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Abstract

Current mesenchymal stem cell (MSC) research is based on xenotransplantation of human MSCs (hMSCs) in immunodeficient mice and cannot
comprehensively predict MSC repair mechanisms and immunomodulatory effects in damaged tissue. This study compared the therapeutic ef-
ficacy, mechanisms, and immune response of hMSCs and mouse MSCs (mMSCs) in immunocompetent mice with CCl-induced acute liver
failure. mMMSCs maintained F4/80* hepatic macrophage recruitment into the damaged liver region, increased Il-6-dependent hepatocyte prolif-
eration, and reduced inflammatory TNF-a cytokine secretion. Moreover, mMSCs reduced a-SMA* myofibroblast activation by lowering TGF-p1
accumulation in damaged liver tissue. In contrast, hMSCs lowered TNF-a and TGF-B1 by reducing the recruitment of F4/80+ hepatic macrophages,
which lost the ability to remove debris and induce IL-6 liver regeneration. Finally, hMSCs, but not mMSCs, caused a significant antibody response
in immunocompetent mice; therefore, hMSCs are unsuitable for long-term MSC studies. This comparative study provides reference information
for further MSC studies of immunocompetent mice.

Key words: mesenchymal stem cells; inmunomodulatory; IL-6, F4/80; liver regeneration; liver fibrosis.

Graphical Abstract

The mMSCs treatment showed less injured liver area than the hMSCs. Liver regeneration relies on F4/80* macrophage and |-:6-dependent
hepatocyte proliferation. The mMSC, but not hMSC, maintained the F4/80* macrophage recruitment and |-:6-dependent hepatocyte prolifer
ation. Both the hMSC and mMSC reduced a-SMA* fibroblast activation. However, the hMSC showed a high antibody immune response in
immunocompetent mice with acute liver failure.
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Significance Statement

MSC therapy in immunocompetent mice with acute liver failure.

The immunodeficiency mice are generally used to evaluate the hMSC therapeutic efficacy but are absent from investigating MSC
immune-modulatory effects. Our study compared the adipose-tissue-derived hMSC and mMSC with therapeutic efficacy and liver
regenerative mechanisms in immunocompetent mice with acute liver failure. The measurement focused on the liver F4/80+ hepatic
macrophage recruitment, [l-6-dependent hepatocyte regeneration, TNFa inflammation, pro-fibrotic molecule activation, and anti-MSC
immune response. The results provide the differences between hMSC and mMSC treatments and help us understand and design further

Introduction

Acute liver failure is a lethal symptom with severe cell ap-
optosis and necrosis in the patient’s liver, but an effective
treatment for it is still lacking. Current treatments focus on
removing liver toxicity factors and lowering the liver me-
tabolite burden to allow liver self-regeneration. However,
the supporting therapies are not sufficient to treat severe
acute liver failure. The immune microenvironment has been
discussed as benefiting liver regeneration.'? In the early stage
of acute liver failure, innate immune cells, especially hepatic
macrophages—Kupffer cells—rapidly recruit to the necrotic
area of the liver as scavengers of phagocytotic cell debris.?
When hepatic macrophages are recruited to the damaged
areas of the liver, they secrete pro-inflammatory cytokines,
which induce blood monocytes to differentiate into pro-
inflammatory macrophages.>* Persistent inflammation delays
anti-inflammatory macrophage differentiation and halts liver
regeneration. Mesenchymal stem cells (MSCs) have been
investigated as an effective regenerative source to replace in-
jured, inflamed, or malfunctioning tissue by recovering liver
tissue homeostasis.’ In addition, pro-inflammatory cytokine-
induced MSCs promote anti-inflammatory macrophages.®
Therefore, the immunomodulatory therapeutic potential of
MSCs should be considered in the early stage of acute liver
failure.

MSC therapies have been widely studied for their ben-
eficial effect on liver diseases.”® Therapeutic efficiency
assessments of MSCs involve cell differentiation potency
and the MSC secretome, including soluble cytokines, growth
factors, hormones, and the miRNA exosome that influence
damaged cells, immune cells, and cells participating in tissue
recovery.” However, a comprehensive therapeutic model of
human MSC (hMSC) therapies is difficult to provide for im-
munocompetent mice because the possible immune rejection
may defect MSC regeneration, which has been reported in
pig and rat xenotransplantation models.'” Immunodeficient
mouse models are chosen for evaluating the therapeutic
effects of hMSCs. Due to the lack of an immune system,
immunodeficient mouse models provide insufficient in-
formation to predict immunomodulatory effects in humans.
Therefore, it should use allogeneic mouse MSC (mMSC),
which provides sufficient information to explore therapeutic
effects and mechanisms in immunocompetent acute liver
failure mouse models.

This study compared the therapeutic efficacy,
immunomodulatory effects, and immune responses of hMSC
and mMSCs in immunocompetent mice with acute liver
failure. Hepatocyte differentiation potency and liver injury
conditions were investigated to evaluate the efficacy of hMSC
and mMSC therapies. In addition, the hMSC and mMSC
treatments were analyzed for liver regeneration-related and
liver fibrosis factors to explore immunomodulatory effects.

Finally, multiple dosage injections of hMSCs and mMSCs
were administered to compare the immunogenicity and im-
munological memory effects of MSC therapies in a long-term
study.

Materials and Methods

Materials

The materials are detailed in supplementary information
(Supplementary Table S1).

Animals

CS57BL/6]JNarl mice were acquired from the National
Laboratory Animal Center, Taiwan. Seven-week-old female
C57BL/6]Narl mice were bred and housed at Taipei Medical
University. All animal procedures were approved by the
Taipei Medical University Institutional Animal Care and Use
Committee.

Isolation and Culture of Mouse Adipose Tissue-
Derived Mesenchymal Stem Cells

Twelve-week-old male C57BL/6JNarl mice were humanely
sacrificed, and their gonadal adipose tissue was digested with
dispase II (4 units/g) and collagenase type II (1000 CDU/g)
at 37°C for 1 h. After digestion, we collected the stromal
vascular fraction (SVF) by 400xg centrifugation. The SVF
was cultured starting at low cell density (200 cells/cm?) and
cell confluence under 80% in aMEM with 10% fetal bo-
vine serum (FBS), 1% antibiotic-antimycotic solution, 0.1%
gentamicin sulfate, 2 mM N-acetyl-L-cysteine, and 0.2 mM
L-ascorbic acid 2-phosphate at 37°C, 5% CO,, and 100%
relative humidity (RH). The mMSCs were cultured for <3
passages for further study.

Culture of Human Adipose Tissue-Derived
Mesenchymal Stem Cells

Female human adipose tissue-derived MSCs were purchased
from LONZA. The MSCs were cultured starting at low cell
density (200 cells/fcm?) and cell confluence under 80% in
hMSC SF1 basal medium at 37°C, 5% CO,, 1% antibiotic-
antimycotic solution, 0.1% gentamicin sulfate, 2 mM
N-acetyl-L-cysteine, 0.2 mM L-ascorbic acid 2-phosphate,
and 100% RH. The hMSCs were cultured for <3 passages for
further study.

Evaluation of MSC Self-Renewal and Cell Doubling
Time

The self-renewal ability of human and mouse MSCs was de-
termined using the colony-forming unit-fibroblast (CFU-F)
assay. The hMSCs and mMSCs were seeded at 200 cells/dish
(55 cm? growth area). After 10 days, the cells were stained
with 0.9% crystal violet for 10 minutes at room temperature
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and then washed with tap water for 10 minutes. The cells
were analyzed for the number of colonies.

Cell doubling time was evaluated using the cumulative
population doubling level (CPDL) method.'"' The human and
mouse MSCs were seeded at 1 x 10* cells/dish (55 cm? growth
area). When cell confluence was approximately 80%, the cells
were counted as total cell numbers. The CPDL was calculated
using the following formula:

CPDL = 3.32 (log UCY- log I)+X,

where UCY was cell yield, I was the number of cells used to
initiate the subculture, and X was the doubling level used in
the previous subculture.

Flow Cytometry

Human MSC markers were detected using CD90, CD105,
CD73,CD34,CD45,CD11b, CD19,and HLA-DR antibodies.
Mouse MSC markers were detected using CD105, CD29,
CD44, SCA-1, CD31, CD45, and TER-119 antibodies. In the
extracellular staining groups, dead cells from human or mouse
MSCs were excluded by 10 pg/mL propidium iodide staining.
Intracellular staining of human CD73 and mouse MSC
CD29 was performed by fixing with 4% paraformaldehyde
and permeabilizing the cells with 0.1% Triton X-100 for 10
minutes at room temperature. All unconjugated antibodies
were detected by fluorescein-conjugated antibodies. Antibody
incubation time was 1 h on ice. The human and mouse MSCs
were analyzed using a spectral analyzer (SONY SA3800). The
data were analyzed using Flow]o software.

MSC Differentiation

The MSC trilineage
Supplementary Material.

Hepatocyte differentiation was performed in 2 steps in me-
dium.'? First (day 0), the hMSCs and mMSCs were plated
at 1 x 10° cells/well in growth medium and 6-well cell cul-
ture plates. When MSCs were propagated to 90% cell con-
fluence, the mouse MSCs were treated with aMEM with
10% FBS and 20 pM 5-azacytidine for 24 h, and then kept
in refreshed medium with DMEM low glucose/MEM ratio
(1/1), 2% FBS, 1% antibiotic-antimycotic solution, 0.1%
gentamicin sulfate, 0.1% BSA, 5.55 mM D-galactose, 0.3
mM L-ornithine HCI, 4.99 mM HEPES, 1.25 mM nicotin-
amide, 0.2 uM ZnCL,, 0.04 uM CuSO, x SH,0, 0.13 uM
ZnSO, x 7H,0, 0.074 uM MnSO, x H,0, 50 nM dexameth-
asone, 1% insulin-transferrin-selenium supplement, 20 ng/
mL EGE and 40 ng/mL HGF for 2 weeks. Cell morphology
demonstrated a binucleated type. After 2 weeks of differentia-
tion, the cells were lysed by RIPA buffer for cytochrome P450
3A4 (CYP3A4) and phosphoenolpyruvate carboxykinase 1
(PCK1) expression analysis.

differentiations are detailed in

Acute Liver Failure Induction in Mice and MSC
Transplantation

Eight-week-old  female  CS7BL/6JNarl  mice  were
intraperitoneally injected with CCI, solution, which was
mixed with olive oil for a final concentration of 10% (v/v)
CCl,. The CCl, dosages were determined by mouse body
weight (15 pL CCl,/20 g mouse). After 24 h of induction of
acute liver failure, human and mouse MSCs were intrave-
nously injected into the tail vein of each mouse at 2 x 10°
cells/mouse. After 72 h of induction of acute liver failure, the
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mice were humanely sacrificed and their serum and organs
were collected and body/organ weight was measured for
further analysis. Alanine transaminase (ALT) and aspartate
transaminase (AST) concentrations were evaluated using a
VetTest Chemistry Analyzer.

Histology and Immunohistochemistry

Mouse livers were fixed in 10% NBF for 24 h. The fixed
tissue was processed with an ethanol concentration gradient
and xylene, then embedded in paraffin wax by an automated
tissue processor (Shandon Excelsior, Thermo Fisher Scientific,
UK). The paraffin-embedded liver tissue was sectioned at 3-7
um thickness and stained with H&E. The results of H&E
staining were obtained with a scanner (MIRAX SCAN). The
injured regions of the liver were quantified by Image].

Immunohistochemistry (IHC) sections were dewaxed with
xylene and rehydrated with an ethanol concentration gra-
dient and deionized water. The tissue sections were boiled
in Tris-EDTA (TE) or 10 mM sodium citrate buffer for 10
minutes and cooled for 20-30 minutes. Endogenous peroxi-
dase was deactivated using 0.3% H,O, solution for 5 minutes
at room temperature. The tissue sections were blocked in
10% goat serum and 1% BSA in PBST for 1 h at room tem-
perature. Next, the liver tissue samples were stained with
TNF-a, IL-6, F4/80, TGF-f1, and a-SMA antibodies and
HRP-conjugated antibodies for detection of the targets. DAB
substrate and hematoxylin were used for marker detection
and counterstaining. A micromount solution was used for sec-
tion mounting. The sections subjected to IHC staining were
observed under a microscope (TissueGnostics Axio Observer
Z1). Liver sections were quantified with signal expression
using HistoQuest software.

Evaluation of Human and Mouse MSC Immune
Response

Eight-week-old  female  CS7BL/6JNarl  mice  were
intraperitoneally injected with a vector, human MSCs (2 x
10° cells) or mouse MSCs (2 x 10° cells) at weeks 0, 1, 2, and
20 (booster shot). The body weight of mice was measured
and their plasma collected at weeks -1, 1,2, 3,19, and 21 for
further immune response analysis.

Western Blotting

The differentiated human and mouse MSC hepatocyte
samples were quantified for protein concentration using the
BCA method. The proteins in the samples were electrophoret-
ically separated with 10% SDS-PAGE (reducing condition),
transferred to nitrocellulose blotting membranes, and blocked
with 5% skim milk for 2 h at room temperature. For dif-
ferentiation efficiency, CYP3A4, PCK1, and B-actin protein
expression were analyzed using anti-human/mouse CYP3A4,
PCK1, and B-actin antibodies and HRP conjugated antibodies
with a chemiluminescent substrate. B-actin staining was
performed after the application of a mild stripping solution
(0.2 M glycine, 2.9 mM SDS, and 1% Tween20 at a pH of
2.2). Chemiluminescence results were acquired by SynGene
GeneGnome 5. The CYP3A4, PCK1, and B-actin results were
quantified by Image].

ELISA Assays

The serum of mice with CCl,-induced acute liver failure was
evaluated with mouse IL-, TNF-a, and IL-6 ELISA Kkits.
The results were read using an EPOCH reader at an optical
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density (OD) of 450 nm. The human and mouse MSC im-
mune responses were determined using NIH3T3-, human
MSC-, and mouse MSC-based ELISAs. NIH3T3, hMSCs, and
mMSCs were seeded at 3 x 10* cells/well in 96-well CellBIND
microplates, which reached 100% cell confluence after 24 h.
Mice plasma samples were incubated with the cells for 1 h at
room temperature for immune response. The HRP-conjugated
anti-mouse IgG antibody and ABTS substrate were used for
target detection. The absorbance was read with an EPOCH
reader at an OD of 405 nm.

MSC Cell Viability Assay

The hMSCs, and mMSCs were seeded at 2000 cells/well in
96-well CellBIND microplates, which reached 20%-30%
cell confluence after 24 h. The week 3 mice plasma samples
were 50-fold diluted and treated with the cells for 48 h at
37°C, 5% CO,, and 100% humidity. The cell viabilities were
evaluated by cell ATP concentration by ATP luminescence
Kit. The control mice plasma has 100% cell viability.

Quantification and Statistical Analysis

All data are shown as mean = SD. The CYP3A4 and PCK1
western blot results were analyzed using their B-actin cell
loading control and normalized using the non-differentiation
group, and differences were quantified by 2-tailed unpaired
t-tests. Body weight under acute liver failure and immune re-
sponse results of cell-based ELISA were analyzed with repeated
measures of one-way ANOVA. The organ weights of mice
were normalized using their body weights and represented
as percentages. One-way ANOVA was used to analyze other
data. Tukey’s test corrected for multiple comparisons was
used for hypothesis testing.

Results

Characterization of Human and Mouse Adipose-
Derived Mesenchymal Stem Cells

The morphology, MSC markers, self-renewal ability, and cell
population doubling level (CPDL) of hMSCs and mMSCs
were analyzed. Both types of MSC demonstrated a spindle-
shaped morphology (Fig. 1A). The hMSCs showed approxi-
mately 99% MSC purity—CD90 (100%), CD105 (99.6%),
CD73 (99.1%), CD34 (0.1%), CD45 (0%), CD11b (0%),
CD19 (0%), and HLA-DR (0.1%) (Fig. 1B)—and met the
International Society for Cellular Therapy (ISCT) standards
for hMSC markers.!* The mMSCs showed approximately
90% purity—CD105 (98.3%), CD29 (99.9%), CD44
(96.8%), SCA-1 (90.6%), CD31 (1.9%), CD45 (0.7%), and
TER-119 (0.8%) (Fig. 1C)—and met the criteria for mMSC
markers.'

To evaluate the self-renewal ability of hMSCs and mMSCs,
we performed the colony-forming unit-fibroblast (CFU-F)
assay. The results showed that the self-renewal ability of
hMSCs was 38% (Supplementary Fig. S1A), whereas it was
83% for mMSCs (Supplementary Fig. S1B). The cell doubling
time of hMSCs and mMSCs was evaluated using the CPDL.
The hMSC doubling time was approximately once per day
(Fig. 1D), whereas the mMSC doubling time was once per 2
days (Fig. 1E). The reason for the difference between hMSC
and mMSC self-renewal was the difference in CPDL. The cell
doubling time of hMSCs was shorter than that of mMSCs.
Moreover, the CPDL results also showed that the hMSCs had
limited self-renewal capacity.

Stem Cells Translational Medicine, 2023, Vol. 12, No. 1

Trilineage and Hepatocyte Differentiation Potency
of Human and Mouse Mesenchymal Stem Cells

In this study, we focused on comparing the therapeutic
mechanisms of adipose-derived human and mouse MSCs in
mice with acute liver failure. We first needed to prove that
both human and mouse MSCs had similar differentiation
potency. According to the ISCT, MSCs have the potential
to differentiate into trilineage cells, including adipocytes,
osteoblasts, and chondrocytes. Therefore, both hMSCs and
mMSCs can also differentiate into adipocytes, osteoblasts,
and chondrocytes. Moreover, MSCs have been reported to
show hepatocyte differentiation potency.'>'® We evaluated the
in vitro hepatocyte differentiation potential of hMSCs and
mMSCs as the source of hepatic repair cells.'

The results showed that hMSCs (Fig. 2A) and mMSCs
(Fig. 2B) had trilineage differentiation potential. In the case
of hepatocyte differentiation, both hMSCs and mMSCs
showed polyploidization morphology; in Fig. 2C, the arrows
indicate binucleated hepatocytes, after incubation in hepato-
cyte differentiation medium. Non-differentiated (collected on
day 4 after cell plating) and differentiated (collected on day
14 after incubation in hepatocyte differentiation medium)
MSCs were analyzed using hepatocyte makers, including cy-
tochrome P450 3A4 (CYP3A4) and phosphoenolpyruvate
carboxykinase 1 (PCK1), with western blotting (Fig. 2D). The
results showed that CYP3A4 and PCK1 expression of hMSC
increased in differentiated cells (normalized intensity of
CYP3A4 was 2.34 and of PCK1 was 1.89) compared to non-
differentiated cells (normalized intensity of CYP3A4 was 1.00
and of PCK1 was 1.00). Similar results were obtained for the
mMSC group, with CYP3A4 and PCK1 expression increasing
in differentiated cells (normalized intensity of CYP3A4 was
1.99 and of PCK1 was 1.80) compared to non-differentiated
cells (normalized intensity of CYP3A4 was 1.00 and of PCK1
was 1.00). hMSCs and mMSCs showed similar differentia-
tion potency.

Mouse MSCs Reduced the Area of Liver Injury
Better than Human MSCs in Mice with CCl,-Induced
Acute Liver Failure

Carbon tetrachloride is the most common material used to
induce acute liver failure in animal models. The cytochrome
P450 family of enzymes metabolize carbon tetrachloride into
the trichloromethyl radical, which has high reactivity for
destroying nucleic acids, proteins, and lipids in hepatocytes
leading to acute liver failure.'” The disease pathology is sim-
ilar to that of drug-induced acute liver failure in humans,
such as acetaminophen.'® Therefore, this model is a suitable
approach to designing therapeutic strategies against reactive
metabolite-induced hepatic toxicity. This study evaluated the
differences in the efficacy of hMSC and mMSC therapies in
the early stage (days 0-3) of CCl,-induced acute liver failure
(Fig. 3A).

Mouse body weight at the end of the MSC treatment
(day 3) was not significantly different from that at day 0
(Supplementary Fig. S2A). Serum alanine transaminase (ALT)
and aspartate transaminase (AST) biochemistry values indi-
cate the level of liver injury. The ALT (Fig. 3B) and AST (Fig.
3C) values were significantly lower in CCl,/hMSC (ALT: 1056
U/L; AST: 480 U/L) and CCl,/mMSC (ALT: 1021 U/L; AST:
474 U/L) groups compared to the CCl, group (ALT: 2397 U/L;
AST: 1650 U/L) of immunocompetent mice with CCl,-induced
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Figure 1. Characterization of human and mouse adipose-derived mesenchymal stem cell (MSC) morphology, MSC markers, and cell population doubling
level (CPDL). (A) Human and mouse adipose-derived MSCs showed spindle cell morphology. Scale bar: 250 um. (B) Evaluation of hMSC markers by
fluorescence-activated cell sorting (FACS). (C) Evaluation of mMSC markers by FACS. (D) The cell-doubling time of human MSCs was analyzed using the
cell population doubling level (CPDL). Data are shown in mean + SD; n = 3 independent experiments. (E) The cell-doubling time of mouse MSCs was
analyzed using CPDL. Data are represented as mean + SD; n = 3 independent experiments. See also Supplementary Fig. S1.
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Figure 2. Human and mouse mesenchymal stem cells (MSCs) have the potency to differentiate into adipocytes, osteoblasts, chondrocytes, and
hepatocytes. (A) Human MSCs (hMSCs) differentiated into adipocytes, osteoblasts, and chondrocytes. Scale bar: 100 pm. (B) Mouse MSCs (MMSCs)
differentiated into adipocytes, osteoblasts, and chondrocytes. Scale bar: 100 um. (C) The hMSCs and mMSCs differentiating into hepatocytes showed
polyploidization morphology. The arrows indicate binucleated hepatocytes. Scale bar: 100 um. (D) The differentiated hMSCs and mMSCs in (C) were
evaluated for hepatocyte-related CYP3A4 and PCK1 protein expression by western blot. p-actin was the loading control. The CYP3A4 and PCK1
quantification results were normalized using the non-Diff group; data are shown in mean + SD; n = 3 independent experiments. Unpaired t-test
(compared to non-diff): P <.05(*), < .01(*¥), < .001(***), < .0001(****). Abbreviations: non-Diff, non-differentiated cell; Diff., differentiated cell.
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Figure 3. Both human and mouse MSC therapies reduced liver injury biochemistry values and systemic pro-inflammatory cytokine I-6 in mice with
early-stage acute liver failure. (A) Schematic diagram of CCl -induced acute liver failure and hMSC and mMSC therapy. (B) Serum concentration of ALT
(serum glutamic pyruvic transaminase, sGPT) and (C) AST (serum glutamic-oxaloacetic transaminase, sGOT) of mice with liver failure at day 3. Data are
shown in mean + SD; n = 5-8 animals; one-way ANOVA: P < .05(%), < .01(**), < .001(**¥), < .0001(****), (D) Mouse liver sections stained with H&E at day
3. Scale bar: 200 um. (E) Quantification of the area of liver injury in (D). The injured results were normalized by the total area. Data are shown in mean +
SD; n = 5-8 independent experiments; one-way ANOVA: P < .05(*), < .01(*¥), < .001(***), < .0001(****). (F-H) Expression of blood IL-1p (F), TNF-« (G), and
|6 (H) concentration at day 3 in mice with acute liver failure. Data are shown in mean + SD; n = 5-8 animals; one-way ANOVA: P < .05(%), < .01(*¥), <
.001(***), < .0001 (****), See also Supplementary Fig. S2.
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liver failure. The hMSC and mMSC groups did not show any
liver toxicity. In the CCl,-damaged liver, reactive metabolites
bind to lipids and proteins to influence lipoprotein and cal-
cium homeostasis leading to an increase in liver mass." The
organ to body weight percentages were analyzed at day 3 of
the study (Supplementary Fig. S2B-K). The liver/body weight
percentage decreased in the CCL/hMSC (6.92%) and CCl/
mMSC (6.71%) groups, which approached the healthy con-
trol group (6.42%), compared to the CCI, group (7.88%)
of immunocompetent mice with CCl -induced liver failure
(Supplementary Fig. S2D). The liver-damaged regions were
visualized by histological H&E staining. The areas of the
damaged liver showed a loss of hepatocyte nuclei and were
more pinkish in color (Fig. 3D). The damaged area of the
liver was also quantified as a percentage (Fig. 3E). Strikingly,
the CCl,/mMSC group had the smallest injured area by per-
centage (17.50%) compared to the CCl, (38.16%) and CCl,/
hMSC (28.77%) groups. The differences in the extent of liver
damage of immunocompetent mice with acute liver failure
given hMSC and mMSC therapies indicate that the thera-
peutic mechanisms of these MSCs should be evaluated.

Acute liver failure arouses a systemic inflammatory response
that is altered by macrophage-derived pro-inflammatory
cytokines, including interleukin-1 (IL-1), tumor necrosis
factor-alpha (TNF-a), and 1L-6.22? The serum IL-1f3, TNF-
o, and IL-6 concentrations of mice with acute liver failure
were investigated (Fig. 3F-H). The serum IL-1$ and TNF-a
concentrations were not significantly different between
the groups (Fig. 3F, 3G). However, hMSC therapy slightly
increased the TNF-a serum concentration in the hMSC (4.73
pg/mL) and CCI,/hMSC (1.50 pg/mL) groups (Fig. 3G). The
serum IL-6 concentration was significantly lower in the CCI,/
hMSC (2.56 pg/mL) and CCl,/mMSC (0 pg/mL) groups
compared to that of the CCl, group (17.93 pg/mL), which in-
dicated that both treatments reduced systemic inflammation
(Fig. 3H).

Mouse MSCTherapy Enhanced Liver Regeneration
by Increasing Activation of IL-6 and Hepatic
Macrophages in the Liver

To evaluate the enhancement of liver regeneration by hMSC
and mMSC therapies, we analyzed the levels of the inflam-
matory cytokine TNF-q, liver regenerative cytokine IL-6, and
scavengers of F4/80* hepatic macrophages in the liver region
by immunohistochemistry (IHC) sections. The liver region
IHC results showed that TNF-o expression of CCl,/hMSC
(intensity/total area of 0.27) and CCl,/mMSC (intensity/total
area of 2.16) groups were significantly lower than that of the
CCl, group (intensity/total area of 11.97) (Fig. 4A), indicating
that the hMSC and mMSC treatments reduced the inflam-
mation of the damaged liver of immunocompetent mice with
liver failure.

Interestingly, the IHC results for the liver showed a signifi-
cantly increased IL-6 signal in mMSC (intensity/total area of
9.41) and CCL/mMSC (intensity/total area of 5.37) groups
compared to the control (intensity/total area of 0.47), CCl,
(intensity/total area of 0.99), hMSC (intensity/total area of
1.45), and CCl,/hMSC (intensity/total area of 1.43) groups
(Fig. 4B). In the CCI, group, the IL-6 signal was mainly
expressed in the hepatic cells of the damaged region. In con-
trast, the main IL-6 signals were detected in the cytoplasm
of hepatocytes in the mMSC and CClL,/mMSC groups. These
results highlight that the mMSC intervention enhanced
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IL-6-dependent liver regeneration in immunocompetent mice
more than the hMSC intervention (Fig. 4B, indicated by the
arrows).

The F4/80* hepatic macrophages increased in the liver
region of the CCl, (intensity/total area of 54.08) and CCl/
mMSC (intensity/total area of 61.43) groups compared to the
control (intensity/total area of 12.45), hMSC (intensity/total
area of 12.09), mMSC (intensity/total area of 18.16), and
CCl,/hMSC (intensity/total area of 22.12) groups (Fig. 4C).
Interestingly, the CCl,/mMSC group showed higher hepatic
macrophage recruitment into the damaged area of the liver
than the CCl,/hMSC group of immunocompetent mice with
acute liver failure. However, the F4/80* hepatic macrophages
recruited in the CCl,/mMSC group did not secrete TNF-a.
Instead, the abundant F4/80* hepatic macrophages recruited
in the CCl, group secreted TNF-a. (Fig. 4A, 4C, indicated by
red arrows).

The TNF-a, IL-6, and F4/80 results showed that the CCI,
group induced TNF-a secretion by recruiting F4/80* hepatic
macrophages. The CCl,/hMSC group inhibited F4/80* hepatic
macrophages recruited into the damaged liver region, thus re-
ducing TNF-a secretion. On the other hand, the CCl,/mMSC
group maintained F4/80* hepatic macrophages recruited
into the damaged liver region, reduced TNF-a secretion, and
enhanced IL-6-dependent liver regeneration, which resulted
in a smaller injury area of liver in the CCl,/mMSC group than
in the CCL/hMSC group (Fig. 3E).

Human and Mouse MSCTherapies Reduced
Myofibroblast Activation Through Influencing TGF-
1 Expression in Areas of Liver Injury

TGF-f1 is a profibrogenic growth factor secreted by
F4/80* hepatic macrophages.?*?’ Inflammatory F4/80* he-
patic macrophages activate hepatic stellate cells (HSCs)
and promote their transdifferentiation into myofibroblasts,
which express a-smooth muscle actin (a-SMA) during liver
restoration.?®?® The fibrotic potential of mice with acute liver
failure was characterized by TGF-$1 and a-SMA. The primary
TGF-f1 signal was a secretory type and mostly accumulated
in the damaged area of the liver.

The CCl,/hMSC (intensity/total area of 7.36) and CCl,/
mMSC (intensity/total area of 5.71) groups accumulated
less TGF-B1 in the damaged region of the liver than the CCl,
group (intensity/total area of 21.36) (Fig. SA, indicated by
red the arrows). The a-SMA signal was an intracellular type
in HSC-derived myofibroblasts (Fig. 5B, the arrows). The
a-SMA THC results indicated that both MSC interventions
reduced the activation of myofibroblasts in damaged regions
of the liver (CCL/hMSC: intensity/total area of 59.42; CCL/
mMSC: intensity/total area of 58.36) to a greater extent than
the CCl, group (intensity/total area of 75.11). According to
the TGF-B1 and a-SMA THC results, myofibroblast activation
was reduced in the CCl,/hMSC and CClL/mMSC groups due
to a decrease in TGF-f1 accumulation in the damaged liver
region.

According to hepatic macrophage recruitment (Fig. 4C)
and these findings, the CCl,/hMSC group showed lower TGF-
B1 expression because F4/80* hepatic macrophages were not
recruited. The CCl,/mMSC group maintained F4/80* hepatic
macrophage recruitment with lower TGF-f31 expression and
a-SMA* myofibroblast activation, which might have allowed
F4/80" hepatic macrophages to turn into restorative hepatic
macrophages.?’
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Figure 4. Mouse MSC therapy enhanced liver regeneration by increasing 116 and F4/80* hepatic macrophage activation in the liver of mice with early-
stage acute liver failure. (A-C) Expression of immunohistochemistry (IHC) quantification results of TNF-a (A), 16 (B), and F4/80* hepatic macrophages
(C) in the liver region. The arrows indicate the positive sites. The results of quantified intensity were normalized by total liver tissue area. Scale bar: 100
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ANOVA: P <.05(%), < .01(*), < .001(***), < .0001 (****),

Human MSCs Induced an Antibody Immune
Response in Immunocompetent Mice

MSCs secrete immunomodulatory factors, including TGF-1,
prostaglandin E2 (PEG2), and TNF-stimulated gene 6 (TSG-
6) protein, to evade phagocytosis by antigen-presenting cells
(APCs) and T lymphocyte cell cytotoxicity.>* However, xeno-
transplantation can cause a stronger immune response than
allotransplantation.’! Therefore, to confirm the hypothesis,
hMSCs and mMSCs were injected into immunocompetent
mice to evaluate the antibody immune response (Fig. 6A). The
immunocompetent mice and mMSC were from the identical

inbred generation of C57BL/6 mice to avoid the allograft
transplantation immune response.’>3 To analyze hMSC
and mMSC immune responses, we generated mouse fibro-
blast (NIH3T3)-, hMSC-, and mMSC-based ELISA to detect
anti-hMSC or anti-mMSC antibodies in mouse serum. The
NIH3T3 cell-based ELISA excluded the non-specific mouse
antibodies (Fig. 6B). ELISA results showed that the hMSC
group had a significant anti-hMSC antibody signal at week
2. After the hMSC boost, the hMSC group showed a stronger
anti-hMSC antibody signal at week 21 (O.D. = 0.95) than at
weeks 2 (O.D. = 0.46) and 3 (O.D. = 0.65) (Fig. 6C). Instead,
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Figure 6. Human MSC therapy induced an antibody immune response in mice given long-term MSC therapy. (A) Schematic diagram of long-term
human and mouse MSC therapies for C57BL/6 mice. (B-D) Expression of (B) NIH3T3 (mouse fibroblast) cell-based ELISA for excluding non-specific
serum antibody binding, (C) hMSC-based ELISA for esvaluating serum anti-hMSC antibodies, and (D) mMSC-based ELISA for investigating serum anti-
mMSC antibodies. Data are shown in mean + SD; n = 5 animals; one-way ANOVA (repeated measures): P < .05(¥), < .01(**), < .001(**¥), < .0007 (****),
(E) Mouse body weight. Data are shown in mean + SD; n = 5 animals; one-way ANOVA (repeated measures): P < .05(*), < .01(**), < .001(**¥), <
.0001(****)_ (F, G) hMSC and mMSC viability in mouse plasma. (F) hMSCs were treated with control plasma, hMSC-immunized plasma, and mMSC-
immunized plasma. Viability values were normalized according to the control plasma. (G) mMMSCs were treated with control plasma, hMSC-immunized
plasma, and mMSC-immunized plasma. The viability values were normalized according to the control plasma. Data are shown as mean + SD; n = 2-3
independent experiments; one-way ANOVA (comparing to control mouse plasma): P < .05 (¥), < .01 (*¥), < .001 (**¥), < .0001 (***¥),
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the mMSC-based ELISA results did not show anti-mMSC an-
tibody signals at weeks 2, 3,and 21 (Fig. 6D). No mice showed
significant apparent toxicity, but the hMSC group showed
body weight gained (Fig. 6E). Next, we evaluated whether
immunized mouse plasma affected hMSC and mMSC vi-
ability. The results showed that hMSC-immunized plasma
significantly decreased hMSC viability (34.2%) compared
to control plasma (100%) and mMSC-immunized plasma
(92.4%) (Fig. 6F). In contrast, mMSC-immunized plasma
did not affect mMSC viability (98.2%) compared to con-
trol plasma (100%) and hMSC-immunized plasma (102.1%)
(Fig. 6G). This evidence suggests that hMSC transplantation
in immunocompetent mice is not an appropriate model for
long-term MSC studies because the strong anti-hMSC anti-
body responses decrease hMSC viability.

Discussion

The hMSC and mMSC therapies demonstrated diverse ther-
apeutic mechanisms in immunocompetent mice with CCI,-
induced acute liver failure. Both hMSCs and mMSCs showed
potency to differentiate into hepatocyte-like cells and reduced
ALT and AST concentrations in blood. Interestingly, the dam-
aged area of the liver in the CCL/mMSC group (17.50%)
was significantly less than that in the CCl/hMSC (28.77%)
group, which indicates that xenograft and allograft MSC
transplantations affected the therapy results. Furthermore,
our findings showed that both the CCL/hMSC and CCl/
mMSC groups had lower IL-6 concentrations in blood, which
reduced systemic inflammation. In the CCl,/mMSC group,
mMSCs reduced TNF-a secretion, enhanced IL-6-dependent
liver cell proliferation, and induced F4/80* hepatic macro-
phage recruitment to the damaged area of the liver, which
benefited liver regeneration. However, in the CCl,/hMSC
group, hMSC therapy only lowered TNF-a secretion by re-
ducing F4/80* hepatic macrophage recruitment. In the case
of activation of fibrosis, the CCIL/hMSC and CCl,/mMSC
groups both showed lower pro-fibrotic TGF-31 secretion and
myofibroblast activation in the damaged liver. Finally, we
demonstrated that hMSCs, rather than mMSCs, significantly
induced an antibody immune response in the immunocompe-
tent mice, and are, consequently, inappropriate for long-term
study.

Liver regeneration activates abundant intracellular and
extracellular signals in F4/80* hepatic macrophages and
hepatocytes, including complete mitogens (HGF and EGFR
ligands) and auxiliary mitogens (IL-6 and TNFs).> The F4/80*
hepatic macrophages are the leading surveillance and scav-
enger cells to sense and remove danger-associated molecular
patterns (DAMPs) during acute liver failure.’* The activation
of hepatic macrophages increases the secretion of the M1 phe-
notype of inflammasome factors, including TNF-a, and IL-6,
and later induces the secretion of the M2 restorative pheno-
type of anti-inflammatory cytokines, including IL-10, to im-
prove liver regeneration and reduce inflammation. TNF-a
upregulates NF-xB, leading to higher pro-inflammatory cy-
tokine secretion in F4/80* hepatic macrophages.! However,
TNF-a also recruits more hepatic and monocyte-derived
macrophages, leading to an acute inflammatory response.*
In a previous study on mouse MSC acute liver failure, mouse
MSC treatment reduced TNF-a gene expression in the dam-
aged mouse liver region where paracrine prostaglandin
E2 (PGE2) in MSCs downregulated hepatic macrophage
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TGF-f-activated kinase 1 (TAK1) signaling and NLRP3
(NOD-, LRR,- and pyrin domain-containing protein 3)
inflammasome activation to reduce hepatic macrophage
inflammatory cytokine secretion and induce M2 macro-
phage polarization.’® Another study showed allogeneic MSC
immunomodulatory effects in human MSC cocultured ex
vivo with human macrophages; MSC-secreted paracrine
reduced the inflammatory response of macrophages, which in
turn reduced TNF-a inflammatory cytokine concentration.’”
According to these studies, MSCs are regarded as reducing
TNF-a in the damaged liver region by decreasing the inflam-
matory response of hepatic macrophages. Nevertheless, the
reduced activation of hepatic macrophages may also decrease
hepatic macrophage-related liver regeneration, including
IL-6-dependent liver proliferation and DAMP phagocytosis.
The lack of IL-6 impairs liver regeneration in IL-6 knockout
mice.’® In addition, mice subjected to partial hepatectomy
show increased liver cell proliferation with recombinant IL-6
and hyper-IL-6 therapies.? IL-6-regulated signal transducer
and activator of transcription 3 (STAT3) intracellular signals
are related to liver regeneration.** Moreover, IL-6 expression
in hepatocytes is correlated with HGF/MET-dependent hepa-
tocyte proliferation.*! These studies indicate that IL-6 is a cru-
cial factor in liver regeneration. Our findings show that both
CCl,/hMSC and CCI/mMSC groups had reduced TNF-a
expression in the damaged region of the liver of immuno-
competent mice with acute liver failure. IL-6 expression was
evident in only the CCl,/mMSC group, which indicated that
hepatocyte regeneration in this group was better than that in
the CCl,/hMSC group. Furthermore, the CCl,/mMSC group
showed increased recruitment of F4/80* hepatic macrophages
in the damaged area of the liver, which enhanced the like-
lihood of clearance of DAMPs. According to these results,
IL-6-dependent liver proliferation and F4/80* hepatic macro-
phage activation were maintained in the CCl,/mMSC group
in contrast to the CCl,/hMSC group. These findings explain
why the extent of liver damage in the CCl,/mMSC group was
less than that in the CCl,/hMSC group.

In addition to contributing to liver regeneration with
DAMP phagocytosis and auxiliary mitogen secretion,
F4/80* hepatic macrophages also secrete TGF-1, which
has been reported to have hepatocyte mitoinhibitory
properties and induce liver fibrosis.>** TGF-f1 causes he-
patic satellite cells (HSCs) to differentiate into a-SMA*
myofibroblasts.* The continuous activation of a-SMA*
myofibroblasts leads to extracellular matrix (ECM) accu-
mulation and fibrosis. Truong’s study demonstrated that
allogeneic mouse MSC treatment reduced TGF-f3 gene ex-
pression in the injured mouse liver region.** Khalifa’s study
also found that allogeneic rat MSC treatment reduced
TGF-p gene expression in injured rat liver.** Moreover,
Ramachandran’s study described the different functions of
the F4/80+/Ly6C" inflammatory and F4/80*/Ly6C'" restora-
tive hepatic macrophage subsets. The F4/80+/Ly6C" hepatic
macrophages express genes for inflammatory cytokines
(TNF-a, etc.), pro-fibrotic growth factors (TGF-f1, etc.),
and chemokines. The F4/80*/Ly6C hepatic macrophages
express genes for matrix degradation and phagocytosis.*
Li’s study showed that allogeneic mouse bone marrow-
MSC (BM-MSC) modulated the F4/80+/Ly6C" and F4/80*/
Ly6CP ratio in a mouse CCl,-chronic liver injury model.
BM-MSC reduced the population of F4/80*/Ly6Ch hepatic
macrophages (ie, decreased TNF-a and TGF-f31 expression)
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and increased the F4/80*/Ly6C population, further re-
ducing liver fibrosis.?” According to these studies, TGF-f1
is the critical factor of liver myofibroblast activation and
MSC’s immunomodulatory effects that reduced liver fi-
brosis by modulating the inflammatory and restorative he-
patic macrophage population. We found that the hMSC and
mMSC therapies had different mechanisms for reducing
TGF-B1 expression and a-SMA* myofibroblast activation
in the damaged region of the liver. TGF-B1 profibrotic
factor accumulation of the CCl,/hMSC group was lower
due to reduced F4/80* hepatic macrophage infiltration into
the damaged area of the liver. In contrast, the CCl,/mMSC
group had a different ability to maintain the infiltration of
F4/80* hepatic macrophages into the damaged liver and
their lower secretion of the TGF-f31 profibrotic factor.

The MSC-related immunomodulatory factors have greater
applicability to transplantation than other cell therapies.
However, according to,>* MSCs are immune-evasive but not
immune-privileged. Even if hAMSCs can escape the immune re-
sponse, xenotransplantation leads to an immune response in
T-cell-deficient mice.!® Therefore, immunodeficient mice are
the standard model for human MSC studies. In our study,
hMSCs showed an anti-human MSC antibody response
starting at week 2, indicating that hMSC therapy is unsuit-
able for long-term treatment studies of immunocompetent
mice. Notably, mMSCs did not show an antibody response
in immunocompetent mice, indicating that mMSC therapy is
suitable for long-term treatment studies.

High concentrations of pro-inflammatory cytokines, in-
cluding TNF-a and IL-6, are usually detected in the blood
of acute liver failure patients, indicating systemic inflamma-
tion.?*  Systemic macrophage-secreted pro-inflammatory
cytokines, including IL-1, TNE, and IL-6, and proteolytic
enzymes, reactive oxygen species, and lysosomal enzymes
increased the risk of aggravation of encephalopathy in
patients with acetaminophen-induced acute liver failure.”**
In mice with lipopolysaccharide (LPS)-induced systemic in-
flammation, MSC-mediated treatment is reported to reduce
blood TNF-o. and systemic inflammation.*® MSCs have
also been investigated for their immunomodulatory effects
and benefits for acute graft-versus-host disease (GvHD)
patients.* Our findings demonstrated that both CCl/
hMSC and CCl,/mMSC groups had reduced systemic IL-6
concentrations in blood. Nevertheless, hMSCs slightly in-
duced TNF-a (pro-inflammatory cytokine) concentration
in the blood of immunocompetent mice, which might be a
xenotransplantation-induced innate immune response.’® The
blood TNF-a result confirms that hMSCs are unsuitable for
studying therapeutic mechanisms in immunocompetent mice
with acute liver failure.

Conclusion

Our study shows that mMSCs are more suitable than hMSCs
for studying acute liver failure in immunocompetent mice.
The mMSC therapy recruited liver regeneration-related
F4/80" hepatic macrophages to the damaged region of the
liver, increased IL-6 expression in hepatocytes to enhance fur-
ther hepatocyte proliferation, and reduced TNF-a secretion in
the liver of immunocompetent mice with acute liver failure.
Moreover, mMSC therapy reduced a-SMA* myofibroblast ac-
tivation by decreasing TGF-f1 accumulation in the injured
areas of the liver, which decreased the likelihood of liver
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fibrosis. In contrast, the hMSC therapy did not show F4/80*
hepatic macrophage recruitment to the damaged parts of the
liver. Although the hMSC therapy reduced TNF-a-related in-
flammation and TGF-B1-related fibrosis, it also led to the loss
of potency of F4/80* hepatic macrophages to remove dam-
aged hepatocytes and promote IL-6-dependent liver regen-
eration. Therefore, mMSCs have better therapeutic efficacy
than hMSCs in immunocompetent mice with acute liver in-
jury. Finally, because of its immunogenicity, the results dem-
onstrate that hMSC therapy is not suitable for long-term
exploration of immunomodulatory effects in immunocom-
petent mice. This comparative study of hMSCs and mMSCs
provides reference information for further MSC studies of im-
munocompetent mice.
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