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Abstract

Background: Endotoxemia, mediated by uncontrolled immunocytes activation toward

Lipopolysaccharide, could deteriorate into severe septic shock, but with limited

treatment effect. Mesenchymal stem cells (MSCs), with excellent immune

regulatory capacities, have displayed potential in multiple inflammatory disease

treatment. Gelactin-9 (Gal-9), a newly discovered immune checkpoint, has been

demonstrated to mediate immunomodulatory effect of MSCs in vitro. However, its in

vivo role in alleviating endotoxemia remains to be elucidated.

Methods: MSCs (2.5×105/ml) were obtained and stimulated with IFN-γ (20ng/ml) for 72

hours. Gal-9 expression on MSCs were measured by ELISA, RT-PCR, flow cytometry

and immunofluorescence respectively. Then, experimental endotoxemia was induced by

LPS injection (10mg/kg, i.p.), followed by the treatment with Gal-9-MSC (20ng/ml, 72

hours), MSCs and MSC+α-lactose (10.8mg/mL, 500ul, i.v.). Therapeutic effects of

MSC-based treatments were assessed by monitoring murine sepsis score, survival rate,

splenocyte proportion, phenotype polarization, inflammatory mediator levels and

pathological manifestations. Furthermore, Gal-9 expression in multiple organs was also

detected after administering the treatments.

Results: It has been found that MSCs expressed Gal-9 and its level was increased in a

dose-dependent manner after being stimulated by IFN-γ. Moreover, adoptive transferred

of IFN-γ pre-stimulated MSCs into endotoxemia mice was found with relieved

symptoms and increased survival rate. Flow cytometry analysis indicated that
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Gal-9-MSC could promote macrophage polarization to M2-subtype and increase Treg

ratios in spleen. Further results also demonstrated that, Gal-9-mediated MSC therapy

could assist in attenuating local and circulating pro-inflammatory mediators expression

(TNF-α, IL-1β, IFN-γ and iNOS), but increasing anti-inflammatory mediators expression

(T-SOD and IL-35). Additionally, after administrating Gal-9-MSC, it was also found

there was a significant relief in pathological manifestations, and with a higher expression

of Gal-9 in liver, kidney and lung homogenate.

Conclusions: This study revealed that Gal-9 mediated therapeutic effects of MSCs in

alleviating endotoxemia injury, which provides a novel idea for supplementing the

research of MSC immunoregulatory mechanism, and offers an excellent candidate to be

used in treatment of endotoxemia in the clinical settings.

Keywords:

Gelactin-9, Mesenchymal Stem Cells (MSCs), Lipopolysaccharide (LPS), Endotoxemia,

Immunoregulation
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Introduction

Aberrant activation of inflammatory cells, attributed to detrimental response to the

circulating endotoxin, has been recognized as the main reason for the life-threatening

diseases, such as endotoxemia, sepsis and septic shock [1]. Sepsis, a major public health

concern, accounted for 19.7% of all global deaths annually [2, 3]. While endotoxemia, as

an important pathophysiological process of sepsis, is mediated by uncontrolled

immunocytes activation toward Lipopolysaccharide (LPS), which is also found in outer

membrane of Gram-negative bacteria and known as endotoxins [4, 5]. Endotoxemia

could lead to the severe septic shock with production of a large number of biologically

active substances, including cytokines, bioactive amines and a variety of reactive

oxygenspecies, thus lethal to the hosts [6].

Until now, majority clinical therapies implemented were mainly focused on

supporting treatments, including incentive removal, antibiotics application, circulatory

resuscitation, mechanical ventilation and renal replacement [7]. Although effective when

implemented timely and appropriately, but these measures were often considered

inadequate due to the lack of immunomodulatory in alleviating the overwhelming

inflammatory response. Several clinical trials have adopted monoclonal antibodies to

neutralize cytokines or block the receptors of inflammatory factors [8]. However, these

attempts were proven with limited effect due to targeting the few receptors [9, 10].

Therefore, seeking a novel therapeutic method to supplement the existing

immunomodulatory strategy is in urgent need.
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Mesenchymal stem cells (MSCs), a newly discovered pluripotent stem cell, with

multiple differentiation ability, self-renewal capacity and immunoregulation specialties,

have drawn more and more attention in multiple disease treatment. Due to its outstanding

immune modulated effects, MSCs are recognized as an attractive candidate for the

treatment of immune imbalance disorders [11]. Furthermore, MSCs have also been

reported with low expression of histocompatibility complex (MHC) I and deficency in

MHC II, resulting in its low immunogenicity and well accepted by recipients [12, 13]. It

has also been reported that MSCs could mobilize from bone marrow and influenced by

the chemokines, then gathering and accumulating in the impaired tissues and organs.

Through proliferation, directional differentiation and modulators secretion, MSCs could

mediate in preventing continuous damage and promoting the repairment

[14]. Given these encouraging characters, MSC mediated treatment have been explored

in various pre-clinical and clinical studies, such as multiple sclerosis, rheumatoid

arthritis, Crohn's disease, systemic sclerosis, ischemic kidney injury and systemic lupus

erythematosus [15-17].

Of interest, although the immunoregulation ability of MSCs has been widely

recognized, the specific molecular mechanism behind this is not fully understood.

Growing evidence have suggested MSCs could modulate the immune response through

direct cell-to-cell contact or regulators secretion, such as NO, IL-10, TGF-β, VEGF,

PGE2 and Indoleamine-2,3-dioxygenase (IDO) [11, 18, 19]. Meanwhile, series of studies
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have also revealed that IFN-γ was required for MSC activation. But the vital phenotype

changes in IFN-γ stimulated MSCs remain to be elucidated [20, 21].

Inspired by previous reports and preliminary data, we found that MSCs could

express galectin-9 and this expression increased in a dose-dependent manner after being

stimulated by IFN-γ. Galectin-9 (Gal-9), an important member of the galectin family,

with two carbohydrate recognition domains (CRDs) joined by a linker peptide, is a

natural ligand for T-cell immunoglobulin mucin-3 (Tim-3)[22]. While tim-3, one of the

wildly studied immune checkpoint, expressed in Th1/17 cells, CD8+ cytotoxic T cells,

regulatory T cells (Treg), macrophage and natural killer (NK) cells [23]. When

Galectin-9 binds to Tim-3+ cells, it can negatively regulate Th1 and Th17 immunity [24],

promote macrophage polarization to M2 subtype [25, 26], and enhance the development

of FoxP3+ regulatory T cells (Treg) in a Tim-3-independent manner [27]. In addition,

Gal-9 was also reported to suppress T and B cell response and involved in

immunosuppression effect mediated by MSCs in vitro [28, 29].

Given together, Gal-9 has been demonstrated to mediate immunomodulatory effect

of MSCs in vitro. However, its in vivo role in alleviating endotoxemia in still need to be

explored. Therefore, this experiment was designed to explore whether MSCs express

Gal-9 and whether Gal-9 is involved in the therapeutic effects of MSCs in alleviating

endotoxemia.

.

https://en.wikipedia.org/wiki/Immune_checkpoint


8

Materials and Methods

Animals

Male C57BL/6 mice weighing 18-20g and aged 6-8 weeks were purchased from the

China Food and Drug Inspection Institute (Beijing, China). All the mice were fed with a

standard diet and acclimated in the animal care facility for 7 days before experiments.

Experiments involving animals were all complied with the standard protocols approved

by the Animal Care and Use Committee of Tianjin Medical University (Tianjin, China),

according to the Chinese Council on Animal Care guidelines.

MSC preparation

Mesenchymal stem cells were obtained in accordance with the methods described

previously [30]. Briefly speaking, 6-week-old mouse was sacrificed firstly and sterilized

in 75% alcohol for 5 minutes. Then, bilateral inguinal fat were extracted and shred on the

ultra-clean workbench. Fragment fat tissues were soaked in DMEM medium (Hyclone

Laboratories Inc, USA) containing 1 mg/ml collagen type I (Solarbio, Beijing, China)

and digested in a shaker (37℃, 5% CO2) at 300rpm for 30 minutes. After digestion,

pellet cells were harvested and suspended in the DMEM-F12 culture medium with 10%

FBS and 1% penicillin/streptomycin. The culture medium was changed every two days

to remove the non-adherent cells. When the cells expand to 80% of the plate, the

adherent cells were passaged down at a ratio of 1:3, and finally the MSCs were harvested

for purity test and subsequent experiments. Adipose derived mesenchymal stem cells did
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not express CD45 or CD31, but expressed CD105 and CD73 surface markers, and could

differentiate into osteogenic and adipogenic cells under the stimulation.

Detection of Gal-9 expression in MSCs

The expression of secreted Gal-9 in MSCs was detected in p2-p5 cells (2.5 × 105/ml)

culture supernatant. Meanwhile, third-generation MSCs (2.5 × 105/ml) were collected

and stimulated with different concentrations of IFN-γ (PeproTech, Rocky Hill, USA) for

72 hours, and then the total protein of MSCs was extracted to determine Gal-9

expression. Furthermore, the third generation MSCs (2.5 × 105/ml) were obtained and

stimulated with 20ng/ml IFN-γ for 72 hours. Flow cytometry analysis was applied to

measure Gal-9 expression on MSC surface, and RT-PCR was carried out for Gal-9

mRNA detection.

Immunofluorescence staining

Third-generation MSCs with or without IFN-γ stimulation (20ng/ml) were obtained

and washed with PBS for three times. Then, these crawled cells were fixed in a 4% (w/v)

paraformaldehyde solution on the slide for 15 minutes, followed by permeabilizing in

0.1% Triton X-100 solution for 5 minutes. After blocking with BSA, anti-mouse Gal-9

primary antibody (1:1000 dilution) was adopted to incubate the slides at 4℃ overnight.

On the other day, Alexa Fluor® 488-conjugated secondary antibody (Jackson

ImmunoResearch Inc, USA) was further used to incubate the slides in a dark cassette for
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60 minutes, followed by mounted with antifade mountant containing DAPI

(SouthernBiotech, USA). Finally, these slides were obtained and photographed under

fluorescence microscope.

Experimental groups and endotoxemia induction

Mice were randomly divided into five experimental groups (n=6) and received

separate lipopolysaccharide (LPS)(10 mg/kg, i.p.) and MSCs (500ul, i.v.) injection at

time 0h and time 1h, respectively: (1) Normal control group: Receive an equal amount of

PBS as other groups. (2) Untreated group: Endotoxemia was induced with injection of

LPS (10 mg/kg, i.p.) (Solarbio, Beijing, China), following by PBS injection containing

no MSCs. (3) MSC group: After model establishment, 106 MSCs diluted in 500ul PBS

were injected through penile dorsal vein in each mouse. (4) Gal-9-MSC group: MSCs

were co-cultured with IFN-γ solution (20ng/ml) (PeproTech, Rocky Hill, USA) for 72

hours in advance. When it is time to inject, MSCs were accurately counted at 106 and

dissolved in 500ul PBS for intravenous injection. (5) MSC+α-lactose group: 106 MSCs

were diluted in 500ul PBS containing 10.8mg/mL α-lactose (Sigma-Aldrich), and then

used for i.v. injection. The mice were monitored each 6 hours after model establishment.

While 24 hours later, all the mice were sacrificed. Spleen were ground for flow

cytometry analysis, and serum, liver, lung and kidney were frozen in -80℃ or immersed

in formalin solution separately for further analysis.
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Survival observation and clinical symptom evaluation

Monitoring of the health state of the mice was conducted by two investigators every

6 hours. Both investigators were blinded with the treatment information, and were

requested for assessing the condition of the mice in accordance of the criteria reported

previously [31]. Briefly speaking, Murine Sepsis Score (MSS) evaluation system mainly

includes the following aspects: appearance, spontaneous activity, eyes condition, level of

consciousne, response to stimuli, respiration rate and respiration quality. Each of these

variable was given a score between 0 and 4, while the total score summed up was 0 to

28.

T-SOD activity and MDA content measurement

Serum T-SOD activity and MDA content were assayed by the hydroxylamine and

modified 2-thiobarbituric acid (TBA) spectrophotometry method. The procedures

performed were all in according with the manufacturer’s instructions (Nanjing Jiancheng

Bioengineering Institute, Nanjing, China). Each assay included three parallel samples.

Enzyme-linked immunosorbent assay (ELISA)

The culture supernatant of p2-p5 MSCs and MSC with or without INF-γ stimulation

were collected to test for Gal-9 expression. Furthermore, the liver, lung and kidney tissue

homogenate were also obtained to detect the expression level of Gal-9 (Bao Lai

biological technology, Jiangsu, China). In addition, the serum and liver homogenate
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were gathered respectively, to detect the expression level of TNF-α and IL-1β

(DAKEWE, Shenzhen, China). According to the manufacturer’s instructions, the

detection antibody, HRP conjugate, chromogenic substrate and stop solution were added

in orders. Finally, the absorbance of each well was detected at 450 nm, and the

concentration of each sample was obtained by comparing with the standard curve. All

tests were performed in duplicate to eliminate the error.

Flow cytometry analysis

Cell suspensions of MSCs with or without IFN-γ stimulation were prepared. Among

which, half of the MSC suspensions were incubated with fixation & permeabilization

buffer (Thermo Fisher Scientific, USA) in advance. Then all the specimens were

incubated with Gal-9 primary antibody for 30 minutes, followed by staining Alexa

Fluor® 488-conjugated secondary antibody for 30 minutes in the dark place. After

finishing the staining, these samples were analyzed on the FACS cytometer.

In addition, the spleens from each group were obtained separately, and then ground

with a 100-mesh filter to make a single-cell suspension. After disposing with blood cells

lysing buffer, these suspensions were washed and dispensed in tubes for further use.

Fluorescent monoclonal antibodies (ebioscience Inc., San Diego, CA, USA) were used

for staining to analyze the proportion of M2-type macrophage (CD68+CD206+), Total

Macrophage (CD68+) and Treg (CD4+CD25+Foxp3+). All the data acquired were
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analyzed by flowjo V10 software, in which forward angle and side light scatter were

used to exclude dead cells.

Pathological analysis

Liver, lung and kidney tissues fixed in 10% formalin were obtained respectively.

After undergoing paraffin embedding, sectioning, dehydration and HE staining. all the

specimens were sealed with neutral gum and observed under microscope. All sections

were scored and evaluated by two pathologists after double-blind reviewing. The scoring

criteria for evaluating liver damage are as follows: necrosis, sinus congestion and edema,

lipid vacuoles and infiltration of hyperemia and inflammatory cells. Each of which has a

score of 0-4, and the total score is 0-16 [32]. While the criteria for assessing kidney

injury are as follows: tubular dilatation/flattening, tubular casts and tubular

degeneration/vacuolization (cortex and medulla, 0-3, total: 0-18) [33]. In addition,

criteria for evaluating lung damage are as follows: edema, alveolar and interstitial

inflammation, alveolar and interstitial hemorrhage, and necrosis (0-4, total: 0-16) [34].

Real-time polymerase chain reaction (RT-PCR):

The above-obtained MSCs, in addition with liver, lung and kidney tissue

homogenate, were collected and extracted total RNA by the existing commercial RNA

extraction kits (DP430, DP431, Tiangen Biotech Co. Ltd.). To determine purity and

concentration, the extracted RNA was evaluated with an UV spectrophotometer at the
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spectrum of 260 and 280nm. Then, cDNA was acquired from the obtained RNA

respectively by reverse transcribed method with a a FastKing one-step kit (KR106,

Tiangen Biotech Co. Ltd). RT-PCR reaction was carried out according to the

manufacturer's recommended instruction by SuperReal Color Premix kit (FP216,

Tiangen Biotech Co. Ltd.). The primer sequences of all reactions were designed as

follows:

Gene Primers (5′-3′)
Gal-9 Forward: ATGCCCTTTGAGCTTTGCTTC

Reverse: AACTGGACTGGCTGAGAGAAC
TNF-α Forward: CCCTCACACTCAGATCATCTTCT

Reverse: GCTACGACGTGGGCTACAG
IL-1β Forward: TTCAGGCAGGCAGTATCACTC

Reverse: GAAGGTCCACGGGAAAGACAC
IFN-γ Forward: ATGAACGCTACACACTGCATC

Reverse: CCATCCTTTTGCCAGTTCCTC
IL-35 (EBI3) Forward: CTTACAGGCTCGGTGTGGC

Reverse: GTGACATTTAGCATGTAGGGCA
SOD Forward: CAGACCTGCCTTACGACTATGG

Reverse: CTCGGTGGCGTTGAGATTGTT
iNOS Forward: GTTCTCAGCCCAACAATACAAGA

Reverse: GTGGACGGGTCGATGTCAC
GAPDH Forward: AGGTCGGTGTGAACGGATTTG

Reverse: TGTAGACCATGTAGTTGAGGTCA

Each experiment was repeated twice, and the gene expression differences between

different groups were analyzed by the relative quantitative 2−ΔΔCTmethod.

Statistical analysis
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Majority Data obtained were analyzed by SPSS 22.0 and presented in Mean±SD.

Data variance was assessed by using one-way analysis of variance (ANOVA) (groups≧

3) or unpaired t test (groups=2). For the analysis of survival rate, the Kaplan-Meier

cumulative survival method and the differences among groups were analyzed by

Log-rank (Mantel-Cox) test. Differences with p values less than 0.05 were considered

statistically significant.

Results

The expression of Gal-9 on murine MSCs was enhanced by IFN-γ stimulation

Gal-9 expression in p2-p5 MSCs were measured by ELISA. By comparing with

the standard sample, it was confirmed that Gal-9 indeed expressed in the supernatant

(Figure 1A, n=3) and lysate of MSCs (data not shown). However, there was no statistical

difference observed between different generations. While intriguingly, by introducing

IFN-γ, it was found that the expression of Gal-9 was increased in a dose dependent

manner with the stimulation of IFN-γ (Figure 1B, n=3, * p < 0.05, ** p < 0.01).

To further clarify the expression difference of Gal-9, single-cell suspensions of

MSCs with or without IFN-γ stimulation (20ng/ml IFN-γ, 72h) were prepared. Through

flow cytometry analysis, it was found that the fluorescence of Gal-9 on MSCs increased

apparently after IFN-γ stimulation (Figure 1C, n=3). Moreover, the fluorescence

intensity of MSCs was presented further improved by fixation & permeabilization

process (Figure 1C, * indicate samples were processed with fixation & permeabilization
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buffer before staining). Meanwhile, Through RT-PCR analysis, it was verified that the

mRNA expression of Gal-9 in IFN-γ pre-stimulated MSCs was also significantly

improved (Figure 1D, n=3, * p < 0.05, ** p < 0.01). The quantitative-based detection

method is still not intuitive and explicit enough. Therefore, we performed

immunofluorescence staining for further detection. As shown, it was demonstrated that

MSCs had a small amount of Gal-9 expression. But after IFN-γ stimulation, the

expression of Gal-9 has a marked increase, both in the cytoplasm and cell surface (Figure

1E).

Gal-9 mediates MSC-based therapy in ameliorating the symptoms of endotoxemia

To explore the involvement of Gal-9 in mediating the therapeutic effect of MSCs on

endotoxemia, two investigators were required to monitor the health condition of the mice

and evaluate murine sepsis score (MSS) every six hours. As shown in Figure 2A, the

survival rate in the untreated group was the lowest, and at the end of the observation

point, it dropped down to 50%. While the survival rate in MSC+α-lactose group was

about 67%, which was lower than that of the MSC group, and no death was found in the

Gal-9-MSC treated group at the end of observation. It was worth noticing that α-lactose,

the specific antagonist of Gal-9, was described previously with ability in blocking Gal-9

activity and abolishing Gal-9 suppressive effect independently [29, 35].

When it turns to murine sepsis score (MSS), it was evaluated mainly based on the

the following aspects: appearance, spontaneous activity, eyes condition, level of



17

consciousne, response to stimuli, respiration rate and respiration quality. As described in

Figure 2B, it showed that Gal-9-MSC group had the lowest score, which was statistically

different with the MSC treated group at different time points (n=6, #p<0.5, ## p<0.01),

while the MSC+α-lactose group had a higher average score than the MSC treated group

(n=6, *p<0.5, ** p<0.01). Given together the above findings, it indicated that Gal-9 was

required for MSCs to exert an alleviated effect on the symptoms of endotoxemia. While

after introducing α-lactose, the therapeutic effect of MSCs tended to be antagonized.

Gal-9 mediates MSC-based therapy in alleviating inflammatory mediators release

in endotoxemia

Based on the symptom divergence observed above, to further analyze oxidative

stress and inflammatory factor secretion changes, we collected and measured the

expression of inflammatory mediators in serum. As shown in Figure 2C,

Malondialdehyde (MDA) is a metabolic product of lipid peroxidation, whose expression

could represent the degree of cell damage. It was found that MDA decreased

significantly in Gal-9-MSC group, and increased in MSC+α-lactose group (Figure 2C,

Gal-9-MSC group vs. MSC group, p < 0.01; MSC group vs. MSC+α-lactose group, p <

0.01), while the expression decreased to some extent in MSC group, when compared

with untreated group (p < 0.01). Total Superoxide Dismutase (T-SOD), with the ability to

scavenge the oxygen free radicals released by damage cells, was recognized as the vital

free radical scavenger. To further evaluate T-SOD levels, serum in each group was also
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measured. As shown in Figure 2D, T-SOD increased significantly in the Gal-9-MSC

group, but decreased in the MSC+α-lactose group (Figure 2D, Gal-9-MSC group vs.

MSC group, p < 0.01; MSC group vs. MSC+α-lactose group, p < 0.01).

Meanwhile, we analyzed the secretion level of IL-1β and TNF- in the serum,

both of which are pro-inflammatory factors that play a vital role in promoting sepsis. The

results demonstrated there was a lower level of pro-inflammatory factors in Gal-9-MSC

group (Figure 2C and 2D, Gal-9-MSC group vs. MSC group, IL-1β, p < 0.01; TNF-, p

< 0.01). but after α-lactose antagonism, the mitigation effect in reducing

pro-inflammatory factors was suppressed (Figure 2C and 2D, MSC group vs.

MSC+α-lactose group, IL-1β, p < 0.01; TNF-, p < 0.01). In summary, it suggested that

Gal-9 was actively involved in the modulating effects of MSCs, in regulation of

oxidative metabolites and inflammatory factors at the system level.

Gal-9 mediates MSC-based therapy in regulation of M1- and M2- type macrophage

polarization

Macrophages are centrally involved in the pathogenesis of endotoxemia. However,

whether Gal-9-MSC could affect the ratio of macrophage subtype still unclear. Thus, we

detected the percentages of M2- type macrophage (CD68+CD206+) and M2/M

(CD68+CD206+/CD68+) ratio changes in splenocytes. Representative dot plots were

shown in Figure 3A, and percentages of M2- type macrophage were shown in Figure 3C.

The proportion of M2- type macrophage in the MSC-treated group was significantly
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higher than that in the untreated group (p < 0.01), and when the expression of Gal-9 was

increased by IFN-γ stimulation, or antagonized by α-lactose respectively, the proportion

of M2 cells was shown higher or lower than that in the MSC group (Figure 3C,

Gal-9-MSC group vs. MSC group, p < 0.01; MSC group vs. MSC+α-lactose group, p <

0.01).

Furthermore, the percentage of CD68+ cells (data not shown) and M2/M

(CD68+CD206+/CD68+) ratio changes in each group were also analyzed. As shown in

Figure 3D, the polarization level of M2/M in the MSC group was higher than that in the

untreated group (p < 0.01), and when Gal-9 expression was increased, the polarization

level tend to improve ulteriorly (Gal-9-MSC group vs. MSC group, p < 0.01). Given the

above results, it suggested that Gal-9-MSC participated in the regulation of macrophages

and promoted macrophage polarization towards M2- subtype.

Gal-9 mediates MSC-based therapy in promotion of Tregs expansion

Regulatory T (Treg) cells have a role in inhibiting T cell proliferation and cytokine

production, thereby mediating the maintenance of immunologic homeostasis. The

proportion of Treg cells (CD4+CD25+Foxp3+) derived from spleen was also detected in

our experiment. As shown in Figure 3B, representative dot plots were displayed, while

the percentage of Treg with statistical difference was shown in Figure 3E. The

percentage of Treg in untreated group was a little bit higher than that in normal control

group, which is in accordance with previous reports. Whereas, in the MSC-treated group,
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the proportion of Treg cells was shown higher than that in the untreated group (p < 0.01).

While after antagonizing Gal-9 by lactose, the modulate effect of MSC tend to be

inhibited (MSC group vs. MSC+α-lactose group, p < 0.05). But after stimulating Gal-9

expression with IFN-γ, Treg ratio was increased (Gal-9-MSC group vs. MSC group, p <

0.05). In summary, Gal-9 might be involved in mediating MSC effect on regulating Treg

proportion changes.

Gal-9 mediates MSC-based therapy in attenuating hepatic damage

Liver is one of the most vulnerable organs in systemic inflammatory response

syndrome (SIRS). We analyzed the pathological manifestations of the liver, and

representative picture (100×) of each group was displayed in Figure 4A. As shown, in the

untreated group, the pathological manifestations of hepatic damage were the most severe,

which were displayed with central venous sinus congestion, lipoid vacuoles, hyperemia

cells infiltration and lobular inflammation. However, the pathological manifestation

seemed with relief in MSC treated group, which was manifested as the disappearance of

central venous sinus congestion and the reduction of lipid vacuoles, but there were still

hyperemia cells and inflammatory cells infiltration between the hepatic lobules. This

pathological manifestation was markedly relieved in the Gal-9-MSC treated group. But

after blocking with lactose, sinus congestion and hepatocyte vacuolation injury displayed

again.

Liver damage was further verified by analyzing cytokine mediator changes in the
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tissue homogenate. TNF-α and IL-1β were considered as essential factors for the

function of M1-type macrophage, and were detected in serum previously. In order to

further explore these cytokine changes in the specific functional organ, we measured

relative mRNA expression levels of the following factors. As shown in Figure 4, TNF-α

and IL-1β mRNA expression increased significantly in the untreated group, but

decreased after MSC treatment (Figures 4C and 4D, Untreated group vs. MSC group, p <

0.01). While after giving Gal-9-MSC treatment, TNF-α and IL-1β decreased further

when compared with MSC group (TNF-α, p < 0.05; IL-1B, p < 0.01), but increased

again after antagonising with lactose (MSC group vs. MSC+α-lactose group, TNF-α, p <

0.05; IL-1B, p < 0.01). Furthermore, liver homogenate was extracted and tested by

ELISA. Through analysis, it was found that the protein expression changes of TNF-α and

IL-1β were consistent with the mRNA alternation (Figure 4F and 4G).

To explore the level of oxidative stress, we also analyzed the changes of iNOS and

SOD in liver. We found that the change of SOD was identical with the change in serum,

which was significantly higher in Gal-9-MSC group (Gal-9-MSC group vs. MSC group,

p < 0.05). However iNOS, which indicates NO synthesis level to promote injury,

decreased in the MSC treated group (vs. untreated group, p < 0.01), and further reduced

in the Gal-9-MSC group (vs. MSC group, p < 0.05). Combined with the above results, it

suggested Gal-9-mediated MSC therapy could reduce the levels of inflammatory and

oxidative stress factors in liver tissues, in consistent with the change trend in serum, and

could alleviate the pathological damage in liver.
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Gal-9 mediates MSC-based therapy in alleviating pulmonary injury

In order to further evaluate the effect of Gal-9 mediated MSC treatment in different

organs, we obtained pulmonary tissues, and then analyzed the pathological changes and

inflammatory mediator expressions. As displayed in Figure 5A, in the untreated group, it

appeared with obvious alveolar and interstitial inflammation, alveolar and interstitial

hemorrhage, and necrosis. However, after treatment with MSCs, it was obvious that the

inflammatory infiltration and tissue necrosis have relieved. This injury was further

exacerbated in the MSC+lactose group, and was significantly alleviated in Gal-9-MSC

group. The pathological score based on pulmonary pathological manifestation can more

intuitively explain the differences of structure damages in different groups (Figure 5B).

In addition, total RNA of the lung tissue was extracted and used for evaluating

changes in inflammation mediators. As expected, TNF- , IL-1β, IFN-γ and iNOS were

decreased in the MSC treated group, when compared with untreated group (p < 0.01).

While these factors were further decreased in the Gal-9-MSC treatment group (vs. MSC

group, TNF-  , p < 0.05; IL-1β, IFN-γ and iNOS, p < 0.01), but increased in the

MSC+lactose group (vs. MSC group, p < 0.01). Meanwhile, IL-35 and SOD were also

measured. It turned out that IL-35 and SOD mRNA expression level were little higher in

the Gal-9-MSC group (vs.MSC group p < 0.01), and lower in the MSC+lactose group (vs.

MSC group, IL-35, p < 0.05; SOD, p < 0.01). In total, the above results indicated that

Gal-9 mediates the effect of MSCs in relieving lung pathological damage in sepsis, and
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facilitates the effect of MSCs in reducing related damaging factors expression.

Gal-9 plays a role in MSC-mediated therapy in lightening renal damage

Furthermore, we obtained the kidneys and evaluated the damage among different

groups. As shown in Figure 6A, the kidneys in the untreated group showed obvious

tubular casts, inflammatory cell infiltration, tubular degeneration and vacuolization in

cortex and medulla. While the pathological injury tended to be remission in the MSC

treated group and normalize in Gal-9-MSC group, with a small amount of tubular

dilatation and flattening appearing. The above pathological pictures were independently

reviewed by two pathologists, and the obtained pathological scores were shown in Figure

6B.

Total RNA of kidney tissue was extracted and measured to assess the changes of the

following inflammatory factors. As shown, TNF-α, IL-1β and IFN-γ mRNA expression

were significantly lower (p < 0.01), while IL-35 was significantly higher (p < 0.01) in the

MSC group than those in the untreated group. Moreover, in Gal-9-MSC group, TNF-α,

IL-1β and IFN-γ mRNA expression were further reduced (p < 0.01), while IL-35

expression was increased (p < 0.01), as compared with those of MSC group. The above

immunomodulatory effect was weakened when Gal-9 effect was antagonized by lactose

(vs. MSC group, p < 0.01). Meanwhile, iNOS and SOD were also measured and

evaluated in renal tissues. In the MSC treated group, iNOS decreased (Figure 6H, p <

0.01) and SOD increased (Figure 6G, p < 0.01), compared with the untreated group.
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While in the Gal-9-MSC group, iNOS was further reduced (vs. MSC group, p < 0.01)

and SOD (vs. MSC group, p < 0.01) was increased, but after treated by MSC+lactose, the

above effects were antagonized (vs. MSC group, p < 0.01). Given together the above

results, It suggested that Gal-9 played an important role in mediating the therapeutic

effect of MSCs in alleviating renal damage and reducing inflammatory factors

expression.

Gal-9 is highly expressed in liver, lung and kidney after Gal-9-MSC treatment

We hypothesized that MSC-based therapy is mainly mediated by Gal-9. Thus, to

verify Gal-9 expression differences after administrating different treatments, we

designed and measured Gal-9 expression in liver, kidney and lung. As shown in Figure

7A-7E, Gal-9 expression tend to increase after administrating the MSCs, verified by

homogenate protein detection (Untreated group vs. MSC group, liver, p < 0.05; kidney, p

< 0.01; lung, p < 0.01) and mRNA expression evaluation (Untreated group vs. MSC

group, liver, p < 0.01; kidney, p < 0.01; lung, p < 0.05). Moreover, the expression level

of Gal-9 was further improved after implementing Gal-9-MSC treatment (MSC group

vs.Gal-9-MSC group, Homogenate: liver, p < 0.01; kidney, p < 0.01; lung, p < 0.05;

mRNA expression: liver, p < 0.01; kidney, p < 0.01; lung, p < 0.05). Based on the above

results, it suggested there was a higher expression of Gal-9 after administrating the

Gal-9-MSC in vulnerable and injured organs.
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Discussion

Endotoxemia, induced by lipopolysaccharide (LPS) release into the bloodstream,

which was derived from bacteria outer membrane, could cause irregular and aberrant

inflammatory response, and then resulting in the multiple organ dysfunction syndrome

(MODS) [36, 37]. Current treatment strategies for treating endotoxemia are limited and

not completely satisfactory. MSC has been used in the treatment of endotoxemia and

exhibited promising advantages, which possess an ability to modulate the inflammatory

response and assist in alleviating organogenic injury in endotxemia mice [38]. Besides,

multiple investigations have reported lower mortality and proinflammatory cytokines

secretion were found after administration with MSCs [39, 40].

However, mechanisms govern MSC capability in modulating immune response is

still incomprehensive. Growing evidence have suggested MSCs could modulate and

suppress the immune response through cell-to-cell contact or cytokines secretion, such as

IL-10, TGF-β, VEGF, PGE2 and indoleamine-2,3-dioxygenase (IDO) [18, 19]. There are

also reports that IFN-γ could improve the immunoregulation efficacy of MSCs, but the

mechanism is rarely explored [20, 21]. Based on in vitro experiments and preliminary

data, we designed this experiment to detect whether IFN-γ stimulation could promote in

Gal-9 expression in MSCs and whether Gal-9 high expression could mediate alleviating

damage on experimental endotoxemia.

Gal-9, a member of the β-galactoside-binding galectin family,

with two carbohydrate recognition domains (CRDs) joined by a linker peptide, was
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recognised as the Tim-3 ligand [22]. While T cell immunoglobulin-3 (TIM-3), expressed

on Th1, Th17, CD8 T, macrophage and natural killer (NK) cells, has been identified as a

regulatory molecule and plays a crucial role in immune tolerance [23]. Recent studies

have shown that Gal-9 signaling could negatively regulates Th1 and Th17 immunity,

dependent on Gal-9/Tim-3 interaction, resulting in the suppression of Th1- and

Th17-related cytokine production [24, 27]. Moreover, there were other reports

demonstrated that Gal-9 could promote macrophage polarization to M2 subtype [25, 26],

and enhance the development of Foxp3+ regulatory T cells (Tregs) in a

Tim-3-independent manner [27]. In addition, Gal-9 was also reported to suppress T and

B cell response and involved in immunosuppression effect mediated by MSCs in vitro

[28]. However, the in vivo studies concerning Gal-9-mediated immunoregulation of

MSCs are still scanty. Although recombinant human Gal-9 protein have been employed

to examine their role on alleviating endotoxemia in mice [41], but we hold that systemic

administration may not be as effective as MSCs, which could migrate to damaged organs

by chemotaxis and generate Gal-9 continuously. Therefore, exploring the therapeutic

effect of Gal-9-mediated MSC therapy in endotoxemia was warranted.

In order to detect the expression of Gal-9 in MSCs, we designed to compare the

expression of Gal-9 in the supernatant and lysate of different generations of MSCs.

However, we found no statistical difference there. Then, we pre-stimulated MSCs with

IFN-γ for 72h, we found that the expression of Gal-9 on MSCs could increase in a

dose-dependent manner by IFN-γ stimulation. Furthermore, we selected the third
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generation of MSCs, and stimulated them with 20ng/ml IFN-γ for 72 hours. The protein

and mRNA expression levels of Gal-9 were detected respectively, and supplemented

with immunofluorescence staining, it was found that Gal-9 was indeed highly expressed

in IFN-γ stimulated MSCs. Above all, it can provide a preliminary experimental

foundation for later in vivo experiments to verify the enhancement of Gal-9 expression in

MSCs and to explore their role in endotoxemia.

Endotoxemia in mice was induced by LPS intraperitoneal (i.p.) injection (10mg/kg)

according to the methods reported previously [42]. The use of MSCs to improve the

survival rate of endotoxemia has been reported previously [43]. Whereas, the

immunomodulatory effect of Gal-9-mediated MSC therapy in endotoxemia model still

need to be verified. To evaluate the survival rate, Gal-9-MSC, MSC and MSC+α-lactose

were given respectively. Strongly evidence have introduced that α-lactose could abrogate

Gal-9 effect and present as a competitive inhibitor of galectin carbohydrate-binding

activity [29, 35]. By comparing with the survival rate, it is clear that Gal-9-mediated

MSC treatment does have certain positive significance in improving endotoxemia mice

survival condition. Furthermore, two observers recorded and evaluated the endotoxemia

mice performance every six hours according to the existing evaluation criteria [31]. All

the process were double-blinded, and the analysis suggested that MSS score was the

lowest in the Gal-9-mediated MSC treatment group, indicating with the best therapeutic

effect.

High levels of circulating proinflammotory factors were demonstrated in
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endotoxemia. Among which, TNF-α and IL-1β, majorly secreted by macrophages, were

recognized as essential components in endotoxemia shock [44]. When administration of

anti-TNF-α Abs or knock-out of TNFR, it could greatly diminished or abrogated

mortality in endotoxic models [45-47]. In our experiment, circulating TNF-α, and IL-1β

were also detected to evaluate the inflammatory cytokines level. Through comparison, it

could be found that Gal-9-MSC treatment group has a overall lower inflammation level

than that in Gal-9 antagonistic group.

In addition, oxidative stress also participated in the pathogenesis of endotoxemia

and contribute to multiple organ failure in septic patients [48, 49]. Antioxidant

management focusing on mimic the activity of human superoxide dismutase enzymes,

have been shown with univocal and promising role in preventing cellular energetic

failure associated with shock [50]. Thus, we supposed whether improving Gal-9

expression in MSCs could also have a modulating role in relieving the oxidative stress

damage. Based on this, we measured the levels of SOD and MDA in serum. As expected,

after increasing the expression of Gal-9 on MSCs, the expression of T-SOD increased

significantly, and the level of circulating MDA decreased.

Circulating monocyte and macrophage play an important role in eliminating

bacteria [51]. It is now generally believed that macrophages can be at least categorized

into two phenotypic subsets: M1 pro-inflammatory sub-type and M2 selectively

activated anti-inflammatory sub-type [52]. Macrophages are highly versatile phagocytic

cells whose diverse effector functions can selectively be reprogrammed by an array of
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environmental signals [53]. IFN-γ, TNF-α, or substimulatory LPS could promote

macrophages differentiate into M1 sub-type. Whereas, exposure to IL-4 or IL-10 could

promote generate M2 sub-type macrophages [54, 55]. There are also reports suggesting

that treating septic mice with MSCs could promote macrophage polarization to IL-10

production type, rather that proinflammatory subtype [56].

Moreover, further investigations revealed that increasing Gal-9 expression in

RAW264.7 cell could also promote macrophage polarization to M2 phenotype instead of

M1 phenotype [26]. There were also investments indicating that Gal-9 could alleviate

LPS-induced preeclampsia-like impairment via switching decidual macrophage

polarization to M2 subtype [25]. However, whether the high expression of Gal-9 in

MSCs could also affect macrophage polarization in endotoxemia is still unclear. By

analyzing the changes of macrophage proportion and subtype in each group, it can be

concluded that Gal-9-mediated MSC therapy could promote macrophage polarization

into M2 subtype. Meanwhile, trough detecting the changes of TNF-α and IL-1β in serum

and specific organ homogenate, it also indirectly reflect that the pro-inflammatory

function of M1 type macrophages was inhibited. On the contrary, the anti-inflammatory

effect of M2 type tended to be manifested.

Multiple literatures have suggested increased percentages of Tregs have been

observed in the blood of septic patients, and their presence does not contribute

significantly to overall survival [57, 58]. In other investigations, Treatment with GITR

agonistic antibody to block Treg function was demonstrated to accompany with
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improved immune function and microbial killing [59]. While controversially, other

reports demonstrated that adoptive transfer of CD4+CD25+ regulatory T cells which were

stimulated in advance [59], could promote bacterial clearance and improve survival rate

in polymicrobial sepsis mice [60]. Further experiments concerning deleting functional

Tregs (CD25 KO mice) or implementing anti-CD25 monoclonal antibody respectively,

lead to acute death in an original nonlethal LPS administration[61].

While from our perspective, we hold that Treg is beneficial and well needed before

immune storm formation. When treatment with MSCs in the initial of endotoxemia, Treg

is a prerequisite, similar with M2 subtype macrophages, to inhibit and modulate

inflammation development. Whereas, in the late stage of endotoxemia, immune response

tend to be exhausted and percentage of Treg and M2 seems with increase, thus

transforming into suppressors and harmful to immune response. However, it was thought

this number increase may due to the effector T helper cell loss from apoptosis rather than

an absolute increase in Treg numbers [62]. In summary, Tregs was considered with

positive therapeutic effect, at least in the initial stage of endotoxemia. Therefore, we

recommend Gal-9-MSC should be injected at early times once endotoxemia tend to

occur. In our experiment, we administrated Gal-9-MSC one hour later after modeling,

and discovered that Treg ratio in MSC-treated group was higher than that in untreated

group, whose effect was strengthened by elevating Gal-9 expression and inhibited by

Gal-9 antagonist.

https://translate.google.cn/javascript:void(0)
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Besides evaluating circulating inflammatory factors and immune cell changes, we

also designed to detect the pathological changes of liver, kidney and lung, and

inflammatory factor mRNA expression changes in tissue homogenate. According to the

standards criteria reported by the literatures [32-34], two pathologists double-blind

evaluated the pathological samples of each group. The statistical results revealed that

there were severe damages in the untreated group. While in the MSC-treated group, the

total injury score tend to be a little lower. Furthermore, when it comes to the Gal-9-MSC

group, the injury was further relieved, but the effect was significant abrogated by the

α-lactose antagonist.

In addition, we also evaluated the changes in the levels of pro-inflammatory factors

and oxidative stress mediators in liver, lung and kidney tissue homogenates. The trends

of these results were consistent with the pathological findings, which further explained

that Gal-9 is involved in the regulation effect of MSCs in alleviating organ damage.

However, there are still lack of creatinine evaluation or blood gas analysis, to assess the

function of kidney, lung or liver. We only evaluated the pathological damage, but it was

expected that this experiment can provide a basis for the following specific and detailed

functional assessment for the target organs.

Based on the hypothesis that Gal-9 mediates MSCs to alleviate organ damage, in

order to further investigate whether there are differences in the expression of Gal-9 in

different organs after treatment, we designed and evaluated Gal-9 protein and mRNA

expression in liver, lung and kidney tissue homogenate. As expected, after administering
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MSC, high expression of Gal-9 was discovered in the target organs, and this expression

was further increased after giving Gal-9-MSC. Giver above, we have reason to believe

that MSC treatment assist in enhancing Gal-9 expression in the target organs, and the

high expression of Gal-9 is supposed to participate in the repair of target organ damages.

Although this experiment results were inspiring and promising, the modeling

method might not ideal enough, in which injecting LPS could only simulate the

pathophysiological changes of the inflammatory response imbalance in clinical sepsis [5].

For better mimic the occurrence and development of clinical sepsis, the participation of

bacteria is required, and cecum ligation and puncture (CLP) model seems with more

advantages [63]. However, active exploration of immune imbalances in endotoxemia

might provide sufficient theoretical support for further experimental verification.

Meanwhile, whether Gal-9-mediated MSC therapy can be used in combination with

antibiotics and play a role in eliminating bacteria still needs further exploration.

Furthermore, given the reports that immune exhaustion occurs in the late stage of

endotoxemia [58], we recommend that MSCs should be given at early time, to limit and

inhibit the initial inflammation response. At the same time, the experimental hypothesis,

in which comparing the effects of MSC administration at the different time points of

sepsis, has also been proposed.

Taken together, this experiment preliminarily verified the significance of Gal-9

mediated MSC therapy in relief of endotoxemia, which mainly manifested as:

attenuating circulating pro-inflammatory mediators secretion, promoting macrophage
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polarization to M2-subtype, inducing the increase of Treg ratio and facilitating the

alleviation of multiple organ injury. Although the application of recombinant Gal-9 alone

shows certain effect in multiple immune dysregulation diseases [25, 64], but due to the

inflammatory site targeting and chemotaxis ability of MSCs, in addition with

continuously release of new regulatory factors synthesized by itself, it is well believed

that cell therapy based on MSCs has more potential and advantage [65, 66].

Even though MSCs regulate the immune response through cell-to-cell contact or

regulatory factors secretion (IL-10, TGF-β, VEGF, PGE2 and IDO) has been

continuously verified. While, focusing on Gal-9-mediated therapy in MSCs is still

staying at the in vitro experimental stage. This experiment provides a novel idea for

supplementing the research of MSC immunoregulatory mechanism. At the same time, it

also lays a fundamental for the vivo experiments, which can provide the initial

experimental basis for the later in vivo experiment verification.

Conclusion

In this study, we preliminary verified that MSCs could express Gal-9 and this

expression increased in a dose-dependent manner after being stimulated by INF-γ.

Giving the rarely study of Gal-9-mediated MSC immunomodulation in vivo, we for the

first time to evaluate its role in experimental endotoxemia. The results demonstrated that

Gal-9-mediated MSC therapy could assist in attenuating circulating pro-inflammatory

mediators secretion, promoting macrophage polarization to M2-subtype, inducing the
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increase of Treg ratio and facilitating the alleviation of multiple organ injury.

Furthermore, we also discovered there was a higher expression of Gal-9 in liver, kidney

and lung homogenate after receiving Gal-9-MSC. This experiment provides a novel idea

for supplementing the research of MSC immunoregulatory mechanism, and offers an

excellent candidate to be used in treatment of endotoxemia in the clinical settings.

List of abbreviations

Mesenchymal Stem Cells (MSCs), Gelactin-9 (Gal-9), Interferon gamma (IFN-γ),

Lipopolysaccharide (LPS), Histocompatibility Complex I (MHC-I), Nitric Oxide (NO),

Interleukin 10 (IL-10), Transforming Growth Factor Beta (TGF-β), Vascular Endothelial

Growth Factor (VEGF), Prostaglandin E2 (PGE2), Indoleamine-2,3-dioxygenase

(IDO), Carbohydrate Recognition Domains (CRDs), T-cell immunoglobulin mucin-3

(Tim-3), regulatory T cells (Treg), natural killer (NK), Dulbecco's Modified Eagle

Medium (DMEM), Fetal bovine serum (FBS), Bovine serum albumin (BSA), Murine

Sepsis Score (MSS), 2-thiobarbituric acid (TBA), 4',6-diamidino-2-phenylindole(DAPI),

Tumor Necrosis Factor-α (TNF-α), Interleukin-1β (IL-1β), Horseradish Peroxidase

(HRP), Fluorescence Activating Cell Sorter (FACS), Inducible Nitric Oxide Synthase

(iNOS), interleukin-35(IL-35), Epstein-Barr Virus Induced 3 (EBI3), Glyceraldehyde

3-phosphate dehydrogenase (GAPDH), Superoxide Dismutase (SOD), Multiple organ

dysfunction syndrome (MODS), Malondialdehyde (MDA), Glucocorticoid-induced

https://www.immunology.org/public-information/bitesized-immunology/cells/regulatory-t-cells-tregs


35

tumor necrosis factorreceptor (GITR), Cecum ligation and puncture(CLP).

Ethics approval and consent to participate

Experiments involving animals were all complied with the standard protocols

approved by the Animal Care and Use Committee of Tianjin Medical University (Tianjin,

China) (IRB2020-DW-02), according to the Chinese Council on Animal Care guidelines.

Consent for publication

Not applicable

Availability of data and materials

All data generated or analysed during this study are included in this published article

Competing interests

The authors declare that they have no competing interests

Funding

This work was supported by grants to H.W. from National Natural Science

Foundation of China (No. 81273257 and 81471584), Tianjin Application Basis and

Cutting-Edge Technology Research Grant (No. 14JCZDJC35700), Li Jieshou Intestinal

Barrier Research Special Fund (No. LJS_201412), Natural Science Foundation of Tianjin



36

(No. 18JCZDJC35800) and Tianjin Medical University Talent Fund.

Authors' contributions

Y. Zhao, D. Yu, and H. Wang are co-first authors on this paper. Y. Zhao conceived,

designed and carried out the research, performed data analysis and interpretation, and

drafted the manuscript. D. Yu designed and carried out the research, performed data

analysis, and helped in revising the manuscript. H. Wang carried out the research,

performed data analysis and paper revision. W. Jin, X. Li, Y. Hu, Y. Qin, D. Kong and G.

Li contributed to experimental procedures. H. Wang and A. Ellen helped to review the

data and the manuscript. Hao Wang conceived and designed the study, provided financial

and administrative support, helped in revising the manuscript and gave final approval of

the manuscript. All authors read and approved the final manuscript.

Acknowledgement

Not applicable



37

References

1. van der Poll T, van de Veerdonk FL, Scicluna BP, Netea MG: The

immunopathology of sepsis and potential therapeutic targets. Nat Rev

Immunol 2017, 17(7):407-420.

2. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR,

Colombara DV, Ikuta KS, Kissoon N, Finfer S et al: Global, regional, and

national sepsis incidence and mortality, 1990-2017: analysis for the Global

Burden of Disease Study. Lancet 2020, 395(10219):200-211.

3. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M,

Bellomo R, Bernard GR, Chiche JD, Coopersmith CM et al: The Third

International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3).

JAMA 2016, 315(8):801-810.

4. Rittirsch D, Flierl MA, Ward PA: Harmful molecular mechanisms in sepsis.

Nat Rev Immunol 2008, 8(10):776-787.

5. Dickson K, Lehmann C: Inflammatory Response to Different Toxins in

Experimental Sepsis Models. Int J Mol Sci 2019, 20(18).

6. Andrades ME, Morina A, Spasic S, Spasojevic I: Bench-to-bedside review:

sepsis - from the redox point of view. Crit Care 2011, 15(5):230.

7. Perner A, Gordon AC, De Backer D, Dimopoulos G, Russell JA, Lipman J,

Jensen JU, Myburgh J, Singer M, Bellomo R et al: Sepsis: frontiers in diagnosis,

resuscitation and antibiotic therapy. Intensive Care Med 2016,



38

42(12):1958-1969.

8. Calandra T, Echtenacher B, Roy DL, Pugin J, Metz CN, Hultner L, Heumann D,

Mannel D, Bucala R, Glauser MP: Protection from septic shock by

neutralization of macrophage migration inhibitory factor. Nat Med 2000,

6(2):164-170.

9. Ianaro A, Tersigni M, D'Acquisto F: New insight in LPS antagonist. Mini Rev

Med Chem 2009, 9(3):306-317.

10. Opal SM, Laterre PF, Francois B, LaRosa SP, Angus DC, Mira JP, Wittebole X,

Dugernier T, Perrotin D, Tidswell M et al: Effect of eritoran, an antagonist of

MD2-TLR4, on mortality in patients with severe sepsis: the ACCESS

randomized trial. JAMA 2013, 309(11):1154-1162.

11. Fan XL, Zhang Y, Li X, Fu QL: Mechanisms underlying the protective effects

of mesenchymal stem cell-based therapy. Cell Mol Life Sci 2020.

12. Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, Matteucci P,

Grisanti S, Gianni AM: Human bone marrow stromal cells suppress

T-lymphocyte proliferation induced by cellular or nonspecific mitogenic

stimuli. Blood 2002, 99(10):3838-3843.

13. Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringden O: HLA expression

and immunologic properties of differentiated and undifferentiated

mesenchymal stem cells. Exp Hematol 2003, 31(10):890-896.

14. Fu X, Liu G, Halim A, Ju Y, Luo Q, Song AG: Mesenchymal Stem Cell



39

Migration and Tissue Repair. Cells 2019, 8(8).

15. Galipeau J, Sensebe L: Mesenchymal Stromal Cells: Clinical Challenges and

Therapeutic Opportunities. Cell Stem Cell 2018, 22(6):824-833.

16. Le Blanc K, Rasmusson I, Sundberg B, Gotherstrom C, Hassan M, Uzunel M,

Ringden O: Treatment of severe acute graft-versus-host disease with third

party haploidentical mesenchymal stem cells. Lancet 2004,

363(9419):1439-1441.

17. Menard C, Tarte K: Immunoregulatory properties of clinical grade

mesenchymal stromal cells: evidence, uncertainties, and clinical application.

Stem Cell Res Ther 2013, 4(3):64.

18. Spees JL, Lee RH, Gregory CA: Mechanisms of mesenchymal stem/stromal

cell function. Stem Cell Res Ther 2016, 7(1):125.

19. Kang JW, Kang KS, Koo HC, Park JR, Choi EW, Park YH: Soluble

factors-mediated immunomodulatory effects of canine adipose tissue-derived

mesenchymal stem cells. Stem Cells Dev 2008, 17(4):681-693.

20. Polchert D, Sobinsky J, Douglas G, Kidd M, Moadsiri A, Reina E, Genrich K,

Mehrotra S, Setty S, Smith B et al: IFN-gamma activation of mesenchymal

stem cells for treatment and prevention of graft versus host disease. Eur J

Immunol 2008, 38(6):1745-1755.

21. Krampera M, Cosmi L, Angeli R, Pasini A, Liotta F, Andreini A, Santarlasci V,

Mazzinghi B, Pizzolo G, Vinante F et al: Role for interferon-gamma in the



40

immunomodulatory activity of human bone marrow mesenchymal stem cells.

Stem Cells 2006, 24(2):386-398.

22. Cao E, Zang X, Ramagopal UA, Mukhopadhaya A, Fedorov A, Fedorov E,

Zencheck WD, Lary JW, Cole JL, Deng H et al: T cell immunoglobulin

mucin-3 crystal structure reveals a galectin-9-independent ligand-binding

surface. Immunity 2007, 26(3):311-321.

23. Anderson AC, Joller N, Kuchroo VK: Lag-3, Tim-3, and TIGIT: Co-inhibitory

Receptors with Specialized Functions in Immune Regulation. Immunity 2016,

44(5):989-1004.

24. Zhu C, Anderson AC, Schubart A, Xiong H, Imitola J, Khoury SJ, Zheng XX,

Strom TB, Kuchroo VK: The Tim-3 ligand galectin-9 negatively regulates T

helper type 1 immunity. Nat Immunol 2005, 6(12):1245-1252.

25. Li ZH, Wang LL, Liu H, Muyayalo KP, Huang XB, Mor G, Liao AH: Galectin-9

Alleviates LPS-Induced Preeclampsia-Like Impairment in Rats via

Switching Decidual Macrophage Polarization to M2 Subtype. Front Immunol

2018, 9:3142.

26. Lv R, Bao Q, Li Y: Regulation of M1type and M2type macrophage

polarization in RAW264.7 cells by Galectin9. Mol Med Rep 2017,

16(6):9111-9119.

27. Seki M, Oomizu S, Sakata KM, Sakata A, Arikawa T, Watanabe K, Ito K,

Takeshita K, Niki T, Saita N et al: Galectin-9 suppresses the generation of



41

Th17, promotes the induction of regulatory T cells, and regulates

experimental autoimmune arthritis. Clin Immunol 2008, 127(1):78-88.

28. Ungerer C, Quade-Lyssy P, Radeke HH, Henschler R, Konigs C, Kohl U, Seifried

E, Schuttrumpf J: Galectin-9 is a suppressor of T and B cells and predicts the

immune modulatory potential of mesenchymal stromal cell preparations.

Stem Cells Dev 2014, 23(7):755-766.

29. Giovannone N, Liang J, Antonopoulos A, Geddes Sweeney J, King SL, Pochebit

SM, Bhattacharyya N, Lee GS, Dell A, Widlund HR et al: Galectin-9 suppresses

B cell receptor signaling and is regulated by I-branching of N-glycans. Nat

Commun 2018, 9(1):3287.

30. Arana M, Mazo M, Aranda P, Pelacho B, Prosper F: Adipose tissue-derived

mesenchymal stem cells: isolation, expansion, and characterization. Methods

Mol Biol 2013, 1036:47-61.

31. Shrum B, Anantha RV, Xu SX, Donnelly M, Haeryfar SM, McCormick JK, Mele

T: A robust scoring system to evaluate sepsis severity in an animal model.

BMC Res Notes 2014, 7:233.

32. Inata Y, Kikuchi S, Samraj RS, Hake PW, O'Connor M, Ledford JR, O'Connor J,

Lahni P, Wolfe V, Piraino G et al: Autophagy and mitochondrial biogenesis

impairment contribute to age-dependent liver injury in experimental sepsis:

dysregulation of AMP-activated protein kinase pathway. FASEB J 2018,

32(2):728-741.



42

33. Wang W, Bansal S, Falk S, Ljubanovic D, Schrier R: Ghrelin protects mice

against endotoxemia-induced acute kidney injury. Am J Physiol Renal Physiol

2009, 297(4):F1032-1037.

34. Smith KM, Mrozek JD, Simonton SC, Bing DR, Meyers PA, Connett JE,

Mammel MC: Prolonged partial liquid ventilation using conventional and

high-frequency ventilatory techniques: gas exchange and lung pathology in

an animal model of respiratory distress syndrome. Crit Care Med 1997,

25(11):1888-1897.

35. Sakai K, Kawata E, Ashihara E, Nakagawa Y, Yamauchi A, Yao H, Nagao R,

Tanaka R, Yokota A, Takeuchi M et al: Galectin-9 ameliorates acute GVH

disease through the induction of T-cell apoptosis. Eur J Immunol 2011,

41(1):67-75.

36. Llewelyn M, Cohen J: Superantigens: microbial agents that corrupt

immunity. Lancet Infect Dis 2002, 2(3):156-162.

37. Tan Y, Kagan JC: A cross-disciplinary perspective on the innate immune

responses to bacterial lipopolysaccharide. Mol Cell 2014, 54(2):212-223.

38. Weil BR, Manukyan MC, Herrmann JL, Wang Y, Abarbanell AM, Poynter JA,

Meldrum DR: Mesenchymal stem cells attenuate myocardial functional

depression and reduce systemic and myocardial inflammation during

endotoxemia. Surgery 2010, 148(2):444-452.

39. Kim H, Darwish I, Monroy MF, Prockop DJ, Liles WC, Kain KC: Mesenchymal



43

stromal (stem) cells suppress pro-inflammatory cytokine production but fail

to improve survival in experimental staphylococcal toxic shock syndrome.

BMC Immunol 2014, 15:1.

40. Ou H, Zhao S, Peng Y, Xiao X, Wang Q, Liu H, Xiao X, Yang M: Comparison

of bone marrow tissue- and adipose tissue-derived mesenchymal stem cells in

the treatment of sepsis in a murine model of lipopolysaccharide-induced

sepsis. Mol Med Rep 2016, 14(4):3862-3870.

41. Kadowaki T, Morishita A, Niki T, Hara J, Sato M, Tani J, Miyoshi H, Yoneyama

H, Masaki T, Hattori T et al: Galectin-9 prolongs the survival of septic mice by

expanding Tim-3-expressing natural killer T cells and PDCA-1+ CD11c+

macrophages. Crit Care 2013, 17(6):R284.

42. Zhai J, Guo Y: Paeoniflorin attenuates cardiac dysfunction in endotoxemic

mice via the inhibition of nuclear factor-kappaB. Biomed Pharmacother 2016,

80:200-206.

43. Lombardo E, van der Poll T, DelaRosa O, Dalemans W: Mesenchymal stem

cells as a therapeutic tool to treat sepsis. World J Stem Cells 2015,

7(2):368-379.

44. Tang Y, Li B, Wang N, Xie Y, Wang L, Yuan Q, Zhang F, Qin J, Peng Z, Ning W

et al: Fluorofenidone protects mice from lethal endotoxemia through the

inhibition of TNF-alpha and IL-1beta release. Int Immunopharmacol 2010,

10(5):580-583.



44

45. Beutler B, Milsark IW, Cerami AC: Passive immunization against

cachectin/tumor necrosis factor protects mice from lethal effect of endotoxin.

Science 1985, 229(4716):869-871.

46. Wang H, Yu M, Ochani M, Amella CA, Tanovic M, Susarla S, Li JH, Wang H,

Yang H, Ulloa L et al: Nicotinic acetylcholine receptor alpha7 subunit is an

essential regulator of inflammation. Nature 2003, 421(6921):384-388.

47. Saitoh T, Fujita N, Jang MH, Uematsu S, Yang BG, Satoh T, Omori H, Noda T,

Yamamoto N, Komatsu M et al: Loss of the autophagy protein Atg16L1

enhances endotoxin-induced IL-1beta production. Nature 2008,

456(7219):264-268.

48. Boueiz A, Hassoun PM: Regulation of endothelial barrier function by reactive

oxygen and nitrogen species. Microvasc Res 2009, 77(1):26-34.

49. Bedreag OH, Rogobete AF, Sarandan M, Cradigati AC, Papurica M, Dumbuleu

MC, Chira AM, Rosu OM, Sandesc D: Oxidative stress in severe pulmonary

trauma in critical ill patients. Antioxidant therapy in patients with multiple

trauma--a review. Anaesthesiol Intensive Ther 2015, 47(4):351-359.

50. Salvemini D, Cuzzocrea S: Oxidative stress in septic shock and disseminated

intravascular coagulation. Free Radic Biol Med 2002, 33(9):1173-1185.

51. Hirayama D, Iida T, Nakase H: The Phagocytic Function of

Macrophage-Enforcing Innate Immunity and Tissue Homeostasis. Int J Mol

Sci 2017, 19(1).



45

52. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM: M-1/M-2 macrophages

and the Th1/Th2 paradigm. J Immunol 2000, 164(12):6166-6173.

53. Hume DA: The Many Alternative Faces of Macrophage Activation. Front

Immunol 2015, 6:370.

54. Wang N, Liang H, Zen K: Molecular mechanisms that influence the

macrophage m1-m2 polarization balance. Front Immunol 2014, 5:614.

55. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili SA,

Mardani F, Seifi B, Mohammadi A, Afshari JT, Sahebkar A: Macrophage

plasticity, polarization, and function in health and disease. J Cell Physiol

2018, 233(9):6425-6440.

56. Nemeth K, Leelahavanichkul A, Yuen PS, Mayer B, Parmelee A, Doi K, Robey

PG, Leelahavanichkul K, Koller BH, Brown JM et al: Bone marrow stromal

cells attenuate sepsis via prostaglandin E(2)-dependent reprogramming of

host macrophages to increase their interleukin-10 production. Nat Med 2009,

15(1):42-49.

57. Scumpia PO, Delano MJ, Kelly KM, O'Malley KA, Efron PA, McAuliffe PF,

Brusko T, Ungaro R, Barker T, Wynn JL et al: Increased natural CD4+CD25+

regulatory T cells and their suppressor activity do not contribute to

mortality in murine polymicrobial sepsis. J Immunol 2006,

177(11):7943-7949.

58. Delano MJ, Ward PA: The immune system's role in sepsis progression,



46

resolution, and long-term outcome. Immunol Rev 2016, 274(1):330-353.

59. Scumpia PO, Delano MJ, Kelly-Scumpia KM, Weinstein JS, Wynn JL, Winfield

RD, Xia C, Chung CS, Ayala A, Atkinson MA et al: Treatment with GITR

agonistic antibody corrects adaptive immune dysfunction in sepsis. Blood

2007, 110(10):3673-3681.

60. Heuer JG, Zhang T, Zhao J, Ding C, Cramer M, Justen KL, Vonderfecht SL, Na S:

Adoptive transfer of in vitro-stimulated CD4+CD25+ regulatory T cells

increases bacterial clearance and improves survival in polymicrobial sepsis.

J Immunol 2005, 174(11):7141-7146.

61. Okeke EB, Okwor I, Mou Z, Jia P, Uzonna JE: CD4+CD25+ regulatory T cells

attenuate lipopolysaccharide-induced systemic inflammatory responses and

promotes survival in murine Escherichia coli infection. Shock 2013,

40(1):65-73.

62. Venet F, Chung CS, Kherouf H, Geeraert A, Malcus C, Poitevin F, Bohe J,

Lepape A, Ayala A, Monneret G: Increased circulating regulatory T cells

(CD4(+)CD25 (+)CD127 (-)) contribute to lymphocyte anergy in septic shock

patients. Intensive Care Med 2009, 35(4):678-686.

63. Rittirsch D, Huber-Lang MS, Flierl MA, Ward PA: Immunodesign of

experimental sepsis by cecal ligation and puncture. Nat Protoc 2009,

4(1):31-36.

64. Wiersma VR, de Bruyn M, Helfrich W, Bremer E: Therapeutic potential of



47

Galectin-9 in human disease. Med Res Rev 2013, 33 Suppl 1:E102-126.

65. Guo YC, Chiu YH, Chen CP, Wang HS: Interleukin-1beta induces

CXCR3-mediated chemotaxis to promote umbilical cord mesenchymal stem

cell transendothelial migration. Stem Cell Res Ther 2018, 9(1):281.

66. Kang SK, Shin IS, Ko MS, Jo JY, Ra JC: Journey of mesenchymal stem cells

for homing: strategies to enhance efficacy and safety of stem cell therapy.

Stem Cells Int 2012, 2012:342968.



48

Figure legend

Figure 1. IFN-γ stimulation could enhance Gal-9 expression in MSCs. (A) Different

concentrations of Gal-9 in p2-p5 MSC supernatant. n=3.（B） Expression of Gal-9

increased in a dose-dependent manner in the lysate of P3 MSCs by IFN-γ stimulation.

n=3. * p < 0.05, ** p < 0.01. (C) Fluorescence intensity of Gal-9 in different samples (*

indicates: permeabilization & fixation optimized before fluorescent antibody staining).

(D) Relative mRNA expression of Gal-9 in IFN-γ pre-stimulated MSCs (20ng/ml IFN-γ,

72h) was higher than that in non-stimulated MSCs. n=3. * p < 0.05, ** p < 0.01. (E)

Representative immunofluorescence figures of MSCs with IFN-γ pre-stimulation

(20ng/ml, 72h) or not. The nucleus were presented as blue and Gal-9 protein appeared as

green, merged figures represent the expression of Gal-9 on each cells. Bar graphs

represent mean ± SD. Abbreviation: Gal-9, Galectin-9; p2-p5, passage 2-passage5;

MSCs, mesenchymal stem cells.

Figure 2. Gal-9 mediates MSC-based therapy in alleviating symptoms and

inflammatory mediators expression. (A) Changes in the survival rate of endotoxemia

mice, n=6. (B) Variation levels of mean MSS (murine sepsis score) in different groups

(Gal-9-MSC group vs. MSC group, n=6, * p < 0.05, ** p < 0.01；MSC group vs.

MSC+α-lactose group, n=6, # p < 0.05, ## p < 0.01). (C-D) Expressions of MDA and

T-SOD in serum, n=6. (E-F) Secretion levels of TNF- and IL-β in serum, n=6. Data

variance was assessed by using one-way analysis of variance (ANOVA), followed by
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least significant difference (LSD) test. * p < 0.05, ** p < 0.01. Abbreviations: MDA,

Malondialdehyde; T-SOD, Total Superoxide Dismutase.

Figure 3. Gal-9 mediates MSC-based therapy in Regulation of macrophage

polarization and Tregs percentage. Spleen cells were collected 24 hours after LPS

injection, followed by staining with anti-mouse CD68 antibody for total macrophage,

CD68+CD206+ for M2- type macrophage and CD4+CD25+Foxp3+ for Tregs. (A)

Representative Dot plots of M2 (CD68+CD206+) macrophage. (B) Representative Dot

plots of Treg (CD4+CD25+Foxp3+). (C) Percentage of M2 (CD68+CD206+) macrophage.

(D) M2/MTotal Ratio (CD68+CD206+/CD68+). (E) Percentage of Tregs in spleen. Data

variance was assessed by using one-way analysis of variance (ANOVA), followed by

least significant difference (LSD) test, n=6. * p < 0.05, ** p < 0.01. Abbreviations: Treg:

Regulatory T cells; M total: total macrophage.

Figure 4. Gal-9 mediates MSCs-based therapy in Attenuating Hepatic damage. (A)

Photomicrographs of representative histological sections (H&E staining, original

100×magnification) of liver in each group. (B) Liver injury score. Double-blind

reviewing was evaluated by the following criteria: necrosis, sinus congestion and edema,

lipid vacuoles and infiltration of hyperemia and inflammatory cells (0-4, total: 0-16). (C)

Liver TNF-α mRNA expression level. (D) Liver IL-1β mRNA expression level. (E) Liver
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SOD mRNA expression level. (F) TNF- protein concentration in liver homogenate. (G)

IL-1β protein concentration in liver homogenate. (H) Liver iNOS mRNA expression

level. Data variance was assessed by using one-way analysis of variance (ANOVA),

followed by least significant difference (LSD) test, n=6. * p < 0.05, ** p < 0.01.

Abbreviations: iNOS, inducible Nitric Oxide Synthase; SOD, Superoxide dismutase.

Figure 5. Gal-9 mediates MSCs-based therapy in Alleviating Pulmonary Injury. (A)

H&E staining of representative histological sections of mouse lung in each group

(100×magnification), and selected small square area was magnificently displayed on the

right side (200×magnification). (B) Pulmonary injury score. Criteria for evaluating lung

injury were as follows: edema, alveolar and interstitial inflammation, alveolar and

interstitial hemorrhage, and necrosis (0-4, total: 0-16). (C-H) pulmonary mRNA

expression levels of TNF-α (C); IL-1β (D); IFN-γ (E); EBI3 (IL-35) (F); SOD (G); iNOS

(H). Data variance was assessed by using one-way analysis of variance (ANOVA),

followed by least significant difference (LSD) test, n=6. * p < 0.05, ** p < 0.01.

Abbreviations: EBI3, Epstein-Barr virus-induced gene3; iNOS, inducible Nitric Oxide

Synthase; SOD, Superoxide dismutase.

Figure 6. Gal-9 Plays a Role in MSC-Mediated Therapy in Lightening Renal

Damage. (A) H&E staining of representative histological sections of mouse kidney in

each group (100×magnification). To specific observe the difference, selected small
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square area was magnificently displayed on the right side (200×magnification). (B)

Renal injury score. Criteria for assessing kidney injury are as follows: tubular

dilatation/flattening, tubular casts and tubular degeneration/vacuolization (cortex and

medulla, 0-3, total: 0-18). (C-H) Renal mRNA expression level of TNF-α (C); IL-1β (D);

IFN-γ (E); EBI3 (IL-35) (F); SOD (G); iNOS (H). Data variance was assessed by using

one-way analysis of variance (ANOVA), followed by least significant difference (LSD)

test, n=6. * p < 0.05, ** p < 0.01. Abbreviations: EBI3, Epstein-Barr virus-induced

gene3; iNOS, inducible Nitric Oxide Synthase; SOD, Superoxide dismutase.

Figure 7. Gal-9 is highly expressed in liver, lung and kidney after Gal-9-MSC

treatment. (A-C) Gal-9 protein expression in the homogenate of Liver (A), Lung (B)

and Kidney (C), n=6. (D-F) Relative Gal-9 mRNA expression levels in Liver (D), Lung

(E) and Kidney (F), n=6. Data variance was assessed by using one-way analysis of

variance (ANOVA), followed by least significant difference (LSD) test. * p < 0.05, ** p

< 0.01.
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Figure 1

IFN-γ stimulation could enhance Gal-9 expression in MSCs. (A) Different concentrations of Gal-9 in p2-p5
MSC supernatant. n=3.  B ) Expression of Gal-9 increased in a dose-dependent manner in the lysate of
P3 MSCs by IFN-γ stimulation. n=3. * p < 0.05, ** p < 0.01. (C) Fluorescence intensity of Gal-9 in different



samples (* indicates: permeabilization & �xation optimized before �uorescent antibody staining). (D)
Relative mRNA expression of Gal-9 in IFN-γ pre-stimulated MSCs (20ng/ml IFN-γ, 72h) was higher than
that in non-stimulated MSCs. n=3. * p < 0.05, ** p < 0.01. (E) Representative immuno�uorescence �gures
of MSCs with IFN-γ pre-stimulation (20ng/ml, 72h) or not. The nucleus were presented as blue and Gal-9
protein appeared as green, merged �gures represent the expression of Gal-9 on each cells. Bar graphs
represent mean ± SD. Abbreviation: Gal-9, Galectin-9; p2-p5, passage 2-passage5; MSCs, mesenchymal
stem cells.



Figure 2

Gal-9 mediates MSC-based therapy in alleviating symptoms and in�ammatory mediators expression. (A)
Changes in the survival rate of endotoxemia mice, n=6. (B) Variation levels of mean MSS (murine sepsis
score) in different groups (Gal-9-MSC group vs. MSC group, n=6, * p < 0.05, ** p < 0.01  MSC group vs.
MSC+α-lactose group, n=6, # p < 0.05, ## p < 0.01). (C-D) Expressions of MDA and T-SOD in serum, n=6.
(E-F) Secretion levels of TNF- α and IL-β in serum, n=6. Data variance was assessed by using one-way
analysis of variance (ANOVA), followed by least signi�cant difference (LSD) test. * p < 0.05, ** p < 0.01.
Abbreviations: MDA, Malondialdehyde; T-SOD, Total Superoxide Dismutase.



Figure 3

Gal-9 mediates MSC-based therapy in Regulation of macrophage polarization and Tregs percentage.
Spleen cells were collected 24 hours after LPS injection, followed by staining with anti-mouse CD68
antibody for total macrophage, CD68+CD206+ for M2- type macrophage and CD4+CD25+Foxp3+ for
Tregs. (A) Representative Dot plots of M2 (CD68+CD206+) macrophage. (B) Representative Dot plots of
Treg (CD4+CD25+Foxp3+). (C) Percentage of M2 (CD68+CD206+) macrophage. (D) M2/MTotal Ratio



(CD68+CD206+/CD68+). (E) Percentage of Tregs in spleen. Data variance was assessed by using one-
way analysis of variance (ANOVA), followed by least signi�cant difference (LSD) test, n=6. * p < 0.05, ** p
< 0.01. Abbreviations: Treg: Regulatory T cells; M total: total macrophage.

Figure 4

Gal-9 mediates MSCs-based therapy in Attenuating Hepatic damage. (A) Photomicrographs of
representative histological sections (H&E staining, original 100×magni�cation) of liver in each group. (B)



Liver injury score. Double-blind reviewing was evaluated by the following criteria: necrosis, sinus
congestion and edema, lipid vacuoles and in�ltration of hyperemia and in�ammatory cells (0-4, total: 0-
16). (C) Liver TNF-α mRNA expression level. (D) Liver IL-1β mRNA expression level. (E) Liver SOD mRNA
expression level. (F) TNF-α protein concentration in liver homogenate. (G) IL-1β protein concentration in
liver homogenate. (H) Liver iNOS mRNA expression level. Data variance was assessed by using one-way
analysis of variance (ANOVA), followed by least signi�cant difference (LSD) test, n=6. * p < 0.05, ** p <
0.01. Abbreviations: iNOS, inducible Nitric Oxide Synthase; SOD, Superoxide dismutase.



Figure 5

Gal-9 mediates MSCs-based therapy in Alleviating Pulmonary Injury. (A) H&E staining of representative
histological sections of mouse lung in each group (100×magni�cation), and selected small square area
was magni�cently displayed on the right side (200×magni�cation). (B) Pulmonary injury score. Criteria
for evaluating lung injury were as follows: edema, alveolar and interstitial in�ammation, alveolar and
interstitial hemorrhage, and necrosis (0-4, total: 0-16). (C-H) pulmonary mRNA expression levels of TNF-α
(C); IL-1β (D); IFN-γ (E); EBI3 (IL-35) (F); SOD (G); iNOS (H). Data variance was assessed by using one-way
analysis of variance (ANOVA), followed by least signi�cant difference (LSD) test, n=6. * p < 0.05, ** p <
0.01. Abbreviations: EBI3, Epstein-Barr virus-induced gene3; iNOS, inducible Nitric Oxide Synthase; SOD,
Superoxide dismutase.



Figure 6

Gal-9 Plays a Role in MSC-Mediated Therapy in Lightening Renal Damage. (A) H&E staining of
representative histological sections of mouse kidney in each group (100×magni�cation). To speci�c
observe the difference, selected small square area was magni�cently displayed on the right side
(200×magni�cation). (B) Renal injury score. Criteria for assessing kidney injury are as follows: tubular
dilatation/�attening, tubular casts and tubular degeneration/vacuolization (cortex and medulla, 0-3, total:



0-18). (C-H) Renal mRNA expression level of TNF-α (C); IL-1β (D); IFN-γ (E); EBI3 (IL-35) (F); SOD (G); iNOS
(H). Data variance was assessed by using one-way analysis of variance (ANOVA), followed by least
signi�cant difference (LSD) test, n=6. * p < 0.05, ** p < 0.01. Abbreviations: EBI3, Epstein-Barr virus-
induced gene3; iNOS, inducible Nitric Oxide Synthase; SOD, Superoxide dismutase.

Figure 7

Gal-9 is highly expressed in liver, lung and kidney after Gal-9-MSC treatment. (A-C) Gal-9 protein
expression in the homogenate of Liver (A), Lung (B) and Kidney (C), n=6. (D-F) Relative Gal-9 mRNA
expression levels in Liver (D), Lung (E) and Kidney (F), n=6. Data variance was assessed by using one-
way analysis of variance (ANOVA), followed by least signi�cant difference (LSD) test. * p < 0.05, ** p<
0.01.
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