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Background: Mesenchymal stromal/stem cells (MSCs) have been intensively investigated in both pre-clinical and
clinical studies. However, the therapeutic efficacy varies resulting from the heterogenicity of MSCs. Therefore, purify-
ing the specific MSC subpopulation with specialized function is necessary for their therapeutic applications.

Methods: The large-scale RNA sequencing analysis was performed to identify potential cell markers for the mouse
MSCs. Then, the immune suppression activities of the purified MSC subpopulation were assessed in vitro and in vivo.

Results: The TNFAIP6 (tumor necrosis factor alpha-induced protein 6) has been identified as a potential cell marker
for mouse MSCs, irrespective of tissue origin and laboratory origin. The TNFAIP61 mouse MSCs showed enhanced
immune suppression activities and improved therapeutic effects on the mouse model of acute inflammation, result-

Conclusions: Therefore, we have demonstrated that the TNFAIP6T MSC subpopulation has enhanced immune sup-
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Introduction

Mesenchymal stromal/stem cells (MSCs) have been
intensively investigated in both pre-clinical and clinical
studies, because of their multi-potent differentiation and
immune modulation capabilities [1-4]. It has been dem-
onstrated that the MSCs or MSC-derived exosomes have
therapeutic effects on many diseases [2, 3, 5-7]. Unfor-
tunately, the consistency of their therapeutic efficacy is
very low, resulting from the heterogenicity of MSCs [1-3,
8]. Plenty of factors would induce the MSC heterogenic-
ity, such as tissue origin, isolation methods, expansion
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medium, and the donor’s genetic background, gender,
age, and healthy conditions [1, 4, 8—10].

Therefore, delineating the underlying mechanisms and
developing novel strategies to target the heterogenicity
are necessary to develop MSC-based therapies. Previ-
ously, we have developed several strategies to reduce the
heterogenicity of MSCs, such as genetic modification
[6, 11] and full chemical medium development [5, 12].
On the other hand, purifying specific MSC subpopula-
tions for specific therapeutic purposes is also critical
for improving the therapeutic efficacy and consistency,
although this is very challenging [1].

Plenty of mouse MSC markers have been demonstrated,
including cell surface markers (such as CD1057CD90™,
CD90", CD73", LepR", PDGFRa", PDGFRa*Sca-1",
CD140b/PDGFRB', CD51%, Lgr6™, Meflin®, EphA7T,
CD49f"e" SSEA-47, p75NTR™T, CD44*, CD49et, CD29™,
and Sca-17)[13-33], intracellular markers (such as Glil,
Nestin, Mx1, aSMA, Axin2, CtsktScx®, Hoxl1l, and
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Hicl) [34-44], and extracellular/secreted markers (such
as Gremlinl, and CXCL12) [45-47]. However, none of
these markers are MSC specific. Furthermore, the major
therapeutic contributors of the MSC are secreted proteins
[2]. Therefore, purifying the specific MSC subpopulation
with specialized function is necessary for their therapeu-
tic applications.

In the current study, we performed large-scale RNA
sequencing analysis and screened potential cell markers
for the mouse MSCs. Our data here demonstrated that
TNFAIP6 (tumor necrosis factor alpha-induced protein
6) is a potential cell marker for mouse MSCs, irrespec-
tive of tissue origin and laboratory origin. TNFAIP6 is a
secreted glycoprotein (around 35kD) with strong immune
inhibitory functions and has shown therapeutic effects
on immune disorder related diseases, such as acute lung
injury, acute pancreatitis, liver injury, colitis, peritonitis,
subarachnoid hemorrhage, rheumatoid arthritis, diabe-
tes, and myocardial infarction [48—62]. It is expressed
mainly by immune cells and stromal cells, including
MSCs, especially when stimulated by pro-inflammatory
cytokines, such as TNF-a, IL-1f, IFN-y, and LPS [57,
63—65]. And the expression level of TNFAIP6 has been
developed as a predictor of the therapeutic effects of
MSCs in vivo [66]. TNFAIP6 could inhibit neutrophil
migration and T helper cell differentiation, promote M2
macrophage polarization and regulatory T cell differen-
tiation, modify ECM, and enhance tight junction [51, 52,
54, 55, 58, 60, 64, 67—69]. And our data here showed that
the TNFAIP6T mouse MSCs have enhanced immune
suppression activities and improved therapeutic effects in
the mouse model of acute inflammation.

Materials and methods

RNA-seq dataset and analysis

The RNA-seq data used in the current study consist of
185 non-MSC samples from different tissues (Additional
file 1: Table S1) and 15 MSC samples (Additional file 2:
Table S2). The RNA-seq data were defined as MSC sam-
ples when they were described as MSCs in the database
and also the corresponding studies (Additional file 2:
Table S2), according to the minimal criteria for the MSCs
[70]. While the cells were characterized as mature cells,
pluripotent cells, or other type of adult stem cells (Addi-
tional file 1: Table S1), they were defined as non-MSC
samples. The raw RNA-seq data were downloaded from
NCBI website (National Center for Biotechnology Infor-
mation), and analyzed by RSEM (v1.3.3) [71], bowtie 2
(v 2.4.2), and then GC content normalized with EDASeq
(v2.28.0) [72], as described previously [12, 73]. The mouse
reference genome (version mm39) was used for mapping
and RSEM alignment. PCA (principal component analy-
sis) was performed with princomp and ggplot2 packages
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in R (v 4.0.0). The RNA-seq data were combined together
with Python (v3.8.5150.0), and the tSNE (t-distributed
stochastic neighbor embedding) analysis was performed
with the Seurat package in R (v 4.0.0). Differential gene
expression was conducted with DESeq2 (v 1.34.0) in Bio-
conductor (v3.14). The GO (Gene Ontology), GO enrich-
ment network, and KEGG (Kyoto Encyclopedia of Genes
and Genomes) enrichment were analyzed with the clus-
terProfiler package (v3.0.4) in R (v 4.0.0).

Mouse experiments

The C57BL/6 ] mice (female, 8 weeks old) were purchased
from the Guangdong Medical Laboratory Animal Center.
The mice were maintained in specific pathogen-free
conditions, and this study was approved by the Animal
Research Ethics Committee of the School of Medicine,
Shenzhen University (A20201241).

Cell isolation from bone marrow, placenta, and fat

Cell isolation was performed as described before with
modifications [5, 6, 74]. Briefly, the bone marrow (BM)
cells were flushed out of femurs and tibias. Placenta and
fat cells were isolated with 4 mg/ml collagenase B and
4 mg/ml dispase (Roche Life Science). Then, the isolated
cells were subjected to single-cell RNA sequencing or
maintained with DMEM/low glucose (Thermo Fisher
Scientific) plus 10% FBS (Thermo Fisher Scientific),
10 ng/ml basic fibroblast growth factor (bFGEF, Pepro-
Tech), 50 pg/ml ascorbic acid (Selleckchem), and antibi-
otics (Thermo Fisher Scientific) in cell culture dishes.

Single-cell RNA-seq and analysis

Fresh isolated cells from bone marrow, placenta, and fat
were filtered with 40 um strainer (Corning) and resus-
pended by 0.04% BSA in HBSS (Thermo Fisher Scien-
tific) at the concentration of 1 x 10° cells/mL. Single-cell
GEM (Gel Beads-in-Emulsion) was produced with
10 x Genomics Chromium platform according to the
instructions. Finally, the libraries were sequenced with
[llumina NovaSeq 6000 System (paired-end mode). Raw
data processing, mapping, filtering, and UMI count
matrix generation were conducted with 10xGenomics
pipeline Cell Ranger (v2.1.0). Then, the gene-cell barcode
matrix was further analyzed with Seurat package in R (v
4.0.0).

Flow cytometry

Cell preparation, antibody staining, and flow cytometry
were performed as described previously [5, 6]. Briefly,
for cell surface protein staining, the freshly isolated cells
were incubated with 5% FBS in PBS (Thermo Fisher Sci-
entific) for 30 min, and then, the cells were stained with
anti-TNFAIP6 (Cat. No. PA5-75,332, Thermo Fisher
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Scientific) for 60 min on ice, followed by 3 times washes,
and then FITC-conjugated anti-rabbit IgG secondary
(Cat. No. F-2765, Thermo Fisher Scientific) antibody for
30 min. For CD45 staining, the cells were stained with
PE-conjugated rat anti-mouse CD45 (Cat. No. 567111,
BD Biosciences) or PE Rat IgG2b, « Isotype Control (Cat.
No. 555848, BD Biosciences) for 30 min. For CD44 stain-
ing, the cells were stained with FITC-conjugated rat anti-
mouse CD44 (Cat. No. 561859, BD Biosciences) or FITC
Rat IgG2b, « Isotype Control (Cat. No. 553988, BD Bio-
sciences) for 30 min. For whole cell protein staining, the
cells were fixed with 4% PFA (Paraformaldehyde, Sigma),
permeablized with 0.2% Triton-X 100 in PBS with 10%
FBS for 30 min, and then subjected to antibody stain-
ing. Cells were analyzed with BD AccuriCé6 Plus (BD
Biosciences), and the data were analyzed with FlowJo
software.

TNFAIP6™ cell purification

The freshly isolated BM cells were firstly subjected to
CD45" cell depletion with CD45 MicroBeads (mouse,
Miltenyi Biotec) according to the instructions. Then, the
CD45~ BM cells were stained the primary antibody to
TNFAIP6 (Cat. No. PA5-75,332, Thermo Fisher Scien-
tific). After staining the FITC-conjugated anti-rabbit IgG
secondary (Cat. No. F-2765, Thermo Fisher Scientific)
antibody for 1 h, the cells were sorted by BD FACSAria
SORP cell sorter (BD Biosciences).

Cell proliferation and death analysis

The cell doubling time was assessed as described before
[12]. Briefly, the purified TNFAIP6" or TNFAIP6~ mouse
MSCs were plated onto p6 plates at the concentration
of 10 x 10* cells per well and expanded with the culture
medium [6]. Cells were detached with TrypLE when they
reached 80-90% confluence and counted with hemocy-
tometer. The cell death was determined with the Cyto-
toxicity Detection Kit (Cat. No. 4744934001, Sigma) as
described previously [5].

ELISA

The TNFAIP6' or TNFAIP6~ mouse MSCs were plated
onto p12 plates at the concentration of 20 x 10* cells per
well. Three days later, the cell culture supernatant was
collected and the protein level of TNFAIP6 was meas-
ured with mouse TNFAIP6 ELISA kit (Cat. No. CSB-
EL023959MO, CUSABIO TECHNOLOGY) according to
the instructions.

Peripheral blood was collected from the eyes of the
mice, and the serum level of IL-6 (Cat. No. 431304),
TNF-a (Cat. No. 430901), IFN-y (Cat. No. 430801), and
IL-1pB (Cat. No. 432601) was measured with the ELISA
kits (all from BioLegend) according to the instructions.
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Splenocytes and MSCs co-culture

The splenocytes were isolated and co-cultured with
MSCs as described before with modifications [6].
Briefly, the splenocytes (20 x 10* cells/well) isolated
from 8-week-old C57BL/6 ] mice were co-cultured
with freshly purified TNFAIP6" or TNFAIP6~ mouse
MSCs (5 x 10* cells/well) in 96-well plates with stimu-
lation medium, which contained RPMI1640 plus 10%
FBS and 1 x Cell Stimulation Cocktail (all from Thermo
Fisher Scientific) for 48 h. Then, the cell prolifera-
tion was determined using the Cell Proliferation Kit I
(Cat. No.11465007001, Roche), and measured by the
automated microplate reader (model 550; Bio-Rad) at
570 nm. The CFSE measurement was performed with
CellTrace” CFSE Cell Proliferation Kit (Thermo Fisher
Scientific) according to the instructions.

MSC differentiation

The adipocytes, osteocytes, and chondrocytes dif-
ferentiation and characterization were performed as
previously described [6]. To quantify the adipocyte dif-
ferentiation efficiency, the Oil Red O was eluted with
isopropanol (200uL/well in p12 plate) for 30 min with
agitation after lipid droplets staining, and measured
by the automated microplate reader (model 550; Bio-
Rad) at 490 nm. To quantify the osteocyte differentia-
tion efficiency, the Alizarin Red S was eluted with 10%
cetylpyridinium chloride (Sigma, prepared in PBS pH
7.5) at 37 °C for 2 h with agitation after calcium stain-
ing, and measured by the automated microplate reader
(model 550; Bio-Rad) at 405 nm. To quantify the chon-
drocyte differentiation efficiency, the Alcian Blue was
eluted with 6 M guanidine hydrochloride for 3 h with
agitation after glycosaminoglycan staining, and meas-
ured by the automated microplate reader (model 550;
Bio-Rad) at 630 nm.

RNA extraction and qPCR

The RNA extraction, cDNA synthesis, and real-time
PCR were performed as previously described [6, 74]. The
primer sequences used are shown in Additional file 3:
Table S3.

Mouse model of acute inflammation and cell
transplantation

The endotoxin-induced acute inflammation mouse model
was established as described previously [75]. Briefly, the
C57BL/6 ] mice (8 weeks old; 20+ 1 g) were intraperito-
neally injected a single dose of 20 mg/kg LPS (Lipopoly-
saccharides, Cat. No. L5293, Sigma). The TNFAIP6™ or
TNFAIP6~ mouse MSCs (1x10° cells/mouse) were
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transplanted intraperitoneally 30 min before the LPS
injection. Each group contained 8 mice.

Lung analysis

Bronchoalveolar lavage (BAL) was performed with can-
nulating the trachea, washing 3 times with 1 mL PBS
containing 0.4 mM EDTA and protease inhibitor mix-
ture (Cat. No. 87786, Thermo Fisher Scientific). After
centrifugation at 700 g for 5 min, the supernatant was
used for cytokine analysis. The total cell, neutrophil
(CD457CD11b*Ly-6G* Ly-6C™9), and CD45" cells in
BAL were measured by flow cytometry. The myeloperox-
idase (MPO) activity was quantified with the MPO Activ-
ity Assay Kit (Fluorometric, Cat. No. ab111749, Abcam)
according to the instructions.

Histological analysis

The lung tissue collection, fixation, tissue processing,
embedding, sectioning, and HE (hematoxylin and eosin)
staining were performed as described previously [6]. For
CD45 staining, the sections were permeablized with 0.2%
Triton-X 100 in PBS with 10% FBS for 30 min, followed
by rabbit anti-mouse CD45 (Cat. No. ab10558, Abcam)
incubation overnight, and detected with the SABC (Rab-
bit IgG)-POD kit (Cat. No. SA0021, Solarbio).

Statistics

Data were analyzed with SPSS software for Windows
(SPSS Inc.) and are shown as mean=+SEM (standard
error of the mean). Two groups comparison was analyzed
with Student’s ¢ test. Multiple groups comparison was
analyzed with 1-way ANOVA with normal data distribu-
tion, parametric test, and Tukey post hoc tests. P<0.05
was considered statistically significant.

Results

To identify the potential cell marker of the mouse MSCs,
which is universal expressed irrespective of tissue ori-
gin, development stage, and processing procedures, the
total RNA sequencing data were downloaded from NCBI
database (https://www.ncbi.nlm.nih.gov/), consisting
of different mouse tissues and different types of MSC
from different laboratories and tissues (Additional file 1:
Table S1 and Additional file 2: Table S2). PCA analysis
with R packages showed that most of the MSC samples
clustered together (Fig. 1A) and they belonged to the
mesoderm lineage (Fig. 1B). However, when comparing
the MSCs with fibroblasts, they did not separate into two
different populations (Fig. 1C), indicating that they might
share some transcriptome similarities or the MSCs were
not carefully characterized. Then, the tissue and labo-
ratory origin was labeled (Fig. 1D, E, Additional file 2:
Table S2). Although the MSCs from different tissues had
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different transcriptome (Fig. 1D), the laboratory origin
contributed more to the heterogenicity of MSCs, indicat-
ing that the isolation and expansion procedures induced
more heterogenicities (Fig. 1E). Then, the RNA sequenc-
ing data were integrated together and re-analyzed with
another algorithm, tSNE (t-distributed stochastic neigh-
bor embedding). The tSNE analysis showed the similar
pattern to the PCA analysis (Fig. 1F-]). To further con-
firm that the MSC processing procedures induced more
heterogenicities than the tissue origin, the primary iso-
lated or in vitro expanded MSCs were labeled. Both PCA
and tSNE analysis showed that the in vitro expanded
MSC:s clustered together much more tightly than the pri-
mary isolated MSCs (Fig. 1K, L). Thus, the RNA sequenc-
ing data analysis here proposed that the MSC processing
procedures might induce more heterogenicities than the
tissue origin in the mouse MSCs, indicating that the MSC
processing procedures should be standardized in the
future. However, the data of the in vitro expanded MSCs
were all from the same laboratory (Fig. 1E, K) and con-
tained two different tissue origins (Fig. 1D, K). And this
was further confirmed with the tSNE analysis (Fig. 11, J,
L). Therefore, more data and further analysis are needed
to confirm this finding.

Then, the differentially expressed genes (DEG) were
analyzed. There were totally 812 up-regulated gene and
6821 down-regulated gene in MSCs when comparing
with the non-MSCs with the cutoff as log2FC (log2 fold
change) >2 (Additional file 4: Table S4, Additional file 5:
Table S5). Among the top 20 highly expressed genes in
MSCs, 2 have immune modulation functions (includ-
ing Mrgprg and Tnfaip6), and 15 are deposited into
ECM (extracellular matrix) or secreted (including Hasl,
Col6a6, Coll5al, Tnfaip6, Fndcl, Clec3b, Dchs2, Sfrp4,
Ccl11, Dpt, Col14al, Abi3bp, Bglap2, Tnn, and Clqtnf2)
(Fig. 2A). Among the top 20 down-regulated genes in
MSCs, they have quite diverse functions, including
AKT pathway regulators (Tcllb3 and Tcll), TGF path-
way regulator (Foxhl), EGF pathway regulator (Eps8I3),
RNA processing (Piwill), hormone (Sst), cell communi-
cation through tight junction (Gjd2), immune regulation
(Nlrp14), metabolic regulation (Alppl2 and Spink1), and
differentiation regulations (Rfx6 for islet cell differentia-
tion, Cdx1 for enterocyte differentiation, and Tex101 for
testis differentiation) (Fig. 2B). Indeed, KEGG and GO
enrichment of up-regulated genes in MSCs revealed that
these genes enriched in ECM modulation and immune
regulation (Fig. 2C-E). Therefore, the MSCs tend to have
ECM modulation and immune regulation functions.

Because of the high heterogenicity of MSCs, some
potential MSC markers might be neglected by bioinfor-
matic analysis. All these up-regulated genes (Additional
file 4: Table S4) in MSCs were plotted by FeaturePlot
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Fig. 1 Bioinformatic analysis of MSCs and non-MSCs RNA-seq data. A PCA analysis of MSCs and non-MSCs transcriptome. Red dot indicates MSC
samples and they were framed with dash lines. B Different germ lineages were labeled in PCA analysis. C Fibroblasts (red dot) and MSCs (green
dot) were labeled in PCA analysis. D MSCs from different tissue origins were labeled in PCA analysis. E MSCs from different laboratory origins were
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different tissues, different laboratories, and fresh isolated
or expanded). Finally, 9 potential markers were identi-
fied, including Serpinfl, Collal, Fkbp10, Rcn3, Col6a2,
Gpx8, Mmp2, Ccl2, and Tnfaip6 (Figs. 1F, 3A, Additional

function in R, based on their expression levels. Then,
the plotting was manually screened by 3 investigators
independently based on the criteria: highly expressed in
MSCs and expressed in MSCs from all origins (including
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file 6: Table S6). Interestingly, the Tnfaip6 was identified
with both bioinformatic analysis (Fig. 2A) and manually
screening (Fig. 3A) and exclusively highly expressed in
MSCs in the quiescent state (Figs. 1F, 3A). In addition, the
known mouse MSC markers were also plotted, including
Cd44, Pdgfra, Lepr, Nestin, Cd29, and Cd51 (Fig. 3B). All
these known mouse MSC markers were either expressed
in non-MSCs, low expressed in MSCs or not expressed
in most types of MSCs from all origins (Fig. 3B), indicat-
ing that these markers are not MSC specific. Further-
more, the lineage specific genes were not expressed in
MSCs, except that the CD34 was expressed in some MSC

samples with low levels (Additional file 7: Fig. S1). There-
fore, the Tnfaip6 is a potential MSC marker.

To further confirm that the Tnfaip6 is a potential MSC
marker uncovered by RNA sequencing data analysis,
the fresh isolated cells from bone marrow, placenta, and
fat tissues were subjected to single-cell RNA sequenc-
ing. Data showed that the Tnfaip6 was expressed in all
these three types of tissues (Fig. 4A—C). In the meantime,
the expression of mouse MSC marker CD44 was also
detected (Fig. 4D-F) [6]. Furthermore, the expression
of TNFAIP6 and CD44 was also detected at the protein
levels by flow cytometry in the bone marrow cells after

(See figure on next page.)

Fig. 3 Tnfaip6 is a potential MSC marker—bioinformatic feature plotting. A Plotting of potential MSC marker genes. B Plotting of known MSC
marker genes. Serpinf1 serpin family F member 1; ColTal collagen type I alpha 1 chain; Col6a2 collagen type 6 alpha 2 chain; Gpx8 glutathione
peroxidase 8; Fkbp 10 FK506 binding protein prolyl isomerase 10; Rcn3 reticulocalbin 3; Mmp2 matrix metallopeptidase 2; Ccl2 C-C motif chemokine
ligand 2; Tnfaip6 tumor necrosis factor alpha-induced protein 6; Pdgfra platelet-derived growth factor receptor alpha; and Lepr leptin receptor




Li et al. Stem Cell Research & Therapy

(2022) 13:479

Page 7 of 15

A Serpinf1 3.0 Col1a1 a0
2.0 I3.0
204 . . 204 .. 2.0
1.0 S N 1o
o[ 0 o |5 : 0
W o Yo
@ 2
-20 -204
-20 0 20 -20 0 20
tSNE 1 tSNE 1
Col6a2 Gpx8
4.0
3.0 I1'°
204 . 20 204 . 05
/[ 1.0 4 o
o~ |4 0 o~ |7
Yo 2o
7 @
-20 -20
- 0 -20 0
tSNE 1 tSNE 1
Fkbp10 Rcn3
I X |2.o
. ~ 1.0
g 0

T
=20

0 20 0
tSNE 1 tSNE 1
Mmp2 30 Ccl2
Iz’o Iz.o
1.0 209 -~ 1.0
0 o~ | 0
Yo
(]
_20.
- 0 f -20 0 20
tSNE 1 tSNE 1
Tnfaip6
Iz.o
201 e 1.0
~ 3 e, 0
2 o
2
_20-

-20 0
tSNE 1

Fig. 3 (See legend on previous page.)

B Cdda
2.0
1.0
20 3
0
N
2 o
7]
- R0
-20-
T T T T r .
-20 0 20 -20 0 20
tSNE 1 tSNE 1
Cd51 Cd73
Iz.o Iz.o
20+ e 10, . 1.0
w ?a °
= 04 '-él 0
2 ]
$ =
=20 -20-
T T T T
20 -20 0 20
tSNE 1
Nestin
Iz.o
20 m'o
0
N
Z 0-
7]
-
-20
20
Iz.o
20 10
0
N
2 o
7]
R
-204
=20 20 220 20




Li et al. Stem Cell Research & Therapy (2022) 13:479

Page 8 of 15

A Tnfaip6-BM B Tnfaip6-Placenta C Tnfaip6-Fat

40 |

25 5

20 i M
N N 3 N 0 g
w w ] A..,-lc . w
z z °& f 4 1
@ 2 0o L. 0

‘ 20
40 20 0 20 50
tSNE 1
E CD44-Placenta

necrosis factor alpha-induced protein 6; BM bone marrow

N
w
z
7]
L
T T T T T T T T -50 - T T T T
40 20 0 20 40 40 20 0 20 40 25 0 25 50
tSNE 1 tSNE 1 tSNE 1
G Whole cell expression H Cell surface expression
0.06% * 92.3% 1 63.2% 0.04% 13.7% 2o 58.5%
15 0 Ew 3‘ o i 0 wi. @
.@ % oo w,,. 5( g, f i 1&
Isotypical Control Anti-TNFAIP6 Anti-CD44 Isotypical Control Anti-TNFAIP6 Anti-CD44

Fig. 4 TNFAIP6 is a potential MSC marker-expression validation. A The mRNA level of TNFAIP6 was plotted on single-cell RNA sequencing data of
bone marrow cells. B The mRNA level of TNFAIP6 was plotted on single-cell RNA sequencing data of placenta cells. C The mRNA level of TNFAIP6
was plotted on single-cell RNA sequencing data of fat tissue cells. D The mRNA level of CD44 was plotted on single-cell RNA sequencing data of
bone marrow cells. E The mRNA level of CD44 was plotted on single-cell RNA sequencing data of placenta cells. F The mRNA level of CD44 was
plotted on single-cell RNA sequencing data of fat tissue cells. G The protein levels of TNFAIP6 and CD44 were determined by flow cytometry after
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fixation and permeabilization (Fig. 4G). However, the
cell surface level of TNFAIP6 was dramatically reduced
(Fig. 4H), which is in accordance with previous findings
that the TNFAIPG6 is a secreted protein [64].

Then, the TNFAIP6" MSCs were purified with FACS
(fluorescence-activated cell sorting) after eliminating the
CD45" lymphocytes with MACS (magnetic-activated cell
sorting). The CD45 TNFAIP6" and CD45 TNFAIP6~
MSCs showed different morphology (Fig. 5A). And the
CD45"TNFAIP6T MSCs expressed higher levels of
TNFAIP6 at both mRNA and protein levels (Fig. 5B, C).

They suppressed the lymphocytes proliferation more
significantly with dose-dependent effects (Fig. 5D, E). It
has been demonstrated that the TNFAIP6 is one of the
key factors to maintain the stem cell characteristics of
mouse MSCs [76], and thus, we further compared the
stem cell characteristics between the CD45  TNFAIP6*
and CD45 TNFAIP6~ MSCs. The data showed that
the CD45 TNFAIP6" MSCs had higher level of CD44
expression (Fig. 5F), proliferation rate (Fig. 5G), and the
efficiency of differentiating into adipocytes (Fig. 5H, I),
osteocytes (Fig. 5], K), and chondrocytes (Fig. 5L, M).
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Therefore, the TNFAIP6T MSCs had enhanced immune
suppression activities.

To further validate the enhanced immune suppression
function of TNFAIP61t MSCs in vivo, the mouse model
of acute inflammation was established via intraperitoneal
injection of LPS. Indeed, the TNFAIP6" MSCs reduced
the serum levels of pro-inflammatory cytokines (IL-6,
TNF-a, IFN-y, and IL-1P) (Fig. 6A), total cell number
(Fig. 6B), and neutrophil infiltration (Fig. 6C, D) more
significantly than the TNFAIP6~ MSCs at 24 h post-
LPS stimulation. Furthermore, the TNFAIP6T MSCs
promoted the lung recovery through reducing lym-
phocytes infiltration (Fig. 6E) and maintaining tissue
structure (Fig. 6F) more significantly than the TNFAIP6™~
MSCs at day 7 after LPS stimulation. The TNFAIP6
could be induced by pro-inflammatory factors, such as
TNF-a, IL-1B, IEN-y, and LPS [57, 63—65]. Therefore,
both TNFAIP6" and TNFAIP6~ MSCs should express
TNFAIP6 in vivo after LPS stimulation. To uncover the
underlying mechanism that the TNFAIP6" MSCs had
enhanced immune suppression activities, the TNFAIP6™
and TNFAIP6~ MSCs were stimulated with pro-inflam-
matory cytokines (10 ng/mL TNF-a, 10 ng/mL IL-1,
and 10 ng/mL IFN-y) to mimic the inflammatory envi-
ronment. Interestingly, the TNFAIP61 MSCs responded
the stimulation more quickly than the TNFAIP6™ MSCs
at both mRNA and protein levels (Fig. 7A, B). Previously,
we demonstrated that the anti-inflammatory cytokine
IL-37 could improve the therapeutic effects of MSCs
through promoting their survival in vivo [5, 6]. There-
fore, we hypothesized that the TNFAIP6" MSCs might
also have better survival in vivo through its anti-inflam-
matory activities. Indeed, co-culture assay showed that
the TNFAIP6T MSCs had higher level of cell survival
and lower cell death induced by stimulated splenocytes
(Fig. 7C). Then, the TNFAIP6™1 or TNFAIP6~ MSCs were
mixed with Matrigel and injected intraperitoneally. The
data showed that the TNFAIP6T MSCs recruited less
lymphocytes than TNFAIP6~ MSCs (Fig. 7D). Therefore,
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the TNFAIP61T MSCs might respond to the inflammatory
environment and secrete the anti-inflammatory cytokine
TNFAIP6 more quickly, resulting in immediately immune
suppression and less MSC death induced by activated
immune cells. The survived MSCs express more anti-
inflammatory cytokines and further enhance the immune
suppression function (Fig. 7E). In summary, we demon-
strated that the TNFAIP6 MSCs had enhanced immune
suppression capabilities (Fig. 7F).

Discussion

The therapeutic inconsistency of MSCs significantly
hampers their large-scale clinical applications [1-3,
8]. Therefore, reducing the MSC heterogenicity and
improving their therapeutic consistency are critical and
urgently needed [1, 4, 8]. Among different strategies,
identifying and purifying specific MSC subpopulation
with specific functions is a promising strategy to reduce
the MSC heterogenicity and improve their therapeutic
consistency [1]. Through lineage tracing and function
validation, many different makers were identified for the
mouse MSCs [13-47]. However, these markers are not
MSC specific. And most of them are also not related to
their functions and therapeutic efficacy, or the underly-
ing mechanism linking the MSC marker to the function
is missing. Therefore, identifying and purifying specific
MSC subpopulation with specific function is necessary
for their therapeutic applications.

In the current study, the purified CD45 TNFAIP6™"
mouse MSCs showed enhanced immune suppression
activities and improved therapeutic effects in the mouse
model of acute inflammation. Although direct applica-
tion of recombinant TNFAIP6 protein also has significant
therapeutic effects in several mouse models [75, 77-80],
similar to our previous investigations on the therapeutic
effects of IL-37[6], the TNFAIP6 protein also has a very
short half-life in vivo (around 0.2 h) [77]. The TNFAIP6™
MSCs respond to the inflammatory environment and
secrete the anti-inflammatory cytokine TNFAIP6 more

(See figure on next page.)

Fig. 5 TNFAIP6 defines a subpopulation of mouse MSCs with enhanced immune suppression activities. A Cell morphology of CD45~TNFAIP6™ and
CD45 - TNFAIP6T MSCs. B Left panel: mRNA level of TNFAIP6 was assessed by gPCR (n = 3); Right panel: protein level of TNFAIP6 was assessed by
western blot. C Protein level of TNFAIP6 secreted from the CD45 TNFAIP6~ or CD45-TNFAIP6+ MSCs (n=3). D Splenocytes proliferation assay after
co-culture with CD45-TNFAIP6~ or CD45~TNFAIP6T MSCs (n=3). Both high cell number (5 x 10% and low cell number (2 x 10% were assessed.

E Splenocytes proliferation assay after co-culture with CD45~TNFAIP6~ or CD45~ TNFAIP6™ MSCs was assessed with CFSE approach. High cell

number (5 x 10% was used. F CD44 expression of CD45~TNFAIP6~ or CD45~TNFAIP6+ MSCs, determined by flow cytometry. G Cell proliferation of
CD45~TNFAIP6™ or CD45-TNFAIP6 ' MSCs was determined by doubling time (n=3). H The adipocytes differentiation efficiency was assessed by Oil
Red O staining. I The adipocytes differentiation efficiency was quantified by Oil Red O staining and gPCR analysis of gene Lpl and Ppary (n=3).JThe
osteocytes differentiation efficiency was assessed by Alizarin Red staining. K The osteocytes differentiation efficiency was quantified by Alizarin Red
staining and gPCR analysis of gene Osterix and Runx2 (n=3). L The chondrocytes differentiation efficiency was assessed by Alcian Blue staining.

M The chondrocytes differentiation efficiency was quantified by Alcian Blue staining and gPCR analysis of gene Sox9 and Bmp2 (n=3). * indicates
P<0.05. TNFAIP6 tumor necrosis factor alpha-induced protein 6; MSCs mesenchymal stromal/stem cells; Lp/ lipoprotein lipase; Ppary peroxisome
proliferator-activated receptor gamma; Osterix Sp7 transcription factor; Runx2 RUNX family transcription factor 2; Sox9 SRY-box transcription factor 9;
and Bmp2 bone morphogenetic protein 2
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Fig. 6 TNFAIP6™ MSCs have enhanced anti-inflammatory activities in the mouse model of acute inflammation. A Serum level of IL-6, TNF-a, IFN-y,
and IL-1B3 was determined after 24 h post-LPS stimulation via ELISA (n=8). B The total cell number in BAL was determined after 24 h post-LPS
stimulation by flow cytometry (n=8). C The neutrophil number in BAL was determined as CD45tCD11b Ly-6GTLy-6C™ after 24 h post-LPS
stimulation by flow cytometry (n =8). D The MPO activity was quantified after 24 h post-LPS stimulation (n=8). E The CD45* cells in the lung were
measured after 7 days post-LPS stimulation flow cytometry (n =8). F Representative figures for HE staining of lung tissues after 7 days post-LPS
stimulation. * indicates P< 0.05. TNFAIP6 tumor necrosis factor alpha-induced protein 6; IL-6 interleukin 6; TNF-a tumor necrosis factor alpha; IFN-y
interferon gamma; /L-1f interleukin 1 beta; BAL bronchoalveolar lavage; and MPO myeloperoxidase

quickly, resulting in immediately immune suppression Conclusions

and less MSC death induced by activated immune cells. In conclusion, we have identified TNFAIP6 as a new
And the survived MSCs express high level of anti-inflam- ~ MSC marker and the TNFAIP6T MSC subpopulation has
matory cytokines, which further enhances the immune enhanced immune suppression capabilities.

suppression function as positive feedback.
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