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Background: Several studies have shown that MSCs can significantly improve the survival of sepsis animals. CD146+ mesenchymal
stem cells (MSCs) correlate with high therapeutic potency. However, their therapeutic effect on sepsis and detail mechanisms have not
been explored.

Methods: The effect of CD146+MSCs on differentiation of Treg, Th1, Th17 subsets was evaluated by flow cytometry. The effects of
CD146+MSCs on RAW264.7 phagocytosis and LPS-stimulated polarization were studied using a co-culture protocol. Luminex bead
array and RNA sequencing were employed to determine the mechanisms of MSCs on LPS-stimulated RAW264.7. The Argl protein
was detected by Western blot. CD146:MSCs were injected into LPS-induced sepsis mice by tail vein. The therapeutic effect was
assessed by organ HE staining, T-cell subsets, cytokine in plasma, peritoneal macrophages, infiltrating monocytes subpopulations.
Results: In vitro, CD146+MSCs could significantly increase the proportion of Treg cells. Co-culture with CD146+MSCs increase the
phagocytic rate of RAW264.7. CD146+MSCs regulate M2-type macrophages production more rapidly. The transcript profile
differences between the CD146+MSCs and CD146-MSCs groups were clustered in arginine metabolism pathways. CD146+MSCs
decreased NO production and increased ARG1 expression. CD146+MSCs secreted higher level of IL15,IFNy, VEGF and lower level
of IL1p, IL8 under LPS stimuli. In vivo, The level of IL10 at 24h and CXCL1, IFNy at 12h in CD146+MSCs group was the highest.
CD146+MSCs treatment enhances the phagocytic capacity of peritoneal macrophages. CD146+MSCs also increases the ratios of
CD11b+Ly6C' reparative monocytes and CD11b+Ly6C™ inflammatory monocytes until 24h.

Conclusion: Compared with CD146-MSCs, CD146+MSCs can accelerate the end of the inflammatory response and have robust anti-
inflammatory effects, by increasing the Treg cells, promoting macrophage phagocytosis, enhancing the reparative macrophage,
secreting more VEGF, etc.
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Background

Sepsis is a systemic inflammatory response syndrome caused by the invasion of pathogenic microorganisms. It is
a rapidly progressive disease with a high mortality rate up to 40%, and its incidence is increasing each year,
making it a prominent problem for the global medical community." When pathogens disrupt the body’s natural
barriers to entry, the innate immune system is activated by interactions with pattern recognition receptors
expressed on the cell surface, triggering an inflammatory response and the release of cytokines.” The early
release of cytokines involves proinflammatory and anti-inflammatory cytokines, including TNFa, IL1B, IL6,
IL4, and IL10. The imbalance between pro- and anti-inflammatory effects causes an amplified inflammatory
cascade response.” Neutrophils and mononuclear macrophages arrive in large numbers at the site of the inflam-
matory response and release the late inflammatory factor HMGBI1,* which further leads to tissue and vascular
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endothelial damage and the progression of coagulation abnormalities and organ failure.” Current sepsis treatment
is mostly supportive, such as antibiotics, rehydration therapy, vasoactive drugs, and immunotherapy, and there are
no specific sepsis treatment options that can improve the prognosis of patients.®” Impaired immune function is the
main pathophysiological mechanism in the development of sepsis. Focusing on the overall immune response of
the body and regulating the imbalance between anti-inflammatory and proinflammatory effects will help develop
an effective means to treat sepsis. MSCs are ideal effector cells for the treatment of sepsis because of their
bidirectional regulation of the immune system. The mechanisms by which MSCs can treat sepsis include reducing
the level of proinflammatory factors, increasing the expression of anti-inflammatory factors, inhibiting the
inflammatory cascade, regulating the activity of immune cells, and reducing apoptosis.® MSCs treat sepsis through
a variety of effectors. Transcriptomic analysis of the lung, heart, kidney, liver and spleen in mice with sepsis
induced by caecal ligation showed that the protective effects of bone marrow mesenchymal stem cells against
sepsis include reducing mitochondrial-related dysfunction, downregulating Toll-like receptor expression and other
innate immune proinflammatory response pathways, and protecting the integrity of endothelial cells and blood
vessels.” MSCs therapy for sepsis has entered the stage of Phase I/IT clinical trials. In an open, dose-escalating
clinical trial of human UC-MSCs in the treatment of patients with sepsis, the mortality rates in the MSCs
treatment group were comparable to those in the matched control group of historical cases (20% and 26%).'01
Further mechanism studies will improve the efficacy of MSCs in the treatment of sepsis. The goal of our study
was to identify an MSCs subpopulation with superior immunomodulatory functions to improve the efficacy of
sepsis treatment.

Previous studies have shown that CD146 can be used as a surface marker to distinguish MSC subpopulations
and that CD146+MSCs subpopulations have superior biological functions and therapeutic potential, especially in
immunomodulation. Bone marrow-derived CD146+BMSCs could produce more anti-inflammatory-related cyto-
kines in an inflammatory environment than CD146-BMSCs and attenuate the inflammatory response in vivo.'> Wu
et al found that the IL6 expression levels in CD146-UCMSCs were higher than those in CD146+UCMSC cells
after TNFo treatment.'”> MA Lan et al found that during the DPMSC in vitro transmission process, CD146
expression gradually decreased, and the ability to induce apoptosis in T cells was reduced, which may act through
the ERK/p-ERK pathway.'* Our team previously found that CD146+UCMSCs had better regenerative properties
than CD146-MSCs in premature ovarian failure.'”

Growing evidence indicated that CD146+MSCs have stronger regenerative ability and CD146 expression are
considered as a quality control standard for MSC products. However, their therapeutic effect on sepsis and detail
mechanisms about regulation of macrophage have not been explored. In this study, we compared the regulatory effects
of CD146+UCMSCs on T cell populations of PBMCs and their effects on macrophage. We also compared the therapeutic
effects and differential mechanisms of CD146£UCMSCs in a LPS-induced sepsis mouse model.

Materials and Methods

Tregs, Thl Cells, and Th17 Cells in PBMCs Cocultured with CD146+MSCs
CD146+MSCs were obtained as previously described.'> Human peripheral blood mononuclear cells (PBMCs)

from healthy donors were purified on Ficoll-Paque (Haoyang Biological, Tianjin, China). The isolation and culture
of CD146+UCMSCs were performed as described previously. PBMCs were then cocultured with CD146
+UCMSCs at an MSC-to-PBMC ratio of 1:5 for three days. Human CD3/CD28 Dynabeads (STEMCELL
Technologies, Canada) were added to the mixed population to activate T cells. To determine the Treg cell subsets,
the Human Regulatory T-Cell Staining Kit (Lianke Bio, Hangzhou, China) was used. Before determining Thl and
Th17 subsets, the cells were incubated with Cell Activation Cocktail (Biolegend, San Diego, USA) for 6 h.
Cells were labelled with the LIVE/DEAD™ Fixable Green Dead Cell Staining Kit (Invitrogen, USA) to
exclude dead cells. Tregs were identified by anti-human CD4-PC-5.5 (Biolegend), anti-human CD25-APC (Lianke
Bio) and anti-human Foxp3-PE (Lianke Bio) antibodies. Thl and Th17 subsets were distinguished by anti-human
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IFN-y-PE (Biolegend) and anti-human IL17A-APC (Biolegend). The samples were analysed by flow cytometry
(Beckman, CytoFLEX).

Macrophage Phagocytosis in vitro

RAW264.7 cells (Procell, Wuhan,China) were cultured in DMEM (Gibco, Australia) with 10% FBS (Gibco,
Australia) without penicillin—streptomycin. Raji cells were maintained in RPMI-1640 medium (BI, Israel) contain-
ing 10% FBS. Raji cells (Procell, Wuhan,China) were prepared at a density of 2X10° cells/mL. A total of 500 uL
of the cell suspension and 500 uL of 5 uM CFSE (Biolegend) working solution were mixed. After being
incubated for 10 min, 5 mL of complete medium was added to halt the staining, followed by two washes with
cold PBS. The cells were resuspended in complete medium and placed in the incubator for 30 min to allow the
cells to release excess CFSE. Raji cells were resuspended in 150 pL of PBS and lysed by freezing and thawing.
RAW264.7 cells were plated into the lower wells of Transwell chambers and cocultured with CD146£UCMSCs in
the upper wells. Raji-CFSE fragments were added to the lower chamber. RAW264.7 cells were digested for 30
min, 1 h and 2 h, and the supernatant was collected. The anti-mouse F4/80 (Biolegend) antibody was used for
labelling. The percentage of F4/80+CFSE+ cells in total macrophages was measured for phagocytosis analysis.

M1/M2 Polarization of RAW264.7

RAW264.7 cells were plated at 3x10° cells/well in the lower chamber of a twelve-well Transwell plate (Corning, USA)
in the presence of LPS (MCE, NJ, USA). Control cells were untreated naive macrophages (M0). MSCs were plated in the
upper chambers at a density of 3x10° cells/well. At 6h, 12h, 24h, the culture supernatant was collected for cytokine
analysis. TRIzol reagent (Life Technologies, USA) was added to the cells to extract total RNA. RIPA lysis buffer
(Beyotime, China) was added to obtain total protein extracts. The M1 macrophage marker CD86 (Biolegend) and the M2
macrophage marker CD206 (Biolegend) were examined by flow cytometry. A Fix and Perm Kit (Lianke Bio) was used to
permeabilize the membrane prior to labelling with CD206 antibodies.

Mouse Sepsis Model and Treatment

To induce acute sepsis, male C57BL/6 mice aged 6-10 weeks were given a single intraperitoneal injection of 10 mg/kg body
weight LPS (MCE, NJ, USA). CD146+MSCs (1X10° in 100 pL) were intravenously injected into the tail vein after 1 hour. 48
mice were divided into four groups: CON (n = 12), LPS (n = 12), CD146+MSC (n = 12), and CD146- MSC (n = 12). Six mice
were sacrificed at 12 h and 24 h post injection in each group.

Histological Analysis

The lung, liver and spleen samples were fixed with 4% formaldehyde and embedded in paraffin for histopathological
analysis by hematoxylin eosin (H&E) staining. The images were taken under a light microscope and histological changes
were recorded.

Isolation and Analysis of Peritoneal Macrophages

First, 75% ethanol was sprayed on the mouse abdomen. The outer layer of the peritoneum was cut with scissors,
and then cold RPMI-1640 was injected into the abdominal cavity with a 5 mL syringe. The peritoneum was gently
massaged for 1 minute, and a 5 mL syringe was used to collect the liquid in the peritoneum into a tube. The tube
was kept on ice, and this procedure was repeated once. The collected liquid was centrifuged at 1000 rpm for 5
minutes at 4 °C. Half of the samples were incubated with F4/80-APC, CDI11b-FITC, and Ly-6C-PE (all
Biolegend) antibodies to analyse the activation of macrophages, and the other half were incubated with 1 mL
of culture medium containing fluorescein isothiocyanate (FITC)-OVA (100 pg/mL) at 37 °C for 1 hour. The cells
were washed with cold PBS to stop phagocytosis, labelled with the F4/80-APC antibodies, incubated in the dark
at room temperature for 15 min, washed with PBS, resuspended with 500 pL of PBS and analysed by flow
cytometry.
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The Ratios of CD3, CD4 and CD8 Cells in Peripheral Blood

Whole blood was anticoagulated using heparin sodium. Red blood cells were depleted by treatment with erythrocyte lysis buffer
(Biolegend). Lymphocytes were assessed by staining peripheral blood mononuclear cells with CD3-FITC, CD8-PC-5.5, and
CDA4-PE (Biolegend). The percentages of CD3, CD4, and CD8 cells were analysed by flow cytometry.

Cytokine Concentration Analysis

The levels of cytokines in mouse serum (IL1a, IL1B, IL4, ILS, IL6, ILS, IL10, IL12p, IL13, TNFa, IFNy, monocyte
chemotactic protein (MCP)-1, macrophage inflammatory protein (MIP)-1p, GM-CSF, RANTES and eotaxin) were
determined by Luminex bead array technology (Luminex-X200, Texas, USA) using commercial kits (BioRad,
Hercules, CA). Supernatants from CD146+ MSCs stimulated with LPS were detected using the same technology. The
level of NO was determined using the Nitric Oxide Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s protocol.

Western Blotting

The protein concentration of the cell lysates was determined with a BCA assay (Thermo Fisher Scientific).
Samples containing equal amounts of proteins were separated by 10% SDS-PAGE and transferred onto a PVDF
membrane (GE Life, Uppsala, Sweden), followed by blocking with 5% skim milk for 1 h and incubation with
specific primary antibodies against Arg-1 (HUABIO, ET1605-8, Hangzhou, China) and Tubulin (Abcam,
ab70187) at 4 °C overnight. Following primary antibody incubation, the membranes were washed and incubated
with an HRP-conjugated secondary anti-rabbit antibodies (HUABIO, HA1031) for 1 h at room temperature and
visualized by using ECL detection kits (Serviobio, China).

RNA Sequencing

Total RNA was extracted from RAW264.7 cells with TRIzol Reagent (Life Technologies, California, USA) according to
the instructions. RNA integrity and concentration were determined using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA, USA). The ¢cDNA library was constructed with the NEBNext Ultra RNA
LibraryPrep Kit for Illumina (NEB, E7530) and NEBNext Multiplex Oligos for Illumina (NEB, E7500) according to
the manufacturer’s instructions. The cDNA libraries were loaded on an Illumina Nova 6000 sequencing platform at
Biomaker (Beijing, China). The adapters and reads from the raw reads of each sample were trimmed to obtain clean
reads. The clean reads were mapped against Mus musculus. GRCm38 using HISAT2 v2.0.4. Gene expression levels were
estimated using fragments per kilobase of exon per million fragments mapped (FPKM). The false discovery rate (FDR)
control method was used to identify the threshold of the P value in multiple tests to compute the significance of the
differences. Significant differential expression was accepted as [log2FC[>1.5 and P value<0.05. Functional annotation and
enrichment analysis of the significantly differentially expressed genes was performed with the bioinformatic pipeline tool
BMK Cloud online platform.

Data Analysis

Data are expressed as meantstandard deviation (SD). All analyses were performed using GraphPad Prism software.
Independent-sample T tests and ordinary one-way analysis of variance (ANOVA) were carried out for two group and
multiple-group comparisons, respectively. Post hoc tests were performed using the Tukey HSD (homogeneity of
variance) test or Dunnett T3 (heterogeneity of variance) test.

Results
CD146+MSCs Had Stronger Regulatory Effects on Treg, Thl and Th|7 Subsets

Our previous study showed that CD146+MSCs had a robust inhibitory effect on T-cell proliferation.'> We further analysed
the proportion of Treg, Th17, and Thl subset changes after coculture with CD146+MSCs. Tregs were identified as CD4
+CD25+Foxp3+ cells and Th1/17 were identified as CD4+IFNy+/IL17A+ cells by flow cytometry. 7AAd-CD4+ PBMCs
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were gated, and CD25+Foxp3+ and IFNy+/IL17A+ populations were examined (Figure 1A). The results showed that the
CD146+MSCs group had increased proportions of the Treg cell subpopulation in PHA-stimulated PBMCs compared with
the PBMC+PHA group. Notably, the Treg proportion was significantly higher in the CD146+MSCs group than in the other
three groups (P<0.0001). The CD146+MSCs group had reduced Th1 and Th17-cell subpopulations (Figure 1B) compared
with the PBMC group stimulated by the cocktail. The CD146-MSCs group had a significantly reduced proportions of Thl
cells (P<0.05), the CD146+MSCs group had a significantly reduced proportions of Th17 cells (P<0.05), and there was no
significant difference between the CD146+MSCs and CD146-MSCs groups.

CD146+MSCs Increased the Phagocytic Capacity of RAW264.7 Cells

LPS-stimulated RAW264.7 cells were cocultured with CD146+MSCs in the Transwell system. At 6 h, 12 h and 24 h,
changes in the expression of CD86 as a marker of M1 macrophages and CD206 as a marker of M2 macrophages were
examined by flow cytometry. The results (Figure 2A) showed that at 6 h, the proportion of M1 macrophages in the LPS
group was significantly increased, while CD146+MSCs reduced the expression of CD86, and the expression of CD86 at
12 h and 24 h in the groups tended to be the same. At 6 h, the proportion of M2 macrophages in the CD146+ MSC group
was significantly higher than that in the LPS group and CD146-MSC group and then decreased. M2 macrophages in the
CD146- MSC group showed an increasing trend, which was significantly higher than that in the CD146+ MSC group at
24 h. M0 macrophages are in an unpolarized state, which was gated with F4/80+CD86-CD206-. Further analysis of M0
cells showed that there were low numbers of MO cells in each group at 6 h after LPS stimulation. The proportion of M0
cells in the CD146+MSC group distinctly recovered at 12 h, which was significantly different from that in the other two
groups (Figure 2A). CFSE-labelled cell debris was added to RAW264.7 cells. F4/80+CFSE+ double-positive macro-
phages engulfed the cell debris. The results (Figure 2B) showed that at 30 min, the phagocytosis rate in the CD146+
MSC group was higher than that in the LPS group and CD146-MSC group, and at 1 h, the phagocytosis rate in the
CD146+ MSC group was significantly higher than that in the CD146-MSC group (P=0.031). At 2 h, the phagocytosis
rate in the three groups was basically the same.

CD 146+ MSCs Improved T-Cell Subsets and Inflammatory Factor Levels in the

Peripheral Blood of Septic Mice

Morphological changes in the lung, kidney and spleen were observed by HE staining (Figure 3A). Compared with
that in the control group, the alveolar wall in the LPS group was significantly thickened and oedematous, the
hepatic sinuses were dilated and bleeding, a large number of inflammatory cells had infiltrated the lung and liver,
the boundary between the white pulp and the red pulp of the spleen was blurred, and the distribution of
lymphocytes was chaotic. The CD146+tMSCs treatment improved the pathological damage to various organs
caused by LPS, and the pathological morphology of organs in the CD146+MSC group was slightly better than that
in the CD146- MSC group.

Peripheral blood was collected and labelled with antibodies after red cell lysis. The proportions of CD3+CD4+
and CD3+CD8+ cells were analysed by flow cytometry. The results (Figure 3B) showed that CD146+ MSC
treatment improved the dysregulation of CD4 cells, CD8 cells and the CD4/8 ratio in septic mice. Compared
with the LPS group, the CD146+MSCs treatment group had significantly decreased CD4 expression, significantly
increased CD8 expression, and significantly decreased CD4/CD8 ratios. The ratio of CD4/CD8 in the CD146+MSCs
treated group was similar to that in the normal group. At 12 h and 24 h after LPS injection, the plasma was
collected to analyse IL1B, IL6, IL10, TNFa, IFNy, and CXCL1 (Figure 3C). Compared with the LPS group, the
CD146+ MSC groups had significantly reduced levels of the proinflammatory factor IL1p at 12 h. The CD146+MSC
groups reduced levels of the proinflammatory factor IL6 at 12 h and 24 h, but the difference was not significant. At
12 h, the level of IL10 was similar among the three groups. However, at 24 h, the level of IL10 in the CD146+
MSC group was significantly higher than that in the CD146- group (P < 0.001) and LPS group (P < 0.05). TNFa
was increased in the LPS group with time, and at 24 h, TNFa was decreased in both CD146+ MSC groups. The
changes in IFNy in the CD146+ MSC groups were similar to those in the LPS group, and the level of IFNy in the
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CD146-MSC group was always lower. At 12 h, the level of CXCL1 in the CD146+MSC group was the highest and
returned to a lower level at 24 h, while the level of CXCLI1 in the LPS group was maintained at a higher level.

CD146+MSCs Improve the Phagocytosis and Subpopulation Ratio of Peritoneal
Macrophages in Septic Mice

Peritoneal macrophages were isolated from septic mice at 12 h and 24 h, OVA protein was added for the
phagocytosis assay, and the proportion of OVA-FITC-positive cells in the F4/80+ gate was examined by flow
cytometry. The results (Figure 4A) showed that at 12 h, the phagocytic ability of peritoneal macrophages in
CD146+MSCs-treated mice was stronger than that in the CD146-MSC treated and LPS groups. The phagocytic
ability was similar in each group at 24 h. CD146+MSCs improved the phagocytic ability of macrophages in the
early stage, which was consistent with the in vitro results. Further examination of CD11b+Ly6C+ monocytes in
the peritoneal cavity revealed that at 12 h, the CD146+MSC treatment group had significantly reduced numbers of
monocytes in the peritoneal cavity (Figure 4B). CD11b+Ly6C" represents inflammatory monocytes, and CD11b
+Ly6C'® represents reparative monocytes. The ratio of CD11b+Ly6C'°/CD11b+Ly6C™ cells showed the repair and
regenerative capacity of the microenvironment after inflammation. The CD146+MSCs treatment groups both
showed enhanced ratios of CD11b+Ly6C'°/CD11b+Ly6C™ at 12 h, and there was a significant difference between
the CD146+ MSC group and the CD146-MSC group at 24 h.

Different Mechanisms by Which CD146+MSCs Regulate LPS-Induced RAW264.7

Cells Include Differences in Argl Expression

The mechanism by which CD146+MSCs repair LPS-treated RAW264.7 cells was further examined. RNA sequencing
analysis was performed on a total of nine RAW264.7 cell specimens from the CD146+MSC, CD146-MSC, and LPS
groups. We used KEGG analysis to observe functional and signalling pathway differences between the CD146+MSCs
group and the LPS group. KEGG analysis (Figure 5A) showed that significant DEGs (CD146+MSC vs LPS groups) were
significantly enriched in the cytokine—cytokine receiver interaction, focal adhesion, fluid sheet stress and atherosclerosis,
Rapl, and PPAR signalling pathways. DEGs (CD146-MSC vs LPS group) were primarily associated with the cytokine—
cytokine receptor interaction, PPAR, fluid sheet stress and atherosclerosis, JAK-STAT, and focal adhesion. Venn diagram
analysis showed that there were many similarities and differences among the three groups of differentially expressed
genes (Figure 5B). In the PPAR signalling pathway, CD146+MSCs significantly increased the expression of the Acsbgl,
Scd family, and Olrl genes and reduced the expression of the Fabp4, Lpl, and Acaalb genes (Figure 5C). In the
cytokine—cytokine receptor interaction pathway, the expression levels of the chemokines Cxcl2 and Ccl9 and the
cytokines Ebi3 and IL1f9 were decreased, and the expression levels of IL10, IL4ra, CX3CR1, CXCL14, TNFSF13b,
Lif, Csf2rb2 and Osm were increased (Figure 5C).

There were 86 differential genes between the CD146+ MSC and CD146-MSC groups (Figure 5D), and the
differences in the signal pathway were relatively scattered. Interestingly, we found that some of the differentially
expressed genes were clustered in arginine metabolism (Figure 5E). The expression of the Argl gene was different,
and the WB results further confirmed that the expression level of Argl in the CD146+ MSC group was the highest
(Figure 5G). In addition, Amd2, a gene related to polyamine metabolism, showed significant differences between the two
groups. Argl is closely related to intracellular NO production. We measured NO production in each group and found that
NO levels in the CD146+MSC group were significantly lower than those in the other groups at 24 h and 36 h (Figure 5F).
We further collected the supernatant in the CD146+ MSC groups in the presence of LPS and analysed the fold difference
between the two groups at 3 h and 6 h. Compared with CD146-MSCs, CD146+MSCs secreted higher levels of factors
such as IL15, IFNy (consistent with the in vivo experimental results) and VEGF and lower levels of factors such as IL1f
and IL8 (Figure 5H).
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Discussion

Our previous study showed that under normal culture conditions, CD146+MSCs secreted lower levels of the inflammatory
factors IL6 and IL1 and the chemokines CXCL2/3/8 than those in the CD146-MSC group, and CD146+ MSC had better value-
added properties, a stronger ability to inhibit T-cell proliferation, and better recovery of the CD4/CDS ratio imbalance caused by
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chemotherapy drugs. Previous studies have also shown that Th17 cells were activated when exposed to CD146-MSCs but not
when exposed to CD146+MSCs.'? Our study found that CD146+MSCs had a slight advantage in inhibiting the PMA-induced
increased proportion of Thl7 cells. Both the CD146+MSC and CD146-MSC groups weakened Thl cells in PBMCs.
Furthermore, there was a significantly higher proportion of Tregs in PHA-stimulated PBMCs in the CD146+ MSC group than
in the CD146-MSC group. The effect of CD146+MSCs on macrophage phagocytosis and polarization has not been reported
in vitro. In this study, we explored this topic for the first time. We found that the CD146+MSCs had improved the phagocytic
efficiency in macrophages. At 1 h, the macrophage phagocytosis rate in the CD146+MSC group was significantly higher than
that in the CD146- MSC group. CD146+MSCs reduced LPS-activation of M1 cells, but the CD146+ MSC group could regulate
the production of M2 cells more quickly, thereby inhibiting the inflammatory response and maintaining the macrophages in an
inactivated state (MO).

In view of the superior immunomodulatory properties of CD146+ MSCs, we chose a sepsis model with immune
imbalance to compare the therapeutic effects of CD146+MSCs. Previous studies have shown that CD4+CD25+ Treg
cells are in continued imbalance in sepsis patients, which are positively correlated with the severity of the disease and the
mortality rate.'® The CD8+ T lymphocyte count is inversely proportional to the severity of sepsis.'” After LPS injection,
the CD4 ratio increased in mice, and the CDS ratio decreased, indicating that we successfully established a sepsis model
of immune regulation imbalance in mice. In our study, CD146+MSCs treatment could both improve LPS-induced
changes in CD4 and CD8 and maintain the balance of the CD4/8 ratio, and there was no significant difference between
the two groups, which might be because prompt injection of MSCs caused less damage in the acute phase. The early
inflammatory mediators of sepsis include IL1p and IL6, and the proportions of IL1 and IL6 in the serum in the CD146+
MSC groups were decreased. TNF-a is the most important proinflammatory cytokine in early inflammation and is also
the key mediator of endotoxin injury.'® In the LPS group, TNFa increased with time and decreased in the CD146+ MSC
groups at 24 h. IFN-y is produced the earliest after the body is damaged. This factor can not only activate cytokines but
also significantly upregulate the expression of major histocompatibility complex class II antigen and enhance the
interaction between antigen-presenting cells and T lymphocytes.'® The changing in IFNy in the CD146+ MSC group
was similar to that in the LPS MSC group, and the level of IFNy in the CD146-MSC group was low. Our data suggest
that these differences in regulating macrophages phagocytosis between CD146+ MSCs and CD146-MSCs may be
related with IFNy. CXCLI induces neutrophil migration during bacterial infection.® At 12 h, the CXCLI level in the
CD146+ MSC group was the highest, and it recovered to a lower level at 24 h, while CXCLI levels in the LPS group
remained high. The early anti-inflammatory factors of sepsis include IL10, IL-4, and IL-13.2" After priming, a protein
chip study of the culture supernatant showed that the CD146+ MSC group secreted higher levels of IL10, IL4 and IL13
than the CD146- MSC group.'? At 24 h, the IL10 level in the CD146+MSC group was significantly higher than that in
the CD146-MSC group and LPS group. CD146+MSCs secreted more IL10 under inflammatory conditions. We isolated
mouse peritoneal macrophages and found that at 12 h, the phagocytic abilities of macrophages in the CD146+MSCs
treatment group were superior to those in the CD146- MSC treatment group and the LPS group. CD146+MSCs improved
the phagocytic efficiency of macrophages at an early stage, which was consistent with the in vitro results. At 12 h, the
CD146+MSCs treatment group had significantly reduced proportions of monocytes in the abdominal cavity. CD11b
+Ly6C™ represent inflammatory monocytes, and CD11b+Ly6C™ represent repair monocytes.”> The CD146:MSCs
treatment groups had improved CD11b+Ly6C'°/CD11b+Ly6C™ levels, and at 24h the CD146+MSCs had significantly
improved ratios of inflammatory and repair macrophages. Thus, we can hypothesize that CD146+MSCs can accelerate
pathogen removal by ensuring the immune balance in the body and improving the proinflammatory and anti-
inflammatory imbalance in sepsis so that the body can recover and regenerate more quickly after inflammation.

These in vivo and in vitro experimental results also suggest that CD146£MSCs seem to have somewhat different
regulatory mechanisms for macrophages. Macrophages are the central players that initiate inflammatory reactions in the
body and play an important role in the development of sepsis. Previous studies have shown that MSCs promote
polarization from MI to M2 by regulating the activation of NF-kB*® in macrophages and the secretion of TGF-B,**
TSG-6,%° and exosomal miR-146a® in sepsis. In addition, MSCs can promote the removal of bacteria in the blood and
organs of septic mice.?’ In vitro experiments showed that MSCs could improve the phagocytosis of Escherichia coli by
cocultured neutrophils through the secretion of the antibacterial peptide LL-37.%®
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In recent years, popular single-cell sequencing technology has also shown that MSCs mainly treat immune diseases by
regulating mononuclear macrophages. In the acute synovitis model, single-cell sequencing showed that MSC treatment
could attenuate macrophage polarization to the M1 type and induce macrophage transition to the M2 phenotype.? In the
acute lung injury model, single-cell sequencing of cells at the wound site revealed transcriptome changes in pulmonary
macrophages after MSC infusion, and a group of angiogenic CD9+ macrophage subpopulations were found.**

Next, we focused on the mechanisms by which CD146£MSCs regulate macrophages. We further examined the effect
of CD146+MSCs on LPS-induced RAW264.7 cells in vitro by RNA sequencing, and the results showed that the CD146=+
MSC group mainly showed improvements in the PPAR and cytokine receptor pathways. Previous study showed that
infection could stimulate macrophages to absorb large amounts of lipids, which were stored in lipid droplets as
triacylglycerol and promoted macrophages to form foam cells.’’ Fatty acid binding protein 4 (FABP4) is a small
apolipoprotein in macrophages that is abundantly expressed during foam cell formation and can regulate the intracellular
metabolic process and immune response by binding to fatty acids.*’ FABP4 inhibitors inhibit the LPS-induced
inflammatory response in macrophages.®®> Stearyl coenzyme A desaturase (SCD) is the rate-limiting enzyme that
catalyses the formation of MUFAs from SFAs. The expression of SCD family genes was significantly increased in the
CD146+ MSC group. This finding indicated that MSCs could reduce the accumulation of fat in macrophages through the
SCD family to prevent further foaming.

CXCL14 was highly expressed in the CD146+MSC groups, and Lv et al showed that CXCL14 overexpression played an anti-
inflammatory role in sepsis-related AKI by downregulating the production of macrophage-derived cytokines (TNF-a, IL-6 and
IL-1p).** CX3CR1 was highly expressed in the CD146+ MSC groups. The latest research indicates that CX3CR 1+ macrophages
can form a dynamic membrane-like structure through tight junctions and form an immune barrier to limit the inflammatory
response.”> OSM was highly expressed in the CD146+ MSC groups. Studies have shown that OSM is a key factor with which
macrophages rebuild damaged tissues, and mice with macrophage-specific knockout of OSM cannot achieve cardiac regeneration
after cardiac injury.’® CD146+MSCs therapy significantly reduced LPS-induced CXCL2 (also known as MIP2-a)) and CCL9
(also known as MIP1y) expression, both of which could further recruit macrophages to inflammatory sites and exacerbate the
inflammatory response.’” In the CD146+ MSC groups, Tnfsf13b and EBI3 were expressed at low levels. Tnfsf13b is a B-cell
activator, and increased expression of EBI3 in macrophages induced dysfunction in tumour-infiltrating CD8+ T cells.*® This
evidence indicated that CD146+MSCs therapy significantly improved the interaction between macrophages and other immune
cells in the inflammatory environments.

Notably, the differences between the CD146+ MSC groups were mainly associated with Argl metabolism. Argl is
not a specific marker of M2 polarization, but Argl can occupy the substrate of iNOS by degrading arginine, down-
regulate nitric oxide production and promote the production of M2-type cells.** We found a difference in the arginine and
nitrogen metabolism pathways between the CD146+ MSC groups after LPS induction for 24 h. At 24 h, Argl expression
was 30-fold higher in the CD146- MSC group and 40-fold higher in the CD146+MSC group than in the LPS group.
Since our sequencing time point was 24 h, the macrophages may have already been in the late stage of the inflammatory
response. We used time points of 2 h, 4 h, 6 h, 12 h, and 24 h for further verification in vitro. The results showed that the
expression of Argl in the CD146+ MSC group was the first to change, which was much higher than that in the other
groups and was consistent with our sequencing results. The WB results further support our findings. The NO levels in the
CD146+ MSC group were negatively correlated with Argl expression. Faster regulation of Argl expression in the
CD146+ MSC group may be responsible for faster regulation of M2 cell production. The differences in cytokine levels in
the supernatant of CD146+MSCs exposed to LPS might be the reason for this difference. CD146+MSCs secreted
increased levels of IL15 and IFNy, which are related to the promotion of antigen presentation, antibody production and
improvements in macrophage lysosomal activity.***' In addition, the higher levels of IL10 and VEGF in the CD146+
group achieved a better effect on anti-inflammation and regeneration.

Conclusion
Compared with CD146-MSCs, CD146+MSCs can promote the elimination of inflammation and have robust anti-
inflammatory effects as well as regenerative and reparative abilities, by increasing the Treg cells, promoting macrophage
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phagocytosis, enhancing the reparative monocytes, etc. Thus, CD146+MSCs might be developed as effective MSC drugs
for the treatment of inflammatory diseases.
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