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Abstract: Mesenchymal stem cells (MSCs) are non-hematopoietic, pluripotent cells that give rise to stromal cells in
the marrow. MSCs have been shown to be immunosuppressive and have become an attractive therapeutic option for
the modulation of undesired immune responses. Currently, ex vivo expanded human (h)MSCs are being utilized in
clinical trials both in the USA and in Europe to treat a variety of immune disorders. hMSCs need to be harvested, isolated and expanded in culture. This necessary expansion may also result in decrease or loss of the immunomodulatory potential of hMSCs. Ideally, the intrinsic immunomodulatory activity (potency) of an hMSC preparation should be
assessed prior to its administration. The goal of the experiments described here was to develop a simple potency
assay for the immunomodulatory properties of hMSCs. The immunosuppressive activity of hMSCs conditioned media
was tested in enzyme-linked immunosorbent spot assays (ELISpot) and the immunosuppressive activity of the conditioned media was correlated with the concentration of several cytokines present in these conditioned media. The
concentration of prostaglandin E2 in the media correlated with their immunosuppressive activity. The concentration of
the other cytokines measured did not correlate with the immunosuppressive activity of the media. The dose-response
effect could be replicated by adding PGE2 to ELISpot assays. Furthermore, the immunosuppressive activity of the
conditioned media was inhibitable by a neutralizing anti-PGE2 antibody. These data suggest that measurement of
PGE2 in media conditioned by hMSCs exposed to inflammatory stimuli could be used as a surrogate measure of their
immunosuppressive capacity. These findings need to be confirmed in vitro using different assays of immune function
and validated in vivo to determine the level of correlation of these data with efficacy in pre-clinical models of immune
disorders.
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Introduction
Mesenchymal stem cells (MSCs) are nonhematopoietic, pluripotent cells that give rise to
stromal cells in the marrow. These cells produce
cytokines, chemokines and extracellular matrix
proteins involved in hematopoietic stem cell
(HSC) homing and proliferation [1]. In addition
to supporting in vitro HSC survival and proliferation and in vivo HSC engraftment, MSCs have
been shown to interact with immune effector
cells. MSCs stimulated with allogeneic CD14+
mononuclear cells (MNCs) can decrease T-cell
activation and its associated interferon-gamma
(IFN-γ) production [2, 3]. Thus, MSCs are an
attractive therapeutic option for the modulation
of undesired immune responses [4, 5].

Currently, ex vivo expanded human (h)MSCs are
being utilized in clinical trials both in the USA
and in Europe to treat a variety of immune disorders [6, 7]. For this purpose, MSCs need to be
harvested from the donor, and expanded in culture, sometimes considerably, in order to obtain
sufficient numbers of cells to infuse into the
affected patients [8]. These necessary cell isolation and expansion steps add a lag time of several weeks between the initial harvest of the
bone marrow, and the infusion of the cells. This
necessary expansion and time in culture may
also result in the decrease or loss of the immunomodulatory potential of MSCs. Ideally, the
intrinsic immunomodulatory activity (potency) of
an hMSC preparation should be assessed prior
to its administration.
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The Federal Drug Administration (FDA)’s code of
federal regulations (CFR) title 21 part 61 (21
CFR 61) identifies key elements (safety, sterility,
purity, identity and potency) necessary for successful development of a cellular product. Currently, there are well-defined and relatively simple assays to assess the sterility, purity and
identity of hMSCs as a cellular therapeutic, but
potency assays for their immunosuppressive
and paracrine functions are either not well defined or require complex processes involving
multiple-day co-cultures with other cell preparations.
In 21 CFR 600.3(s), “Potency is interpreted to
mean the specific ability or capacity of the product to effect a given result” and in 21 CFR
610.10, FDA requires that “tests for potency
consist of either in vitro or in vivo tests, or both,
which have been specifically designed for each
product as to indicate its potency”.
For this particular application of hMSCs, the
desired effect is effective modulation of immune cell responses whether triggered by alloantigens such as in graft-versus-host disease, or
aberrant responses to other cellular and extracellular components such as in multiple sclerosis, rheumatoid arthritis, asthma, etc.
The development and validation of a simple,
standardized assay to measure the immunomodulatory properties of hMSC preparations
would contribute to the standardization of MSCbased cellular therapies.
The goal of the experiments described here was
to develop a simple potency assay for the immunomodulatory properties of hMSCs.
Materials and methods
Isolation of hMSCs
Eight human MSC (hMSC) preparations were
derived from bone marrow aspirated from the
iliac crest of normal healthy human donors at
the Hematopoietic Stem Cell Core Facility at
Case Western Reserve University after informed
consent obtained under the terms of an Internal
Review Board-approved protocol.
The procedures for establishing human bone
marrow-derived hMSC cultures followed previously published methods [9, 10]. Briefly, bone
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marrow aspirates were washed with complete
hMSC medium consisting in low glucose Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum from a selected lot (Gibco,
Grand Island, NY) [10] (DMEM-LG + 10% FBS)
and subjected to a pre-formed Percoll (Sigma
Chemical Co., St. Louis, MO) density gradient to
isolate mononuclear cells. Serum lot selection is
a standard procedure performed prior to purchasing a new shipment of serum; all these experiments were conducted with serum from a
single lot. The mononuclear cells were washed
with complete medium and seeded at a density
of 1.8 x 105 cells/cm2 to establish primary cultures of human bone marrow-derived hMSCs. All
cell-culture was done at 37°C in a humidified
atmosphere of 95% air and 5% CO2.
Subculturing
In order to keep their growth at an exponential
rate and prevent spontaneous differentiation or
loss of differentiation potential, hMSCs must be
subcultured before the cells become confluent
[9, 11]. Typically, they are passaged when the
cultures were 80-90% confluent. Primary cultures were usually subcultured around day 14 ±
3 days Subsequently, the cells were subcultured
approximately every 7 ± 2 days. Cells were subcultured by trypsinization, counted, and reseeded at a density of 4.5 x 103 cells per cm2.
Stimulation of hMSCs
Third passage cells were seeded into 6 well
plates, at a density 15 x 103 cells/cm2 in complete hMSC medium and the plates incubated
overnight; the medium was removed and complete PBMC medium consisting in Roswell Park
Memorial Institute (RPMI)-1640 (Invitrogen)
supplemented with 10% heat-inactivated FBS
(Sigma), further supplemented with interleukin1 beta (IL-1β) (Peprotech, Rocky Hill, NJ) (5 pg/
ml), tumor necrosis factor-alpha (TNF-α)
(Peprotech) (25 ng/ml) or both IL-1β and TNF-α,
was added to the wells. Control wells received
only complete PBMC medium. Another set of
control wells were incubated in complete PBMC
medium without hMSCs, but still received IL-1β,
TNF-α or both IL-1β and TNF-α. After a 24-hour
incubation period, the conditioned media were
collected into 2-ml microcentrifuge tubes and
centrifugated for 10 minutes at 13,000 rpm to
remove any remaining cells. The supernatants
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were then transferred to clean microcentrifuge
tubes and either used fresh or frozen at -80°C
for later use.
In a separate series of experiments, serum-free
medium consisting of RPMI supplemented with
1% ITS+ Premix (BD biosciences, Franklin
Lakes, NJ) was utilized as the base medium
instead if complete PBMC medium.
Isolation of PBMCs
Human PBMCs were isolated from peripheral
blood from normal healthy human donors after
informed consent obtained under the terms of
an Internal Review Board-approved protocol at
the Hematopoietic Stem Cell Core Facility at
Case Western Reserve University.
The blood was carefully layered on top of Ficoll
(GE, Piscataway, NJ) and the tubes centrifuged
at 800 x g for 30 minutes without brake. A sterile plastic pipette was used to aspirate the
PBMCs and transfer them into a new 50 ml
conical tube. The PBMCs were washed twice
with and resuspended in complete PBMC medium.
ELISpot
Ninety-six-well ELISpot plates (Millipore MultiScreen HTS®IP) were coated with anti-human
interferon-gamma (IFN-γ) antibody (Pierce,
Rockford, IL); 100 µl of antibody solution (4 µg/
ml in PBS) were added to each of the 96 wells
of the plate and incubated overnight in the refrigerator. The plates were then washed with
PBS and blocked at 37°C for 2 hours with complete RPMI. The wells then received either 150
µl of complete RPMI (control wells) or 150 µl of
either 106 cells/ml hMSC suspension or hMSCconditioned medium (experimental wells). Then
25 µl of complete RPMI were added to the
negative control wells and 25 µl of phytohemagglutinin (PHA) solution (40 µg/ml in complete
RPMI) were added to experimental and positive
control wells. A 25-µl aliquot of PBMC suspension (6.0 x 106 cells/ml) was finally added to
each well and the plate was incubated for 24
hours at 37°C. After the incubation, the plate
was washed with PBS + 0.05% Tween; biotinylated anti-IFN-γ antibody (Pierce) (2 µg/ml in
PBS + 0.05% Tween + 1% BSA) was added and
the plate incubated at 37°C for 2 hours. After
washing the plate with PBS + 0.05% Tween;
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Streptavidin-HRP (Dako) diluted 1:1,000 in PBS
+ 0.05% Tween + 1% BSA was added and the
plate incubated for 1 hour. After 3 washes with
PBS + 0.05% Tween, followed by 4 washes with
PBS, the IFN-γ-positive spots were developed
with 3-amino-9-ethyl carbazole (AEC) (Pierce).
The reaction was then stopped with tap water
and the plates were allowed to dry in the dark.
The plates were analyzed with a computerassisted ELISpot analyzer (Cellular Technology
Inc., Cleveland, OH). Percent inhibition was obtained by direct comparison to the corresponding positive control indicated above
Cytokine assays
The content of prostaglandin E2 (PGE2), transforming growth factor beta 1 (TGF-β1), hepatocyte growth factor (HGF), interleukin 10 (IL-10),
and vascular endothelial growth factor (VGEF) in
the conditioned media was measured using
Multi-array® kits (Meso Scale Discovery;
Gaithersburg, MD and Cayman Chemical; Ann
Arbor, MI) according to the manufacturer’s instructions. The plates were analyzed with a SECTOR Imager (SI2400; Meso Scale Discovery).
Immunosuppressive activity of exogenous PGE2
Series of test media (both Complete RPMI and
ITS-supplemented RPMI) with increasing concentrations of PGE2 (Cayman, Ann Arbor, MI)
were prepared. The immunosuppressive activity
of the PGE2 containing media was tested in IFNγ ELISpot.
Blocking PGE2 activity with antibodies
Aliquots of conditioned medium prepared by
stimulation of hMSCs with IL-1β were incubated
with different concentrations of a PGE2 blocking
antibody (2B5; Cayman) for 30 minutes. After
the 30-minute incubation, the immunosuppressive activity of the anti-PGE2 antibody-treated
conditioned media was tested in IFN-γ ELISpot.
Results
Assessment of the immunomodulatory activity
of hMSC conditioned medium
Conditioned medium from IL-1β- and IL-1β +
TNF-α-stimulated hMSCs exhibited high (85 90% inhibition) immunosuppressive activity indicated by the decrease in the number of IFN-γ-
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Figure 1. Immunosuppresive activity of hMSC conditioned media.
hMSCs were cultured for 24 hours
in ITS+ -supplemented RPMI with IL
-1β (5 pg/ml), TNF-α (25 ng/ml), or
both IL-1β and TNF-α; unstimulated
cultures were maintained in ITS+supplemented RPMI. Control samples were prepared incubating the
media with and without the cytokines in the absence of hMSCs.
The immunosuppressive activity of
the conditioned media was assessed in elispots.

Figure 2. Correlation of cytokine
concentration and immunsuppressive activity in hMSC conditioned
media. The concentration of PGE2,
TGF-β1, IL-10, VEGF and HGF in
serum-free hMSC conditioned media was measured using Multiarray® kits. The concentration of
the different cytokines was correlated with the immunosuppressive
activity of the media. PGE2 was the
only factor with a significant correlation between its concentration
and the immunosuppresive activity
of the media.

positive spots. Conditioned media from unstimulated or TNF-α-stimulated hMSCs demonstrated limited (45-50% inhibition) immunosuppressive activity.

α in serum-free medium revealed that the concentration of PGE2 in the conditioned media
correlated (R2 = 0.74) with their immunosuppressive activity in IFN-γ ELISpot (Figure 2).

This same pattern of immunosuppressive activity was observed when serum-free medium with
and without the inflammatory cytokines was
used for the stimulation of hMSCs (Figure 1).

None of the other cytokines measured (HGF,
TGF-β1, VEGF, IL-10) exhibited a similar level of
correlation with the immunosuppressive activity
of the conditioned media (Figure 2).

Cytokine measurements in conditioned media

Stimulation of hMSCs with IL-1β alone resulted
in an average 60-fold increase of PGE2 secretion compared to non-stimulated conditions;
stimulation with TNF-α alone resulted in a 4-fold
increase of PGE2 secretion compared to nonstimulated conditions; stimulation with IL-1β in

Analyses of the cytokine content of control conditioned media (unstimulated hMSCs) and conditioned media generated by activation of
hMSCs with IL-1β, TNF-α or both IL-1β and TNF-
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Figure 3. Immunosuppressive
activity of exogenous PGE2.
PGE2 was added to the medium in elispot assays. PGE2
was immunosuppressive in a
dose-dependent manner.
Data from three independent
experiments.

Figure 4. Inhibition of the
immunosuppressive activity
of hMSC conditioned media
by a neutralizing anti-PGE2
antibody. hMSC conditioned
media were pre-incubated
with an anti-PGE2 antibody
prior to assessing their immunosuppressive activity in
elispot assays. The anti-PGE2
antibody blocked the immunosuppressive activity of the
conditioned media in a dosedependent manner. Data
from three independent experiments.

combination with TNF-α resulted in 130-, 30and 3-fold increase of PGE2 secretion compared
to non-stimulated conditions, TNF-α stimulation
and IL-1β stimulation respectively.
Immunosuppressive activity of exogenous PGE2
Analysis of the immunosuppressive activity of
exogenous PGE2 added to either complete RPMI
or ITS-supplemented RPMI in IFN-γ ELISpot
demonstrated that PGE2 inhibits IFN-γ secretion
by PHA-stimulated PBMCs in a dose-dependent
manner (Figure 3). In three separate experiments performed with three independent PBMC

142

preparations, the immunosuppressive activity of
PGE2 reached maximum levels at concentrations ranging between 80 and 120 ng/ml.
Blocking PGE2 activity with antibodies
In three separate experiments performed with
three different hMSC conditioned media and
three independent PBMC preparations, incubation of serum-containing IL-1β-stimulated hMSCconditioned media with a PGE2 blocking antibody blocked the immunosuppressive activity of
the media in a dose-dependent manner (Figure
4).
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Discussion
MSCs are non-hematopoietic cells derived from
adult bone marrow that can differentiate into
several mesenchymal tissues if specific in vitro
and in vivo conditions are used [1]. MSCs are
not immuno-stimulatory in vitro [12]. They do
not induce lymphocyte proliferation when cocultured with allogeneic lymphocytes and they
are not targets for cytotoxic lymphocytes or NKcells [13]. MSCs may also be tolerated when
transplanted across major histocompatibility
complex barriers in humans. In fact, in vitro findings indicate that MSCs are immunosuppressive
[2]. Rodent, baboon or human MSCs suppress
lymphocyte proliferation in mixed lymphocyte
cultures (MLC) or by mitogens. They also inhibit
the formation of cytotoxic T-cells and NK-cells.
In a baboon model, MSCs delayed rejection of
skin allografts [14].
Published reports indicate that the immunomodulatory potential of hMSCs exhibits variability among individuals and also as a function of
culture conditions and time in culture [15]. It
has also demonstrated that hMSCs can be effectively activated to secrete immunomodulatory factors by exposure to specific cytokines
which allows more standardized conditions for
the testing of the level of activity of a given cell
preparation [15]. In these experiments we have
identified serum-free conditions in which the
stimulation of hMSCs to secrete immunomodulatory products is possible. This technical development greatly simplifies the analysis of the
immunomodulatory factors secreted by the
hMSCs upon activation by eliminating the noisy
background of FBS supplementation.
The immunosuppressive activity of hMSCs conditioned media was tested in enzyme-linked
immunosorbent spot assays (ELISpot) [16]. The
ELISpot assay allows visualization of the secretory product of individual responding cells, each
spot that develops in the assay represents a
single reactive cell. Thus, the assay provides
both qualitative (type of immune protein) and
quantitative (number of responding cells) information. ELISpot assays are highly sensitive because the product is rapidly captured around
the secreting cell before it is diluted in the supernatant, captured by receptors of adjacent
cells, or degraded. The assay has gained a recent increase in popularity, especially as a surrogate measure for cytotoxic T-cell responses, in
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large part because it is both reliable and highly
sensitive [17]. We have favored this assay over
other assessments of T-cell activity because, as
stated above, it is sensitive, reliable, simple,
reproducible, and does not require the use of
radioisotopes like traditional proliferation assays. Furthermore, we used a lectin (PHA) to
stimulate the effector cells because of its polyclonal activating effect.
The data presented here indicate that PGE2
plays a critical role in the immunosuppressive
activity of hMSCs. The role of PGE2 in regulation
of T-cell function has been documented [18]
and it has been suggested that it is one of the
most important cytokines in the immunosuppressive activity of MSCs [19, 20].
The results presented here should not be interpreted to mean that PGE2 is the only or even the
principal mechanism by which hMSCs exert
their immunomodulatory activity in vivo. In
these experiments, we have focused on the active components present in medium conditioned by hMSCs exposed to pro-inflammatory
molecules. Clearly, there are other molecules
that have been postulated to play a significant
role in the immunomodulatory activity of hMSCs
which cannot be properly tested in this format
[21]. Nitric Oxide (NO), for example, is one of
the molecules postulated to be responsible for
this activity [20-22]. However, NO is rapidly converted to nitrates or nitrites in solution and it is
not likely that it would be an active molecule in
the conditioned media tested in these experiments; its activity would likely only be effective
when hMSCs and immune cells are in close
proximity. Similarly, the potential role of indoleamine 2,3-digoxigenase (IDO) in the immunosuppressive activity of hMSCs would be limited to co-culture experiments because IDO is a
cell surface enzyme that would not be present
in cell-free conditioned media [22, 23].
As stated above, the objective of these experiments was not to elucidate the molecular
mechanism of hMSC immune modulation but
rather to identify measureable analytes whose
presence and concentration would correlate
with immunosuppressive activity. Undoubtedly,
PGE2 should be carefully explored as one of the
molecules involved in this activity. These findings, however, need to be confirmed in vitro
using different assays and, perhaps, different
modalities of T-cell activation because there are
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reports indicating differences in the mechanism
of action of hMSC modulation depending upon
the type of activation [24] in vivo. Furthermore,
these data will require in vivo validation. Cell
preparations with different levels of activity as
detected by these assays should be compared
in vivo to determine the level of correlation of
these in vitro data with their efficacy in preclinical models of immune disorders.
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