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Lymphodepletion strategies are used in the setting of transplantation (including bone
marrow, hematopoietic cell, and solid organ) to create space or to prevent allograft
rejection and graft versus host disease. Following lymphodepletion, there is an excess
of IL-7 available, and T cells that escape depletion respond to this cytokine undergoing
accelerated proliferation. Moreover, this environment promotes the skew of T cells to a
Th1 pro-inflammatory phenotype. Existing immunosuppressive regimens fail to control
this homeostatic proliferative (HP) response, and thus the development of strategies to
successfully control HP while sparing T cell reconstitution (providing a functioning immune
system) represents a significant unmet need in patients requiring lymphodepletion.
Multipotent adult progenitor cells (MAPC®) have the capacity to control T cell proliferation
and Th1 cytokine production. Herein, this study shows that MAPC cells suppressed
anti-thymocyte globulin-induced cytokine production but spared T cell reconstitution in
a pre-clinical model of lymphodepletion. Importantly, MAPC cells administered intraper-
itoneally were efficacious in suppressing interferon-y production and in promoting the
expansion of regulatory T cells in the lymph nodes. MAPC cells administered intraperito-
neally accumulated in the omentum but were not present in the spleen suggesting a role
for soluble factors. MAPC cells suppressed lymphopenia-induced cytokine production in
a prostaglandin E2-dependent manner. This study suggests that MAPC cell therapy may
be useful as a novel strategy to target lymphopenia-induced pathogenic T cell responses
in lymphodepleted patients.

Keywords: multipotent adult progenitor cells, mesenchymal stromal cells, homeostatic proliferation, IL-7, anti-
thymocyte globulin, prostaglandin E2

INTRODUCTION

Despite the significant progress made in solid organ transplantation (SOT) over the past century,
allo-immunity remains the greatest barrier to successful graft survival. To avoid allograft rejection,
host T cells are depleted and suppressed using induction therapies, followed by long-term main-
tenance immunosuppressive regimens. Specifically, long-term graft survival (in SOT) is relatively
poor and uncontrolled proliferation of T cells in bone marrow transplantation (BMT)/hematopoietic
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cell transplantation (HCT) in response to lymphodepletion can
lead to the development/exacerbation of graft versus host disease
(GvHD) (1-4). In the context of BMT or HCT, T cell depletion
strategies are used to create space (5). While these therapies
have been highly effective at reducing acute rejection and sup-
porting engraftment in the context of BMT or HCT, significant
morbidity is associated with homeostatic T cell proliferation
that ensues following lymphodepletion (6-10). Furthermore,
these immunosuppressive drugs that target T cell proliferation
are highly toxic and non-specific, leaving patients on long-term
regimens vulnerable to kidney failure, infection, and malignan-
cies (11). Therefore, the development of safer and more effective
immunosuppressive regimens is urgently required for transplant
patients.

Under normal conditions, T cell proliferation is driven by
contact with self-MHC peptide complexes on the surface of
antigen-presenting cells and exposure to gamma chain cytokines
such as IL-7 and IL-15. Following T cell depletion with induction
therapies such as anti-thymocyte globulin (ATG), the availability
of IL-7 increases as competition for these stimuli is reduced (6).
Thus, peripheral T cells which escape depletion undergo acceler-
ated proliferation. Furthermore, under these conditions, T cells
skew toward a Th1 phenotype, while the homeostatic expansion
of regulatory cells is slower (7, 12-14). Therefore, lymphopenia-
induced proliferation (LIP) induced by lymphodepletion strate-
gies leads to the development of a pro-inflammatory T cell pool
promoting allograft rejection (4, 7, 9, 15) and exacerbating GYHD
(16, 17).

In order to suppress the homeostatic expansion of T cells follow-
ing induction therapies and to delay graft rejection, maintenance
immunosuppressive drugs such as cyclosporine are commonly
employed. While cyclosporine has revolutionized transplanta-
tion and undoubtedly prolongs graft survival, as an inhibitor of
IL-2 signaling it has a potent inhibitory effect on the expansion
of the Treg pool which requires IL-2 to proliferate (18-20). Since
Tregs are distinct from other T cells in that they express low levels
of IL-7Ra (21, 22), it could be hypothesized that targeting the
IL-7 pathway could suppress homeostatic proliferation of con-
ventional T cells without disturbing the expansion of Treg. This
hypothesis is supported by the study of Mai et al. (3), whereby
administration of an IL-7R antibody following lymphodepletion
preferentially inhibited the reconstitution of conventional T cells
compared to Treg (3). Furthermore, IL-7 receptor blockade
prolongs islet and skin graft survival and prevents GVHD devel-
opment in in vivo models of allo-transplantation (1, 3).

Both mesenchymal stromal cells (MSC) and multipotent adult
progenitor cells (MAPC) are bone marrow-derived cell popula-
tions that demonstrate pro-reparative and immunomodulatory
effects in vitro and in vivo (23-29). These cell types have shown
great promise as facilitators of successful transplantation, as
unlike blanket immunosuppressants, MSC and MAPC cells have
been shown to suppress pro-inflammatory T cell activity without
hindering Treg frequency or activity (29, 30-35). While the
exact mechanisms by which MSC and MAPC cells mediate their
effects in vivo are still unclear, it is known that the vast majority
of intravenously injected cells are confined to the lungs before
quickly being cleared within a few days (36). Furthermore, MSC

and MAPC cells only produce anti-inflammatory factors such
as indoleamine 2,3-dioxygenase and prostaglandin E2 (PGE2)
upon exposure to pro-inflammatory cytokines (27, 28, 37).
Therefore, it is unclear how intravenously administered cells
mediate their effects in conditions where inflammation is
restricted to distal organs, with some studies showing that local
administration is required for therapeutic efficacy in some
conditions (31, 32). Recent findings suggest that the retention
time of intravenous (IV) administered MSC can be increased
through stimulation with cytokines (38). In addition, cytokine
pre-stimulation of MSC can influence the distribution of MSC to
target organs (38). Moreover, Dazzi and colleagues have demon-
strated important differences in the protective effects of apoptotic
MSC administered via IV versus intraperitoneal (IP) routes (39).

We have previously shown that MAPC cells suppress IL-7-
driven stimulation of T cells in vitro in a PGE2-dependent
manner (28). This study explores the effect and mode of action
of MAPC cells on the homeostatic expansion of T cells in two
different clinically relevant in vivo models of homeostatic T cell
proliferation, demonstrating that clinical grade MAPC cells
suppress lymphopenia-induced T cell activation in vivo in a
PGE2-dependent fashion. Furthermore, this study shows that
the route by which MAPC cells are administered can affect their
therapeutic efficacy in this setting. These findings extend our
understanding of MAPC cell-mediated immune suppression and
provide important insights for the clinical translation of immune
modulatory cellular therapies in the context of conditions requir-
ing lymphodepletion strategies including HCT and SOT.

MATERIALS AND METHODS

MAPC Cell Isolation and Generation

Multipotent adult progenitor cells were isolated from bone
marrow of healthy donors by Athersys/ReGenesys as previously
described (40). Briefly, human MAPC cells were isolated from
a single bone marrow aspirate, obtained with consent from a
healthy donor, and cultured in fibronectin-coated plastic tissue
culture flasks. Cell cultures were maintained under low oxygen
tension in a humidified atmosphere of 5% CO,. Cells were cul-
tured to subconfluence in MAPC cell culture media (low-glucose
DMEM) (Life Technologies Invitrogen) supplemented with FBS
(Atlas), ITS liquid media supplement (Sigma), MCDB (Sigma),
platelet-derived growth factor (R&D Systems), epidermal growth
factor (R&D Systems), dexamethasone (Sigma), penicillin/strep-
tomycin (Life Technologies Invitrogen), 2-phospho-L-ascorbic
acid (Sigma), and linoleic acid-albumin (Sigma). Cells were
passaged every 3—4 days and harvested using trypsin/EDTA (Life
Technologies Invitrogen). Flow cytometric analysis of surface-
expressed antigens confirmed that MAPC cells used in this study
were a homogenous population. The cells were positive (>90%)
for CD49¢ and CD90 and negative (<5%) for MHC class II and
CD45 (all Abs were from BD Biosciences). Cells were cryopre-
served in PLASMA-LYTE A (Baxter) with DMSO and human
serum albumin. Prior to in vivo administration, MAPC cells were
removed from liquid nitrogen and thawed before being washed.
MAPC cells were then counted and washed twice in sterile PBS
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(Sigma-Aldrich). For imaging experiments, freshly thawed
MAPC cells were washed in MAPC cell media and incubated
at 10 x 10° cells/ml for 1 h with Qtracker® 625 cell label (Life
Technologies) followed by two washes in MAPC cell media and
three washes in sterile PBS.

In Vivo Model of IL-7-Driven Homeostatic

Proliferation

AdultB6.SJL-Ptprca Pepcb/Boy] (C57BL/6-CD45.1) mice (Jackson
Laboratories) were used for in vivo experiments under the guide-
lines of the Health Products Regulatory Authority (HPRA) and the
approval of the research ethics committee of Maynooth University
(under approval number BSRESC-2017-011). The protocol used
for IL-7 experiments was adapted from a study by Martin et al.
wherein IP administration of recombinant IL-7 conjugated to an
IL-7 antibody induced T cell proliferation in vivo (41). Thus, 2 ug
recombinant murine IL-7 (Peprotech) was incubated with 10 ug
of the IL-7 antibody M25 (Biocell) for 30 min at 37°C in PBS.
This complex was then administered via IP injection on days 0,
2, and 4. Human MAPC cells (1 x 10°) in PBS were thawed and
administered via IP or IV injection on day 1. Mice were sacrificed
by cervical dislocation on day 5, and spleens and lymph nodes
were harvested for processing.

In Vivo Model of Lymphopenia-Driven

Homeostatic Proliferation

Adult B6.SJL-Ptprca Pepcb/Boy] (C57BL/6-CD45.1) mice were
used for in vivo experiments under the guidelines of the HPRA
and the approval of the research ethics committee of Maynooth
University (under approval number BSRESC-2017-011). 50 mg/kg
ATG or control serum (Accurate Chemical, New York, NY,
USA) was administered IP on days 0 and 3. Human MAPC cells
(1 x 10°) were thawed and administered either IP or IV on day 4.
Mice were sacrificed by cervical dislocation on day 7, and spleens
and lymph nodes were harvested for processing. In experiments
where indomethacin was introduced, 30 ug indomethacin (Sigma-
Aldrich) was administered IP to the appropriate groups on days
4,5, and 6.

Tissue Processing

Spleens and mesenteric, inguinal, and axillary lymph nodes were
harvested, and a single cell suspension was prepared by dissociat-
ing the organs and passing through a 40 um pore cell strainer.
Spleens and lymph nodes were centrifuged at 350RCE and
splenocytes were treated with 1 ml 1X red blood cell lysis buffer
(Biolegend) for 2 min before being quenched with complete
RPMI and centrifuged again at 350RCE. For analysis of cytokine
production cells were seeded into round bottom 96-well plates
and stimulated with 100 ng/ml Phorbol 12-myristate 13-acetate
(Sigma-Aldrich) and 1 pg/ml ionomycin (Sigma-Aldrich) in the
presence of 1X Brefeldin A (eBioscience) for 4 h before being
prepared for intracellular flow cytometry.

Intracellular Flow Cytometry
Cells were washed twice and treated with CD16/32 (eBiosciences)
for 15 min at 4°C before being surface stained for CD4 GK1.5

(PerCP or FITC), CD8 53-6.7 (FITC or APC), and CD25 PC61.5
(APC) (eBiosciences). Cells were prepared for intracellular stain-
ing using eBiosciences FoxP3 staining kit. Following fixation and
permeabilization, the cells were treated with 2% rat serum to pre-
vent non-specific binding. Cells were stained for FOXP3 FJK-16s
(PE), IFN-y XMG1.2 (PE), and Ki67 SolA15 (PE) (eBiosciences)
for 30 min and acquired using an Accuri C6 flow cytometer (BD
Biosciences).

Cryo Imaging

For imaging of organs, mice were sacrificed 48 h following
MAPC cells administration by cervical dislocation. Organs of
interest were harvested and put onto a thin layer of black OCT
(Bioinvision Inc., Cleveland, OH, USA) in peel away molds
kept on ice. Organs were covered in OCT and frozen on a metal
block chilled in liquid nitrogen. Once OCT had solidified, the
samples were transferred to —80°C. Sectioning and imaging
were carried out using the automated CryoViz™ imaging system
(BioInvision). Images were then processed to generate 3D images
using CryoViz™ processing, and the number of detected cells
was quantified using cell detection software (Biolnvision). For
whole mouse imaging, mice were humanely sacrificed using an
IP injection of pentobarbitone. OCT was rubbed into the carcass,
against the direction of fur to minimize air bubbles. The carcass
was put onto a thin layer of OCT in a boat made from heavy duty
aluminum foil with the ventral side facing down. Extra OCT was
poured over the carcass to cover the mouse. Heavy duty tin foil
was wrapped around the aluminum boat, and the sample was put
into a box containing liquid Nitrogen. Once OCT had solidified,
the samples were transferred to —80°C.

Ethics

All procedures involving animals were carried out by licensed
personnel. Ethical approval for all work was received from the
research ethics committee of Maynooth University (under
approval number BSRESC-2017-011). All procedures were
carried out under an approved license from the Health Product
Regulatory Authority.

Statistics

Statistical analysis was performed using GraphPad Prism software
(GraphPad, San Diego, CA, USA, http://www.graphpad.com/
company). Statistical significance between experimental groups
was tested using a Mann-Whitney test. Data are presented as the
+SEM. p-Values of p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***)
were considered statistically significant.

RESULTS

MAPC Suppress IL-7-Driven Activation
of T Cells In Vivo

It is well established that IL-7 is an important stimulus for the
homeostatic expansion of T cells, and we have previously shown
that MAPC cells suppress the activation of T cells in response to
IL-7 in vitro (28). Therefore, we hypothesized that MAPC cells
would suppress IL-7-driven stimulation of T cells in vivo. To
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study the effects of MAPC cells on the homeostatic expansion  orIP on day 1. Spleens and lymph nodes were then harvested and
of T cells in vivo, we used a system wherein recombinant IL-7  processed for flow cytometry on day 5 (Figure 1A). Using Ki67
conjugated to anti-IL-7 or PBS was administered IP on days 0,2,  asamarker of proliferation, we used intracellular flow cytometry
and 4. Human MAPC cells (1 X 10°) were administered either IV to investigate the effects of MAPC on IL-7-driven proliferation
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FIGURE 1 | Multipotent adult progenitor cells (MAPC) suppress IL-7-driven proliferation of T cells in vivo. (A) Schematic timeline of IL-7-driven homeostatic
proliferation experiments. Recombinant IL-7 conjugated to M25 or PBS was administered intraperitoneally (IP) on days 0, 2, and 4. 1 x 10° MAPC cells were
administered IP or intravenously (IV) on day 1. Lymph nodes and spleens were harvested on day 5. (B) Bar graphs demonstrating that both MAPC IV and MAPC IP
reduce the frequency of Ki67+ CD4+ and CD8* cells in the spleen (PBS: n = 13, PBS + MAPC IP: n =17, PBS + MAPC IV: n =13, IL-7: n = 12, IL-7 + MAPC IP:
n=17,and IL-7 + MAPC IV: n = 13) (C) Bar graphs demonstrating that MAPC IP but not MAPC IV reduce the frequency of Ki67+ CD4+ and CD8* T cells in the
lymph nodes (PBS: n = 12, PBS + MAPC IP: n = 15, PBS + MAPC IV: n = 13, IL-7: n = 12, IL-7 + MAPC IP: n = 17, and IL-7 + MAPC IV: n = 13). Results are
indicative of three independent experiments using three MAPC donors *p < 0.05, **p < 0.01, and ***p < 0.001.
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of CD4* and CD8* T cells. MAPC cells administered to PBS
groups were used as an internal control, and neither MAPC cells
administered IP or IV affected the proliferation of CD4* or CD8*
cells in either the spleen or lymph nodes (Figure 1). As expected,
IL-7 administration significantly increased the frequency of
Ki67 expressing CD4* and CD8* T cells in both the spleen and
lymph nodes (Figure 1). In the spleen, MAPC cells (from three
different donors) administered both IV and IP reduced the
frequency of Ki67* CD4* and Ki67* CD8" T cells (Figure 1B).
Notably, only MAPC cells administered IP significantly reduced
the frequency of both Ki67*CD4* and Ki67*CD8* T cells. While
MAPC 1V significantly reduced the frequency of Ki67+ CD8*
T cells, there was no significant difference (p = 0.2844) in the
frequency of Ki67* CD4* T cells in the IL-7 + MAPC IV group
(Figure 1B). Interestingly, in the lymph nodes MAPC IP but not
MAPCIV reduced Ki67 expression by both CD4* (p < 0.05) and
CD8* T cells (p < 0.01) (Figure 1C).

The homeostatic expansion of T cells is known to promote
the expansion of pro-inflammatory T cells and skew the immune
compartment toward a Th1-like population. These Th1 cytokines
are known to contribute to allograft rejection (7) and promote
GVHD (42). Based on our previous data, we hypothesized that
MAPC cells would suppress the production of pro-inflammatory
cytokines by T cells in response to IL-7. Therefore, we examined
the production of interferon-y (IFN-y) by T cells following ex
vivo culture with PMA, ionomycin, and brefeldin A for 4 h.
Administration of MAPC cells to PBS groups had no effect on
the production of IFN-y by T cells (Figure 2). As expected, IL-7
administration increased the frequency (Figure 2) and MFI
(Figure S1 in Supplementary Material) of CD4* and CD8* T cells
producing IFN-y in both the spleen and the lymph nodes. In the
spleen this effect was reduced when MAPC cells were adminis-
tered both IV and IP (Figure 2A; Figure S1 in Supplementary
Material). Similar to the proliferation data, only MAPC IP sup-
pressed this in the lymph nodes, with MAPC IV having no effect
at this site (Figure 2B; Figure S1 in Supplementary Material).

MAPC Do Not Suppress T Cell

Proliferation Following Lymphodepletion

In the clinic, homeostatic proliferative (HP) occurs follow-
ing T cell depletion due to the increase in the exposure of the
remaining T cell pool to homeostatic stimuli. Therefore, in order
to understand the effects of MAPC cells in a more translationally
relevant setting, a lymphopenia-induced model of HP was set up
using ATG to deplete T cells. The model developed by Ruzek et al.
(43) was used as a guide for the dosing pattern of administering
ATG IP on days 0 and 3, followed by harvest of spleen and lymph
nodes on day 7 (43). Two doses of ATG were tested, with each
mouse given either 25 or 50 mg/kg on days 0 and 3. Preliminary
experiments demonstrated that 50 mg/kg ATG administered
IP was required to deplete both CD4* and CD8* T cells in the
spleen and lymph nodes optimally (Figure S2 in Supplementary
Material). Normal rabbit serum was used as a control to con-
firm that depletive antibodies within the ATG were causing the
reduction in T cell numbers. Administration of control serum did
not deplete T cells but resulted in an increase in T cell numbers,

presumably due to a xenogeneic T cell response (Figure S2 in
Supplementary Material; Figure 3A).

To determine the kinetics of T cell depletion and HP, the
number of T cells in the spleen and lymph nodes on days 4 and 7
were enumerated using counting beads. In the spleen, the CD4*
compartment was depleted at day 4, but numbers had increased by
day 7. Similarly, depletion of CD8* T cells was more pronounced
at day 4 than day 7. On the contrary, while the number of CD4*
T cells in the lymph nodes was reduced on day 4, this reduction
was more robust on day 7. In the CD8* compartment, depletion
was robust at both days 4 and 7 (Figure 3A). This aligns with
previous studies showing that ATG is superior at depleting CD8*
T cells compared to CD4" T cells (44). Furthermore, depletion of
the T cell compartment occurs faster in the spleen than the lymph
nodes. Ki67 expression by T cells was examined to ensure that HP
was occurring at day 7 (timeline: Figure 3B). In both the spleen
and lymph nodes, the frequency of Ki67+* CD4* and CD8* T cells
was significantly enhanced in the ATG group compared to PBS
controls (Figure 3C).

Since depletion had occurred in most cases at day 4, human
MAPC cells (1 x 10°) were administered I'V or IP at this point with
the hypothesis that MAPC cell therapy would suppress prolifera-
tion of the T cell compartment, hindering T cell reconstitution
(Figure 3B). Thus, the frequency of Ki67 expressing CD4* and
CD8" T cells in the spleen and lymph nodes was examined in
ATG groups following MAPC cell therapy. However, MAPC cells
failed to suppress proliferation of T cells following lymphodeple-
tion (Figure 3C) when delivered at day 4.

MAPC IP Promote Treg and Suppress
IFN-y Production by CD8+ T Cells
Following ATG Administration

In the context of allograft rejection, the outcome of the immune
reaction depends on the ratio of pro-inflammatory T cells to Tregs.
The expansion of regulatory and memory T cells following ATG
treatment is extensively reported (43-49). Therefore, we sought
to examine if MAPC cell therapy promoted Treg while suppress-
ing pro-inflammatory T cells. Splenocytes and lymph nodes were
stained for CD4 and CD25 before being stained intracellularly for
FoxP3. In the spleen, there was a slight increase in the frequency
of CD25%, FoxP3* cells within the CD4* compartment following
ATG administration and MAPC cell therapy had no further effect
(Figure 4A). In the lymph nodes, ATG administration signifi-
cantly increased the frequency of Treg. Importantly, MAPC cells
further increased this population, with MAPC cells administered
IP (p < 0.05) being more effective than those administered IV
(p=0.0936) (Figure 4A).

Despite the fact that MAPC cells did not impair ATG-driven
T cell HP, it was hypothesized that MAPC cells would suppress
IFN-y production by T cells in this lymphopenia-driven model in
a similar manner to the IL-7 model. The frequency of IFN-y* cells
was significantly increased in both the CD4* and CD8* compart-
ments in the spleen and lymph nodes (Figures 4B,C) following
lymphodepletion. MAPC IP significantly reduced the frequency
of IFN-y* CD4* and CD8* splenocytes; however, MAPC IV had
no such effect (Figure 4B). In the lymph nodes, MAPC cells had
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FIGURE 2 | Multipotent adult progenitor cells (MAPC) suppress IL-7-induced interferon-y (IFN-y) production by T cells in vivo. Recombinant IL-7 conjugated to M25
or PBS was administered intraperitoneally (IP) on days O, 2, and 4. 1 x 10° MAPC were administered IP or intravenously (IV) on day 1. Lymph nodes and spleens
were harvested on day 5. (A) The frequency of IFN-y producing CD4* and CD8* in the spleen was significantly increased following IL-7 administration. Both MAPC
IP and MAPC IV reduced IFN-y production by T cells (PBS: n = 8, PBS + MAPC IP: n = 12, PBS + MAPC IV: n =8, IL-7: n = 6, IL-7 + MAPC IP: n = 11,

IL-7 + MAPC IV: n = 8). (B) Bar graphs demonstrating that MAPC IP but not MAPC IV reduce the frequency of IFN-y production by CD4+ and CD8* T cells in the
lymph nodes (PBS: n = 8, PBS + MAPC IP: n = 11, PBS + MAPC IV: n =7, IL-7: n =7, IL-7 + MAPC IP: n = 10, and IL-7 + MAPC IV: n = 7). Results are indicative

of two independent experiments using two MAPC donors. *p < 0.05, **p < 0.01, and **p < 0.001.

Kok,

no effect on IFN-y production by CD4* cells; however, MAPC
IP significantly reduced the percentage of IFN-y producing
cells within the CD8* T cell population (p = 0.0027). MAPC
IV also slightly reduced the frequency of IFN-y* CD8" T cells
in the lymph nodes; however, this reduction was not statistically
significant (p = 0.0900) (Figure 4C).

MAPC Cells Administered IP Do Not Gain

Access to the Spleen

The vast majority of MSC and MAPC are trapped in the lung
immediately following IV administration when administered to
healthy animals, with only a small percentage of cells reaching
distal organs such as the spleen (50). The biodistribution of MSC
and MAPC cells administered IP has not been studied to such
an extent. Thus, we sought to compare the distribution patterns
of MAPC IP to MAPC IV to understand the differences in the
efficacy of MAPC cells depending on their route of administra-
tion. MAPC cells were fluorescently labeled prior to administra-
tion, and whole mice, spleens and lymph nodes were harvested
for cryo-imaging 48 h later. We hypothesized that MAPC cells
administered IP would gain access to the lymph nodes and spleen
which would explain their ability to suppress HP of T cells at this
site.

Following IV administration to either the PBS or IL-7 mouse,
the majority of these cells were detected in the lung, liver, and
spleen. More MAPC cells were detected in the IL-7 group
following IV administration of MAPC cells (Figures 5A,C).
Differentially, MAPC IP were detected in the peritoneal area sur-
rounding abdominal organs and appeared to be in clusters, which
aligns well with the observations previously made by other groups
(51, 52). Greater numbers of MAPC cells were detected in the
PBS and IL-7 mice administered MAPC IP as shown by increase
in fold change detected (Figure 5C). Next, the distribution of
MAPC cells to the spleen of IL-7-treated mice was examined.
Interestingly, while MAPC administered IV were detected within
the spleen, MAPC IP were detected mostly in the omental tissue
surrounding the spleen and did not gain access to splenic tissue
(Figures 5B,C). Therefore, the differential effects of MAPC cells
on various immune compartments in the spleen may be due to
the contrast in persistence of MAPC IV compared to MAPC IP
or it may be due to their distinct locations in vivo.

MAPC Cells Require PGE2 to Suppress
IFN-y Production by CD8* T Cells

Prostaglandin E2 has been shown to be an important contributor
to MSC- and MAPC-mediated immunosuppression in a number
of in vitro and in vivo settings (24, 28, 30, 32). Furthermore, we
have previously shown that suppression of IL-7-activated T cells

by MAPC in vitro requires PGE2 (28). Thus, we hypothesized
that the suppression observed by MAPC cells in vivo would be
mediated by the same mode of action. To test this hypothesis,
the cyclooxygenase 2 inhibitor indomethacin was administered
to the ATG model along with MAPC IP on day 4. Indomethacin
was injected again on days 5 and 6, followed by harvest of the
spleens and lymph nodes on day 7. Indomethacin injected alone
to ATG mice had no effect on IFN-y production by T cells (Figure
S3 in Supplementary Material). As expected, the frequency
of IFN-y-producing CD4* and CD8" cells in both the spleen
(Figure 6A) and lymph nodes (Figure 6B) of the ATG group was
increased compared to the PBS group. MAPC cells administered
IP significantly suppressed both IFN-y-producing CD4* and
CD8* cells in the spleen, but only IFN-y-producing CD8* T cells
in the lymph node. Administration of indomethacin reversed the
effects of MAPC cells IP in this model, demonstrating that PGE2
is required for immunosuppressive effects of MAPC cells in this
model (Figures 6A,B).

DISCUSSION

T cell-depletive therapies are commonly used in the clinic to
prevent or delay allograft rejection; however, the consequential
development of a pro-inflammatory T cell pool following
lymphodepletion has not been addressed. While maintenance
immunosuppression is used to inhibit the proliferation of T cells
following induction therapy, none of the therapies currently on
the market target the IL-7 axis, despite its known role in the
homeostatic expansion of T cells during lymphopenia. We have
previously shown that human MAPC cells suppress IL-7-driven
proliferation and activation of T cells in vitro (28), and so this
study sought to build on that data, by translating the findings to
an in vivo, translationally relevant setting.

Using two models of HP we have shown here for the first
time that MAPC suppress proliferation and IFN-y production
by both CD4* and CD8* T cells in response to both IL-7 and
lymphodepletion in vivo. While MSC administered IV have been
shown to be therapeutic in a range of conditions, a number of
studies have suggested that MAPC cells require local delivery
to mediate suppressive effects (31, 32). We explored the effect
of delivery route in this model by injecting MAPC cells either
IV or IP, with the hypothesis that MAPC IP would demonstrate
superior immunosuppressive effects. In the spleen, both MAPC
IP and MAPC1V suppressed IL-7-driven T cell proliferation and
IFN-y production; however, only MAPC IP had this effect in the
lymph nodes. We then used a lymphodepletion model to test the
hypothesis that MAPC cells would suppress T cell proliferation
and activation during LIP. Administration of ATG depleted
T cells in the spleen and lymph nodes and induced proliferation
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FIGURE 3 | Multipotent adult progenitor cells (MAPC) have no effect on T cell proliferation following lymphodepletion. 50 mg/kg anti-thymocyte globulin (ATG) was
administered intraperitoneally (IP) on days 0 and 3. (A) Spleens and lymph nodes were harvested on days 4 and 7, and total numbers of CD4* and CD8* cells were
quantified using counting beads and flow cytometry. (B) Schematic timeline of experiments with MAPC (1 x 10% administration [IP or intravenously (V)] to the ATG
model on day 4. (C) MAPC administered IV or IP had no effect on the proliferation of either CD4* or CD8* T cells in the spleens and lymph nodes following ATG
administration (spleens; PBS: n = 10, ATG: n = 10, ATG + MAPC IP: n = 10, and ATG + MAPC IV: n = 8 and lymph nodes; PBS: n = 8, ATG: n = 10, ATG + MAPC
IP:n =9, and ATG + MAPC IV: n = 10). Results are indicative of two independent experiments using two MAPC donors. * < 0.05, *p < 0.01, and ***p < 0.001.
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FIGURE 4 | Multipotent adult progenitor cells (MAPC) promote Treg frequency and suppress interferon-y (IFN-y) production by T cells following lymphodepletion.
(A) Bar graph and representative FACS plots demonstrate that anti-thymocyte globulin (ATG) increased the frequency of CD4+, CD25*, and FoxP3* T cells in the
spleen and lymph nodes, and MAPC cells administered intraperitoneally (MAPC IP) further increased this in the lymph nodes [PBS: n = 13, ATG: n = 13,

ATG + MAPC IP: n = 11, and ATG + MAPC cells administered intravenously (MAPC IV): n = 13]. (B) MAPC IP reduced the frequency of IFN-y producing CD4* and
CD8* T cells in the spleen (PBS: n = 8, ATG: n = 10, ATG + MAPC IP: n = 10, and ATG + MAPC IV: n = 10). (C) MAPC IP reduced the frequency of IFN-y
producing CD8* T cells but not CD4* T cells in the lymph nodes (PBS: n = 12, ATG: n = 10, ATG + MAPC IP: n = 11, and ATG + MAPC IV: n = 10). Results are
indicative of two independent experiments using two MAPC donors. *p < 0.05, **p < 0.01, and ***p < 0.001.

wokk

of the T cell pool; however, neither MAPC IP nor IV suppressed
the T cell proliferation when delivered at Day 4. Despite having no
effect on T cell proliferation, MAPC IP increased the frequency
of Treg in the lymph nodes of ATG-treated mice, while simul-
taneously suppressing IFN-y production by T cells in both the
spleen and lymph nodes. Interestingly, MAPC IV demonstrated
no immunosuppressive effect in this model when administered
on day 4. Although, it is surprising that MAPC IP did not sup-
press T cell proliferation in the lymphodepletion model, this
may be associated with the number of MAPC cells required to
modulate T cell proliferation or the timing of when the MAPC
were delivered. For example, lower numbers of MAPC cells did
not significantly reduce T cell proliferation in vitro in response
to IL-7 stimulation (28) but maintained the capacity to suppress
cytokine production. In the context of immune reconstitution
following lymphodepletion the ideal therapy would suppress
pathogenic cytokine responses while sparing T cell reconstitution.

Overall, MAPC IP demonstrated superior immunosuppressive
capacities in both of these models of HP. Imaging experiments
revealed that while MAPC IP did not gain access to the spleen or
lymph nodes, they were retained in the omental tissue surround-
ing these tissues. On the contrary, some MAPCIV did gain access
to the spleen; however, access to the spleen did not correlate with
the therapeutic efficacy of MAPC cells, supporting the hypothesis
that MAPC cells mediate their effects through soluble factors. We
have previously shown in vitro that the effects of MAPC cells on
IL-7 activation of T cells are dependent on the production of
PGE2 by MAPC cells (28). Furthermore, suppression of GYHD
by intrasplenically delivered MAPC has been shown to be PGE2
dependent (32). Similarly, inhibition of PGE2 in vivo reversed
the effects of MAPC IP during lymphopenia in this study. PGE2
has a short half-life in vivo and acts in a local manner, thus it is
possible that MAPC IP are more effective due to being in closer
proximity to the sites of interest in this model than MAPC IV
which predominantly accumulate in the lung. MAPC IP are in
closer proximity to the harvested lymph nodes than MAPC IV,
thus PGE2 produced by MAPC IP would be more likely to affect
T cells within the lymph nodes compared to PGE2 produced by
MAPC 1V. Furthermore, the whole mouse data demonstrated
that MAPC IP were detected in greater numbers in the IL-7
model than MAPC IV. Thus, the greater numbers of MAPC IP
could be producing more PGE2 continuously than MAPC IV.
Furthermore, the superior efficacy of MAPC IP compared to
MAPCIV might be due to the activation state of MAPC at differ-
ent sites. In vitro, MAPC cells require contact with monocytes to
produce PGE2 (28). MAPC IP may be more likely to be activated
by monocytes or other cell types in the omentum than MAPC IV
would be in the lung.

While this study demonstrates that MAPC cells suppress pro-
liferation and activation of T cells in response to IL-7 and lym-
phopenia over a short period of time, the effect of MAPC cells
on long-term immune reconstitution and how it would impact
graft survival remains to be shown. The models used herein are
simplified compared to more complex models of transplanta-
tion, and so future studies will focus on HP in the context of SOT
and GvHD. Moreover, humanized animal models will improve
the translation of these findings to the clinic and allow for more
applicable analysis of the effects of human MAPC cells on human
immune cell activity. Nevertheless, this study highlights that
the timing of dosing, route of administration, or dosing of cells
requires careful consideration. Given the xenogeneic nature of
the model; human MAPC cells in mouse models of HP, there are
limitations to this study. Little is understood about how human
MSC communicate with mouse cells and tissues. However,
human MSC can mediate protective effects in mouse models
and humanized mouse models of inflammatory lung disease
(53) and GvHD (29). Using shRNA knock down, our studies
have shown that human MSC mediate protective effects through
production of human HGF (53). While this study and others
show that MAPC cells require close proximity to the spleen for
therapeutic efficacy in transplant models (31, 32), this may not
be a feasible route of administration in the clinic. A recent study
has demonstrated that MAPC improve islet graft survival when
the two cell types are co-transplanted in a composite pellet (54).
Given, the accumulation of IP administered MAPC cells in the
omentum and the consequent superior efficacy of MAPC cells,
this may be an appropriate site for administration of such cel-
lular therapies particularly in the context of islet transplantation.
Recently, the omentum has been investigated as a potential site
for islet transplantation (55) and this is being tested in clinical
trials (NCT02213003). Thus, cotransplantation of MAPC cells
along with allografts at the time of transplantation may be an
effective and more practical approach where systemic adminis-
tration is not sufficient.

The interactions between MSC and MAPC cells with mac-
rophages have also been an area of intense research recently, with
many studies showing that MSC/MAPC skew macrophage popu-
lations toward an M2, IL-10-producing phenotype. Furthermore,
a number of studies have shown that the promotion of Treg
in vivo by MAPC cells and MSC is dependent on the presence of
macrophages (25, 34, 56). IP-injected MSC have previously been
shown to form aggregates with macrophages (51), therefore, the
superior therapeutic efficacy of MAPCIP in this study may be due
to the interaction of MAPC cells with macrophages at this site.
On the other hand, our previous study demonstrated that MAPC
cells require IL-1p stimulation from monocytes to produce PGE2
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FIGURE 6 | Multipotent adult progenitor cells (MAPC) administered
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control serum was administered over two doses given on days 0 and 3,
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ATG + MAPC IP: n = 5, and ATG + MAPC IV: n = 4) was inhibited when Indo
was administered on days 4, 5, and 6 of the lymphodepletion model. Results
are indicative of two independent experiments using two MAPC donors.

*p < 0.05 and *p < 0.01.

(28), thus macrophages in the omental tissue may provide these
signals, inducing PGE2 production by MAPC administered IP.
While other studies have demonstrated therapeutic efficacy of
MAPC cells in models of allotransplantation (31, 32), the effect
of MAPC cells on HP has only been studied previously in vitro
(28). This study provides the first demonstration that clinical
grade MAPC cells modulate homeostatic T cell responses in vivo.
These data suggest that MAPC cells may prevent allograft rejec-
tion in part by modulating the T cell pool or pathogenic cytokine
production during HP through production of PGE2. Thus, this
study contributes to existing literature highlighting the potential
of MAPC cells as a method of inhibiting allograft rejection and

supports the idea that MAPC cells may be useful in controlling
immune dysregulation via suppression of T cell cytokine pro-
duction while sparing T cell reconstitution in lymphodepleted
patients.
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FIGURE S1 | Multipotent adult progenitor cells (MAPC) suppress IL-7-induced
interferon-y (IFN-y) production by T cells in vivo. Recombinant IL-7 conjugated to
M25 or PBS was administered intraperitoneal (IP) on days O, 2, and 4. 1 x 10°
MAPC were administered IP or intravenous (IV) on day 1. Spleens (A) and lymph
nodes (B) were harvested on day 5. Bar graphs demonstrating that both MAPC
IV and MAPC IP reduce the MFI of IFN-y levels produced by CD4+ and CD8*
cells in the spleen while only MAPC IP have this effect in the lymph nodes (PBS:
n=238,PBS + MAPC IP:n =12 PBS + MAPC IV: n =8, IL-7: n = 8§,

IL-7 + MAPC IP: n =12, and IL-7 + MAPC IV: n = 8). Results are indicative of
two independent experiments using two MAPC donors. *p < 0.05, **p < 0.01,
and **p < 0.001.

FIGURE S2 | 100 mg/kg anti-thymocyte globulin (ATG) administered
intraperitoneal (IP) depletes T cells in vivo. 50 or 100 mg/kg ATG was
administered on days 0 and 3 either IP or intravenous (IV). Spleens and lymph
nodes were harvested on day 7, and the number of T cells was enumerated by
flow cytometry. 100 mg/kg ATG administered IP was the optimal dose and
route for T cell depletion in this setting (n = 3). *p < 0.05, **p < 0.01, and

***p < 0.001.

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 645


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00645/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00645/full#supplementary-material

Carty et al.

MAPC Suppress Homeostatic Proliferation In Vivo

FIGURE S3 | Indomethacin does not impair interferon-y (IFN-y) production by
T cells following anti-thymocyte globulin (ATG) administration. ATG was
administered on days 0 and 3 followed by intraperitoneal (IP) injection of 30 pg

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Chung B, Dudl E, Min D. Prevention of graft-versus-host disease by anti-
IL-7R alpha antibody. Blood (2007) 110:2803-10. doi:10.1182/blood-2006-
11-055673.An

Jones JL, Thompson SAJ, Loh P, Davies JL, Tuohy OC, Curry AJ, et al. Human
autoimmunity after lymphocyte depletion is caused by homeostatic T-cell
proliferation. Proc Natl Acad Sci U S A (2013) 110:20200-5. doi:10.1073/
pnas.1313654110

Mai H, Le, Boeffard E Longis J, Danger R, Martinet B, et al. IL-7 receptor
blockade following T cell depletion promotes long-term allograft survival.
J Clin Invest (2014) 124:1723-33. doi:10.1172/JC166287

Wu Z, Bensinger SJ, Zhang J, Chen C, Yuan X, Huang X, et al. Homeostatic
proliferation is a barrier to transplantation tolerance. Nat Med (2004)
10:87-92. doi:10.1038/nm965.Homeostatic

. Zwang NA, Turka LA. Homeostatic expansion as a barrier to lymphocyte deple-

tion strategies. Curr Opin Organ Transplant (2014) 19:357-62. doi:10.1037/
emo0000122.Do

Monti P, Piemonti L. Homeostatic T cell proliferation after islet transplanta-
tion. Clin Dev Immunol (2013) 2013:217934. doi:10.1155/2013/217934
Neujahr DC, Chen C, Huang X, Markmann JE, Cobbold S, Waldmann H,
et al. Accelerated memory cell homeostasis during T cell depletion and
approaches to overcome It. JImmunol (2006) 176:4632-9. doi:10.4049/
jimmunol.176.8.4632

Pearl JP, Parris ], Hale DA, Hoffmann SC, Bernstein WB, McCoy KL, et al.
Immunocompetent T-cells with a memory-like phenotype are the dominant
cell type following antibody-mediated T-cell depletion. Am ] Transplant
(2005) 5:465-74. doi:10.1111/j.1600-6143.2005.00759.x

Saas P, Bamoulid J, Courivaud C, Rebibou J-M, Gaugler B, Ducloux D. CD4 T
lymphopenia, thymic function, homeostatic proliferation and late complica-
tions associated with kidney transplantation. In: Rath T, editor. Current Issues
and Future Direction in Kidney Transplantation. (2013). p. 391-416.

Tchao NK, Turka LA. Lymphodepletion and homeostatic proliferation:
implications for transplantation. Am ] Transplant (2012) 12:1079-90.
doi:10.1111/j.1600-6143.2012.04008.x

Mcdonald-Hyman C, Turka LA, Blazar BR. Advances and challenges in
immunotherapy for solid organ and hematopoietic stem cell transplantation.
Sci Transl Med (2015) 7:280rv2. doi:10.1126/scitranslmed.aaa6853

Heninger AK, Theil A, Wilhelm C, Petzold C, Huebel N, Kretschmer K,
et al. IL-7 abrogates suppressive activity of human CD4+CD25+FOXP3+
regulatory T cells and allows expansion of alloreactive and autoreactive
T cells. ] Immunol (2012) 189:5649-58. doi:10.4049/jimmunol.1201286
Moxham VE, Karegli J, Phillips RE, Brown KL, Tapmeier TT, Hangartner R,
et al. homeostatic proliferation of lymphocytes results in augmented memory-
like function and accelerated allograft rejection. J Immunol (2008) 180:3910-8.
doi:10.4049/jimmunol.180.6.3910

Traitanon O, Gorbachev A, Bechtel JJ, Keslar KS, Baldwin WM, Poggio ED,
et al. IL-15 induces alloreactive CD28- memory CD8 T cell proliferation and
CTLA4-Ig resistant memory CD8 T cell activation. Am ] Transplant (2014)
14:1277-89. doi:10.1111/ajt.12719

Matsuoka K, Kim HT, Mcdonough S, Bascug G, Warshauer B, Koreth J, et al.
Altered regulatory T cell homeostasis in patients with CD4+ lymphopenia
following allogeneic hematopoietic stem cell transplantation. J Clin Invest
(2010) 120:1479-93. doi:10.1172/JCI41072.for

Kielsen K, Jordan KK, Uhlving HH, Pontoppidan PL, Shamim Z, Ifversen M,
etal. T cell reconstitution in allogeneic haematopoietic stem cell transplanta-
tion: prognostic significance of plasma interleukin-7. Scand ] Immunol (2015)
81:72-80. doi:10.1111/sji.12244

Thiant S, Yakoub-Agha I, Magro L, Trauet J, Coiteux V, Jouet JP, et al. Plasma
levels of IL-7 and IL-15 in the first month after myeloablative BMT are pre-
dictive biomarkers of both acute GVHD and relapse. Bone Marrow Transplant
(2010) 45:1546-52. doi:10.1038/bmt.2010.13

Gallon L, Traitanon O, Yu Y, Shi B, Leventhal JR, Miller J, et al. Differential
effects of calcineurin and mammalian target of rapamycin inhibitors on

Indomethacin (Indo) on days 4, 5, and 6. Spleens were harvested on day 7 and
examined for the production of IFN-y. Indo had no effect on the production of
IFN-y by splenic CD8* T cells (n = 5).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

alloreactive Thl, Th17, and regulatory T cells. Transplantation (2015)
99:1774-84. doi:10.1097/TP.0000000000000717

Miroux C, Moralés O, Carpentier A, Dharancy S, Conti F, Boleslowski E,
et al. Inhibitory effects of cyclosporine on human regulatory t cells in vitro.
Transplant (2009)  41:3371-4.  doi:10.1016/j.transproceed.2009.
08.043

Miroux C, Morales O, Ghazal K, Othman S, Ben, de Launoit Y, et al. In
vitro effects of cyclosporine A and tacrolimus on regulatory T-cell prolif-
eration and function. Transplantation (2012) 94:123-31. doi:10.1097/TP.
0b013e3182590d8f

Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expression
inversely correlates with FoxP3 and suppressive function of human CD4+
Treg cells. ] Exp Med (2006) 203:1701-11. doi:10.1084/jem.20060772
Seddiki N, Santner-Nanan B, Martinson J, Zaunders J, Sasson S, Landay A,
et al. Expression of interleukin (IL)-2 and IL-7 receptors discriminates
between human regulatory and activated T cells. ] Exp Med (2006) 203:1693-
700. doi:10.1084/jem.20060468

Cahill EF, Tobin LM, Carty E, Mahon BP, English K. Jagged-1 is required for
the expansion of CD4+4 CD25+ FoxP3+ regulatory T cells and tolerogenic
dendritic cells by murine mesenchymal stromal cells. Stem Cell Res Ther
(2015) 6:1-13. doi:10.1186/s13287-015-0021-5

Cahill EE, Kennelly H, Carty E Mahon BP, English K. Hepatocyte growth
factor is required for mesenchymal stromal cell protection against bleomy-
cin-induced pulmonary fibrosis. Stem Cells Transl Med (2016) 5:1307-18.
doi:10.5966/sctm.2015-0337

Carty F, Mahon BP, English K. The influence of macrophages on mesenchymal
stromal cell therapy: passive or aggressive agents? Clin Exp Immunol (2017)
5:1-11. doi:10.1111/cei.12929

Healy ME, Bergin R, Mahon BP, English K. Mesenchymal stromal cells
protect against caspase 3 mediated apoptosis of CD19+ peripheral B cells
through contact dependent up-regulation of VEGE. Stem Cells Dev (2015)
24:2391-402. doi:10.1089/s¢d.2015.0089

Reading JL, Yang JHM, Sabbah S, Skowera A, Knight RR, Pinxteren J, et al.
Clinical-grade multipotent adult progenitor cells durably control pathogenic
T cell responses in human models of transplantation and autoimmunity.
J Immunol (2013) 190:4542-52. doi:10.4049/jimmunol.1202710

Reading JL, Vaes B, Hull C, Sabbah S, Hayday T, Wang NS, et al. Suppression
of IL-7-dependent effector T-cell expansion by multipotent adult progenitor
cells and PGE2. Mol Ther (2015) 23:1783-93. doi:10.1038/mt.2015.131

Tobin LM, Healy ME, English K, Mahon BP. Human mesenchymal stem cells
suppress donor CD4+ T cell proliferation and reduce pathology in a human-
ized mouse model of acute graft-versus-host disease. Clin Exp Immunol (2013)
172:333-48. doi:10.1111/cei.12056

Auletta JJ, Eid SK, Wuttisarnwattana P, Silva I, Metheny L, Keller MD, et al.
Human mesenchymal stromal cells attenuate graft-versus-host disease and
maintain graft-versus-leukemia activity following experimental allogeneic
bone marrow transplantation. Stem Cells (2015) 33:601-14. doi:10.1016/j.
ydbio.2009.06.012.Nucleosome

Eggenhofer E, Popp FC, Mendicino M, Silber P, Van't Hof W, Renner P, et al.
Heart grafts tolerized through third party multipotent adult progenitor cells
can be retransplanted to secondary hosts with no immunosuppression. Stem
Cells Transl Med (2013) 2:595-606. doi:10.5966/sctm.2012-0166

Highfill SL, Kelly RM, Shaughnessy MJO, Zhou Q, Xia L, Taylor PA, et al.
Multipotent adult progenitor cells can suppress graft-versus-host disease
via prostaglandin E 2 synthesis and only if localized to sites of allopriming
multipotent adult progenitor cells can suppress graft-versus-host disease
via prostaglandin E2 synthesis. Blood (2009) 114:693-701. doi:10.1182/
blood-2009-03-213850

Franquesa M, Hoogduijn MJ, Reinders ME, Eggenhofer E, Engela AU, Mensah
FK, et al. Mesenchymal stem cells in solid organ transplantation (MiSOT)
fourth meeting: lessons learned from first clinical trials. Transplantation
(2013) 96(3):234-8. d0i:10.1097/TP.0b013e318298f9fa

Obermajer N, Popp FC, Soeder Y, Haarer ], Geissler E, Schlitt HJ, et al.
Conversion of Th17 into IL-17A(neg) regulatory T cells: a novel mechanism in

Proc

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 645


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1182/blood-2006-11-055673.An
https://doi.org/10.1182/blood-2006-11-055673.An
https://doi.org/10.1073/pnas.1313654110
https://doi.org/10.1073/pnas.1313654110
https://doi.org/10.1172/JCI66287
https://doi.org/10.1038/nm965.Homeostatic
https://doi.org/10.1037/emo0000122.Do
https://doi.org/10.1037/emo0000122.Do
https://doi.org/10.1155/2013/217934
https://doi.org/10.4049/jimmunol.176.8.4632
https://doi.org/10.4049/jimmunol.176.8.4632
https://doi.org/10.1111/j.1600-6143.2005.00759.x
https://doi.org/10.1111/j.1600-6143.2012.04008.x
https://doi.org/10.1126/scitranslmed.aaa6853
https://doi.org/10.4049/jimmunol.1201286
https://doi.org/10.4049/jimmunol.180.6.3910
https://doi.org/10.1111/ajt.12719
https://doi.org/10.1172/JCI41072.for
https://doi.org/10.1111/sji.12244
https://doi.org/10.1038/bmt.2010.13
https://doi.org/10.1097/TP.0000000000000717
https://doi.org/10.1016/j.transproceed.2009.08.043
https://doi.org/10.1016/j.transproceed.2009.08.043
https://doi.org/10.1097/TP.0b013e3182590d8f
https://doi.org/10.1097/TP.0b013e3182590d8f
https://doi.org/10.1084/jem.20060772
https://doi.org/10.1084/jem.20060468
https://doi.org/10.1186/s13287-015-0021-5
https://doi.org/10.5966/sctm.2015-0337
https://doi.org/10.1111/cei.12929
https://doi.org/10.1089/scd.2015.0089
https://doi.org/10.4049/jimmunol.1202710
https://doi.org/10.1038/mt.2015.131
https://doi.org/10.1111/cei.12056
https://doi.org/10.1016/j.ydbio.2009.06.012.Nucleosome
https://doi.org/10.1016/j.ydbio.2009.06.012.Nucleosome
https://doi.org/10.5966/sctm.2012-0166
https://doi.org/10.1182/blood-2009-03-213850
https://doi.org/10.1182/blood-2009-03-213850
https://doi.org/10.1097/TP.0b013e318298f9fa

Carty et al.

MAPC Suppress Homeostatic Proliferation In Vivo

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

prolonged allograft survival promoted by mesenchymal stem cell-supported
minimized immunosuppressive therapy. JImmunol (2014) 193:4988-99.
doi:10.4049/jimmunol.1401776

Popp FC, Fillenberg B, Eggenhofer E, Renner P, Dillmann J, Benseler V,
et al. Safety and feasibility of third-party multipotent adult progenitor cells
for immunomodulation therapy after liver transplantation — a phase I study
(MISOT-I). ] Transl Med (2011) 9:124. doi:10.1186/1479-5876-9-124

Saat TC, Van Den Engel S, Bijman-Lachger W, Korevaar SS, Hoogduijn MJ,
Jjzermans JNM, et al. Fate and effect of intravenously infused mesenchymal
stem cells in a mouse model of hepatic ischemia reperfusion injury and resec-
tion. Stem Cells Int (2016) 2016:5761487. doi:10.1155/2016/5761487
Frangois M, Romieu-Mourez R, Li M, Galipeau J. Human MSC suppression
correlates with cytokine induction of indoleamine 2,3-dioxygenase and
bystander M2 macrophage differentiation. Mol Ther (2012) 20:187-95.
do0i:10.1038/mt.2011.189

de Witte SFH, Merino AM, Franquesa M, Strini T, van Zoggel JAA, Korevaar SS,
et al. Cytokine treatment optimises the immunotherapeutic effects of umbil-
ical cord-derived MSC for treatment of inflammatory liver disease. Stem Cell
Res Ther (2017) 8:140. doi:10.1186/s13287-017-0590-6

Galleu A, Riffo-Vasquez Y, Trento C, Lomas C, Dolcetti L, Cheung T, et al.
Apoptosis in mesenchymal stromal cells induces in vivo recipient-mediated
immunomodulation. Sci Transl Med (2017) 15:416. doi:10.1126/scitranslmed.
aam7828

Jacobs SA, Pinxteren J, Roobrouck VD, Luyckx A, van't Hof W, Deans R,
et al. Human multipotent adult progenitor cells are nonimmunogenic and
exert potent immunomodulatory effects on alloreactive T-cell responses. Cell
Transplant (2013) 22:1915-28. doi:10.3727/096368912X657369

Martin CE, van Leeuwen EMM, Im SJ, Roopenian DC, Sung YC, Surh CD.
IL-7/anti-IL-7 mAb complexes augment cytokine potency in mice through
association with IgG-Fc and by competition with IL-7R. Blood (2013)
121:4484-92. doi:10.1182/blood-2012-08-449215

Henden AS, Hill GR. Cytokines in graft-versus-host disease. ] Immunol (2015)
194:4604-12. d0i:10.4049/jimmunol.1500117

Ruzek MC, NeffKS, Luong M, Smith KA, Culm-Merdek K, Richards SM, et al.
In vivo characterization of rabbit anti-mouse thymocyte globulin: a surrogate
for rabbit anti-human thymocyte globulin. Transplantation (2009) 88:170-9.
doi:10.1097/TP.0b013e3181abc061

Xia CQ, Chernatynskaya AV, Wasserfall CH, Wan S, Looney BM, Eisenbeis S,
et al. Anti-thymocyte globulin (ATG) differentially depletes naive and mem-
ory T cells and permits memory-type regulatory T cells in nonobese diabetic
mice. BMC Immunol (2012) 13:70. doi:10.1186/1471-2172-13-70

Boenisch O, Lopez M, Elyaman W, Magee CN, Ahmad U, Najafian N. Ex
vivo expansion of human Tregs by rabbit ATG is dependent on intact STAT3-
signaling in CD4 + T cells and requires the presence of monocytes. Am
J Transplant (2012) 12:856-66. d0i:10.1111/j.1600-6143.2011.03978.x

Broady R, Yu J, Levings MK. ATG-induced expression of FOXP3 in human
CD4+ T cells in vitro is associated with T-cell activation and not the induction
of FOXP3+ T regulatory cells. Blood (2009) 114:5003-6. doi:10.1182/blood-
2009-04-214437.The

Feng X, Kajigaya S, Solomou EE, Keyvanfar K, Xu X, Munson P]J, et al. Rabbit
ATG but not horse ATG promotes expansion of functional CD4 + rabbit
ATG but not horse ATG promotes expansion of functional CD4+ CD25 high
FOXP3+ regulatory T cells in vitro. Blood (2008) 111:3675-83. doi:10.1182/
blood-2008-01-130146

48. Meyer C, Walker J, Dewane J, Engelmann E Laub W, Pillai S, et al. Impact of
irradiation and immunosuppressive agents on immune system homeostasis
in rhesus macaques. Clin Exp Immunol (2015) 181:491-510. doi:10.1002/
elsc.201200179

Valdez-Ortiz R, Bestard O, Llaud¢ I, Franquesa M, Cerezo G, Torras J, et al.
Induction of suppressive allogeneic regulatory T cells via rabbit antithymocyte
polyclonal globulin during homeostatic proliferation in rat kidney transplan-
tation. Transpl Int (2015) 28:108-19. doi:10.1111/tri.12448

Eggenhofer E, Benseler V, Kroemer A, Popp FC, Geissler EK, Schlitt HJ,
et al. Mesenchymal stem cells are short-lived and do not migrate beyond the
lungs after intravenous infusion. Front Immunol (2012) 3:297. doi:10.3389/
fimmu.2012.00297

Bazhanov N, Ylostalo JH, Bartosh TJ, Tiblow A, Mohammadipoor A,
Foskett A, et al. Intraperitoneally infused human mesenchymal stem cells
form aggregates with mouse immune cells and attach to peritoneal organs.
Stem Cell Res Ther (2016) 7:1. doi:10.1186/s13287-016-0284-5

Sala E, Genua M, Petti L, Anselmo A, Arena V, Cibella ], et al. Mesenchymal
stem cells reduce colitis in mice via release of TSG6, independently of
their localization to the intestine. Gastroenterology (2015) 149:163-76.
doi:10.1053/j.gastro.2015.03.013

Kennelly H, Mahon BP and English K. Human mesenchymal stromal cells
exert HGF dependent cytoprotective effects in a human relevant pre-clinical
model of COPD. Sci Rep (2016) 6:38207. doi:10.1038/srep38207

Cunha JPMCM, Leuckx G, Sterkendries P, Korf H, Bomfim-Ferreira G,
Overbergh L, et al. Human multipotent adult progenitor cells enhance islet
function and revascularisation when co-transplanted as a composite pellet
in a mouse model of diabetes. Diabetologia (2017) 60:134-42. doi:10.1007/
500125-016-4120-3

Baidal DA, Ricordi C, Berman DM, Alvarez A, Padilla N, Ciancio G, et al.
Bioengineering of an intraabdominal endocrine pancreas. N Engl ] Med
(2017) 376:1887-9. doi:10.1056/NEJMc1500960

Ko JH, Lee HJ, Jeong HJ, Kim MK, Wee WR, Yoon S, et al. Mesenchymal stem/
stromal cells precondition lung monocytes/macrophages to produce tolerance
against allo- and autoimmunity in the eye. Proc Natl Acad Sci U S A (2016)
113:158-63. doi:10.1073/pnas.1522905113

49.

50.

51.

52.

53.

54.

55.

56.

Conflict of Interest Statement: FC is a PhD student at Maynooth University funded
by an Irish Research Council Enterprise Partnership Scholarship funded in part by
ReGenesys Ltd., a wholly owned subsidiary of Athersys Inc. JLR is a post-doctoral
research associate at Kings College London, partially funded by a sponsored,
unrestricted research agreement from Athersys Inc. TIMT is a Senior lecturer and
principal investigator at King’s College London, in receipt of an unrestricted research
agreement from Athersys Inc. SRS and AET are employees of Athersys Inc, and AT is
a shareholder in Athersys Inc. KE is a lecturer and principal investigator at Maynooth
University in receipt of an unrestricted research agreement from Athersys Inc. All
other authors declare that the research was conducted in the absence of any commer-
cial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Carty, Corbett, Cunha, Reading, Tree, Ting, Stubblefield and English.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is per-
mitted, provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

14

April 2018 | Volume 9 | Article 645


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.1401776
https://doi.org/10.1186/1479-5876-9-124
https://doi.org/10.1155/
2016/5761487
https://doi.org/10.1038/mt.2011.189
https://doi.org/10.1186/s13287-017-0590-6
https://doi.org/10.1126/scitranslmed.aam7828
https://doi.org/10.1126/scitranslmed.aam7828
https://doi.org/10.3727/096368912X657369
https://doi.org/10.1182/blood-2012-08-449215
https://doi.org/10.4049/jimmunol.1500117
https://doi.org/10.1097/TP.0b013e3181abc061
https://doi.org/10.1186/1471-2172-13-70
https://doi.org/10.1111/j.1600-6143.2011.03978.x
https://doi.org/10.1182/blood-2009-04-214437.The
https://doi.org/10.1182/blood-2009-04-214437.The
https://doi.org/10.1182/blood-2008-01-130146
https://doi.org/10.1182/blood-2008-01-130146
https://doi.org/10.1002/elsc.201200179
https://doi.org/10.1002/elsc.201200179
https://doi.org/10.1111/tri.12448
https://doi.org/10.3389/fimmu.2012.00297
https://doi.org/10.3389/fimmu.2012.00297
https://doi.org/10.1186/s13287-016-0284-5
https://doi.org/10.1053/j.gastro.2015.03.013
https://doi.org/10.1038/srep38207
https://doi.org/10.1007/s00125-016-4120-3
https://doi.org/10.1007/s00125-016-4120-3
https://doi.org/10.1056/NEJMc1500960
https://doi.org/10.1073/pnas.1522905113
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Multipotent Adult Progenitor Cells Suppress T Cell Activation in In Vivo Models of Homeostatic Proliferation in a Prostaglandin E2-Dependent Manner
	Introduction
	Materials and Methods
	MAPC Cell Isolation and Generation
	In Vivo Model of IL-7-Driven Homeostatic Proliferation
	In Vivo Model of Lymphopenia-Driven Homeostatic Proliferation
	Tissue Processing
	Intracellular Flow Cytometry
	Cryo Imaging
	Ethics
	Statistics

	Results
	MAPC Suppress IL-7-Driven Activation 
of T Cells In Vivo
	MAPC Do Not Suppress T Cell Proliferation Following Lymphodepletion
	MAPC IP Promote Treg and Suppress IFN-γ Production by CD8+ T Cells Following ATG Administration
	MAPC Cells Administered IP Do Not Gain Access to the Spleen
	MAPC Cells Require PGE2 to Suppress IFN-γ Production by CD8+ T Cells

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


