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Abstract Human umbilical-cord-derived mesenchymal stem cells (hUC-MSCs) constitute an
attractive alternative to bone-marrow-derived MSCs for potential clinical applications because
of easy preparation and lower risk of viral contamination. In this study, both proliferation
of human peripheral blood mononuclear cells (hPBMCs) and their IFN-γ production in response
to mitogenic or allogeneic stimulus were effectively inhibited by hUC-MSCs. Co-culture
experiments in transwell systems indicated that the suppression was largely mediated by
soluble factor(s). Blocking experiments identified prostaglandin E (PGE ) as the major factor,
2 2

because inhibition of PGE2 synthesis almost completely mitigated the immunosuppressive
effects, whereas neutralization of TGF-β, IDO, and NO activities had little effects. Moreover, the
inflammatory cytokines, IFN-γ and IL-1β, produced by hPBMCs upon activation notably
upregulated the expression of cyclooxygenase-2 (COX-2) and the production of PGE2 by hUC-
MSCs. In conclusion, our data have demonstrated for the first time the PGE2-mediated
mechanism by which hUC-MSCs exert their immunomodulatory effects.
© 2010 Elsevier Inc. All rights reserved.
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Introduction

Human umbilical-cord-derived mesenchymal stem cells
(hUC-MSCs) are being explored as a promising candidate for
many potential clinical applications because they can be
isolated and expanded easily in large quantities in vitro [1].
hUC-MSCs resemble bone marrow MSCs (BM-MSCs) in many
respects, including plastic adherence, surface marker
expression, self-renew ability, and potential to differentiate
into osteocyte, chondrocyte, adipocyte, cardiomyocyte,
skeletal myocyte, endothelial cell, and dopaminergic neuron
[2–4]. Recent studies have provided encouraging results
regarding the utility of hUC-MSCs in tissue repair and
regeneration in several disease models, such as rescuing
visual functions in a rodent model of retinal disease [5],
ameliorating apomorphine-induced rotations in hemiparkin-
sonian rats [6], accelerating neurological functional recovery
of rats after stroke [7], and treating rat liver fibrosis[8].
There is also evidence showing that hUC-MSCs can be
transfected with either DNA or mRNA, suggesting that hUC-
MSCs may serve as a useful cellular vector for gene therapy [9].

One of the characteristic features of hUC-MSCs is its
apparently low immunogenicity. Like BM-MSCs, hUC-MSCs
express low levels of human leukocyte antigen (HLA) major
histocompatibility complex (MHC) class I, but they do not
express HLA MHC class II and co-stimulatory molecules
(CD40, CD80, and CD86) [1,10]. It was demonstrated that a
single injection of porcine UC-MSCs did not elicit a
detectable adaptive immune response in recipient pigs
[11], and no immune rejection was observed when porcine
UC-MSCs were transplanted into rat brain [12,13]. In
addition, hUC-MSCs appear to directly suppress T cell
activation in an antigen-independent fashion. Weiss et al.
showed that hUC-MSCs were able to suppress the prolifera-
tion of mitogen-stimulated rat splenocytes (xenograft
model) or hPBMCs (allogeneic transplant model) in vitro
[10]. There are a number of other studies that have
investigated the mechanism(s) of immunosuppression by
MSCs derived from BM, but there are still discrepancies in the
literature. For example, Plumas et al. reported that MSC
inhibited activated T cell proliferation by inducing apoptosis
[14]. However, this report was contradicted by Benvenuto et
al., who found that MSCs may in effect protect T cells from
apoptosis [15]. In addition, both cell–cell contact-depen-
dent and -independent mechanisms have been proposed
[16,17], and possible soluble factors that may be involved in
the suppression include transforming growth factor-β1 (TGF-
β1), hepatocyte growth factor (HGF) [18], indoleamine 2,3-
dioxygenase (IDO) [19], nitric oxide (NO) [20], and prosta-
glandin E2 (PGE2) [21]. One prominent candidate for hPBMCs
suppression is PGE2, a catabolin of arachidonic acid that
possesses potent immunomodulatory property. The synthesis
of PGE2 is regulated by cyclooxygenase (COX), of which
there are two isoforms: one constitutive form (COX-1)
and one inducible form (COX-2), which can be induced by
some inflammatory cytokines, such as IL-1β, IL-6, IFN-γ, and
TNF-α [22–25].

In this study, we examined the immunosuppressive
effects of hUC-MSCs on the activation of hPBMCs in response
to allogeneic or mitogenic stimulation, and we further
investigated the underlying mechanisms that may have
important implications for the optimized clinical applica-
tions of hUC-MSCs. Our data reveal that the immunosup-
pression of hUC-MSCs is largely cell contact-independent
with PGE2 being the principal soluble mediator.

Materials and methods

Reagents

Indomethacin (Sigma) and NS-398 (Cayman Chemicals) were
used at 10, and 50 μM, respectively. PGE2 was purchased
from Sigma and used at 1 ng/ml to 200 ng/ml. IFN-γ
(Peprotech) was used at 30 ng/ml, and IL-6 (Peprotech) was
used at 20 ng/ml. TNF-α (Peprotech) was used at 10 ng/ml.
IL-1β was purchased from eBioscience and used at 10 ng/ml.
PHA and SEB were purchased from Sigma.

Generation of human UC-MSCs and BM-MSCs

MSCs were isolated from umbilical cords or bone marrow
aspirates obtained from local maternity hospitals with
donors' informed consent. Human tissue collection for
research was approved by the institutional review board of
the Chinese Academy of Medical Science and Peking Union
Medical College. The details of isolation and ex vivo
expansion of MSCs were essentially as described previously
[1] and provided in the supplement.

Immunophenotype analysis of MSCs by flow
cytometry

hUC-MSCs (n=5) and hBM-MSCs (n=5) were stained with PE-
conjugated antibodies specific for the following surface
markers: CD3, CD14, CD19, CD31, CXCR4, CD80, CD86, CD13,
CD44, CD73, CD105, CD106, CD166, CD29, CD49e, SSEA-4,
and OCT3/4, or with FITC-conjugated antibodies specific for
the following surface markers: CD34, CD45, CD90, Stro-1,
Nestin, Flk-, HLA-ABC, and HLA-DR. Non-specific isotype-
matched antibodies served as controls. All the antibodies
were purchased from BD Pharmingen, and flow cytometry
analysis was performed on a FACSCalibur using the CellQuest
software (Becton Dickinson).

hPBMCs and MSCs co-culture experiments

hPBMCs were isolated by Ficoll-Paque (Axis-Shield) density
gradient centrifugation (density, 1.077±0.002) from the
venous blood of health volunteer donors. All cultures were
carried out in complete DF-12 medium (Gibco) containing
10% fetal calf serum (FCS) (HyClone), 2 mM glutamine, 100
U/ml penicillin and streptomycin, 0.1 mM nonessential
amino acids, 1 mM sodium pyruvate. hUC-MSCs (20 Gy
irradiated) were plated and allowed to adhere for 2 h at
37 °C. Co-culture experiments were performed in 96-well
flat-bottom plate (responder hPBMCs were plated at 105 per
well) for BrDU ELISA colorimetric assay or in 24-well flat-
bottom plate (responder hPBMCs were plated at 106 per well)
for CFSE labeling and BrDU incorporation assays. For mixed
lymphocyte reaction (MLR), an equal number of responder
and irradiated (20 Gy) stimulating hPBMCs were co-cultured
in the presence or absence of hUC-MSCs for 7 days. In some
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experiments, exogenous PGE2 or PGE2 synthesis inhibitors
(indomethacin or NS-398) were added to the culture system.

Transwell experiments

Irradiated hUC-MSCs (20 Gy, 5×105 per well) were plated
into the inner transwell chamber with 0.3-μm pore size
membrane of a 6-well plate (Corning Costar) for 2 h before
hPBMCs (3×106 per well) stimulated by PHA (10 μg/ml) were
added into the lower compartment. BrDU was added for the
last 18 h of the 4-day culturing. hPBMCs were harvested and
evaluated by flow cytometry for BrDU incorporation and IFN-
γ concentrations were determined using the IFN-γ ELISA kit.

Cell proliferation assays

Cell proliferation was assessed by three different methods.
BrDU incorporation and BrDU ELISA colorimetric assays were
performed using the Kits purchased from BD Biosciences and
Roche. BrDUwas added for the last 18 h of the total 4- or 7-day
culturing. Then cells were harvested and prepared for flow
cytometry or detected by colorimetric assay directly in the
culture plate according to the manufacturer's instructions. In
some experiments, hPBMCs proliferation was detected by
Carboxy Fluorescein Diacetate Succinimidyl Ester (CFSE)
labeling (Invitrogen). Briefly, hPBMCs were labeled with
10 μM CFSE in pre-warmed phosphate-buffered saline (PBS)
containing 0.1% BSA at a final concentration of 106 cells/ml.
After incubation at 37 °C for 10 min, cells were washed with
fresh medium containing 10% FCS. After co-culture, hPBMCs
were washed by cold PBS and analyzed by flow cytometer.

Determination of cytokine concentrations by ELISA

Cell-free supernatants were collected and kept frozen at
–80 °C until assayed for cytokine concentrations by enzyme-
linked immunosorbent assays (ELISA). ELISA assay kits for IL-
1β, IL-6, IFN-γ, and TNF-α were used following the supplier's
instruction (Jingmei Biotech Co, Ltd., PR China). PGE2 ELISA
kits was purchased from Cayman Chemicals and used
according to the protocol of the manufacturer.

Quantitative analysis of COX-2 mRNA expression

Total RNA was extracted by using Trizol (Invitrogen), and
cDNA synthesis was done using the MLV RT kit (Invitrogen) for
50 min at 37 °C in the presence of oligo-dT primer. Real-time
reverse transcriptional quantitative polymerase chain reac-
tion (RT-PCR) analyses for COX-2 and HPRT were performed
by SYBR Green Master Mix (Applied Biosystems) on an Applied
Biosystems 7500 Real-Time PCR System. PCR cycling condi-
tions were 10 min at 95 °C, 15 s at 95 °C, and 1 min at 60 °C,
followed by the final single peak-melting curve program.
Each sample was done in triplicate, and mean values were
used for quantification. The ratio of COX-2 and HPRT was
calculated according to the formula:

ratio¼2−ddCt ddCT =mean Ct gene−mean Ct housekeepingð Þ:
Human COX-2 primers were as follows: 5′-ACTCTGGCTAGA-
CAGCGTAA-3′ (forward) and: 5′-ACCGTAGATGCTCAGGGAC-
3′ (forward). Human HPRT primers were 5′-TGACACTGG-
CAAAACAATGCA-3′ (forward) and 5′-GGTCCTTTTCACCAG-
CAAGCT-3′ (forward).

Statistical analysis

The data were analyzed for statistic significance using the
GraphPad Prism software. Data are presented as mean±SEM.
When applicable, a Student's unpaired t-test and one-way
ANOVA were used to determine significance, pb0.05 was
considered to be statistically significant.

Results

Characterization of hUC-MSCs

Expression of specific cell surface and intracellular markers
by hUC-MSCs and BM-MSCs were examined by flow cytome-
try. Both hUC-MSCs and hBM-MSCs were negative for CD3,
CD14, CD19, CD34, CD45, CD31, CXCR4, Stro-1, HLA-DR,
CD80, and CD86 expression but positive for CD13, CD44,
CD73, CD90, CD105, CD106, CD166, CD29, CD49e, and HLA-
ABC expression (Supplement Table 1). However, Nestin,
CD54, SSEA-4, and OCT-4 were expressed at significantly
higher levels on hUC-MSCs than on hBM-MSCs (Fig. 1). The
surface maker expression on hUC-MSCs was not altered by
passaging or by cryopreservation at least before passage 10
(data not shown). In addition, hUC-MSCs, which exhibited a
fibroblast-like morphology (Supplement Fig. 1A), were able
to differentiate toward osteogenic, adipogenic, and chon-
drogenic lineages (Supplement Fig. 1B, C, D) in lineage-
specific induction condition, indicating that hUC-MSCs
possess multilineage differentiation potential.

hUC-MSCs possess potent immunosuppressive
effects on activation of hPBMCs

To examine the immunogenicity of hUC-MSCs, hUC-MSCs
were co-cultured with MHC-mismatched allogeneic hPBMCs
in vitro. Neither un-irradiated nor irradiated hUC-MSCs
elicited a proliferative response by allogeneic hPBMCs
(data not shown). Consistent with the findings from
previous studies on human BM-MSCs [17], these data
indicated that hUC-MSCs were also hypoimmunogenic.
Next, MLR experiments were performed to determine the
suppressive effects of hUC-MSCs on allogeneic T cell
activation. The data showed that hUC-MSCs could suppress
the activation of hPBMCs in a dose-dependent manner
when assessed by either cell proliferation or IFN-γ
production. The suppression was potent, as the inhibitory
effects were already significant when the hPBMCs:hUC-
MSCs ratio was 20:1 (proliferation) or 100:1 (IFN-γ
secretion) (Fig. 2A ). The suppressive effects of hUC-MSCs
on hPBMCs stimulated with the mitogen PHA were also
examined, and similar results were again obtained (Fig.
2B). Furthermore, the immunosuppressive properties
appeared to be a consistent and stable feature of hUC-
MSCs, because similar extent of inhibition was observed
with hUC-MSCs prepared from eight different donors and
with different numbers of cell passaging (P4-P9) (Fig. 2C).

晶美-韩芳
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PGE2 is the major soluble mediator of the
immunosuppression by hUC-MSCs

There are discrepancies in the literature with regard to the
importance of direct cell–cell contact [16,17] and soluble
factors [18,19] for the immunomodulatory activities of MSCs.
To investigate this, cell co-culture experiments were
conducted in the transwell systems to physically separate
hUC-MSCs from hPBMCs with cell proliferation and IFN-γ
secretion as read-outs. The results shown in Fig. 3A
demonstrated that hUC-MSCs were still able to block hPBMCs
proliferation and IFN-γ secretion in response to PHA
stimulation even in the absence of direct cell contact.
Although there appeared to be slight reduction in the degree
of inhibition compare with that seen with direct cell–cell
contact, the difference was not statistically significant
(pN0.05) (Fig. 3A), indicating that the inhibitory effects of
hUC-MSCs were largely mediated by soluble mediators.
Figure 1 Differential marker expression by UC-MSCs and hBM-
MSCs. hUC-MSCs and hBM-MSCs were stained with surface
antibodies and analyzed by flow cytometry. The figure shows
one representative results from five independent experiments.
P value was analyzed by the two-tailed t-test.
Previous reports have suggested that TGF-β, IDO, NO, and
PGE2 might be relevant mediators of BM-MSCs-induced
inhibition [18–21]. To investigate the possible soluble factors
that may be involved in the immunosuppressive effect of
hUC-MSCs, co-culture experiments were performed in the
presence or absence of specific inhibitors or neutralizing
antibodies. Blocking or neutralization of TGF-β, IDO, and NO
had no effects on the suppressive activities of hUC–MSCs
(Supplement Fig. 2). By contrast, inclusion of the PGE2
synthesis inhibitors, indomethacin or NS-398, in the co-
culture experiments almost completely abrogated the
inhibitory effects of hUC-MSCs, as the proliferation of
hPBMCs following mitogenic, superantigenic, or allogeneic
stimulations was restored to levels comparable to those
obtained when they were cultured without hUC-MSCs (Fig.
3B). Similar results were also obtained by BrDU ELISA
colorimetric assay (data not shown). To further investigate
the importance of PGE2 in the immunosuppression, the levels
of PGE2 produced by hUC-MSCs and by mitogen- or
alloantigen-stimulated hPBMCs were measured. Very low
levels of PGE2 were produced by either hUC-MSCs or hPBMCs
when they were cultured separately. Remarkably, however,
the PGE2 concentrations were dramatically increased in the
supernatants of co-cultures of hUC-MSCs and mitogen- or
alloantigen-stimulated hPBMCs (N300-fold when hPBMCs:
hUC-MSCs ratio was 5:1), but inclusion of indomethacin in the
co-cultures completely blocked the increase (Fig. 3C).
Moreover, addition of exogenous PGE2 could reproduce the
suppressive effects of hUC-MSCs on hPBMCs proliferation and
IFN-γ production in response to mitogen, superantigen, or
allogeneic activation (Fig. 3D). Collectively, the above data
strongly suggest that PGE2 is a major player in the hUC-MSCs-
mediated immunosuppression.
Inflammatory cytokines induce the PGE2 production
by hUC-MSCs

The finding that PGE2 production by hUC-MSCs was elevated
when they were co-cultured with activated hPBMCs suggested
that there was a requirement for some inducing signal(s) from
hPBMCs delivered through direct cell contact and/or through
secretion of soluble factors. To determine the possible
mechanism(s) of upregulation of PGE2 production, cell-free
conditioned culture media (CM) of hPBMCs stimulated with
PHA, SEB, or allogeneic hPBMCs were prepared and tested for
their effects on PGE2 production by hUC-MSCs. As shown in
Fig. 4A, only low levels of PGE2 (2.107±0.46 ng/ml) were
secreted by hUC-MSCs cultured in the regular medium, but by
contrast, significantly increased production of PGE2 was
induced when hUC-MSCs were cultured in PHA-CM (98.50±
$32# 4.02 ng/ml), SEB-CM (135.95±7.65 ng/ml), or MLR-CM
(97.04±5.93 ng/ml). The data indicate that soluble factors in
the CM are responsible for the increased PGE2 production.

Next, whether the proinflammatory cytokines, IFN-γ,
TNF-α, IL-1β, and IL-6, could induce the production of PGE2
by hUC-MSCs was investigated, since previous studies have
shown evidence that suppression of T cell proliferation by
MSCs requires the presence of IFN-γ [26], and TNF-α, IL-1β,
and IL-6 are the potential inducers of PGE2 production
[22,25]. Hence, these four inflammatory cytokines were
quantified in these CM (data are not shown), then,



Figure 2 Suppression of hPBMCs proliferation and IFN-γ secretion by hUC-MSCs. (A) hPBMCs (106 cells per well) were activated by 10
μg/ml PHA in absence or presence of hUC-MSCs at different ratios, and (B) hPBMCs (106 cells per well) were co-cultured with
allogenetic hPBMCs (106 cells per well) in absence or presence of hUC-MSCs at different ratios. Proliferation data were evaluated by
BrDU Flow kits and corresponding cell-free supernatants were analyzed by IFN-γ ELISA kits. Each data represent the mean±SEM of
three independent experiments, each performed in triplicate. ⁎pb0.05; ⁎⁎pb0.01; (C) hUC-MSCs (8) from eight donors were co-
cultured with PHA-activated hPBMCs at ratio of 1/1 or PHA-activated hPBMCs (10) from ten donors were co-cultured with one source of
hUC-MSCs. IFN-γ concentrations in each culture were measured by ELISA and data represent the mean of single experiment, each
performed in triplicate.
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recombinant IFN-γ (30 ng/ml), TNF-α (10 ng/ml), IL-1β
(10 ng/ml), and IL-6 (20 ng/ml) were added to the culture
system of hUC-MSCs. As shown in Fig. 4B, IFN-γ and IL-1β
both significantly stimulated the production of PGE2 (pb0.01
vs. unstimulated hUC-MSCs), whereas TNFα and IL-6 had no
obvious effect (pN0.05 vs. unstimulated hUC-MSCs). Fur-
Figure 3 The suppressive effects of hUC-MSCs are mediated by PG
activities of hUC-MSCs was evaluated by hUC-MSCs and hPBMCs co-cul
and IFN-γ concentrations in the cell-free supernatants were analy
Irradiated hUC-MSCs were co-cultured with hPBMCs (at ratio of 1/
absence of PGE2 inhibitors, indomethacin (Indo.) or NS-398. hPBMC
Succinimidyl Ester (CFSE). One representative of three separated
activated hPBMCs at different ratios. Cell-free supernatant of each
hPBMCs were cultured with increasing amounts of exogenous PGE2 fo
assay and corresponding IFN-γ concentration of cell-free superna
independent experiments, each performed in triplicate. ⁎pb0.05; ⁎
thermore, consistent with the results of PGE2 measurement,
quantitative real-time RT-PCR analysis demonstrated that
the mRNA expression of COX-2, a key enzyme in the
biosynthesis of PGE2, was dramatically augmented by
treatment with IFN-γ (90.77±25.96-fold) and by IL-1β
treatment (120±29.37-fold) (Fig. 4C).
E2. (A) The importance of soluble factors in immunosuppressive
ture experiments in transwell plates. Results of cell proliferation
zed by the BrDU Flow kits and the ELISA kits, respectively. (B)
3) activated by PHA, SEB, allogenic hPBMCs in the presence or
s proliferation was detected by Carboxy Fluorescein Diacetate
experiments is shown. (C) hUC-MSCs were co-cultured with
well was harvested and measured by PGE2 ELISA (D) Activated
r 4 days. Proliferation was evaluated by BrDU ELISA colorimetric
tants was presented. Data represent the mean±SEM of three
⁎pb0.01.
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Figure 4 IL-1β and IFN-γ upregulate PGE2 production of hUC-
MSCs. (A) Condition culture media (CM) were prepared by
activating hPBMCs with PHA, SEB, or allogeneic hPBMCs for 2
days in 24-well plate. hUC-MSCs were cultured in the three CM
for 3 days and then the PGE2 concentrations in each culture were
measured by ELISA (⁎⁎pb0.01). (B) hUC-MSCs were stimulated by
exogenous IFN-γ, IL-1β, IL-6, and TNF-α separately for 3 days
and the PGE2 concentrations were determined by ELISA
(⁎⁎pb0.01). (C) The levels of COX-2 mRNA expression were
measured by quantitative real-time RT-PCR. The data are
expressed as the mean±SEM from three different experiments,
each performed in triplicate.
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The immunomodulatory activities of hUC-MSCs are
not related to the apoptosis of T cells

There is inconsistency in the literature with regard to the
role of MSCs on T cell apoptosis, as one report suggested that
MSCs may exert their immunomodulatory activities by
triggering early death of activated T cells [14], but a later
study showed that MSCs may in fact promote T cell survival
[15]. Therefore, the effect of hUC-MSCs on survival of
activated T cells was evaluated. hPBMCs were stimulated
with PHA and cultured with or without the presence of hUC-
MSCs for 3 days, and the portions of apoptotic cells were
analyzed by annexin V staining and flow cytometry. As shown
in Fig. 5A, there was a significant reduction of apoptosis
when hPBMCs were cultured in the presence than in the
absence of hUC-MSCs (53.8% vs. 70%, pb0.01), indicating
that hUC-MSCs protected the activated hPBMCs from
activation-induced apoptosis. Because of the importance of
PGE2 in the immunosuppression, apoptosis of activated cells
was also examined by adding the PGE2 synthesis inhibitor
indomethacin to assess whether PGE2 was related to the
protective effect of hUC-MSCs. This experiment showed that
blocking of PGE2 production with indomethacin completely
abolished the protective effect on apoptosis (Figs. 5B and C).
The data in this study thus demonstrated that hUC-MSCs
inhibited rather than induced apoptosis, and PGE2 was
required for the inhibitory effect.
Discussion

Although the clinical studies of MSCs reported in the
literature so far have almost exclusively used BM-derived
MSCs, there is growing interest in finding alternative sources
of MSCs and exploring their therapeutic potential. Several
studies including our own have demonstrated that cells that
share most characteristics of BM-MSCs can be readily isolated
from human umbilical cord and culturally expanded to large
numbers in vitro [27]. Compared with BM-MSCs, hUC-MSCs
have several advantages such as abundant supply, painless
collection procedure, less chance of microbial contamina-
tion, and better expandability [27].

In this study, we prepared hUC-MSCs and analyzed the
expression of a number of cell surface and intracellular
markers. The expression profile of hUC-MSCs is similar to that
of BM-MSCs and consistent with the definition proposed by
ISCT [28]. However, some difference was also noted as
Nestin, CD54 (ICAM-I), SSEA-4, and OCT-4 were expressed at
higher levels on hUC-MSCs than on hBM-MSCs (Fig. 1). Higher
expression of nestin, which was initially identified as a
marker of neural stem and progenitor cells [29], may explain
the potential of hUC-MSCs to differentiate into neuron.
ICAM-1 as an adhesion molecule [30] may mediate the effect
of binding to leukocytes. In our culture conditions, ∼50% of
hUC-MSCs express SSEA-4, whereas b2% of BM-MSCs are
positive for SSEA-4 expression. It appears also that OCT-4 is
expressed by most hUC-MSCs (∼90%) at higher levels in
comparison with BM-MSCs. SSEA-4 and OCT-4 are initially
identified as human embryonic stem cell-specific antigens
that are involved in the self-renew and maintenance of
pluripotency of embryonic stem cells [31,32]. Expression of
SSEA-4, OCT-4, and several other pluripotent stem cell
markers by umbilical cord-derived MSCs was also reported by
Jo et al. [33]. Expression of some of the embryonic stem cell-
specific markers by hUC-MSCs is perhaps not surprising since
umbilical cord is a fetal organ, and this may explain the
better passagability and higher proliferative capacity of hUC-
MSCs compared with the adult BM-MSCs [1].

One of the clinical applications of BM-MSCs showing
encouraging results is in the treatment of severe, steroid-
resistant, acute GVHD frequently occurred after allogeneic



Figure 5 hUC-MSCs protect activated T cells from apoptosis. Cell death of T cells activated by PHA for 3 days in the presence or
absence of hUC-MSCs was evaluated by annexin V staining and propidium iodide incorporation. (A)(B) FACS profiles of one
representative experiments. (C) Scatter plot of the results of five separate experiments. The means were shown with a dash (–) and
the presence of hUC-MSCs significantly protected T cells from apoptosis (pb0.01).
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hematopoietic stem cell transplantation [34]. The finding
that HLA-matching is apparently not required for the
therapeutic efficacy of donor BM-MSCs is of particular
interest as it implies that the infusion of BM-MSCs may
become a readily applicable therapeutic option for GVHD
treatment. Similar to the low immunogenecity of BM-MSCs
described by previous studies [35,36], we found that the
hUC-MSCs prepared by our procedure did not express HLA-
DR or the costimulatory molecules (CD80 and CD86) and did
not elicit a proliferative response of allogeneic hPBMCs.
These results were in line with those obtained by Weiss et
al., who also showed that human umbilical cord Wharton's
jelly-derived cells (referred to as umbilical cord matrix
stromal cells) are hypoimmunogenic in vitro and in vivo in
both allogeneic and xenogeneic settings [10]. Although
there are some differences in preparation protocols, the
data from us and from Weiss et al. have clearly indicated
that the low immunogenic cells derived from the human
umbilical cord tissue should be applicable in allogeneic
transplantations.

The immunomodulatory properties BM-MSCs have been
intensively investigated by a number of groups in the last
few years [37,38]. Our data here show that umbilical-cord-
derived MSCs are able also to potently suppress hUC-MSCs
proliferation and IFN-γ secretion in response to mitogenic
or allogeneic stimulation. Moreover, the finding that
physical separation of hUC-MSCs and hPBMCs in the
transwell experiments has little effects on the immunosup-
pression demonstrates unequivocally that hUC-MSCs exert
their suppressive effects mainly through secretion of
soluble factor(s). This result is not unexpected as most
studies on BM-MSCs have reached similar conclusion
[18,19]. However, there are still controversies with regard
to the nature of the predominant factor(s) involved,
although a number of candidates, such as TGF-β, HGF,
PGE2, NO, and IDO, have been put forward. Our data in this
study clearly identify PGE2 as the critical mediator of the
immunosuppressive activities of hUC-MSCs: (1) production
of large amounts of PGE2 was induced upon co-culturing of
activated hPBMCs and hUC-MSCs; (2) blocking of PGE2
biosynthesis by specific inhibitors completely abolished the
immunosuppression activities of hUC-MSCs, whereas neu-
tralization of TGF-β, IDO, and NO had no effects; and (3)
addition in the hPBMCs culture of exogenous PGE2 had
similar inhibitory effects on hPBMCs activation. It is
noteworthy that PGE2 is equally effective in suppressing
hPBMCs that have been stimulated with mitogen (PHA),
bacterial superantigen (SEB), or alloantigens (MLR) according
to our results. In contrast, Rasmusson et al. have previously
shown that inhibition of PGE2 synthesis has no effect on the
MSC-induced inhibition of allogeneic T cell response [39,40].
Moreover, when injected into the spleen, multipotent adult
progenitor cells (MAPCs) resulted in an unfavorable in vivo
environment for supporting T cell activation via the
elaboration PGE2 in situ, which reduced GVHD [41]. Although
we did not investigated the exact mechanism through which
PGE2 modulates T cell responses, several studies have
revealed that PGE2 inhibits T cell proliferation by a protein
kinase A (cAMP)-dependent mechanism [42,43] through
interaction with the G-protein-coupled receptors EP2 and
EP4 [44,45].

Several previous studies have found that the super-
natants from BM-MSCs have no inhibitory effect unless they
have been co-cultured with lymphocytes, suggesting a
requirement of some sort of activation signal(s) for the
inhibitory activity of BM-MSCs. In line with those reports,
we found that hUC-MSCs produced low levels of PGE2 when
cultured in the regular growth medium, but co-culturing
with activated hPBMCs resulted in dramatically increased
PGE2 production. Furthermore, some soluble factor(s) is
sufficient for the induction of PGE2 production as culturing
hUC-MSCs in the conditioned supernatants from allo- or
mitogen-stimulated hPMCs led to similar increase in PGE2
concentrations. We tested several inflammatory cytokines
for their potential role in stimulating PGE2 production and
identified IFN-γ and IL-1β as strong inducers because both
the mRNA expression of Cox-2 (a key enzyme in the
biosynthesis of PGE2) and production of PGE2 were
augmented by IFN-γ or IL-1β treatment. The role of IFN-
γ in the activation of BM-MSCs has been described by
several reports. Aggarwal and Pittenger [21] demonstrated
that treatment of BM-MSCs with IFN-γ resulted in enhanced
levels of PGE2. Ryan et al. [46] showed that IFN-γ
treatment led to significantly increased expression of
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TGF-β and HGF by BM-MSCs, although the authors did not
show whether IFN-γ would also enhance the production of
PGE2 despite its apparent importance in immunosuppres-
sion. Jarvinen et al. have reported that IL-1β increases
PGE2 production by lung resident mesenchymal stem cells
[22], and the similar effect from porcine maternal placenta
was described by Jana et al. [47]. Apart from IFN-γ and IL-
1β, it is possible that other inflammatory cytokines such as
TNF-α may also induce MSCs to produce PGE2 [21]. These
results may offer an explanation for the clinical observa-
tions that MSCs are more effective in treating severe on-
going GVHD [34] than in preventing the onset of GVHD [48],
because the extent of alloreactive T cell responses (e.g.,
the amounts of inflammatory cytokines produced) may be
an important factor for the activation of MSCs and
therefore their efficacy. Polchert et al. have recently
directly tested this hypothesis using a mouse model of
acute GVHD and found that only IFN-γ pretreated, but not
untreated MSCs, are effective in prevention of GVHD
development [49]. These data therefore have important
implications in the optimization of clinical applications of
MSCs such as in the management of GVHD and in various
autoimmune disorders.

Induction of apoptosis of CD3-activated T cells was
proposed by Plumas et al. as a possible mechanism of hBM-
MSCs-mediated immunosuppression [14], but a later study by
Benvenuto et al. showed that hBM-MSCs prevented cell death
when T cells were overstimulated through TCR engagement
(OKT3) [15]. We found in this study that hUC-MSCs could
significantly reduce rather than promote apoptosis of T cells
activated with PHA. The differences in the sources of T cells,
the stimulators used for T cell activation and the sources or
preparations of MSC may explain the discrepancy. Moreover,
PGE2 also appeared to be an important factor in protecting
hPBMCs from apoptosis by hUC-MSCs because inhibition of
PGE2 biosynthesis reversed the anti-apoptosis effect. One
possible mechanism of PGE2-mediated protection may be
through downregulation of Fas receptor and Fas ligand
expression by T cells as shown by Porter and Malek [50].
Interestingly, downregulation of Fas receptor and Fas ligand
expression was also noted in the study of Benvenuto et al.,
although whether PGE2 was responsible was not directly
examined in the study.

In summary, we here demonstrate that hUC-MSCs possess
potent immunomodulatory properties, and PGE2 produced in
large amounts by inflammatory cytokine-activated hUC-MSCs
is the principal mediator of the immunomodulation. Our data
suggest that hUC-MSCs could potentially be used for the
treatment of various disorders caused by dysregulated
immune reactions.
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