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Multipotent adult progenitor cells (MAPCs)
are nonhematopoietic stem cells capable of
giving rise to a broad range of tissue cells.
As such, MAPCs hold promise for tissue
injury repair after transplant. In vitro, MAPCs
potently suppressed allogeneic T-cell activa-
tion and proliferation in a dose-dependent,
cell contact–independent, and T-regulatory
cell–independent manner. Suppression oc-
curred primarily through prostaglandin E2

synthesis in MAPCs, which resulted in de-
creased proinflammatory cytokine produc-

tion. When given systemically, MAPCs did
not home to sites of allopriming and did not
suppress graft-versus-host disease (GVHD).
To ensure that MAPCs would colocalize with
donor T cells, MAPCs were injected directly
into the spleen at bone marrow transplanta-
tion. MAPCs limited donor T-cell prolifera-
tion and GVHD-induced injury via prosta-
glandin E2 synthesis in vivo. Moreover,
MAPCs altered the balance away from posi-
tive and toward inhibitory costimulatory
pathway expression in splenic T cells and

antigen-presenting cells. These findings are
the first to describe the immunosuppres-
sive capacity and mechanism of MAPC-
induced suppression of T-cell alloresponses
and illustrate the requirement for MAPC
colocalization to sites of initial donor T-cell
activation for GVHD inhibition. Such data
have implications for the use of allogeneic
MAPCs and possibly other immunomodula-
tory nonhematopoietic stem cells for pre-
venting GVHD in the clinic. (Blood. 2009;
114:693-701)

Introduction

The wider application of bone marrow transplantation (BMT) has been
limited, in part, by graft-versus-host disease (GVHD) complications.
Human and mouse mesenchymal stem cells (MSCs) have been shown
to suppress allogeneic-induced and nonspecific mitogen-induced T-cell
proliferation in vitro (reviewed in detail1,2). Implicated suppressive
mechanisms have included interleukin (IL)–10,3 transforming growth
factor (TGF)–�, hepatocyte growth factor,4 indoleamine 2,3 dioxygen-
ase (IDO),5 nitric oxide,6 prostaglandin (PG) E2,7 increased T-regulatory
cells (Tregs),8 and activation of the PD-1–negative costimulatory
pathway.9 In vivo, there have been conflicting data regarding the
potential of MSCs to suppress GVHD.10-12

Multipotent adult progenitor cells (MAPCs) are nonhematopoi-
etic stem cells that can be copurified with MSCs from BM cells.
MAPCs express the pluripotent state-specific transcription factors
Oct-3/4 and Rex-1, and can differentiate into cell types representa-
tive of all 3 germ layers13,14; thus, MAPCs are generally believed to
be a more primitive cell type than MSCs. MSCs kept for prolonged
periods in culture tend to lose their differentiation capabilities and
undergo senescence at approximately 20 to 40 population dou-
blings.15,16 In contrast to MSCs, MAPCs have an average telomere
length that remained constant for up to 100 population doublings in
vitro.13 Based upon their differential potential and reduced senes-
cence, MAPCs have been considered as a potentially desirable
nonhematopoietic stem cell source for use in allogeneic BMT. In
fact, a multicenter phase 1 open label clinical trial of MultiStem,
based upon MAPC technology, was initiated in 2008.

In this study, we sought to determine whether MAPCs might be
useful for GVHD prevention. We demonstrate that murine MAPCs

are potently immune suppressive in vitro and can reduce GVHD
lethality in vivo when present in the spleen, a site of initial
allopriming, early post-BMT. Furthermore, we identify the mecha-
nism of action MAPCs use to elicit T-cell inhibition and reduce
GVHD-induced tissue injury in vivo.

Methods

Mice

BALB/c (H2d), C57BL/6 (H2b; termed B6), and B10.BR (H2k) mice were
purchased from The Jackson Laboratory or the National Institutes of Health
(NIH). All mice were housed in a specific pathogen-free facility in
microisolator cages and used at 8 to 12 weeks of age in protocols approved
by the Institutional Animal Care and Use Committee of the University
of Minnesota.

MAPC isolation and culture

MAPCs were isolated from B6 and BALB/c BM, as described.13 Briefly,
BM was plated in Dulbecco modified Eagle medium/MCDB containing
10 ng/mL epidermal growth factor (Sigma-Aldrich), platelet-derived growth
factor-BB (R&D Systems), leukemia inhibitory factor (Chemicon Interna-
tional), 2% fetal calf serum (HyClone), 1� selenium-insulin-transferrin-
ethanolamine, 0.2 mg/mL linoleic acid-bovine serum albumin (BSA),
0.8 mg/mL BSA, 1� chemically defined lipid concentrate, and 1�
�-mercaptoethanol (all from Sigma-Aldrich). Cells were placed at 37°C in
a humidified 5% O2, 5% CO2 incubator. After 4 weeks, CD45� and Ter119�

cells were depleted using magnetic-activated cell sorting separation col-
umns (Miltenyi Biotec) and plated at 10 cells/well for expansion. For in
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vivo experiments in which cells were tracked, MAPCs were used that stably
express red fluorescent protein (DSred2) and firefly luciferase transgenes
(termed MAPC-DL).17 For quality control, MAPCs were differentiated into
cells representative of the mesodermal lineage, then subjected to in vitro
trilineage (endothelium, endoderm, and neuroectodermal) differentiation to
ensure multipotency.13 MAPCs were analyzed for expression of CD90,
Sca1, CD45, CD44, CD13, cKit, CD31, major histocompatibility complex
(MHC) class I, MHC class II, CD3, Mac1, B220, and Gr1, and tested for
expression of transcription factors Oct-3/4 and Rex-1 by reverse transcrip-
tion–polymerase chain reaction. Twenty metaphase cells were evaluated by
G-banding. Results are found in supplemental Figure 1 (available on the
Blood website; see the Supplemental Materials link at the top of the online
article).

Mixed leukocyte reaction

Lymph nodes (LNs) were harvested from B6 mice and T cells were purified
by negative selection using phycoerythrin-conjugated anti-CD19, anti-
CD11c, anti–natural killer (NK) 1.1, and anti-phycoerythrin magnetic beads
(Miltenyi Biotec). Purity was routinely more than 95%. Spleens were
harvested from BALB/c mice, T cell–depleted (anti-Thy1.1), and irradiated
(3000 cGy). B6 T cells were mixed at a 1:1 ratio with BALB/c splenic
stimulators and plated in a 96-well round-bottom plate (105 T cells/well) or
in the lower chamber of a 24-well plate Transwell insert (106 T cells/well).
MAPCs were irradiated (3000 cGy) and plated in a 96-well round-bottom
plate (104/well, 1:10) or in a 24-well Transwell plate (105/well, 1:10). Cells
were incubated in RPMI 1640 (Invitrogen) supplemented with 10% fetal
calf serum, 50 mM 2-mercaptoethanol (Sigma-Aldrich), 10 mM HEPES
(N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid) buffer (Invitro-
gen), 1 mM sodium pyruvate (Invitrogen), amino acid supplements (1.5 mM
L-glutamine, L-arginine, L-asparagine; Sigma-Aldrich), 100 U/mL penicil-
lin, and 100 mg/mL streptomycin (Sigma-Aldrich). Cells were pulsed with
3H-thymidine (1 �Ci/well) 16 to 18 hours before harvesting and counted in
the absence of scintillation fluid on a �-plate reader. To inhibit PGE2

production, indomethacin (Sigma-Aldrich) resuspended in ethanol was
diluted to reach a final concentration of 5 �M per flask and incubated
overnight at 37°C, 5% CO2. The next day, cells were trypsinized and
washed extensively with 2% fetal bovine serum/phosphate-buffered saline
(PBS). Trypan blue exclusion was used to assess effects on live cells. In
experiments evaluating the contribution of IDO, 1-methyl-D-tryptophan
(1MT; Sigma-Aldrich) was added to the culture media at a concentration
of 200 �M.

Flow cytometry

Purified T cells were stained with 1 �M carboxyfluorescein-succinimidyl-
ester (CFSE; Invitrogen) for 2 minutes and then washed. T cells or CD11c�

dendritic cells (DCs) obtained from mixed leukocyte reaction (MLR)
cultures were stained for the expression of FoxP3, CD25, CD44, CD62L,
CD122, PD-1, PDL1, PDL2, CTLA4, OX40, OX40L, 4-1BB, 4-1BBL,
inducible costimulator (ICOS), ICOS-L, CD80, CD86, CD40L, or CD40
antigens. All antibodies were purchased through BD Pharmingen or
E-bioscience and stained, according to manufacturer’s instructions, and
then analyzed using FACSCalibur or FACSCanto (BD Biosciences) and
FlowJo software (TreeStar). Calculations to determine the proliferative
capacity of T cells were performed, as described.18

Cytokines and PGE2 quantification

Quantitative determination of PGE2 in cell culture supernatants was
performed using PGE2 assay kit (R&D Systems). Quantities of IL-10,
TGF-�, IL-2, tumor necrosis factor-�, interferon (IFN)–�, and IL-12 were
determined using Luminex technology (R&D Systems).

In vivo MLR19

Host BALB/c mice were lethally irradiated using 850 cGy total body
irradiation (137Cs), followed by intrasplenic (IS) injection of either PBS or
5 � 105 MAPC. The next day, purified T cells were labeled with 1 �M
CFSE and 15 � 106 cells were transferred into stimulator or syngeneic

mice. After 96 hours, spleen and LNs were harvested for fluorescence-
activated cell sorter (FACS) analysis.

GVHD

BALB/c recipients were lethally irradiated using 850 cGy total body
irradiation on day �1, followed by IS injection of either PBS or 5 � 105

MAPC. On day 0, mice were infused intravenously with 107 T cell–
depleted donor BM. On day �1, mice were given 2 � 106 purified whole
T cells (CD4 and CD8) depleted of CD25. Recipient mice were NK–
depleted with anti-asialo GM-1 (WAKO) by intraperitoneal injection of
25 �L on day �2, a dose previously determined to be effective for depletion
of NK cells. Mice were monitored daily for survival and weighed twice
weekly as well as examined for clinical GVHD.

Tissue histology

On day 21, GVHD target organs (liver, lung, colon, skin, spleen) were
harvested and snap frozen in optimal cutting temperature (OCT) compound
(Sakura) in liquid nitrogen. Sections (6 �M) were stained with hematoxylin
and eosin and graded for GVHD using a semiquantitative scoring system
(0-4.0 grades in 0.5 increments).20

Immunofluorescence microscopy

Spleens taken from transplanted mice were embedded in OCT, snap frozen
in liquid nitrogen, and stored at �80°C. Cryosections (6 �M) were fixed in
acetone for 10 minutes, air dried, and blocked with 1% BSA/PBS for 1 hour
at room temperature. Primary antibody was diluted in 0.3% BSA/PBS and
incubated for 2 hours. After 3 washes in PBS, sections were incubated with
secondary antibody for 45 minutes. Sections were washed and mounted
under a coverslip with DAPI (4,6 diamidino-2-phenylindole) antifade
solution (Invitrogen) and imaged on the following day at room temperature
using an Olympus FluoView 500 Confocal Scanning Laser Microscope
(Olympus). Primary antibodies included anti-PGE synthase (Santa Cruz
Biotechnology) diluted 1/50 and fluorescein isothiocyanate-conjugated
anti-luciferase (Rockland Immunochemicals) diluted 1/100. Goat-Cy3 secondary
antibody (Jackson ImmunoResearch Laboratories) was diluted to 1/200.

Bioluminescent imaging studies

A Xenogen IVIS imaging system (Caliper Life Sciences) was used for live
animal imaging and imaging of organs taken from transplanted mice.
MAPC-DL–bearing mice were anesthetized with 0.25 mL Nembutol
(1/10 diluted in PBS). Firefly luciferin substrate (0.1 mL, 30 mg/mL;
Caliper Life Sciences) was injected intraperitoneally or added to the
media-containing tissues, and imaging was performed immediately after
substrate addition. Data were analyzed and presented as photon counts per
area.

Statistical analysis

The Kaplan-Meier product-limit method was used to calculate survival
curve. Differences between groups in survival studies were determined
using log-rank statistics. For all other data, a Student t test was used to
analyze differences between groups, and results were considered significant
if the P value was less than or equal to .05.

Results

MAPCs inhibit T-cell proliferation and activation

Murine MAPCs were expanded under low oxygen conditions and
had trilineage differentiation potential21 (supplemental Figure
1A-B). MAPCs were routinely CD45�, CD44�, CD13low/�, CD90�,
c-kit�, Sca-1�, CD31�, MHC class I�, and MHC class II�

(supplemental Figure 1C). Reverse transcription–polymerase chain
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reaction expression analysis confirmed that these MAPCs ex-
pressed Oct-3/4 and Rex-1 (supplemental Figure 1D). These
distinctive characteristics of MAPCs (trilineage differentiation
potential, expression of Oct-3/4 and Rex-1, and unique surface
phenotype) distinguish them from other similar, less primitive cell
types such as MSCs. G-banding analysis revealed that 90% of the
20 metaphase cells analyzed had a normal karyotype (supplemental
Figure 1E). The remaining 2 cells had a tetraploid complement, one
with an additional deletion within the long arm of chromosome
6. The tetraploid complement is within the normal limits for
cultures that have been passaged several times. The finding of a
single cell with a structural abnormality is considered a nonclonal
event, and this cytogenetic study was interpreted as normal.

We have previously reported that MAPCs do not stimulate a
T-cell alloresponse even when MAPCs have been pretreated with
IFN-� to up-regulate MHC class I, intracellular adhesion mole-
cule-1, and CD80 expression.22 These studies did not address the
possibility that MAPCs could actively suppress an immune re-
sponse. To explore this possibility, B6 MAPCs were mixed with
purified B6 T cells and added to irradiated BALB/c stimulators.
A significant reduction in proliferation was observed in MAPC-
treated MLR at all time points (Figure 1A). On the peak of the
response (day 5), there was a near-complete inhibition of T-cell
alloresponses from MAPC cocultures (91%, P 	 .001 for 1:10; and
86%, P 	 .001 for 1:100). To ensure the observed inhibitory effect
was not dependent on this specific MAPC isolate or B6 strain of
MAPC, BALB/c-derived MAPCs were generated and mixed with
BALB/c T cells and B6-irradiated stimulators. The percentage of
T-cell inhibition on the day of peak response was 88% (P 	 .001)
for 1:10 cocultures, and 85% (P 	 .001) for 1:100 cocultures
(Figure 1B). These data indicated that the MAPC immune-
suppressive properties are not dependent on isolate or strain. The
presence of MAPCs in MLR cultures significantly reduced the
percentage of activated (CD25�, CD44high, CD62Llow, CD122�)
CD4� (Figure 1D) and CD8� (Figure 1E) T effectors on days 5 and

7 (P 	 .001 for both time points for 1:10 and 1:100 cocultures).
Taken together, the data show that MAPCs potently inhibit the
activation and proliferation of alloresponsive T cells in vitro.

To determine whether suppression was MHC restricted, B6
MAPCs were added to purified BALB/c T cells and irradiated
B10.BR splenic stimulators (Figure 1C). Third-party MAPCs
potently inhibit allogeneic T-cell proliferation (89% and 80%
average T-cell inhibition at peak for 1:10 and 1:100, respectively;
P 	 .001 for both), indicating inhibition was not MHC restricted.
To determine whether MAPCs had differential effects on resting
versus actively proliferating T cells, MAPCs were added on
days 0, 1, 2, and 3 to a MLR consisting of B6 T cells and BALB/c
stimulators. On both days 5 and 7, T-cell proliferation was signifi-
cantly diminished by MAPCs (P 	 .001; supplemental Figure 2A),
indicating that MAPCs can suppress an ongoing alloresponse.

Several studies attribute the T-cell inhibitory properties of
MSCs to their ability to generate or regulate Tregs.8,23,24 MLR-
MAPC cocultures were performed using T cells or CD25-depleted
T cells to determine whether the lack of Tregs at the priming stage
of the allogeneic response would impact MAPC-induced suppres-
sion. No difference was seen in the suppression potency between
Treg-depleted versus repleted cultures (Figure 2A). Foxp3�Treg
percentages did not increase in MAPC versus control cultures
through all time points (day 5 shown) in cultures using CD25-
replete versus depleted T cells (Figure 2B-C and data not shown).
We conclude that MAPC-mediated suppression neither depends
upon Tregs in the responding T-cell fraction nor induces Tregs from
the CD25� T-cell fraction.

Murine MAPCs mediate suppression via PGE2

MSCs are known to be capable of suppressing immune responses
via release of soluble factors. To determine whether MAPCs could
act similar to MSCs, we used a Transwell coculture system in
which B6 T cells and BALB/c splenic stimulators were placed in

Figure 1. MAPCs potently inhibit allogeneic T-cell
proliferation and activation. (A) MLR was performed
by mixing B6-purified T cells with irradiated BALB/c
stimulators (1:1) and B6 MAPCs (1:10, 1:100). These
cultures were pulsed with 3H-thymidine on the indicated
days and harvested 16 hours later. Proliferation was
determined as a measure of radioactive uptake. MLR
reaction was performed as above using BALB/c T cells
plus B6 stimulators and BALB/c MAPCs (B), or BALB/c
T cells plus B10.Br stimulators and B6 MAPCs (C). FACS
analysis of B6 
 BALB/c MLR plus B6 MAPCs was
performed on the indicated days and gated on CD4�

T cells (D) or CD8� T cells (E) in conjunction with activa-
tion markers.
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the lower chamber and B6-derived MAPCs were placed in the
upper chamber of a Transwell. MAPCs inhibited T-cell allore-
sponses in a contact-independent manner (Figure 3A), producing
an 85% inhibition of T-cell proliferation on day 5 (P 	 .01). No
significant differences were seen due to the presence of a Transwell
(P � .19). To prove that MAPC-derived soluble factors were
necessary and sufficient to induce immune suppression, cell-free

supernatant from untreated and MAPC-treated MLR cocultures
was added in a 1:1 ratio with fresh media to a second MLR primary
coculture. MAPC-treated supernatant was equally as effective in
inhibiting T-cell proliferation as MAPCs placed in direct contact
with responders (Figure 3B; P � .20). Supernatants were taken
from B6 
 BALB/c MLR cultures, and enzyme-linked immunosor-
bent assays were performed to determine effects on proinflamma-
tory cytokine secretion. MAPCs decreased proinflammatory cyto-
kine (tumor necrosis factor-�, IL-12, IFN-�, and IL-2)
concentrations within these cultures at all time points (Figure 3C).
Although no significant increases in the amount of anti-
inflammatory cytokines, IL-10, or TGF-� were observed, there was
a significant increase in PGE2 concentrations within MAPC
cocultures (P 	 .001; Figure 3D).

To determine whether MAPCs were the source of PGE2 and
whether the increase in PGE2 was responsible for decreased T-cell
alloresponsiveness, MAPC expression of PGE2 synthase was
verified, indicating they were capable of converting PGH2 into
PGE2 (supplemental Figure 3A). Moreover, analysis of supernatant
taken from MAPC cultures alone had increased concentrations of
PGE2 (8113 � 615 pg/mL at day 3; 7591 � 700 pg/mL at day 5; data
not shown). This indicated MAPCs are capable of producing PGE2

constitutively without the need for allostimulation. Overnight
treatment of MAPCs with the cyclooxygenase 1/2 inhibitor,
indomethacin, potently inhibited the upstream synthesis of PGE2

for the period of the MLR culture (9 days; supplemental Figure 3B)
without adversely affecting MAPC viability (data not shown).
When indomethacin-treated MAPCs were added to MLR cocul-
tures, they no longer inhibited T-cell alloresponses (Figure 4A).
At the peak of the response (day 6), there was a 90% versus 13%
inhibition in allogeneic T-cell proliferation when untreated versus
indomethacin-pretreated MAPCs were in coculture (P 	 .001).
At all other days examined, pretreatment of MAPCs with indometh-
acin led to more than 90% restoration of proliferation.

MAPCs were found to up-regulate IDO upon activation with
IFN-� (data not shown). To determine whether IDO could account
for the remaining inhibitory properties of these cells ( 10%),
MAPCs were pretreated with indomethacin and/or the MLR
coculture was treated with 1MT, a competitive inhibitor of IDO.
The addition of 1MT to MLR cocultures did not increase T-cell
proliferation (supplemental Figure 3C), and there was little/no

Figure 2. MAPC-mediated suppression in vitro is independent of Tregs.
B6 
 BALB/c MLR culture was performed using purified T cells or T cells that were
CD25-depleted and MAPCs at 1:10 ratios. 3H-thymidine was added on the indicated
days, and proliferation was measured (A). FACS analysis was performed on day 5 on
the non-CD25–depleted (B) and the CD25-depleted (C) MLR cocultures to determine
the percentage of CD4�FoxP3� T cells.

Figure 3. MAPCs mediate suppression via a soluble factor.
B6 
 BALB/c MLR plus MAPCs at 1:10 ratio was arranged by
placing T cells and stimulators in the lower well of a Transwell
insert and MAPCs in the upper chamber, or by placing MAPCs in
direct contact with stimulators and responders (A). (B) Superna-
tant taken from MAPC or control cocultures on day 3 was added
in 1:1 ratio with fresh media to a B6 
 BALB/c MLR. Results of
MAPCs at 1:10 and 1:100 ratios in direct contact with responding
T cells are shown for comparison. Proliferation was assessed
using 3H-thymidine uptake. Enzyme-linked immunosorbent assay
was performed on MLR supernatant harvested on the indicated
day to determine the amount of proinflammatory (C) and anti-
inflammatory (D) cytokines in culture with MAPCs at 1:10 and
1:100 ratios.
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additive effect of indomethacin pretreatment of MAPCs with 1MT
treatment of the coculture (supplemental Figure 3C).

Murine MAPCs can delay GVHD mortality and target tissue
destruction if localized to the spleen early post-BMT

The prophylactic anti-GVHD efficacy of MAPCs was tested in
lethally irradiated BALB/c mice given B6 BM plus 2 � 106 B6
CD25-depleted T cells. Due to the lack of expression of MHC class
I molecules on MAPCs, host mice were NK cell–depleted on
day �2 using anti-asialo GM-1 so as to ensure MAPCs were not
rejected early posttransplant. Cohorts were given MAPC-DL or
PBS via intracardiac (IC) injections directed toward the left

ventricle, which allows for direct access to the systemic circulation
and to a more widespread biodistribution and longer persistence of
MAPC-DLs.22 Despite their potent suppressive capacity in vitro,
MAPC-treated mice versus control mice had virtually identical
survival rates (Figure 5A). Bioluminescent imaging (BLI) of these
mice revealed that most T cells had migrated to BM cavities (skull,
femur, spine), rather than to T-cell priming sites such as LNs or
spleen (data not shown).

With the known short half-life of PGE2 in vivo,22 we speculated
that sufficient quantities of this molecule might not be penetrating
T-cell allopriming sites such as LNs and spleen. Subsequent studies
were performed in which untreated or indomethacin-treated B6
MAPCs were given via an IS injection. IS administration of
MAPCs was performed before the infusion of T cells to allow time
for MAPC conditioning of the splenic microenvironment. Controls
were given BM alone plus sham surgeries or BM plus T cells and
sham surgeries. BLI imaging of mice given MAPC-DL IS showed
that these cells remained within the spleen for a period of up to
3 weeks (supplemental Figure 4A-B). Although we are unsure of
the mechanisms responsible for MAPC sequestration within the
spleen for long time periods after IS injection, we speculate that
either they do not have direct access to vessels within the spleen,
which would allow them to return to circulation and home back to
the BM as in the IC model, or alternatively, there may be an
unfavorable chemokine gradient within the splenic microenvironment
that prevents migration of MAPCs from the spleen. With respect to
the latter, it is known that stromal derived factor-1 (CXCL12) is

Figure 4. MAPCs inhibit T-cell alloresponses through the secretion of PGE2.
B6 
 BALB/c MLR cultures were arranged as before. MAPCs, either untreated, treated
overnight with 5 �M indomethacin to inhibit production of PGE2, or treated with vehicle,
were titrated in at 1:10 ratios. Proliferation was assessed as above (panel A).

Figure 5. The capacity of MAPCs to delay GVHD mortality and limit target tissue destruction is dependent on anatomic location of the cells and their production of PGE2.
BALB/c mice were lethally irradiated and then given 106 BM cells from B6 mice on day 0, followed by 2 � 106 purified CD25-depleted whole T cells on day 2. On day 1, mice were given
5 � 105 untreated B6 MAPCs or PBS delivered via IC injections. Kaplan-Meier survival curve is representative of 1 experiment in which BM only and BM plus T group had n � 6, and
MAPC group had n � 8 (A). (B) BMT was performed as in panel A, except mice were given PBS or 5 � 105 MAPC IS on day 1. The survival curve is representative of 3 pooled
experiments (BM only, n � 18; BM � T, n � 20; MAPCs, n � 26; MAPCs vs BM � T, P 	 .001). (C) Survival curve representative of 1 experiment in which mice received BMT plus
untreated MAPCs or MAPCs pretreated overnight with indomethacin before IS injection (BM only, n � 5; BM � T, n � 5; MAPCs, n � 10; MAPC indo, n � 10; MAPCs vs MAPC indo,
P � .002). Tissue taken from cohorts of mice from panel B was harvested on day 21 and embedded in OCT, followed by freezing in liquid nitrogen. Sections (6 �M) were stained with
hematoxylin and eosin and analyzed for histopathologic evidence of GVHD. Representative images are shown. (D) Magnification � 200. (E) The average GVHD score for BM only, BM
plus T, and BM plus T plus MAPC (IS) cohorts is shown. (F) Spleens were harvested from BMT plus MAPC IS transplanted mice on day 21 and snap frozen in OCT compound. Tissue
sections were cut and stained using anti-luciferase and anti-PGE synthase antibodies. Confocal analysis reveals that MAPCs are found in the spleen at this time point and retain their ability
to produce PGE2. (F) Top shows luciferase alone, and bottom shows colocalization of PGE synthase with luciferase.
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up-regulated in the spleen of mice after total body irradiation,25 and
we have demonstrated that MAPCs express the receptor for this
molecule (CXCR4; our unpublished observations). This interac-
tion, therefore, may be responsible for the observed retention of
MAPCs within the spleen. Compared with controls receiving BM
plus T cells plus sham surgeries, mice given IS injections of
untreated MAPCs have a significant improvement in survival
(P 	 .001), with 2 long-term survivors greater than 55 days (Figure
5B). MAPC-DLs present in the spleen continued to express PGE
synthase, as shown by costaining (Figure 5F). Therefore, although
it is possible that some MAPCs may have undergone differentiation
in vivo in this setting, they are still able to produce PGE2 as late as
3 weeks afer transplant. Indomethacin pretreatment of MAPCs
precluded their protective effect (Figure 5C; MAPC vs MAPC-
Indo, P � .0058), indicating that PGE2 is responsible for the
suppressive potential of these cells in vivo. Mean body weights of
these mice recapitulate these findings (supplemental Figure 4C).
On day 21 post-BMT, there were significantly more infiltrating
lymphocytes in the liver and lung, resulting in increased necrotic
foci and perivascular and peribronchiolar cuffing (Figure 5D-E)
along with large numbers of infiltrating lymphocytes in the colons
of GVHD control- versus MAPC-treated mice (Figure 5D-E).

Therefore, MAPCs use PGE2 as a mechanism in vivo that leads
to a significant increase in survival of mice with GVHD, and
importantly, these effects were dependent upon MAPC location.

MAPCs diminish T-cell proliferation and activation within the
local environment

The direct in vivo effects of PGE2 on donor T-cell proliferation and
activation using the MAPC IS administration model were deter-
mined. BALB/c mice were lethally irradiated and given B6
MAPC-DL via IS injections on day 0, and B6 CFSE-labeled
CD25-depleted T cells (15 � 106) on day 1. Controls were given
labeled T cells alone plus sham injection. On day 4, LNs and
spleens were analyzed by BLI. MAPCs were only located within
the spleen and had not migrated out to the LNs (supplemental
Figure 5A). FACS analysis was performed to determine the
percentage of T cells that had divided during this time period, and
the proliferative capacity (the number of daughter cells that each
responder cell produced) was calculated. There was a significantly
reduced number of CD4� and CD8� T cells that had undergone
cellular division, as determined by CFSE dilution in MAPC-treated
versus control groups (Figure 6A). In the LNs of the same mice,
there were no significant differences in either CD4� or CD8�

T cells that had undergone cellular division. MAPCs resulted in a
significantly reduced proliferative capacity of CFSE-labeled CD4�

and CD8� T cells in the spleen (Figure 6B). Each alloreactive CD4
T cell that had divided gave rise to 15 versus 10 daughter cells in
untreated versus MAPC-treated mice (P � .0005). Each alloreac-
tive CD8 T cell that divided gave rise to 10 versus 6 daughter cells,
respectively (P � .0004; Figure 6B). In the LNs of the same mice,
there were no significant differences in CD4� or CD8� T-cell
proliferative capacity between control- and MAPC-treated mice
(Figure 6C). Each CD4� T cell gave rise to an average of 9 and
9.4 daughter cells (P � .25), and each CD8� T cell gave rise to
6.8 and 7.3 daughter cells in untreated versus MAPC-treated
groups (P � .061). More splenic T cells down-regulated CD62L
and up-regulated CD25 in the control- versus MAPC-treated group
(Figure 6D). In LNs, no such effects were observed (Figure 6E),
indicating that MAPCs limit allogeneic T-cell activation and
expansion locally in vivo. Others have shown that PGE2 can
influence the expression of costimulatory molecules.26 Therefore,

we tested T cells and DCs within this in vivo MLR setting using
treated or untreated MAPCs to determine whether the PGE2 effect
on proliferation was due to its influence on costimulatory molecule
expression. There were significantly more CD4� and CD8� T cells
within MAPC-treated groups than the control groups that ex-
pressed the negative costimulatory molecules PD-1 on CD4� and
CD8� T cells (Figure 7A-B). Similarly, CTLA-4 was also ex-
pressed on a higher percentage of CD4� and CD8� T cells in
MAPC versus control cultures. Also consistent with MAPC-
induced suppression, the percentage of OX40�CD8� T cells was
significantly lower than controls, along with a trend toward less
OX40 and 4-1BB expression on CD4� and CD8� T cells, respec-
tively. These effects were reversed using MAPCs treated with
indomethacin before in vivo administration (Figure 7). Within the
MAPC versus control groups, there was a significant increase in the
percentage of DCs expressing PD-L1 and CD86 (Figure 7C)
without significant differences in the percentage of DCs expressing
other costimulatory molecules (Figure 7C). When using indometh-
acin-treated MAPCs, again, these effects were mostly reversed.
There were no significant differences in the percentages of T cells
and antigen-presenting cells expressing ICOS, ICOS-L, CD40, and
CD40L between groups (data not shown). Taken together, these
data indicated that PGE2 accounts for the majority of the suppres-
sive potential of MAPCs and has the downstream effect of
increasing the percentage of cells expressing negative costimulatory
regulators (PD1, PDL1, CTLA4), and decreasing the percentage of cells
expressing positive costimulatory regulators (OX40, 4-1BB).

Discussion

We have shown that MAPCs inhibit the proliferation and activation
of allogeneic T cells via the elaboration of PGE2. In vivo, MAPCs
did not home to lymphoid organs and were incapable of suppress-
ing GVHD. Despite the contact independence of MAPCs in
suppressing alloresponses in vitro, MAPCs reduced GVHD only
when injected into the spleen. MAPC synthesis of PGE2 in situ
resulted in an unfavorable in vivo environment for supporting
T-cell activation. These data emphasize the importance of ensuring
homing of immunomodulatory cell types to relevant tissue sites to
dampen T-cell priming and subsequent tissue injury.

In this study, we show that MAPCs are constitutive producers of
PGE2. Inhibiting MAPC synthesis of PGE2 by treatment of the cells
with a potent cyclooxygenase inhibitor restored in vitro T-cell
proliferation in an allo-MLR culture to more than 90% of the
control. In contrast, precluding other known inhibitors of an
immune response, IL-10, TGF-�, or IDO, using IL-10 receptor
knockout T cells, anti–TGF-� antibodies, or the competitive IDO
inhibitor, 1MT, did not affect T-cell proliferation in MLR cultures
(supplemental Figure 3C and data not shown). Thus, of the several
known soluble factors that have been shown to contribute to the
suppression of T cells in MLR cultures in noncontact systems, PGE2

appears to be the dominant secreted molecule involved in MAPC-
induced suppression of an in vitro alloresponse. Similarly, in vivo,
inhibition of GVHD required MAPC production of PGE2 in situ.

PGE2 can be produced by many cells27 and influence the
function of a wide array of immune cells, including T cells,28

B cells,29 macrophages,30 and DCs.31 MAPC synthesis of PGE2 in
vitro was associated with the up-regulation of negative costimula-
tory molecules and down-regulation of positive costimulatory
molecules on T cells and antigen-presenting cells (data not shown).
In contrast, a recent report has shown that human monocyte
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(CD14�) and myeloid (CD11c�) DCs up-regulate positive costimu-
latory molecules (OX40L, CD70, 4-1BBL) if PGE2 is added during
the maturation process.32 We speculate that the apparent discor-
dance may be due to the differences in the maturation status of the
DCs at the time of PGE2 stimulation, although neither DC location
(BM vs spleen) nor species-specific differences can be excluded as
explanations. PGE2 is known to have both stimulatory and
inhibitory effects on DC activation, dependent upon the context in
which PGE2 is encountered. DCs encountering PGE2 in the
periphery have an increased activation and increased migratory
abilities, whereas those encountering PGE2 within secondary
lymphoid organs lead to decreased activation and decreased
effector function.31

In this and our prior report,22 we have shown that donor MAPCs
preferentially migrated to the BM after systemic delivery, and are
thus unlikely to directly interact with GVHD-causing donor T cells
within lymphoid organs. Because the half-life of PGE2 in vivo is
extremely short ( 30 seconds),34 we hypothesized that this mecha-
nism of MAPC-mediated suppression may not penetrate secondary
lymphoid organs to a sufficient degree to inhibit T-cell activation
and proliferation. MAPCs used in our studies did not express
CD62L or CCR7, important for homing to secondary lymphoid

organs (data not shown). To circumvent this problem, MAPCs were
delivered directly into the spleens at the time of BMT, thereby
restoring the capacity of MAPCs to suppress donor T-cell activa-
tion and proliferation in vivo. As predicted, this MAPC-mediated
effect was only observed in the spleens and not in the LNs of
transplanted mice (Figure 6), confirming our initial hypothesis that
PGE2 acts in a local manner. This suppressive effect on donor
T cells in vivo improved the survival of mice experiencing severe
GVHD, a process that was almost entirely dependent on PGE2

production from MAPCs (Figure 5B-C). Although the overall
survival was improved by MAPC injection into the spleen, most
mice eventually succumbed to the disease with only a minority
becoming long-term survivors. Therefore, although approximately
8-fold more T cells migrate to the spleen than to LNs during a given
time point,35 T-cell activation within the LNs is sufficient, possibly
along with residual T-cell activation within the spleen, to cause
lethal GVHD. The importance of secondary lymphoid organs for
GVHD initiation can be derived from studies in which mice that
lack all secondary lymphoid organs are incapable of developing
severe GVHD.36,37 Because studies have shown that GVHD cannot
be prevented by host splenectomy alone,38 our data suggest that
MAPC-mediated suppression of donor T cells within the spleen is

Figure 6. MAPCs dampen T-cell proliferation and activation within
the local environment. In vivo MLR was performed by administering
lethally irradiated BALB/c mice with 5 � 105 B6 MAPCs IS (day 0),
followed by 15 � 106 B6 CFSE-labeled CD25-depleted T cells (intrave-
nously; day 1). Control mice were given labeled T cells alone plus sham
surgeries. Spleens and LNs were harvested on day 4 and analyzed via
FACS for CD4 and CD8 expression and percentage of CFSE dilution (A).
The proliferative capacity for CD4� and CD8� T cells in the spleen (B) and
LNs (C) of transplanted mice was calculated, as previously published.18

(D-E) Activation markers for CD4� and CD8� T cells in the spleen and LNs
were analyzed using FACS and graphed.
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not equivalent to a splenectomy. This may be due to the functional
alterations of donor T cells that are exposed to PGE2 within the
spleen in lymphoid-replete recipients in contrast to the unrestrained
activation and proliferation of a higher number of donor T cells that
would traffic to the LNs of splenectomized hosts. Interestingly,
MAPCs suppressed GVHD-induced tissue injury to a greater
extent in the liver and lung compared with the colon. Whether the
influence of MAPCs on donor splenic T-cell function, as evidenced
by the pattern of costimulatory molecule expression or the homing
of donor T cells after exposure to MAPCs in the spleen, would
favor preferential organ targeting is unknown.

The requirement for homing of immune-suppressive cells to
secondary lymphoid organs to exert their maximum biologic effect
is not unique to MAPCs. For example, previous studies using
murine BM-derived MSCs have proven to be ineffective in altering
GVHD lethality.12 For Treg-induced suppression of GVHD, high
levels of CD62L expression were needed for optimal in vivo
suppression of GVHD-induced lethality, although not for in vitro
suppression.39,40 Whereas CCR5 expression on Tregs was not
required for in vitro suppression, CCR5 knockout Tregs were
inferior to wild-type Tregs in suppressing GVHD lethality in vivo,
which was associated with a reduced accumulation of Tregs in
lymphoid and nonlymphoid GVHD target organs beyond the first
week post-BMT.41 In solid organ allograft studies, Treg suppression of
graft rejection requires the migration of Tregs from the blood to the
allograft to the draining LNs.42 We conclude that the kinetics and
homing patterns of immune modulatory cells to the sites of
alloresponse are critical in determining the outcome of an allore-
sponse to foreign antigens, and that GVHD inhibition by MAPCs
requires homing to lymphoid sites that support GVHD initiation.

Although recent reports indicate that MAPCs can modify injury
induced by vascular ischemia,43-45 the in vitro and in vivo immunosup-
pressive properties of MAPCs to date are largely undefined. To our
knowledge, only one recent report has described the immunosuppres-
sive potential of rat-derived MAPCs.46 Similar to our results, rat
MAPCs inhibited alloresponses via a contact-independent mechanism.
In contrast to our results, rat MAPC-induced inhibition of T-cell
alloproliferation in vitro was dependent upon IDO expression because
1MT reverses the suppressive effects of rat MAPCs. Furthermore, rat
MAPCs expressed MHC class I antigens, in distinction to both human-
and mouse-derived MAPCs that are targeted by NK-mediated lysis.22

Although neither the homing receptor expression nor the in vivo homing
or suppressor cell mechanisms responsible for GVHD inhibition were
reported, similar to our study, MAPCs were effective in reducing
GVHD lethality.

In summary, this is the first study to demonstrate the in vitro and
in vivo immune-suppressive capacity and mechanism of MAPCs in
preventing GVHD. The direct demonstration that PGE2 secretion is
able to mediate donor T-cell suppression suggests a mechanism by
which other cell types such as MSCs and myeloid-derived suppres-
sor cells may be able to suppress adverse alloresponses in vivo.47

Furthermore, these data suggest that pharmacologic strategies
toward achieving sufficient PGE2 concentrations in relevant target
organs during the acute initiation phase may be useful for GVHD
prevention. Importantly, this is also the first study to demonstrate
that location of MAPC immune-suppressive, nonhematopoietic
stem cells in vivo to lymphoid organs is a critical determinant of the
efficacy of GVHD prevention. Future approaches to ensure the
targeting of immune-suppressive cells to allopriming sites may
increase the efficacy of both nonhematopoietic stem cells and other
immune-suppressive populations with promise to inhibit GVHD.
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