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Mesenchymal stem cells (MSCs) have been widely used in the treatment of various inflammatory 
diseases. The inadequate understanding of MSCs and their heterogeneity can impact the immune 
environment, which may be the cause of the good outcomes of MSCs-based therapy that cannot 
always be achieved. Recently, stem cells from human exfoliated deciduous teeth (SHED) showed 
great potential in inflammatory and autoimmune diseases due to their immature properties compared 
with MSCs. In our study, single-cell RNA sequencing (scRNA-seq) revealed that SHED in a low 
differentiation state (S7) exhibited the powerful ability to recruit multiple immune cells. In contrast, 
SHED in a relatively high differentiation state (S1) may hold a solid ability to secret many factors with 
paracrine signaling capacity. The analysis result shows that SHED has more robust immunomodulatory 
properties than human bone marrow-derived mesenchymal stem cells (hBMSCs) or human umbilical 
cord-derived mesenchymal stem cells (hUCMSCs). When co-cultured with PBMCs, SHED can enhance 
the proliferation of Treg and down-regulate TNF-α in vitro. SHED may have some advantages in the 
treatment of inflammatory and autoimmune diseases.
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Mesenchymal stem cells (MSCs) are an adult stem cell group with self-renewal capacity, multidirectional 
differentiation potential, and immunomodulatory capacity1. It can be obtained from various tissues, such as 
bone marrow, adipose tissue, umbilical cord, umbilical cord blood, and dental tissue2,3. MSCs are widely used 
for an expanding number of clinical trials and applications. The striking therapeutic efficacy was observed 
in inflammatory diseases due to its immunomodulatory capacity3–6, including graft-vs-host disease, Crohn’s 
fistular disease, and COVID-197. However, a tremendous therapeutic effect was not always achieved. It may be 
due to an insufficient understanding of the interaction between MSCs and the host immune system after MSC 
implantation. Some studies have found that MSCs exhibit inter-population and tissue-to-tissue heterogeneity, 
most closely associated with their specific immunoregulatory functions3. It is also critical for optimal MSC 
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therapy to understand how MSCs and their heterogeneity can impact the immune environment. However, few 
studies have explored this.

Stem cells from human exfoliated deciduous teeth (SHED) represent an immature stem cell population. It can 
be obtained from naturally exfoliated deciduous teeth, representing an easy and noninvasive method with fewer 
ethical concerns8. In addition to regenerative medicine, SHED potent immunomodulatory properties allow 
SHED-based therapies to have attracted increasing attention in the field of inflammatory diseases and various 
autoimmune. Studies have demonstrated that colitis symptoms can be significantly relieved by intravenous 
infusion of SHED in Dextran sulfate sodium-induced colitis mice9. At the same time, SHED can exert anti-
inflammatory, anti-fibrotic effects and significantly improve the liver dysfunction in liver fibrosis mice model 
induced by carbon tetrachloride (CCl4)10. In rat models of periodontitis, SHED infusion can decrease gingival 
bleeding, increase new periodontal attachment, and reduce periodontal inflammation by altering the cytokines 
expression in gingival crevicular fluid11. The ameliorating of gland inflammation and dryness symptoms in 
Sjögren’s syndrome mice were observed after the transplantation of SHED12. Moreover, SHED administration 
relieved the nasal symptoms and inflammatory infiltration in allergic rhinitis mice13. However, SHED was a 
relatively new MSC population compared with other MSCs. Although the promising effects in the treatment 
of many inflammatory or autoimmune diseases, studies specifically on the heterogeneity and subsequent 
immunomodulatory properties of SHED were still rarely reported.

With the advancement of sequencing technology, single‐cell RNA sequencing (scRNA‐seq) has emerged 
as an indispensable tool for studying cellular heterogeneity14,15. scRNA‐seq enabled the analysis of the 
comprehensive transcriptomic profiling of heterogeneous populations at single-cell resolution, which can cluster 
the cell subtypes and explore the temporal cellular processes and functions. Studies have used scRNA‐seq to 
characteristic MSCs, including bone marrow-derived mesenchymal stem cells (BMSCs), human umbilical cord-
derived mesenchymal stem cells (UCMSCs), ADSCs, Wharton’s jelly mesenchymal stem cells (WJMSCs) and 
endometrial mesenchymal-like stem cells (eMSCs)16. Meanwhile, recent scRNA-seq analysis demonstrated that 
there is not only a broad heterogenous immunomodulation function in MSCs from different tissues17 but also an 
inconsistent expression of genes associated with immunomodulation in individual MSCs from a given tissue18. 
Given this, we characterized the transcriptomic heterogeneity of the SHED at single-cell resolution and unveiled 
the relationship between cellular immunomodulatory features and differentiated states. By integrating publicly 
available hBMSCs and hUCMSCs scRNA-seq data, we also performed transcriptome and immunomodulatory 
capacity comparisons among MSCs from different tissues at the single-cell level. Our study presented new insights 
into understanding SHED’s heterogeneity and immunomodulatory function and confirmed several functions in 
vitro. At the same time, these results provided a rationale for the option of MSCs origins of inflammatory and 
autoimmune disease therapy.

Materials and methods
Sample collection
The study received the approval of the Ethics Committees of Beijing Jishuitan Hospital and complied with all 
relevant ethical regulations, and all methods were performed in accordance with the relevant guidelines and 
regulations. The SHED was separated as previously described19. We collected naturally exfoliated deciduous 
incisors from an 8-year-old child. The dental pulp tissue was gently isolated from the crown and minced into 
small pieces. Then, the mixed solution, which was 3 mg/ml collagenase type I and 4 mg/ml dispase II protease 
in phosphate-buffered saline (PBS) buffer, was used to digest the pieces at 37 °C for 1 h. The single-cell solution 
of SHED was seeded into six-well plates and incubated in a 37 °C 5%CO2 incubator. The culture medium was 
a-MEM (Gibco) supplemented with 15% fetal bovine serum (Gibco), 1% glutamine (Gibco), and 1% penicillin/
streptomycin (Gibco) and renewed every third day. The third-generation cells were digested with 0.25% trypsin, 
and the single-cell suspensions obtained were applied for scRNA-seq. The remainder of the data were obtained 
from public databases (GSE193677 and GSE206285)20,21.

SHEDs culture
The third-generation cells were digested with 0.25% trypsin, and the cells were seeded into 75 cm2 flasks and 
incubated at 37 °C 5%CO2. The culture medium was a GMP-grade mesenchymal stem cell serum-free medium 
(Yocon) with paired supplements (Yocon). The culture medium was replaced every 3 days, and the cells were 
observed every 24  h using an inverted phase-contrast microscope, magnification, × 10 (Nikon). When 90% 
confluence was observed, cells were harvested using 0.25% trypsin to subculture. Cells were cultured to the sixth 
generation and collected for flow cytometry and immunoregulatory analysis.

Flow cytometry
Cells were harvested using 0.25% trypsin, washed twice using DPBS, 3 × 105 cells for one tube, and incubated 
at room temperature with 100  μl PBS containing 2% FBS for 10  min. Fluorophore-conjugated monoclonal 
antibodies were added in the combinations, including Anti-Human CD105 PE, Anti-Human CD73 BV605, 
Anti-Human CD90 FITC, Anti-Human CD34 APC-Cy7 and Anti-Human CD45 AF700. Using the standard 
quantities recommended by the manufacturer of each fluorophore-conjugated antibody. They were then 
incubated for 20 min in the dark at room temperature. Then, it was followed by centrifugation at 350 g for 5 min, 
and cells were resuspended in PBS. Then, the cells were analyzed by flow cytometry, and data on the cell surface 
markers were collected. Isotype controls were tested parallel to test samples.

Single-cell RNA sequencing
Single-cell suspensions were converted to barcoded scRNA-seq libraries by using the Chromium Single Cell 3’ 
Library, Gel Bead & Multiplex Kit, and Chip Kit (10 × Genomics), aiming for an estimated 8000 cells per library 
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and following the manufacturer’s instructions. Libraries were sequenced on NovaSeq 6000 and mapped to the 
human genome (build GRCh38-3.0.0).

Filtering and normalization of scRNA-seq data
Raw gene expression matrices generated per sample using CellRanger (version 6.1.2) were combined in R 
(version 4.1.3) and converted to a Seurat object using the Seurat R package (version 4.1.0). Cells were further 
filtered with the following requirements: genes that were seen in at least three cells, cells should express at least 
700 genes, cells that had unique molecular identifiers (UMIs) greater than 7000, and the mitochondrial gene 
expression less than 10%.

The filtered matrix was normalized using the Seurat function NormalizeData. Variable genes were found 
using the Seurat function FindVariableFeatures. Next, for each scRNA-Seq dataset, the expression data were 
normalized using SCTransform41 by regressing out the total expression levels of mitochondrial genes. Batch 
correction and data integration was performed using Harmony package (version 0.1.0; reduction = “pca”, assay.
use = “SCT”)42. The integrated data was scaled to regress out the sequencing depth for each cell. Variable genes 
that had been previously identified were used in principle component analysis (PCA) to reduce the dimensions 
of the data, and the first 30 components were further summarized using Uniform Manifold Approximation and 
Projection (UMAP) dimensional reduction.

Pseudotime and trajectory analysis
The pseudotime and trajectory analysis was performed using Monocle 2 software (Monocle 2.22.0) with default 
settings22. 18,211 SHED cells were analyzed for deducing pseudotime trajectory. The group‐specific marker 
genes were selected using the ‘detectGenes’ function. Next, we pseudo‐temporally ordered cells using the 
‘reduceDimension’ and ‘orderCells’ functions.

Evaluation of the immune cell recruitment level
The gene sets for immune cell recruitment scores were used in previous study23. Each signature score was 
calculated by single-sample gene set enrichment analysis (ssgsea) using “GSVA” package (method = “ssgsea”) in 
R (version 4.1.3).

Gene set enrichment analysis (GSEA)
Gene set enrichment analysis (GSEA) was performed using the GSEA software provided by the Broad Institute. 
Reactome pathway gene sets were obtained from MSigDB version 7.5  (   h t t p : / / s o ft  w a r e . b r o a d i n s t i t u t e . o r g / g s e a / 
m s i g d b     ) .  

Co-culture and Immunoregulatory analysis
SHEDs were adjusted using a mesenchymal stem cell culture medium to the density of 2 × 105/ml. Put it into 
a 12-well plate (1 ml per well) and place it in a 37 °C, 5% CO2 incubator overnight to adhere. Add 1 μl (10 μg/
ml) mitomycin C to each well and treat it at 37 °C for 2 h. Aspirate the supernatant and add 2 ml DPBS to wash 
three times.

For Treg analysis, PBMC (Milestone Biotechnologies) was adjusted to 1 × 106/ml by RPMI1640 containing 
10% FBS and put into the SHED well (1 ml per well). Then, add IL-2 to each well at a concentration of 50U/ml. 
The control wells have the same conditions except SHED. PBMC and SHED co-culture for 48–72 h in a 37 °C, 
5% CO2 incubator.

For surface antigen staining, supernatants were harvested by centrifugation at 350 g for 5 min, and percipients 
were washed twice by DPBS. single-cell suspensions were stained with the indicated antibodies (2  μl Anti-
Human CD3 PerCP-Cy5.5, 2 μl Anti-Human CD4 APC-Cy7, 2 μl Anti-Human CD25 PE, 2 μl Anti-Human 
CD127 APC) in the dark at 4 °C for 30 min. Then, it was followed by centrifugation at 350 g for 5 min, and cells 
were resuspended in PBS. Then, the cells were analyzed by flow cytometry, and data on the cell surface markers 
were collected. Isotype controls were tested parallel to test samples.

For TNF-α analysis, PBMC was adjusted to 1 × 106/ml by RPMI1640 containing 10% FBS and put into the 
SHED well (1 ml per well). Then, add 50U/m IL-2 and 2.5 μg/ml PHA to each well. The control wells have the 
same conditions except SHED. PBMC and SHED co-culture for 48–72 h in a 37 °C, 5% CO2 incubator. The co-
culture medium was collected, followed by centrifugation at 700 g for 5 min, and supernatants were prepared 
for the Elisa test.

TNF-α was quantified using ELISA assay kits sourced from Beijing Xingjianya Biotechnology Co.Ltd. The 
optical density (OD) values were recorded at a wavelength of 450 nm utilizing a microplate reader (Agilent).

Statistical analysis
All statistical analyses were performed using R version 4.1.3 software (Institute for Statistics and Mathematics, 
Vienna, Austria; www.r-project.org). The Wilcox test was used to compare two continuous variables. The 
Kruskal–Wallis rank test was used to compare three variables. All differences with p < 0.05 were considered 
statistically significant.

Result
Identification of SHED
SHEDs form spindle-like morphology (Fig. 1A) and maintain proliferation activity and morphology from the 
third to sixth generations. Flow cytometric analysis demonstrates that cells express CD105, CD73, and CD90 
(Fig.  1B–D), which are mesenchymal stem cell markers. Immuno-related markers were also analyzed, and 
those cells showed a negative signal of CD34 and CD45 (Fig. 1E–F), the traditional surface proteins known as 
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hematopoietic stem cells and leukocytes. Those flow cytometric results indicate that SHEDs are cultured in a low 
differentiation state.

SHEDs lie along a continuum of differentiation states
To investigate the cell-to-cell and immunomodulatory heterogeneity in SHED at the single-cell transcriptome 
level, cells isolated from one human deciduous exfoliated tooth and passaged to the third generation were 
collected and used for scRNA-seq. An atlas with 18,211 single‐cell transcriptomes was constructed after stringent 
quality control (Supplementary Fig. 1A–F). The UMAP was applied to visualize the 14 clusters identified by the 
expression of top variable genes (TVGs) (Supplementary Fig. 1G). The top 10 differentially expressed genes are 
shown in Supplementary Table 1. In order to understand the temporal relationships within the SHED population, 
we performed the pseudotime analysis of all SHED cells using the Monocle2 package. Eleven cell subpopulations 
of SHED were identified, indicating that SHED was a heterogeneous cell population. The curated instructive 
gene list for pseudotime analysis are provided in Supplementary Table 2. For characterizing the stemness of 
11 subpopulations, the two genes, including Thy-1 membrane glycoprotein (THY1, CD90), seen as one of the 
classical markers for MSCs24, and cell surface glycoprotein MUC18 (MCAM, CD146), which was a classical 
marker for dental stem cells, were chosen as the markers to explore the differentiation trajectory of SHED. We 
found that the alterations of THY1 and MCAM expression existed in 11 SHED subpopulations. The highest 
expression of both two markers was exhibited at SHED in state 7 (S7), representing that S7 was the SHED 
subpopulation of strong stemness (Fig. 2A–F). Therefore, the possible developmental trajectory of the SHED was 
further constructed, and the 11 subpopulations were reordered along a pseudotime axis by designating the S7 
as the root (Fig. 2G–H). The multiple branches in the trajectory represented the multidirectional differentiation 
potential of SHED. The SHED in state 1 (S1) was observed in trajectory termini. These results further 
demonstrated that SHED lies along a continuum of differentiation states. S7 was in the low differentiation state, 
whereas S1 was in the relatively high differentiation state. To present the results more intuitively, we will refer to 
S1 as the “late state” and S7 as the “early state” in the following sections.

The heterogeneity of immunomodulatory capacity in SHED
In order to explore the shared and distinct biological function among SHED subpopulations at different 
differentiation states, the late state and early state, which presented the most significant differences in cellular 
differentiation, were selected as subjects for subsequent analyses. After identifying upregulated differentially 
expressed genes (DEGs) between late state and early state, the enrichment analysis using the Reactome database 
was performed. The top 25 enriched pathways for upregulated DEGs in late state and early state are shown in 
Fig. 3. To clarify the functions of each population, the late state and early state were further analyzed separately. 
A significant difference between late state and early state populations was realized in the results of pathways 

Fig. 1. Identification of SHED (A) Brightfield image of SHED. (B–F), Flow cytometric analysis showing the 
expression of CD105, CD73, CD90, CD34 and CD45.
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enrichment. Upregulated DEGs in late state and early state had no common pathway enrichment. The enrichment 
for pathways in late state was related to growth factor signaling, including signaling by Platelet-derived growth 
factor (PDGF), signaling by bone morphogenetic protein (BMP), signaling by transforming growth factor beta 
(TGF-β), signaling by nerve growth factor (NGF), integrin cell surface interaction, and signaling by epidermal 
growth factor receptor (EGFR). However, the enrichment for pathways in early state, which were mainly 
associated with metabolism, cell proliferation, and maintaining stemness, included metabolism of proteins, gene 
expression, cell cycle mitotic, cell cycle checkpoints, and signaling by Wnt (Fig. 3A, highlighted in the red font).

To further investigate the immunological functional significance of corresponding genes from late state and 
early state, the GSEA was carried out using MSigDB C5: BP GO biological process collection (Supplementary 
Table 3, Fig. 3B–C). To be noticed, we detected that the upregulated DEGs in late state are significantly enriched 
in cytokine-cytokine receptor interaction function (NES = 1.492 q-value = 0.023). Nevertheless, the upregulated 
DEGs in early state are significantly enriched in leukocyte transendothelial migration function (NES = − 1.599, 
q-value = 0.035). These results implied that SHED is a highly heterogeneous cell population with different 
immunoregulatory functions during differentiation. According to the results mentioned above, we speculated 
that late state may provide a microenvironment suitable for immune cell differentiation, whereas early state may 
have a solid ability to attract immune cell.

Fig. 2. The expression variations of MCAM and THY1 in SHED differentiation. (A) Scatter plots showing 
the distribution levels of MCAM in SHED subpopulations at different states. (B) Violin plots displaying 
the expression levels of MCAM. (C) Scatter plots showing the expression change of MCAM in SHED 
subpopulations ordered by the relative expression level of MCAM. (D) Scatter plots showing the distribution 
levels of THY1 in SHED subpopulations at different states. (E) Violin plots displaying the relative expression 
levels of THY1. (F) Scatter plots showing the expression change of THY1 in SHED subpopulations ordered 
by the relative expression level of THY1. (G) Reconstructed trajectory plot showing the SHED differentiation 
direction by designating S7 as the root. The degree of differentiation from low to high was represented by color 
from the deeper blue to the lighter blue. (H) The principal component graph of cell differentiation trajectory of 
SHED showing the S1 was trajectory termini. The clusters were colored by identifies.
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SHED in low differentiation state have a stronger chemotactic ability towards immune cells
To validate the above observation, the immune cell recruitment scores of each MSC population were calculated 
by single-sample GSEA (ssgsea) function in the GSVA package using an immune cell recruitment set23 
(Supplementary Table 4). The immune cell recruitment scores were calculated to quantify the ability of late state 
and early state to induce the chemotaxis of immune cells (Fig. 4). A higher recruitment score indicated more 
vital chemotactic ability. We found that the early state had significantly higher recruitment scores in various 
immune cell types than late state, including B cell, CD4+T cell, CD8+T cell, Macrophage, monocyte, neutrophil, 
NK cell, Th17, Th22 and Treg (Supplementary Table 5), which support our previous results. The chemotaxis‐
inducing effect of early state on various immune cells was more substantial than that of late state.

Single-cell transcriptome and chemotactic ability comparison of MSCs across multiple tissue 
origins
To gain insight into the heterogeneity and immune cells chemotactic ability of MSCs derived from different 
tissues, we next integrated and compared our single-cell SHED transcriptome data with two previous scRNA-seq 
studies of human bone marrow mesenchymal stem cells (hBMSCs) and hUCMSCs20,21. The clustering results 
showed that the five samples were well integrated, indicating that batch effects between samples were removed 

Fig. 3. Functional characterization between SHED in late state and early state. (A) Reactome enrichment 
analysis for upregulated differentially expressed genes (DEGs) of late state (state 1, S1) or/and early state (state 
7, S7) in different cells number. Dot plot showing the terms with significant. The gene ratio (enriched genes/
total number of genes) was represented by the size of dot. The adjusted p-value for enrichment analysis was 
indicated by the color of dot. Red label highlights the important terms related to SHED functions. Gene set 
enrichment analysis (GSEA) exhibiting that some upregulated DEGs of S1 (B), and S7 (C), were significantly 
enriched cytokine-cytokine receptor interaction function and leukocyte transendothelial migration function, 
respectively.
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(Fig.  5A). As expected, MSC clusters presented a tissue-type-dependent distribution in UMAP, while the 
projections overlapped in MSCs from the same tissue origin (Fig. 5B,C). It revealed that significant transcriptomic 
heterogeneity existed in MSCs from different tissues. Cell composition of the three datasets was visualized, and 
16 clusters were identified (Fig. 5D). We further assessed the differently expressed genes in SHED, hBMSCs, and 
hUCMSCs (Fig. 5E–J). Among these, the expression of stemness genes THY1, MCAM, MET, and growth factors 
genes VEGFA, VEGFD, and TGF-β1 showed interesting patterns. SHED exhibited a lower level of THY1 and a 
higher level of MCAM than hBMSCs and hUCMSCs. In contrast, MET is barely expressed in SHED.

Moreover, SHED had increased expressions in all growth factor genes. The differential expression of 
these important genes may imply the different functional potentials of MSC populations. Following function 
enrichment analysis showed that the regulated DEGs of SHED were mainly enriched in hemostasis, signaling by 
PDGF, and integrin cell surface interaction when compared with hBMSCs or hUCMSCs. The three mentioned 

Fig. 4. Comparison of immune cell recruitment scores between SHED in late state and early state. The 
immune cell recruitment scores with significant difference between late state (state 1, S1) and early state (state 
7, S7) are shown as box plots with medians (lines inside boxes). Plots represent outliers. Wilcox test was used 
for p-value. The x-axis shows the different states, and the y-axis shows the normalized ssGSEA score.
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Fig. 5. Characterization of multiple‐tissue derived MSCs populations. (A) UMAP visualization of hBMSCs, 
SHED and hUCMSCs, respectively. (B) UMAP visualization of the Harmony integrated BMSCs, SHED and 
hUCMSCs, colored by sample source. (C) Distributions of the five samples visualized in UMAP. Populations 
were colored by tissue type. (D) Visualization of 17 color-coded clustering of hBMSCs, SHED and hUCMSCs 
(n = 24,887 cells) using the UMAP. (E–J) The distribution of selected stem cell surface makers genes (MCAM, 
THY1, and MET) and growth factors gene (VEGF-A, VEGF-D, TGF-β) expression in hBMSCs, SHED 
and hUCMSCs. The cells were respectively marked with gray and purple color based on the low and high 
expression of selected genes.
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functions were not enriched in hBMSCs or hUCMSCs (Fig.  6A,B). Next, we calculated the immune cell 
recruitment scores of each MSC population. All scores are compared (Fig. 6C) and visualized in a radar chart 
(Fig. 6D). We found significant differences in immune cell recruitment scores, including CD4+T cell, CD8+T 
cell, macrophage, neutrophils, NK cell, Th17, Th22, and Treg. These observations suggested the chemotaxis 
ability heterogeneity in MSCs from different tissues to recruit immune cells. As shown in the radar graph, SHED 
and hBMSCs played wider and stronger chemotaxis to various immune cells than hUCMSCs. Despite this, 
SHED had more attractive roles on Th17, Th22, and Treg, whereas hBMSCs had on macrophage. hUCMSCs only 
presented the enhanced recruitment ability of macrophages compared with SHED and hBMSCs.

Immunoregulatory characterization of SHED
We put the SHEDs in a low differentiation state co-cultured with activated or inactivated PBMC to validate 
the strong chemotactic ability and another effect on immune cells. The result shows a tendency to enhance 
the proliferation of Treg (CD4+CD25+CD127-) (Fig. 7A) under an appropriate concentration of IL-2. Although 
there are different original ratios and promote efficiency among the diverse PBMCs, a clear increase of Treg 
was observed in inactivated PBMC between control and SHEDs treated. (Fig. 7B) we also co-cultured activated 
PBMC and SHEDs to mimic an inflammatory environment; the SHEDs can down-regulate inflammatory factors 
such as TNF-α (Fig. 7C).

Discussion
Many studies have recognized that cellular heterogeneity could influence the stability of MSCs in terms of 
biological efficiency for clinical treatments. Standardization of MSCs is the most crucial way to control MSC 
quality25. Despite the vast therapeutic potential for inflammatory and autoimmune diseases, functional variation 
associated with immunomodulation of SHED remains unknown.

In the study, we described the heterogeneity of SHED and performed functional characterization, especially 
immunomodulation, by scRNA-seq analysis. MSCs simultaneously expressed more than one MSC marker. It 
has been reported that different combinations of MSC surface markers, such as THY-1 and MCAM, can be 
used to isolate MSC subpopulations presenting distinct biological properties26–29. In addition, the different 
expression levels of the same marker can purify the subpopulations with varying cell fate and therapeutic 
potential18,26. Here, THY-1 and MCAM were chosen as the markers to assess the SHED subpopulation further. 
Consistent with other MSCs, SHED is a heterogeneous population of cells with alterations of THY-1 and 
MCAM expression. Differential THY1 and MCAM expression could resolve 11 states of SHED populations 
in developmental trajectory. The results implied cell-to-cell functional heterogeneity of SHED. However, the 
function of these cells remained largely uncharacterized. Among these, the expression of THY-1 and MCAM 
was the highest in early state and lowest in late state, which revealed the relatively highly differentiated state of 
early state and the poorly differentiated state of late state. In addition to these, we found that TAGLN is the gene 
with the most significant expression difference between the two states. This result suggests to us that TAGLN 
might be a more suitable marker for Immunomodulatory Function than THY1 or MCAM. Moreover, a study 
suggested that TAGLN has a role in generating committed progenitor cells from undifferentiated hMSC by 
regulating cytoskeleton organization. Targeting TAGLN is a plausible approach to enrich for committed hMSC 
cells needed for regenerative medicine application43. These results suggest that TAGLN might be a direct link 
between stemness and immunomodulatory function in hMSCs.

Some terms enriched by upregulated DEGs in late state or early state were not found in the result of Reactome 
enrichment analysis for all upregulated DEGs in Fig. 1a. Different analysis strategies may cause the discrepancy 
of enrichment terms. Analyses based on whole-DEGs are inaccurate, as the contribution of specific cell 
subpopulations may be masked. Moreover, we found that late state and early state did not share the enrichment 
pathways, and additional pathways mainly associated with late state were also identified, implying that they may 
conduct respective functions. Studies have found that MSC heterogeneity is mainly controlled by ECM17,30. The 
genes related to ECM‐associated terms, including integrin cell surface interaction, only enriched in late state 
but not in early state. As one type of MSC, the inter-cellular heterogeneities in SHED may also be determined 
by ECM.

The secretion of cytokines, chemokines, or growth factors is seen as one of the most critical functions of 
MSCs31. MSC‐derived growth factors or cytokines, such as PDGF32, NGF31, and TGF-β33, are involved in 
paracrine actions of MSCs, which can influence the immunomodulatory potential of MSCs. Genes in late state 
enriched in terms associated with growth factors signal transduction suggested that late state may have a more 
robust paracrine capacity than early state. The GSEA results showed that the upregulated DEGs from late state 
enriched in cytokine-cytokine receptor interaction function indicate late state may be biased toward providing 
a microenvironment to regulate immune response and immune cell differentiation. Early state was in the lowest 
differentiated state among cell populations and mitotically active. Hence, the pathways associated with the cell 
cycle or metabolism were enriched in early state. Wnt signaling is crucial for the maintenance of stemness of stem 
cells34 and is involved with inflammatory signaling pathways35, which is the basis for the immunomodulation 
capacity of MSCs. The signaling by Wnt was enriched by upregulated DEGs in late state, while the pathways 
involved in growth factors were not enriched. It can be inferred that early state may play an immunoregulatory 
role in a manner different from late state. Leukocyte migration through activated venular walls is a fundamental 
immune response, a prerequisite for the effector cells, such as effector T cells and monocytes, to enter sites of 
infection or injury36. Chemotactic signals are commonly believed to be responsible for cell migration37. The 
correlation between the upregulated DEGs in early state and leukocyte transendothelial migration suggests that 
early state may promote immune cell chemotaxis. Based on recruitment scores, early state was considered to 
harbor a stronger chemotactic response than late state. These findings show that the two subpopulations late 
state and early state may exert a synergistic effect to play an immunomodulatory role of SHED.
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Fig. 6. Functional characterization among hBMSCs, SHED and hUCMSCs. (A) Reactome enrichment 
analysis for upregulated DEGs of hBMSCs and SHED in different cells number. (B) Reactome enrichment 
analysis for upregulated DEGs of hUCMSCs and SHED in different cells number. Dot plot shows the terms 
with significant. The gene ratio (enriched genes/total number of genes) was represented by the size of dot. The 
adjusted p-value for enrichment analysis was indicated by the color of dot. Red label highlights the important 
terms related to SHED functions. (C) The immune cell recruitment scores with significant difference among 
hBMSCs, SHED and hUCMSCs are shown as box plots with 25th and 75th quartiles (limits inside boxes). The 
y-axis shows the x-axis shows the normalized ssGSEA score, and the different immune cell types. Bars with 
different colors correspond to different groups. Kruskal–Wallis rank test was used for p-value. *** p < 0.001. 
(D) The percentages calculated by the median of each significant immune cell recruitment score in the 
corresponding maximum median of score among hBMSCs (red line), SHED (blue line) and hUCMSCs (green 
line) visualized as a radar plot, and the values range from 1 to 100%.
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The above studies showed that SHED was heterogeneous in chemotactic performance for immune cells 
with a change in state of differentiation. Given functional heterogeneity among the various tissue-derived 
MSCs, transcriptome analysis and the abilities to attract immune cells in MSCs from different tissue origins 
were also investigated in parallel. The expression levels of traditional MSC markers, such as THY1, could 
not comprehensively reflect the potency of SHED. Studies have found that the expression level of MCAM 
was positively related to differentiation potentials and immunoregulatory abilities of MSCs9,38. SHED with 
increased MCAM exhibited higher differentiation potentials and immunoregulatory abilities than hBMSCs and 
hUCMSCs, although with the slightly weaker expression of THY1.

Meanwhile, the decreased expression of MET protooncogene in SHED may imply a lower tumorigenic 
potential than hBMSCs and hUCMSCs after transplantation. Growth factors, including VEGF-A, VEGF-D, and 
TGF-β, are highly expressed in SHED and reveal a robust secretory capacity of SHED. All the findings suggested 
that SHED may have more significant clinical potential for clinical treatment than other MSCs.

Except for heterogeneity, ECM of MSCs can also regulate the immune microenvironment by migration and 
differentiation of immune cells17,39. The terms associated with ECM and growth factor signaling transduction 
specifically enriched in SHED may demonstrate that the ability to recruit immune cells and paracrine 
actions associated with immunomodulation may be better than in the other two MSCs. The comparison of 
recruitment scores among three MSC populations proved that SHED has the comprehensive ability to attract 
immune cells involved in innate immune and adaptive immune, which may partly contribute to the unique 
immunomodulatory characteristic of SHED. Most remarkably, the most incredible recruitment ability of Th17, 
Th22, and Treg cells was shown in SHED. These results were in agreement with previous studies. It has been 
reported that SHED can induce apoptosis of Th17 cells and expansion of Treg by secreting soluble PD-L1 or cell–
cell contact. The upregulation of Treg and downregulation of Th17 cells can improve the gland inflammation 
in Sjögren’s syndrome12. In addition, SHED was superior to BMSCs in correcting CD4+T cell immune 
imbalance by inducing the expansion of Treg cells13 and regulating the inflammatory environment via more 
expression of matrix metalloproteinase-340. According to the above results, SHED may have the most potent 
immunomodulatory ability and display more advantages in applying inflammation and autoimmune diseases 
than hBMSCs and hUCMSCs. Regrettably, specific limitations exist in this study. First, the sample size was small. 
Secondly, the experiments were not conducted to validate our findings. Hence, further study is needed.

Conclusion
In summary, SHED is a heterogeneous population in various differentiation states with different immunoregulatory 
functions. In MSCs-based clinical therapy for inflammatory and autoimmune diseases, SHED may offer an 
advantage over other MSCs. Our study provides novel insights into the immunoregulatory functions of SHED 
and provides a more theoretical basis for inflammatory and autoimmune diseases using SHED.
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