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Abstract

Graft-vs-host disease (GvHD) limits successful outcomes following allogeneic blood

and marrow transplantation (allo-BMT). We examined whether the administration of

human, bone marrow-derived, multipotent adult progenitor cells (MAPCs™) could

regulate experimental GvHD. The immunoregulatory capacity of MAPC cells was

evaluated in vivo using established murine GvHD models. Injection of MAPC cells on

day +1 (D1) and +4 (D4) significantly reduced T-cell expansion and the numbers of

donor-derived, Tumor Necrosis Factor Alpha (TNFα) and Interferon Gamma (IFNγ)-

producing, CD4+ and CD8+ cells by D10 compared with untreated controls. These

findings were associated with reductions in serum levels of TNFα and IFNγ, intestinal

and hepatic inflammation and systemic GvHD as measured by survival and clinical

score. Biodistribution studies showed that MAPC cells tracked from the lung and to

the liver, spleen, and mesenteric nodes within 24 hours after injection. MAPC cells

inhibited mouse T-cell proliferation in vitro and this effect was associated with

reduced T-cell activation and inflammatory cytokine secretion and robust increases

in the concentrations of Prostaglandin E2 (PGE2) and Transforming Growth Factor

Beta (TGFβ). Indomethacin and E-prostanoid 2 (EP2) receptor antagonism both

reversed while EP2 agonism restored MAPC cell-mediated in vitro T-cell suppression,

confirming the role for PGE2. Furthermore, cyclo-oxygenase inhibition following allo-

BMT abrogated the protective effects of MAPC cells. Importantly, MAPC cells had

no effect on the generation cytotoxic T lymphocyte activity in vitro, and the adminis-

tration of MAPC cells in the setting of leukemic challenge resulted in superior

leukemia-free survival. Collectively, these data provide valuable information regard-

ing the biodistribution and regulatory capacity of MAPC cells, which may inform

future clinical trial design.
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Significance statement

Graft-vs-host disease (GvHD) is a difficult-to-treat side effect of blood and marrow transplant;

most therapies involve significant immunosuppression. Multipotent adult progenitor cells may

provide an alternative to those therapies as treatment and prophylaxis against GvHD.

1 | INTRODUCTION

Allogeneic blood and marrow transplantation (allo-BMT) is the only

curative therapy for many cancers and disorders of the hematopoietic

and immune systems. The therapeutic potential of allo-BMT for

hematologic malignancies relies on graft-vs-leukemia (GvL) effects,

which eradicate residual malignant cells via immunologic mecha-

nisms.1,2 Successful outcomes following allo-BMT are limited by sev-

eral life-threatening complications; graft-vs-host disease (GvHD) and

malignant relapse are the two primary contributors to mortality, which

remains unacceptably high.3 Unfortunately, GvL effects are closely

associated with acute GvHD in both the acute and the chronic set-

tings.4 Standard immunosuppressive strategies to prevent or treat

GvHD are often therapeutically suboptimal and predispose to oppor-

tunistic infections and relapse.5 Thus, the development of novel strat-

egies that reduce GvHD, preserve GvL, facilitate immune

reconstitution, and enhance survival remains the most significant chal-

lenge to improve outcomes after allo-BMT.

The pathophysiology of acute GvHD is complex.6,7 Immune dys-

regulation is hypothesized to occur in distinct phases involving dif-

fuse damage and activation of host tissues by BMT conditioning

regimens, the activation of donor T cells, and the culmination of tar-

get organ damage induced by soluble and cellular effectors.8-10

When allogeneic “targets” are residual host cancer cells, the final

phase contributes to GvL activity. While components of this para-

digm have been challenged and refined,8 the hypothesis identifies

areas where novel agents can be explored. To this end, subsets of

nonhematopoietic, bone marrow-derived, regenerative stromal cells

(RSCs) that can generate connective tissues such as bone, cartilage,

and fat have recently been discovered.11,12 These RSCs are not a

homogeneous population; differences in phenotype, regenerative

capacity, and plasticity make these cell populations distinct. Both

human mesenchymal stem cells (MSCs) and multipotent adult pro-

genitor cells (MAPCs) fall within this category.13 In addition to pro-

ducing soluble proteins that critically support hematopoietic stem

cell homeostasis and engraftment,14,15 a body of experimental data

has revealed that both subsets possess powerful immunoregulatory

properties.16-20 These findings identify opportunities to use novel,

cellular, strategies that are noncross reactive with immunosuppres-

sive approaches to prevent or treat GvHD.21,22 Maziarz and collabo-

rators recently demonstrated that MultiStem™, a clinical-grade MAPC

cell product, can be delivered in serial dosing regimens following allo-

BMT.23 The work presented herein was completed in parallel with this

clinical study with the intent on illuminating the biodistribution and

possible mechanisms of action of these cells when infused following

allo-BMT.

2 | METHODS

2.1 | Murine experiments and assessment of
GvHD severity

Female C57BL/6J (B6; H-2b), B6D2F1 (F1; H-2bxd), B6.C-H2< bm1

>/ByJ (BM1; H-2b), and B6.CH2< bm12 >KhEg (BM12; H-2b), mice

aged 8 to 12 weeks were purchased from Jackson Laboratory (Bar

Harbor, Maine). Mice received allo-BMT as previously

described.20,24,25 In studies using the B6 ! BM1 system (isolated

major histocompatibility complex [MHC] class I mismatch), recipient

mice received 13 Gy Total Body Irradiation (TBI) followed by the infu-

sion of 5 � 106 BM and 1.8 � 106 to 2.0 � 106 autoMACS-purified

(>85% purity) CD8+ T cells. In the B6 ! BM12 system (isolated MHC

class II mismatch), BM12 mice received 11 Gy TBI and 0.25 � 106

autoMACS-purified (>90% purity) CD4+ T cells. These changes in

BMT parameters were made to ensure that sufficient animals would

be available for analysis at time points when significant GvHD is pre-

sent and any differences between experimental groups could be

assessed as previously described.26-29

Cryopreserved MAPC cells were provided by Athersys, Inc

(Cleveland, Ohio). Specified groups of BMT recipients received two

infusions of 0.25 � 106 to 1 � 106 MAPC cells on day +1 (D1) and

+4 (D4).

Survival was monitored daily, and the severity of systemic GvHD

was assessed weekly using a semi-quantitative scoring system as pre-

viously described.30 Animals were euthanized at D42-59 post-

transplant or earlier based upon GvHD severity as directed by

Institutional Animal Care and Use Committee (IACUC) standard of

practice guidelines. Acute GvHD was also assessed by histopathology

as previously described,31 serum cytokine analysis on D7 and T-cell

expansion and activation on D10. In indicated experiments, indometh-

acin (20 μg ≈ 1 mg/kg, Sigma-Aldrich, St. Louis, Missouri) was admin-

istered daily as an intraperitoneal injection (100 μg/mL) for 7 days

starting on D1. Control mice treated with MAPC cells received injec-

tions of diluent only. Pilot experiments (conducted without MAPC cell

infusions) using this dose and schedule demonstrated that indometha-

cin had no significant effects on survival or small and large bowel
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pathology when administered to allogeneic and syngeneic BMT recipi-

ents compared with controls in each group (data not shown). All ani-

mal studies were approved by the IACUC at Case Western Reserve

University (protocol 2010-0076) or Johns Hopkins University School

of Medicine (protocol MO16M262).

2.2 | Flow cytometry

Splenocytes harvested from either naïve donor mice or BMT recipi-

ents were analyzed pretransplant or on D10, respectively. unless oth-

erwise specified. Splenic cell suspensions were stained for surface T-

cell (CD4, CD8) and activation markers (CD25, CD28, CD62L, CD69)

along with intracellular Tumor Necrosis Factor Alpha (TNFα) and

Interferon Gamma (IFNγ) and then analyzed by flow cytometry using

a four-color C6 FlowCytometer (Accuri, Ann Arbor, Michigan) as pre-

viously described.20 To analyze Forkhead Box P3 (FoxP3) expression,

splenocytes were stained with anti-CD4 and anti-CD25, fixed and

permeabilized, and then stained with intracellular anti-FoxP3

(eBioscience, San Diego, California). All monoclonal antibodies were

purchased from BD Biosciences Pharmingen (San Diego, California) or

eBioscience. Irrelevant fluorochrome rat isotype immunoglobulins

were used as negative controls. Data were analyzed using CFlow soft-

ware (Accuri) as previously described.20,25

2.3 | MAPC cell product

Details regarding the preparation of the MAPC cell product have been

described previously.32-36 MAPC cells isolated from a single qualified

donor were expanded ex vivo in cell factories to create a cryopreserved

master cell bank under current good manufacturing practice.

2.4 | Enzyme-linked immunosorbent assay

Peripheral blood was collected on D7 from BMT recipients in 1.1-mL

Z-Gel serum separation microtubes (Sarstedt, Newton, North Carolina).

Following serum separation, enzyme-linked immunosorbent assay

(ELISA) was performed for IFNγ, TNFα, and Prostaglandin E2 (PGE2).

Mixed leukocyte culture (MLC) supernatants were harvested at 48 or

72 hours as indicated and then assayed for mouse cytokines (interleu-

kin [IL]-10, Transforming Growth Factor Beta (TGFβ), IFNγ, TNFα, and

PGE2) according to the manufacturer instructions (R&D Systems, Inc.

Minneapolis, MN and eBioScience).

2.5 | Mixed leukocyte culture

Spleens harvested from individual mice were enzymatically

digested into single-cell suspensions. Purified splenic T cells (B6

mice) or dendritic cells (B6D2F1 mice) were suspended in sup-

plemented 10% fetal calf serum/Roswell Park Memorial Institue

medium (RPMI). B6 T cells (2 � 105) were cultured in 96-well

plates in the presence of purified, irradiated (2000 cGy), B6 or

B6D2F1, splenic, CD11c+ dendritic cells (2 � 104 dendritic cells

[DCs]) at 37�C in a humidified incubator supplemented with 7%

CO2. After 72 or 96 hours, supernatants were obtained from indi-

vidual wells and subsequently analyzed for cytokines by using

ELISA. Proliferation was measured by incorporation of tritiated

thymidine [3H] (3.7037 � 104 Bq) during the last 24 hours of incu-

bation using a 1205 Betaplate reader (Wallac, Turku, Finland). In

indicated experiments, MAPC cells were added to MLC wells at

MAPC cells-to-murine T-cell ratios ranging from 1:1 through 1:32

with and without indomethacin (1 μg/mL, Sigma-Aldrich), the E-

prostanoid 2 (EP2) agonist, butaprost (BT, 2 μg/mL, Cayman

Chemicals, Ann Arbor, MI), and the EP2 antagonist, PF-04418948

(PF, 2 μg/mL, obtained from Pfizer with permission). PF and BT

were used in MLCs at a MAPC cell-to-T-cell ratio of 1:8.

2.6 | Cryo-imaging and biodistribution

All animals used in cryo-imaging experiments received alfalfa-free

chow for 2 weeks prior to BMT to reduce background fluorescence in

the gastrointestinal tract. Human MAPC cells were fluorescently

labeled with red quantum dots (Q-dot; 70% efficiency verified by flow

cytometry), and 1 M cells were infused on D1 following allogeneic

and syngeneic BMT as described above. Four experimental groups

were defined: (a) syngeneic mice, no MAPC cells (“syn”); (b) syngeneic
mice given MAPC cells (“syn + MAPC cell”); (c) allogeneic mice, no

MAPC cells (“allo”); and (d) allogeneic mice given MAPC cells (“allo +

MAPC cell”). Mice were sacrificed at 1, 6, 24, and 48 hours, embed-

ded en bloc in optimal cutting temperature (OCT) compound, snap

frozen in liquid nitrogen, and imaged as previously described.20

The cryo-imaging device (CryoViz, BioInVision, Inc.) is a fully

automated system that provides three-dimensional (3D), tiled, micro-

scopic anatomical bright field and molecular fluorescence images.37

Mice were sectioned at 40 μm and imaged at 10.5 � 10.5 μm in plane

resolution. With sensitivity for detection of single cells, cryo-imaging

permits unique quantitative analyses of fluorescently labeled cells.38

We used specialized algorithms to allow detection of both fluorescent

green T cells and red MAPC cells.39 Filters were used to extract fea-

tures, and a machine-learning, “bagged decision tree”, classifier was

used to detect cells.20 In some experiments, Tc-99 Single photon

emission computer tomography (SPECT) imaging was compared with

cryo-imaging in our GvHD model. Briefly, cells were labeled with Tc-

99 or quantum dots and injected intravenously. SPECT signals were

measured and calibrated and compared against the number of cells

counted by cryo-imaging.

2.7 | JAM assay

B6 cytotoxic T lymphocytes (CTLs) were generated as described.20,25

B6 T cells (2 � 106) were stimulated with F1 splenic DCs (2 � 105) in
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primary bulk MLCs (24-well plates, BD Biosciences Pharmingen), iso-

lated by Ficoll gradient, and subsequently added to 96-well plates

(starting with 4 � 104 T cells/well and then serial twofold dilutions)

with 3H-labeled target cells (1 � 103 cells with starting 40:1 CTL-to-

target ratio) with and without MAPC cells. After 4 hours, cells were

harvested, assayed for 3H release, and percent cytotoxicity was calcu-

lated as previously described.20

2.8 | In vivo GvL experiments

P815 (H-2d, CD45.2) is a mastocytoma cell line derived from DBA/2

mice. Injection of P815 cells into animals (H-2d mice) that cannot

reject P815 is uniformly lethal and results in massive nodular tumor

infiltration of the liver and spleen.24 In GvL experiments, B6Ly5.2

(CD45.1) mice were used as allogeneic BM donors and 500 P815

tumor cells were added to the BM inoculum on D0. Specified groups

received two infusions of 1 � 106 human MAPC cells on D1 and D4.

Survival was monitored daily, and postmortem examination defined

the cause of death after BMT as either GvHD or tumor. Death from

P815 was defined by nodular enlargement of the liver and spleen,

whereas GvHD death was defined as the absence of tumor and the

presence of GvHD as determined by the clinical scoring system. This

GvL mouse model has been used extensively in the translational appli-

cation of several novel agents for the treatment or prevention of

GvHD.20,25,40-43 The administration of tumor cells at the time of bone

marrow infusion is a widely accepted approach. We specifically chose

to infuse cells at the time of transplant to remove any effect TBI

would have on tumor growth and thereby rely on the cytolytic effects

of activated donor T cells.

2.9 | PGER2 (EP2) mRNA expression in GvHD
organs after BMT

Transcript analysis of PGE2R (EP2) was performed on mRNA

extracted from splenic and intestinal (small and large bowel) tissue

lysates using Trizol (Life Technologies) and quantitated by spectro-

photometry following the manufacturer's protocol. Reversel Tran-

scription Polymerase Chain Reaction (RT-PCR) was performed to

make cDNA, which was subsequently subjected to real-time PCR

using Taqman assays (Life Technologies, Carlsbad, CA) on an Applied

Biosystems 7300 Real-Time PCR System. PGE2R expression was nor-

malized to GAPDH before the fold change for PGE2R was calculated

by comparing values obtained from individual Allo or Allo + MAPC cell

recipients to the average value measured in syngeneic controls. Target

expression in syngeneic mice was given an arbitrary value of 1.

2.10 | Statistics

All values are expressed as the mean ± SEM. Statistical comparisons

between groups were completed using the Mann-Whitney test

(nonparametric data) and unpaired t test (parametric data). For sur-

vival curves, the Mantel-Cox log-rank test was used. Statistical signifi-

cance was defined as a P value less than .05.

3 | RESULTS

3.1 | Human, bone marrow-derived, MAPC cell
infusions reduce GvHD severity, attenuate T-cell
expansion and pro-inflammatory cytokine release, and
improve survival in a dose-dependent manner after
experimental allo-BMT

To interrogate the in vivo effects of MAPC cell therapy after allo-BMT,

correlative animal studies were performed using an established, haplo-

identical, murine, allo-BMT system (B6! B6D2F1) as described in Sec-

tion 2. Recipients of syngeneic BMT (B6D2F1! B6D2F1) served as con-

trols. In preliminary experiments, increasing numbers (0.25-1.0 � 106) of

human MAPC cells were administered via tail-vein injection on D1 and

D4 after BMT. As shown in Figure 1A, a dose-dependent effect on D35

survival was observed. Follow-up experiments using 1 million MAPC cell

per injection confirmed initial results and showed improvements in sur-

vival (Figure 1A), target organ GvHD (Figure 1B), and clinical score (data

not shown). The reduction in systemic GvHD severity was associated

with reductions in serum levels of IFNγ and TNFα on D7 and decreases

in total splenic T-cell numbers on D10 (Figure 1C). Further examination

of splenic T-cell populations showed diminished expansion of the CD4+

and CD8+ compartments (Figure 1D). Moreover, numbers of donor-

derived IFNγ, TNFα, and IL-10 producing CD4+ and CD8+ cells were also

significantly decreased at D10 (Figure 1D). These findings directly corre-

lated with the changes in systemic cytokine levels (Figure 1C) and were

associated with a reduction in cell surface activation makers on both CD4

+ and CD8+ cells (Figure S2A,B). While the percentage of CD4+, CD25+,

FoxP3+ cells in the spleen at D10 was increased in mice receiving MAPC

cell, total numbers of splenic Tregs were not (data not shown). Collec-

tively, these findings demonstrate that MAPC cell infusions significantly

abrogated the development of systemic GvHD and had profound

immune modulatory effects on alloreactive, donor-derived, T-cell expan-

sion early after allo-BMT.

3.2 | Human MAPCs modulate in vitro murine T-
cell activation and cytokine secretion

To define the capacity of and mechanisms responsible for the

immunomodulatory properties of MAPC cells in this system, we

co-cultured human MAPC cells with B6 T cells and either B6 or

B6D2F1 DCs in MLCs as described in Section 2. MAPC cells sig-

nificantly inhibited murine T-cell proliferation in a concentration-

dependent manner, a finding that was associated with significant

reductions in inducible levels of TNFα and IFNγ in MLC superna-

tants (Figure 2A). Suppression of proliferation was not seen with

the addition of human fibroblast confirming that
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F IGURE 1 Multipotent adult progenitor cell (MAPC) infusions improve survival, reduce graft-vs-host disease (GvHD) severity, and attenuate
T-cell expansion and pro-inflammatory cytokine induction after experimental allogeneic blood and marrow transplantation (BMT). Irradiated
B6D2F1 mice received syngeneic or allogeneic BMT and subsets of allogeneic mice received MAPC infusions on D1 and D4 as described in
Methods. A, MAPC infusions improve survival following allogeneic BMT in a dose-dependent manner. Data represent three combined transplant
experiments (n = 15-30 mice per experimental group; **P < .01 allo-control vs allo + MAPC by Mantel-Cox log-rank test). B, Next, organs
harvested from transplant recipients on D10 were analyzed for GvHD severity. Improved survival associates with decreases in target organ
histopathology (n = 4-6 mice per experimental group; *P < .05 by Mann-Whitney test). C, Spleens (D10) and whole blood (D7) were collected
from transplant recipients. MAPC infusions result in decreased donor T-cell expansion and serum levels of IFNγ and TNFα (n = 4-6 mice per
group; *P < .05; **P < .01 by Mann-Whitney test). D, Further evaluation of splenic T-cell subsets showed that MAPCs regulate the expansion and
cytokine expression of both CD4+ and CD8+ populations. Data are expressed as mean ± SEM and are from one of three representative
independent experiments (n = 4-6 mice per group; *P < .05; **P < .01 by Mann-Whitney test)
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immunomodulation was unique to MAPC cells (data not shown)

and as previously described.20 Evaluation of immunomodulatory

cytokines revealed that while levels of supernatant IL-10 levels

were reduced in the presence of MAPC cell, levels of PGE2 and

TGFβ1 were significantly elevated by nearly 4- and 10- to

25-fold, respectively (Figure 2B).

F IGURE 2 PGE2 and immune modulatory effects of multipotent adult progenitor cells (MAPCs) on T-cell alloreactivity in vitro. MLCs were
prepared as described using increasing mixed T-cell (mTC) to MAPC ratios. A, MAPCs inhibit murine T-cell alloreactivity in a dose-dependent fashion
and associate with reductions in the inducible cytokines TNFα and IFNγ. B, MAPC-mediated suppression of in vitro mTC proliferation is associated
with reductions of interleukin (IL)-10 levels and significant increases in PGE2 and TGFα production. C, Effects of MAPC-mediated suppression of TC
alloreactivity are both COX- and EP2-dependent. B6 splenic mTCs were co-cultured with syngeneic (B6) and allogeneic (B6D2F1) splenic-derived
dendritic cells (DCs) in the presence or absence of MAPCs. Indomethacin (IM, 1 μg/mL) the EP2 antagonist, PF-04418948 (PF, 2 μg/mL), the EP2
agonist, butaprost (BT, 2 μg/mL), or diluent were added to wells at defined MAPC-to-mTC ratios and proliferation was measured at 72 hours.
Proliferation and cytokine secretion were measured in triplicate. Data are expressed as means ± SEM from one of three independent experiments
(*P < .05 and **P < .01 for indicated comparisons by Mann-Whitney test). MAPC, multipotent adult progenitor cell; ML, mixed leukocyte cultures
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3.3 | The role of PGE2 in human MAPC cell-
mediated suppression of mouse T-cell alloreactivity
and survival advantage following allo-BMT

We examined the role PGE2 played in MAPC cell-mediated immune

regulation observed in our in vitro and in vivo experimental systems.

First, the addition of indomethacin, a cyclooxygenase (COX) inhibitor

known to block PGE2 production, to MLCs significantly reversed the

MAPC cell-induced suppression of T-cell proliferation (at all MAPC

cell:T cell ratios tested) and resulted in expected reductions in PGE2

levels in cell culture supernatants (Figure 2C). PGE2 signals through

four different receptors (EP1, 2, 3, and 4), which have variable affinity

for PGE2. In this regard, the EP2 antagonist, PF-04418948 (PF), and

agonist, BT, were used to further delineate the effects of PGE2. As

shown in Figure 2C, the addition of indomethacin again restored T-

cell proliferation in the presence of MAPC cells. PF-induced EP2

blockade also significantly reversed suppression of T-cell proliferation

by MAPC cells, albeit not to the same degree as direct COX inhibition.

Next, we found that the addition of BT to MLCs potently suppressed

T-cell proliferation and fully reversed the effects of indomethacin

(Figure 2C). These data suggest that direct ligation of the EP2 recep-

tor was sufficient to mediate MAPC cell effects on T-cell proliferation.

Given these observations, we determined whether similar effects

would be observed in vivo. PGE2 serum levels measured on D7 were

significantly higher in allo-BMT recipients receiving MAPC cells com-

pared with allo-BMT controls (Figure 3A) and associated with

increased mRNA expression of PGE2 in the spleen and the bowel

(both small and large) critical organs for early T-cell activation and

injury, respectively, (Figure 3B-D). Administration of Indomethacin for

7 consecutive days (D1-D7) to MAPC cell treated allo-BMT recipients

F IGURE 3 Multipotent adult progenitor cell (MAPCs) increase PGE2 concentration in the serum and PGER2 expression in target organs of
graft-vs-host disease (GvHD) after experimental allogeneic blood and marrow transplantation (BMT). Contribution of PGE2 to MAPC immune
regulation in vivo. A, PGE2 levels are significantly elevated at D7 in allogeneic BMT recipients receiving MAPCs, which correlates with reduced
systemic and target organ GvHD (Figure 1). B-D, MAPC administration is also associated with a trend in increased mRNA expression of PGER2 in
the spleen and the small and large bowel. E, Administration of IM (20 μg via intraperitoneal injection) on D1 to D7 after BMT to allogeneic BMT
recipients receiving 1 � 106 MAPC on D1 and D4 significantly reduces PGE2 levels on D7, and, F, abrogates the survival advantage associated
with MAPC infusions. Data shown are combined from one of two separate (PGE2) or two combined (survival) independent BMT experiments
(Data are expressed as means ± SEM for PGE2 levels. n = 4-6 per group for PGE2 and 8-16 for survival experiments, *P < .05 and **P < .01.)
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significantly reduced D7 PGE2 serum levels (Figure 3E), and this find-

ing was associated with abrogation of the survival advantage consis-

tently observed following MAPC cell injections (Figure 3F). These

results demonstrate that the observed in vitro and in vivo effects of

MAPC cells on alloreactive T-cell proliferation in our murine system

are mediated in large part through PGE2.

3.4 | In vitro tumor cell lysis and GvL activity in
allo-HCT mice are maintained in the presence of
human MAPCs

We determined the impact MAPC cell infusions would have on GvL

activity after allo-BMT. First, the presence of MAPC cells during CTL

generation had no effect on the ability of B6 CTLs to lyse P815 tumor

targets on a per cell basis (Figure 4A). Similarly, allo-BMT recipients

receiving MAPC cell infusions maintained a survival advantage over

untreated allo-controls even after in vivo challenge with P815. Con-

sistent with our previous work and that of multiple other groups, syn-

geneic recipients receiving P815 succumbed to fulminant tumor

progression by D21.20,25 By contrast, allo-BMT recipients effectively

rejected P815 cells but ultimately died from GvHD at a rate greater

than animals receiving MAPC cells (Figure 4B,C).

3.5 | Human MAPCs redistribute from the lungs to
the liver and secondary lymphoid organs within
24 hours after infusion

Little is known about the biodistribution of RSCs following intra-

venous administration early after BMT. Secondary lymphoid organs

(SLO) like the spleen and lymph nodes are critical sites for donor T

cells to encounter and respond to host antigen following allo-

BMT.44,45 Furthermore, MAPC cell treatment significantly reduced

splenic T-cell expansion and activation in the early posttransplant

period (Figure 1C,D). We used SPECT and cryo-imaging technology

to track the biodistribution of MAPC cells after intravenous infu-

sion and to determine if MAPC cells might ultimately co-localize

with alloreactive T cells in SLO during GvHD induction.37 Mice

received TBI followed by allo- or syn-BMT as described in Section 2.

In initial experiments, MAPC cells (�0.57 � 106 cells) were labeled

either with fluorescent (Qtracker 625 red quantum dots) or radio-

labeled (�0.57 � 106 cells) with Technetium (Tc99) and infused at

D1 in select animals. Control mice in each group received unlabeled

MAPC cells. Animals were then imaged by SPECT analysis for Tc99

distribution at approximately 1 and 24 hours after infusion. Animals

were snap frozen and subjected to cryo-imaging in order to analyze

the distribution of fluorescent cells at each time point. As shown in

Figure 5A, the 3D SPECT image reveals that the majority of signal

was found in lung (yellow arrow). A fluorescent, 3D, cryo-image

(Figure 5B) shows a distribution nearly identical to the SPECT

image; with single-cell resolution, the majority of labeled MAPC

cells were found in the lung with relatively few dispersed in other

locations. The absence of detectable cells in the bladder on cryo-

imaging strongly suggests that the signal seen in the bladder on

SPECT imaging likely represents “free” tracer that is being excreted

in the urine. Computer analysis demonstrated that nearly 90% of

cells infused could be accounted for by cryo-imaging at this early

time point. At 24 hours postinjection, radio-labeled MAPC cells

could no longer be detected by SPECT imaging, consistent with the

rapid and expected decay of Tc99 (data not shown). By contrast,

redistribution of cells from the lung to the liver, spleen, and

F IGURE 4 Multipotent adult progenitor cell (MAPCs) attenuate graft-vs-host disease (GvHD) without decreasing graft-vs-leukemia (GvL)
activity in vitro and in vivo. B6 cytotoxic T lymphocytes (CTLs) were mixed with 3H-labeled target cells with and without MAPCs. CTL activity
was calculated from spontaneous 3H release at various ratios of CTL to 3H-labeled target cell. A, Co-culture with MAPCs has no effect on
cytolytic activity of activated B6 CTL. Irradiated B6D2F1 mice received syngeneic or allogeneic blood and marrow transplantation (BMT) and
subsets of allogeneic mice received P815 mastocytoma cells (H-2d) in the BMT inoculum on D0 followed by MAPC infusions (or saline) on D1
and D4 as described in Methods. B, MAPC infusions improve leukemia-free survival following allogeneic BMT. C, MAPC infusions reduce
systemic GvHD following allogeneic BMT as measured by GvHD clinical scores. Data are expressed as mean ± SD (CTL assay) or SEM (clinical
score) and represent one of three similar experiments (CTL assay) or two combined transplant experiments (n = 10-20 mice per experimental
group; *P < .05 allo-control vs allo + MAPC by Mantel-Cox log-rank test)

METHENY ET AL. 1513



mesenteric lymph nodes was apparent in cryo-images at 24 hours

as demonstrated in computer-generated 3D imagery (Figure 5C)

and summarized in Figure S3A. By comparing the signal intensity in

control mice vs that observed in MAPC cell-treated mice, the false-

positive rate was negligible (Figure S3A). To study the bio-

distribution of injected MAPC cells, we completed additional exper-

iments with fluorescently labeled MAPC cells and a MAPC cell

density (cells/volume) analysis in several key organs was completed

at 1, 6, 24, and 48 hours following injection. After a peak cell

density in the lung at 1-hour postinfusion, cell density in the lung

steadily decreased over time (data not shown), and this correlated

with redistribution of cells and an increase in MAPC cell density in

other major organs (Figure S3A,B). Computer-generated 3D render-

ings capture this redistribution of cells from the lungs to the liver

and spleen (Figure 5D-F). This cellular relocation was readily appar-

ent in cryo-images as well, where upon closer examination, MAPC

cells were specifically observed in the marginal zones of the spleen

and in the paracortex of mesenteric lymph nodes (Figure 5G-J).

F IGURE 5 Biodistribution of
multipotent adult progenitor cells
(MAPCs) and murine T-cells
(mTCs) within allogeneic and
syngeneic transplant-recipient
spleens. Irradiated B6D2F1 mice
received syngeneic or allogeneic
blood and marrow transplantation
(BMT) as described in Figure 1,

and subsets of allogeneic mice
received MAPC infusions on D1.
Using cryo-imaging, red Qdot-
labeled MAPCs (rendered in gold)
and SPECT scanning, the
biodistribution of MAPCs was
analyzed at 1, 6, 24, and 48 hours
following tail vein injection as
described in Section 2. A,B, As
anticipated, the majority of
labeled cells are found in lung
(yellow arrow) 1 hour after
intravenous infusion. C-F, By
24 hours postinjection, cells can
be seen redistributing from the
lung and to the liver, and spleen
of allogeneic BMT recipient mice
as captured by three-dimensional,
computer-generated imagery. G,I,
Examination of cryo-microscopic
imaging under low power
confirms accumulation in the
spleen and lymph nodes and high-
power view, H,J, demonstrates
MAPCs specifically localizing in
the splenic marginal zone and the
paracortex of the mesenteric
lymph nodes. K, kidney; S,
stomach; RP, red pulp; WP,
white pulp
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4 | DISCUSSION

MAPC cells represent a subset of RSCs that have the potential to dif-

ferentiate into cells from each of the three germ layers and can be

expanded extensively ex vivo while retaining their pluripotency.

MAPC cells also possess tissue regenerative and immunomodulatory

properties similar to MSCs.12,46,47 In contrast to MSCs, MAPC cells

have broader ex vivo pluripotential48 and retain pluripotency longer.49

MultiStem are a clinical-grade human MAPC cell product man-

ufactured under specifications and release criteria by Athersys, Inc.

MultiStem cells retain broad differentiation capacity and immunomod-

ulatory activity.32-36 These cells can be cryopreserved prior to use and

ultimately administered as a “universal” product without patient

matching requirements. MutliStem has been used in preclinical and

clinical studies for the treatment of acute respiratory distress

syndrome,50 spinal cord injury,51 wound healing,52 GvHD,22 traumatic

brain injury,53 myocardial infarction,54 and ischemic stroke.55

The co-administration RSCs in the context of allo-BMT has

shown promise in optimizing outcomes (reviewed in Reference 5).

Recently, a phase I clinical trial utilizing MultiStem as GvHD prophy-

laxis following allo-BMT was completed.23 Thirty-six patients received

increasing doses of MultiStem cells (1, 5, or 10 � 106 cells/kg) as a

single intravenous dose on D2 post-BMT (N = 18) or once weekly for

up to five doses of 1 or 5 � 106 cells/kg (N = 18). MultiStem infu-

sions were well tolerated and had no adverse effects on donor neu-

trophil and platelet count recovery or donor chimerism. The

cumulative incidences of grades II-IV and III-IV acute GvHD by day

100 were 37% and 14%, respectively (N = 36). Of the 9 patients

receiving the highest single MultiStem dose (10 million cells/ kg) on

D2, only 1 (11%) developed grades II-IV GvHD and no patient devel-

oped grades III-IV GvHD.23 Importantly, early relapse-free survival

and the incidence of infection-related complications by D100 were

favorable compared with historical controls.23 While these preliminary

data suggest that the ability for MultiStem to control donor T-cell allo-

reactivity and expansion early after BMT might be critical to their pro-

tective effects, challenges related to optimizing the effectiveness of

these cells remain.35 Specifically, the biodistribution of MultiStem cells

and the specific mechanisms by which they may exert beneficial

effects are not fully understood.

To this end, we used an established and clinically relevant murine

model to elucidate the in vivo immunomodulatory effects of MAPC

cells on donor T-cell responses after allo-BMT. Murine allo-BMT

models have helped define mechanisms contributing to stem cell

engraftment, immune reconstitution, GvHD, and GvL activity

(reviewed in Reference 56). Murine xenogeneic transplant models

should be useful in defining in vivo immunoregulatory capacity of

human RSCs since these cells have low immunogenicity, lack MHC

class II and co-stimulatory molecule expression, and fail to activate T-

cells in vitro,20,57 all key features that allow their use in MHC-

mismatched transplantation.58 We recently studied the biological

effects of human MSCs in our haplo-identical preclinical GvHD model.

We found that the infusion of MSCs early after BMT could similarly

mitigate GvHD severity and that the homing of MSCs to the marginal

zone was critical to their ability to suppress donor T-cell expansion in

the splenic white pulp.20

The data in this report extend previous observations to a com-

mercial stem cell product ripe for future application. We demonstrate

that human MAPC cells decrease mouse T-cell proliferation in a repro-

ducible, dose-dependent, fashion in vitro; this effect was associated

with a reduction in T-cell activation and inflammatory cytokine secre-

tion as well as robust increases in the concentrations of PGE2 and

TGFβ in cell culture supernatants. Intravenous administration of

MAPC cells on D1 and D4 after allo-BMT significantly reduces splenic

T-cell expansion and numbers of donor-derived, TNFα and IFNγ-pro-

ducing CD4+ and CD8+ cells at D10 compared with allo-controls.

These findings were associated with reductions in serum levels of

TNFα and IFNγ on D7 and ultimately in systemic GvHD as measured

by survival, clinical score, and target organ inflammation. While we did

not specifically enumerate donor T cells in GvHD target organs, we

were able to breakout parameters in our histopathology scores that

focus on cellular infiltration into the intestine (small and large) and

liver. Semi-quantitative, subset analyses show that mononuclear cell

infiltration into both target organs was greater in allo-BMT controls

compared to allo-BMT animals receiving MAPC cells (intestine: 6.6

± 0.4 vs 2.4 ± 0.6; liver: 5.0 ± 0.3 vs 2.0 ± 0.3, P < .05). It remains

unresolved whether a reduction of lymphocytes into the liver and

intestinal track is secondary to diminished donor T-cell expansion in

the spleen or a direct effect of MAPC cells at the level of inflamed tis-

sue. The results from our biodistribution studies (Figure 5G-J) support

the former. MAPC cells had no effect on the generation of CTL activity

against P815 tumor cells in vitro. Further evaluation using an established

GvL model demonstrated that the administration of MAPC cell resulted

in superior leukemia-free survival; allogeneic mice treated with MAPC

cell had less GvHD but effectively eradicated tumor challenge. Our find-

ings are in contrast to a previously published report showing that sys-

temic infusion of murine MAPC cells on D-1 did not significantly affect

survival following allo-BMT.59 This underscores how dose and schedule

of MAPC cell infusions may optimize their ability to mitigate GvHD.

Direct injection of MAPC cells into the spleen, an organ we (Figure 5G-

H) and others have identified as a critical site following redistribution of

cells from the lung20 did, however, result in protective, immunoregula-

tory effects during GvHD induction in that murine system.59

MAPC cells modulate immune responses by several mechanisms.

In our experiments, inhibition of PGE2 production by indomethacin

abrogated the immunomodulatory effects of human MAPC cells

resulting in the restoration of T-cell proliferation in vitro and mitigated

the protective effects of MAPC cells on GvHD mortality in vivo. This

inhibitory effect could be reversed in vitro by the administration of an

EP-2 agonist, BT, supporting the role of not only PGE2 in the immu-

nomodulatory action of MAPC cell, but also a specific PG receptor.

Immune suppressive effects of MAPC cell on T-cell proliferation and

activation have been shown by others13 and PGE2 has been identified

as a critical contributor to these effects in many36,59,60 but not all cir-

cumstances.61 While PGE2 is a known mediator of inflammation, it

has been widely demonstrated to promote potent suppressive effects

on both innate and antigen-specific immunity.62 PGE2 has been
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shown to negatively regulate a variety of T-cell responses including

altering the polarization of T-helper cells and enhancing the induction

and differentiation of FOXP3 + CD4 + CD25+ regulatory T

cells.13,36,59,60 The ability of PGE2 to specifically suppress T-cell

expansion/proliferation and activation has been demonstrated by

others62-64 and is dependent in large part on the EP2 receptor63 as

supported by our data (Figure 2). Specifically, PGE2 has been shown

to suppress the activation and expansion of antigen specific T cells by

inhibiting both IL-2 responsiveness and the production of IL-2,62 a

cytokine known to play a role in the expansion of alloreactive donor T

cells after BMT. While we did not pursue strategies to block TGFβ after

BMT, nor did we test for NO or IDO levels in vitro or in vivo, we do rec-

ognize that other soluble factors could be contributing to the immune

modulatory effects of MAPC cells in this and other models.13,35

PGE2 signals through four different receptors (EP1, EP2, EP3,

and EP4). EP2 and EP4 are G-protein-coupled receptors that are pre-

sent on lymphocytes. When bound to PGE2, both receptors lead to

increases in cyclic adenosine monophosphate (cAMP) and activation

of protein kinase A (PKA).62 EP4 is rapidly downregulated in the pres-

ence of PGE2, while EP2 is not.65 This relative resistance to ligand-

induced desensitization suggests that EP2 signaling may remain oper-

ative over prolonged periods of inflammation.65 Activation of the EP2

receptor is also associated with decreased production of IFNγ and

decreased T-cell proliferation.63 It is also worth noting that EP2 recep-

tors are essential for preventing radiation-induced apoptosis of crypt

epithelial cells at the jejunum in mice.66 In our studies, expression of

the PGE2 receptor was significantly increased in both the small and

the large bowel where apoptosis (another parameter in our semi-

quantitative score) was diminished (3.6 ± 0.4 vs 2.4 ± 0.2, P < .05).

However, the relevance of these findings in humans remains to be

determined. In aggregate, these results support a role for PGE2 as a

mechanism of suppression of T-cell activation by MAPC cells as have

been observed by other investigators.60

We found that MAPC cells regulate the expansion, cytokine secre-

tion, and activation of donor-derived, CD4+ and CD8+ populations

(Figures 1 and S2A,B). In a final set of experiments, we explored the

effects of MAPC cells on T-cell proliferation induced by isolated MHC

class I (CD8+ T cells) or class II (CD4+ T cells) differences. First, MAPC

cells were added to either B6 CD8+ T cells and BM1 DCs or B6 CD4+ T

cells and BM12 DCs in MLCs as described in Section 2. MAPC cells sig-

nificantly inhibited murine T-cell proliferation in a concentration-

dependent manner, but suppression was more pronounced in the iso-

lated class I disparate, CD8+ T-cell-driven MLC (Figure S4A,B). With

these data in hand, we determined the in vivo effects of MAPC cells on

GvHD induced specifically by CD8+ or CD4+ T cells using the strain

combinations noted above in BMT experiments. The administration of

human MAPC cells on D + 1 and D + 4 resulted in a significant albeit

modest, reduction in systemic GvHD severity (survival and clinical

score) in the B6 ! BM1 (isolated class I) strain combination

(Figure S4C,D). By contrast, this protective effect was not observed in

the B6! BM12 (isolated class II) model (Figure S4E,F).

Taken together, our data demonstrate that human MAPC cells have

significant effects on T-cell alloreactivity. While the effects on CD4+

cells was more profound in vivo—numbers of activated, cytokine produc-

ing CD4+ cells were reduced to levels seen in syngeneic controls, the

regulatory effect was more evident, but not solely limited to, CD8+ cells

in vitro. The biologic underpinnings of these observations have yet to be

fully elucidated. As noted above, regulation of T-cell proliferation and

activation by MAPC cells has been shown by others.13 Specifically,

Plesser et al also found that MAPC cells exerted suppressive effects on

CD8+ CD69+ T-cells proliferation in a dose-dependent manner,67

whereas Carty and colleagues showed effects on both CD4+ and CD8+

populations using murine homeostatic and IL-7 proliferation models.60

With regard to the role of PGE2 in our experiments, the EP2 an EP4

receptors have been identified as the primary receptor subtypes on

human and murine lymphocytes,63,64,68 but we did not interrogate CD4+

and CD8+ cells for differential expression of these receptors. Moreover,

the regulatory effects of MAPC cells on the CD8+ compartment could

have important implications with respect to GvL activity, which remained

intact in our model. In this context, we found that MAPC cells had no

appreciable effect on the expression of perforin and granzyme or

markers of immunologic exhaustion (PD1, Lag3, or TIM3) on activated

CD8 following allo-BMT (data not shown). Hence, although MAPC cells

migrated the lymph nodes and spleen (Figure 5) and reduced T-cell

expansion after BMT, they did not influence cytolytic machinery

(preforin/granzyme) or activity (Figure 4A) of remaining T cells thereby

allowing for residual, and substantial GvL activity. Such a hypothesis is

consistent with how traditional (antimetabolite, eg, methotrexate, and

calcineurin inhibitors, eg, tacrolimus and cyclosporine) and more contem-

porary (alkalators, eg, cyclophosphamide) agents are believed to control

GvHD while permitting antitumor effects. Furthermore, this remains

practical given that the majority of patients proceed to BMT in remission

(minimal residual disease negative or otherwise) and rarely with active

disease.

Finally, cyro-imaging experiments provide important insights

regarding the bio-distribution of MAPC cells in the early post-BMT

period. Cells are initially found in the lung after intravenous injection.

However, our results refute claims of a previous study suggesting that

stromal stem cells get trapped within the pulmonary vasculature and

never leave the lung.69 Rather, findings herein are consistent with our

previous work20 and the observations of others70 showing that viable

stromal cells can redistribute from pulmonary vasculature and to the

bone marrow,71 a site we also identified labeled MAPC cells 24 hours

after infusion (Figure S3A), and other organs where they associate with

decreased target organ GvHD (liver—Figure S3B) and a reduction of

donor T-cell activation and proliferation (spleen and lymph nodes—

Figure 5G,J) 24 to 48 hours after infusion. The later findings are signifi-

cant as the spleen has also been identified as a key site of immune mod-

ulatory effects of MAPC cells in rodent models of spinal cord injury,

stroke72,73 and GvHD20 particularly following intravenous injection.

In conclusion, potent immunomodulatory activity was observed

following administration of MAPC cells within the first week of exper-

imental allo-BMT. These effects were characterized by significant

reductions in donor-derived, T-cell activation and expansion, systemic

inflammation, and GvHD severity while preserving potent cytotoxic

antileukemic activity both in vitro and in vivo. Importantly, our data
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shed light on the biodistribution of human MAPC cells after injection,

the optimal dose and timing of administration, and possible mecha-

nisms of action underlying the regulatory effects of MAPC cell ther-

apy. To this end, our exploration of human MAPC cell treatment after

allo-BMT is timely and may offer critical insights to optimizing their

therapeutic potential in future clinical trials. Given the immune modu-

latory effects of MAPC cells on T-cell activation observed herein and

reported by others, careful monitoring for leukemic relapse and

opportunistic infections will be critical in any forthcoming studies.

ACKNOWLEDGMENTS

The authors wish to acknowledge Debashish Roy and Madhusudhana

Gargesha at BioInVision, Mayfield Village, Ohio, for their assistance in

cryo-imaging. The EP2 antagonist, PF-04418948, was kindly supplied

by Pfizer. Research was supported in part by funding from the Center

for Stem Cell and Regenerative Medicine at Case Western Reserve

University (K.R.C.), the Ohio Board of Regents (K.R.C.), Meredith

Cowden Foundation (K.R.C.), and the Stadler Family Charitable Foun-

dation (K.R.C.).

CONFLICT OF INTEREST

J.J.A. declared advisory role with MOREHealth. D.L.W. declared patent

holder with CWRU which is licensed to BioInVision and research

funding from NIH STTR P1 and an NIH SBIR P2 grant between my lab

and BioInVision. R.D. declared leadership and stock interest in Syn-

thego Inc. The other authors declared no potential conflicts of interest.

AUTHOR CONTRIBUTIONS

L.M.: conception and design, collection and/or assembly of data, data

analysis and interpretation, manuscript writing, final approval of man-

uscript; D.W., J.J.A., W.V.H.: conception and design, data analysis and

interpretation, final approval of manuscript; Z.H.L.: conception

and design, collection and/or assembly of data, final approval of man-

uscript; R.D.: conception and design, final approval of manuscript;

H.M.L.: conception and design, manuscript writing, final approval of

manuscript; K.R.C.: conception and design, data analysis and interpre-

tation, manuscript writing, financial support, final approval of manu-

script; S.K.E., A.V.W., C.P.: collection and/or assembly of data, final

approval of manuscript; P.W., Y.K.: collection and/or assembly of data,

data analysis and interpretation, final approval of manuscript; B.D.:

data analysis and interpretation, final approval of manuscript.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on

request from the corresponding author. The data are not publicly

available due to privacy or ethical restrictions.

ORCID

Leland Metheny https://orcid.org/0000-0002-1980-9999

REFERENCES

1. Barrett AJ. Understanding and harnessing the graft-versus-leukaemia

effect. Br J Haematol. 2008;142(6):877-888.

2. Horowitz MM, Gale RP, Sondel PM, et al. Graft-versus-leukemia

reactions after bone marrow transplantation. Blood. 1990;75(3):

555-562.

3. Pavletic SZ, Kumar S, Mohty M, et al. NCI First International Work-

shop on the Biology, Prevention, and Treatment of Relapse after Allo-

geneic Hematopoietic Stem Cell Transplantation: report from the

Committee on the Epidemiology and Natural History of Relapse fol-

lowing Allogeneic Cell Transplantation. Biol Blood Marrow Transplant.

2010;16(7):871-890.

4. Cooke KR, Luznik L, Sarantopoulos S, et al. The Biology of Chronic

Graft-versus-Host Disease: A Task Force Report from the National

Institutes of Health Consensus Development Project on Criteria for

Clinical Trials in Chronic Graft-versus-Host Disease. Biol Blood Marrow

Transplant. 2017;23(2):211-234.

5. Auletta JJ, Cooke KR. Bone marrow transplantation: new approaches

to immunosuppression and management of acute graft-versus-host

disease. Curr Opin Pediatr. 2009;21(1):30-38.

6. Blazar BR, Murphy WJ, Abedi M. Advances in graft-versus-host dis-

ease biology and therapy. Nat Rev Immunol. 2012;12(6):443-458.

7. Ferrara JL, Levine JE, Reddy P, Holler E. Graft-versus-host disease.

Lancet. 2009;373(9674):1550-1561.

8. Shlomchik WD. Graft-versus-host disease. Nat Rev Immunol. 2007;7

(5):340-352.

9. Koyama M, Kuns RD, Olver SD, et al. Recipient nonhematopoietic

antigen-presenting cells are sufficient to induce lethal acute graft-ver-

sus-host disease. Nat Med. 2012;18(1):135-142.

10. Shlomchik WD, Couzens MS, Tang CB, et al. Prevention of graft ver-

sus host disease by inactivation of host antigen-presenting cells. Sci-

ence. 1999;285(5426):412-415.

11. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of

adult human mesenchymal stem cells. Science. 1999;284(5411):

143-147.

12. Jiang Y, Jahagirdar BN, Reinhardt RL, et al. Pluripotency of mesenchy-

mal stem cells derived from adult marrow. Nature. 2002;418(6893):

41-49.

13. Khan RS, Newsome PN. A comparison of phenotypic and functional

properties of mesenchymal stromal cells and multipotent adult pro-

genitor cells. Front Immunol. 2019;10:1952.

14. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic mediators.

J Cell Biochem. 2006;98(5):1076-1084.

15. Mendez-Ferrer S, Michurina T, Ferraro F, et al. Mesenchymal and

haematopoietic stem cells form a unique bone marrow niche. Nature.

2010;466(7308):829-834.

16. Herrmann R, Sturm M, Shaw K, et al. Mesenchymal stromal cell ther-

apy for steroid-refractory acute and chronic graft versus host disease:

a phase 1 study. Int J Hematol. 2012;95(2):182-188.

17. Le Blanc K, Rasmusson I, Sundberg B, et al. Treatment of severe acute

graft-versus-host disease with third party haploidentical mesenchy-

mal stem cells. Lancet. 2004;363(9419):1439-1441.

18. Le Blanc K, Frassoni F, Ball L, et al. Mesenchymal stem cells for treat-

ment of steroid-resistant, severe, acute graft-versus-host disease: a

phase II study. Lancet. 2008;371(9624):1579-1586.

19. English K. Mechanisms of mesenchymal stromal cell immuno-

modulation. Immunol Cell Biol. 2013;91(1):19-26.

20. Auletta JJ, Eid SK, Wuttisarnwattana P, et al. Human mesenchymal

stromal cells attenuate graft-versus-host disease and maintain graft-

versus-leukemia activity following experimental allogeneic bone mar-

row transplantation. STEM CELLS. 2015;33(2):601-614.

21. Le Blanc K, Samuelsson H, Gustafsson B, et al. Transplantation of

mesenchymal stem cells to enhance engraftment of hematopoietic

stem cells. Leukemia. 2007;21(8):1733-1738.

22. Baron F, Lechanteur C, Willems E, et al. Cotransplantation of mes-

enchymal stem cells might prevent death from graft-versus-host

disease (GVHD) without abrogating graft-versus-tumor effects after

HLA-mismatched allogeneic transplantation following

METHENY ET AL. 1517

https://orcid.org/0000-0002-1980-9999
https://orcid.org/0000-0002-1980-9999


nonmyeloablative conditioning. Biol Blood Marrow Transplant. 2010;

16(6):838-847.

23. Maziarz RT, Devos T, Bachier CR, et al. Single and multiple dose Mul-

tiStem (multipotent adult progenitor cell) therapy prophylaxis of acute

graft-versus-host disease in myeloablative allogeneic hematopoietic

cell transplantation: a phase 1 trial. Biol Blood Marrow Transplant.

2015;21(4):720-728.

24. Cooke KR, Gerbitz A, Crawford JM, et al. LPS antagonism reduces

graft-versus-host disease and preserves graft-versus-leukemia activ-

ity after experimental bone marrow transplantation. J Clin Invest.

2001;107(12):1581-1589.

25. Askew D, Pareek TK, Eid S, et al. Cyclin-dependent kinase 5 activity is

required for allogeneic T-cell responses after hematopoietic cell

transplantation in mice. Blood. 2017;129(2):246-256.

26. Hildebrandt GC, Olkiewicz KM, Corrion LA, et al. Donor-derived

TNF-alpha regulates pulmonary chemokine expression and the devel-

opment of idiopathic pneumonia syndrome after allogeneic bone mar-

row transplantation. Blood. 2004;104(2):586-593.

27. Hildebrandt GC, Olkiewicz KM, Choi S, et al. Donor T-cell production

of RANTES significantly contributes to the development of idiopathic

pneumonia syndrome after allogeneic stem cell transplantation. Blood.

2005;105(6):2249-2257.

28. Hildebrandt GC, Duffner UA, Olkiewicz KM, et al. A critical role for

CCR2/MCP-1 interactions in the development of idiopathic pneumo-

nia syndrome after allogeneic bone marrow transplantation. Blood.

2004;103(6):2417-2426.

29. Hildebrandt GC, Corrion LA, Olkiewicz KM, et al. Blockade of CXCR3

receptor:ligand interactions reduces leukocyte recruitment to the

lung and the severity of experimental idiopathic pneumonia syn-

drome. J Immunol. 2004;173(3):2050-2059.

30. Cooke KR, Kobzik L, Martin TR, et al. An experimental model of idio-

pathic pneumonia syndrome after bone marrow transplantation:

I. The roles of minor H antigens and endotoxin. Blood. 1996;88(8):

3230-3239.

31. Cooke KR, Hill GR, Crawford JM, et al. Tumor necrosis factor- alpha

production to lipopolysaccharide stimulation by donor cells predicts

the severity of experimental acute graft-versus-host disease. J Clin

Invest. 1998;102(10):1882-1891.

32. Jacobs SA, Roobrouck VD, Verfaillie CM, van Gool SW. Immunologi-

cal characteristics of human mesenchymal stem cells and

multipotent adult progenitor cells. Immunol Cell Biol. 2013;91(1):

32-39.

33. Boozer S, Lehman N, Lakshmipathy U, et al. Global characterization

and genomic stability of human MultiStem, a multipotent adult pro-

genitor cell. J Stem Cells. 2009;4(1):17-28.

34. Kovacsovics-Bankowski M, Mauch K, Raber A, et al. Pre-clinical

safety testing supporting clinical use of allogeneic multipotent adult

progenitor cells. Cytotherapy. 2008;10(7):730-742.

35. Vaes B, Van't Hof W, Deans R, Pinxteren J. Application of MultiStem

([R]) allogeneic cells for immunomodulatory therapy: clinical progress

and pre-clinical challenges in prophylaxis for graft versus host disease.

Front Immunol. 2012;3:345.

36. Reading JL, Yang JHM, Sabbah S, et al. Clinical-grade multipotent

adult progenitor cells durably control pathogenic T cell responses in

human models of transplantation and autoimmunity. J Immunol. 2013;

190(9):4542-4552.

37. Roy D, Steyer GJ, Gargesha M, Stone ME, Wilson DL. 3D cryo-imag-

ing: a very high-resolution view of the whole mouse. Anat Rec

(Hoboken). 2009;292(3):342-351.

38. Steyer GJ, Dong F, Kanodia L, Roy D, Penn M, Wilson DL. Detection

and quantification of fluorescent cell clusters in cryo-imaging. Int J

Biomed Imaging. 2012;2012:698413.

39. Wuttisarnwattana P, Gargesha M, van't Hof W, Cooke KR,

Wilson DL. Automatic stem cell detection in microscopic whole

mouse cryo-imaging. IEEE Trans Med Imaging. 2016;35(3):819-829.

40. Reddy P, Maeda Y, Hotary K, et al. Histone deacetylase inhibitor sub-

eroylanilide hydroxamic acid reduces acute graft-versus-host disease

and preserves graft-versus-leukemia effect. Proc Natl Acad Sci USA.

2004;101(11):3921-3926.

41. Choi SW, Braun T, Chang L, et al. Vorinostat plus tacrolimus and

mycophenolate to prevent graft-versus-host disease after related-

donor reduced-intensity conditioning allogeneic haemopoietic stem-

cell transplantation: a phase 1/2 trial. Lancet Oncol. 2014;15(1):87-95.

42. Krijanovski OI, Hill GR, Cooke KR, et al. Keratinocyte growth factor

separates graft-versus-leukemia effects from graft-versus-host dis-

ease. Blood. 1999;94(2):825-831.

43. Hill GR, Teshima T, Gerbitz A, et al. Differential roles of IL-1 and

TNF-alpha on graft-versus-host disease and graft versus leukemia.

J Clin Invest. 1999;104(4):459-467.

44. Beilhack A, Schulz S, Baker J, et al. In vivo analyses of early events in

acute graft-versus-host disease reveal sequential infiltration of T-cell

subsets. Blood. 2005;106(3):1113-1122.

45. Panoskaltsis-Mortari A, Price A, Hermanson JR, et al. In vivo imaging

of graft-versus-host-disease in mice. Blood. 2004;103(9):3590-3598.

46. Mays RW, van't Hof W, Ting AE, Perry R, Deans R. Development of

adult pluripotent stem cell therapies for ischemic injury and disease.

Expert Opin Biol Ther. 2007;7(2):173-184.

47. Ting AE, Mays RW, Frey MR, Hof WV’, Medicetty S, Deans R. Thera-

peutic pathways of adult stem cell repair. Crit Rev Oncol Hematol.

2008;65(1):81-93.

48. Jahagirdar BN, Verfaillie CM. Multipotent adult progenitor cell and

stem cell plasticity. Stem Cell Rev. 2005;1(1):53-59.

49. Reyes M, Lund T, Lenvik T, Aguiar D, Koodie L, Verfaillie CM. Purifi-

cation and ex vivo expansion of postnatal human marrow mesoder-

mal progenitor cells. Blood. 2001;98(9):2615-2625.

50. Rojas M, Cárdenes N, Kocyildirim E, et al. Human adult bone marrow-

derived stem cells decrease severity of lipopolysaccharide-induced acute

respiratory distress syndrome in sheep. Stem Cell Res Ther. 2014;5(2):42.

51. Busch SA, Hamilton JA, Horn KP, et al. Multipotent adult progenitor

cells prevent macrophage-mediated axonal dieback and promote

regrowth after spinal cord injury. J Neurosci. 2011;31(3):944-953.

52. Beerens M, Aranguren XL, Hendrickx B, et al. Multipotent adult progen-

itor cells support lymphatic regeneration at multiple anatomical levels

during wound healing and lymphedema. Sci Rep. 2018;8(1):3852.

53. Hess DC, Wechsler LR, Clark WM, et al. Safety and efficacy of

multipotent adult progenitor cells in acute ischaemic stroke

(MASTERS): a randomised, double-blind, placebo-controlled, phase

2 trial. Lancet Neurol. 2017;16(5):360-368.

54. Penn MS, Ellis S, Gandhi S, et al. Adventitial delivery of an allogeneic

bone marrow-derived adherent stem cell in acute myocardial infarc-

tion: phase I clinical study. Circ Res. 2012;110(2):304-311.

55. Bedi SS, Aertker BM, Liao GP, et al. Therapeutic time window of

multipotent adult progenitor therapy after traumatic brain injury.

J Neuroinflammation. 2018;15(1):84.

56. Schroeder MA, DiPersio JF. Mouse models of graft-versus-host dis-

ease: advances and limitations. Dis Model Mech. 2011;4(3):318-333.

57. Le Blanc K, Ringden O. Immunobiology of human mesenchymal stem

cells and future use in hematopoietic stem cell transplantation. Biol

Blood Marrow Transplant. 2005;11(5):321-334.

58. Le Blanc K, Ringden O. Immunomodulation by mesenchymal stem

cells and clinical experience. J Intern Med. 2007;262(5):509-525.

59. Highfill SL, Kelly RM, O'Shaughnessy MJ, et al. Multipotent adult pro-

genitor cells can suppress graft-versus-host disease via prostaglandin

E2 synthesis and only if localized to sites of allopriming. Blood. 2009;

114(3):693-701.

60. Carty F, Corbett JM, Cunha JPMCM, et al. Multipotent adult progenitor

cells suppress T cell activation in in vivo models of homeostatic prolifera-

tion in a prostaglandin E2-dependent manner. Front Immunol. 2018;9:645.

61. Jacobs SA, Pinxteren J, Roobrouck VD, et al. Human multipotent

adult progenitor cells are nonimmunogenic and exert potent

1518 MULTIPOTENT ADULT PROGENITOR CELLS REDUCE GVHD



immunomodulatory effects on alloreactive T-cell responses. Cell

Transplant. 2013;22(10):1915-1928.

62. Kalinski P. Regulation of immune responses by prostaglandin E2.

J Immunol. 2012;188(1):21-28.

63. Nataraj C, Thomas DW, Tilley SL, et al. Receptors for prostaglandin E

(2) that regulate cellular immune responses in the mouse. J Clin Invest.

2001;108(8):1229-1235.

64. Kickler K, Maltby K, Ni Choileain S, et al. Prostaglandin E2 affects T

cell responses through modulation of CD46 expression. J Immunol.

2012;188(11):5303-5310.

65. Nishigaki N, Negishi M, Ichikawa A. Two Gs-coupled prostaglandin E

receptor subtypes, EP2 and EP4, differ in desensitization and sensitiv-

ity to the metabolic inactivation of the agonist. Mol Pharmacol. 1996;

50(4):1031-1037.

66. Houchen CW, Sturmoski MA, Anant S, Breyer RM, Stenson WF.

Prosurvival and antiapoptotic effects of PGE2 in radiation injury are

mediated by EP2 receptor in intestine. Am J Physiol Gastrointest Liver

Physiol. 2003;284(3):G490-G498.

67. Plessers J, Dekimpe E, van Woensel M, et al. Clinical-grade

human multipotent adult progenitor cells block CD8+ cytotoxic

T lymphocytes. STEM CELLS TRANSLATIONAL MEDICINE. 2016;5(12):1607-

1619.

68. Boniface K, Bak-Jensen KS, Li Y, et al. Prostaglandin E2 regulates

Th17 cell differentiation and function through cyclic AMP and EP2/-

EP4 receptor signaling. J Exp Med. 2009;206(3):535-548.

69. Eggenhofer E, Benseler V, Kroemer A. Mesenchymal stem cells are

short-lived and do not migrate beyond the lungs after intravenous

infusion. Front Immunol. 2012;3:297.

70. Myers JT, Barkauskas DS, Huang AY. Dynamic imaging of marrow-

resident granulocytes interacting with human mesenchymal stem cells

upon systemic lipopolysaccharide challenge. Stem Cells Int. 2013;

2013:656839.

71. Roobrouck VD, Wolfs E, Delforge M, et al. Multipotent adult progeni-

tor cells improve the hematopoietic function in myelodysplasia.

Cytotherapy. 2017;19(6):744-755.

72. DePaul MA, Palmer M, Lang BT, et al. Intravenous multipotent adult

progenitor cell treatment decreases inflammation leading to functional

recovery following spinal cord injury. Sci Rep. 2015;5:16795.

73. Yang B, Hamilton JA, Valenzuela KS, et al. Multipotent Adult Progenitor

Cells Enhance Recovery After Stroke by Modulating the Immune

Response from the Spleen. STEM CELLS. 2017;35(5):1290-1302.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Metheny L, Eid S,

Wuttisarnwattana P, et al. Human multipotent adult

progenitor cells effectively reduce graft-vs-host disease while

preserving graft-vs-leukemia activity. Stem Cells. 2021;39(11):

1506-1519. https://doi.org/10.1002/stem.3434

METHENY ET AL. 1519

https://doi.org/10.1002/stem.3434

	Human multipotent adult progenitor cells effectively reduce graft-vs-host disease while preserving graft-vs-leukemia activity
	1  INTRODUCTION
	2  METHODS
	2.1  Murine experiments and assessment of GvHD severity
	2.2  Flow cytometry
	2.3  MAPC cell product
	2.4  Enzyme-linked immunosorbent assay
	2.5  Mixed leukocyte culture
	2.6  Cryo-imaging and biodistribution
	2.7  JAM assay
	2.8  In vivo GvL experiments
	2.9  PGER2 (EP2) mRNA expression in GvHD organs after BMT
	2.10  Statistics

	3  RESULTS
	3.1  Human, bone marrow-derived, MAPC cell infusions reduce GvHD severity, attenuate T-cell expansion and pro-inflammatory ...
	3.2  Human MAPCs modulate in vitro murine T-cell activation and cytokine secretion
	3.3  The role of PGE2 in human MAPC cell-mediated suppression of mouse T-cell alloreactivity and survival advantage followi...
	3.4  In vitro tumor cell lysis and GvL activity in allo-HCT mice are maintained in the presence of human MAPCs
	3.5  Human MAPCs redistribute from the lungs to the liver and secondary lymphoid organs within 24hours after infusion

	4  DISCUSSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


