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phenotype and promoting the differentiation of Treg cells
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School of Medicine, Shanghai, China Allogeneic haematopoietic stem cell transplantation (allo-HSCT) is the only cura-
Correspondence tive method in treating haematologic malignant diseases. Graft-versus-host disease
Liyuan Ma, Department of Hematology, (GVHD) is a common complication post-allo-HSCT, which can be life-threatening.
Xinhua Hospital Affiliated to Shanghai Jiao o

Tong University School of Medicine, 1665# Mesenchymal stem cells (MSCs) as an adult stem cell with immunoregulatory func-
Kongjiang Road, Shanghai 200090, China. tion have demonstrated efficacy in steroid resistant acute GVHD (aGVHD). However,
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the outcome of aGVHD treated with MSCs in clinical trials varied and its underlying

mechanism is still unclear. TGF-B1 is a potent cytokine, which plays a key role in im-
munoregulation. In the present study, we firstly transduced the lentivirus vector con-
taining TGF-B1 gene with mouse bone marrow-derived MSCs. Then, we investigated
the immunosuppressive effect of TGF-p1 gene-modified MSCs on lymphocytes in
vitro and its preventive and therapeutical effects on murine aGVHD model in vivo.
Murine MSC was successfully isolated and identified. TGF-p1 was efficiently trans-
duced into mouse MSCs, and high level TGF-p1 was detected. MSC-TGF-B1 shared
the same morphology and immunotypic features of normal MSC. In vitro, MSC-
TGF-p1 showed enhanced immunosuppressive function on lymphocyte proliferation.
In vivo, MSC-TGF-B1 showed enhanced amelioration on the severity of aGVHD both
in prophylactic and therapeutic murine models. Finally, the macrophages (M@s) de-
rived from MSC-TGF-p1-treated mice showed a remarkably increasing of anti-inflam-
matory M2-like phenotype. Furthermore, the differentiation of CD4+ CD25+ Foxp3+
Treg cells was significantly increased in MSC-TGF-p1-treated group. Taken together,
we proved that MSC-TGF-B1 showed enhanced alleviation of aGVHD severity in mice
by skewing macrophages into a M2 like phenotype or increasing the proportion of

Treg cells, which opens a new frontier in the treatment of aGVHD.
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1 | BACKGROUND

Allogeneic haematopoietic cell transplantation (allo-HSCT) remains
an effective option in treating malignant disease of the haematopoi-
etic system. However, graft-versus-host disease (GVHD) frequently
happens after allo-HSCT such that fatal GVHD offsets the benefit of
allo-HSCT and hampers development of this treatment.!? Classically,
three stages are involved in the development of aGVHD: firstly, tis-
sue damage from conditioning regimen mediates the activation of
antigen-presenting cells (APCs); secondly, donor T lymphocytes
are then activated by recipient antigens presented by host APCs;
thirdly, donor T lymphocytes attack targets tissues and cause dam-
age.3 aGVHD that does not respond to first-line corticosteroid ther-
apy is associated with a high mortality rate of 90%.% Mesenchymal
stem cells (MSC) isolated from bone marrow were firstly described
by Friedenstein® as spindle-shaped, fibroblast-like cells with the po-
tency of differentiating into bone and cartilage in vitro. Based on
its capacity of self-renewal and differentiation into tissues includ-
ing bone, cartilage and adipose, MSC has been widely used in tissue
engineering and repair.®® MSC can also regulate immunity both by
secreting soluble factors and by influencing the biology of immune
cells. It is particularly important that MSC expresses few HLA class |
and no HLA class Il molecules, allowing them to evade allogeneic im-
mune response. This is the so-called ‘immunoprivilege’, an interesting
feature in MSC biology, which makes these cells extremely suitable
for both autologous and allogeneic transplantation.” Owing to these
multiple characteristics, MSC has been extensively researched and
clinically applied as second-line therapy for aGVHD.*®'! From the
first study by Le Blanc et al'*? who successfully adopted MSC in the
treatment of aGVHD in 2004, the application of MSC in aGVHD has
made considerable progress in pre-clinical and clinical research.'%*°
However, there are great discrepancies amongst different groups,
which could be attributed to the highly variable features of MSC due
to the different tissue derivations, culture/experimental conditions
and the number of passages of MSC.13¢17 As MSC alone is subop-
timal for treatment of aGVHD,'® there is a compelling clinical need
for novel approaches to enhance its therapeutic and immunosup-
pressive property. One rational approach is to combine cell and gene
therapy to achieve a greater immunoregulatory effect, by genetically
modifying MSC to enhance its activity against aGVHD."

The TGF-p family of cytokines is pleiotropic cytokines that play
an important role in regulating immune responses.?° TGF-p1 is the
commonest and most studied amongst the three isoforms of TGF-f
(B1, p2, B3). As a well-characterized immunosuppressive molecule, it
can down-regulate multiple immune responses and participate in the
pathological process of immune disorders.?* TGF-p1 can be secreted
by MSC and plays a non-redundant role in the immunomodulatory
function of MSC.?22% Stawomira KyrczKrzemien showed that low
level of TGF-p1 probably being one of the factors contributing to
the development of acute GVHD. On the other hand, chronic GVHD
symptoms seem to correlate with high TGF-B1 mRNA expression
and its serum concentration in patients who underwent bone mar-

row transplantation for myeloid leukaemia.?*
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Taken together, these reports indicate that both MSC and TGF-
B1 are potentially active against aGVHD. In this report, we put for-
ward the hypothesis to apply TGF-f1 gene-modified MSC in treating
aGVHD for the first time. Firstly, we transduced TGF-f1 into mouse
bone marrow-derived MSC (MSC-TGF-p1), checked expression and
production level of TGF-B1, and characterized the immunopheno-
typic profile of MSC-TGF-f1. Secondly, we investigated its inhibitory
function on T lymphocyte proliferation in vitro, as T lymphocytes are
the main mediators of aGVHD. Thirdly, we examined the in vivo pro-
phylactic and therapeutic efficacy of MSC-TGF-p1 on aGVHD with a
mouse model. Finally, we studied the possible underlying mechanism
of MSC-TGF-B1 in murine aGVHD. Based upon our comprehensive
work, we paved a new way to better understand the characteristics
of TGF-p1 gene-modified MSC and their role in treating aGVHD.

2 | METHODS
2.1 | Mice

Female BALB/c (BALB/c, H-2d) mice and male C57BL/6 (B6, H2b) mice
aged between 6 and 8 weeks were purchased from Slac Laboratory
Animal Co, Ltd. All mice were housed under specific pathogen-free

conditions in the animal laboratory centre of Xinhua Hospital.

2.2 | Isolation and culture of mouse MSCs

C57BL/6 mice were killed, and the marrow from femurs and tibias
was extracted by repeatedly flushing with DMEM complete me-
dium. The washing fluid was filtered through a 40-pm strainer and
centrifuged; the cells in the pellet were plated into culture flasks in
low-glucose DMEM medium supplemented with 10% FBS, penicillin
(100 U/mL), streptomycin (100 U/mL) and incubated at 37°C in a hu-
midified atmosphere containing 5% CO, for 24 hours. After removal
of non-adherent cells, the cells remaining were cultured in fresh me-
dium for another 48 hours as the first passage of MSC. Finally, MSC
was passaged weekly and used for research after the third passage
and before the 10th passage.

2.3 | Differentiation of MSCs to adipocytes,
osteoblasts and chondrocytes

Mesenchymal stem cells were cultured in completed medium sup-
plemented with certain ingredients for 14-21 days. Osteogenic
(glutamine, ascorbate and p-glycerophosphate), chondrogenic (dexa-
methasone, ascorbate, ITS + Supplement, sodium pyruvate, proline)
and adipogenic (glutamine, insulin, IBMX, rosiglitazone) ingredients
were added to the culture medium according to the manufacturer's
instructions (Cyagen). The differentiated MSCs were fixed with 4%
paraformaldehyde and stained with Alizarin red, alcian blue and oil

red O, respectively, at proper times.
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2.4 | TGF-p1 gene cloning and lentivirus production

Murine TGF-f1 gene was amplified by polymerase chain re-
action (PCR) performed with the following primers: forward:
5'-ATGCCGCCCTCGGGGCTGC-3' and reverse: 5-GCTGCACTTGC
AGGAGCGC-3". The purified TGF-B1 gene fragment was cloned into
the pHBLV-CMVIE-ZsGreen-Puro plasmid (Hanbio) using EcoRl,
Xhol, Xbal and BamHI restriction sites. Lipofiter™ (Hanbio) was
used to cotransfect the plasmid containing the TGF-pf1 gene into
293T cells with a packaging plasmid (pSPAX2) and envelope plas-
mid (pMD2G). Lastly, we collected the virus particles from the cell
supernatant and termed them as LV-TGF-f1. In addition, a control
vector expressing GFP and puro was constructed and termed as
LV-GFP-puro.

2.5 | MSC transduction

Mesenchymal stem cell was seeded into 6-well plates at a density of
2 x 10° per well and transduced with LV-GFP-puro or LV-TGF-p1 at a
multiplicity of infection (MOI) of 10 (the viral particles were previously
quantified as 2 x 108 CFU/mL) and cultured in 2 mL of DMEM complete
medium supplemented with 5 pg/mL polybrene. After 24 hours of in-
cubation at 37°C in a humid atmosphere contain 5% CO,, the media
was changed into fresh complete medium with 15 pg/mL puromycin.
The transduction efficiency was assessed 2 days later through observ-

ing under inverted microscope and quantifying by flow cytometry.

2.6 | Flow cytometry

The cells for flow cytometry were collected, washed and stained
according to the manufactures' instructions. The antibodies em-
ployed in the flow cytometric analysis included anti-CD11c-PE,
anti-Sca-1-PE, anti-CD45-PE, anti-PDGFR-a-PE, anti-CD29-APC,
PE Armenian Hamster IgG Isotype Ctrl Antibody, PE Rat IgG2a,k
Isotype Ctrl Antibody, APC Armenian Hamster 1gG lIsotype Ctrl
Antibody, anti-CD3-PerCP-Cy5.5, anti-CD11b-PE, anti-F4/80-APC,
anti-CD206-FITC, anti-iNOS-FITC, anti-CD4-FITC, anti-CD25-PE
and anti-Foxp3-APC, detail showed in Table 1. The monoclonal an-
tibodies used above were either rat antimouse or rabbit antimouse.
BD FACSCanto-Il (BD Bioscience) was used for acquisition, and the
FlowJo software was used to analyse the outcome.

2.7 | Real-time PCR

The RNA level expression of TGF-p1 was examined by real-time PCR.
Firstly, total RNA was extracted using TRIzol (Takara). The extracted
RNA with the OD260/0D280 nm absorption ratio range from 1.8
to 2.0 was reverse transcribed into cDNA using the PrimeScript RT
Master Mix kit (Takara). The transcribed cDNA was used as template
for real-time quantitative PCR on a ViiA™7 Real-Time PCR System

(Applied Biosystems). Primers were obtained from Sangon Biotech.
The following gene-specific primers for real-time PCR were used:
TGF-B1 (forward), 5-AGCTGCGCTTGCAGAGATTA-3' and TGF-
B1 (reverse), 5-CAGCCACTCAGGCGTATCAG-3'; GAPDH (for-
ward), 5-GTCAACGGATTTGGTCTGTATT-3’ and GAPDH (reverse),
5-AGTCTTCTGGG TGGCAGTGAT-3". Real-time PCR was carried
out in triplicate. For quantification, we calculated the relative mRNA
expression levels of TGF-B1 according to the 2744CT method and nor-
malized with GAPDH housekeeping gene.

2.8 | Western blot

Western blot assays were carried out to detect the translation effi-
ciency of TGF-p1 in MSC. MSC, MSC transduced with LV-GFP-puro
(MSC-GFP-puro) and LV-TGF-B1 (MSC-TGF-p1) were washed with
PBS before lysis with RIPA buffer (Solarbio) containing 0.01% pro-
tease inhibitor cocktail (Sigma-Aldrich) for protein extraction. The
protein concentration was quantified using the BCA protein assay
kit (Beyotime). Equal levels of protein were loaded in 10% SDS-
polyacrylamide gel electrophoresis and then transferred to polyvi-
nylidenedifloride (PVDF) membranes (Millipore). After blocking with
5% milk for 2 hours, the membranes were incubated with primary
antibody against DYKDDDK Tag (1:1000; CST) and TGF-p1 (1:1000;
CST) and GAPDH (1:1000; Beyotime) overnight at 4°C. This was
followed by incubation with HRP-conjugated secondary antibody
(Beyotime Biotechnology) at room temperature for 2 hours. The
detection was performed by ECL Chemiluminescence Detection Kit

(Thermo Scientific). All experiments were performed in triplicate.

2.9 | Co-culture experiments

Mesenchymal stem cell, MSC-GFP-puro and MSC-TGF-p1 were
seeded into 24-well plates (Corning) with a density of 5 x 10%/
well and incubated in 0.5 mL complete RPMI 1640 medium over-
night. Splenocytes were extracted from Balb/c mice (6w). Mouse
1x Lymphocyte Separation Medium (Dakewe) was used to obtain
splenic lymphocytes according to the manufacturers' instructions.
The separated lymphocytes were stained with 1 mmol/L of carboxy-
fluorescein diacetate succinimidyl ester (CFSE, eBioscience) before
co-culture and then seeded into the well with MSC, MSC-GFP-puro
and MSC-TGF-B1 at a density of 5 x 10°/well. The previous medium
was changed into 0.5 mL fresh RPMI 1640 culture medium contain-
ing 10% FBS, 2 mmol/L glutamine, 100 U/mL penicillin and strepto-
mycin, and 2 pg/mL ConA (Sigma). Lymphocytes labelled with CFSE
cultured alone with or without ConA served as controls.

2.10 | T lymphocytes proliferation assay

After the cells were co-cultured for 3 days, suspension cells were
harvested and labelled with anti-CD3-PerCP-Cy5.5 (eBioscience) as a
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TABLE 1 Antibodies used for flow

R t
cytometry Saasn

PE antimouse CD11c antibody

PE Armenian Hamster IgG Isotype Ctrl Antibody
PE antimouse Ly-6A/E(Sca-1) antibody

PE antimouse/human CD45R/B220 antibody
PE antimouse CD140a(PDGFR-a) antibody
PE Rat IgG2a,k isotype Ctrl antibody

CD29 monoclonal antibody, APC

Armenian Hamster IgG Isotype Ctrl, APC
CD3e monoclonal antibody, PerCP-Cy5.5

PE antimouse/human CD11b antibody

APC antimouse F4/80 antibody

FITC antimouse CD206(MMR) antibody
iNOS monoclonal antibody, FITC

CD4 monoclonal antibody, FITC

CD25 monoclonal antibody, PE

FOXP3 monoclonal antibody, APC

TABLE 2 Assessment of clinical GVHD

. . Criteria
in transplanted animals

Weight loss

Posture
Activity
Fur texture

Skin integrity

maker of T cells. The proliferation of CD3"T cells was analysed by vis-

ualizing CFSE fluorescence with a BD FACSCanto-Il flow cytometer.

211 | ELISA

The level of IFN-y in the supernatant or in the serum was measured
by IFN-y Quantikine ELISA Kit (eBioscience) according to the manu-
factures' protocols.

2.12 | Mouse aGVHD model

The protocol of establishing mouse aGVHD model was according to
previously published method.?* 5-7 recipient mice each group for pro-
phylactic experiments, 5 recipient mice each group for therapeutic
experiments. Recipient (BALB/c) mice were fed water containing gen-
tamicin sulphate (32 x 10* U/L) and erythromycin (250 mg/L) 7 days
before transplantation to prevent intestinal infection. On the day of

transplantation, recipient BALB/c mice (female, 18-20 g) received

WILEY-—¢

Source Catalog#
BioLegend 117307
BioLegend 400907
BioLegend 108107
BioLegend 103207
BioLegend 135905
BioLegend 400507
eBioscience 17-0291-80
eBioscience 17-4888-82
eBioscience 45-0031-80
BioLegend 101207
BioLegend 123115
BioLegend 141703
eBioscience 53-5920-82
eBioscience 11-0041-82
eBioscience 12-0251-82
eBioscience 17-5773-82

Grade 0 Grade 1 Grade 2

<10% >10% to <25% >25%

Normal Hunching noted only at Severe hunching

rest impairs movement
Normal Mild to moderately Stationary unless
decreased stimulated
Normal Mild to moderate ruffling Severe ruffling/poor
grooming
Normal Scaling of paws/tail Obvious areas of

denuded skin

total body irradiation (TBI) with a myeloablative dose of 8.5 Gy fol-
lowed by tail intravenous infusion of BMC (5 x 10%) and splenocytes
(SC, 1 x 107) extracted from C57BL/6 (male, 6-8 weeks) mice. At the
same time, recipient mice in the prophylactic experiments were, re-
spectively, injected with MSC (1 x 10%), MSC-GFP-puro (1 x 10%) or
MSC-TGF-p1 (1 x 10%) simultaneously through tail vain according to
the groups they were assigned to. Recipient mice in the therapeu-
tic experiments were injected with the first dose of MSC-GFP-puro
(3% 10°) or MSC-TGF-p1 (3 x 10°) according to the groups they were
assigned to, followed by additional weekly dose of 3 x 10° (MSC-GFP-
puro/MSC-TGF-B1) cells for 4 weeks until the mice died. The group

only transplanted with BMC and SC served as control group.

2.13 | Clinical and pathologic scoring of aGVHD

Clinical features of aGVHD were monitored every 4 days from
day 1 to day 29 post-transplantation based on five separate pa-
rameters: weight loss, posture, activity, fur texture and skin integ-

rity, and the detailed description of the scoring system are shown
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FIGURE 1 Mouse bone marrow mesenchymal stem cells (MSC) were isolated successfully. A, Mouse bone marrow-derived MSCs showed
morphology consistent with typical MSC (i) and could successfully differentiate to osteoblasts (ii), chondrocytes (iii) and adipocytes (iv). B,
Surface markers of MSC, MSC-GFP-puro and MSC-TGF-p1 were analysed by flow cytometry. C, MSC-TGF-p1 morphology was similar to
normal MSC (i) and could differentiate to osteoblasts (ii), chondrocytes (iii) and adipocytes (iv). Data are representative of three independent

experiments for A-C

in Table 2.2¢ Three weeks after transplantation, one mouse from
each group on same day 21 after transplant was randomly killed,
and histological tissue samples from aGVHD target organs (liver,
lung, small intestine and skin) were assessed. The tissues were
fixed in 10% formalin, embedded in paraffin, stained with haema-
toxylin and eosin (H&E) and scored for aGVHD by a pathologist
blindly.

2.14 | Extraction and analysis of macrophages

We isolated macrophages from the mice by peritoneal lavage with
DMEM medium. Briefly, 5 mL of pre-cooled DMEM medium was in-
jected into the peritoneal cavity of mice, and the abdomen of mice
was gently massaged for 2-3 minutes. Peritoneal fluid was collected

with a syringe avoiding damage to the blood vessels or organs to
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ensure the absence of contamination from these sources. The proce-
dures above were repeated twice to obtain as many cells as possible.
Finally, the harvest cells were analysed by flow cytometry. Antibody

information is listed in Table 1.

2.15 | Immunofluorescence staining

Liver and lung tissue specimens were immediately obtained when
the mice were killed at day 21 and subsequently fixed in 4% par-
aformaldehyde for 24 hours at 4°C. Samples were embedded in
optimal cutting temperature compound and then sectioned. The
sections (4 pm) were incubated overnight at 4°C with primary
antibodies against F4/80 (1:400, Abcam) and CD206 (1:400,
Abcam) and then incubated with FITC-conjugated (anti-F4/80) or
CY3-conjugated (anti-CD206) secondary antibody (1:500, Santa
Cruz Biotechnology). After washing with PBS, the sections were
mounted in fluorescent mounting medium containing 4',6-diamid-
ino-2-phenylindole (DAPI) (Beyotime). The outcome was examined
and photographed using fluorescence microscopy (Olympus BX51).
Not less than three fields at x100 magnification per section were

randomly selected as representatives for analysis and calculation.

A MSC-GFP-puro

2.16 | Statistical analysis

All statistical analyses were performed using SPSS 20.0 (SPSS Inc,
Chicago, IL, USA), and graphs were generated using the GraphPad
Prism software (version 5.0.1; La Jolla, CA). Data were expressed
as mean values * standard deviation. One-way analysis of variance
(ANOVA) was performed to assess the effects of a single factor on
multiple groups. Tukey's multiple comparison test was used as post
hoc test. Log-rank test was used to assess the statistical survival dif-
ferences. Animal sample size was calculated using sample size cal-
culating software G*Power version 3.1.9.2 (Franz Faul, Universitaet
Kiel, Germany) with a a-value of .05, a power of 80%. All the P-
values are two-sided, and P < .05 is taken as statistically significant.

3 | RESULTS

3.1 | Characterization of mice bone marrow-derived
MSC

Under inverted light microscopy, the cultured normal bone mar-

row-derived murine MSCs were all plastic adherent long and
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FIGURE 2 TGF-p1 was successfully transduced into MSC by lentivirus transfection. MSC was transduced with lentivirus and then tested
for the transduction efficiency. Supernatants from 1 x 10° MSC/MSC-GFP-puro/MSC-TGF-f1 were collected at 24 h and assayed by ELISA
kits for TGF-p1. A, MSC transfected with LV-GFP-puro and LV-TGF-p1 was observed under fluorescence microscope. B, Relative expression
of TGF-p1 mRNA in MSC, MSC-GFP-puro and MSC-TGF-B1 by real-time PCR. C, The translation levels of flag and TGF-$1 protein by
Western Blot. D, Levels of TGF-$1 in the supernatants of MSC/MSC-GFP-puro/MSC-TGF-p1. Data are representative of three independent
experiments for A-B. Data are presented as the mean £ SD. ***P < .001, n.s. not significant
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FIGURE 3 Immunosuppressive effect of MSC, MSC-GFP-puro and MSC-TGF-f1 on lymphocyte in vitro. Lymphocytes isolated from the
spleens of C57 mice were pre-labelled with CFSE and then co-culture with MSCs/MSC-GFP-puro/MSC-TGF-B1 in 24-well plates at a ratio of 10:1
for 3 d. Lymphocytes cultured alone supplemented with or without ConA were set as positive and negative controls. A, Inverted light microscopic
appearance of lymphocyte colonies. B, Suspension cells in the culture system were collected and stained with anti-CD3-PerCP-Cy5.5 for the flow
cytometry analysis of CD3'T cells. C-D, Proliferation of T cells in all groups as detected by CFSE assays and analysed by the FlowJo software. E,
IFN-y concentration in the culture supernatant as measured by ELISA. F, Relative expression of IFN-y mRNA of the suspension cells as measured
by real-time PCR. Data are representative of three independent experiments for A-E. Data are presented as the mean + SD. *P < .05, ***P < .001

polygonal cells with similar morphology to fibroblasts, as showed in (Figure 1A,iv) lineages. Furthermore, MSCs presented typical MSC
Figure 1A,i. Moreover, MSC showed the ability to differentiate into immunophenotype, with positive expression for CD29, Sca-1,
osteogenic (Figure 1A.ii), chondrogenic (Figure 1A iii) and adipogenic PDGFR-a and negative for CD11c, CD45 (Figure 1B).
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3.2 | TGF-p1 transduced MSC share same
immunotypic features, morphology and
differentiation ability of normal MSC

We evaluated the immunotypic biomarker of MSC-GFP-puro and
MSC-TGF-B1 by flow cytometry. As shown in Figure 1B, these cells
showed a typical MSC pattern: being strongly positive for CD29,
Sca-1, PDGFR-«; and negative for CD11c, CD45. These findings
indicated that LV-GFP-puro and LV-TGF-B1 transduction did not
alter the normal morphology or immunotype of MSC. In addition,
MSC-TGF-B1 also could differentiate into osteogenic (Figure 1C,ii),
chondrogenic (Figure 1C,iii) and adipogenic (Figure 1C,iv) lineages.
Finally, as normal MSC, MSC-GFP-puro and MSC-TGF-p1 were all
plastic adherent long or polygonal cells as showed in Figure 2A. This

laid a solid foundation for our following research.

3.3 | TGF-p1 successfully transduced MSC resulting
in high expression

As GFP gene was present in both lentivirus HBLV-m-TGF-p1-3xflag-
GFP-puro and HBLV-GFP-puro, the MSCs transduced with lentivirus
produced high level of GFP under fluorescence microscopy, as shownin
Figure 2A. To further confirm this, we examined the mRNA expression
levels of TGF-B1 by real-time PCR in three groups of cells. As showed
in Figure 2B, TGF-1 mRNA levels were the highest in MSC-TGF-p1
group compared with MSC group or MSC-GFP-puro group (P < .001).
At the same time, translation efficacies of TGF-p1 and flag protein
were detected in three groups by Western Blot, which showed consist-
ent results with the outcome of real-time PCR where TGF-$1 and flag
protein concentrations were significantly increased in MSC-TGF-f1
(Figure 2C). Furthermore, we tested TGF-B1 production in the super-
natant of cultured cells and found that the MSC-TGF-p1 group was the
highest (Figure 2D). Taken together, target gene TGF-p1 was success-
fully transduced and ectopically overexpressed in MSC-TGF-1.

3.4 | TGF-pl-transduced MSC manifest enhanced
immunosuppressive capacity on T lymphocyte in vitro

To investigate whether MSC-TGF-f1 possess enhanced suppres-
sive function on T lymphocytes, we firstly isolated normal lympho-
cytes from the spleen of Balb/c mice, and then, we co-cultured
MSC/MSC-GFP-puro/MSC-TGF-p1 (5 x 10%), respectively, with the
isolated lymphocytes (5 x 10°) which were pre-labelled with CFSE

at the ratio of 1:10. The co-culture system was supplemented with

additional ConA, which acts as immunostimulant for mice lympho-
cytes. Cells were incubated at 37°C in a humid atmosphere of 5%
CO, for 3 days. When observed under inverted light microscope
(Figure 3A), lymphocytes cultured alone without ConA did not
show any colony formation, while lymphocytes cultured with ConA
formed large numbers of colonies. The groups where lymphocytes
were co-cultured with MSC or MSC-GFP-puro both showed a re-
duction in lymphocyte colonies. The MSC-TGF-1 co-cultured
group showed the fewest lymphocyte colonies. Suspension cells
were collected and stained with anti-CD3-PerCP-Cy5.5 for flow
cytometry. CFSE assays showed that MSC, MSC-GFP-puro, MSC-
TGF-p1 all suppressed the proliferation of activated CD3" T cells
compared with control group where lymphocytes cultured alone
(Figure 3B-D). Of note, MSC-TGF-p1 exerted the most marked sup-
pression on lymphocytes proliferation. Mean value = SD of pro-
liferation rate for LC, MSC, MSC-GFP-puro and MSC-TGF-p1 was
57.90 + 2.90, 37.38 + 2.49, 39.71 + 1.13, 16.6 + 1.47, respectively.
In addition, we found that IFN-y secretion was markedly decreased
in the culture medium of MSC-TGF-1 group by ELISA method
(Figure 3E), which were supported by detecting the RNA quantity
in the cultured lymphocytes using real-time PCR (Figure 3F).

3.5 | Prophylactic application of TGF-p1-
transduced MSC markedly ameliorated the
severity of aGVHD and improved overall survival in
murine model

Mice were allocated to four groups intravenously injected
with  BMC+SC, BMC+SC+MSC, BMC+SC+MSC-GFP-puro or
BMC+SC+MSC-TGF-p1. Considering that mice of BMC+SC group
all died within 31 days post-transplant, we performed aGVHD
clinical scores on each group of mice every 4 days only from day
1 to day 29 after transplant. Mice infused with only BMC (5 x 10°)
and SC (1 x 107) in a ratio of 1:2 gradually developed symptoms
of severe aGVHD at about 17 days after transplantation, with a
median survival of 26 days. The mice infused with BMC, SC and
MSC/MSC-GFP-puro/MSC-TGF-p1 (1 x 10°) showed prolonged
overall survival and improvement in aGVHD severity to vari-
able degrees (Figure 4A,B). Mean value + SD of clinical score in
Figure 4B for BMC+SC, BMC+SC+MSC, BMC+SC+MSC-GFP-puro
and BMC+SC+MSC-TGF-B1 groups was 29.71 + 3.30, 24.71 + 5.82,
24 + 3.11 and 12.28 + 3.77, respectively. In particular, mice treated
with MSC-TGF-p1 developed the mildest aGVHD manifestation
and correspondingly had the longest median survival of 37 days.
Although infusion of MSC/MSC-GFP-puro could delay the onset

FIGURE 4 Prophylactic application of MSC-TGF-$1 ameliorated the severity of aGVHD in mice. After total body irradiation with a
myeloablative dose of 8.5 Gy, the recipient mice were transplanted with donor murine bone marrow cells (BMC: 5 x 10%) and spleen cells
(SC: 1 x 107), with or without MSC/MSC-GFP-puro/MSC-TGF-p1 (1 x 10°) according to the groups they were assigned to. A, Overall survival
of mice in each group. B, Clinical GVHD score of mice in each group. C, Representative histopathology images of lung, small intestine, liver
and skin tissue on day 21 after transplantation. D, Histopathology scores for samples of lung, small intestine, liver and skin on day 21 after
transplantation. Data are representative of three independent experiments with 5-7 mice per group. Data are presented as the mean + SD.

*P <.05,**P <.01, ***P < .001
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of GVHD, the severity of the disease was not ameliorated. Mice
treated with MSCs and MSC-GFP-puro developed aGVHD of
similar clinical scores and had comparable survival, indicating that
empty vector lentiviral transfection did not enhance the immuno-
suppressive effect of MSCs. In our preliminary research, we found
that most mice manifested onset of aGVHD from day 21 when the
donor cells were fully engrafted. On the contrary, mice in each
group gradually died 4 weeks post-transplant due to aGVHD. So,
it was theoretically unable to find discrepancy between different
groups too early or too late post-transplant. Though it could give a
full view of the pathological difference, we could not analyse over-
all survival of mice if we killed all mice simultaneously. To com-
promise this problem, we randomly killed one mouse from each
group on same day 21 after transplant. Totally, histopathology of 3
mice for each group from 3 independent experiments was statisti-
cally analysed. We performed pathological scoring on mouse organ
according to the aGVHD pathological scoring criteria,?” and com-
pared the severity of aGVHD. We found that pathological inflam-
matory changes in all the target organs were reduced to a variable
degree in the 3 groups of mice transplanted with MSC/MSC-GFP-
puro/MSC-TGF-B1. Specifically, the tissue damage was mildest in
the group treated with MSC-TGF-B1 (Figure 4C,D), suggesting that
prophylactic application of MSC-TGF-B1 ameliorated the severity
of aGVHD and improved the survival of this murine model.

3.6 | MSC-TGF-p1 promoted the M2 macrophage
polarization in aGVHD mice

To clarify its underlying mechanism of how MSC-TGF-$1 ameliorates
the severity of aGVHD and improves survival of murine model, we
investigated the effect of MSC on phenotypes of the macrophages,
a vital immunoregulatory cell type. Two major macrophage sub-
populations with different functions including classically activated/
inflammatory (M1) and alternatively activated/regenerative (M2)
macrophages have long been recognized. We killed mice of all groups
at day 14 and 21 after transplantation and harvested macrophages
from the peritoneal cavity using the methods described.?® Flow
cytometry was used to detect the proportion of CD11b* F4/80*
CD206"* M2-like macrophages and CD11b* F4/80" iNOS* M1-like
macrophages in total macrophages (CD11b* F4/80% macrophage).
Compared with mice transplanted with BMC and SC, the M2-like
macrophage proportion in mice receiving additional MSC, MSC-
GFP-puro or MSC-TGF-1 were significantly increased on 14th and
21st days after transplantation (Figure 5A,B,D,E). Mean value + SD
of CD206 proportion in Figure 5D for BMC+SC, BMC+SC+MSC,
BMC+SC+MSC-GFP-puro and BMC+SC+MSC-TGF-p1 groups was
4.48 + 0.57,13 + 1.84, 13.4 + 1.87 and 41.27 + 3.56, respectively.
Interestingly, the percentage of M2-like macrophages was highest
in the MSC-TGF-B1 group. Furthermore, we found that at 21 days
after transplantation, the expression of iINOS by macrophages
(M1-like) was lowest in MSC-TGF-B1 group (Figure 5C,F). These
results indicate that the infusion of MSC-TGF-p1 enhanced M2

macrophage polarization in aGVHD mice. Furthermore, we ana-
lysed M2 macrophage in lungs and liver by immunofluorescence in
Figure 6. Coincided with the results of flow cytometry analysis of
macrophage from peritoneal cavity, CD206 protein expression of
lung (Figure 6A,C) and liver (Figure 6B,D) sample was the highest in
MSC-TGF-p1-treated groups.

3.7 | MSC-TGF-p1 increased the proportion of Treg
cells in peripheral blood of aGVHD mice

To further investigate other possible mechanism of MSC-TGF-p1
exert effect on murine aGVHD model, we analysed the mono-
nuclear cells from blood of mice at day 21 for detection of
CD4"CD25FoxP3* Treg cells by flow cytometry. We found that
the proportion of Treg cells in MSC-TGF-f1-infused mice was much
higher than other groups, with the proportion 1.95% for LC group,
3.36% for MSC group, 4.83% for MSC-GFP-puro group and 7.75%
for MSC-TGF-B1 group, respectively (Figure 7A,B). Mean value + SD
of Treg proportion in Figure 7B for BMC+SC, BMC+SC+MSC,
BMC+SC+MSC-GFP-puro and BMC+SC+MSC-TGF-B1 groups was
1.92 +0.07,4.22 £ 0.76, 4.38 + 0.43 and 7.82 + 0.34, respectively.
This indicated that TGF-p1-transduced MSC ameliorated the sever-
ity of aGVHD partly through its effect on Treg cells.

3.8 | Therapeutic application of TGF-p1-transduced
MSC alleviated the clinical symptoms and improved
overall survival in murine model of aGVHD

In order to observe the therapeutic effect of MSC-TGF-1 on mu-
rine aGVHD model, mice were treated with weekly injection of
MSC-GFP-puro (3 x 10°) or MSC-TGF-p1 (3 x 10°) after allo-HSCT
for consecutive 5 doses. As showed in Figure 8A, compared with the
non-treatment control, the median survival of mice in MSC-GFP-
puro group was 34 days. Particularly, the MSC-TGF-p1 (3 x 10%)-
treated group showed the best outcome with sixty per cent of mice
achieved long-term survival (more than 50 days post-transplan-
tation). Notably, the survival outcome of MSC-TGF-B1 therapeu-
tic group was even superior to that of MSC-TGF-p1 prophylactic
group mentioned in Figure 4A. Correspondingly, the clinical symp-
toms and aGVHD score in MSC-TGF-$1 group were the slightest
(Figure 8B,C). Mean value + SD of clinical score in Figure 8B for
BMC+SC, BMC+SC+MSC-GFP-puro and BMC+SC+MSC-TGF-p1
groups was 28 + 3.74, 15.4 + 3.78 and 9 + 1.58, respectively.

4 | DISCUSSION

Coupling its immunomodulatory property with its ability of hom-
ing to damaged tissue to regulate inflammation and promote
repair, MSC-based treatment shows great promise in aGVHD.

While several clinical trials have demonstrated efficacy of MSC
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FIGURE 5 MSC-TGF-p1 altered the phenotypes of mice peritoneal macrophages. Macrophages were harvested from mice peritoneal
cavity and analysed by flow cytometry on their expression of certain makers. A, CD206 expression in macrophages at day 14 after
transplantation B, CD206 expression in macrophages at day 21 after transplantation. C, iINOS expression in macrophages at day 14 after
transplantation. D, Quantitative analysis of the expression of CD206 in macrophages at day 14 after transplantation. E, Quantitative
analysis of the expression of CD206 in macrophages at day 21 after transplantation. F, Quantitative analysis of the expression of iNOS in
macrophages at day 21 after transplantation. Data are representative of three independent experiments with 5-7 mice per group. Data are
presented as the mean + SD. ***P < .001



WU ET AL

FIGURE 6 MSC-TGF-p1 enhanced
the infiltration of M2 macrophage in
lung and liver tissues of mice. Lung and
liver tissues of killed mice were collected
and detected the infiltration of M2
macrophage through CD206 staining

by immunofluorescence analysis. DAPI
staining was used to indicate overall

cell nucleus, and cell surface marker
staining of F4/80 was used to indicate
macrophages, CD206 staining represent
M2 macrophage. A, CD206 protein
expression in lung. B, CD206 protein
expression in liver. C, Quantification of
CD206 protein expression in lung by
densitometry analyses. D, Quantification
of CD206 protein expression in liver by
densitometry analyses. *** P<.001
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D,'31%27 there are studies reporting to

in steroid-refractory aGVH
the contrary.® The heterogeneity of the MSC population may be
one reason for the inconsistent outcome,®® which underscores the
importance of maintaining and further enhancing its immunoregu-
latory activity.

In the present study, we aimed to improve MSC-based immu-
notherapy through lentivirus transduction of TGF-$1 in MSC. Our
work showed that MSC-TGF-f1 exhibited enhanced immunosup-
pressive functions in vitro. Compared with MSC and MSC-GFP-
puro, MSC-TGF-p1 was most efficient in suppressing lymphocyte
colony formation and T cell proliferation. These were consistent

with the findings of lowest IFN-y concentration in the co-culture

supernatant of the MSC-TGF-1 group. Mesenchymal stem cell
can regulate immunity both by secreting soluble factors and by
influencing the biology of immune cells.” As a well-characterized
immunosuppressive factor, TGF-p1 suppresses immune response
either by inhibiting the function of immune cells or by altering
their differentiation.?%2%! |t was documented that TGF-p1 plays
a crucial part in the immunoregulatory function of MSC.323% |
our study, TGF-p1 gene-modified MSC exerted powerful immu-
nosuppression, which could be attributed to the synergistic effect
of these two factors, consistent with a previous study.>* Another
study held that TGF-1 abolished MSC-mediated immunosuppres-

sive effect on anti-CD3-activated splenocytes,35 but in this study,
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FIGURE 8 Therapeutic application of multiple doses MSC-TGF-p1 showed advantage in treating aGVHD. After total body irradiation
with a myeloablative dose of 8.5 Gy, the recipient mice were transplanted with donor murine bone marrow cells (BMC: 5 x 10°) and spleen

cells (SC: 1 x 10%) in the LC group. And in other groups, MSC-GFP-puro

or MSC-TGF-p1 (3 x 10°) was infused to recipient mice for the first

dose and followed by additional weekly dose of 3 x 10° cells for 4 weeks. A, Overall survival of mice in each group. B, Clinical aGVHD score

of mice in each group. C, Graphic performance of mice (day 21) in each

group. Data are representative of three independent experiments

with 5 mice per group. Data are presented as the mean + SD. *P < .05, **P < .01, ***P < .001

recombinant TGF-f1 was directly added to the culture media, in
contrast to our method where TGF-f1 was overexpressed in MSC
by genetic engineering strategy.

In our animal studies, overexpressing TGF-p1 improved the ef-
ficacy of MSC in treating aGVHD, as reflected by lower aGVHD
clinical scores, attenuated histological evidence of aGVHD and an

improved survival. aGVHD is a systemic disease involving many

organs such as small intestine, liver, lung and skin.3® MSC owns
the ability of homing to the damaged tissues, relieving the sever-
ity of inflammation and accelerating tissue repair.37 After intrave-
nous injection, MSC-TGF-p1 may migrate to the damaged target
organs and secrete TGF-p1 at the site of lesion. Genetically en-
gineered MSC, by overexpressing TGF-B1, has been investigated

in treating many autoimmune and inflammatory diseases, by
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inducing tolerance, facilitating regeneration and repair, and has
been proven to be efficient and safe.*®? In this study, we proved
that MSC-TGF-B1 was superior to MSC in delaying the onset of
aGVHD and reducing the severity of aGVHD in mice, thereby of-
fering a novel strategy for treating aGVHD. It must be mentioned
here that mice in not only MSC and MSC-GFP-puro infused groups,
but also MSC-TGF-p1-infused group succumbed to aGVHD even-
tually. It is reported that higher proportion of ‘ready to differ-
entiate—MSCs’ with limited proliferative capacity amongst the
transplanted MSCs, entrapment of transplanted MSCs in the re-
ticuloendothelial system, fusion of transplanted MSCs with recip-
ient's cells and in vivo differentiation of transplanted MSCs into
non-immunosuppressive cells appears to be some of the factors
responsible for gradual decline in the number of ‘immunosuppres-
sive—MSCs".*840 As the infused MSC is cleared up from the body
of mice, their immunomodulatory effect gradually weakens and
eventually disappears. Clinical results also showed that multiple
infusion of MSC achieved better treatment outcome on aGVHD
than single infusion.** To overcome this problem, we further ex-
plored multiple dosing intravenous administration of MSC-TGF-$1
to treat aGVHD mice in attempt to alleviate symptoms and further
prolong survival. Preliminary studies have showed, compared with
MSC-GFP-puro-treated group; it can greatly ameliorate the clin-
ical symptoms of aGVHD and improve survival of aGVHD mice.
Depending on the microenvironment they are exposed to, mac-
rophages exhibit versatility in phenotype and function.* Typically,
macrophages are categorized into two main groups, classically
activated macrophages (M1) and alternatively activated macro-
phages (M2). The M1-like macrophages mediate pro-inflammatory
effects, characterized by up-regulated expression of inducible ni-
tric oxide (iNOS). Conversely, the M2-like macrophages are immu-
nosuppressive cells characterized by the expression of CD206 and
arginase 1 (Argl1).*® Previous research showed that M@s play an
important role in the pathogenesis of aGVHD through producing

S,** and human skin lesions infiltrated

TNF-a after exposure to LP
by CD163+ macrophage were proposed as a predictive factor for
refractory GVHD associated with poor overall survival.*> In con-
trast, M2-like macrophages reduced the inflammatory response.*®
Considering that different subsets of macrophage play different
roles in inflammation process, while GVHD is caused by donor T
cell-mediated damage to recipient target organs either directly
through cytolytic attack or indirectly through the release of in-
flammatory mediators. We postulated that macrophages might be
involved in the underlying anti-GVHD mechanism of MSC-TGF-f1.
We found that macrophages derived from mice treated with MSC-
TGF-B1 showed the highest expression of the M2 marker CD206,
and a reduced expression of M1 marker iNOS. Three broad path-
ways control macrophage polarization: epigenetic and cell survival
pathways that prolong or shorten macrophage development and
viability, the tissue microenvironment, and extrinsic factors, such
as microbial products and cytokines released in inflammation.
Mesenchymal stem cell has been described to shift macrophages

to M2-like subsets,*”*® and MSC-educated macrophages possess
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the therapeutic potential for GVHD.*® Furthermore, as demon-
strated previously, TGF-B1 can increase the differentiation of
M2-like macrophages which function in wound healing and immu-
noregulation.*”°° Taken together, these studies partially explain
why infusion of MSC-TGF-p1 increased the M2-like macrophages
in our murine aGVHD models. However, the precise underlying
mechanism how M2 macrophage polarizated and functioned is
quite sophisticated and still unknown in our current study, which
need further illustration. MSC-TGF-p1 might promote the genera-
tion of M2-like macrophages either directly or through its effect on
the immune environment. The increased M2-like macrophages can
regulate immune response probably by secreting proteins, such as
IL-10 and arginase 1 (Argl).’? We speculate that these biological
behaviours of M2-like macrophages may play an important role in
moderating the over-active immune response in aGVHD. Lastly, we
also found that MSC-TGF-p1-treated mice showed an increased in
the proportion of Treg as compared to other groups. As we know,
TGF-p signalling plays a vital role in the development of natural
CD4+CD25+Foxp3+ regulatory T cells.®? The exact mechanism
through which Tregs control immune responses has not been fully
elucidated. Treg function appears to be cytokine or contact me-
diated. Several studies showed that IL-10, TGF-f and IL-35 have
been implicated in enhancing suppression, whereas CTLA-4, LAG-
3, CD39 and granzymes play an important role in the contact-de-
pendent immune control. In a number of different allogeneic HCT
animal models, the addition of highly purified CD4+CD25+FoxP3+
Tregs resulted in suppression of GVHD.>® We hereby speculate
that increased Treg cells might be involved in regulating immune
response in aGVHD mice infused with MSC-TGF-f1.

It has been reported that multiple mechanisms are involved in
immunosuppressive capacity of MSC in vivo. Antonio Galleu et al**
proved that not only cytotoxic cells in the recipient are required to ini-
tiate apoptosis in infused MSCs but also phagocytes that, by engulfing
apoptotic MSCs and producing IDO, ultimately deliver MSC immuno-
suppressive activity. Another group® demonstrated that infused MSC
is rapidly phagocytosed by monocytes, which subsequently migrate
from the lungs to other body sites. Phagocytosis of umbilical cord-de-
rived MSCs (UC-MSCs) induces phenotypical and functional changes
in monocytes, which subsequently modulate cells of the adaptive im-
mune system. The author concluded that monocytes play a crucial role
in mediating, distributing and transferring the immunomodulatory ef-
fect of MSC. It is undeniable that cellular interactions between MSC
with cytotoxic T cells or monocytes are responsible for its immuno-
suppression function. Moreover, production of soluble factors by MSC
plays an important role in immunosuppression procedure.?%% In our
present study, these two mechanisms were integrated. Soluble factor
TGF-p1 could directly inhibit T cell proliferation; on the other hand,
macrophage polarization was also observed. This is well in agreement
with studies that demonstrated that phagocytosis of MSC induces an
immunosuppressive phenotype in monocytes.>® In our present work,
lentiviral vectors were used to delivery target TGF-p1 gene in MSC.
The risk of insertional mutagenesis associated with use of LV vectors

should be concerned when it was implemented in clinical trials. In order
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to avoid such potential detriment, we want to adopt exosomes se-
creted by TGF-p1 gene-modified MSC instead of whole MSC infusion

on our next research plan.

5 | CONCLUSIONS

In conclusion, we have demonstrated for the first time that TGF-p1
gene-modified MSC showed enhanced alleviation of aGVHD sever-
ity in mice by skewing macrophages into a M2 like phenotype or in-
creasing the proportion of Treg cells, which offers a novel option for

the prevention and treatment of aGVHD.

ACKNOWLEDGEMENTS

The authors would like to thank all members of the Department
of Hematology, Xinhua Hospital, affiliated to Shanghai Jiao Tong
University (SJTU) School of Medicine, for their support and to thank
Dr Yeh-ching Linn from Singapore General Hospital for English lan-
guage editing.

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest to disclose.

AUTHORS' CONTRIBUTIONS

LM made substantial contributions to the design of the present
study. RW performed the experiments, data collection and data
analysis. RW and LM wrote the manuscript. CL, XD and LC provided
help in conceiving and designing the study. SH made substantial con-
tributions in data analysis. All authors read and approved the final

manuscript.

ETHICAL APPROVAL

All animal experiments were conducted according to guidelines pub-
lished by The Ethics Committee of Xinhua Hospital Affiliated with
the Shanghai Jiao Tong University School of Medicine. The proto-
cols used in this study were approved by the Ethics Committee of
Xinhua Hospital affiliated with Shanghai Jiao Tong University School
of Medicine, Shanghai China.

ORCID
Liyuan Ma https://orcid.org/0000-0003-1589-7300

DATA AVAILABILITY STATEMENT

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

REFERENCES

1. Ferrara JL, Levine JE, Reddy P, Holler E. Graft-versus-host disease.
Lancet. 2009;373(9674):1550-1561.

2. Rashidi A, DiPersio JF, Sandmaier BM, Colditz GA, Weisdorf DJ.
Steroids versus steroids plus additional agent in frontline treat-
ment of acute graft-versus-host disease: a systematic review and
meta-analysis of randomized trials. Biol Blood Marrow Transplant.
2016;22(6):1133-1137.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sung AD, Chao NJ. Concise review: acute graft-versus-host disease:
immunobiology, prevention, and treatment. Stem Cells Trans| Med.
2013;2(1):25-32.

Westin JR, Saliba RM, De Lima M, et al. Steroid-refractory acute
GVHD: predictors and outcomes. Adv Hematol. 2011;2011:601953.
Friedenstein AJ, Petrakova KV, Kurolesova Al, Frolova GP.
Heterotopic transplants of bone marrow - analysis of precursor
cells for osteogenic and hematopoietic tissues. Transplantation.
1968;6(2):230-247.

Frenette PS, Pinho S, Lucas D, Scheiermann C. Mesenchymal stem cell:
keystone of the hematopoietic stem cell niche and a stepping-stone
for regenerative medicine. Annu Rev Immunol. 2013;31:285-316.
Murphy MB, Moncivais K, Caplan Al. Mesenchymal stem cells: en-
vironmentally responsive therapeutics for regenerative medicine.
Exp Mol Med. 2013;45:e54.

Fitzsimmons REB, Mazurek MS, Soos A, Simmons CA. Mesenchymal
stromal/stem cells in regenerative medicine and tissue engineering.
Stem Cells Int. 2018;2018:8031718.

Najar M, Raicevic G, Fayyad-Kazan H, Bron D, Toungouz M,
Lagneaux L. Mesenchymal stromal cells and immunomodu-
lation: a gathering of regulatory immune cells. Cytotherapy.
2016;18(2):160-171.

Rizk M, Monaghan M, Shorr R, Kekre N, Bredeson CN, Allan DS.
Heterogeneity in studies of mesenchymal stromal cells to treat
or prevent graft-versus-host disease: a scoping review of the evi-
dence. Biol Blood Marrow Transplant. 2016;22(8):1416-1423.
Hashmi S, Ahmed M, Murad MH,, et al. Survival after mesenchymal
stromal cell therapy in steroid-refractory acute graft-versus-host
disease: systematic review and meta-analysis. Lancet Haematol.
2016;3(1):e45-e52.

Le Blanc K, Rasmusson I, Sundberg B,, et al. Treatment of severe
acute graft-versus-host disease with third party haploidentical
mesenchymal stem cells. Lancet. 2004;363(9419):1439-1441.
Ringden O, Uzunel M, Rasmusson |,, et al. Mesenchymal stem
cells for treatment of therapy-resistant graft-versus-host disease.
Transplantation. 2006;81(10):1390-1397.

Fernandez-Maqueda C, Gonzalo-Daganzo R, Regidor C, et al.
Mesenchymal stromal cells for steroid-refractory acute GvHD.
Bone Marrow Transplant. 2017;52(11):1577-1579.

Ankrum J, Karp JM. Mesenchymal stem cell therapy: two steps for-
ward, one step back. Trends Mol Med. 2010;16(5):203-209.
Remberger M, Ringden O. Treatment of severe acute graft-versus-
host disease with mesenchymal stromal cells: a comparison with
non-MSC treated patients. Int J Hematol. 2012;96(6):822-824.

von Dalowski F, Kramer M, Wermke M,, et al. Mesenchymal stro-
mal cells for treatment of acute steroid-refractory graft versus
host disease: clinical responses and long-term outcome. Stem Cells.
2016;34(2):357-366.

Karp JM, Leng Teo GS. Mesenchymal stem cell homing: the devil is
in the details. Cell Stem Cell. 2009;4(3):206-216.

Hodgkinson CP, Gomez JA, Mirotsou M, Dzau VJ. Genetic engi-
neering of mesenchymal stem cells and its application in human
disease therapy. Hum Gene Ther. 2010;21(11):1513-1526.

Travis MA, Sheppard D. TGF-beta activation and function in immu-
nity. Annu Rev Immunol. 2014;32:51-82.

Li MO, Wan YY, Sanjabi S, Robertson AK, Flavell RA. Transforming
growth factor-beta regulation of immune responses. Annu Rev
Immunol. 2006;24:99-146.

English K, Ryan JM, Tobin L, Murphy MJ, Barry FP, Mahon BP. Cell
contact, prostaglandin E(2) and transforming growth factor beta 1
play non-redundant roles in human mesenchymal stem cell induc-
tion of CD4+CD25(High) forkhead box P3+ regulatory T cells. Clin
Exp Immunol. 2009;156(1):149-160.

Madrigal M, Rao KS, Riordan NH. A review of therapeutic ef-
fects of mesenchymal stem cell secretions and induction of


https://orcid.org/0000-0003-1589-7300
https://orcid.org/0000-0003-1589-7300

WU ET AL

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

secretory modification by different culture methods. J Transl Med.
2014;12:260.

KyrczKrzemien S, Helbig G, Zielinska P. The kinetics of mMRNA trans-
forming growth factor betal expression and its serum concentra-
tion in graft-versus-host disease after allogeneic hemopoietic
stem cell transplantation for myeloid leukemias. Med Sci Monitor.
2011;17(6):CR322-CR328.

Min CK, Maeda Y, Lowler K,, et al. Paradoxical effects of interleu-
kin-18 on the severity of acute graft-versus-host disease mediated
by CD4+ and CD8+ T-cell subsets after experimental allogeneic
bone marrow transplantation. Blood. 2004;104(10):3393-3399.
Cooke KR, Kobzik L, Martin TR,, et al. An experimental model of idio-
pathic pneumonia syndrome after bone marrow transplantation: I. The
roles of minor H antigens and endotoxin. Blood. 1996;88(8):3230-3239.
Kaplan DH, Anderson BE, McNiff JM, Jain D, Shlomchik MJ,
Shlomchik WD. Target antigens determine graft-versus-host dis-
ease phenotype. J Immunol. 2004;173(9):5467-5475.

Krulova M, Zajicova A, Fric J, Holan V. Alloantigen-induced, T-cell-
dependent production of nitric oxide by macrophages infiltrating
skin allografts in mice. Transpl Int. 2002;15(2-3):108-116.
Sanchez-Guijo F, Caballero-Velazquez T, Lépez-Villar O, et al.
Sequential third-party mesenchymal stromal cell therapy for refrac-
tory acute graft-versus-host disease. Biol Blood Marrow Transplant.
2014;20(10):1580-1585.

Kebriaei P, Robinson S. Treatment of graft-versus-host-disease with
mesenchymal stromal cells. Cytotherapy. 2011;13(3):262-268.

Tran DQ. TGF-beta: the sword, the wand, and the shield of FOXP3(+)
regulatory T cells. J Mol Cell Biol. 2012;4(1):29-37.

Heo JS, Choi Y, Kim HS, Kim HO. Comparison of molecular pro-
files of human mesenchymal stem cells derived from bone marrow,
umbilical cord blood, placenta and adipose tissue. Int J Mol Med.
2016;37(1):115-125.

Di Nicola M, Carlo-Stella C, Magni M,, et al. Human bone marrow
stromal cells suppress T-lymphocyte proliferation induced by cellu-
lar or nonspecific mitogenic stimuli. Blood. 2002;99(10):3838-3843.
Daneshmandi S, Karimi MH, Pourfathollah AA. TGF-betal trans-
duced mesenchymal stem cells have profound modulatory effects
on DCs and T cells. Iran J Immunol. 2017;14(1):13-23.

Xu C, Yu P, Han X, et al. TGF-beta promotes immune re-
sponses in the presence of mesenchymal stem cells. J Immunol.
2014;192(1):103-109.

Pidala J. Graft-vs-host disease following allogeneic hematopoietic
cell transplantation. Cancer Control. 2011;18(4):268-276.

Shi Y, Su J, Roberts Al, Shou P, Rabson AB, Ren G. How mesen-
chymal stem cells interact with tissue immune responses. Trends
Immunol. 2012;33(3):136-143.

Park MJ, Park HS, Cho ML, et al. Transforming growth factor be-
ta-transduced mesenchymal stem cells ameliorate experimental au-
toimmune arthritis through reciprocal regulation of Treg/Th17 cells
and osteoclastogenesis. Arthritis Rheum. 2011;63(6):1668-1680.
Tang J, Yang R, Lv L, et al. Transforming growth factor-beta-ex-
pressing mesenchymal stem cells induce local tolerance in a
rat liver transplantation model of acute rejection. Stem Cells.
2016;34(11):2681-2692.

Reiser J, Zhang XY, Hemenway CS, Mondal D, Pradhan L, La Russa
VF. Potential of mesenchymal stem cells in gene therapy ap-
proaches for inherited and acquired diseases. Exp Opin Biol Therapy.
2005;5(12):1571-1584.

Ball LM, Bernardo ME, Roelofs H,, et al. Multiple infusions of mes-
enchymal stromal cells induce sustained remission in children with

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

WILEY-¢”

steroid-refractory, grade IlI-1V acute graft-versus-host disease. BrJ
Haematol. 2013;163(4):501-509.

Biswas SK, Chittezhath M, Shalova IN, Lim JY. Macrophage po-
larization and plasticity in health and disease. Immunol Res.
2012;53(1-3):11-24.

Murray PJ, Wynn TA. Protective and pathogenic functions of mac-
rophage subsets. Nat Rev Immunol. 2011;11(11):723-737.

Nestel FP, Price KS, Seemayer TA, Lapp WS. Macrophage prim-
ing and lipopolysaccharide-triggered release of tumor necro-
sis factor alpha during graft-versus-host disease. J Exp Med.
1992;175(2):405-413.

Nishiwaki S, Terakura S, Ito M, et al. Impact of macrophage infil-
tration of skin lesions on survival after allogeneic stem cell trans-
plantation: a clue to refractory graft-versus-host disease. Blood.
2009;114(14):3113-3116.

Wynn TA, Chawla A, Pollard JW. Macrophage biology in devel-
opment, homeostasis and disease. Nature. 2013;496(7446):
445-455,

Chen B, Ni Y, Liu J, Zhang Y, Yan F. Bone marrow-derived mesen-
chymal stem cells exert diverse effects on different macrophage
subsets. Stem Cells Int. 2018;2018:8348121.

Bouchlaka MN, Moffitt AB, Kim J, et al. Human mesenchy-
mal stem cell-educated macrophages are a distinct high
IL-6-producing subset that confer protection in graft-versus-host-
disease and radiation injury models. Biol Blood Marrow Transplant.
2017;23(6):897-905.

Noh MY, Lim SM, Oh KW, et al. Mesenchymal stem cells modulate
the functional properties of microglia via TGF-beta secretion. Stem
Cells Transl Med. 2016;5(11):1538-1549.

Murray PJ, Allen JE, Biswas SK, et al. Macrophage activation and
polarization: nomenclature and experimental guidelines. Immunity.
2014;41(1):14-20.

Pesce JT, Ramalingam TR, Mentink-Kane MM, et al. Arginase-1-
expressing macrophages suppress Th2 cytokine-driven inflamma-
tion and fibrosis. PLoS Pathog. 2009;5(4):e1000371.

Liu Y, Zhang P, Li J, Kulkarni AB, Perruche S, Chen W. A criti-
cal function for TGF-p signaling in the development of natural
CD4+CD25+Foxp3+ regulatory T cells. Nat Immunol. 2008;9(6):
632-640.

Schneidawind D, Pierini A, Negrin RS. Regulatory T cells and natural
killer T cells for modulation of GVHD following allogeneic hemato-
poietic cell transplantation. Blood. 2013;122(18):3116-3121.
Galleu A, Riffo-Vasquez Y, Trento C, et al. Apoptosis in mesenchy-
mal stromal cells induces in vivo recipient-mediated immunomodu-
lation. Sci Transl Med. 2017;9(416):eaam7828.

de Witte SFH, Luk F, Sierra Parraga JM, et al. Inmunomodulation
by therapeutic mesenchymal stromal cells (MSC) is triggered
through phagocytosis of msc by monocytic cells. Stem Cells.
2018;36(4):602-615.

How to cite this article: Wu R, Liu C, Deng X, Chen L,

Hao S, Ma L. Enhanced alleviation of aGVHD by
TGF-p1-modified mesenchymal stem cells in mice through
shifting M® into M2 phenotype and promoting the
differentiation of Treg cells. J Cell Mol Med. 2020;24:1684-
1699. https://doi.org/10.1111/jcmm.14862



https://doi.org/10.1111/jcmm.14862

