechanisms using single-cell RNA sequencing.
Subcutaneous injection of humanized CXCL12 Ab significantly delayed AA
onset in mice, and dorsal skin was analyzed. T cells and dendritic cells/
macrophages were increased in the AA model, but decreased after CXCL12 Ab
treatment. Pseudobulk RNA sequencing identified 153 differentially expressed
genes that were upregulated in AA model and downregulated after Ab treatment.
Gene ontology analysis revealed that immune cell chemotaxis and cellular
response to type Il interferon were upregulated in AA model but
downregulated after Ab treatment. We further identified key immune cell-
related genes such as Ifng, Cd8a, Ccr5, Ccl4, Ccl5, and /121r, which were
colocalized with Cxcr4 in T cells and regulated by CXCL12 Ab treatment.
Notably, CD8+ T cells were significantly increased and activated via Jak/Stat
pathway in the AA model but inactivated after CXCL12 Ab treatment. Collectively,
these results indicate that humanized CXCL12 Ab is promising for AA treatment
via immune modulatory effects.
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Introduction

CXCL12 is a CXC chemokine traditionally classified as a
homeostatic chemokine, contributing to physiological processes
such as embryogenesis, hematopoiesis, and angiogenesis (1). In
contrast to these homeostatic functions, increased expression of
CXCLI12 in general, or of a specific CXCL12 splicing variant, has
been demonstrated in various pathologies (2, 3). Administration of
CXCLI12-neutralizing antibodies (Abs) or small-molecule antagonists
of CXCR4 delays disease onset or prevents disease progression in
cancer, viral infections, inflammatory bowel diseases, rheumatoid
arthritis, and osteoarthritis (4, 5). The CXCL12/CXCR4/ACKR3 axis
constitutes a potential therapeutic target for a wide variety of
inflammatory diseases, not only by interfering with cell migration
but also by modulating immune responses (5). In the skin, CXCL12 is
highly expressed in dermal fibroblasts (DFs) and mediates
inflammatory diseases. For example, CXCL12" DFs promote
neutrophil recruitment and host defense through recognition of IL-
17 (6). DFs underpin skin immune responses, and cross-talk among
DFs, macrophages, and migratory immune cells, including T cells,
dendritic cells (DCs), and natural killer (NK) cells in the skin, is
important. These skin-resident cells are attracting interest as
therapeutic targets in skin inflammatory diseases (7). As described,
DFs secrete inflammatory factors such as CXCL12 and play a key role
in skin inflammation. However, its role has not been demonstrated in
alopecia areata (AA).

In hair biology, we first found that CXCL12 is secreted in DFs
and outer root sheath (ORS) cells, and regulates the hair cycle to
induce the hair regression period (8). Conversely, inhibition of
CXCLI12 and CXCR4 promoted hair growth in animal experiments.
In androgenic alopecia (AGA) mice, CXCL12 is up-regulated in
DFs, and CXCL12-neutralizing Ab promoted hair growth in a dose-
dependent manner. Androgens such as testosterone and
dihydrotestosterone upregulate CXCL12 via the androgen
receptor, and they are colocalized in DFs (9). Subcutaneous
injection of CXCL12 Ab reduced the expression of CD8+ and
MHCH+ cells, thereby improving hair growth in AA animals and
preventing AA onset. However, the underlying molecular
mechanisms improving AA in mice have not been fully elucidated.

AA pathogenesis is due to the loss of immune privilege of the
hair follicle, leading to autoimmune attack. Lee et al. investigated
skin-infiltrating immune cells using single-cell analysis from the
graft-induced C3H/He] mouse model of AA, and found that only
the depletion of CD8+ T cells, but not CD4+ T cells, NK cells, B
cells, or ¥ T cells was sufficient to prevent and reverse AA (10).
Although the literature has focused on CD8+ T cells, vital roles for
CD4+ T cells and antigen-presenting cells have also been suggested
(11). Of interest, one of the CXCL12 receptors, CXCR4, is highly
expressed in T cells such as CD8+ T cells and mediates the
migration of T cells (12). Conversely, the CXCR4 antagonist
AMD3100 inhibited skin inflammation associated with reduced
inflammatory cell accumulation (13). As described, AA is an
autoimmune disease primarily mediated by skin-resident T cells,
and CXCLI12-neutralizing Ab is promising for AA treatment.
Consequently, a novel humanized Ab for CXCL12 has been
developed for non-clinical study, and its underlying molecular
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mechanism for AA treatment has been elucidated using single-
cell RNA sequencing in the present study.

Methods
Preparation of single-cell suspension

Skin samples were collected from unaffected C3H/HeN mice
(negative control, Neg), AA model mice, and AA model mice
treated with CXCL12-neutralizing antibody (AA + Ab). Skin
from the back of 7-8 mice per group was pooled, minced, and
digested with 0.7 mg/mL collagenase D solution (Sigma-Aldrich),
and then passed through 70 and 40 um meshes. Red blood cells
were lysed using ACK Lysing Buffer (Gibco), and debris were
removed through density gradient-based separation using Percoll
(Sigma-Aldrich) media. The cell suspension was immediately
processed for single-cell RNA sequencing (scRNA-seq).

Droplet-based scRNA-seq

Prepared single-cell suspensions were processed using the
Chromium Next GEM Single Cell 3> RNA library v3.1 protocol
(10x Genomics) according to the manufacturer’s instructions.
Briefly, cells were encapsulated into nanoliter-scale Gel Beads-in-
emulsion (GEMs) containing barcoded oligonucleotides. The poly
(dT) primers in the GEMs captured polyadenylated mRNA from
each cell, allowing for the generation of barcoded, full-length
cDNA. The ¢cDNA was amplified to construct 3’ gene expression
libraries, which were sequenced on an Illumina sequencing system
(Nlumina) at Macrogen. Raw BCL files produced by the Illumina
platform were demultiplexed into FASTQ files using Cell Ranger
v7.2.0 (10x Genomics). Then, cellranger count pipeline was used to
align the reads onto the mouse reference genome ‘mm10’, and to
perform filtering, barcode counting, and unique molecular identifier
(UMI) counting. The sequencing data quality was assessed using
FastQC v0.11.7.

Single-cell transcriptome analysis

The analysis targeted a total of 28,351 skin cells across three
groups (Neg, AA, and AA + Ab). Initial processing was conducted
using the R package Seurat v5.0.3 including cell filtering, clustering,
annotation and visualization, as previously described (14, 15). Cells
with over 10% mitochondrial gene expression or expressing fewer
than 200 genes were excluded. Putative multiplet cells were also
removed using DoubletFinder v2.0.4 with default parameters (16).
After this quality control process, 23,222 cells from the three
samples were retained for analysis. The count matrix was then
normalized, and 2,000 highly variable genes were selected for
scaling. Cell clustering was performed using a shared nearest-
neighbor method, followed by the Louvain algorithm for
modularity optimization and clustering. The subsequent
dimensionality reduction was achieved by t-distributed stochastic
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neighbor embedding (t-SNE) or uniform manifold approximation
and projection (UMAP). Clusters were manually annotated based
on their expressing genes using literature-based markers (17-19).
To validate our annotation strategy, we visualized the expression of
canonical or published marker genes for each cell type. Additional
subpopulation identification for T cells, fibroblasts, monocytes,
dendritic cells, and macrophages was performed following the
above procedures. Pseudotime trajectory analysis was performed
for naive-like and CD8+ T cells using monocle3 v1.3.7 (20). Cell-
cell communication was profiled using CellChat v2.1.1 (21).

Differential expression analysis

Initial differential expression analysis among the Neg, AA, and
AA + Ab groups was conducted after aggregating gene expression
counts from all cells using PseudobulkExpression module of Seurat
package. Genes with a twofold expression difference between groups
were identified as differentially expressed genes (DEGs). These
DEGs were further analyzed for protein-protein interaction
networks and functional enrichment using the STRING server
(22, 23), gprofiler2 v0.2.3 (24) or GSEA v4.0.3 (25). Community
detection in STRING network of DEGs was performed using R
package igraph v2.0.3. For the cell-type level identification of DEGs,
the FindMarkers module of Seurat package was used.

Results

scRNA-seq analysis revealed biased cell
populations in AA

Skin samples were collected from unaffected mice (negative
control, Neg), AA model mice, and AA model mice treated with
CXCL12-neutralizing antibody (AA + Ab) (Supplementary Figure
S1). Following skin tissue dissociation, purification and droplet-
based scRNA-seq, we obtained transcriptomic profiles of 28,351
cells, where 23,222 cells passed primary quality control filter
(Figure 1A; Supplementary Figure S2). Based on cell-specific
markers, we identified at least 15 distinct cell types across all
three groups, representing the full thickness of the skin
(Figures 1B-D). The predominant cell population was
interfollicular epidermis (IFE) keratinocytes, characterized by
high expression of Krt5 and Krti4 (Figure 1E). Within this
population, we distinguished basal IFE keratinocytes (IFE_B),
proliferating IFE keratinocytes (marked by elevated Stmnl
and Mki67 expression; IFE_BC), and spinous IFE (IFE_S)
keratinocytes (expressing Krtl and Krt10 expression). These IFE
cells comprised 47-55% of the total cell population (Figure 1F).
Additional cell types identified included upper hair follicle (uHF)
keratinocytes, outer bulge (OB) keratinocytes, and sebaceous gland
(SG) cells, marked by the expression of Krt79, Barx2, and Mgstl,
respectively (Supplementary Table SI1). Inner bulge (IB)
keratinocytes were characterized by Krt27 and Krt35 expression,
with IB cells of germinative layer (IB_G) showing high Stmnl and
Mki67 expression (Figure 1E).
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Beyond keratinocytes, the scRNA-seq analysis also yielded a
diverse array of fibroblasts, immune cells, skeletal muscle cells, and
melanocytes (Figure 1E; Supplementary Table S1). We identified
fibroblasts highly expressing Pdgfra and Collal, and dermal papilla
(DP) cells expressing Corin and Notum. Endothelial cells (EC) were
characterized by Pecaml and Cdh5 expression. Among CD45+
(Ptprc gene) immune cells, we identified T cells (TC; expressing
Cd3e), YOT cells (gdTC; Trdc), monocytes (Mono; Cd14 and Ccl6),
dendritic cells and macrophages (DC/Mac; Cd68, Cd74, and
Cd209a), Langerhans cells (LC; Cd207), and B cells (BC; Cd79a)
(Figure 1E). Notably, the proportion of immune cells increased in
the AA model, with significant rises in the TC and DC/Mac
populations, which decreased following CXCL12 Ab treatment
(Supplementary Figure S3). The proportion of T cells across the
groups was 1.7%, 4.2%, and 2.5% for Neg, AA, and AA + Ab,
respectively, while the DC/Mac proportions were 0.7%, 1.2%, and
0.9% (Figures 1H, I).

Pseudobulk RNA-seq analysis revealed
altered immune response in AA

scRNA-seq analysis indicated significant shifts in immune cell
proportions in the AA model. To elucidate the transcriptional
changes underlying these shifts, we next performed differential
expression analysis and functional enrichment analysis on
pseudobulk RNA-seq data aggregated from transcript counts of
all cells for each group (Figure 2). Compared to the normal (Neg)
group, 349 genes showed more than twofold increased expression,
and 160 genes showed decreased expression in the AA model
(Figure 2A). Compared to the AA model, the AA + Ab group
had 236 genes with increased expression and 365 genes with
decreased expression (Figure 2B). Analysis of the expression
patterns of all DEGs indicated that approximately 78% of DEGs
that were upregulated in the AA model compared to the Neg group
subsequently decreased following antibody treatment, and vice
versa. This pattern suggests that antibody treatment may help
normalize the transcriptional alterations typical of the AA model
(Figure 2C). We specifically analyzed 153 DEGs that increased in
the AA model and decreased following Ab treatment, which likely
represent key mediators of both AA pathogenesis and its
amelioration through CXCL12 Ab intervention (Figure 2D;
Supplementary Figure S4).

STRING network analysis grouped these 153 DEGs based on their
protein-protein interactions (Figure 2E), from which we identified
three major clusters, A, B, and C, which included 62.5% of the DEGs
(Figure 2F). Enrichment analysis of each DEG cluster showed that
cluster A was significantly associated with pathways related to
immune cell chemotaxis (including lymphocytes and monocytes),
chemokine-mediated signaling, cellular response to type II interferon,
and regulation of leukocyte differentiation (Figure 2G). Cluster C was
enriched for cytokine response pathways, including responses to type I
and II interferons. Meanwhile, genes in cluster B were predominantly
linked to the complement system related to functions of dendritic cells
and macrophages (26). In addition to the 153 common DEGs, we
conducted an analysis of DEGs specifically modulated by the CXCL12
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FIGURE 1
scRNA-seq of CXCL12 Ab-treated AA mouse model. (A) Workflow of scRNA-seq analysis. (B—D) t-SNE representation of scRNA-seq results from
(B) Neg, (C) AA, and (D) AA + Ab groups, colored by annotated cell types. (E) Expression levels for selected marker genes of each cell type.

(F) Proportion of each cell type among total cells for each group. (G-1) Proportion of (G) immune cells, (H) T cells, and (I) DC/Mac among total
cells for each group. Statistical significance was assessed using the binomial test. *P < 0.05, ***P < 0.001.

antibody. When applying the same analytical approach as for the
common DEGs, we found that the antibody induced relatively few
significant changes in biological processes, suggesting minimal off-
target effects unrelated to AA treatment (Supplementary Figure S5).
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While the common DEGs were significantly associated with at least 30
biological processes, the antibody-specific DEGs (upregulated and
downregulated) were linked to only 5 and 7 biological processes,
respectively, despite the similar or higher number of DEGs compared
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FIGURE 2

Pseudobulk RNA-seq analysis of CXCL12 Ab-treated AA mouse model. (A,

B) Identification of DEGs: (A) Neg vs. AA and (B) AA vs. AA + Ab. Genes

with a more than twofold increase are shown in red, and those with a decrease are shown in blue, with the number of each DEG indicated.

(C) Heatmap showing the normalized Z-scores of all DEGs. (D) Venn diag

ram depicting the identification of 153 DEGs (AA up & AA + Ab down).

(E) STRING network based on protein-protein interactions of the 153 DEGs. (F) Three major clusters are identified from community detection based

on weighted edge betweenness. (G) Gene ontology (GO) enrichment ana

lysis results for each cluster. Significant results with P value < 0.001 are

shown. (H) Pre-ranked GSEA results using log, fold change from each comparison as input.

to the common set (Figure 2G; Supplementary Figure S5). This
indicates that the CXCLI12 antibody demonstrates a high degree of
safety with minimal unintended effects.

Specifically, we observed that the CXCL12 antibody increased
the expression of genes involved in the TLR receptor pathway,
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part of the chemokine signaling network (Supplementary Figure
S5A). This suggests potential immunomodulatory effects, possibly
enhancing innate immune responses. The activation of this
pathway may reflect either a specific off-target effect or a
therapeutic mechanism relevant to AA. TLR signaling could
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contribute to AA progression by supporting protective immune
responses, but further research is required to clarify these effects.
Additionally, the antibody reduced the expression of genes related
to calcium transport, muscle contraction, and cell-matrix
adhesion (Supplementary Figure S5B). Although these
reductions may suggest off-target effects impacting calcium
signaling and muscle function, the relatively modest nature of
these changes implies limited relevance to AA pathogenesis
or treatment. Further investigation would be necessary to
assess their broader clinical implications. Gene Set Enrichment
Analysis (GSEA) conducted on the entire transcriptome also
highlighted increased activity of pathways such as cellular
response to type II interferon (GO:0034341) and lymphocyte
chemotaxis (GO:0048247) in the AA model compared to the
Neg group, both of which significantly decreased following Ab
treatment (Figure 2H; Supplementary Tables S2, S3). Additionally,
pathways related to the cellular response to interferon-beta and
regulation of T cell activation were significantly enriched in the
AA model compared to the Neg group. Although the regulation of
T cell activation pathway was not significantly suppressed
following Ab treatment, a trend towards suppression was
observed (Supplementary Figure S5C).

Genes involved in the cellular response to type II interferon,
such as Ccl5 (C-C motif chemokine ligand 5), Cd40 (CD40 antigen),
Fasl (Fas ligand), Mrcl (mannose receptor, C type 1), Ifng
(interferon gamma), and genes encoding guanylate binding
proteins (Gbp2, Gbp5, Gbp6, Gbp8, and Gbp9) were notably
upregulated in the AA model compared to Neg and subsequently
decreased more than twofold with Ab treatment (Supplementary
Tables S2). Representative genes associated with chemotaxis
included Ccl5, Cxcr3 (C-X-C motif chemokine receptor 3), and
Tnfsfl4 (tumor necrosis factor ligand superfamily, member 14)
(Supplementary Tables S3).

Cell-cell communication analysis revealed
CXCR4 involvement in immune
cell activation

To investigate the mechanisms underlying the immune response
in AA, we performed cell-cell communication analysis (Figure 3;
Supplementary Figure S6). This analysis, based on ligand and
receptor gene expression across all skin cells, revealed that ligands
from fibroblasts and DP cells predominantly drive overall
transcriptional changes (Supplementary Figures S6A, B).
Particularly, CXCL signaling showed fibroblasts as the major
source (sender), with T cells and monocytes as the major target
cells (receiver) (Figure 3A; Supplementary Figure S6C). Specifically,
Cxcl12 was predominantly produced by fibroblasts, with EC being the
second most abundant producers. (Figure 3B). Notably, the
expression level of the Cxcl12 gene in fibroblasts and EC showed
upregulation in the AA group, though it was not statistically
significant (Figure 3C). Cell-cell interaction analysis indicated that
fibroblast-derived CXCL12 is the dominant source driving CXCL12-
mediated signaling in the skin (Figure 3D). Analysis of fibroblast
subpopulations indicated that Cxcl12 is primarily expressed in Igfbp7
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+ type B or SfrpI+ type C fibroblasts (Supplementary Figures S7A, B)
(27). In addition, coexpression analysis revealed an increased
proportion of Pdgfra+ CxclI2+ cells in the AA model (9.5%)
compared to Neg (2.9%) and AA + Ab (4.2%) (Supplementary
Figure S7C). We also examined the expression levels of canonical
receptors for Cxcl12, Cxcr4 and Cxcr7 (Ackr3 gene) (28). Cxcr4 was
primarily expressed in immune cells such as T cells, monocytes, and
DC/Mac (Supplementary Figure S8), while Ackr3 was expressed in
keratinocytes (IFE_B and uHF) and fibroblasts (Figure 3B). Cell-cell
interaction analysis showed that fibroblast-derived CXCL12 likely
influencing immune cells more via CXCR4 than CXCR?7 (Figure 3E).

To confirm the potential involvement of Cxcr4-mediated
immune response identified in functional enrichment analysis, we
next analyzed the coexpression of Cxcr4 and the selected DEGs
among 153 DEGs (Figure 3F). Notably, the proportion of cells
coexpressing Cxcr4 and Ifng among Cxcrd-expressing cells was 0%,
9.5%, and 1.3% in Neg, AA, and AA + Ab groups, respectively,
suggesting that the type II interferon-mediated immune response
identified in the functional enrichment analysis may be mediated by
Cxcr4 (Figure 3E). Additionally, Cd8a gene encoding cell surface
glycoprotein found on most cytotoxic T cells, and genes of
chemokines like Ccl4 and Ccl5, which are involved in recruiting
these cells via Ccr5 (29), demonstrated similar coexpression
patterns with Ifng. The coexpression of Cxcr4 with I12Ir,
encoding interleukin-21 receptor that transduces the IL-21-
mediated growth promoting the proliferation and differentiation
of T cell, further supports the involvement of Cxcr4 in orchestrating
the immune landscape in AA (Figure 3E).

Trajectory analysis revealed CD8+ T cell as
a dominant population in AA

The T cell population more than doubled in the AA model
(Figure 1), and the major DEGs included Ifng and the cytotoxic T
cell marker Cd8a (Figures 2, 3). Thus, we next examined the
composition changes in T cell subpopulations in more detail.
Based on the expression of signature genes, we identified five T
cell subpopulations: naive-like T cells (Sell and Ccr7), CD4+ Th2
cells (Cd4 and Ii5), CD8+ T cells (Cd8a, Cd8b1, and Ifng),
regulatory T (Treg) cells (Foxp3 and Gzmb), and proliferating T
cells (Mki67) (Figures 4A, B). A 2D t-SNE plot marked by the
groups (Neg, AA or AA + Ab) qualitatively showed an increase in
CD8+ T cells in the AA model (Figure 4C). Quantitative cell
composition analysis revealed that the proportion of CD8+ T
cells in the total T cell population significantly increased from
8.1% in Neg to 68.9% in AA, then decreased to 37% with Ab
treatment (Figure 4D).

We further performed pseudotime analysis to investigate
peripheral activation and maturation process of T cells in AA,
focusing on naive-like T cells and CD8+ T cell populations. Using
naive-like T cells as the starting point, we traced the trajectory of
cells activating into CD8+ T cells (Figure 4E). Early naive-like T
cells predominantly expressed markers of resting T cells such as
Ccr7 and Tcf7 (30), while along the pseudotime trajectory, T cells
showed increased expression of Cd8a and Ifng (Figure 4F).
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FIGURE 3

Expression profile of CXCL12 and its receptors in the AA mouse model. (A) Heatmap showing the relative importance of each cell type based

on network centrality measures calculated from the CXCL signaling network using CellChat. (B) Expression levels of Cxcl12 and genes of its
receptors Cxcr4 and Ackr3. (C) Normalized expression of Cxcl12 in fibroblasts and ECs of each group. (D) Interaction strength between various

cell types within the CXCL signaling pathway. The thickness of the lines connecting cell types is proportional to the calculated interaction strength.
(E) Significant ligand-receptor pairs contributing to Cxcl12 signaling from fibroblasts. Dot color and size represent calculated communication
probability and P values from a one-sided permutation test. (F) Coexpression patterns of Cxcr4 with DEGs related to immune cell activation in each
group. In the t-SNE representation, cells expressing Cxcr4 are shown in red, cells expressing Ifng, Cd8a, Ccl4, Ccl5, 1121r, or Ccr5 are shown in
green, and cells expressing both are shown in yellow. The percentage at the bottom left represents the proportion of cells expressing both Cxcr4

and the selected genes among Cxcr4-expressing cells.

Terminally activated T cells exhibited characteristics of CD8+
NKG2D+ effector T cells, which play a crucial role in AA
induction (31). Notably, in the AA model, we observed a
significant increase in the distribution of terminally activated CD8
+ T cells corresponding to pseudotime 6 to 8, while their proportion
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decreased with CXCL12 Ab treatment (Figure 4G). Coexpression
analysis of signaling pathways contributing to T cell activation
revealed a high overlap between Cd8a and Jak2, Stat3, and Stat5a in
the AA model, suggesting the involvement of these pathways in AA
pathogenesis (Figure 4H).
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T cell subpopulations in the AA mouse model. (A) t-SNE representation of T cell subpopulations colored by detailed cell types. (B) Expression levels
for selected marker genes of each cell type. (C) t-SNE representation of T cells colored by group (Neg, AA, or AA + Ab). (D) Proportion of each cell
type among total T cells. Statistical significance was assessed using the binomial test. *** P < 0.001. (E) Pseudotime analysis of naive-like T cells and
CD8+ T cells. 's" indicates the designated starting point (root) on the trajectory constructed based on UMAP representation. (F) Expression levels of
selected marker genes over pseudotime. (G) Density of cells at each pseudotime by group. (H) Coexpression patterns of Cd8a with Jak/Stat-related
genes in each group. In the t-SNE representation, cells expressing Cd8a are shown in red, cells expressing Jak2, Stat3, or Stat5a are shown in green,
and cells expressing both are shown in yellow. The percentage at the bottom left represents the proportion of cells expressing both Cd8a and the

selected genes among Cd8a-expressing cells.

Discussion

We investigated the underlying molecular mechanisms of
humanized CXCL12 Ab in the treatment of AA. Abdominal skin
of AA mice was analyzed using scRNA-seq. T cells and dendritic
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cells/macrophages were increased in the AA model and decreased
after CXCL12 Ab treatment. Notably, CD8+ T cells significantly
increased in the AA model and decreased after CXCL12 Ab
treatment. Pseudobulk RNA sequencing identified 153 DEGs that
were upregulated in AA model and downregulated after Ab
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treatment. GO analysis revealed that immune cell chemotaxis and
cellular response to type II interferon were upregulated in AA mice
and downregulated after Ab treatment. We further identified key
immune cell-related genes such as Ifng, Cd8a, Ccr5, Ccl4, Ccl5, and
I121r regulated by CXCL12 Ab treatment. Collectively, these results
indicate that humanized CXCL12 Ab is effective for AA treatment
via immune modulatory effects.

AA is due to the loss of immune privilege of the hair follicle,
leading to autoimmune attack, and many studies have reported the
key immune cells responsible for hair follicle damage (32).
Although the etiopathogenesis of AA has not yet been fully
characterized, the collapse of immune privilege at the hair follicle
followed by T cell receptor recognition of exposed hair follicle
autoantigens by autoreactive cytotoxic CD8+ T cells is now
understood to play a central role (32, 33). Recently, functional
interrogation of lymphocyte subsets in AA was analyzed in mice
and humans using scRNA-seq, and it was found that CD8+ T cells
are the predominant disease-driving cell type (10). Although CD8+
T cells are the predominant expanded cell type in mouse AA skin,
CD4+ Treg cells, NK T cells, and ¥8 T cells are also increased in
human AA skin (34). In addition, functional roles for CD4+ T cells
and antigen-presenting cells have been suggested in AA using
single-cell analysis (11). In this study, AA onset in mice was
induced by lymph node cell injection, resulting in significant
increases in CD8+ T cells and dendritic cells/macrophages, which
led to hair loss. Conversely, subcutaneous injection of CXCL12 Ab
significantly reduced these immune cells in the skin, delaying
AA onset.

DFs are an important subset of mesenchymal cells in
maintaining skin homeostasis and resisting harmful stimuli. DFs
modulate immune cell function by secreting cytokines, thereby
implicating their involvement in various dermatological conditions
such as psoriasis, vitiligo, and atopic dermatitis (35). Recently,
histological approaches and scRNA-seq studies on human skin
diseases have revealed fibroblast subsets with unexpected immuno-
modulatory transcriptomes and immune cell changes, suggesting a
potential role for these cells in the pathogenesis of inflammatory
skin disorders (36). DFs play a pivotal role as a cellular source of
inflammatory cytokines and chemokines, promoting chronic tissue
inflammation through leukocyte recruitment and exacerbating
inflammatory injury (37). Although we did not further investigate
other cytokines and chemokines, CXCL12 is highly expressed and
secreted from DFs, and mediates inflammatory and immune
stimulatory milieu to induce AA.

CXCLI12 receptors (i.e., CXCR4 and CXCR?7) are belonging to
the G protein-coupled receptors family, and are abundantly
expressed in diverse skin and hair cells (Figure 3C). CXCR7 also
bind to CXCLI11 and is highly expressed in DFs and keratinocytes,
but its function has not been fully demonstrated. However,
pharmacological effects of CXCR4 are well-known in skin and
hair. For example, CXCR4 is expressed in keratinocytes, and
mediates wound-healing effects. It is also expressed in ORS cells
and regulates hair cycle. However, single cell analysis revealed that
CXCR4 is highly expressed on immune cells such as T cells, DC,
and macrophage, and is co-expressed with inflammatory cytokines
and chemokines (Figure 3). On that account, it is reasonable to
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assume that CXCL12 secreted from DFs activates immune cells via
CXCR4 pathway. Therefore, the upregulation of inflammatory
factors such as IFNG and CCL families in T cells increases the
proliferation and migration of T cells to attack hair follicles.
Consequently, CXCL12 Ab attenuates hair loss in AA by
inhibiting T cell activation through CXCR4 signaling pathway.
Hair loss can result from various factors, and current treatments
include topical medications and oral drugs. In the case of AA,
topical application of Jak inhibitors is not as effective as oral
administration because AA is not restricted to the hair follicle
and is regulated by the immune system (38, 39). Jak inhibitors are
efficacious and generally well-tolerated for treating AA with oral
administration (40). However, due to the high recurrence rate after
withdrawal of Jak inhibitors, continuous treatment is necessary to
maintain efficacy. Since Jak inhibitors are administered daily,
developing a long-lasting solution is crucial to enhance the
effectiveness and convenience of AA treatments. Notably, Ab
therapy has many advantages due to its long-lasting effects in AA
treatment. Because the molecular weight of Ab is very high, it is
difficult to penetrate the capillary in the scalp and it is slowly
absorbed through the lymphatic system (41, 42). Therefore, many
subcutaneous antibody medications are administered at regular
intervals, often monthly or bimonthly. Additionally, direct
injection of antibody medications into the hair loss areas is
possible, leading to superior treatment efficacy in AA. Due to the
long duration of action and absorption via the lymphatic system,
CXCLI12 Ab therapy is highly promising for AA treatment.

Data availability statement

The original data generated and analyzed in this study are
publicly available in the NCBI Gene Expression Omnibus (GEO)
repository under the accession number GSE269455. The datasets
can be accessed at: https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE269455.

Ethics statement

The animal study was approved by Institutional Animal Care
and Use Committee of Yonsei University (IACUC-202302-1636-
01). The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

SA: Conceptualization, Data curation, Writing - original draft,
Methodology, Visualization. MZ: Data curation, Methodology,
Writing - original draft, Formal analysis, Investigation. IP: Data
curation, Investigation, Methodology, Writing - original draft,
Conceptualization. SP: Methodology, Writing — review & editing.
MN: Conceptualization, Data curation, Funding acquisition,
Supervision, Writing — original draft. JS: Conceptualization, Data
curation, Funding acquisition, Writing — original draft.

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE269455
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE269455
https://doi.org/10.3389/fimmu.2024.1444777
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

An et al.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was supported by a grant of the Korea Health
Technology R&D Project through the Korea Health Industry
Development Institute (KHIDI), funded by the Ministry of Health
& Welfare, Republic of Korea (grant number: RS-2024-00351858).

Conflict of interest

Authors MZ and J-HS were employed by Epi Biotech Co., Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

1. Janssens R, Struyf S, Proost P. Pathological roles of the homeostatic chemokine
CXCL12. Cytokine Growth Factor Rev. (2018) 44:51-68. doi: 10.1016/
j.cytogfr.2018.10.004

2. Lu L, LiJ, Jiang X, Bai R. CXCR4/CXCLI12 axis: “old” pathway as “novel” target
for anti-inflammatory drug discovery. Med Res Rev. (2024) 44:1189-220. doi: 10.1002/
med.22011

3. Karin N. The multiple faces of CXCL12 (SDF-1lalpha) in the regulation of
immunity during health and disease. ] Leukoc Biol. (2010) 88:463-73. doi: 10.1189/
j1b.0909602

4. Cambier S, Gouwy M, Proost P. The chemokines CXCL8 and CXCL12: molecular
and functional properties, role in disease and efforts towards pharmacological
intervention. Cell Mol Immunol. (2023) 20:217-51. doi: 10.1038/s41423-023-00974-6

5. Garcia-Cuesta EM, Santiago CA, Vallejo-Diaz J, Juarranz Y, Rodriguez-Frade M,
Mellado M. The role of the CXCL12/CXCR4/ACKR3 axis in autoimmune diseases.
Front Endocrinol (Lausanne). (2019) 10:585. doi: 10.3389/fend0.2019.00585

6. Cavagnero KJ, Li F, Dokoshi T, Nakatsuji T, O'Neill AM, Aguilera C, et al.
CXCL12+ dermal fibroblasts promote neutrophil recruitment and host defense by
recognition of IL-17. ] Exp Med. (2024) 221:e20231425. doi: 10.1084/jem.20231425

7. Sugaya M. Macrophages and fibroblasts underpin skin immune responses.
Exploration of Immunology, 2021. Explor Immunol. (2021) 1:226-42. doi: 10.37349/ei

8. Zheng M, Oh SH, Choi N, Choi YJ, Kim J, Sung JH. CXCL12 inhibits hair growth
through CXCR4. BioMed Pharmacother. (2022) 150:112996. doi: 10.1016/
j.biopha.2022.112996

9. Zheng M, Kim MH, Park SG, Kim WS, Oh SH, Sung JH. CXCL12 neutralizing
antibody promotes hair growth in androgenic alopecia and alopecia areata. Int ] Mol
Sci. (2024) 25:1705. doi: 10.3390/ijms25031705

10. Lee EY, Dai Z, Jaiswal A, Wang EHC, Anandasabapathy N, Christiano AM.
Functional interrogation of lymphocyte subsets in alopecia areata using single-cell RNA
sequencing. Proc Natl Acad Sci U.S.A. (2023) 120:€2305764120. doi: 10.1073/
pnas.2305764120

11. Borcherding N, Crotts SB, Ortolan LS, Henderson N, Bormann NL, Jabbari A. A
transcriptomic map of murine and human alopecia areata. JCI Insight. (2020) 5:
€137424. doi: 10.1172/jci.insight.137424

12. Goedhart M, Gessel S, van der Voort R, Slot E, Lucas B, Gielen E, et al. CXCR4,
but not CXCR3, drives CD8(+) T-cell entry into and migration through the murine
bone marrow. Eur ] Immunol. (2019) 49:576-89. doi: 10.1002/€ji.201747438

13. Zgraggen S, Huggenberger R, Kerl K, Detmar M. An important role of the SDF-
1/CXCR4 axis in chronic skin inflammation. PloS One. (2014) 9:¢93665. doi: 10.1371/
journal.pone.0093665

14. Stuart T, Butler A, Hofftman P, Hafemeister C, Papalexi E, Mauck WM 3rd, et al.
Comprehensive integration of single-cell data. Cell. (2019) 177:1888-1902.e21.
doi: 10.1016/j.cell.2019.05.031

15. Lee KJ, An S, Kim MY, Kim SM, Jeong WI, Ko H]J, et al. Hepatic TREM2(+)
macrophages express matrix metalloproteinases to control fibrotic scar formation.
Immunol Cell Biol. (2023) 101:216-30. doi: 10.1111/imcb.v101.3

16. McGinnis CS, Murrow LM, Gartner ZJ. DoubletFinder: doublet detection in
single-cell RNA sequencing data using artificial nearest neighbors. Cell Syst. (2019)
8:329-337.e4. doi: 10.1016/j.cels.2019.03.003

Frontiers in Immunology

10.3389/fimmu.2024.1444777

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1444777/
full#supplementary-material

17. Joost S, Annusver K, Jacob T, Sun X, Dalessandri T, Sivan U, et al. The molecular
anatomy of mouse skin during hair growth and rest. Cell Stem Cell. (2020) 26:441-
457.€7. doi: 10.1016/j.stem.2020.01.012

18. Joost S, Zeisel A, Jacob T, Sun X, La Manno G, Lonnerberg P, et al. Single-cell
transcriptomics reveals that differentiation and spatial signatures shape epidermal and
hair follicle heterogeneity. Cell Syst. (2016) 3:221-237.e9. doi: 10.1016/
j.cels.2016.08.010

19. Ober-Reynolds B, Wang C, Ko JM, Rios EJ, Aasi SZ, Davis MM, et al. Integrated
single-cell chromatin and transcriptomic analyses of human scalp identify gene-regulatory
programs and critical cell types for hair and skin diseases. Nat Genet. (2023) 55:1288-300.
doi: 10.1038/541588-023-01445-4

20. Qiu X, Mao Q, Tang Y, Wang L, Chawla R, Pliner HA, et al. Reversed graph
embedding resolves complex single-cell trajectories. Nat Methods. (2017) 14:979-82.
doi: 10.1038/nmeth.4402

21. Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, et al. Inference
and analysis of cell-cell communication using CellChat. Nat Commun. (2021) 12:1088.
doi: 10.1038/s41467-021-21246-9

22. Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary F, Hachilif R, et al.
The STRING database in 2023: protein-protein association networks and functional
enrichment analyses for any sequenced genome of interest. Nucleic Acids Res. (2023)
51:D638-46. doi: 10.1093/nar/gkac1000

23. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al.
STRING vl11: protein-protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets. Nucleic Acids
Res. (2019) 47:D607-13. doi: 10.1093/nar/gky1131

24. Kolberg L, Raudvere U, Kuzmin I, Adler P, Vilo ], Peterson H. g:Profiler-
interoperable web service for functional enrichment analysis and gene identifier
mapping (2023 update). Nucleic Acids Res. (2023) 51:W207-12. doi: 10.1093/nar/
gkad347

25. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U.S.A. (2005) 102:15545-50.
doi: 10.1073/pnas.0506580102

26. Lubbers R, van Essen MF, van Kooten C, Trouw LA. Production of complement
components by cells of the immune system. Clin Exp Immunol. (2017) 188:183-94.
doi: 10.1111/cei.12952

27. Ascension AM, Fuertes-Alvarez S, Ibafez-Solé O, Izeta A, Aratzo-Bravo MJ.
Human dermal fibroblast subpopulations are conserved across single-cell RNA
sequencing studies. J Invest Dermatol. (2021) 141:1735-1744.e35. doi: 10.1016/
1jid.2020.11.028

28. Shi Y, Riese DJ 2nd, Shen J. The role of the CXCL12/CXCR4/CXCR7
chemokine axis in cancer. Front Pharmacol. (2020) 11:574667. doi: 10.3389/
fphar.2020.574667

29. Ozga AJ, Chow MT, Luster AD. Chemokines and the immune response to
cancer. Immunity. (2021) 54:859-74. doi: 10.1016/j.immuni.2021.01.012

30. Szabo PA, Levitin HM, Miron M, Snyder ME, Senda T, Yuan J, et al. Single-cell
transcriptomics of human T cells reveals tissue and activation signatures in health and
disease. Nat Commun. (2019) 10:4706. doi: 10.1038/s41467-019-12464-3

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1444777/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1444777/full#supplementary-material
https://doi.org/10.1016/j.cytogfr.2018.10.004
https://doi.org/10.1016/j.cytogfr.2018.10.004
https://doi.org/10.1002/med.22011
https://doi.org/10.1002/med.22011
https://doi.org/10.1189/jlb.0909602
https://doi.org/10.1189/jlb.0909602
https://doi.org/10.1038/s41423-023-00974-6
https://doi.org/10.3389/fendo.2019.00585
https://doi.org/10.1084/jem.20231425
https://doi.org/10.37349/ei
https://doi.org/10.1016/j.biopha.2022.112996
https://doi.org/10.1016/j.biopha.2022.112996
https://doi.org/10.3390/ijms25031705
https://doi.org/10.1073/pnas.2305764120
https://doi.org/10.1073/pnas.2305764120
https://doi.org/10.1172/jci.insight.137424
https://doi.org/10.1002/eji.201747438
https://doi.org/10.1371/journal.pone.0093665
https://doi.org/10.1371/journal.pone.0093665
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1111/imcb.v101.3
https://doi.org/10.1016/j.cels.2019.03.003
https://doi.org/10.1016/j.stem.2020.01.012
https://doi.org/10.1016/j.cels.2016.08.010
https://doi.org/10.1016/j.cels.2016.08.010
https://doi.org/10.1038/s41588-023-01445-4
https://doi.org/10.1038/nmeth.4402
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/nar/gkad347
https://doi.org/10.1093/nar/gkad347
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1111/cei.12952
https://doi.org/10.1016/j.jid.2020.11.028
https://doi.org/10.1016/j.jid.2020.11.028
https://doi.org/10.3389/fphar.2020.574667
https://doi.org/10.3389/fphar.2020.574667
https://doi.org/10.1016/j.immuni.2021.01.012
https://doi.org/10.1038/s41467-019-12464-3
https://doi.org/10.3389/fimmu.2024.1444777
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

An et al.

31. Xing L, Dai Z, Jabbari A, Cerise JE, Higgins CA, Gong W, et al. Alopecia areata is
driven by cytotoxic T lymphocytes and is reversed by JAK inhibition. Nat Med. (2014)
20:1043-9. doi: 10.1038/nm.3645

32. Passeron T, King B, Seneschal J, Steinhoff M, Jabbari A, Ohyama M, et al.
Inhibition of T-cell activity in alopecia areata: recent developments and new directions.
Front Immunol. (2023) 14:1243556. doi: 10.3389/fimmu.2023.1243556

33. Gilhar A, Schrum AG, Etzioni A, Waldmann H, Paus R. Alopecia areata: Animal
models illuminate autoimmune pathogenesis and novel immunotherapeutic strategies.
Autoimmun Rev. (2016) 15:726-35. doi: 10.1016/j.autrev.2016.03.008

34. Uchida Y, Gherardini J, Pappelbaum K, Cheéret J, Schulte-Mecklenbeck A, Gross
CC, et al. Resident human dermal gammadeltaT-cells operate as stress-sentinels: Lessons
from the hair follicle. J Autoimmun. (2021) 124:102711. doi: 10.1016/j.jaut.2021.102711

35. Shi Z, Liu Z, Wei Y, Zhang R, Deng Y, Li D. The role of dermal fibroblasts in
autoimmune skin diseases. Front Immunol. (2024) 15:1379490. doi: 10.3389/
fimmu.2024.1379490

36. Reynolds G, Vegh P, Fletcher J, Poyner EFM, Stephenson E, Goh I, et al.
Developmental cell programs are co-opted in inflammatory skin disease. Science.
(2021) 371:eaba6500. doi: 10.3390/sci3040037

Frontiers in Immunology

11

10.3389/fimmu.2024.1444777

37. Wei K, Nguyen HN, Brenner MB. Fibroblast pathology in inflammatory
diseases. ] Clin Invest. (2021) 131:¢149538. doi: 10.1172/JCI149538

38. Liu LY, Craiglow BG, King BA. Tofacitinib 2% ointment, a topical Janus kinase
inhibitor, for the treatment of alopecia areata: A pilot study of 10 patients. ] Am Acad
Dermatol. (2018) 78:403-404.e1. doi: 10.1016/j.jaad.2017.10.043

39. Yan D, Fan H, Chen M, Xia L, Wang S, Dong W, et al. The efficacy and safety of
JAK inhibitors for alopecia areata: A systematic review and meta-analysis of
prospective studies. Front Pharmacol. (2022) 13:950450. doi: 10.3389/
fphar.2022.950450

40. Papierzewska M, Waskiel-Burnat A, Rudnicka L. Safety of janus kinase
inhibitors in patients with alopecia areata: A systematic review. Clin Drug Investig.
(2023) 43:325-34. doi: 10.1007/540261-023-01260-z

41. Xu S. Internalization, trafficking, intracellular processing and actions of
antibody-drug conjugates. Pharm Res. (2015) 32:3577-83. doi: 10.1007/s11095-015-
1729-8

42. Liu L. Pharmacokinetics of monoclonal antibodies and Fc-fusion proteins.
Protein Cell. (2018) 9:15-32. doi: 10.1007/s13238-017-0408-4

frontiersin.org


https://doi.org/10.1038/nm.3645
https://doi.org/10.3389/fimmu.2023.1243556
https://doi.org/10.1016/j.autrev.2016.03.008
https://doi.org/10.1016/j.jaut.2021.102711
https://doi.org/10.3389/fimmu.2024.1379490
https://doi.org/10.3389/fimmu.2024.1379490
https://doi.org/10.3390/sci3040037
https://doi.org/10.1172/JCI149538
https://doi.org/10.1016/j.jaad.2017.10.043
https://doi.org/10.3389/fphar.2022.950450
https://doi.org/10.3389/fphar.2022.950450
https://doi.org/10.1007/s40261-023-01260-z
https://doi.org/10.1007/s11095-015-1729-8
https://doi.org/10.1007/s11095-015-1729-8
https://doi.org/10.1007/s13238-017-0408-4
https://doi.org/10.3389/fimmu.2024.1444777
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Humanized CXCL12 antibody delays onset and modulates immune response in alopecia areata mice: insights from single-cell RNA sequencing
	Introduction
	Methods
	Preparation of single-cell suspension
	Droplet-based scRNA-seq
	Single-cell transcriptome analysis
	Differential expression analysis

	Results
	scRNA-seq analysis revealed biased cell populations in AA
	Pseudobulk RNA-seq analysis revealed altered immune response in AA
	Cell-cell communication analysis revealed CXCR4 involvement in immune cell activation
	Trajectory analysis revealed CD8+ T cell as a dominant population in AA

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


