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Abstract
Background aims. Graft-versus-host disease (GVHD) is a life-threatening complication of allogeneic hematopoietic cell
transplantation caused by donor T cells reacting against host tissues. Previous studies have suggested that mesenchymal
stromal cells (MSCs) could exert potent immunosuppressive effects. Methods. The ability of human bone marrow derived
MSCs to prevent xenogeneic GVHD in non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice and in
NOD/SCID/interleukin-2Rg(null) (NSG) mice transplanted with human peripheral blood mononuclear cells (PBMCs) was
assessed. Results. Injection of 200 � 106 human PBMCs intraperitoneally (IP) into sub-lethally (3.0 Gy) irradiated
NOD/SCID mice also given anti-asialo GM1 antibodies IP 1 day prior and 8 days after transplantation induced lethal
xenogeneic GVHD in all tested mice. Co-injection of 2 � 106 MSCs IP on day 0 did not prevent lethal xenogeneic GVHD
induced by injection of human PBMCs. Similarly, injection of 30 � 106 human PBMCs IP into sub-lethally (2.5 Gy)
irradiated NSG mice induced a lethal xenogeneic GVHD in all tested mice. Injection of 3 � 106 MSCs IP on days 0, 7, 14
and 21 did not prevent lethal xenogeneic GVHD induced by injection of human PBMCs. Conclusions. Injection of MSCs did
not prevent xenogeneic GVHD in these two humanized mice models.
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Introduction

Acute graft-versus-host disease (GVHD), consisting
of the destruction of host tissues by immune cells
(mainly T cells) contained in the graft, has remained
a major obstacle to allogeneic hematopoietic cell
transplantation (1e4). In vitro or in vivo T-cell
depletion of the donor graft has been shown as the
most powerful way for preventing acute GVHD, but
it has been associated with increased risks of disease
relapse (4,5), emphasizing the need for alternative
strategies.

Mesenchymal stromal cells (MSCs) are multi-
potent progenitors within the bone marrow capable
of differentiating into various cells and tissues, such
as chondrocytes, osteoblasts and adipocytes (6).
Co-infusion of MSCs has been shown to facilitate
engraftment of human cord blood or bone marrow
hematopoietic stem cells in immunodeficient mice
models when low numbers of CD34þ cells were
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injected (7). In addition, MSCs suppressed lym-
phocyte proliferation (without inducing specific
tolerance) and inhibited naïve and memory T-cell
responses to their cognate antigens in vitro (8e10).
The ability of MSCs to inhibit T-cell alloresponses in
mixed lymphoid reactions was independent of the
major histocompatibility complex because inhibition
was similar with “third party” haploidentical MSCs
or MSCs that were autologous to the responder or
stimulating lymphocytes (8e13). MSCs also exhibi-
ted immunosuppressive properties in vivo, for
instance, prolonging allogeneic skin graft survival in
a baboon skin graft model (14). These observations
led several groups of investigators to study the ability
of MSCs to prevent acute GVHD in animal models.
Although some studies observed that intravenous
(15,16) or intraperitoneal (17) co-infusion of MSCs
could prevent the development of acute GVHD in
mice, MSC co-infusion failed to prevent acute
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GVHD in some other murine studies (18e20) as
well as in a pre-clinical canine model of leukocyte
antigen haploidentical transplantation (21). Non-
humanized mice studies are limited by the fact that
murine and human MSCs differ in several ways:
(i) in vitro immunosuppressive abilities of mouse
MSCs are lower than those of human MSCs,
(ii) human MSCs, but not mouse MSCs, inhibit
T cells in vitro at least in part by secreting indole-
amine 2,3-dioxygenase and (iii) mouse MSCs are
more prone to undergo immortalization and trans-
formation in culture than human MSCs (18,22,23).

In humans, numerous phase IeII prospective
studies suggested that MSC infusion might promote
engraftment in patients given grafts from human
leukocyte antigen haploidentical donors (24), cure
selected patients with steroid-refractory acute
GVHD (25) and prevent GVHD when co-infused
with hematopoietic stem cells (26e28). However,
MSC infusion failed to increase (statistically signifi-
cantly) the rate of sustained complete response in
patients with steroid-refractory acute GVHD in
a phase III randomized study (29). These discrep-
ancies among studies stressed the need for devel-
oping animal models to study the efficacy of human
MSCs as prevention or treatment of GVHD. Given
that MSCs are thought to act mainly by secreting
soluble factors (30) and given that MSC culture and
expansion conditions influence their secretion
profiles (30), models that could compare the efficacy
of different human MSC preparations to prevent
GVHD are urgently needed.
Methods

The study was approved by the human and animal
ethics committees of the University of Liege. Written
informed consent was obtained from all bone
marrow and buffy coat donors in accordance with the
Declaration of Helsinski.
Isolation and expansion culture of human MSCs

Bone marrow cells were obtained by bone marrow
aspirates drawn from the iliac crest of adult volun-
teers. For most experiments, mononuclear bone
marrow cells were isolated by Ficoll-Paque PLUS
density gradient (Amersham Pharmacia Biotech,
Uppsala, Sweden), washed twice in phosphate-buff-
ered saline (PBS) (Lonza, Verviers, Belgium),
re-suspended in human MSC medium consisting of
mesenchymal stem cell growth medium (Lonza) and
plated at 9 � 107cells/T175 flask (Becton Dickinson,
Bedford, MA, USA). After 24 h of culture, non-
adherent cells were removed. When 70e80%
confluence was achieved, adherent cells were
detached and re-plated at a density of 5000 cells/cm2.
The same conditions were used for subsequent
passages.

For some experiments, MSCs were generated as
previously described (28) for clinical use. Briefly,
mononuclear bone marrow cells were isolated by
Ficoll-Paque density gradient, seeded in sterile tissue
culture flasks (BD Falcon; BD Biosciences, Bedford,
MA, USA) and cultured in Dulbecco’s modified
Eagle’s medium, low glucose (Invitrogen, Merelbeke,
Belgium), with glutamate supplemented with 10%
irradiated fetal bovine serum (HyClone-Perbio
Science, Merelbeke, Belgium) and antibiotics (peni-
cillin/streptomycin; Lonza). Cultures were main-
tained at 37�C in a humidified atmosphere containing
5% carbon dioxide for about 4 weeks. The medium
was replaced twice every week. Cells were near
confluence (>70%) after 2 weeks of culture under
these conditions. Cells were detached using irradiated
trypsin-ethylenediaminetetraacetic acid (Invitrogen)
and plated (passaged) at a lower density to allow
further expansion. At the second passage, cells were
either injected into mice or cultured for an additional
one to two passages in mesenchymal stem cell growth
medium as described. In an additional experiment,
MSCs were activated with 100 IU/mL interferon
(IFN)-g 24 h before injection to NSG mice.
Phenotypic characterization of MSCs

After the third passage, cultured cells were immuno-
phenotyped using the following antibodies: allophy-
coerythrin (APC)-conjugated anti-CD45 (H130
clone), phycoerythrin (PE)-conjugated anti-CD90
(5E10 clone), PE-conjugated anti-CD11b (D12
clone), PE-conjugated anti-CD34 (581/CD34 clone),
PE-conjugated anti-CD73 (AD2 clone), PE-conju-
gated anti-CD106 (51-10C9 clone), PE-conjugated
anti-CD14 (M4P9 clone) (all fromBectonDickinson)
and PE-conjugated anti-CD105 (SN6 clone) (Dako-
Cytomation, Glostrup, Denmark). Cells were incu-
bated with antibodies or isotype-matched control IgG
(all from Becton Dickinson) for 30 min at 4�C in the
dark. Data were acquired on a FACSCanto II flow
cytometer (BD Biosciences, Erembodegem, Belgium)
and analyzed using FlowJo software (Tree Star Inc,
Ashland, OR, USA). MSCs in the current study were
uniformly negative for hematopoietic markers
including CD11b, CD14, CD34 and CD45 antigens
and positive for CD73, CD90, CD105 and CD106
antigens (data not shown).

To assess the capacity of MSCs to differentiate
into fat, bone and cartilage, we cultivated them under
specific induction conditions as previously described
(31). In all tested cultures, lipid vacuoles, calcium
deposits and chondrogenic differentiation were
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evidenced by staining with oil red O, alizarin red, and
toluidine blue, demonstrating the differentiation
ability of cultured MSCs (data not shown).
MSC immunosuppression assays

In flat-bottom 96-well plates (Becton Dickinson),
5 � 103, 1 � 104 or 5 � 104 MSCs were plated in
triplicates in a total volume of 100 mL of RPMI
medium 1640 supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, 100 mg/mL strepto-
mycin, L-glutamine (2 mmol/L) (all from Lonza),
N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid
(25 mmol/L), sodium pyruvate (100 mol/L), non-
essential amino acid (100 mol/L) and 5 � 10�5 M
b-mercaptoethanol (all from Gibco, Merelbeke,
Belgium).After 5-h incubation,MSCswere irradiated
at 25 Gy using a 137Cs source (GammaCell 40; Nor-
dion, Ontario, Canada). Allogeneic human peripheral
mononuclear cells (PBMCs) were isolated from buffy
coat by Ficoll-Paque PLUS density gradient. PBMCs
(5� 104) were added to wells in a total volume of 200
mL containing irradiated MSCs or not containing
irradiatedMSCs, in the presence of anti-aCD3/CD28
microbeads (Invitrogen Dynal A/S, Oslo, Norway).
Co-cultures without anti-aCD3/CD28 microbeads
were used as controls. Cells were incubated at 37�C in
5% humidified air for 4 days. Cell cycle analyses
of PBMCs stimulated with anti-aCD3/CD28
microbeads or not stimulated with anti-aCD3/CD28
microbeads and cultivated during 4 days with or
without MSCs were performed using CycleTEST
Plus DNA Reagent Kit (Becton Dickinson) as previ-
ously reported (32). The percentage of cells in the
different phases of the cell cycle was determined with
ModFit software (Becton Dickinson). In the current
study, MSCs inhibited PBMC proliferation. In the
absence of MSCs, the percentages of cells in G2/M
phases of the cell cycle were 50 � 5%. When MSCs
were present, this percentage decreased to 43 � 10
(P¼ 0.07) at a PBMC/MSC ratio of 10:1 to reach 35�
10 (P ¼ 0.02) at a ratio of 10:5 and finally 26 � 3%
(P<0.0001) at a ratio of 1:1 (supplementaryFigure1).

Proliferation was also assessed using
3[H]-thymidine (PerkinElmer, Boston, MA, USA)
incorporation. During 4 days, 1 � 105 or 1 � 106

PBMCs stimulated with anti-aCD3/CD28 micro-
beads or phytohemagglutinin (10 mg/mL; Sigma
Aldrich, St. Louis, MO, USA) with or without irra-
diated (25 Gy) 1 � 105 MSCs were cultivated. To
each well, 6.7 Ci/mmol (248 GBq/mmol) of
3[H]-thymidine was added in 25 mL 16 h before the
end of the co-culture. The cells were harvested
automatically on a glass filter, using a Tomtec har-
vesting machine (Hamden, CT, USA) on day 4.
Thymidine incorporation was expressed as counts
per minute. In the presence of irradiated MSCs, we
observed that PBMC proliferation was significantly
reduced at both MSC/PBMC ratios (P < 0.0001)
(Supplementary Figure 1C).
Development of humanized murine models of GVHD

To induce GVHD, non-obese diabetic/severe
combined immunodeficient (NOD/SCID) mice
received on day �1 a single dose of 3.0 Gy total body
irradiation (TBI) using 137Cs source and injected IP
with 20 mL of anti-asialo GM1 (aASGM1) antibody
(Wako Chemicals USA, Dallas, TX, USA). PBMCs
were isolated from buffy coats by centrifugation over
Ficoll-Paque PLUS density gradient and washed
twice in PBS. Cells were counted with an HORIBA
ABX automatic cell counter (ABX Hematology,
Montpellier, France) and re-suspended in PBS at
a concentration of 200 � 106/400 mL. Cell suspen-
sions were injected IP into mice under sterile
conditions on day 0. Transplanted mice received a
second dose of 20 mL of aASGM1 antibody admin-
istered IP 8 days later.
NSG mice

NOD/SCID/interleukin-2Rg(null) (NSG) (The
Jackson Laboratory, Bar Harbor, ME, USA) were
irradiated with 2.5 Gy TBI using a 137Cs source 1
day before intraperitoneal injection of human
PBMCs obtained from buffy coats from healthy
volunteers. PBMCs were isolated as described
previously. Cells were counted with a HORIBA ABX
automatic cell counter and re-suspended in PBS.
Four doses of human PBMCs (10 � 106, 20 � 106,
30 � 106 or 50 � 106) were infused to test their
ability to induce xenogeneic GVHD.

Mice were tagged on day 0, weighed twice weekly,
and assessed for symptoms of xenogeneic GVHD
including weight loss, posture (hunching), reduced
activity, ruffled fur texture, anemia and tachypnea.
Mice with terminal GVHD were sacrificed and
examined for human cell infiltration by flow cytom-
etry, histologic analysis and immunochemistry.
Capacity of MSCs to prevent or to treat GVHD in
NOD/SCID and NSG mice models

To assess the ability of MSCs to prevent GVHD in
our models, NOD/SCID or NSG mice received
2 � 106 MSCs or 3 � 106 MSCs from passages
three or four IP at the time of PBMC injection. For
the NSG model, mice received three additional
injections of MSCs (total number of cells, 12 � 106

MSCs) at weekly intervals. In a second set of
experiments, NSG mice received 3 � 106 MSCs at
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passages three or four intravenously at the time of
PBMC injection and at weekly intervals for three
administrations (total dose, 9 � 106 MSCs). Finally,
in an additional experiment, some NSG mice were
given intraperitoneal sirolimus (Rapamune at
1.5 mg/kg from day 0 to day 7 and 1 mg/kg from day
8 to day 21; Pfizer, New York, NY, USA).
Flow cytometry analyses for detection of human
engraftment

At the time of necropsy, peripheral blood, spleen and
bone marrow were harvested and analyzed by flow
cytometry. Splenocytes were obtained by crushing
the spleen, and bone marrow was obtained by
flushing the femurs and tibiae. Cells were counted in
a HORIBA ABX. To demonstrate human engraft-
ment, a first gate on living cells was made using the
SSC/FSC dot plot, and the percentage of human
CD45þ cells (identified using the anti-human CD45
APC or PE-Cy7 (clone, HI30; eBioscience, San
Diego, CA, USA) among total living cells was
calculated (31). The following antibodies specific for
human cell surface antigens were used: APC or
fluorescein isothiocyanate-conjugated anti-CD3
(SK3 clone; Becton Dickinson), peridin chlorophyll
protein-conjugated (SK3 clone; Becton Dickinson)
or efluor 450 (RPA-T4 clone; eBioscience) anti-
CD4, PE-conjugated anti-CD8 (HIT8a clone; Bec-
ton Dickinson), PE-conjugated anti-CD25 (BC96
clone; eBioscience). Cells (1.5 � 106e2 � 106 cells/
sample) were incubated with antibodies or isotype-
matched control IgG (all MOPC 21 clone; Becton
Dickinson) for 30 min at 4�C in the dark. The
resulting cell pellet was depleted of erythrocytes
using a ammonium chloride solution (pH 7.2). Cells
were washed twice with PBS/1% fetal bovine serum
(Lonza) and fixed in PBS/1% formalin (Sigma
Aldrich). Human intracellular transcription factor
forkhead box passage 3 (Foxp3) staining kit con-
taining AlexaFluor 488 anti-Foxp3 (206D clone),
isotype-matched control IgG, Fix/Perm solution, and
Fix/Perm buffer was purchased from BioLegend
(San Diego, CA, USA). Foxp3 intracellular staining
was achieved as described by the manufacturer’s
instructions. Data were acquired on a FACSCanto II
flow cytometer (Becton Dickinson) and analyzed
with FlowJo software 7.0 (Tree Star Inc).
Histology and immunochemistry

Small intestine, liver, lungs and skin were harvested,
washed with PBS, fixed in 10% formalin (Sigma
Aldrich) and routinely processed for paraffin
embedding. For all organs, 5-mm sections were
stained with hematoxylin and eosin for histologic
examination. Immunostaining was performed on
5-mm sections manually for CD45 (2B11þPD7/26
clone; DakoCytomation) using a standard indirect
two-step labeling method or on a BenchMark XT
autostainer (Ventana Medical Systems, Tucson, AZ,
USA) for CD3 (clone PS1; Novocastra/Leica,
Newcastle Upon Tyne, UK), CD4 (clone 1F6;
Novocastra/Leica) and CD8 (clone C8/144B;
DakoCytomation). Staining with sirius red was per-
formed to evaluate fibrosis in the liver, skin and lungs
of a NSG mouse who developed signs of chronic
GVHD after intraperitoneal infusion of PBMCs and
MSCs.
Detection and quantification of MSCs engraftment in
NOD/SCID mice

NOD/SCID mice irradiated with 3.0 Gy TBI on
day �1 received 2 � 106 MSCs IP on day
0. aASGM1 antibodies (20 mL) were injected IP on
day �1 and day 8 after MSC infusion. Mice were
sacrificed on day 1, 7 or 14. Lungs, liver, kidneys,
small intestine, spleen and bone marrow were
collected and frozen. Homing of MSCs was studied
by quantitative real-time polymerase chain reaction
(PCR) (using Power SYBRGreen PCR master mix;
Applied Biosystems, Foster City, CA, USA; and ABI
PRISM 7700; Altera, Norwalk, CT, USA) as previ-
ously reported (31) (see Supplementary text).
Detection and quantification of engraftment or homing of
MSCs in NSG mice with xenogeneic GVHD

NSG mice were irradiated with 2.5 Gy TBI on
day �1 then received 3 � 106 MSCs from male
donors at the time of injection of 30 � 106 PBMCs
from female donors and at weekly intervals for four
administrations (total dose, 12 � 106 MSCs). Mice
with terminal GVHD were euthanized, and periph-
eral blood, lungs, liver, small intestine, colon, spleen,
bone marrow, peritoneum and peritoneal fluid were
collected and frozen. Genomic DNA was extracted
as described previously. MSC homing was analyzed
by sex-determining region Y (SRY) TaqMan real-
time PCR after genomic DNA amplification by PCR
(nested PCR) as previously reported by Lo et al. (33).
CDR3 spectratyping (immunoscope)

To characterize better T-cell expansion in our
models of xenogeneic GVHD, T-cell receptor
(TCR) b chain CDR3 spectratyping analyses were
performed on PBMCs before injection into mice and
on cells collected on day 13 from spleens of four
NOD/SCID mice given 200 � 106 human PBMCs
IP after 3.0 Gy irradiation (cells from the different
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mice were pooled before RNA extraction) or from
spleens of five NSG mice given 30 � 106 human
PBMCs IP after 2.5 Gy irradiation (cells from the
different mice were pooled before RNA extraction)
as previously reported (34,35). The overall com-
plexity within a TCR Vb subfamily was determined
by counting the number of peaks (intervals of three
nucleotides) per subfamily.
Serum cytokine levels (immunoscope)

The concentration of human IL-2, IL-4, IL-6, IL-8,
IL-10, IL-15, IL-17, tumor necrosis factor (TNF)-
a and IFN-g were determined in mice serum using
Bio-Plex Pro Human Cytokine 9-plex Assay (Biorad
Laboratories, Nazareth Eke, Belgium). The experi-
ments were performed according to the manufac-
turer’s recommendation, and results were acquired
on Bio-Plex System and analyzed with Bio-Plex
Manager Software 4.0 (Biorad Laboratories).
Statistical analysis

Statistical analyses were performed with the Graph-
Pad Prism 5.00 Software (GraphPad Software, Inc,
San Diego, CA, USA). The Mann-Whitney test was
used to assess the impact of MSCs on cell prolifer-
ation in vitro, the cytokine levels in NSG mice on day
8 after transplantation and the percentages of human
cells at necropsy between MSC and control mice.
Survival curves were modeled using the Kaplan-
Meier methods. Comparisons between groups were
made with the log-rank test. All P values were two
sided. P values <0.05 were considered as statistically
significant.
Results

NOD/SCID mice model of xenogeneic GVHD

The homing capacity of MSCs to several tissues was
tested at three different times. MSCs were detected
in the liver, kidney and spleen of one of three tested
mice and in the small bowel of another mouse 24
hours after intraperitoneal infusion of MSCs
(Supplementary Table I). MSCs were detected in the
bone marrows of all tested mice and in the spleen,
kidneys, small bowel, liver and lungs in two of four,
two of four, two of four, one of four and one of four
mice 7 days after MSC infusion. Finally, MSCs were
observed in the bone marrow of three of four mice
and in the spleen or kidneys or both of three of four
mice 14 days after MSC infusion. These results
suggest that MSCs injected IP could migrate to
different organs but perhaps homed preferentially to
the bone marrow.
In two independent experiments of three
NOD/SCID mice each, mice were irradiated at 3.0
Gy and administered aASGM1 antibody IP 1 day
before and 8 days after being IP transplanted with
2 � 108 human PBMCs. In the first experiment,
mice died on days 10, 13 and 14; in the second
experiment, two mice died on day 8 and one mouse
died on day 7 after transplantation. At the time of
necropsy, human chimerism levels (human CD45þ

cells) in the five mice surviving �8 days were 61%
(range, 21e92%) in the spleen (n ¼ 5) and 6%
(range, 1e24%) in the bone marrow (n ¼ 5).

In a third experiment, we compared TCR Vb

repertoire in PBMCs before injection into NOD/
SCID mice and in spleen cells collected from NOD/
SCID mice 13 days after intraperitoneal PBMC
infusion. The number of peaks in each family was
comparable among PBMCs before injection
(median of 10 peaks/Vb family) and among spleen
cells 13 days after infusion (median of 11 peaks/Vb

family), demonstrating a homogeneous T-cell
expansion.

In a first set of experiments, we assessed the
ability of human MSCs (2 � 106 cells) IP co-trans-
planted with human PBMCs (2 � 108 cells) to
prevent lethal GVHD in NOD/SCID mice given
3.0 Gy TBI on day �1 and aASGM1 antibody on
days �1 and 8 after transplantation. All mice given
MSCs/PBMCs (n ¼ 17) and all control-PBMC mice
(given PBMCs alone, n ¼ 26) showed signs of
GVHD, such as anemia, loss of locomotion and
weight loss and died within the first 30 days after
transplantation (Figure 1A). At the time of necropsy,
both groups of mice had similar infiltration by
human cells in the blood (median of human CD45þ

cells was 74% [range, 34e96%] in MSC/PBMC
mice versus 86% [range, 24e95%] in PBMC mice),
in the spleen (91% [range, 38e98%] in MSC/PBMC
mice versus 93% (range, 36e98%) in PBMC mice)
and in the bone marrow (17% [range, 2e74%] in
MSC/PBMC mice versus 26% [range, 1e59%] in
PBMC mice) (Figure 1B). The frequency of Foxp3þ

cells among total human CD45þCD3þCD4þ cells
was similar in MSC/PBMC mice compared with
PBMC mice (7% [range, 6e9%] versus 7% [range,
3e12%] in the spleen and 6% [range, 2e8%] versus
7% [range, 2e12%] in the blood (Figure 1C).

In a second set of experiments, we investigated
whether intravenous infusion of MSCs (2 � 106

cells) on day 0 could prevent xenogeneic GVHD in
NOD/SCID mice given 3.0 Gy TBI on day �1,
human PBMCs (2 � 108 cells)IP on day 0, and
aASGM1 antibodies on days �1 and 8 after trans-
plantation. As observed with intraperitoneal injection
of MSCs, intravenous infusion of MSCs failed to
prevent GVHD, with MSC/PBMC mice (n ¼ 4)



Figure 1. Impact of a single intraperitoneal infusion of MSCs on xenogeneic GVHD in NOD/SCID mice. NOD/SCID mice irradiated with
3.0 Gy on day �1 received 2 � 108 PBMCs IP on day 0 with or without 2 � 106 MSCs also infused IP. (A) Overall survival in mice given
MSCs (open circles, n ¼ 17) or not given MSCs (black squares, n ¼ 26). (B) Percentage of human CD45þ cells in spleen (n ¼ 19 in PBMC
arm vs. n ¼ 11 in MSC arm), blood (n ¼ 14 in PBMC arm vs. n ¼ 8 in MSC arm) or bone marrow (n¼ 16 in PBMC arm vs. n ¼ 11 in MSC
arm) of mice given MSCs (gray bars) or not given MSCs (white bars). (C) Percentage of human Foxp3þ cells among total human
CD45þCD3þCD4þ cells in spleen (n ¼ 7 in PBMC arm vs. n ¼ 4 in MSC arm) and blood (n ¼ 5 in PBMC arm vs. n ¼ 5 in MSC arm) of
mice given MSCs (gray bars) or not given MSCs (white bars). Horizontal lines represent median values in each group. (DeI) Microscopic
features of the lungs at the time of necropsy in control (DeF) versus MSC mice (GeI); at low magnification (D and G, hematoxylin and
eosin, �50), lymphoid infiltrates with a perivascular and peribronchial distribution were observed in both groups; at high magnification
(E and H, hematoxylin and eosin, �400), the infiltrates were cytologically pleomorphic with a high proportion of large cells
displaying mitotic activity; immunostaining with anti-human-CD3 showed a high proportion of CD3þ cells of donor origin
(immunoperoxidase, �400).
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dying on days 4, 6, 12 and 12 after transplantation
and control mice (n ¼ 6) dying on days 6, 9, 10, 10,
10 and 11 after transplantation. Mice in the two
groups showed similar infiltration by human cells
in the blood, bone marrow and spleen (data not
shown).
NSG mice model of xenogeneic GVHD

Given that MSC infusion administered at a MSC/
PBMC ratio of 1:100 failed to prevent xenogeneic
GVHD in NOD/SCID mice, we developed a second
model of xenogeneic GVHD in NSG mice that were
previously shown to be the immunodeficient mouse
strain allowing the highest engraftment of human
cells (36), with the aim of administering MSCs at
a higher MSC/PBMC ratio.

We first determined the minimum number of
human PBMCs to transplant in 2.5-Gy irradiated
NSG mice that could induce reproducible lethal
GVHD within the first 25 days after transplantation
with a high percentage (�10%) of human infiltration
in the bone marrow. To do so, 20 NSG mice
received 2.5 Gy TBI on day �1 followed by intra-
peritoneal infusion of human PBMCs on day 0 at
10 � 106 (n ¼ 5), 20 � 106 (n ¼ 5), 30 � 106 (n ¼ 5)
or 50 � 106 (n ¼ 5) PBMCs per mouse. As shown in
Figure 2, mice injected IP with 30 � 106 human
PBMCs died 14e24 days after transplantation with
signs of GVHD and a high percentage of human
lymphocyte infiltration in the bone marrow (Table I).
We chose these conditions to test the ability of MSC
co-transplantation to prevent xenogeneic GVHD in
this model.

In a second experiment, we compared TCR Vb

repertoire in PBMCs before injection into NSG mice
and in spleen cells collected from NSG mice (n ¼ 5)
13 days after intraperitoneal infusion of PBMCs. The



Figure 2. Survival of NSG mice according to the number of
human PBMCs infused IP. NSG mice were irradiated with 2.5 Gy
TBI 1 day before intraperitoneal injection of 10 � 106 (n ¼ 5),
20 � 106 (n ¼ 5), 30 � 106 (n ¼ 5) or 50 � 106 (n ¼ 5) PBMCs.
Median survival time in each group was 28 days, 24 days, 15 days
and 14 days (P < 0.01).
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number of peaks in each family was comparable
among PBMCs before injection (median of
10 peaks/Vb family) and among spleen cells 13 days
after infusion (median of 10 peaks/Vb family),
demonstrating homogeneous T-cell expansion
(Figure 3).

In a first set of experiments, we assessed the
ability of intraperitoneal infusion of 3 � 106 human
MSCs on days 0, 7, 14 and 21 to prevent GVHD in
NSG mice irradiated on day �1 at 2.5 Gy and given
30 � 106 human PBMCs IP on day 0. As shown in
Figure 4A, there was a slight survival advantage in
mice given PBMCs and MSCs (n ¼ 26, median
survival of 24 days) compared with control mice
given human PBMCs alone (n ¼ 24, median survival
of 20.5 days, P ¼ 0.03), but eventually all but one of
the MSC/PBMC mice died of GVHD within the first
62 days after transplantation (Figure 4A). The
mouse that survived >100 days had signs of chronic
GVHD with fur loss that started from day 60 and
skin fibrosis (Supplementary Figure 2). At the time
of necropsy, MSC/PBMCmice and control mice had
similar infiltration by human cells in the peripheral
blood (median of human CD45þ cells was 90%
[range, 46e98%] in MSC mice versus 86% [range,
42e98%] in control mice), in the spleen (90%
[range, 37e99%] in MSC mice versus 91% [range,
31e98%] in control mice) and in the bone marrow
(30% [range, 4e95%] in MSC mice versus 39%
[range, 5e93%] in control mice) (Figure 4BeI). The
median frequency of Foxp3þ cells among human
CD45þCD3þCD4þ cells infiltrating the spleen was
3% (range, 0.2e10%) in MSC/PBMC mice versus
2% (range, 0.5e6%) in control mice, 3% (range,
0.4e15%) in MSC/PBMC mice versus 2% (range,
0.4e9%) in control mice for cells present in the
peripheral blood and 5% (range, 1e9%) in MSC/



Figure 3. TCR Vb repertoire in PBMCs before injection into NSG
mice and in spleen cells collected from five NSG mice 13 days
after intraperitoneal PBMC infusion. NSG mice were irradiated at
2.5 Gy the day before PBMC injection. The number of peaks in
each family was comparable among PBMCs before injection (black
columns) and among spleen cells (white columns) 13 days after
infusion.
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PBMC mice versus 2% (range, 0e8%) in control
mice for cells infiltrating the bone marrow. Micro-
scopic examination of the tissue sections showed
extensive lymphoid infiltrates with a perivascular and
peribronchial distribution in the lung and in portal
Figure 4. Impact of intraperitoneal infusion ofMSCs on xenogeneic GVH
3 � 107 PBMCs IP on day 0 with or without 3 � 106 MSCs also infused I
(open circles, n ¼ 26) or not given MSCs (black squares, n ¼ 24). (B) Per
n ¼ 12 in MSC arm), blood (n ¼ 17 in PBMC arm vs. n ¼ 11 in MSC arm
mice givenMSCs (gray bars) or not givenMSCs (white bars). (C) Percent
cells of spleen (n¼ 7 in PBMC arm vs. n ¼ 4 in MSC arm) and blood (n¼
bars) or not given MSCs (white bars). Horizontal lines represent median v
time of necropsy in control (DeF) versusMSCmice (GeI); at lowmagnifi
with a perivascular and peribronchial distribution were observed in b
eosin, �200), the infiltrates were cytologically pleomorphic with a high p
with anti-human-CD3 showed a high proportion of CD3þ cells of donor
tracts of the liver. Cytologically, the infiltrates were
pleomorphic with a high proportion of large cells
displaying mitotic activity. Immunohistochemistry
performed on lung sections confirmed CD3þ T-cell
lymphoid infiltrates comprising an admixture of
CD4þ and CD8þ cells.

In an additional experiment including 27 NSG
mice, we analyzed the impact of MSC activation by
IFN-g and the impact of a combination of MSCs
with sirolimus administration on xenogeneic GVHD
and on serum cytokine levels 8 days after PBMC
infusion (1 day after the second intraperitoneal MSC
injection in mice given MSC). All NSG mice were
irradiated at 2.5 Gy on day �1 and given 30 � 106

PBMCs IP on day 0. Five NSG mice did not receive
any MSCs (control mice), six mice were given
3 � 106 MSCs infused IP on days 0, 7, 14 and 21
(MSC mice), eight mice were given 3 � 106 MSCs
infused IP on days 0, 7, 14 and 21 and intraperito-
neal sirolimus (Rapamune), 1.5 mg/kg from day 0 to
day 7 and 1 mg/kg from day 8 to day 21 after
transplantation (MSC&Sir mice) and eight mice
were given 3 � 106 IFN-g activated MSCs infused IP
D inNSGmice. NSGmice irradiated at 2.5 Gy on day�1 received
P on days 0, 7, 14 and 21. (A) Overall survival in mice given MSCs
centage of human CD45þ cells in spleen (n ¼ 18 in PBMC arm vs.
) or bone marrow (n¼ 18 in PBMC arm vs. n¼ 9 in MSC arm) of

age of human Foxp3þ cells among total humanCD45þCD3þCD4þ

5 in PBMC arm vs. n ¼ 5 in MSC arm) of mice givenMSCs (gray
alues of each group. (DeI) Microscopic features of the lungs at the
cation (D andG, hematoxylin and eosin,�50), lymphoid infiltrates
oth groups; at high magnification (E and H, hematoxylin and
roportion of large cells displaying mitotic activity; immunostaining
origin (immunoperoxidase, �200).



Figure 5. Impact of INF-g activation of MSCs and of administration of sirolimus with MSCs on xenogeneic GVHD and on human serum
cytokine levels. NSG mice were irradiated at 2.5 Gy on day �1 and given 30 � 106 PBMCs IP on day 0. Five NSG mice did not receive any
MSCs (control mice), six mice were given 3 � 106 MSCs infused IP on days 0, 7, 14 and 21 (MSC mice), eight mice were given 3 � 106

MSCs infused IP on days 0, 7, 14 and 21 and sirolimus IP (1.5 mg/kg from day 0 to day 7 and 1 mg/kg from day 8 to day 21) after PBMC
infusion (MSC&Sirol mice) and eight mice were given IFN-g activated 3 � 106 MSCs infused IP on days 0, 7, 14 and 21 after
PBMC infusion (INF-MSC mice). (A) Survival curve. (BeH) Serum cytokine levels on day 8 after PBMC infusion. *P < 0.05, **P < 0.01,
***P < 0.001.
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on days 0, 7, 14 and 21 after transplantation (INF-
MSC mice). As shown in Figure 5A, neither infusion
of MSCs nor infusion of IFN-g activated MSCs
consistently prevented xenogeneic GVHD. However,
there was a suggestion for improved survival in
MSC&Sir mice (with five of eight mice surviving
beyond day 62). MSC infusion increased the serum
levels of IL-6 on day 8 but had no statistically
significant impact on IL-2, IL-8, IL-10, IL-17,
TNF-a and IFN-g on that day (serum IL-4 and
IL-15 levels were low in all mice groups). In
contrast, administration of MSCs together with
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sirolimus resulted in lower serum levels of IL-8,
IL-10 and IFN-g (but higher levels of IL-6)
compared with control mice and lower levels of
IL-8, IL-10, TNF-a and IFN-g compared with
MSC mice on day 8 after transplantation. All
MSC&Sir mice had undetectable levels of IL-17
and IL-2.

In a second set of experiments, we investigated
whether repeated intravenous infusion of MSC
(3 � 106 cells) on days 0, 7 and 14 could prevent
xenogeneic GVHD inNSGmice given 2.5GyTBI on
day�1 and human PBMCs (30� 106 cells) IP on day
0. Six mice received MSCs a few hours before
PBMCs, and five mice received only PBMCs. As
observed with intraperitoneal injection of MSCs,
intravenous infusion of MSCs failed to prevent
GVHD,withMSC/PBMCmice (n¼ 6) dying on days
6, 14, 16, 19, 23 and 29 after transplantation and
control mice (n¼ 5) dying on days 22, 25, 25, 34 and
34. On day 14, because of the quantity and size of
MSCs of GVHD, it was difficult to inject the entire
dose of 3 � 106 MSCs. One mouse survived after
receiving the complete dose, one mouse died imme-
diately after the injection (possibly because of
pulmonary embolism) and a third mouse died 2 days
later (alsoprobably secondary topulmonary embolism
because themouse had a brief cardiac arrest at the time
ofMSC injection).The three remainingmicewere not
injected. On day 21, mice were too sick to receive an
intravenous injection of MSCs. As observed with
IP infusion of MSCs, MSC infused intravenously
failed to decrease infiltration by human cells in the
blood, bone marrow and spleen (data not shown).

We next analyzed the engraftment and homing of
MSCs in NSG mice with xenogeneic GVHD, based
on the detection of human SRY by nested PCR.
MSC engraftment and homing was analyzed in eight
NSG mice irradiated with 2.5 Gy and given 3 � 106

MSCs derived from male donors on days 0, 7 and 14
(total dose 12 � 106 cells) and 30 � 106 PBMCs
from female donors on day 0, all cells being injected
IP. Eight mice were analyzed, and evidence for cells
of male origin was demonstrated only in one of the
eight mice in the bone marrow and peritoneal fluid
on day 19 after transplantation (data not shown).
Discussion

Studies assessing the ability of MSCs to prevent or to
treat acute GVHD in animal models and in humans
have yielded conflicting results; however, they have
demonstrated that MSCs infused in vivo acted
mainly by secreting immunoregulatory agents and
not through engraftment and differentiation in
tissues affected by GVHD (30,37). These observa-
tions have important implications because they stress
that factors, such as MSC origin, culture conditions,
type of serum used and extent of ex vivo expansion
that could affect the MSC secretion profile are also
likely to have an impact on the activity of MSCs
in vivo. This possibility prompted us to develop two
models of xenogeneic GVHD in immunodeficient
mice and to test the ability of human MSCs infused
IP to prevent xenogeneic GVHD.

In a first step, we developed a model of xenoge-
neic GVHD in NOD/SCID mice, based on previous
work by other groups of investigators in SCID or
NOD/SCID mice (38,39). This model induced high
levels of human chimerism in the spleen but a lower
level in the bone marrow. All tested mice died within
the first 30 days after transplantation with evidence of
xenogeneic GVHD. However, this model has some
limitations, including the high number of human
PBMCs needed to induce lethal xenogeneic GVHD
and the relatively low percentage of human cells in
the bone marrow of transplanted mice. We devel-
oped another model of xenogeneic GVHD in a more
immunodeficient mouse strain (NSG mice) (36,40).
These mice present several advantages compared
with other immunodeficient mice because they lack
T-, B- and NK-cell function and have reduced
macrophage and dendritic cell functions (36,40). As
expected, a smaller number of human PBMCs was
needed to induce xenogeneic GVHD in this model.
This model also allowed reaching higher human
chimerism levels in the bone marrow, and all tested
mice died with histopathologic and flow cytometry
evidence of massive organ infiltration by human
cells. These results are consistent with the observa-
tions of Ito et al. (41), who reported that intraperi-
toneal infusion of 1 � 107 human PBMCs induced
lethal xenogeneic GVHD in all tested mice and that
lower numbers of human PBMCs were needed to
induce lethal GVHD in NSG mice than in
NOD/SCID or BALB/cA-RAG2null mice.

The main observation of the current study was
that intraperitoneal bone marrow-derived MSC
infusion failed to prevent mortality from xenogeneic
GVHD both in the NOD/SCID and in the NSG
mouse models, whereas flow cytometry analysis and
histology at the time of necropsy revealed similar
infiltration by human T cells and similar frequency of
regulatory T cells in MSC-infused mice and control
mice. This observation held true even when multiple
infusions of MSCs were performed. These results are
in contrast to our in vitro data showing that MSCs,
even at low MSC/PBMC ratios, decreased T-cell
proliferation [as observed previously by others (9)]
and to observations by Tisato et al. (42) showing that
intravenous infusion of four doses of MSCs at weekly
intervals (total dose, 12 � 106 MSCs) prevented the
development of xenogeneic GVHD in NOD/SCID



MSCs did not prevent xenogeneic GVHD 11
mice given 2 � 107 human PBMCs intravenously
after 2.5 Gy TBI. The discrepancies between the
current study and the study by Tisato et al. (42)
could be related to the fact that we induced a more
aggressive xenogeneic GVHD in our two models by
infusing higher numbers of human PBMCs.
However, although aggressive, preliminary data from
our group suggest that xenogeneic GVHD in NSG
mice could be prevented or significantly delayed by
the administration of the mammalian target of rapa-
mycin inhibitor sirolimus or by infusion of regulatory
T cells (43), demonstrating that the models devel-
oped were not too aggressive to prevent any success
in preventing or attenuating GVHD signs. Another
possible explanation is that we used bone marrow-
derived MSCs, whereas Tisato et al. (42) used cord
blood-derived MSCs. In vitro inhibition of T-cell
proliferation by bone marrow-derived MSCs in the
current study was significantly lower than what was
observed by Tisato et al. (42) using cord blood-
derived MSCs. Further studies comparing the ability
of multiple MSC products from multiple sources and
culture conditions to attenuate xenogeneic GVHD
are needed to identify the best MSC product to test
in future large clinical trials.

Activation of MSCs by INF-g did not signifi-
cantly increase ability of MSCs to prevent xenoge-
neic GVHD, whereas five of eight mice given MSCs
and a 21-day administration of sirolimus survived
beyond day 62 after transplantation. Further studies
are needed to determine whether sirolimus and
MSCs are synergistic (or not) to prevent xenogeneic
GVHD, although the survival rate in MSC&Sir mice
in the current study seems comparable to what we
have previously observed with sirolimus administra-
tion alone (43).

Infusion of MSCs resulted in increased serum
levels of IL-6 (in agreement with the large secretion
of IL-6 by MSCs in vitro [31]) but had no statistically
significant impact on IL-2, IL-17, TNF-a or IFN-g
levels. In contrast, sirolimus administration in MSC
mice resulted in lower levels of IL-8, IL-10, TNF-a
and IFN-g compared with MSC mice given MSC
but no sirolimus, demonstrating the impact of siro-
limus administration on cytokine serum levels as
observed by other investigators (44).

We chose to infuse MSCs mainly IP to avoid the
risk of pulmonary embolism associated with intra-
venous infusion of large amounts of MSCs and to
avoid direct homing of the MSCs to the lungs, which
is one of the targets of xenogeneic GVHD. This
route of MSC administration has been shown to be
effective in a murine model of GVHD (17). We
observed that MSCs infused IP in NOD/SCID mice
were able to migrate into several organs including
bone marrow. However, we failed to demonstrate
DNA of MSC donor origin at the sites of xenogeneic
GVHD in NSG mice infused with human PBMCs
and human MSCs, despite the use of a sensitive
technique. This observation is in agreement with the
current thinking that MSCs do not prevent GVHD
through engraftment and differentiation at the sites
targeted by GVHD (30). Finally, similar to what was
observed with intraperitoneal infusion, intravenous
infusion of MSCs also did not prevent GVHD in the
two tested mouse models.

In conclusion, we have developed two robust
models of xenogeneic GVHD. Although MSC infu-
sions failed to prevent xenogeneic GVHD in these
two models, further studies are needed to investigate
whether modulation of MSC secretion activity (i.e.,
by transfecting the cells with inhibitory cytokine
genes (45) or by using MSCs obtained from other
sources or after other culture conditions optimized
for in vitro immunosuppression) could increase effi-
cacy of MSCs in prevention of xenogeneic GVHD.
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Methods

Detection and quantification of engraftment of MSCs in
NOD/SCID mice

The 2-month-old NOD/SCID mice were irradiated
with 3.0 Gy TBI using 137Cs source 1 day before
passage 3 intraperitoneal infusion of 2.106 MSCs.
Mice received 20 mL of aASGM1 antiserum IP 1 day
before injection and 8 days after transplantation.
After 24 h, 7 days or 15 days, mice were killed, and
lungs, liver, kidneys, small intestine, spleen, bone
marrow and peripheral blood were collected and
frozen. Homing of MSCs was studied through real-
time quantitative PCR (TaqMan technology and
ABI PRISM 7700; Altera). Genomic DNA for PCR
analysis was prepared from mice tissues using the
DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA,
USA) after overnight incubation at 56�C in lysis
buffer with proteinase K as according to the manu-
facturer’s instructions. The DNA concentration and
purity were estimated by optical density measure-
ment using NanoDrop 1000 (Thermo Fisher
Scientific, Wilmington, DE, USA). Using Power
SYBR Green PCR master mix (Applied Biosystems,
Foster City, CA, USA), 100 ng of purified DNA
from various tissues was amplified. The target gene
was human albumin, forward primer was TGAAA-
CATACGTTCCCAAAGAGTTT and reverse
primer was CTCTCCTTCTCAGAAAGTG
TGCATAT. As internal control, endogenous mouse
b-actin gene was amplified. The primers for mouse
b-actin gene were forward primer CCTGTGGCA
TCCATGAAACTAC and reverse primer CACT
GTGTTGGCATAGAGGTCTTT. The relative
quantity of human albumin gene was calculated by
threshold cycle Ct value. No cross-reactivity between
human and murine genomic DNA was observed
when amplification of human albumin or murin
b-actin was performed with our primer set. We per-
formed a validation experiment to demonstrate that
efficiencies of target and reference were approxi-
mately equal. The absolute value of the slope of
log input amount versus Ct was <0.1 as recom-
mended by Applied Biosystems. Supplementary
Table I describes the homing of MSCs into various
organs.



Supplementary Figure 1. Inhibition of PBMC proliferation by third party MSC. (A) Representative histograms of PBMC in different
phases of the cell cycle obtained withModFit software. Left histograms represent the cell cycle of PBMCs alone or withMSCs used as negative
controls, and right histograms represent PBMCs stimulated with anti-aCD3/CD28 microbeads without or withMSCs. (B) During 4 days, 50
000 PBMCs were stimulated with anti-aCD3/CD28 microbeads with or without irradiated (25 Gy) MSCs (10, 2 or 1 PBMC/MSC ratios)
added at the beginning of the culture. Proliferation was assessed by analysis of the cell cycle by flow cytometry. Results of five independent
experiments were expressed as the mean (� standard error of the mean) of the percentages of cells present in SþG2M phases. *P < .05. (C)
PBMC proliferation assessed with 3[H]-thymidine incorporation. Stimulation of 1 � 105 or 1 � 106 PBMCs was achieved with anti-aCD3/
CD28 microbeads or phytohemagglutinin (10 mg/mL) with or without added irradiated (25 Gy) MSCs (1 � 105 cells). 3[H]-Thymidine
incorporation was measured after 4 days of culture, and data were expressed as mean counts per minute (� SEM). Data from six independent
experiments are presented.
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Supplementary Figure 2. (AeG) Chronic GVHD in NSG mice. The NSG mouse who survived >100 days after intraperitoneal infusion of
human PBMCs and MSCs had signs of chronic GVHD with a fur loss that started from day 60. (A) Liver, (C) lungs, and (E) skin of
a control NSG mouse. (B) Liver of the mouse with chronic GVHD showing extensive collagen filaments. (D) Lungs of the mouse with
chronic GVHD showing high amounts of collagen around blood vessels. (F) Lungs of the mouse with chronic GVHD showing skin collagen
extending into the subcutaneous fatty tissue. (Original pictures captured with microscope FSX 100 (Olympus, Aartselaar, Belgium) at 20�
magnification). (G) Picture on day 126 after transplantation of the mouse that died 136 days after PBMC and repeated MSC transplantation.
This mouse presented signs of chronic GVHD such as a significant loss of fur and skin fibrosis.

Supplementary Table I. Homing of mesenchymal stromal cells injected intraperitoneally in NOD/SCID mice.

1 Day after MSC
intraperitoneal infusion

7 Days after MSC intraperitoneal
infusion

14 Days after MSC intraperitoneal
infusion

M. #1 M. #2 M. #3 M. #1 M. #2 M. #3 M. #4 M. #1 M. #2 M. #3 M. #4

BM � � � þþ þ þ þþ þþ � þþ þ
Liver � þ � þþ � � � � � � �
Lungs � � � � � þþ � � � � �
Spleen � þþþ � � � þþþ þþþ � � þ þ
Small bowel þ � � þþ þ � � � � � �
Kidney � þ � þþþ þþ � � � þþ þþþ �
þþþ, D CT �12 to �16 ; þþ, D CT �16 to �17; þ, D CT �17 to �18.
D CT, delta cycle threshold; BM, bone marrow; M., mice; MSC, mesenchymal stromal cell.
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