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Human gingiva tissue-derived MSC ameliorates
immune-mediated bone marrow failure of
aplastic anemia via suppression of Thl and
Th17 cells and enhancement of CD4+Foxp3+
regulatory T cells differentiation
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Abstract: Accumulating evidence has revealed that human gingiva-derived mesenchymal stem cells (GMSCs) are
emerging as a new line of mesenchymal stem cells and may have the potential to control or even treat autoimmune
diseases through maintaining the balance between Th and Treg cells. Given that GMSCs have a robust immune
regulatory function and regenerative ability, we investigated the effect of GMSCs on preventing T cell-mediated bone
marrow failure (BMF) in a mouse model. We observed that GMSCs markedly improved mice survival and attenuated
histological bone marrow (BM) damage. Moreover, we found GMSCs significantly reduced cell infiltration of CD8+
cells, Thl and Th17 cells, whereas increased CD4+Foxp3+ regulatory T cells (Tregs) differentiation in lymph nodes.
GMSCs also suppressed the levels of TNF-a, IFN-y, IL-17A and IL-6, but IL-10 was increased in serum. The live in vivo
imaging identified that GMSCs can home into inflammatory location on BM. Our results demonstrate that GMSCs
attenuate T cell-mediated BMF through regulating the balance of Th1, Th17 and Tregs, implicating that application
of GMSCs may provide a promising approach in prevention and treatment of patients with aplastic anemia.
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Introduction cytopenia, marrow hypoplasia and obliteration
of the hematopoietic microenvironment de-
struction [3-5]. An abnormal quantity and func-
tion of regulatory T cells (Tregs) in peripheral
blood of patients with AA has been previously
reported and has emerged as the major cause

of this condition [6].

Human aplastic anemia (AA) is a rare autoim-
mune disease characterized by severe pancy-
topenia and bone marrow failure (BMF) [1]. A
decreased number and function of hematopoi-
etic stem and progenitor cells contributes to
anemia, neutropenia, and thrombocytopenia

[2]. In patients with AA, massive destruction
of hematopoietic stem and progenitor cells by
activated T lymphocytes containing Thl, Th17
cells is responsible for the development of pan-

Mesenchymal stem cells may have a unique
advantage in treating BMF since they possess
both the reparative, regenerative and immune
suppressive properties that could not only sup-


http://www.ajtr.org

GMSC treats AA mice

press dysfunctional responses but also drive
the recovery mechanisms that restore hemato-
poietic function [7]. Recent studies have dem-
onstrated that the ability of MSC to downregu-
late T-cell priming, proliferation, and cytokine
release is deficient in patients with AA, persists
indefinitely after immunosuppressive therapy,
but seems to be restored after BMF of mesen-
chymal stem cells (MSCs) from normal donors
[8, 9]. As a major component of the hematopoi-
etic microenvironment, MSCs were found to be
aberrant in acquired AA [10]. Paradoxically,
MSCs from patients with AA were more readily
induced to differentiate into adipocytes and
had poor proliferation potential and a deficient
support of hematopoietic colony-forming activ-
ity [11]. The pathophysiology of BMF has been
best evaluated by animal models that also pro-
vide suitable systems for testing new thera-
peutic strategies. Thus, it seems important to
explore whether other tissue-derived MSCs are
able to prevent and treat AA. Recently, we and
others have reported that human gingival tis-
sue-derived MSCs (GMSCs) shared similar phe-
notypic and functional characteristics as other
MSCs in multiple animal experimental models
including colitis, collagen-induced arthritis, wo-
und healing, and contact hypersensitivity [12-
17]. In contrast to adipose-derived stem cells,
BM-derived MSCs (BMSCs), and umbilical cord-
derived MSCs (UC-MSCs), GMSCs have unique
advantages, such as a more retrievable sour-
ce, faster proliferation, and no potential risk
of tumorigenesis during cell culture [18-20].
However, the effects of human GMSCs in a
BMF animal model system have never been
reported previously.

In the present study, we employed the multifac-
eted effects of human GMSCs on regulating
the pathological developments, immunological
homeostasis and homing dynamics of aplastic
anemia animal model in vivo. We established a
murine AA model and found that adoptive
transfer of human GMSCs markedly improved
the symptoms of AA mice through modification
of infiltrated T cells, especially the Thl, Th17
and Treg cell populations. The distribution
and homing dynamics of labeled GMSCs in AA
mice were also observed in vivo. These findings
recapitulated the therapeutic effects of human
GMSCs against human aplastic anemia.
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Materials and methods
Ethics statements

The research has been carried out in accor-
dance with the World Medical Association
Declaration of Helsinki. The ethics has been
approved for studying human tissues. Human
GMSCs tissues was obtained under informed
consents from the healthy subjects who under-
went wisdom teeth surgery in the Third Hospi-
tal at the Sun Yat-sen University. The animal
study was carried out in accordance with the
recommendations of the animal use protocol,
which was approved by the Institutional Ani-
mal Care and Use Committee of Sun Yat-sen
University (Approve number: 160520). All insti-
tutional and national guidelines for the care
and use of laboratory animals were followed.

Animals

Inbred C57BL/6 (B6, H2"") and hybrid CB6F1
(H2>9) mice were purchased from the Charles
River Laboratories (Beijing, China). They were
maintained at animal facilities of the Sun Yat-
sen University. Females were used at 8 to12
weeks of age. Donor and recipient C57BL/6
mice were matched for age and sex in each
specific experiment.

Induction of BMF in AA mice

AA mice were established as previously de-
scribed [21]. Briefly, CB6F1 mice were injected
with 5 x 108 B6 LN cells in 0.2 mL PBS through
the tail vein 4 to 6 hours after 5.0 Gy total body
irradiation (TBI) from Rs2000 (Rad Source,
USA), whereas mice received 5 Gy TBI without
LN cell infusion as the TBI mice. The control
mice were not received any treatment. The
day when mice received TBI with or without LN
cells was named as the O™ day. Mice received
normal care, and were monitored daily for signs
of disease until be humanely euthanized for tis-
sue/cell collection at 14" day. For survival stud-
ies, mice were considered lethally induced on
the day they were no longer able to take food
or water, at which time they were humanely
euthanized.

Isolation, culture and infusion of GMSCs

Human gingiva samples were collected follow-
ing routine dental procedures at the Division of
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Dentistry in the Third Hospital at the Sun Yat-
sen University, which were approved by the
medical ethics committees of Institutional Re-
view Boards (IRB) in the Third Hospital at the
Sun Yat-sen University (IRB 2018-02-195-01).
The characteristic information of donors for
GMSCs was listed in Table S1. Human GMSCs
were prepared from these tissues as previous-
ly described [16, 22, 23]. Briefly, gingival tis-
sues were obtained from discarded tissues of
patients who undergone routine dental proce-
dures. Tissues were digested by dispase Il (2
mg/mL) at 4°C overnight or 37°C 2 h followed
with collagenase IV (4 mg/mL) at 37°C for 0.5 h
(shaking the tissue every few minutes) to avoid
fragment. Then the collected cell suspension
was filtered through a 70-um cells trainer and
was centrifuged to harvest cell deposition. The
cell deposition was re-suspended and trans-
ferred to 10 cm dish with MEM alpha medium
containing 10% fetal bovine serum, 100 U/mL
penicillin/100 pg/mL streptomycin at 37°C in
an incubator with 5% CO, and 95% O,,. After 72
h, the non-adherent cells were discarded and
the plastic-adherent cells were GMSCs. For
GMSC characterization markers detection, GM-
SC were examined by flow cytometry with mAbs
for human CD29, CD34, CD39, CD44, CD45,
CD73, CD80, CD86, CD90, CD105, HLA-ABC,
HLADR and CD11B. Characteristics of donor
are shown in Figure S1. Fresh cells or stored
GMSCs from the third to the fifth passages
were used in the experiments. The primary cul-
tured human dermal fibroblasts were used as
a control since them share similar morpholo-
gies but lack the functional activities of GM-
SCs. Primary human dermal fibroblasts were
isolated from the foreskin dermis of children
aged between 6 and 8 years who underwent
surgery in the Third Affiliated Hospital at the
Sun Yat-sen University, which was approved
by the medical ethics committee of IRB in the
institute. Informed consents were obtained
from all guardians of the donor participants.
The dermal tissue was minced into small piec-
es and allowed to adhere to tissue culture
flasks for 30 min in a CO, incubator at 37°C.
Then Dulbecco’s modification of Eagle’s medi-
um supplemented with 10% fetal bovine serum
was added to the flasks for allowing fibroblasts
to grow out of tissue pieces and attaching to
the culture flask until cells reached 80-90%
confluence. Then fresh cells or stored Fibro-
blasts from the third to the fifth passages were
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used in the experiments. After AA mice were
established, at the 6" day, 2 x 10° GMSCs or
fibroblasts in 0.2 ml PBS were injected via the
tail veins to per AA mouse. For GMSCs preven-
tion experiments, GMSCs were injected via the
tail veins to AA mice on the day O.

Blood cell counts and peripheral blood smears

At the 6", 10" and 14%" day, 20 uL peripheral
blood was collected from the tail vein. Complete
blood counts were performed using a Mindray
BC-5800 plus blood cell analyzer, and 5 uL
peripheral blood was obtained for blood smear,
and microscopic observation for lymphoprolif-
erative activity and quantitation of nucleated
cells.

Bone marrow mononuclear cell count and
histologic examination

On the 14™ day, mice were sacrificed by CO,
and cervical dislocation. BM cells were remov-
ed from the right femur by elution with PBS
and centrifuged to harvest BM cells for count.
The left femurs were fixed with 10% formalin,
and stained with H&E. Histologic images were
obtained by photography of microscopic sec-
tions.

RNA extraction and real-time RT-PCR quantita-
tion

On the 14™ day, mice were sacrificed as de-
scribed above. Total RNA was isolated from
lymph nodes by Trizol reagent (Invitrogen, Carl-
sbad, CA, USA) according to the manufacturer’s
instructions. The first strand cDNAs were syn-
thesized from 2 pg of total RNA in a 20 uL re-
action using reverse transcriptase (5 x All-In-
One-RT MasterMix, abm, USA). Next, a 2 pL
aliquot of reverse transcription product was
amplified with SsoFast™ EvaGreen (Bio-Rad,
USA). The specific primers were designed from
GenBank and synthesized by BGI (Shenzhen,
China). The thermal profile reactions were per-
formed in a real-time PCR system (Roche,
Germany). The mocycler conditions included
a three-step schedule as follows: 95°C for 10
min, 95°C for 15 s, and 60°C for 60 s for 40
cycles. The amplified products were quantified
by measuring the calculated cycle thresholds
(CT) for individual targets and B-actin mRNA.
The 222CT method was used for quantification
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and statistical analysis. The primer sequences
are listed in Table S2.

Enzyme-linked immunosorbent assay

Blood samples were collected from the retro-
orbital sinus using EP tubes after the 14" day.
Blood specimens (without anticoagulant) were
kept at room temperature for 30 min, followed
by centrifugation at 12000 g, 10 min. Sera
were collected and stored at -80°C. The levels
of, TNF-«, INF-y, IL-6, IL-17A and IL-10 were
detected by an ELISA assay (Bioo scientific,
USA). To determine the levels of soluble cyto-
kines such as IFN-y and IL-17A, animal LN cells
were harvested and cultured in fresh media on
12-well plates with PMA (50 ng/ml) and iono-
mycin (500 ng/ml) for 5 hours and then culture
media was collected and concentrated by 100
KD ultra filtration device (Millipor, USA), and
supernatants were subjected to an ELISA as-
say (ELISA Kkit, Bioo scientific, USA). OD values
were read in the plates at 450 nm waveleng-
th, using standard concentration/standard cur-
ves, and corresponding values were calculated
based on the standard curves.

Surface and intracellular staining using a flow
cytometry for murine samples

Lymph nodes obtained from mice were surface
and intracellularly stained with fluorescent-con-
jugated antibodies. For Foxp3 staining, cells
were fixed and permeabilized using the Foxp3
staining buffer set (eBioscience) according to
the manufacturer’s protocol. For IFN-y and IL-
17 intracellular staining, cells were harvested
and cultured in fresh media on 12-well plates
with PMA (50 ng/ml), ionomycin (500 ng/ml)
and Brefeldin A for 5 hours and then fixed with
IC fixation buffer using the intracellular staining
buffer set (Biolegend).

GMSC in vivo distribution

To track the GMSC distribution in vivo in AA
model, a live in vivo imaging method was con-
ducted. GMSC were re-suspended at a concen-
tration of 1 x 108 cells/ml in PBS with 5 uM
DiR (Red) (Thermo, MA, USA). After mixing, cells
were incubated in the DiR/PBS solution for 15
min at 37°C in the dark, and then washed three
times with PBS at a centrifugation of 300 g for
5 min. The final cells were re-suspended in PBS
for injection into mice via tail vein immediately.
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In vivo tracking experiments, TBI or AA mice
that had been intravenously injected with DIR-
labeled cells 24 hrs later were imaged using
the Bruker In Vivo MS FX PRO Imager (Bruker,
Billerica, MA, USA) with the IVIS 200 small ani-
mal imaging system (PerkinElmer, Waltham,
MA, USA) using the Ex filter at 700 nm and the
Em filter at 780 nm. Background fluorescence
was measured and subtracted by setting up a
background measurement (Ex filter, 530 nm).
The color image represents the spatial dose
distribution of fluorescence, and white photo-
graphs of the mice were collected at the same
time. Images were acquired and analyzed us-
ing the Living Image 4.0 software (PerkinElmer),
as previously described [24].

Statistical analyses

All results are expressed as Mean + SEMs.
Multiple and student’s t tests were used for sta-
tistical analyses. The data were analyzed using
SPSS 20.0 software, and p values below 0.05,
0.01 and 0.001 were assessed as statistically
significant.

Results

Established a mouse model of immune-medi-
ated BMF

To explore the mechanisms of human AA, we
optimized an animal model of immune-mediat-
ed BMF by infusion of B6 LN cells into recipi-
ent CB6F1 mice after irradiation. We observed
the general changes of mice until 14 days. As
expected, mice received 5 Gy TBI without LN
cell infusion survived without marrow replace-
ment. Whereas mice received LN cells after
irradiation showed symptoms of malaise,
anorexia, activity decrease, piloerection and
arched shape, and began to die at the 6" day
(P<0.05), also showed a significantly different
death rate compared to control mice or TBI
mice at the 8" day (P<0.01) (Figure 1A). The
body weight can well reflect the life activities
of AA mice, an increasing weight loss was also
observed in TBI+LN mice compared to control
mice or TBI mice (Figure 1B). Since BMF is the
main pathologic feature of AA, we examined
the BM cellularity. TBI+LN mice showed a sig-
nificant reduction in the number of BM nucle-
ated cells (Figure 1C left top). The changes of
peripheral blood cells are considered as the
main cause of anemia. The complete blood
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Figure 1. Induction of BMF in AA mice recapitulates human disease. CB6F1 mice received 5 x 10° B6 LN 4 to 6 hours after 5.0 Gy irradiation. All mice were sacri-
ficed at the 14™ day and were examined for followed assays. Survival rates (A) and weight loss (B) were estimated by time course after irradiation with or without
B6 LN reception; (C) The changes of BM nucleated cells and peripheral blood were estimated at day 6, 10 and 14; (D) Peripheral blood smears were estimated
by microscope; (E) Left femurs were stained with hematoxylin and eosin at the 14" day and were imaged by microscope; (F) The expression levels of CD4+IFN-y,
CD4+IL-17A and CD4+Foxp3 in LN cells were performed by flow cytometry; (G) The relative quantity of Tbx21, RoRyt and Foxp3 in LN cells were measured by qPCR.
Bar (C) shows the Mean * SD for 4-6 mice from each other group. All data above are representative of three independent experiments (mean + SEM). *P<0.05,
**P<0.01, ***P<0.001. Authors have no conflict of interest.
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counts showed a significant reduction of
TBI+LN mice in the number of WBC (Figure 1C
right top), RBC (Figure 1C left bottom) and neu-
trophil compared to control mice or TBI mice
(Figure 1C right bottom) at the 10" and 14"
day. Additionally, peripheral blood smear also
showed that the nucleated cells of TBI+LN
mice were reduced (Figure 1D). We specially
examined the damage of BM, by hematoxylin
and eosin staining of BM specimens obtained
from sternum of mice. Microscope images sh-
owed that, myeloproliferation was extremely
low, the number of BM specimens obtained
with nucleated cells was significantly reduced,
a large number of fat cells replaced the he-
matopoietic cells, and megakaryocytes were
almost absent in TBI+LN mice (Figure 1E). To
confirm that the infiltrating T cells in TBI+LN
mice were responsible for disease pathogene-
sis, we used flow cytometry to detect the per-
centages of Thl (CD4+IFN-y+), Thl17 (CD4+
IL-17+) and Treg (CD4+Foxp3+) cells in CD4+
cells isolated from lymph nodes of mice. TBI+
LN mice had extremely high levels of Thl and
Th17 cells, as well as a 2.7-fold reduction of
Treg cells compared to TBI mice (Figure 1F). In
addition, we also used qPCR to examine Tbx21,
RoRyt and Foxp3 mRNA expression levels that
are main transfects of Thl, Th17 and Treg ce-
lls in spleen tissues. TBI+LN mice showed a
dramatically increased Thx21 and decreased
Foxp3 level, although no significant differenc-
es of RoRyt mRNA were observed among all
group mice (Figure 1G).

Therapeutic administration of GMSCs prolongs
the survival of AA mice

To determine whether GMSCs have therapeutic
effect on AA mice, we injected GMSCs or con-
trol fibroblast cell to AA mice. Phenotypic analy-
sis indicated that the fibroblast and GMSC pop-
ulations were broadly similar (Figure S1). Mo-
reover, the phenotypic feature of both cell pop-
ulations has a difference on the expression of
immune suppressor molecules. Phenotypic an-
alysis indicated that the GMSCs used in this
study were a mixed population. As showed in
Figure 2A, at the 8" day, GMSCs treated AA
mice showed a significant difference compar-
ed to fibroblasts-treated or PBS treated AA
mice (P<0.05). At the 11" day, GMSCs treated
AA mice notably prolonged survival of AA mice
compared to fibroblasts treated or PBS treated
AA mice (P<0.01). In the 14" day, fibroblasts-
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treated or PBS treated AA mice were all died
but 50% of GMSCs treated AA mice were still
survived. We also used weight change to evalu-
ate the disease degrees of AA mice, we found
that GMSCs treatment significantly reversed
the body weight loss of AA mice (Figure 2B).

To test whether GMSCs treatment affects AA
disease severity by protecting BM and blood
cells, we evaluated the following indicators
including BM nucleated cells, WBC, neutrophil,
RBC, PLT and HGB. In the BM, PBS treated AA
mice and fibroblast treated AA mice produced
severe BM hypoplasia, while GMSCs treated
AA mice dramatically reversed this reduction
(Figure 2C left top). For peripheral blood cells,
at the 6™ day, there was no significant differ-
ences in the numbers of WBC, neutrophil, RBC,
PLT counts and mean HGB between GMSCs
and without GMSCs treated AA mice. At the
10t day, the WBC, neutrophil and PLT counts of
GMSCs infusion AA mice showed a significant
increase compared to without GMSCs treated
AA mice (1.7-fold to PBS treated AA mice, 1.5-
fold to fibroblast treated AA mice in WBC, 4.7-
fold to PBS treated AA mice, 5.2-fold to fibro-
blast treated AA mice in neutrophil and 3.8-fold
to PBS treated AA mice, 3.5-fold to fibroblast
treated AA mice in PLT). At the 14" day, the
RBC, WBC, PLT counts and mean HGB of GM-
SCs infusion AA mice all increased significantly
compared to without GMSCs treatment AA mi-
ce (P<0.01 or P<0.001 for all) (Figure 2C).

A separate set of experiments was also per-
formed to assess the function of the trans-
planted GMSCs on AA mice. Several histopath-
ological changes were observed in the BM. The
myeloid, erythroid, and megakaryocytic cells of
the GMSCs infusion AA mice were more visible
and fat cells were significantly reduced com-
pared to fibroblast treated or PBS treated AA
mice (Figure 2D).

GMSCs attenuate T cells-mediated BMF in AA
mice

Not only peripheral pancytopenia and BM cell
damage, but severe BM aplasia with T-cells
infiltration also was observed in AA mice. The di-
sorder of immune function especially cellular
immune function is the main pathological me-
chanism of aplastic anemia. CD4+ cells selec-
tively overexpressed Thl, Th2 and Thi17 cells,
but hold a low expressed Treg [25]. Thl, Th2
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Figure 2. GMSCs attenuate lethal BMF in AA mice. GMSCs were injected via the tail veins to AA mice at 6™ day. All
mice were sacrificed at the 14" day and were examined for followed measures. Survival rate (A) and body weight
changes (B) of AA mice were estimated by time course after GMSCs transplantation; (C) The number of BM nucle-
ated cells and complete blood counts were performed using a blood cell analyzer in AA mice with or without GMSCs
treatment; (D) Left femurs of AA mice were stained with hematoxylin and eosin and were imaged by microscope
after GMSCs transplantation. Bar (C) show the mean + SD for 3-5 mice from each other group. All data above are
representative of three independent experiments (mean + SEM). *P<0.05, **P<0.01, ***P<0.001. Authors have

no conflict of interest.

and Th17 can secret a variety of cytokines su-
ch as TNF-¢, IFN-y and IL-17, which then act on
hematopoietic stem cells. On the other hand, it
can promote the proliferation and differentia-
tion of CD8, and mediate the apoptosis and
necrosis of hematopoietic stem cells through
perforin, granulase, TNF-a and other pathways
[26]. To confirm the effects of GMSCs on infil-
trated T cells, we first used flow cytometry to
examine the frequencies of CD8+ cells in AA
mice. As shown in Figure 3A, GMSCs signifi-
cantly decreased the CD8+ cells percentage in
lymph nodes. Among CD4+ cells subsets, GM-
SCs decreased the absolute ratios of Th1 cells
(CD4+IFN-y+ cells) and Th17 cells (CD4+IL-17+
cells) (Figure 3B). We also used an ELISA to
measure the levels of soluble IFN-y and IL-17A
in the supernatants, LN cells obtained from AA
mice were cultured in fresh medium on 12-well
plates with PMA (50 ng/ml) and ionomycin
(500 ng/ml) after 5 hours and then culture
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medium was collected for an ELISA assay. We
found GMSCs also suppressed the protein lev-
els of IFN-y and IL-17A secreted by infiltrated T
cells (Figure 3C). As regulatory T cell plays an
important role in regulating immune function,
the changes in its quantity and function can
further amplify the functions of other immune
cells, thus exacerbating aplastic anemia [4,
27]. Foxp3, a critical transcriptional factor for
Treg differentiation. Interestingly, we found that
GMSCs increased frequency of Foxp3+ expres-
sion in CD4+ T cells in AA mice (Figure 3D).
These data indicate that GMSCs treatment
has attenuated infiltrating T pathogenic cells
but also increased immune suppressor cells.

GMSCs reduce expression of pro-inflammatory
cytokines and transcription factors in AA mice

Cytokines are mediated and secreted by acti-
vated immune cells and certain stromal cells.

Am J Transl Res 2019;11(12):7627-7643
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Figure 3. GMSCs inhibit CD8+, Th1, Th17 cells and promote Tregs in AA mice. GMSCs were injected via the tail veins to AA mice at 6" day. All mice were sacrificed
at the 14™ day and were examined for followed measures. A. CD8+ T cells in LN cells were detected by flow cytometer; B. The expression levels of CD4+IFN-y+ (Th1)
and CD4+IL-17A+ (Th17) cells in LN cells were detected by flow cytometer; C. The protein levels of IFN-y+ and IL-17A in serum were measured by an ELISA; D. The
expression levels of CD4+Foxp3+ (Treg) cells in LN cells were detected by a flow cytometer. All data above are representative of three independent experiments
(Mean £ SEM). *P<0.05, **P<0.01. Authors have no conflict of interest.
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CD4+ cells subsets regulate cell physiological
function, mediate the inflammatory response,
and participate in immune response. To further
confirm the critical roles of T-cells mediated
BMF and whether GMSCs regulate cytokines
or transcription factors levels of Thl, Th17 and
Treg cells in AA mice, we further utilized qPCR
to detect Thx21, IFN-y, TNF-&, stat4, Roryt,
IL-17, IL-23 and Foxp3 in lymph nodes (contain-
ing groin, armpit, jaw, elbow and mesenteric
lymph nodes) obtained from AA mice at the
14" day. As shown in Figure 4A, GMSCs ex-
tremely reduced mRNA expression of Thx21,
IFN-y, TNF-a, stat4, Roryt, IL-17, and IL-23. As
primary immunosuppressive cells, Tregs also
were detected through Foxp3, results showed
that Foxp3 mRNA expression levels were signifi-
cantly increased (Figure 4B). Pro-inflamma-
tory and anti-inflammatory cytokines in serum
can well reflect the condition of immunity ho-
meostasis. Accordingly, serum samples were
harvested from AA mice at the 14" day, and
TNF-a, IFN-y, IL-6, IL-17A and IL-10 levels were
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measured by an ELISA assay. Results revealed
that GMSCs significantly reduced pro-inflam-
matory cytokines expression (TNF-«, IFN-y, IL-6
and IL-17A), but increased anti-inflammatory
cytokines IL-10 expression level (Figure 4C).

In vivo tracking of GMSCs in AA mice

To determine whether transplanted GMSCs mi-
grate to BM to contribute to the therapeutic
effect of GMSCs on established AA mice, we
also investigated the distribution of GMSC in
AA mice using a live in vivo imaging. After trans-
plantation of DIR-labeled cells for 24 h, animals
and dissected heart, lung, liver, kidney, spleen,
lymph nodes and legs (BM) were subjected to
imaging using an in vivo small animal imaging
device. First, 2 million DIR-labeled GMSCs we-
re injected to TBI or AA mice for testing whether
GMSCs particularly home to inflammatory loca-
tion. As showed in Figure 5A fluorescent sig-
nal in BM was hardly detectable in TBI mouse,
conversely, AA mouse image showed the evi-
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dent fluorescence signal and intensity on BM,
although the signal most detained in liver and
lung. The fluorescence intensity values are pre-
sented in Figure 5B. Next, same numbers of
DIR-labeled fibroblasts and GMSCs were in-
jected to AA mice for determining the different
distribution between them. Results showed
that fluorescent signal in BM was rarely de-
tected in fibroblasts injected mice, but fluores-
cence was clearly observed in BM in GMSCs
injected mice (Figure 5C). The fluorescence
intensity values are presented in Figure 5D.

GMSCs pretreatment attenuates lethal BMF in
AA mice

All above studies have evaluated the therapeu-
tic potential of GMSCs, which were injected to
AA mice at the 6" day. We then also assessed
the prevention effects of GMSCs, which GMSC
were injected to AA mice at baseline day O.
Survival result showed that GMSCs pretreat-
ment significantly delayed the time point of
death at the 10*" day (P<0.01). When the 14"
day, PBS treated AA mice were all died but 63%
of GMSCs pretreated AA mice were still sur-
vived. GMSCs pretreatment notably prolonged
AA mice survival (Figure 6A). GMSCs pretreat-
ed AA mice also showed a significant increased
number of BM nucleated cells, WBC, neutrophil
and RBC counts (Figure 6B and 6C). The peri-
pheral blood smear showed relatively higher
hyperplasia activity and visible nucleated cells
(Figure 6D). Importantly, GMSCs pretreatment
had significantly less severe disease as mea-
sured by hematoxylin and eosin staining of a
sternum BM aspirate (Figure 6E). Most notably,
GMSCs pretreatment not only reduced CD8+ T
cells (Figure 6F and 6G), but also robustly inhib-
ited Th1l (CD4+IFN-y+), Th17 (CD4+IL-17+) cells
and enhanced CD4+ Treg cells subset (Figure
6H and 6l). Thus, in proof-of-concept experi-
ments, GMSCs pretreatment attenuated im-
mune-mediated BMF in AA mice.

Discussion

BM transplantation, anti-thymocyte globulin
(ATG) and/or corticosteroids, and the require-
ment of cyclosporine to maintain response, etc,
have a clinical therapeutic role in responding to
BM-infiltrating T cells dysfunction [28, 29].
MSCs transplantation was reported to have an
extensive evaluation as a cellular therapy in
human AA [30-35], and increasing evidence
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shows MSCs yield therapeutic effects that were
largely mediated by secretion of soluble factors
and cytokines [36]. In this study, we found
GMSCs attenuated lethal BMF and improved
the survival of AA mice, extending the usage of
GMSCs in treating autoimmune and inflamma-
tory diseases [16, 37-40], and providing evi-
dence that GMSCs represent a convenient cell
therapy approach for aplastic anemia.

Ray irradiation severely damages the BM hema-
topoietic cells and the hematopoietic microen-
vironment but not causes direct death. When
recipient mice were irradiated, mice did not
suffer from acute GVHD [41]. Interestingly, the
infusion of exogenous lymphocytes causes ev-
en more severe bone marrow damage. Thus, a
model that CB6F1 mice following adoptive
transfer of B6 lymph node cells, shares similar
physiological and biological characteristics to
patients with AA [21], providing an ideal tool to
study the pathogenesis and therapeutic inter-
vention. In this study, CB6F1 mice (the F1 of
BALB/c female and C57BL/6 male hybrid) were
utilized. Mice were received 5 x 10° B6 LN cells
4 to 6 hours after 5.0 Gy TBI to establish a AA
animal model. Our data is consistent with that
of Chen et al who developed a model accom-
panied by severe pancytopenia and marrow
hypoplasia and destruction [21].

AA is an immune-mediated disease. The disor-
der of immune system especially T cells plays
an important role in the development of AA. T
lymphocytes are the main effector cells in cel-
lular immunity [42, 43]. Studies have found that
patients with aplastic anemia not only have an
abnormal number of T cells, but also have sig-
nificant changes in the distribution, phenotype
and function of T cells. It has been proved that
abnormal immune function in aplastic patients
is associated with abnormal activity and prolif-
eration of T cells that may kill and inhibit hema-
topoietic stem/progenitor cells. Abnormal pro-
liferation of CD8+ T cells and macrophages
inhibits the proliferation and differentiation of
BM hematopoietic stem cells [44]. T lympho-
cytes can produce hematopoietic stimulating
factors and negative hematopoietic regulatory
factors after stimulation, but due to the imbal-
ance of lymphocyte cytokines in aplastic ane-
mia patients, excessive negative hematopoiet-
ic regulatory factors are produced, showing
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obvious hematopoietic inhibitory activity [45].
Th1 cells in AA can secrete a variety of immune
molecules including IFN-y, TNF-« directly to pro-
mote disease. Immoderate production of IFN-y,
TNF-a, and IL-2 suggests the possibility that the
hematopoietic cells are destroyed through Thl
response, as illustrated by the transcriptional
up-regulation of inflammatory cytokines, such
as TNF-a, stat4, IFN-y [46-48]. IFN-y mainly
inhibits hematopoiesis through the cell cycle of
tissues. TNF-a can up-regulate cell receptor
Fas, enhance cell sensitivity to apoptosis th-
rough Fas/Fas L, and induce excessive apopto-
sis of hematopoietic stem/progenitor cells [49].
In addition, Th1 cells can promote the activa-
tion of NK, CD8, and macrophage cells which
could further secrete various cytokines includ-
ing IFN-y, TNF-¢, IL-6, IL-2 and then mediate dis-
ease progression [2]. Our model is in line with
that of Gravano et al who demonstrated a criti-
cal role of CD8+ and Th1 cells in immune-medi-
ated BMF [50-52]. We provided evidence that
CD8+ T cells, Thl cells and cytokines of IFN-y
and TNF-a were notably suppressed after con-
secutive transplantation with GMSCs in AA
mice.

Several studies have reported the association
of IL-17 with inflammatory disorders such as
rheumatoid arthritis, asthma, multiple sclero-
sis and lupus [53-57], as well as hematological
disorders such as myelodysplastic syndrome
and acute myeloid leukemia [58, 59]. We hy-
pothesized that Th17 cells could contribute to
the development of BMF in AA mice, like in
some AA patients [60]. While Treg cells play an
immunosuppressive role [61-63], and an abnor-
mal quantity and function of Tregs in peripheral
blood of patients with AA has been reported
and has emerged as the major cause of the
condition [44]. The disorder of Th17/Treg cells
plays an important role in the aplastic anemia
[27, 33, 64, 65]. Li et al addressed that BM-
SCs regulate the Treg/Th17 balance by affect-
ing the Notch/RBP-J/JFOXP3/RORyt pathway
[33]. Here we examined the role of GMSCs in
Th17 immune responses in AA mice by regulat-
ing the immunity homeostasis. In accordance
with the present results, we present evidence
that GMSCs markedly suppressed Thl7 and
increased Treg cell frequency, resulting in the
hematologic recover and the survival prolong
of AA mice. Interestingly, GMSCs suppressed
the secretion of IL-17A and IL-6 but increased
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anti-inflammatory cytokines of IL-10 levels. It is
parallel that GMSCs inhibited Th1, Th17 cells,
while promoted the expansion of CD4+ Tregs
in AA mice, indicating an immunosuppression
ability of GMSCs for immune-mediated BMF. It
is possible that GMSC exerted their suppres-
sion via their secretion of soluble molecules as
we recently observed that exosomes derived
from GMSC have a similar function to the par-
ent cells (data not shown). It has been exten-
sively established that IL-10 and/or Treg cells
markedly suppress inflammatory and autoim-
mune responses [63, 66-68]. Additionally, MS-
Cs also secret various soluble molecules, su-
ch as TGF-B1, HGF, PGE2, IL-10, IDO, NO, HO-1,
and HLA-G to exert their immunoregulatory
action. Moreover, we recently reported that
GMSCs improved xeno-GVHD mice survival in
a humanized animal model and suppressed
osteoclastogenesis and bone erosion, which
involved with CD39-CD73-adenosine signal pa-
thway [22, 40]. CD39 regulates immune res-
ponses balance by dephosphorylating ATP to
ADP [71]. As a result, activated MSCs contrib-
ute to the restoration of damaged tissues or
organs.

Several studies have shown that when tissues
are damaged, MSCs from bone marrow or from
the exogenous infusion are generally localized
to the inflammatory area and damaged sides
with low limited efficiency [69, 70]. The current
experimental results showed that the GMSCs
infusion could localize to the bone marrow with
24 h in the AA model, suggesting that GMSCs
were homing to the damaged bone marrow
after infusion via blood circulation, and per-
formed hematopoietic support, repair function
and local immune regulation of the bone mar-
row microenvironment by homing to the bone
marrow through direct contact or secretion of
soluble bioactive molecules.

It is well recognized that MSCs have low immu-
nogenicity portability due to the lack of major
histocompatibility complex class I molecules
or lymphocyte costimulatory molecules [72].
MSC’ immunoregulatory activity is not constitu-
tive and could be classified as pro-inflammato-
ry MSC1 and immunosuppressive MSC2 phe-
notype for response to different TLR-priming
stimulation [73]. In addition, there is a unified
standard protocol to identify the phenotype of
MSC characteristics. MSCs are acceptable for
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clinical application because they are easy to
be collected and expanded. Most importantly,
recent studies have revealed that GMSC have
several advantages over other MSCs. GMSC
are highly homogenous and proliferate more
rapidly, with stable phenotypes and functional
characteristics and no potential risk of tumori-
genesis [18-20]. In addition, the safety of GM-
SC has been recently documented [74].

In conclusion, our findings indicate GMSCs
transplantation may treat immune-mediated
BMF of aplastic anemia via suppression of Thl
and Thl7 cells and enhancement of CD4+
Foxp3+ regulatory T cells differentiation. In the
near future, we will conduct the clinical trial to
determine the safety and efficacy of human
GMSCs, particularly GMSCs derived from pa-
tients with AA, on patients with AA.
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Table S1. Characteristics of donors for GMSCs

GMSC treats AA mice

Age (year) Gender Characteristic
25 Female Wisdom tooth
35 Male Wisdom tooth
18 Female Wisdom tooth
45 Female Wisdom tooth
22 Male Wisdom tooth
Table S2. Primer for Real-time RT-qPCR
Primer sequence Product
Target - -
Sense Antisense Size (bp) Tm
Thx21 AGCAAGGACGGCGAATGTT GGGTGGACATATAAGCGGTTC 187 59
IFN-y AGCTCTTCCTCATGGCTGTT TTTGCCAGTTCCTCCAGATA 144 57
TNF-a AGTCTGTATCCTTCTAAC TTCTGAGTAGTTGTTGAA 82 57
Statd GACTGTCGGCTCTGCCGTTCG GCACGGCTGGGAGCTGTAGTG 146 65
RoryT CAGAGGAAGTCAATGTGGGA ATGATCTGGTCATTCTGGCA 128 56
IL17A TCAAAGCTCAGCGTGTCCAA CGTGGAACGGTTGAGGTAGT 133 60
123 TGAGCCCTTAGTGCCAACAG CTTGCCCTTCACGCAAAACA 147 60
Foxp3 TGACAGACACCATCCTAAT AGTTCACGAATGTACCAAG 76 58
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Figure S1. Phenotypic and functional characteristics of GMSCs. GMSCs and fibroblast cells were stained with surface markers. Representative flow cytometry data
from five independent experiments showed related phenotypes of GMSC and fibroblast cells.



