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Human Mesenchymal Stem Cells Impact Th17 and
Th1 Responses Through a Prostaglandin E2 and
Myeloid-Dependent Mechanism
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ABSTRACT

Human mesenchymal stem cells (hMSCs) are being increasingly pursued as potential therapies for
immune-mediated conditions, including multiple sclerosis. Although they can suppress human Thl
responses, they reportedly can reciprocally enhance human Th17 responses. Here, we investigated
the mechanisms underlying the capacity of hMSCs to modulate human Th1 and Th17 responses. Hu-
man adult bone marrow-derived MSCs were isolated, and their purity and differentiation capacity
were confirmed. Human venous peripheral blood mononuclear cells (PBMC) were activated, alone,
together with hMSC, or in the presence of hMSC-derived supernatants (sups). Cytokine expression by
CDA4+ T-cell subsets (intracellular staining by fluorescence-activated cell sorting) and secreted cyto-
kines (enzyme-linked immunosorbent assay) were then quantified. The contribution of prostaglandin
E2 (PGE2) as well as of myeloid cells to the hMSC-mediated regulation of T-cell responses was inves-
tigated by selective depletion of PGE2 from the hMSC sups (anti-PGE2 beads) and by the selective
removal of CD14+ cells from the PBMC (magnetic-activated cell sorting separation). Human MSC-
secreted products could reciprocally induce interleukin-17 expression while decreasing interferon-y ex-
pression by human CD4+ T cells, both in coculture and through soluble products. Pre-exposure of hMSCs
to IL-1f3 accentuated their capacity to reciprocally regulate Thl and Th17 responses. Human MSCs se-
creted high levels of PGE2, which correlated with their capacity to regulate the T-cell responses. Selec-
tive removal of PGE2 from the hMSC supernatants abrogated the impact of hMSC on the T cells. Selective
removal of CD14+ cells from the PBMCs also limited the capacity of hMSC-secreted PGE2 to affect T-cell
responses. Our discovery of a novel PGE2-dependent and myeloid cell-mediated mechanism by which
human MSCs can reciprocally induce human Th17 while suppressing Th1 responses has implications for
the use of, as well as monitoring of, MSCs as a potential therapeutic for patients with multiple sclerosis
and other immune-mediated diseases. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1506-1514

SIGNIFICANCE

Although animal studies have generated a growing interest in the anti-inflammatory potential of mes-
enchymal stem cells (MSCs) for the treatment of autoimmune diseases, MSCs possess the capacity to
both limit and promote immune responses. Yet relatively little is known about human-MSC modulation
of human disease-implicated T-cell responses, or the mechanisms underlying such modulation. The cur-
rent study reveals a novel prostaglandin E2-dependent and myeloid cell-mediated mechanism by which
human MSCs can reciprocally regulate human Th17 and Th1 responses, with implications for the use of
MSCs as a potential therapeutic for patients with multiple sclerosis and other immune-mediated diseases.

INTRODUCTION

Bone marrow-derived mesenchymal stem cells
(MSCs), also referred to as multipotent mesen-
chymal stromal cells, are being actively pursued
as a new potential therapeutic agent for a range
of human conditions, including autoimmune dis-
eases such as multiple sclerosis (MS) [1-4]. In MS,

relapsing disease activity is thought to involve ab-
errant responses of proinflammatory effector Th1
and Th17 cells, faulty regulation by regulatory
T cells (Treg), or both [5-7]. Involvement of other
cells, including B cells and myeloid cells, is also
likely [7, 8]. The potential for MSCs to limit central
nervous system inflammatory disease has been
studied extensively in the commonly used animal
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model of MS, experimental autoimmune encephalomyelitis
(EAE). Both murine MSCs and human-derived MSCs (hMSCs)
can ameliorate EAE disease severity [9, 10]. The benefit of MSCs
in EAE is attributed to the general properties of MSCs, including
their capacity to downregulate both Thl and Th17 proinflamma-
tory responses [11-15], as well as to enhance regulatory responses
through multiple mechanisms [16—21]. The latter include licens-
ing of regulatory T cells with involvement of interleukin (IL)-10,
inducible nitric oxide synthase, the indoleamine 2,3-dioxygenase-
mediated tryptophan pathway, and PD-1 [22-25] and expansion
of regulatory T cells, both through de novo generation from naive
T cells and during Th1 and Th17 differentiation [16-18, 20]. The
immune regulatory capacity of MSCs is also thought to reflect
their ability to impair T-cell priming by myeloid cells including den-
dritic cells and macrophages [13, 14, 26].

This substantial body of work highlights anti-inflammatory
properties of MSC; however, there have also been reports that
MSCs can enhance proinflammatory responses [27—33]. Of partic-
ular interest have been seemingly contrasting reports on the ef-
fects of MSCs on responses of distinct subsets of effector T cells.
Although MSCs have been shown to suppress both Thl and Th17
responses in EAE [2, 4, 12], work with human peripheral blood
mononuclear cells (PBMCs) revealed that soluble products of
hMSCs could suppress Thl responses while inducing Th17 re-
sponses of human T cells [31].

Here, we confirm the capacity of hMSCs to reciprocally regulate
Th1 and Th17 effector T-cell subsets, and we show that this occurs
through a prostaglandin E2 (PGE2)-dependent and myeloid cell-
mediated mechanism. We first show that this reciprocal regulation
of effector T-cell subsets by MSC soluble products persists also
when the hMSCs can directly interact with the PBMCs in coculture.
We report that the degree of Th17 induction by the hMSCs corre-
lates with the levels of PGE2 secreted by the hMSC and that selective
removal of PGE2 from the hMSC soluble products abrogates the
ability of the hMSC to induce Th17 responses. We further demon-
strate that the ability of hMSC secreted products to reciprocally af-
fect responses of the distinct effector T-cell subsets within PBMCs is
mediated through myeloid cells, and that this effect of myeloid cells
is indeed PGE2 dependent. Our findings reinforce the potential for
human MSCs to exert both anti-inflammatory and proinflammatory
effects and define a novel PGE2-dependent and myeloid cell-
mediated mechanism for reciprocal Th1/Th17 modulation.

METHODS

Subjects and hMSC and Peripheral Blood Mononuclear
Cell Isolation

Alldonors of hMSCs were recruited from the Cleveland Clinic Mellen
Center, following institutional review board approval of the study
protocol and informed consents. Bone marrow aspirates were
obtained from posterior superior iliac crest in the Dahms Clinical Re-
search Unit at University Hospitals Case Medical Center. The hMSCs
were then isolated from the bone marrow aspirates and expanded
in culture according to standard procedures used in the Cellular
Therapy Laboratory at Case Western Reserve University [27]. After
1-3 passages in optimized medium (Dulbecco’s modified Eagle’s
medium [DMEM]-low glucose + 10% fetal bovine serum
[FBS] + 1% antibiotic/antimycotic + 1% Glutamax [Thermo
Fisher Scientific Life Sciences, Waltham, MA, https://www.
thermofisher.com] + 10 ng/ml fibroblast growth factor
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[FGF-2]), 4 X 10° cells per millliliter were frozen in cryovials using
Plasma-Lyte A, containing 10% dimethyl sulfoxide and 5% human
serum albumin as the freezing medium. Venous blood PBMCs were
obtained following standard Ficoll gradient centrifugation of whole
blood from antecubital venipuncture of healthy volunteers, using
our established protocols [8, 31] and following informed consent
as approved by the institutional review board. Aliquots of cryopre-
served hMSCs and PBMCs were subsequently transferred to the
Montreal Neurological Institute at McGill University.

Characterization of hMSCs and Generation of
hMSC-Conditioned Media

Frozen hMSC aliquots were thawed, washed twice, and then cul-
tured at a density of 7.8 X 10> cells per cm? in a 75-cm? flask until
reaching confluence of 80%, followed by trypsinization and reseed-
ing at the same density for the next passages. Culture medium was
DMEM-low glucose (Thermo Fisher Scientific) with 10% FBS (Thermo
Fisher; prescreened for optimal MSC growth), 5 ml pen/strep, 5 ml
L-glutamine, and 10 ng/ml human FGF-2 (PeproTech, Rocky Hill, NJ,
https://www.peprotech.com). All MSCs were characterized pheno-
typically and functionally by flow cytometry following 2—3 passages.
Phenotyping was done using directly conjugated antibodies to the
known MSC markers CD73, CD90, CD105, and CD44, as well as for
the lineage-negative markers CD31, CD34, and CD45, with appropri-
ate isotype controls (all BD Biosciences, San Diego, CA, http://www.
bdbiosciences.com). Functional capacity to differentiate was con-
firmed using distinct differentiation media, added in parallel wells,
and changed twice a week until cells differentiated: For osteocytes,
STEMPRO osteogenesis differentiation kit (Thermo Fisher Scientific)
was used per standard protocol with gentamycin (5 ug/ml) added.
Cells were subsequently washed; alizarin red S staining solution was
added for 5 minutes at room temperature; solution was then re-
moved, and cells were washed twice with ddH,0 prior to microscopy
and digital photography. For adipocytes, STEMPRO adipogenesis dif-
ferentiation kit (Thermo Fisher Scientific) was used per standard pro-
tocol with gentamycin (5 ug/ml) added. Cells were subsequently
fixed with paraformaldehyde (PFA) 4% for 1hr at room temperature.
PFA was then removed, and 2 ml of diluted oil red staining solution (3
parts oil red solution in 2 parts distilled water) was added for 10 min-
utes at room temperature. Staining solution was then removed, and
cells were washed twice with ddH,0, followed by microscopy and
photography. For all experiments, human-MSC conditioned media
(hMSC supernatants, or sups) were obtained by culturing hMSCs
as above until reaching confluence of 80%. After removal of medium
and a series of washes, the cells were cultured (RPMI 1640 me-
dium, 10% fetal calf serum, Pen-Strep, and L-glutamine) for an-
other 24 hours, with or without exposure to IL-18 (10 ng/ml; R&D,
Minneapolis, MN, https://www.rndsystems.com), then washed care-
fully with fresh media added. The MSC-conditioned medium was
then collected 24 hours later and stored at —80°C until use.

Human PBMC Activation in Presence of
hMSC Supernatants

PBMC aliquots were thawed, washed twice, and activated with sol-
uble anti-CD3 (0.3 wg/ml; eBioscience, San Diego, CA, http://www.
ebioscience.com), anti-CD28 (1 wg/ml; eBioscience), recombinant
IL-23 (10 ng/ml; R&D Systems), anti-IL-4 (5.0 ug/ml; R&D Sys-
tems, Minneapolis, MN, https://www.rndsystems.com), and anti-
interferon (IFN)-7 (5.0 wg/ml; R&D Systems) for 3 days, as previously
described [31]. When MSC-conditioned media or control media
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were added, they constituted 75% of the final volume. Cytokine se-
cretion from the activated PBMCs was quantified at the time points
indicated by using standard enzyme-linked immunosorbent assay
(ELISA) for IL-17A (eBioscience) as the prototypical Th17 marker
and for IFNy (BD Biosciences) as the prototypical Thl marker,
according to the manufacturers’ instructions. Intracellular cytokine
staining was performed with anti-CD4 peridinin chlorophyll, anti-
IFNy adenomatous polyposis coli, and anti-IL-17A phycoerythrin
(PE) antibodies (all BD Biosciences) to examine cytokine expres-
sion by CD4" T cells, as previously described [31].

hMSC-PBMC Coculture Experiments

hMSCs were cultured as above with or without 24-hour pre-
exposure to IL-18 (10 ng/ml). The hMSCs were then removed
from the flasks, washed carefully, and added to wells of a 96-well
plate, into which PBMCs (2 X 10° cells per well) were subse-
quently added at the indicated ratios. PBMC activation was
achieved, as described above. After 3 days, coculture sups were
collected for cytokine quantification by ELISA, and cells were an-
alyzed by flow cytometry to assess intracellular cytokine staining
within CD4+T cells. Similarly activated PBMCs that were cultured
alone (without hMSCs) were also used as a control.

PGE2 Measurements and Effects of Selective PGE2
Removal From hMSC Supernatants

To assess hMSC PGE2 secretion, hMSC sups were obtained under
basal culture conditions or following 24-hour pre-exposure to
IL-18 (10 ng/ml), as above. PGE2 levels were then quantified by
the PGE2 ELISA kit (Cayman Chemical, Ann Arbor, MI, https://
www.caymanchem.com). The same hMSC sups were used to as-
sess the ability of hMSC-soluble products to affect T-cell re-
sponses within PBMCs. This enabled correlation between levels
of PGE2 measured in the hMSC-soluble products, with the degree
of change in the T-cell cytokine responses. Depletion of PGE2
from the hMSC sups was performed by adding anti-PGE2 antibody
(2b5) to hMSC sups, spinning at 4°C, and then running the sups
through a well-washed protein A/G column with Agarose beads
(Santa Cruz Biotechnology, Dallas, TX, https://www3.scbt.com).
Complete removal of PGE2 from the flow through was confirmed
by ELISA. In subsequent experiments, PBMCs were activated (as
above) in culture media containing 75% hMSC sups that were ei-
ther nondepleted or PGE2 depleted, and T-cell cytokine responses
were subsequently assessed. hMSC supernatants treated with the
appropriate mlgG1 isotype, and protein A/G column used with or
without Agarose beads, were used as negative controls.

Isolating CD14+ Myeloid Cells and Assessing
Their Contribution to hMSC-Mediated Effects
on T-Cell Responses

CD14+ myeloid cells were isolated from PBMCs using magnetic-
activated cell sorting (MACS) CD14-positive selection kit (Miltenyi
Biotec, San Diego, CA, http://www.miltenyibiotec.com). Purity of
theisolated CD14+ cells (>>97%), as well as the complete removal
of CD14+ cells from the CD14-depleted PBMCs, was routinely con-
firmed by flow cytometry. Purified CD14+ cells (4 X 10* cells)
were pre-exposed to either hMSC supernatants (hMSC sup) or
control media for 24 hours in a well of a 96-well plate, then
washed twice, and 1.6 X 10° CD14-depleted PBMCs were added
to the pre-exposed CD14+ cells. As a comparison, the CD14-
depleted PBMC were pre-exposed to the same hMSC sups or
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to control media and, subsequently, added to the purified
CD14+ cells (pre-exposed only to control media). As a nega-
tive control, both CD14+ and CD14-depleted PBMCs were
pre-exposed to control media only, prior to combining them.
All cultures were activated (as described above) for 72 hours, and
secretion of IFNy and IL-17 was then quantified in culture super-
natants by ELISA. To examine whether PGE2 in the hMSC sups was
responsible for the myeloid-mediated effects of hMSC sups on T-cell
responses, we carried out similar experiments with hMSC sups that
were either selectively depleted of PGE2 or sham-depleted in the
control conditions, as detailed above.

Statistical Approach

Percentage change was calculated by subtracting the respective con-
trol media value from treatment value, dividing by the control value
(X100). Repeated-measures analysis of variance followed by Bonfer-
roni test or unpaired Student’s t test were used where appropriate.
A cutoff of p = .05 was used to indicate statistical significance. Sta-
tistical computations were performed using GraphPad Prism version
5 (GraphPad Software, La Jolla, CA, http://www.graphpad.com)

RESULTS

Confirmation of Adult Human (h)MSC Phenotypic and
Functional Capacities

As is shown in Figure 1, hMSC cultures were routinely highly pure,
stained positively for the established MSC markers CD73, CD90,
CD105, and CD44; were appropriately negative for markers of other
lineages (CD31, CD34, and CD45) (Fig. 1A); and retained the expected
capacity to differentiate into osteocytes and adipocytes under the ap-
propriate lineage differentiation conditions (Fig. 1B). In keeping with
prior reports, the hMSCs were also able to limit proliferation of T cells
within activated PBMCs (supplemental online Fig. 1).

hMSCs Inhibit Th1l Responses yet Induce Th17
Responses, Both in Coculture and Through
Soluble Products

We previously reported that soluble products of hMSCs could
downregulate IFN7y expression while surprisingly inducing IL-17
expression within activated PBMCs [31]. In the context of in vivo
therapy, however, one must consider the potential for hMSCs to
directly interact with immune cells through cell-cell contact. Such
contact could include molecular interactions that might deliver
inhibitory signals to the immune cells, which could conceiv-
ably abrogate the apparent IL-17-inducing capacity of hMSC-
secreted products. We therefore first assessed whether hMSCs
preserve their ability to induce IL-17 responses of PBMCs in direct
coculture (Fig. 2). We found that presence of hMSCs in coculture
with activated PBMCs indeed resulted in increased secretion of
IL-17 (Fig. 2A, 2C; n = 6, p = .031), while decreasing IFN+y (Fig. 2B,
2C; p =.0083), similar to the effects observed when adding only
the hMSC supernatants to the activated PBMCs (Fig. 2D—2F). Us-
ing intracellular cytokine staining together with surface staining
to define T-cell subsets, we could confirm that activated CD4+
T cells within the PBMCs exhibited the reciprocal regulation of
IL-17 and IFN7y expression when exposed to the hMSC products
(Fig. 2G). To address whether different sources of hMSC may have
different effects on Th1 and Th17 responses, we carried out a se-
ries of experiments assessing the impact of MSC obtained from
multiple different healthy donors on cytokine responses of a
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Figure 1. Purity, phenotype, and differentiation capacity of bone marrow-derived human mesenchymal stem cells (hMSCs). (A): Purity and
phenotype of bone marrow hMSCs used in experiments were routinely confirmed by flow cytometry using antibodies to lineage-positive (CD73,
CD90, CD105, CD44) and lineage-negative (CD31, CD34, CD45) markers (red lines denote staining with appropriate isotype controls). (B): Con-
firming capacity of the hMSCs to differentiate into osteocytes (using STEMPRO osteogenesis differentiation kit by Thermo Fisher Scientific/
Gibco, followed by alizarin red S staining) and adipocytes (STEMPRO adipogenesis differentiation kit by Thermo Fisher Scientific/Gibco, followed
by paraformaldehyde 4% fixation, and subsequent oil red staining). Images obtained at X 10 magnification (insert at X20).

single source of PBMCs. We found that the magnitude of the effect
of different MSC supernatants on both Th1 and Th17 responses of
the same PBMCs differed across MSC preparations, although the
immune modulatory effects were qualitatively similar, meaning
the MSCs in our assays consistently inhibited Thl responses and
consistently enhanced Th17 responses, although to differing ex-
tents (data not shown). In subsequent experiments examining
the mechanism involved in hMSC-mediated induction of human
T-cell IL-17 secretion, we focused on the effects of soluble products
within the hMSC-conditioned media (hMSC supernatants, or sups).

Induction of Human Th17 Responses by hMSC Is
Mediated by PGE2

We considered whether our PBMCs exposed to hMSC superna-
tants exhibited changes in regulatory T-cell subsets as a possible
explanation for the observed changes in effector T-cell responses.
Neither the frequencies of phenotypically defined CD25"cD127"%
Treg, or of Treg- expressing glucocorticoid-induced tumor necrosis
factor receptor or CD39 (implicated as particularly involved in the
regulation of Th17 cells), were appreciably altered by the hMSC
supernatants in our short-term cultures, nor did we appreciate
changes in levels of Foxp3 expressed by the T cells (data not
shown). We next considered whether a single MSC-soluble factor
could be responsible for enhancing IL-17 expression, while inhib-
iting IFNy expression, by activated T cells. An attractive candidate,
on the basis of the literature, was PGE2, which has been reported
to increase Th17 responses while decreasing Thl responses
[34, 35] and is also known to be produced by hMSCs [36, 37].

www.StemCellsTM.com

differentiation medium)

We first confirmed that our hMSCs could secrete PGE2 and also
that pre-exposure of the hMSC with IL-18 (which we previously
demonstrated could enhance the ability of hMSCs to induce
IL-17 production by human T cells [31]) significantly increased
the hMSC secretion of PGE2 (Fig. 3A; p <.0001). Using the soluble
products of these unexposed or IL-13 pre-exposed hMSCs, we
confirmed that the IL-13 pre-exposed hMSCs could induce signif-
icantly greater levels of IL-17 from activated PBMCs (Fig. 3B;
p=.0068) and that a strong correlation existed between the levels
of IL-17 induced by the PBMCs and the levels of PGE2 secreted by
the hMSCs, whether the hMSCs were grown under basal condi-
tions (Fig. 3C; r* = .3919; p = .0221) or pre-exposed to IL-13
(Fig. 3D; % = .6662; p = .0004). To determine whether hMSC-
secreted PGE2 was indeed responsible for the induction of
IL-17 in T cells, we selectively removed PGE2 from the hMSC su-
pernatants using anti-PGE2 beads or appropriate controls (con-
firmed by ELISA; supplemental online Fig. 2). We could then show
that removal of PGE2 from the hMSC supernatants reversed the
ability of the hMSCs to induce T-cell IL-17 responses (Fig. 3E; n = 6;
#*%%, p = .001). As an additional confirmation, PGE2 was added di-
rectly to activated PBMCs and found to enhance IL-17 while
inhibiting IFNy responses (supplemental online Fig. 3).

hMSC-Derived PGE2 Effects on Thl and Th17 Responses
Can Be Mediated via CD14+ Cells

We next considered whether the demonstrated effects of hMSC-
derived PGE2 on PBMC responses reflect direct effects of PGE2 on
the T cells or indirect effects through other cells present within

©AlphaMed Press 2016
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Figure 2. hMSCs inhibit Thl responses yet induce Th17 responses both in coculture and through soluble products. (A—C): hMSCs were cocul-
tured with PBMCs (ratio of hMSC : PBMC 1:10), followed by 3-day PBMC activation using anti-CD3 (0.3 ug/ml; eBioscience), anti-CD28 (1 ug/ml;
eBioscience), recombinant interleukin (IL)-23 (10 ng/ml; R&D Systems), anti-IL-4 (0.5 ug/ml; R&D Systems), and anti-IFN+y (0.5 ug/ml; R&D
Systems). Presence of hMSCs in coculture resulted in, increased PBMC IL-17 secretion (n = 6; p = .031) (A) and decreased IFNy secretion
(p =.0083) (B), as assessed by enzyme-linked immunosorbent assay. This represented reciprocal regulation of IL-17 and IFNy responses in
the cocultures in the presence of hMSCs (p < .0001) (C). (D—F): Addition of soluble products of the hMSC (hMSC sups) to PBMCs had similar
effects on cytokine responses of activated PBMCs, including increased IL-17 responses (p = .0491; n = 11) (D) and decreased IFN7y responses
(p=.0261;n=7)(E); again, representing reciprocal regulation of IL-17 and IFNy responses (p < .0001) (F). (G): PBMCs were activated as above for
3 days with control media (left panel) or with hMSC sups (right panel) followed by flow cytometry analysis of surface staining (for CD3 and CD4)
and intracellular cytokine staining. Representative dot plots are gated on CD4+ CD3+ T cells and indicate that hMSC sups induce the frequency of
CDA T cells expressing IL-17 while decreasing the frequency of IFN7y expressing CD4 T cells (representative of 11 independent experiments).
Abbreviations: hMSC, human mesenchymal stem cells; IFNy, interferon-v; IL, interleukin; ND, nondetectable; PBMC, peripheral blood mono-

nuclear cells; sups, supernatants.

the PBMCs. Because MSCs have been shown to directly affect my-
eloid cell responses [13, 14], we wished to assess whether mye-
loid cells within the PBMCs were involved in mediating the effects
of hMSC-derived PGE2 on T-cell responses. To determine this, we
first removed CD14+ myeloid cells from a fraction of PBMCs by
using CD14+ MACS isolation and confirmed both the purity of
the isolated CD14+ cells and the complete removal of CD14+ cells
from the CD14-depleted PBMC fraction (supplemental online Fig. 4).
We then exposed isolated CD14+ cells to either hMSC supernatants
or to corresponding control media for 24 hours and, following
two washes, added back the CD14+ cells to the CD14-depleted
PBMCs. As a comparison, the CD14-depleted PBMCs were pre-
exposed to the hMSC supernatants, then washed prior to adding

©AlphaMed Press 2016

back unexposed CD14+ cells. All culture conditions were then acti-
vated, as above, to assess T-cell cytokine (IFNy and IL-17) secretion
following 72 hours. We found that the ability of hMSC supernatants
toinduce Th17 (Fig. 4A) and to inhibit Th1 (Fig. 4B) responses within
PBMCs was dependent on initial exposure of CD14+ cells (not T cells
within the PBMCs) to the hMSC supernatants. To confirm that PGE2
within the hMSC supernatants was responsible for the myeloid cell-
mediated effect on T-cell responses, we repeated the above exper-
iments but first used the same approach to selectively remove PGE2
from the hMSC supernatants. Our results indicate that PGE2 within
the hMSC supernatants mediates the CD14+ cell-dependent recip-
rocal regulation of T-cell IL-17 (Fig. 5A; **, p < .01) and IFNy (Fig. 5B;
#*%%, p < .001). This capacity of myeloid cells to mediate the
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Figure 3. Induction of humanTh17 responses by human mesenchymal stem cells (hMSCs) is mediated by PGE2. (A): hMSCs secrete PGE2 under
basal culture conditions, and this secretion is induced when the hMSCs are pre-exposed to IL-183 (p <.001; n=12). (B): hMSC sups obtained after
the hMSCs were pre-exposed to IL-18 for 24 hours (then washed twice and cultured for another 24 hours in fresh media), which further en-
hanced the ability of hMSC sups to induce IL-17 responses from PBMCs. Shown is the percentage change in PBMC IL-17 secretion measured by
enzyme-linked immunosorbent assay (ELISA) (p = .0068). (C, D): Correlations (linear regression test) are noted between the amount of IL-17
induced in the PBMCs by the hMSC supernatants and the amount of PGE2 present in the hMSC supernatants, both for unexposed hMSCs (n=12;
r* = .3919; p =.0221) (C) and IL-18 pre-exposed hMSCs (n = 12; r* = .6662; p = .0004) (D). The IL-17 values shown reflect the difference between
IL-17 secretion from activated PBMCs with hMSC exposure versus the IL-17 secretion from activated PBMCs that were exposed to control media.
(E): PGE2 removal from hMSC supernatants (using the 2B5 anti-PGE2 antibody + agarose beads, then run on protein A/G column) abrogates the
ability of the hMSCs to induce Th17 responses within PBMCs (n = 6; p = .001). Controls included hMSC sups following sham removal of PGE2
using an appropriate mouse (m)lgG1 antibody together with the agarose beads or the beads alone. ELISA was routinely used to confirm success-
ful depletion or lack of depletion of PGE2 in the hMSC sups (supplemental online Fig. 1). *#%, p = .001. Abbreviations: hMSC, human mes-

enchymal stem cells; IL, interleukin; ND, nondetectable; PBMC, peripheral blood mononuclear cells; PGE2, prostaglandin E2; sup, supernatant.

enhanced Th17 responses following exposure to MSC superna-
tants occurredin spite of the ability of the MSC supernatants to
enhance myeloid-cell secretion of IL-10 and limit myeloid se-
cretion of TNFa (supplemental online Fig. 5).

DiscussION

A substantial body of work investigating MSCs (both murine and
human derived) has underscored their anti-inflammatory effects
and hence their therapeutic potential in MS and other immune-
mediated diseases. Our study, however, points toward the poten-
tial for hMSCs to induce certain proinflammatory responses, in
keeping with several prior reports [27-33]. In particular, we note
that hMSCs can induce Th17 responses while limiting Thl re-
sponses. Such differential impact of MSCs on distinct subsets of
effector T cells is supported by a recent clinical trial of autologous
MSCs in patients with MS, in which the authors documented de-
creased Th1 but not Th17 responses in vivo [38]. As reviewed by
Uccelli and colleagues [33], the inflammatory context may impor-
tantly affect the consequence of MSC : immune interactions. Rel-
evant contextual factors that may affect the T-cell immune

www.StemCellsTM.com

modulatory effects of MSCs in addition to other soluble factors
in the local environment may include the presence of other im-
mune cells and their products (indirect vs. direct effects on the
T cells), pathogen-associated molecular signals, and the timing
of introduction of the MSCs to the inflammatory milieu. The latter
is supported by the recent report that early administration of
MSCs into animals developing EAE ameliorated disease, whereas
later administration was not helpful and indeed resulted in devel-
opment of atypical EAE that is more commonly seen with
Th17-mediated rather than classical Th1l EAE [39]. Although con-
siderable work has been done to elucidate mechanisms underly-
ing anti-inflammatory properties of MSCs, relatively less is known
about mechanisms by which MSCs may promote inflammatory
responses. Our study implicates both PGE2 and myeloid cells as
mediators of the capacity of hMSCs to induce Th17 responses,
supporting the concept that both soluble factors and indirect
effects mediated through third-party cells may modulate the im-
pact of MSCs on immune responses. The role of PGE2 in mediat-
ing MSC effects, however, appears complex. Our results, indicating
that PGE2 can enhance human Th17 responses, are consistent with a
number of prior reports of PGE2 enhancing proinflammatory T-cell
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Figure 4. The capacity of hMSC sups to reciprocally regulate PBMC IL-17 and IFN7y responses is mediated by CD14+ myeloid cells. CD14+ my-
eloid cells were isolated from PBMCs by using CD14+ magnetic-activated cell sorting isolation, and the purity of the isolated CD14+ cells, as well
as the complete removal of CD14+ cells from the CD14-depleted PBMCs, were confirmed by flow cytometry (supplemental online Fig. 4). Either
theisolated CD14+ cells, or the CD14-depleted PBMCs, were pre-exposed to hMSC supernatants (hMSC sup) or control media for 24 hours, then
washed twice. The CD14-depleted PBMCs were then added to the CD14+ cells with subsequent activation. At 72 hours following activation, IFNy
and IL-17 secretion were quantified in all cultures by enzyme-linked immunosorbent assay. The ability of hMSC supernatants to induce IL-17 (A),
representative of five independent experiments (p =.0002) and to inhibit IFN7y (B) (p =.0078) responses within PBMCs was dependent on initial
exposure of CD14+ cells (but not on the CD14-depleted PBMC fraction) to hMSC sups. Abbreviations: hMSC, human mesenchymal stem cells;

IFN, interferon; IL, interleukin; PBMC, peripheral blood mononuclear cells; sup, supernatant.

response [34, 35, 40, 41]. However, PGE2 has also been implicated
as part of the mechanisms mediating anti-inflammatory effects of
MSCs, including their capacity to limit T-cell proliferation [42], sup-
press Th17 responses through cell-contact-mediated inhibition [43],
induce regulatory T-cell responses [16], and inhibit yé T cells and in-
variant natural killer T-cell expansion [44].

Our findings also indicate that the ability of PGE2 to en-
hance Th17 responses, and indeed contribute to reciprocal reg-
ulation of the balance between Th1 and Th17 responses, may
be mediated at least in part by presence of myeloid cells. Inter-
actions between myeloid cells and MSCs are well established
and have previously been highlighted in the context of anti-
inflammatory effects of MSCs. It has been shown that MSCs
can limit dendritic cell maturation, activation, and trafficking,
and their subsequent capacity to prime T cells [14, 45, 46].
The abilities of MSCs to indirectly inhibit B cell differentiation
(via MSC release of interleukin-1 receptor antagonist resulting
in anti-inflammatory macrophage [26]) and to downregulate
CD8 T-cell responses (via MSC soluble factors affecting CD14+
monocytes [47]) have also been highlighted. In the latter study,
similar to our work, removal of CD14+ cells from PBMCs abro-
gated the effect of MSC-soluble products on the T-cell responses
[47]. The potential for MSCs to mediate either pro- or anti-
inflammatory immune responses appears not to be restricted
to effects on T cells or myeloid cells, because MSC have been re-
ported to either up- or downregulate B cell responses, including
their proliferation and differentiation [48-50]. These effects
were attributed to soluble factors and three-way interactions
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among MSC, B cells, and T cells, again highlighting the complex-
ities involved in MSC immune modulation.

The accumulating evidence therefore underscores the di-
verse ways in which MSCs can shape responses of innate and
adaptive immune cells, both directly and indirectly [33]. The im-
portance of the “inflammatory context” in shaping how MSCs af-
fectimmune responses also highlights the challenge of translating
findings from animal studies to humans who, in addition to sub-
stantially greater genetic diversity, experience a much broader
range of environmental exposures that can influence the internal
inflammatory milieu.

Although our discovery of a PGE2-dependent, myeloid cell-
mediated mechanism by which MSCs may enhance Th17 re-
sponses benefits from use of human-derived MSCs and immune
cells, it is limited to experiments carried out in vitro. It remains
possible that, in vivo, the multiple reported mechanisms by which
MSCs can induce anti-inflammatory responses [16—25] are suffi-
cient to downregulate any proinflammatory T-cell responses that
they may also induce. Nonetheless, it is important to appreciate
any proinflammatory potential of hMSCs, because for example,
patients who may have some deficiency in their capacity toinduce
regulatory T cells (as part of their own illness; history of immune
suppressive treatment, etc.) may not be able to mount as effective a
regulatory response, in which case, unopposed induction of Th17 re-
sponses by MSC therapy could have deleterious consequences.

Further preclinical work is warranted to rigorously examine
the effects of hAMSC on disease-relevant immune responses. Ulti-
mately, however, ascertaining the in vivo consequences of hMSC
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Figure 5. The capacity of myeloid cells to mediate the effects of hMSCs on peripheral blood mononuclear cell cytokine responses is PGE2-
dependent. The ability of CD14+ cells that were pre-exposed to hMSC sups to enhance T-cell expression of IL-17 (n = 5, **, p = .01) (A)
and to suppress T-cell expression of IFNvy (##%, p < .001) (B) was abrogated if the hMSC sups were depleted of PGE2 prior to being added
to the CD14+ cells. Abrogation of these effects was not seen under the control conditions. Abbreviations: hMSC, human mesenchymal stem
cells; IFN7y, interferon-vy; IL, interleukin; PGE2, prostaglandin E2; sup, supernatant.

therapy in humans will only be possible in the context of care-
fully designed clinical trials. We advocate for close monitor-
ing of disease activity as well as thoughtful incorporation of
immune-monitoring strategies that could assess immune re-
sponse profiles of individual patients, because MSCs are being
introduced into patients with MS and other autoimmune
diseases.

ACKNOWLEDGMENTS

The authors would like to thank members of the Experimental
Therapeutics Program at the Montreal Neurological Institute
as well as Karen Lingas, Basabi Maitra, and Brittney Hooper from
the Cellular Therapy Lab at Case Western Reserve University.
Funding support was provided by the U.S. Department of De-
fense Congressionally Directed Medical Research Program,
Award W81XWH-10-1-0270 to J.A.C. and the U.S. National Insti-
tute of Neurological Disorders and Stroke, Award RO1INS074787
to J.A.C.

AUTHOR CONTRIBUTIONS

A. Rozenberg: performance of the experiments, data analysis and
interpretation, manuscript writing, final approval of manuscript;
A. Rezk, M.-N.B., P.J.D., M.N,, R.L., and F.J.: collection and/or as-
sembly of data, technical advice; R.W. and E.A.A.: figure revisions;
A.U.: conception and design, data analysis and interpretation, and
manuscript writing; J.S.R.: coordination and quality control of
hMSC isolation process from donors; S.M.P. and J.A.C.: provision
of study material or patients, study coordination, and manuscript
writing; A.B.-O.: study oversight, supervision of the experiments,
data analysis, manuscript writing, final approval of manuscript.

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST

J.A.C. is a compensated consultant for Genentech, Genzyme, and
Novartis; has compensated honoraria from Teva; and has research
funding from Genzyme, Novartis, Receptos, Synthon, and Teva.
The other authors indicated no potential conflicts of interest.

REFERENCES

1 FreedmanMS, Bar-Or A, AtkinsHLetal. The
therapeutic potential of mesenchymal stem cell
transplantation as a treatment for multiple scle-
rosis: consensus report of the International
MSCT Study Group. Mult Scler 2010;16:503-510.

2 Stagg J, Galipeau J. Mechanisms of im-
mune modulation by mesenchymal stromal
cells and clinical translation. Curr Mol Med
2013;13:856-867.

3 Cohen JA. Mesenchymal stem cell trans-
plantation in multiple sclerosis. J Neurol Sci
2013;333:43-49.

www.StemCellsTM.com

4 Gharibi T, Ahmadi M, Seyfizadeh N et al. Im-
munomodulatory characteristics of mesenchymal
stem cells and their role in the treatment of mul-
tiple sclerosis. Cell Immunol 2015;293:113-121.

5 CaoY, Goods BA, Raddassi K et al. Functional
inflammatory profiles distinguish myelin-reactive
T cells from patients with multiple sclerosis. Sci
Transl Med 2015;7:287ra74.

6 Kleinewietfeld M, Hafler DA. Regulatory
T cells in autoimmune neuroinflammation.
Immunol Rev 2014;259:231-244.

7 Hemmer B, Kerschensteiner M, Korn T.
Role of the innate and adaptive immune responses

in the course of multiple sclerosis. Lancet Neurol
2015;14:406-419.

8 LiR,Rezk A, Miyazaki Y et al. Proinflamma-
tory GM-CSF-producing B cells in multiple scle-
rosis and B cell depletion therapy. Sci Trans|
Med 2015;7:310ral66.

9 Zappia E, Casazza S, Pedemonte E et al.
Mesenchymal stem cells ameliorate experi-
mental autoimmune encephalomyelitis induc-
ing T-cell anergy. Blood 2005;106:1755-1761.

10 Gordon D, Pavlovska G, Glover CP et al.
Human mesenchymal stem cells abrogate ex-
perimental allergic encephalomyelitis after

©AlphaMed Press 2016



1514

intraperitoneal injection, and with sparse CNS
infiltration. Neurosci Lett 2008;448:71-73.

11 Bai L, Lennon DP, Eaton V et al. Human
bone marrow-derived mesenchymal stem cells
induce Th2-polarized immune response and
promote endogenous repair in animal models
of multiple sclerosis. Glia 2009;57:1192-1203.

12 Rafei M, Campeau PM, Aguilar-Mahecha
A et al. Mesenchymal stromal cells ameliorate
experimental autoimmune encephalomyelitis
by inhibiting CD4 Th17 T cellsin a CC chemokine
ligand 2-dependent manner. J Immunol 2009;
182:5994-6002.

13 Groh ME, Maitra B, Szekely E et al. Human
mesenchymal stem cells require monocyte-
mediated activation to suppress alloreactive
T cells. Exp Hematol 2005;33:928-934.

14 Chiesa S, Morbelli S, Morando S et al.
Mesenchymal stem cells impair in vivo T-cell
priming by dendritic cells. Proc Natl Acad Sci
USA 2011;108:17384-17389.

15 Luz-Crawford P, Noél D, Fernandez X
et al. Mesenchymal stem cells repress Th17 mo-
lecular program through the PD-1 pathway.
PLoS One 2012;7:e45272.

16 Ghannam S, Pene J, Moquet-Torcy G
et al. Mesenchymal stem cells inhibit human
Th17 cell differentiation and function and in-
duce a T regulatory cell phenotype. J Immunol
2010;185:302-312.

17 Morando S, Vigo T, Esposito M et al. The
therapeutic effect of mesenchymal stem cell
transplantation in experimental autoimmune
encephalomyelitis is mediated by peripheral and
central mechanisms. Stem Cell Res Ther 2012;3:3.

18 Luz-Crawford P, Kurte M, Bravo-Alegria J
et al. Mesenchymal stem cells generate a CD4
+CD25+Foxp3+regulatory T cell population dur-
ing the differentiation process of Thl and Th17
cells. Stem Cell Res Ther 2013;4:65.

19 Reading JL, Yang JH, Sabbah S et al.
Clinical-grade multipotent adult progenitor cells
durably control pathogenic T cell responses in
human models of transplantation and autoim-
munity. J Immunol 2013;190:4542-4552.

20 Engela AU, Hoogduijn MJ, Boer K et al.
Human adipose-tissue derived mesenchymal
stem cells induce functional de-novo regulatory
T cells with methylated FOXP3 gene DNA. Clin
Exp Immunol 2013;173:343-354.

21 Obermajer N, Popp FC, Soeder Y et al.
Conversion of Th17 into IL-17A(neg) regulatory
T cells: A novel mechanism in prolonged allo-
graft survival promoted by mesenchymal stem
cell-supported minimized immunosuppressive
therapy. J Immunol 2014;193:4988-4999.

22 Sul,ChenX, HuangY et al. Phylogenetic dis-
tinction of iNOS and IDO function in mesenchymal
stem cell-mediated immunosuppression in mam-
malian species. Cell Death Differ 2014;21:388-396.

23 Zhang L, DangRJ, Li H et al. SOCS1 regu-
lates the immune modulatory properties of
mesenchymal stem cells by inhibiting nitric ox-
ide production. PLoS One 2014;9:e97256.

24 ChinnaduraiR, Copland IB, Patel SR et al.
IDO-independent suppression of T cell effector

hMSC Reciprocal Modulation of Th1/Th17 Responses

function by IFN-y-licensed human mesenchymal
stromal cells. J Immunol 2014;192:1491-1501.

25 Zhang W, Liu N, Shi H et al. Upregulation
of BMSCs osteogenesis by positively-charged
tertiary amines on polymeric implants via
charge/iNOS signaling pathway. Sci Rep 2015;5:
9369.

26 Luz-Crawford P, Djouad F, Toupet K et al.
Mesenchymal stem cell-derived interleukin 1
receptor antagonist promotes macrophage po-
larization and inhibits B cell differentiation.
STEM CELLS 2016;34:483-492.

27 Romieu-Mourez R, Frangois M, Boivin
MN et al. Cytokine modulation of TLR expres-
sion and activation in mesenchymal stromal
cells leads to a proinflammatory phenotype.
J Immunol 2009;182:7963-7973.

28 Svobodova E, Krulova M, Zajicova A
et al. The role of mouse mesenchymal stem
cells in differentiation of naive T-cells into
anti-inflammatory regulatory T-cell or proin-
flammatory helper T-cell 17 population. Stem
Cells Dev 2012;21:901-910.

29 Casiraghi F, Azzollini N, Todeschini M
et al. Localization of mesenchymal stromal cells
dictates their immune or proinflammatory ef-
fects in kidney transplantation. AmJ Transplant
2012;12:2373-2383.

30 UliviV, TassoR, CanceddaR et al. Mesen-
chymal stem cell paracrine activity is modulated
by platelet lysate: induction of an inflammatory
response and secretion of factors maintaining
macrophages in a proinflammatory phenotype.
Stem Cells Dev 2014;23:1858-1869.

31 Darlington PJ, Boivin MN, Renoux C et al.
Reciprocal Thl and Th17 regulation by mesen-
chymal stem cells: Implication for multiple scle-
rosis. Ann Neurol 2010;68:540-545.

32 Hoogduijn MJ, Roemeling-van Rhijn M,
Engela AU et al. Mesenchymal stem cells induce
an inflammatory response after intravenous in-
fusion. Stem Cells Dev 2013;22:2825-2835.

33 UccelliA, de Rosbo NK. Theimmunomod-
ulatory function of mesenchymal stem cells:
Mode of action and pathways. Ann N Y Acad
Sci 2015;1351:114-126.

34 Napolitani G, Acosta-Rodriguez EV,
Lanzavecchia A et al. Prostaglandin E2 en-
hances Th17 responses via modulation of IL-17
and IFN-y production by memory CD4+ T cells.
Eur J Immunol 2009;39:1301-1312.

35 Boniface K, Bak-Jensen kS, Li Y et al. Pros-
taglandin E2 regulates Th17 cell differentiation
and function through cyclic AMP and EP2/EP4
receptor signaling. J Exp Med 2009;206:535-548.

36 Solchaga LA, Zale EA. Prostaglandin E2: A
putative potency indicator of the immunosup-
pressive activity of human mesenchymal stem
cells. Am J Stem Cells 2012;1:138-145.

37 Ylostalo JH, Bartosh TJ, Coble K et al. Hu-
man mesenchymal stem/stromal cells cultured
as spheroids are self-activated to produce pros-
taglandin E2 that directs stimulated macro-
phages into an anti-inflammatory phenotype.
STEM CELLS 2012;30:2283-2296.

38 Llufriu S, Sepllveda M, Blanco Y et al.
Randomized placebo-controlled phase Il trial
of autologous mesenchymal stem cells in multi-
ple sclerosis. PLoS One 2014;9:e113936.

39 Kurte M, Bravo-Alegria J, Torres A et al.
Intravenous administration of bone marrow-
derived mesenchymal stem cells induces a
switch from classical to atypical symptoms in
experimental autoimmune encephalomyelitis.
Stem Cells Int 2015;2015:140170.

40 Sheibanie AF, Yen JH, Khayrullina T et al.
The proinflammatory effect of prostaglandin E2
in experimental inflammatory bowel disease is
mediated through the IL-23->IL-17 axis.
J Immunol 2007;178:8138-8147.

41 Sheibanie AF, Khayrullina T, Safadi FF
et al. Prostaglandin E2 exacerbates collagen-
induced arthritis in mice through the inflamma-
tory interleukin-23/interleukin-17 axis. Arthritis
Rheum 2007;56:2608-2619.

42 Zafranskaya M, Nizheharodava D, Yurkevich
M et al. PGE2 contributes to in vitro MSC-mediated
inhibition of non-specific and antigen-specific
T cell proliferation in MS patients. Scand J Immu-
nol 2013;78:455-462.

43 Duffy MM, Pindjakova J, Hanley SA et al.
Mesenchymal stem cell inhibition of T-helper
17 cell- differentiation is triggered by cell-cell
contact and mediated by prostaglandin E2 via
the EP4 receptor. Eur J Immunol 2011;41:
2840-2851.

44 Prigione |, Benvenuto F, Bocca P et al.
Reciprocal interactions between human mes-
enchymal stem cells and gammadelta T cells
or invariant natural killer T cells. STEM CELLS
2009;27:693-702.

45 NautaAlJ, Kruisselbrink AB, Lurvink E et al.
Mesenchymal stem cells inhibit generation and
function of both CD34+-derived and monocyte-
derived dendritic cells. J Immunol 2006;177:
2080-2087.

46 Spaggiari GM, Abdelrazik H, Becchetti F
et al. MSCs inhibit monocyte-derived DC matu-
ration and function by selectively interfering
with the generation of immature DCs: Central
role of MSC-derived prostaglandin E2. Blood
2009;113:6576—-6583.

47 Hof-Nahor I, Leshansky L, Shivtiel S et al.
Human mesenchymal stem cells shift CD8+
T cells towards a suppressive phenotype by in-
ducing tolerogenic monocytes. J Cell Sci 2012;
125:4640-4650.

48 Corcione A, Benvenuto F, Ferretti E et al.
Human mesenchymal stem cells modulate B-cell
functions. Blood 2006;107:367-372.

49 Traggiai E, Volpi S, Schena F et al. Bone
marrow-derived mesenchymal stem cells in-
duce both polyclonal expansion and differenti-
ation of B cells isolated from healthy donors and
systemic lupus erythematosus patients. STEM
CELLS 2008;26:562-569.

50 Rosado MM, Bernardo ME, Scarsella M
et al. Inhibition of B-cell proliferation and anti-
body production by mesenchymal stromal cells
is mediated by T cells. Stem Cells Dev 2015;24:
93-103.

,_J See www.StemCellsTM.com for supporting information available online.

©AlphaMed Press 2016

STEM CELLS TRANSLATIONAL MEDICINE



www.StemCellsTM.com

