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SUMMARY

Gingiva-derived mesenchymal stem cells (GMSCs) have shown astonishing effi-
cacy in the treatment of various autoimmune diseases. However, the mechanisms
underlying these immunosuppressive properties remain poorly understood.
Here, we generated a lymph node single-cell transcriptomic atlas of GMSC-
treated experimental autoimmune uveitis mice. GMSC exerted profound rescue
effects on T cells, B cells, dendritic cells, and monocytes. GMSCs rescued the pro-
portion of T helper 17 (Th17) cells and increased the proportion of regulatory
T cells. In addition to globally altered transcriptional factors (Fosb and Jund),
we observed cell type-dependent gene regulation (e.g., 117a and Rac1 in Th17
cells), highlighting the GMSCs’ cell type-dependent immunomodulatory capacity.
GMSCs strongly influenced the phenotypes of Th17 cells, suppressing the forma-
tion of the highly inflammatory CCR6-CCR2+ phenotype and enhancing the pro-
duction of interleukin (IL) —10 in the CCR6+CCR2+ phenotype. Integration of the
glucocorticoid-treated transcriptome suggests a more specific immunosuppres-
sive effect of GMSCs on lymphocytes.

INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent progenitor cells with immunosuppressive properties.
Stimulated by multiple inflammatory factors, MSCs suppress T and B cells, natural killer (NK) cells, dendritic
cell (DC) proliferation, and DC maturation.' The immunosuppressive properties of MSCs provide a basis
for their use in autoimmune disease treatment.*® More recently, our group developed gingiva-derived
mesenchymal stem cells (GMSCs), and provided a readily accessible and expandable source of GMSCs
with a less surgical technique.” Similar to bone marrow-derived MSCs, GMSCs express stem cell-specific
marker genes and mesenchymal surface markers, possess in vitro multipotent differentiation abilities,
and exhibit in vivo self-renewal and differentiation capacities. More importantly, GMSCs possess immuno-
suppressive and anti-inflammatory functions on multiple types of immune cells, whereas they are simulta-
neously homogeneous and non-tumorigenic.® '® Accumulating evidence suggests the benefits of GMSCs
in controlling arthritis, oral mucositis, and experimental colitis, endowing GMSCs with immunomodulatory
therapeutic potentials for various autoimmune and inflammatory diseases.

For decades, investigations of the immunomodulatory properties of MSCs have shown encouraging out-
comes in autoimmune diseases, stimulating the development of MSC-based immunosuppressive strate-
gies."""'? Moreover, MSC-mediated immune modulation is cross reactive between species because of their
low immunogenicity. Thus, the effectiveness of human MSCs can be evaluated in multiple animal models,
including mouse models of experimental colitis, arthritis, and inflammatory bowel disease.”>'* However,
the mechanisms underlying the immunomodulatory properties and the impact of MSCs on the immune sys-
tem in autoimmune conditions remain poorly understood. Therefore, a comprehensive assessment of the
mechanisms responsible for the immunosuppressive effects of MSCs is required.

Autoimmune uveitis (AU), which involves pigmented vascular structures of the eye, is one of the main
causes of preventable blindness.'” In AU conditions, ocular antigens leaking from eyes are absorbed by
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Figure 1. Study design and clustering of CDLN immune cells by scRNA-seq

(A) Study design. CDLNs of EAU mice, GMSCs-treated EAU mice (therapeutic group), and normal controls were utilized. GMSC, gingiva-derived
mesenchymal stem cell.

(B) Left: fundus photography of three groups of mice. Middle: Bar plots of the clinical scores of three groups of mice. Mean +SD with individual values is
presented. Data are sampled from six mice per group. Right: Histological assessment of the retina in three groups of mice. Retinal sections were stained with
hematoxylin and eosin, and evaluated for histological damage on day 14. Representative H&E staining images of three groups of mice (six mice per group)
were presented. p-values are generated by one-way ANOVA. ****p< 0.0001. Normal, normal subject; EAU, experimental autoimmune uveitis mouse; GMSC,
GMSC-treated (therapeutic) mouse group.

(C) Design of the scRNA-seq and data processing. CDLNs were mixed samples of three groups of mice. A total of six mixed samples (three samples from
normal controls, two samples from EAU mice, one sample from GMSC-treated mice) were sequenced without pre-selection of flow cytometry.

(D) UMAP embedding of CDLN immune cells colored by cell types. B, B cell; cDC, conventional dendritic cell; macro, macrophage; mono, monocytes; neu,
neutrophil; pDC, plasmacytoid dendritic cell; T, T cell.

E) UMAP embeddings of lymph node immune cells colored by origins.

F) Dot plots depict marker gene expression of each cell type. Abbreviations were the same as (D).

G) Barplots of cell type proportions of seven types of immune cells.

H) Flow cytometry and quantification of T and B cells (gate on CD45" immune cells). CD3 staining represents T cells, and CD19 staining represents B cells.
() Left: Barplots of proportion of T cells of three groups of mice in CDLNSs; Right: Barplots of proportion of B cells of three groups of mice in CDLNs. Mean +

SD with individual values is presented. Data are sampled from six mice per group. p-values are exact two-sided generated by one-way ANOVA. N, not
significant, *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001.

(J) GSEA analysis of upregulated/downregulated EAU DEGs across all CDLN cells.

(K) GSEA analysis of upregulated/downregulated GMSC DEGs across all CDLN cells.

presentation and subsequent T cell activation. Moreover, T helper 17 (Th17) cells are involved in autoim-
mune uveitis pathogenesis as uveitogenic effectors, and a higher proportion of Th17 cells in the ocular in-
flammatory infiltrate is related to more severe uveitis.'®'? Cervical draining LNs (CDLNs) are among the
principal draining LNs of the eye and are thus suitable for studying AU pathogenesis and revealing immune
alterations by multiple treatments.'” Currently, glucocorticoids (GCs) remain the forefront immunosup-
pressive treatment for AU patients, despite the occurrence of multiple side effects and GC resistance.”’
Thus, development of more specific therapeutic approaches is needed.

To determine the effect of GMSCs in AU cases, we generated an experimental autoimmune uveitis (EAU)
mouse model, separated CDLNs in normal, EAU, and GMSC-treated mice, and conducted single-cell RNA
sequencing (scRNA-seq). The study depicted the effects of GMSCs based on cell type-dependent gene
regulation and cell type composition, showed a widespread rescue effect of GMSCs, and indicated that
GMSCs strongly influenced Th17 cell phenotypes. Further integration of and comparison with data from
prednisone-treated EAU mice from our previous study highlighted the more specific immunosuppressive
effects of GMSCs.”' Our results reveal the transcriptional alterations of immune landscape at the single-cell
level after GMSC treatment.

RESULTS

Construction of CDLN single-cell atlases of normal, EAU, and GMSC-treated EAU mice

We generated EAU mouse models by immunizing animals with interphotoreceptor retinoid-binding pro-
tein (IRBP), and used normal mice as controls. To investigate the effect of GMSCs, EAU mice were evenly
matched and randomized into three groups: EAU group without additional treatment, prophylactic group
(treated with GMSCs at day 0), and therapeutic group (treated at day 7) (Figures 1A and S1A). To confirm
the identity of the GMSCs, we performed flow cytometry. Based on previous studies, we characterized
GMSCs using surface markers, including CD14, CD29, HLA-DR, CD39, CD105, CD73, CD90, CD44,
CD34, and CD45 (Figure S1B).

After 14 days, we observed increased clinical scores and inflamed fundus of EAU mice, and performed histolog-
ical examination. We found that two different GMSC treatment therapies (prophylactic and therapeutic)
reversed these effects, showing the promising efficacy of GMSCs in disease remission (Figures 1B and S2A). His-
tological examination indicated massive inflammatory cell infiltration throughout the retina, disorganized
choroidal structures, and diffuse retinal edema in EAU mice, which were profoundly reversed by GMSC treat-
ment (Figure 1B). To better explore the underlying mechanisms of action of GMSCs, we focused on the prophy-
lactic group that exhibited stronger rescue effects based on clinical scores and fundus photography.

We first developed single-cell RNA transcriptional profiles of CDLNs of approximately 71,000 high-quality
cells from the three groups of mice (Figure 1C). For scRNA-seq, we included three samples from normal
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Figure 2. GMSCs exerted immunosuppressive effect on T cell subsets of EAU mice

(A) UMAP embeddings of T cell subtypes. CD8 eff: CD8™ effector T cells; Th17: Th17 cells; CD4n: CD4™ naive T cells; Th1: Th1 cells; Treg: regulatory T cells;
Pro-T: proliferating T cells; NK: NK cells; CD8n: CD8" naive T cells; Tth: follicular T cells.

(B) Heatmap of marker genes of T cell subtypes in three groups of mice.

(C) Barplots of cell proportions of T cell subtypes. Annotation colors were the same as (A).

(D) Barplots of cell proportions of Treg (gate on CD4"T cells), Th1, Tfh (gate on CD4"B220T cells) and Th17 cells. Mean + SD with individual values is
presented. Data are sampled from six mice per group. p-values are exact two-sided generated by one-way ANOVA. N, not significant, *p< 0.05, **p< 0.01,
***p< 0.001, ****p< 0.0001.

(E) GO analysis of upregulated/downregulated GMSC DEGs of all T cells.

(F) Schematic diagram of upregulated/downregulated rescue DEGs.

(G) GO analysis of upregulated/downregulated DEGs in CD4*/CD8"T cells.

(H) Venn diagram of commonly/specifically downregulated rescue DEGs among five types of CD4"T cells. The black dot at the bottom of the diagram
indicates that genes were downregulated in certain CD4 T cell subset(s). The number over each bar indicates the overall counts of commonly/specifically
downregulated genes in certain T cell subset(s).

controls, two samples from EAU mice, and one sample from GMSC-treated mice (each sample was mixed
with CDLNs from three mice). Based on marker gene expression (detailed in STAR Methods), seven im-
mune cell types were identified: (1) T cells, (2) B cells, (3) monocytes, (4) macrophages, (5) neutrophils,
(6) plasmacytoid dendritic cells (pDCs), and (7) conventional dendritic cells (cDCs) (Figures 1D-1F and
S2B). Regarding cell type proportions, our single-cell data suggested that GMSC treatment exerted a pro-
found rescue effect on the proportions of T cells, B cells, cDCs, and pDC, suggesting the immunosuppres-
sive properties of GMSCs (Figure 1G). Moreover, GMSC treatment increased the proportions of macro-
phages and neutrophils. By validating the proportion of T and B cells by flow cytometry, we found that
the proportion of T cells was rescued by GMSC treatment, and similar trends were observed for the rescued
proportion of B cells (Figures 1H and 1l).

To characterize global transcriptional changes, we identified differentially expressed genes (DEGs) between
normal and EAU mice (EAU DEGs), and between EAU and GMSC-treated EAU mice (GMSC DEGs). GSEA anal-
ysis of all cell types indicated that multiple cytokine-associated pathways were enhanced in the EAU model and
suppressed in the GMSC-treated EAU mice (Figures 1J and 1K). Overall, we constructed a transcriptional atlas of
CDLN's to provide a basis for investigating the mechanisms of action of GMSCs.

Immunosuppressive effect of GMSCs on T cell subsets

To further analyze the T cell subsets, T cells were subdivided into nine subpopulations: (1) CD4" naive
T cells, (2) T helper 1 (Th1) cells, (3) Th17 cells, (4) proliferating T cells, (5) NK cells, (6) follicular T (Tth) cells,
(7) CD8" naive T cells, (8) CD8" effector T cells and (7) regulatory T (Treg) cells (Figure 2A). Identification of
T cell subpopulations was based on marker gene expression described in previous studies (Figures 2B and
S2C, marker genes detailed in STAR Methods). Th1 and Tth clusters were further distinguished based on
their marker genes (Figures S2D-S2F). Next, we investigated the changes in T cell subpopulations in
normal, EAU, and GMSC-treated EAU mice. Notably, based on scRNA-seq data, GMSC treatment exerted
a profound rescue effect on the proportions of Th17, Tth, and NK cells, and elevated Treg proportions (Fig-
ure 2C). We also found that the proportion of CD4" naive T cells and CD8" naive T cells was further sup-
pressed by GMSC treatment (Figure 2C). To validate our findings, we performed flow cytometry to explore
the proportion of T cell subtypes. Of interest, flow cytometry validation indicated that the proportion of
Th17 and Tth cells increased in EAU mice and was rescued by GMSC treatment (Figures 2D and S3A).
The similar trend was also observed in Th1 cells. Furthermore, we found that the proportion of Tregs
was increased in EAU mice, which was further increased by GMSC treatment. We inferred that these cell
types play a central role in the action of GMSCs.

To obtain a global view of the transcriptomic changes in T cells after GMSC treatment, overall transcriptomic
alterations across all T cell subsets were defined. GO analysis suggested that upregulated GMSC DEGs were
enriched in cell-junction-associated pathways, whereas downregulated GMSC DEGs were enriched in func-
tion-associated pathways including “Signaling by CSF3,” T cell mediated cytoxicity” and “IL-2 signaling
pathway,” indicating that GMSCs could suppress T cell functions by inhibiting multiple pathways (Figure 2E).

GMSCs partially reversed the effects of EAU in CD4™T cells

Based on the EAU/GMSC DEGs, we defined two types of “rescue DEGs,” upregulated or downregulated,
which refer to EAU DEGs exhibiting contrasting regulatory tendencies after GMSC treatment (Figure 2F).
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Figure 3. GMSCs partially reversed the effect of EAU in Th17 cells

(A) Pie charts indicate the Th17/Treg ratios in three groups of mice based on scRNA-seq. Ratios are shown under the pie charts. Normal, normal subject;
EAU, experimental autoimmune uveitis mouse; GMSC, GMSC-treated mouse group.

(B) Barplots of Th17/Treg ratios in three groups of mice based on flow cytometry. Mean & SD with individual values is presented. Data are sampled from six
mice per group. ***p< 0.001. p-values are generated by one-way ANOVA.

(C) Dot plots of rescue DEGs of GMSCs in Th17 cells.

(D) UMAP embeddings show expression of 1117a, Rora and Cd48 of Th17 cells in three groups of mice.

(E) GO analysis of upregulated/downregulated EAU/GMSC DEGs of Th17 cells. EAU up: upregulated EAU DEGs, GMSC down: downregulated GMSC
DEGs, EAU down: downregulated EAU DEGs, GMSC up: upregulated GMSC DEGs.

(F) GO analysis of upregulated/downregulated rescue DEGs in Th17 cells.

Next, we analyzed the potential functions of the rescued genes of CD4" or CD8"T cells. GO analysis sug-
gested enrichment of both upregulated and downregulated rescue DEGs in CD4"T cells in autoimmune-
response-associated pathways, including T cell differentiation,” "TNF signaling pathway,” “positive regu-
lation of cytokine production,” and "IL-17 signaling pathway,” whereas enrichment of rescue DEGs in
CD8"T cells appeared less specific (Figure 2G). Our findings suggest that GMSCs have profound effects
on CD4™T cell differentiation, cytokine production, and Th17 cell differentiation. Given the proportional
alterations of the T cell subset, we further performed a trajectory analysis to explore the effects of
GMSCs on T cell differentiation. To define the differentiation trajectory more clearly, we have removed
NK cells and proliferating T cells before performing trajectory analysis. Of interest, we found that,
compared with normal controls, CD4" naive T cells were inclined to differentiate into Th17 and Tfh cells,
whereas CD8" naive T cells tended to differentiate into effector CD8"T cells (Figures S3B and S3C). More-
over, the differentiation of naive CD4 + cells into Th17 cells was suppressed by GMSC treatment, and
GMSCs seemed to improve the generation of Tregs from CD4" naive T cells.

Next, we investigated the rescue DEGs of the five subtypes of CD4*T cells and generated a Venn diagram
to investigate the specificity of rescue DEGs (Figures 2H and S3D). We found that the commonly rescued
genes encoded transcription factor (TF) components including Jund, Fosb, Cebpb, and Id2 (Figure S3E).
We identified larger numbers of cell type-specific downregulated rescue DEGs in Tregs and Th17 cells,
and upregulated rescue DEGs in Tregs and Th1 cells. Notably, these cell type-specific rescue DEGs
included multiple function-associated genes, including Nrp1 (for Tregs) and 1/17a, Rac1, Cxcr4 and Rora
for Th17 cells.”?~?* These results indicated the main role of CD4*T cells, especially Tregs and Th17 cells,
in the actions of GMSCs.

GMSCs rescue effects of Th17 cells in EAU mice

Previous studies have revealed that Th17 and Treg cells play major roles in autoimmunity. Comparing the
Th17:Treg ratio in the three groups of mice, a strong rescue effect of GMSCs was observed (Figure 3A).
Furthermore, we reanalyzed the Th17/Treg ratio based on flow cytometry findings, and found observed
similar rescue effect of GMSCs (Figure 3B). Thus, we first focused on Th17 cells, analyzed the EAU,
GMSC, and rescue DEGs in the Th17 subset and found a considerable rescue effect of GMSCs on the
expression of function-associated genes, including the key cytokine [/17a, migration-associated Cxcr4
and Ccré, and function-associated Rac’ and Rora (Figures 3C and 3D).?>?° Furthermore, we observed
similar functional enrichment between EAU DEGs and GMSC DEGs with contrasting regulatory tendencies
(Figure 3E). Enrichment of “Th17 cell differentiation” in downregulated GMSC DEGs suggests a specific
rescue effect of GMSCs on Th17 cells. GO analysis of the downregulated rescue DEGs of Th17 cells showed
a similar enrichment in IL-17-associated pathways (Figure 3F).

GMSCs inhibit the formation of CCR6 CCR2" pathogenetic Th17 cells

Recent studies have revealed two different phenotypes of Th17 cells: (1) less inflammatory IL-10-producing
Th17 cells and (2) highly inflammatory granulocyte-macrophage colony-stimulating factor (GM-CSF)-pro-
ducing Th17 cells.”’~*" Next, we validated the effects of GMSCs on Th17 cells by separating them and eval-
uating the production of IL-10 and GM-CSF (Figures 4A-4D, S3D, and S4A-S4B). EAU mice produced more
GM-CSF and less IL-10 in CDLNs and spleens than normal controls, and GMSC treatment strongly reversed
these effects.

Recently, researchers identified GM-CSF-producing Th17 cells bearing a CCR6”CCR2" phenotype in mice,

whereas the IL-10-producing phenotype is IL-23-driven with the CCR6"CCR2" signature, which was also
validated in our results (Figure S4C).>? Furthermore, we observed a strong rescue effect of GMSCs on
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Figure 4. GMSCs influenced Th17 phenotype formation

(A-D) Left: Flow cytometry and quantification of GM-CSF or IL-10 staining in Th17 cells in lymph nodes (A and C) or spleen (B and D). The percentage of cells
was labeled over each gate. Right: Barplots of GM-CSF or IL-10 in Th17 cells across three groups of mice in lymph nodes or spleens. Mean + SD with
individual values is presented. Data are sampled from six mice per group. p-values are exact two-sided generated by one-way ANOVA. N, not significant,
*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. Normal, normalsubject; EAU, experimental autoimmune uveitis mouse; GMSC, GMSC-treated mouse
group.

(E) Violin plots of expression of Ccr2, Ccré and 1117a of three groups of mice in Th17 cells.

(F) UMAP embeddings of Ccr2 and Ccré of Th17 cells in three groups of mice.

(G) Heatmap of phenotype-associated genes of Th17 cells in three groups of mice.

(H and ) Left: Flow cytometry of staining of CCR6/CCR2 on Th17 cells in lymph nodes (H) or spleens (I) in three groups of mice. Data are sampled from six mice
per group. Right: Bar plots summarize the proportion of CCR6*CCR2", CCR6-CCR2" and CCR6"CCR2" Th17 phenotypes in three groups of mice. Mean +
SD with individual values is presented. Data are sampled from six mice per group. p-values are exact two-sided generated by one-way ANOVA. N, not
significant, *p< 0.05, **p< 0.01, ***p< 0.001.

(J) Bar plots of the mean fluorescent index (MFI) of IL-10 staining in CCR6"CCR2" Th17 cells of lymph nodes (left) or spleens (right) in three groups of mice.
Mean + SD with individual values is presented. Data are sampled from six mice per group. p-values are exact two-sided generated by one-way ANOVA. N,
not significant, ***p< 0.001, ****p< 0.0001.

the expression of Ccr2, Ccré, 1123r, and Csf2 (encoding GM-CSF) in Th17 cells (Figures 4E-4G). Thus, we
hypothesized that GMSCs could affect Th17 phenotypes, which might partly account for their immunosup-
pressive properties.

To validate our hypothesis, we compared the expression of CCR2 and CCR6in Th17 cells across three types
of mice (Figures 4H, 41, and S4D). Comparing EAU to normal mice, we observed elevated potentially path-
ologic CCR6"CCR2" Th17 cells in EAU mice. More importantly, GMSCs reversed these effects by
decreasing CCR6"CCR2" Th17 cells in GMSC-treated mice.

To assess whether GMSCs affect the inflammatory properties of CCR6"CCR2" Th17 cells, we examined the
expression of IL-10 and found decreased IL-10 expression in EAU mice, which was reversed by GMSCs
(Figures 4J and S4E). We inferred that EAU conditions and GMSC treatment altered the inflammatory prop-
erties of CCR6"CCR2" Th17 cells. Thus, both EAU and GMSC treatments have an impact on the composi-
tion and inflammatory properties of Th17 cells.

GMSCs effect on other T cell subtypes
The distinct rescue effects of GMSCs on other T cell types were also explored. We observed high propor-
tions of rescued genes in Tregs and rescued genes associated with Treg function, including Traf3ip3, Nrp1,
and Pim1, indicating that GMSCs enhanced Treg function (Figure S5A).7>**% GO analysis of rescue DEGs
supported the rescue effect of GMSCs on Tregs, with upregulated rescue DEGs enriched in pathways in-
hibiting the immune response (Figure S5B).

The results also identified rescue DEGs of other types of T subpopulations and performed a functional
enrichment analysis of these genes. Globally, GMSC exhibited immunosuppressive properties on T cell
subtypes, with downregulated rescue DEGs enriched in cytokine-related pathways (Figure S5C). The re-
sults identified rescued the T cell survival-associated genes Bcl2 and Mcl1 in naive CD4'T cells (Fig-
ure S5D).*>% As for Th1 subsets, we found upregulated rescued Pdcdl and downregulated rescued
Satb 1, which supported the immunosuppressive properties of GMSCs.*’*® The expression of several cyto-
kines and chemokine receptors was rescued by GMSCs in proliferative T cells, suggesting that GMSC treat-
ment might weaken T cell migration. GMSCs also rescued the expression of Cdé9, Cd74 (CD8" effector
T cells), Ccl3, and Gzmb (NK cells).>”*?

Next, we analyzed the specificity of rescue DEGs in T cell subtypes and generated Venn diagrams based on the
identified DEGs. We identified the largest number of specific downregulated rescue DEGs in Tregs (Figure S5E).
Moreover, the data indicated that the expression of TF, Hif1a, and the costimulatory molecule Cd28 specifically
downregulated rescue DEGs of Tregs, demonstrating the unique functions of GMSCs on these cells.****

GMSCs immunosuppressive properties of B and myeloid cells

The effects of GMSCs on B cells and myeloid clusters (cDCs, pDCs, monocytes, macrophages, and neutro-
phils) in EAU mice was determined, and B cells were subdivided into three subsets (naive, germinal, and
plasma) (Figures 5A, 5B, S6A, and S6B).
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Figure 5. GMSCs influenced B and myeloid cells
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(A) UMAP embeddings colored by B cell subtypes (left) or origins (right). Germinal: germinal B cells; naive: naive B cells; plasma: plasma B cells. Normal,
normal subject; EAU, experimental autoimmune uveitis mouse; GMSC, GMSC-treated (therapeutic) mouse group.

(B) Heatmap of marker genes of B cell subtypes in three groups of mice.

(C) Bar plots of rescue/EAU DEGs ratios. Left: downregulated rescue DEGs/upregulated EAU DEGs; right: upregulated rescue DEGs/downregulated EAU

DEGs.

(D) Heatmap of rescue DEGs of naive B and plasma B cells in three groups of mice.
(E) GO analysis of upregulated/downregulated rescue DEGs of naive B cells.

(F) Heatmap of rescue DEGs in monocytes and cDCs in three groups of mice.

(G) GO analysis of upregulated/downregulated rescue DEGs of monocytes.
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Figure 6. GMSCs exhibited more specific rescue effect on EAU mice than prednisone

(A) UMAP embeddings of lymph node immune cells colored by cell subtypes. B, B cell; cDC, conventional dendritic cell; macro, macrophage; mono,
monocytes; neu, neutrophil; pDC, plasmacytoid dendritic cell; T, T cell. Prednisone: prednisone-treated mice.

(B) UMAP embeddings of lymph node immune cells colored by origins. Normal, normalsubject; EAU, experimental autoimmune uveitis mouse; GMSC,
GMSC-treated (therapeutic) mouse group; Prednisone: prednisone-treated mouse group.

(C) Left: schematic Venn diagram of rescue DEGs of GMSCs or prednisone. Right: GO analysis of common/specific rescue DEGs of T cells of GMSCs or
prednisone. GMSC down: specifically downregulated GMSC rescue DEGs, common: common downregulated rescue DEGs, pre up: specifically upregulated
prednisone rescue DEGs, pre down: specifically downregulated prednisone rescue DEGs. The number of commonly rescued upregulated DEGs and
specifically upregulated GMSC rescue DEGs are too small for GO analysis.

(D) Pie charts of Th17/Treg ratios of GMSC-treated and prednisone-treated mice based on scRNA-seq.

(E and F) Violin plots of commonly rescued DEGs (E) or specific rescued DEGs by GMSCs (F) in Th17 cells.

(G) Left: schematic Venn diagram of rescue DEGs of GMSCs or prednisone in Th17 cells. Right: GO analysis of common/specific rescue DEGs of Th17 cells of
GMSCs or prednisone. GMSC up: specifically upregulated GMSC rescue DEGs, GMSC down: specifically downregulated GMSC rescue DEGs, common:
commonly downregulated rescue DEGs, pre up: specifically upregulated prednisone rescue DEGs. The number of commonly rescued upregulated DEGs
and specifically downregulated GMSC rescue DEGs are too small for GO analysis.

(H) Network plots showed the cell-cell communications change between different types of immune cells based on different groups of DEGs. Lines represent
cell-cell communication pairs, the thickness of the lines represents the number of intercellular ligand-receptor pairs, and the color of the lines represents that
the ligand-receptor pairs are strengthened (red) or weakened (blue). The circles indicate the total number of pairs identified in each type of cells.

(I) Same as A, network plots of the changes of the cell-cell communication between 17 immune cell subtypes.

Next, we defined EAU DEGs, GMSC DEGs, and rescue DEGs in B cells and myeloid cells. The rescue ratios
indicated strong rescue effects of GMSCs on naive B cells and monocytes (Figure 5C). Exploration of these
rescue DEGs revealed the rescue effects of multiple TFs (Fos, Jun, and Cebpb), function-related genes
(Grb2, Tnfrsf13b, and Tnfrsf13c), and immunoglobulin genes (Iglc2 and Iglc3) in naive B cells (Fig-
ure 5D)."" Correspondingly, GO analysis indicated that downregulated rescue DEGs of naive B cells
were enriched in pathways associated with B cell functions (Figure 5E).

GMSCs induced profound rescue effects in myeloid clusters. We identified rescued function-associated
genes in monocytes including Cdé9 and Cxcr4 (Figure 5F).*"*® GO analysis of rescue DEGs showed enrich-
ment of downregulated rescue DEGs in T cell cytotoxicity mediation (Figure 5G). In cDCs, the expression of
Irf8, which is known to play a central role in cDC formation, was rescued by GMSCs.*?

Immunosuppressive specificity of GMSCs and prednisone

Next, we compared alterations in immune cell transcriptomes after GMSC or prednisone treatment. We
integrated scRNA-seq data of prednisone-treated EAU mouse CDLNs from our previous study, identified
seven types of immune cells, re-clustered T cells and B cells, and determined the DEGs for each subtype
(Figures 6A, 6B, and S6C).7"

Given the central role of lymphocytes in autoimmunity, we analyzed T and B cells, distinguished upregu-
lated and downregulated rescue DEGs for GMSC or prednisone treatment, and generated a Venn diagram
(Figures 6C and S6D). GO analysis indicated that both GMSCs and prednisone exhibited profound immu-
nosuppressive effects, with common rescue DEGs enriched in Th17 function-associated pathways. More
importantly, the specific downregulated rescue DEGs in the GMSC treatment were enriched in pathways
associated with T and B cell functions, whereas those in prednisone treatment were enriched in meta-
bolism-related categories. These results may indicate the specificity of the immunosuppressive functions
of GMSCs compared to the general suppressive and metabolism-associated functions of prednisone.

Considering the T cell subsets, both treatments rescued the Th17:Treg ratio in EAU mice (Figures 6D and
S6E). We also identified rescue DEGs of GMSC/prednisone and found that GMSCs and prednisone had
similar rescue effects on TFs (Jun and Jund) and Il17a in Th17 cells (Figure 4E). No rescued expression of
Ccr2 and Ccré was observed after prednisone treatment, suggesting that Th17 phenotype switching could
result from the specific capacity of GMSCs (Figure 6F). GO analysis of rescued DEGs in Th17 cells revealed
the specific rescue effect of GMSCs and the influence of prednisone on metabolic pathways (Figure 6G).
We inferred that GMSCs had more specific immunosuppressive effects on T cells and prednisone had
strong effects on cellular metabolic processes.

To better depict the different effects of GMSCs and prednisone, we explored the intercellular interactions

between immune cells by determining the number of ligand-receptor pairs. The results indicated
enhanced cell-cell communication in EAU, and GMSCs showed a stronger rescue effect than prednisone

12 iScience 26, 106729, May 19, 2023
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treatment (Figure 6H). After distinguishing T cell subsets, we found that GMSC treatment strongly altered
the communication between Th17 cells and other immune cells, indicating a unique effect on Th17 cells
(Figure 6l). Overall, the results indicate that GMSCs showed more specific rescue effects and unique
phenotype-switching capacity in EAU mice than prednisone treatment.

DISCUSSION

This study reveals the potential of GMSCs in treating AU in experimental conditions and provides a
comprehensive immune cell atlas of EAU- and GMSC-treated mice. We revealed that changes in the cell
type proportion, cell type-dependent gene regulation, and Th17 phenotype switching play key roles in
inflammation resolution. Compared to GCs, GMSCs exhibited more specific immunosuppressive proper-
ties and a unique Th17 phenotype switching effect.

Initially isolated in 2009, GMSCs have become easily accessible and expandable sources of MSCs with similar
multipotent differentiation and immunosuppressive capabilities.”® Studies have demonstrated the immunosup-
pressive effect of GMSCs on immune systems, including suppressing T cell activation and proliferation, inducing
T cell apoptosis, modulating B cell proliferation and function, and inhibiting DCs antigen presentation. %"
GMSCs have shown effectiveness in controlling arthritis, systemic lupus erythematosus, rheumatoid arthritis,
oral mucositis, multiple sclerosis, and experimental colitis, endowing GMSCs with immunomodulatory therapeu-
tic potentials for various autoimmune and inflammatory diseases via the suppression of T cells, B cells, and an-
tigen-presenting cells.”>*** More recently, a study focusing on the therapeutic effect of MSCs on EAU has
shown their immunosuppressive properties with a reduced production of Th17 cytokines and a decreased pro-
portion of Th17 cells after MSC treatment.”* However, most of these studies were based on histological analysis,
flow cytometry, and bulk RNA sequencing, without depiction of cell type-dependent transcriptomic changes.
Consistent with the current understanding, we revealed considerable rescue effects on T cells, B cells, DCs,
and monocytes, as evaluated by cell type composition. Previous studies have demonstrated that GMSCs can
suppress Th17 cell development and induce Treg formation.>*>* Consistently, among all T cell subpopulations,
the study found that Th17 cells were most strongly affected by GMSCs, and that the proportion of Treg cells was
elevated. Regarding transcriptomic changes, we identified rescued function-related genes by GMSCs in Th17
cells, including Rac and Rora, which regulate Th17 function and promote Th17 differentiation, respectiver.Z?"24
Of interest, we also identified increased proportion of neutrophils in GMSC-treated mice, which is consistent
with previous studies indicating MSCs' capability of promoting neutrophil recruitment and phagocytic activity.”’
Moreover, the similarly elevated proportion of macrophages by GMSCs, with the previous evidence that GMSCs
enhance M2 polarization of macrophages, could further support the immunosuppressive properties of
GMSCs.”®

Th17 cells differ in their inflammatory potential. More recently, Kara et al. depicted a unique cell surface
signature, CCR6"CCR2" of GM-CSF-producing Th17 cells and CCR6"CCR2" of IL-10-producing Th17
cells.*” Validated on transcription and protein levels, our results suggested that GMSCs strongly rescued
the proportion of CCR6"CCR2* Th17 cells, and upregulated production of anti-inflammatory IL-10 in
CCR6CCR2" Th17 cells, which could mechanistically account for GMSC effects.

GCs are among the most frequently prescribed anti-inflammatory drugs for autoimmune diseases, despite
multiple side effects including osteoporosis, hyperglycemia, and GC-refractory problems.”” To understand
the different immunosuppressive capacity of GMSCs and GCs, comprehensive comparative analysis is
needed. In the current study, GMSCs showed more specific rescue effects in EAU mice, including a unique
Th17 phenotype switching capacity. Despite the common anti-inflammatory functions of GMSCs and GCs,
the latter seemed to have an impact on the metabolic pathways of T and B lymphocytes, which could result
in multiple side effects.

Overall, our results provide a single-cell expression atlas that aids in systematically annotating cell type-
dependent transcriptional changes by GMSCs and elucidated Th17 phenotype switching as one of the
complex mechanisms of action of GMSCs. We comprehensively compared immune cell transcriptomic
changes in GMSCs and GCs, highlighting the specific immunosuppressive properties of GMSCs.

Limitations of the study

In this study, we generated a lymph node single-cell transcriptomic atlas of GMSC-treated EAU mice. An impor-
tant limitation of our study was the relatively small number of sequenced samples and no validation of cell
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proportion alterations after GMSC treatment. Owing to the high cost of scRNA-seq, evaluation using biological
replicates is lacking. Further experimental validation is required to determine the precise position of GMSCs in
EAU treatment, which could provide more information on the underlying mechanisms of GMSC therapy.
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CCRé6 Biolegend 129819
CCR2 Biolegend 150621
GM-CSF Biolegend 505411
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CD45 Biolegend 103138
CD45 Biolegend 304027
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CD?%0 Biolegend 328121
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CD105 eBioscience 12-1057-42
CD39 eBioscience 11-0399-42
HLA-DR eBioscience 11-9952-41
CD29 eBioscience 11-0299-42
CD14 Biolegend 301803
CD19 Biolegend 115543
CD3e Biolegend 100307
CD25 Biolegend 102016
PD-1 Biolegend 135206
CXCR5 Biolegend 145505
B220 Biolegend 103248
IFN-y Biolegend 505808
Foxp3 eBioscience 11-5773-82

Biological samples

GMSC

Third Hospital at the Sun Yat-sen University

IRB 2018-02-195-01

Chemicals, peptides, and recombinant proteins

IRBP1-20 Gil Biochem 051038

complete Freund's adjuvant BD Difco SLCC1714

Mycobacterium tuberculosis strain H37Ra BD Difco 1294163

BFA Sigma-Aldrich 059M4011V

lon Sigma-Aldrich 3484188

PTX Sigma-Aldrich 180242A1

PMA Sigma-Aldrich MKCG6950

Deposited data

Raw data This paper GSA: HRA002422, GSA: HRA000850

Code for downstream analysis This paper https://github.com/panpipe1997/code-for-

GMSC-treated-EAU-scRNA-seq/tree/main
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mouse:C57BL/éj Guangzhou Animal Testing Center N/A

Software and algorithms

FlowJo software FlowJo Co. N/A
Other

Micron IV fundus camera Phoenix Co. N/A
BD LSRFortessa instrument BD Biosciences N/A
RESOURCE AVAILABILITY

Lead contact

Further information and request for resources and reagents should be directed to and will be fulfilled by the
lead contact, Wenru Su (suwr3@mail.sysu.edu.cn).

Materials availability

The study did not generate new unique reagents.

Data and code availability

@ Single-cell RNA-seq data have been deposited at Genome Sequence Archive (GSA) and are publicly
available as of the date of publication. Accession numbers: HRA002422 (GSA), HRA000850 (GSA).
Code for downstream analysis can be found here: https://github.com/panpipe1997/code-for-GMSC-
treated-EAU-scRNA-seq.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

EAU mouse model induction and clinical score

Guangzhou Animal Testing Center offered 6-8 weeksold female C57BL/6J mice (18-25g). All experiments
were conducted in accordance with the policies for animal health and usage. Animal experiments were al-
lowed by the Institutional Animal Care Committee (Zhongshan Ophthalmic Center, Sun Yat-Sen Univer-
sity). Mice received subcutaneous injection of a 1:1 volume ratio of emulsion with 2 mg/mL of human inter-
photoreceptor retinoid-binding protein 1-20 (IRBP;.y, GPTHLFQPSLVLDMAKVLLD, GiL Biochem,
Shanghai, China), complete Freund'’s adjuvant (BD Difco, San Jose, CA, USA) with 2.5 mg of Mycobacte-
rium tuberculosis strain H37Ra (BD Difco, San Jose, CA, USA). All mice were housed in pathogen free envi-
ronment.””*° Each mouse was injected with 200 ul emulsion totally, 100 ul at the back spot, 50 ul near the
tail and two flanks, separately. Additionally, mice received intraperitoneal injection of 0.25 pg pertussis
toxin (Sigma-Aldrich, St. Louis, MO, USA) on the same day and 2 days after immunization. The Micron IV
fundus camera (Phoenix Co., Campbell, CA, USA) was utilized to observe mice fundus, and clinical score
was graded from 0 to 4 scoring.®” A total of 18 female mice will be needed. Data will be analyzed using
a one-way ANOVA with a type | error level of 5%. We assumed that clinical scores would result 14 days after
GMSC treatment. Based on those data, along with the previous researches, six mice would satisfy the need
of the current study.

Isolation and culture of GMSCs

All procedures of GMSC isolation and culture were approved by the medical ethics committees of Institu-
tional Review Boards (IRB) in the Third Hospital at the Sun Yat-sen University (IRB 2018-02-195-01). Human
gingiva samples were collected from discarded tissues of four healthy individuals who had no history of
periodontal disease and relatively healthy periodontium, during routine dental procedures at the Division
of Dentistry in the Third Hospital at the Sun Yat-sen University. After digesting gingiva tissues with dispase ||
(2 mg/mL, 37°C for 2 h) and collagenase IV (4 mg/mL, 37°C for 0.5 h), we filtered the gingiva cell suspension
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with a 70-um cells trainer and centrifuged it. Then we re-suspended the cells and transferred them to a
10 cm dish containing 10% fetal bovine serum, 100 U/mL penicillin/100 pg/mL streptomycin. The cells
were incubated with 5% CO2 and 95% O2. Then, we collected the plastic-adherent GMSCs. Finally, we
examined the GMSCs with human mAbs by flow cytometry. GMSC markers including CD14, CD29,
CD39, CD105, CD73, CD90, CD44, CD34, CD45 and HLA-DR.

Mice treatment

Human gingiva-derived MSCs were provided by the Dental Division of the Third Affiliated Hospital at Sun
Yat-sen University, and cultured in MEM alpha medium supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin. After washing two times, the cells were resuspended in PBS at a concentration of
5 x 1076/ml for injection in vivo.®" EAU mice were administered with 2 x 106 cells via the tail vein at day
0 (prophylactic group) or day 7 (therapeutic group).

METHOD DETAILS
Single-cell suspension preparation

Single-cell suspension was prepared from neck CDLNs with filtration through 70-um strainers (352235, Fal-
con). Cells viability in each sample exceeded 85% after two times of washing.

Flow cytometry

We isolated cells from CDLNs and stained them with live/dead dye (Thermo Fisher Scientific, Waltham, MA,
USA). After that, we stained the cells with following anti-mouse surface markerCD45, CD19, CD3, CD25,
PD1, CXCR5, B220 CCR6, CD4 CCR2. Cells were stimulated with 1 mg/ml BFA (Brefeldin A, Sigma),
5 ng/ml PMA (Phorbol 12-Myristate 13-Acetate, Sigma), and 0.5 mg/ml lon (Sigma) at 37°C for 4-5 h and
then further fixated and permeabilized. Then, the cells were stained with IFN-y, Foxp3, GM-CSF, IL10,
IL-17a. These stained cells were analyzed via BD LSRFortessa instrument (BD Biosciences). FlowJo software
10.0 (FlowJo Co., OR, USA) was utilized to evaluate data.

scRNA-seq and cell annotation

CDLNs from three groups were mixed and sequenced (three mice per group). For library generation,
scRNA-seq reagent kit (10x Genomics) was used. CellRanger (ver 5.0.0) was used to process sequencing
data. Data integration and clustering was based on Seurat (ver 4.0.5).°% Cells with <200 genes, >2500 genes
or mitochondrial gene ratio >10% were filtered out.

Seurat "FindAllMarkers()” function was utilized to identify genes with higher expression in each cell sub-
population with default parameters. Briefly, we first annotate T cells with the expression of Cd3d, Cd3e,
Cd3g and Il7r; we annotate B cells with Cd7%a, Cd79b, Ms4al and Mzb1; we annotate conventional den-
dritic cells with Lyéc2 and Ccl22; we annotate monocytes with Ccr2 and Ifitm3; we annotate macrophages
with Apoe, C1ga and C1gb; we annotate neutrophils with S100a9, Lcn2, Anxal and Il1b; we annotate plas-
macytoid dendritic cells with Siglech, Cox6a2, Irf8 and Tcf4.

For T cell subpopulations, we annotate Th17 cells with the expression of I117a, Ccr2, and Lyba; we annotate
proliferating T cells with Hmgb2, Mkié7 and Stmn1; we annotate regulatory T cells with Foxp3 and I/2ra; we
annotate CD4" naive T cells with Cd4, Ccr7 and Igfbp4; we annotate CD8" naive T cells with Cd8a, Cd8b,
and Nkg7; we annotate CD8" effector T cells with Cd8a, Ccl5 and Cxcr3; we annotate NK cells with Gzmb,
Ncr1 and Gzma. Th1 and Tth cells both expressed higher levels of Ifngr1, Cd40lg and Sh2d1a, and these
two subpopulations were further distinguished by sub-clustering with expression of Tcf7, Lgals3 and
Cxcré. Also, B cells were classified into three clusters with expression of Mzb 1, Ms4a1 and Xbp1 for plasma
B cells, expression of H2afx, Birc5 and Stmn1for germinal B cells, and expression of Cd7%a, Cd79b, and Sell
for naive B cells. Seurat ‘FindMarkers()’ function was utilized to calculate differentially expressed genes
(DEGs) with Wilcoxon Rank Sum test. All genes with the following criteria were selected: (1) logfold
change >0.25, (2) Adjusted p-value <0.05, (3) >5% of cells in either test group. Adjusted p-value was calcu-
lated with Bonferroni correction using all features in the dataset.

Functional enrichment analysis

Metascape (www.metascape.org) was utilized to perform gene ontology (GO) enrichment analysis.* The
Benjamini-Hochberg procedure was used to compute g-values. GO terms or pathways in the top 50
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enriched categories were graphed with ggplot2.° The fGSEA package was used to perform gene set
enrichment analysis (GSEA), with the Kyoto Encyclopedia of Genes and Genomes gene set of MSigDB
as reference.®”

Intercellular communication analysis

CellPhoneDB software (version 1.1.0) was used to compute cell-cell communication.®® We only analyzed
ligand-receptor pairs expressed by more than 10% cells in the specific cluster with detectable ligands
and receptors. We compared the average expression of each pair. CellPhoneDB provides explicit
threshold (premutation-based P values) to control for false positive interaction predictions. Pairs (P<
0.05) were selected and graphed.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism Software was utilized. Mean + SD are presented in figures. P-values are generated by one-
way ANOVA, followed by Kruskal-Wallis with Dunn'’s post-hoc test. P values above 0.05 were considered
not significant. N, not significant, *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.
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