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Abstract

BACKGROUND

Mesenchymal stem cells (MSCs) have been used in liver transplantation and have
certain effects in alleviating liver ischemia-reperfusion injury (IRI) and regulating
immune rejection. However, some studies have indicated that the effects of MSCs are
not very significant. Therefore, approaches that enable MSCs to exert significant and

stable therapeutic effects are worth further study.

AIM
To enhance the therapeutic potential of human menstrual blood-derived stromal cells
(MenSCs) in the mouse liver ischemia-reperfusion (I/R) model via interferon-y (IFN-y)

priming.

METHODS

Apoptosis was analyzed by flow cytometry to evaluate the safety of IFN-y priming, and
indoleamine 2,3-dioxygenase (IDO) levels were measured by quantitative real-time
reverse transcription polymerase chain reaction, western blotting, and ELISA to
evaluate the efficacy of IFN-y priming. In vivo, the liver I/R model was established in
male C57/BL mice, hematoxylin and eosin and TUNEL staining was performed and
serum liver enzyme levels were measured to assess the degree of liver injury, and
regulatory T cell (Treg) numbers in spleens were determined by flow cytometry to
assess immune tolerance potential. Metabolomics analysis was conducted to elucidate
the potential mechanism underlying the regulatory effects of primed MenSCs. In vitro,
we established a hypoxia/reoxygenation (H/R) model and analyzed apoptosis by flow
cytometry to investigate the mechanism through which primed MenSCs inhibit
apoptosis.  Transmission  electron  microscopy,  western  blotting, and

immunofluorescence were used to analyze autophagy levels.

RESULTS
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IFN-y-primed MenSCs secreted higher levels of IDO, attenuated liver injury, and
increased Treg numbers in the mouse spleens to greater degrees than untreated
MenSCs. Metabolomics and autophagy analyses proved that primed MenSCs more
strongly induced autophagy in the mouse livers. In the H/R model, autophagy
inhibitors increased the level of H/R-induced apoptosis, indicating that autophagy
exerted protective effects. In addition, primed MenSCs decreased the level of H/R-
induced apoptosis via IDO and autophagy. Further rescue experiments proved that IDO
enhanced the protective autophagy by inhibiting the mammalian target of rapamycin
(mTOR) pathway and activating the AMPK pathway.

CONCLUSION

IFN-y-primed MenSCs exerted better therapeutic effects in the liver I/R model by
secreting higher IDO levels. MenSCs and IDO activated the AMPK-mTOR-autophagy
axis to reduce IRI, and IDO increased Treg numbers in the spleen and enhanced the
MenSC-mediated induction of immune tolerance. Our study suggests that IFN-y-
primed MenSCs may be a novel and superior MSC product for liver transplantation in

the future.
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Core Tip: In this study, we identified a suitable interferon-y (IFN-y) priming strategy
for menstrual blood-derived stromal cells (MenSCs) in the liver ischemia-reperfusion

(I/R) model and proved that primed MenSCs could significantly increase the number of
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regulatory cells in the spleen by secreting higher levels of indoleamine 2,3- dioxygenase
(IDO) and thereby exhibited better immunoregulatory potential. Besides, through
metabolomics and related molecular biology experiments, we found that IDO could
reduce ischemia-reperfusion injury via the AMPK-mammalian target of rapamycin-
autophagy axis. Our study suggests that IFN-y-primed MenSCs may be a novel and

superior mesenchymal stem cell product for liver transplantation in the future.

INTRODUCTION

Liver transplantation is the only therapeutic option that is available to patients with
terminal liver failure. Both liver ischemia-reperfusion injury (IRI), which occurs during
surgery, and immune rejection, which occurs after surgery, affect the results of liver
transplantationlll. Therefore, there is an urgent need to develop effective strategies for
treating IRI and immune rejection.

Mesenchymal stem cells (MSCs) have been used in liver transplantation and have
shown certain therapeutic effectslz4. For example, MSCs alleviated hepatocellular
apoptosis in a mouse liver ischemia-reperfusion (I/R) model via PINKI1-dependent
mitophagyl5l. In a clinical study, the percentage of regulatory T cells (Tregs) and the
ratio of Tregs to T helper 17 (Th17) cells, which can be used as indicators of immune
tolerance potential, were significantly increased in liver transplant recipients 4 wk after
MSC infusionl®l. However, the results of another clinical study showed that the infusion
of MSCs into liver transplant recipients before surgery was safe, but only mild changes
in the peripheral blood immunoregulatory T cell numbers and natural killer cell
numbers were observed in these patientsl”’l. In addition, the administration of
immunosuppressive agents with MSCs showed no synergistic effect compared with the
administration of immunosuppressive agents alone in a rat liver transplant studylsl.
Therefore, approaches that enable MSCs to exert more significant protective effects in
reducing IRI and inducing immune tolerance in liver transplantation deserve further

study.
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Priming can induce an anti-inflammatory state in MSCs, causing them to secrete more
bioactive molecules and improving their therapeutic effects®10l. Interferon (IFN)-y-
primed MSCs have been shown to have more stable and stronger abilities to regulate
immune responses and prevent damage in many disease models(!13]. Priming with
IFN-y increases the mRNA expression of Toll-like receptor 3 and the secretion of
immunosuppressive molecules, such as indoleamine 2,3-dioxygenase (IDO), interleukin
(IL)-10, hepatocyte growth factor, and kynureninell. IDO, an enzyme involved in
tryptophan metabolism, has been widely reported to regulate T-cell immunity,
specifically by promoting the differentiation of Tregs, inhibiting Thl7 cells, and
promoting immune tolerance and immune escapel!>1¢l. Additionally, compared with
control conditions, IFN-y priming significantly induces IDO expression, enhances the
immunoregulatory effect of MSCs on T cells, increases Treg differentiation, and
promotes immune tolerancel'],

Menstrual blood-derived stromal cells (MenSCs) have been studied in several clinical
and preclinical trials, and their safety and immunomodulatory properties have been
fully demonstrated'820], In addition, MenSCs can be collected in a manner that is
painless, noninvasive, convenient, and inexpensive, thus, their use in cell-based therapy
has high clinical and economic value. In this study, we hypothesized that IFN-y-primed
MenSCs could secrete higher levels of IDO to better induce immune tolerance in a
mouse liver I/R model. However, whether priming with IFN-y affects the viability of
MenSCs themselves is unclear. Moreover, whether IFN-y-primed MenSCs, which
represent a new type of modified MSC product, can better mitigate liver injury in the
liver I/R model has not been clarified. Therefore, it is worthwhile to further study
appropriate priming strategies and whether primed MenSCs can exert better

therapeutic effects in the liver I/R model.

MATERIALS AND METHODS
MenSCs

5/22




MenSCs were provided by the Innovative Precision Medicine Group (IPM, Hangzhou,
China) and cultured as described in our previous studyl24l. Briefly, the cells were
cultured in a-minimum essential medium (Thermo Fisher Scientific, United States)
supplemented with 10% foetal bovine serum (FBS) (Thermo Fisher Scientific, United
States) and 1% penicillin-streptomycin solution (Thermo Fisher Scientific, United States)
in an incubator at 37 °C with 5% COz. When the cells reached 80%-90% confluence, they
were subcultured with 0.25% trypsin-EDTA (Thermo Fisher Scientific) and passaged 5-8
times before being used in experiments. MenSCs were identified based on their surface
marker expression and differentiation potential.

Flow cytometry was performed to detect the surface markers of MenSCs. The cells
were collected, washed twice with staining buffer (BD, Biosciences, San Jose, CA), and
incubated with antibodies against CD29, CD34, CD45, CD73, CD90, CD105, CD117, and
human leukocyte antigen-DR (HLA-DR) (PE, BD, Biosciences, San Jose, United States)
at 4 °C for 30 min in the dark. Negative controls were established with the
corresponding isotype control antibodies. A flow cytometer (ACEA Biosciences, CA,
United States) was used to analyze all the cells.

Osteogenic, adipogenic, and chondrogenic differentiation was induced to evaluate
the multi-differentiation potential of the cells. Briefly, approximately 5 x 10° MenSCs
were cultured in 6-well plates for 3-4 wk with osteogenic differentiation medium
(Cyagen Biosciences, United States) or adipogenic differentiation medium (Cyagen
Biosciences, United States) in an incubator at 37 °C with 5% CO» to promote osteogenic
or adipogenic differentiation, respectively; the medium was changed every 1-3 d
according to the instructions. After fixation with 4% formaldehyde, the cells were
incubated with Alizarin Red or Oil Red O solution for 30 min to label calcium or neutral
lipids, respectively. Chondrogenic differentiation was performed in a 15 mL centrifuge
tube. Approximately 5 x 10° MenSCs were centrifuged and cultured with 1 mL of
human MSC chondrogenic differentiation medium (Cyagen Biosciences, United States)
in an incubator at 37 °C with 5% CO:for 3-4 wk; the medium was changed every 2-3 d

according to the instructions. After fixation with 4% formaldehyde, the pelleted cells
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were embedded in paraffin, cut into 4 mm sections, and stained with Alcian blue

solution to label cartilage.

Priming of MenSCs and IDO quantification

IFN-y (Miltenyi Biotec Inc., Auburn, CA, United States) at a concentration of 100 or 200
ng/mL was used to prim MenSCs for 24, 48, or 72 h. After the cells were collected, RNA
or protein was extracted to measure IDO expression by quantitative real-time reverse
transcription polymerase chain reaction (qRT-PCR) or western blotting assays,
respectively, as described below. Additionally, the supernatants were collected to
evaluate the release of IDO using a Human IDO ELISA Kit (Sangon Biotech, Shanghai,
China).

Establishment of the mouse liver I/R model and animal grouping

Six- to eight-week-old male C57BL/6] mice (Slac Laboratory Animal Corporation,
Shanghai, China) were housed in a specific pathogen-free room (23 + 2 °C, 12 h
light/12 h dark cycle, and 50% humidity) at the Laboratory Animal Center of Zhejiang
University with plenty of food and water for two weeks prior to experimentation. All
the procedures used for the animal experiments, the number of animals, and the ethics
of the animal housing environment were performed according to the 3Rs rule and
approved by the Experimental Animal Center of Zhejiang University, and the ethical
approval number is ZJU20210299.

Anesthesia: Before all the surgical procedures, 1% pentobarbital sodium (100 pL/10 g
i.v.) was used to anesthetize the mice (weight 20-23 g)I5l. Surgical procedure: All the
mice received a ventral midline incision. Hepatic arteries, portal veins, and bile ducts
were clipped with an atraumatic vascular clip to interrupt 70% of the blood supply to
the liver. After 1 h of ischemia, the atraumatic vascular clamps were removed to
terminate the ischemia; the wounds were sutured layer by layer, and erythromycin
ointment was applied to prevent infection. The mice were resuscitated on a 37 °C

blanket to maintain their body temperature. Group design: The sample size (total n =

7/ 22




27, and n = 3/group), grouping, and animal experiment schedule were decided based
on a similar study published previouslyl2l and can be found in Figure 1. To establish the
short-term I/R model, the mice were randomly divided into the sham group, IR group,
IRM group, and IRM (IFN-y) group (n = 3/group). The model mice in the IR, IRM, and
IRM (IFN-y) groups were administered 100 pL of phosphate buffered saline (PBS) or
MenSCs (10°/100 pL iv.) or IFN-y-primed MenSCs (10%/100 pL i.v.) 1 h before the
surgery. The mice in the sham group received only a ventral midline incision and were
sutured after injection of PBS. After 6 h of reperfusion, the mice were euthanized in a
classic, quick, and painless manner (150 mg/kg pentobarbital sodium, i.v.), and tissue
samples were collected for further investigation.

To establish the long-term I/R model, the mice were randomly divided into the sham
group, IR group, IRM group, IRM (IFN-y) group, and IRM (IFN-y) + 1-methyl-D-
tryptophan (IMT) group (1 = 3/group). The treatment plan was similar to that used for
the short-term model, with the exception that IMT (2 mg/mL; MCE, New Orleans, LA,
United States) was added to the drinking water of the mice in the IRM (IFN-y) + IMT
group, and the mice in this group had continuous access to this supplemented water
starting from the day of the surgery (day 0) until the seventh day (day 7). The mice in
the other groups were given normal water without IMT. All the long-term I/R model
mice were euthanized (150 mg/kg pentobarbital sodium, i.v.) on day 7 for tissue

collection.

Assessment of liver injury

The serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels
were measured using the ALT Kit and AST Kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China), respectively, to assess the liver injury. Liver injury was also
assessed by hematoxylin and eosin staining. Sections were examined under a
microscope, and Suzuki’s injury criteria (Supplementary Table 1) were utilized to
determine the histological damage score by a researcher who was blinded to the group

of the immunohistochemistry sections.
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gRT-PCR

To confirm the effects on the transcriptome, RNA was extracted from cells using the
RNA Extraction Kit (TaKaRa, Beijing, China). Prime Script TMRT Master Mix and TB
Green Premix Ex Taq Bulk (TaKaRa, Beijing, China) were used for qRT-PCR. First,
Buffer RL was added to the cells to lyse them, and the lysis solution was transferred to a
gDNA Eraser Spin Column to remove impurities and gDNA. Then, 70% ethanol was
added to the filtrate, and the mixture was moved to an RNA spin column to capture the
RNA. Then, the RNA spin column was cleaned with Buffer RWA and Buffer RWB. The
RNA solution was obtained by eluting the RNA with RNase-free dH2O. Then, we
mixed an appropriate amount of RNA with 5 x A solution and RNase-free dH2O to a
final volume of 10 pL, and reverse transcription was performed to obtain cDNA. Then,
the TB Green mix (12.5 pL), forward PCR primer (10 pM x 0.5 pL, Supplementary Table
2), reverse PCR primer (10 pM x 0.5 pL, Supplementary Table 2), DNA template (2 pL),
and 9.5 pL ddH20O were mixed in a final volume of 25 pL. The qRT-PCR conditions
were as follows: 95 °C for 30 s ; 40 cycles of 95 °C for 5 s and 60 °C for 30 s for 2 step
PCR; and 95 °C for 15 s, 60 °C for 30 s, and 95 °C for 15 s for dissociation. The melting
curves were determined, and the cycle threshold (CT) values of the p-actin (ACTB)
transcripts were used to normalize the CT values of the IDO transcripts. The qRT-PCR
data were analyzed using the AACT method.

Western blotting

Liver tissues and cells were lysed with a moderate amount of lysis buffer, which was
composed of radioimmunoprecipitation assay buffer (RIPA Lysis Buffer, 10 x, Merck
KGaA, Darmstadt, Germany), a protease and phosphatase inhibitor cocktail for
mammalian cell and tissue extracts (Beyotime, Shang Hai, China) and ddH>O, on ice for
30-60 min. Equal amounts of proteins were subjected to 12% or 8% SDS polyacrylamide
gel electrophoresis and then transferred to polyvinylidene difluoride membranes

(Millipore, Billerica, MA, United States). The membranes were incubated with 5%
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nonfat milk for 1 h and then with the primary antibodies overnight at 4 °C; the primary
antibodies included antibodies against IDO (16630, Cell Signaling Technology, United
States), LC3 (12741, Cell Signaling Technology, United States), AMPKa (total) (5831,
Cell Signaling Technology, United States), p-AMPKa (50081, Cell Signaling Technology,
United States), mammalian target of rapamycin (mTOR) (total) (2983, Cell Signaling
Technology, United States), p-mTOR (5536, Cell Signaling Technology, United States),
and p-actin (ACTB) (8227, Abcam, United States). The membranes were then washed
three times with Tris-buffered saline with Tween 20 (TBST) and incubated with the
secondary antibody [anti-rabbit immunoglobulin G (IgG), Sigma, United States or anti-
mouse IgG, Sigma, United States] for 1 h at room temperature. The membranes were
washed three times with TBST and visualized by enhanced chemiluminescence with a
Fluor Chem Systems imager (Bio-Rad, CA, United States). The intensities of the bands

were determined using Image] software.

Transmission electron microscopy

Liver samples were cut into 1-mm?® pieces and fixed with 2.5% glutaraldehyde
overnight at 4 °C. After fixation and dehydration, all the samples were stained with
osmic acid and uranyl acetate. Then, we used an ultramicrotome to slice the samples
and obtain ultrathin sections. All the samples were imaged with a transmission electron
microscope (Talos L120C, Thermo Fisher, Carlsbad, CA, United States) to confirm and

monitor autophagy, and the number of autophagic vacuoles in each cell was quantified.

Establishment of the hypoxia/reoxygenation model in L02 cells and grouping

Under normoxic conditions, the L02 cells (FuHeng Biology, Shanghai, China) were
cultured in 1640 complete medium (RPMI 1640 medium supplemented with 10% FBS
and 1% penicillin-streptomycin) in a typical incubator at 37 °C with 5% COs2. To
simulate liver IRI, the L02 cells were subjected to hypoxia/reoxygenation (H/R).
Briefly, after 6 h of culture in FBS-free 1640 medium in a 2.5 L sealed culture tank

(MGC, Tokyo, Japan) under hypoxic conditions, the cells were transferred to atypical

10 / 22




incubator for 4 h to allow reoxygenation. The hypoxic conditions in the sealed culture
tank (94% Nz, 5% CO,, and 1% O,) were maintained by AnaeroPack-Anaero-5% (MGC,
Tokyo, Japan).

Group design: The cells that were cultured under normal oxygen conditions were
divided into the natural control (NC) group, 3-methyladenine (3MA) group, IMT
group, MenSCs group, and MenSC (IFN-y) group. The cells that were cultured under
H/R conditions were divided into the HR group, HR + 3MA group, HR + 1MT group,
HRM group, HRM (IFN-y) group, HRM (IFN-y) + 3MA group, and HRM (IFN-y) +
IMT group.

The NC group consisted of cells cultured in 1640 complete medium without any other
treatment. The cells in the 3MA group and 1IMT group were cultured in 1640 complete
medium with 10 mmol/L 3MA (an autophagy inhibitor, MCE, New Orleans, LA,
United States) or 1 mmol/L IMT (an IDO inhibitor, MCE, New Orleans, LA, United
States). The cells in the MenSCs group and MenSC (IFN-y) group were cocultured with
MenSCs or MenSC (IFN-y), respectively, in 1640 complete medium using a coculture
chamber as described previously. The HR group, HR + 3MA group, HR + IMT group,
HRM group, and HRM (IFN-y) group, were subjected to treatments that were similar to
those used in the experiments conducted under normal oxygen conditions, but H/R
treatment was added. In addition to the HRM (IFN-y) treatment, the cells in the HRM
(IFN-y) + 3MA group and HRM (IFN-y) + 1IMT group received 3MA and IMT in the

medium, respectively.

Quantitative GFP-LC3 analysis

LO02 cells in every group were transfected with pCMV-GFP-LC3 (Beyotime, Shang Hai,
China) for 24 h before treatment. We used a confocal laser scanning microscope
(Olympus Corporation, Japan) to detect fluorescence emission. Intense punctate GFP-
LC3 aggregates in the nucleus and cytoplasm were considered to indicate autophagy,

whereas diffuse distribution of GFP-LC3 was considered to indicate non-autophagic
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conditions. We counted the number of intense punctate GFP-LC3 aggregates in each cell

to indicate the number of autophagosomes.

Treg analysis

The mononuclear cells in the spleen were harvested by gradient centrifugation using
Ficoll 1.084 (Cytiva, Logan, UT, United States). FACS was performed with 3
fluorochrome-conjugated antibodies: Anti-CD4 monoclonal antibody (APC, 17-0041-83,
eBioscience, CA, United States), anti-CD25 monoclonal antibody (PE, 12-0251-82,
eBioscience, CA, United States), and anti-FOXP3monoclonal antibody (FITC, 11-5773-
82, eBioscience, CA, United States). Nuclear permeabilization was performed with a
FoxP3/transformation factor permeabilization buffer (00-5523-00, eBioscience, CA,
United States) before the anti-FoxP3 antibody was added to the cells for incubation. Cell
fluorescence was evaluated using a flow cytometer (ACEA Biosciences, CA, United
States). The percentage of CD4* CD25" cells among all mononuclear cells and the
percentage of FoxP3* cells among the CD4*CD25* cells were recorded, and the product
of these percentages was used to represent the percentage of Tregs among all

mononuclear cells.

Statistical analysis

The metabolomics data were analyzed using the free online Majorbio choice platform
(cloud.majorbio.com). Other data were analyzed using Prism version 5.0 (GraphPad,
United States). The data are shown as the means + SDs or means + SEMs. One-way
ANOVA was used for comparisons of three or more groups. A P-value of <0.05 was
considered to indicate a significant difference (2P < 0.05, P < 0.01, <P < 0.001, and 9P <

0.0001), and P-values = 0.05 were considered to indicate no significant difference (ns).

RESULTS
Characterization of MenSCs
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Primary MenSCs were cultured and exhibited adherent growth after approximately 24
h, and obvious cell proliferation was observed as soon as the cells became round and
fusiform. According to a phenotypic analysis, MenSCs expressed CD29, CD73, CD90,
and CD105, but they did not express CD45, CD80, CD117, or HLA-DR (Figure 2A).
Specific staining showed that MenSCs could undergo osteogenic, chondrogenic, and
adipogenic lineage differentiation (Figures 2B-D). The MenSCs that were used in this
study met the International Society for Cellular Therapy criteria for the definition of

multipotent MSCsl2!.

MenSC priming with IFN-y
In this study, we hypothesized that IFN-y-primed MenSCs could secrete higher levels
of IDO to induce stronger immune tolerance in a liver I/R model. Therefore, to
determine the appropriate priming strategy, we evaluated the safety and efficacy of
priming by measuring the degree of cell apoptosis and the levels of IDO, respectively.

MenSCs were treated with 100 ng/mL IFN-y (low concentration) or 200 ng/mL IFN-y
(high concentration) to determine the appropriate concentration for treatment. To
accurately mimic the environment in which MenSCs perform their biological functions,
we exposed MenSCs to H/R 72 h after primingl418l. Then, the cells were stained with
Annexin V and PI, and the proportions of apoptotic MenSCs in the different treatment
groups were analyzed by flow cytometry. We found that H/R slightly increased stem
cell apoptosis, but the difference was not significant (Figures 2E and F). Moreover,
MenSCs that were primed with low and high IFN-y concentrations were less resistant to
H/R-induced apoptosis, and the overall proportions of apoptotic cells reached
approximately 10% and 17%, respectively (Figures 2E and F). To maintain a relatively
good state of MenSCs after intervention, we used the lower concentration of 100 ng/mL
to prim MenSCs in the subsequent experiments.

As previously mentioned, IDO secreted by MSCs plays a key role in the regulation of
T cells, and this metabolite can induce the differentiation of Tregs and thus promote

immune tolerancel!>16l. Therefore, we used the IDQO levels as an indicator to evaluate the

13 /22




efficacy of priming. The mRNA and protein levels of IDO in MenSCs were measured by
qRT-PCR and western blotting, respectively, and the concentrations of IDO that were
secreted by MenSCs were measured by ELISA. These results showed that the
expression of IDO in MenSCs was upregulated 24 h after IFN-y priming and reached a
high level at 72 h. In addition, IDO continued to be expressed at a high level in MenSCs
under H/R treatment conditions after the removal of IFN-y (Figures 2G and H).
Measurement of the IDO levels by ELISA showed that IDO was gradually secreted into
the cell culture medium after priming, and when IFN-y was removed after 72 h of
priming, a considerable amount of IDO continued to be secreted by MenSCs under H/R
treatment conditions (Figure 2I).

These results indicated that MenSCs could be maintained in a relatively good cell
state when exposed to H/R after treatment with a low concentration of IFN-y.
Additionally, IFN-y priming for 72 h promoted the expression and continuous secretion
of IDO by MenSCs. Therefore, we chose 100 ng/mL IFN-y for 72 h as the strategy for

priming MenSCs to ensure that priming would be safe and effective.

IFN-y-primed MenSCs attenuated liver IRI in the mouse short-terin I/R model

The grouping and timeline of the animal experiments are shown in Figure 1. We
administered MenSCs and [FN-y-primed MenSCs (primed MenSCs) to short-term I/R
model mice to explore their therapeutic potential. We found that the mice in the IR
group showed significant hepatocyte injury after 6 h of reperfusion; this injury
manifested as vacuole formation, increased inflammatory cell infiltration, disordered
hepatic lobules, and tissue necrosis (Figure 3A), and these effects were accompanied by
elevated serum levels of AST and ALT, which are indicators of liver function (Figures
3E and F), and relatively high Suzuki’s injury scores (Figure 3B). However, the
administration of MenSCs and primed MenSCs resulted in decreased ALT and AST
levels, ameliorated IRI, and decreased Suzuki’s injury scores (Figures 3A, B, E and F).
Additionally, caspase-3 and TUNEL staining of liver tissue sections were performed to

observe apoptosis. We reached the same conclusion, namely, that both MenSCs and
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IFN-primed MenSCs could attenuate I/R-induced hepatocyte apoptosis (Figures 3C
and D). Moreover, these results also showed that primed MenSCs exerted a better

therapeutic effect than untreated MenSCs (Figures 3A-F).

IFN-y-primed MenSCs reduced hepatocellular damage and increased the Treg numbers
in the mouse long-term I/R model

As TFN-y-primed MenSCs could exert a better therapeutic effect in the short-term
model, we used 7 d of reperfusion after I/R to establish a long-term model in order to
further explore the long-term effects of primed MenSCs, particularly their potential to
induce immune tolerance.

We found that after 7 d of ischemia, the liver tissues of the mice showed obvious
edema, a large cavity, and necrosis, and these conditions resulted in high Suzuki’s
injury scores. However, MenSCs and particularly IFN-y-primed MenSCs significantly
inhibited these changes (Figures 4A and B). Additionally, we determined the Treg
numbers in the spleen to assess the immune tolerance of the mice. To determine the
number of Tregs, we analyzed the percentage of cells that were positive for CD4, CD25,
and Foxp3. Tregs accounted for approximately 1% of the total lymphocyte population
in the sham and IR groups, and primed MenSCs increased the percentage of Tregs in
the lymphocyte population to a great extent (Figures 4C and D). However, although
untreated MenSCs also increased the percentage of Tregs, no significant difference was
found compared with the sham group (Figures 4C and D). To verify the correlation
between the stronger immunomodulatory ability of primed MenSCs and IDO, we
added IMT to the drinking water of some mice and found that IMT clearly reversed the
increase in the percentage of Tregs in the spleen and inhibited the protective effect of
primed MenSCs on the liver (Figures 4A-D).

These results indicated that after 7 d of reperfusion, IFN-y-primed MenSCs exerted a
stronger and more stable effect on reducing liver injury and increasing the percentage
of Tregs in the spleen compared with untreated MenSCs. These stronger therapeutic

effects were closely associated with IDO.
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IFN-y-primed MenSCs promoted autophagy in mouse livers

As described above, we verified that the more significant immunomodulatory effect of
primed MenSCs was indeed related to IDO. Strikingly, the more significant effect of
primed MenSCs in alleviating liver injury was also associated with IDO. To explore the
specific mechanism through which primed MenSCs ameliorate IRI, metabolomics
sequencing of mouse liver samples from the short-term model was performed.

PCA and PLS-DA of samples from the two groups were performed to evaluate the
degree of aggregation and dispersion of samples within a single group as well as
between different groups, and the results indicated that the data could be used for
subsequent analysis (Supplementary Figures 1A-D). A statistical heatmap of 45
metabolites that differed between the IR group and IRPM group [IRM (IFN-y) group]
was generated, and the results are also shown in the form of a volcano plot (Figures 5A
and B). Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation of the
differential metabolites revealed that the differential metabolites are involved in a
variety of biological processes, mainly including lipid metabolism, amino acid
metabolism, signaling molecule transduction, and membrane transport (Figure 5C). To
further elucidate the main biological functions of the differential metabolites, we
performed KEGG pathway enrichment analysis of these differential metabolites, and
the results showed that the differential metabolites were mainly enriched in autophagy
(Figure 5D). Relative quantification of the level of the differential metabolite
phosphatidyl ethanolamine (PE), which is related to autophagy, showed that treatment
with IFN-y-primed MenSCs increased the levels of PE in the livers (Figure 5E). The
main role of PE in autophagy is mediating the formation of the autophagy membrane
marker LC3II from LC3IL. A higher PE level is related to a higher level of autophagy!(2-
1. Therefore, we hypothesized that primed MenSCs may increase the level of
autophagy in mouse liver tissues.

To further verify this hypothesis, we observed the autophagic bodies in mouse liver

cells by transmission electron microscopy (TEM) and measured the expression of
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autophagy-related proteins in liver tissues by western blotting to evaluate the
autophagy levels. MenSCs, and primed MenSCs increased the number of
autophagosomes in liver tissues, and the increase was most obvious in the IRM (IFN-y)
group (Figures 6A and B). Consistent with the TEM results, LC3II expression was
increased after I/R, suggesting that I/R could increase the level of autophagy in
hepatocytes (Figures 6C and D). Moreover, the autophagic flux was amplified by
MenSCs and particularly by primed MenSCs (Figures 6C and D). Additionally, we
observed the changes in the AMPK pathway and the mTOR pathway, which are two
classical pathways that are upstream of autophagy, and we found that I/R could
promote AMPK phosphorylation and inhibit mTOR phosphorylation; in other words,
I/R could activate the AMPK pathway and inhibit the mTOR pathway (Figures 6C and
D). Moreover, most of these effects were enhanced by MenSCs and particularly primed
MenSCs (Figures 6C and D).

In conclusion, we demonstrated that primed MenSCs amplified I/R-induced
autophagy in the mouse livers through metabolome sequencing analysis and molecular
biology experiments. However, the relationship between the enhanced autophagy and
IDO and whether autophagy is related to the therapeutic effect of MenSCs in alleviating

IRI still need to be further clarified.

IFN-y-primed MenSCs decreased H/R-induced hepatocyte apoptosis via autophagy and
IDO

To further investigate the relationship among the therapeutic effect of primed MenSCs,
IDO, and enhanced autophagy, we established an in vitro H/R model in LO2 cells with
the corresponding treatment conditions.

First, we exposed L02 cells to H/R for different times to determine an approximately
appropriate H/R time. Autophagy-related protein levels were measured by western
blotting. The AMPK pathway activation that was caused by hypoxia gradually
decreased with increases in the reoxygenation time, and primed MenSCs delayed this

process (Supplementary Figure 2A). In addition, we observed that autophagy-related
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protein expression changed in a time-dependent manner in the mouse model
(Supplementary Figure 2B). To allow significant comparisons, we selected 6 h of
hypoxia and 4 h of reoxygenation as the H/R conditions.

Apoptotic cells were identified by PI/Annexin V staining, and flow cytorﬁtry was
performed to analyze cells that were exposed to different treatments. Cells in the upper
right corner represent late apoptotic cells, cells in the lower right corner represent early
apoptotic cells, and the sum of these two populations represents the overall level of
apoptosis. We treated LO2 cells with 3MA (an autophagy inhibitor), IMT (an IDO
inhibitor), MenSCs, and primed MenSCs under normoxic conditions. These treatments
alone did not significantly affect apoptosis under normoxic conditions (Figures 7A and
B). After H/R, significant L02 cell apoptosis was observed, and the total apoptotic cell
proportion accounted for approximately 14.89% of the overall cell population. After
treatment of the cells with 3MA to inhibit autophagy under H/R conditions, the total
apoptotic cell proportion accounted for approximately 45.06% of the overall cell
population (Figures 7A and B). This finding indicated that H/R induced L02 cell
apoptosis, and inhibition of autophagy significantly increased H/R-induced apoptosis.
In addition, we also observed that the proportion of apoptotic cells was significantly
reduced after coculture with MenSCs and particularly with primed MenSCs under H/R
conditions, and this result indicated that stem cells can protect L02 cells from H/R-
induced apoptosis (Figures 7A and B). A comparison of the HRM (IFN-y) and HRM
(IFN-y) + 3MA groups revealed that the protective effect of primed MenSCs was
significantly reduced when autophagy was inhibited (Figures 7A and B). This finding
indicated that primed MenSCs may protect L02 cells against H/R by enhancing
autophagy. In addition, a comparison of the HRM (IFN-y) and HRM (IFN-y) + IMT
groups showed that inhibition of IDO by 1MT also inhibited the protective effect of
primed MenSCs (Figures 7A and B). These results indicated that autophagy reduced
H/R-induced apoptosis and that the more powerful protective effect of IFN-y-primed
MenSCs was closely associated with autophagy and IDO.
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IDO secreted by primed MenSCs enhanced autophagy by inhibiting the mTOR pathway
and activating the AMPK pathway

As mentioned above, primed MenSCs attenuated H/R-induced apoptosis via IDO and
autophagy. To further investigate whether IDO is related to autophagy, we used 1MT to
inhibit IDO and observed changes in autophagy. L02 cells were transfected with pCMV-
GFP-LC3, exposed to the indicated treatments and then observed under a fluorescence
microscope. We counted the number of intense punctate GFP-LC3 aggregates in each
cell to assess autophagy. The results showed that H/R increased the level and
aggregation of GFP-LC3 in cells, and this phenomenon was amplified by MenSCs and
particularly by primed MenSCs (Figures 8A and B). In addition, the effect of primed
MenSCs on GFP-LC3 punctate aggregation was reversed by 1IMT, which suggested that
IDO was related to the promotion of autophagy (Figures 8A and B). Then, we measured
the changes in autophagy-related protein expression by western blotting to further
explore how IDO affects autophagy. The results showed that H/R could inhibit the
mTOR pathway, activate the AMPK pathway, and increase autophagy, and these effects
were enhanced by MenSCs and particularly by primed MenSCs (Figures 8C and D);
furthermore, the enhanced effect of primed MenSCs on autophagy was reversed by the
IDO inhibitor IMT (Figures 8C and D). These results indicated that IDO secreted by
primed MenSCs enhanced autophagy by inhibiting the mTOR pathway and activating
the AMPK pathway.

DISCUSSION

In this study, we found that IDO secreted by IFN-y-primed MenSCs enhanced the
therapeutic effect of MenSCs in the mouse liver I/R model, and the related mechanisms
are shown in Figure 9. However, some studies have indicated that the combination of
IFN-y and tumor necrosis factor-alpha (TNF-a) could more efficiently promote the
secretion of IDO by MSCsl!2l. Although our study showed that priming with 100 ng/ mL
IFN-y for 72 h was sufficient to initiate IDO secretion by MenSCs, priming with

multiple inflammatory factors to generate better and more functional MenSCs still has a
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very high experimental value. However, considering that the high concentration of IFN-
y decreased the tolerance of MenSCs to H/R-induced injury (Figures 2E and F), we
hypothesized that the priming of MenSCs with multiple inflammatory cytokines may
cause more severe damage. Consequently, the side effects of these inflammatory
cytokines on MSCs need to be further investigated in vitro and in vivo.

In addition to priming MSCs with some inflammatory factors, such as transforming
growth factor-p, IL-17, TNF-a, and IFN-y, to promote the secretion of immune
regulatory cytokinesi26-281, MSCs could also be modified by gene editing to overexpress
some immune regulatory factors and thus enhance their therapeutic effects. In one
study, MSCs that overexpressed IDO were more effective in alleviating injury in dilated
cardiomyopathy in mice and further enhanced the responses of Tregs and Th2 cellsPl.
Therefore, subsequent studies may examine the differences in safety, efficacy, and cost
between these two approaches to identify the more suitable method of MSC
modification.

To date, 79 clinical trials involving the use of MSCs to prevent or treat graft-versus-
host disease (GVHD) have been conducted®l. Most of the studies demonstrated the
safety and efficacy of MSCs, but some studies showed that MSCs did not exert the
desired protective effect; differences in the immunomodulatory effects of MSCs may be
related to the origin and the dose of MSCs that were used. One study compared the
therapeutic potential of MSCs from different origins in a mouse GVHD model and
found that bone marrow-derived MSCs (BM-MSCs) induced a rapid proinflammatory
response before exerting immunosuppressive effects and that BM-MSCs were less
capable of inducing Treg differentiation than umbilical cord blood-derived MSCs (UC-
MSCs)P, Therefore, differences in the origin of MSCs might be a reason why some
MSCs did not exert the expected effects in some studies!”8l. It has also been suggested
that subsequent studies on MSCs may focus on the differences in the therapeutic
potential of MSCs that are derived from different sources. Moreover, another study
showed that a double dose of UC-MSCs exerted a better therapeutic effect than a single

dose of UC-MSCs in a rat dilated cardiomyopathy model??l. Consequently, in addition
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to improving MSCs, selecting the right MSC source and the right MSC dose is also
crucial for research.

This study found that IDO secreted by IFN-y-primed MenSCs was found to activate
the AMPK pathway and inhibited the mTOR pathway, which resulted in inducing of
protective autophagy in hepatocytes. However, the specific mechanism through which
IDO activates the AMPK pathway or inhibits the mTOR pathway remains unclear. IDO
is a metabolic enzyme that can promote tryptophan metabolism and produce
kynurenine. Some studies have shown that IFN-y priming and IDO overexpression can
promote tryptophan depletion and kynurenine accumulation, and these phenomena
induce autophagy in cervical cancer cells and promote phagocytosis by macrophages!321.
Studies have also shown that a protective autophagic response and amino acid
metabolism, which are driven by IFN-y-mediated induction of IDO enzyme activity,
could inhibit antibody-mediated inflammatory kidney injury in a mouse model of
nephrotoxic serum nephritis33l. Another study showed that glucose metabolism is also
related to the T cell inhibition caused by MSCs and IDOIB4I. In this study, we found that
primed MenSCs increased the relative expression of the autophagy-related metabolite
PE in mouse livers, and corresponding experiments proved that primed MenSCs indeed
promoted autophagy through IDO; however, we did not conduct targeted
metabolomics analyses to quantify the absolute expression of PE. In addition, how IDO
causes changes in the levels of PE are unclear. Therefore, further study is needed to
determine how IDO triggers autophagy. Notably, tryptophan catabolism by IDO could
alter inflammatory responses and favor T-cell tolerance in cancer!33¢]. Although there is
no evidence showing that MSCs can promote tumor growth and our previous study
showed that MSCs can inhibit the growth of hepatocellular carcinoma through
epigenetic regulation(?], the use of primed MSCs in cancer patients may still be
controversial.

In addition, because IDO secreted by MSCs could increase the Tregs to induce
immune tolerance, as has been observed in several studies[!417], we paid more attention

to the potential of primed MenSCs to reduce liver IRI in this study, and only used the
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number of Tregs as an indicator to evaluate the MSC-induced - immune tolerance
potential. Therefore, although primed MenSCs significantly increased the numbers of
Tregs, it is still necessary to verify whether the increased Tregs could alleviate IRI8! or
better induce immune tolerance in the liver transplantation model. Besides, recent
studies have shown that macrophage activation and neutrophil infiltration also play
important roles in liver IRIP#] and the regulation of MSCs to different types of
immune cells deserves further study.

Notably, untreated MenSCs could also activate the AMPK pathway, inhibit the
mTOR pathway and enhance autophagy in the I/R or H/R models; however, untreated
MenSCs secreted little IDO (Figures 2G-I). This finding indicates that the effect of
MenSCs in enhancing autophagy is not entirely dependent on IDO and may be related
to other mechanisms. How stem cells enhance autophagy in recipient cells is still worth

further study.

CONCLUSION

IFN-y-primed MenSCs could exert a better therapeutic effect in a liver I/R model than
untreated MenSCs by secreting higher levels of IDO. On the one hand, MenSCs and
IDO enhanced the AMPK-mTOR-autophagy axis to reduce IRL; on the other hand, IDO
increased the Treg numbers in the spleen and enhanced the ability of MenSCs to induce
immune tolerance. Our study suggests that IFN-y-primed MenSCs may be a novel and

improved MSC product for liver transplantation in the future.
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