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Mesenchymal stem cells (MSCs), derived from adult tissues, are multipotent progenitor cells, which hold great
promise for regenerative medicine. Recent studies have shown that MSCs are immunosuppressive in vivo and in vitro in
both animals and humans. However, the mechanisms that govern these immune modulatory functions of MSCs remain
largely elusive. Some studies with bulk populations of MSCs indicated that soluble factors such as PGE2 and TGF[ are
important, while others support a role for cell-cell contact. In this study, we intended to clarify these issues by examin-
ing immunosuppressive effects of cloned MSCs. We derived MSC clones from mouse bone marrow and showed that
the majority of these clones were able to differentiate into adipocytes and osteoblast-like cells. Importantly, cells from
these clones exhibited strong inhibitory effects on TCR activation-induced T cell proliferation in vitro, and injection of
a small number of these cells promoted the survival of allogeneic skin grafts in mice. Conditioned medium from MSC
cultures showed some inhibitory effect on anti-CD3 induced lymphocyte proliferation independent of PGE2 and TGF.
In comparison, direct co-culture of MSCs with stimulated lymphocytes resulted in much stronger immunosuppressive
effect. Interestingly, the suppression was bi-directional, as MSC proliferation was also reduced in the presence of lym-
phocytes. Taking together, our findings with cloned MSCs demonstrate that these cells exert their immunosuppressive
effects through both soluble factor(s) and cell-cell contact, and that lymphocytes and MSCs are mutually inhibitory on
their respective proliferation.
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Introduction

Mesenchymal stem cells (MSCs) are multipotent pro-
genitors existing in adult tissues [1, 2]. They are able to
differentiate into various lineages such as adipocytes, osteo-
blasts, and other cell types in vitro as well as in vivo. It has
been shown in animal models that MSCs could specifically
migrate to wound sites and help repair damaged tissues [3].
Besides tissue repair and regeneration, it has been recently
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found that MSCs also possess an immunoregulatory prop-
erty [4-9]. MSCs inhibit mitogen- or antigen- stimulated
lymphocyte proliferation [10, 11]. MSCs have also been
successfully used for the treatment of some human cases
of graft-versus-host-disease (GVHD) [12-14], though dif-
ferent results are reported by other studies [11].

Bone marrow stem cells can be classified as being either
CD34" or CD347; CD34" cells give rise to blood cells,
while CD34" cells are more primitive and can differentiate
into many cell types, including even CD34" cells. Bone
marrow MSCs were first characterized by Friedenstein
and colleagues more than thirty years ago [15]. In their
undifferentiated state, MSCs are spindle-shaped and very
much resemble fibroblasts. Although some biological
characteristics of MSCs have been revealed, there are no
cell surface markers that specifically and uniquely identify



them. The cell surface molecules expressed by MSCs were
first characterized by Majumdar et al. [16], who found that
MSCs express integrin chains a1, 2, 3, 5, 6, v, and B1, 3,
and 4; in addition ICAM-1, ICAM-2, VCAM-1, CD72, and
LFA-3 were also detected. Interestingly, exposure of MSCs
to IFNy increased the expression of both MHC class I and
class I molecules on the cell surface [17, 18]. In general,
in vitro expanded MSCs do not express the hematopoietic
or endothelial surface markers CD31, CD34 or CD45, but
do stain positively for CD29, CD44, CD73,CD105, CD106
and CD166 [19, 20]. Some studies have shown that they
also express Flk-1 [7]. Bone marrow-derived MSCs can
be cloned and expanded in vitro more than a million-fold
and still retain the ability to differentiate into several mes-
enchymal lineages. Thus, MSCs possess great potential for
clinical applications, especially in the utilization of their
immunosuppressive properties.

Though the immunosuppressive property of mesen-
chymal stem cells is well established [4, 10, 21-26], the
mechanisms by which these cells exert their immunosup-
pressive function are still unclear. There have been various
attempts to elucidate the mechanisms of MSC-mediated
immunosuppression using the whole population of MSCs
derived by various methods. These studies have yielded
variable results and no consensus conclusion has been
reached. Some studies have shown that soluble factors such
as TGFp [22] and PGE2 [6] mediate the immunosuppres-
sive effect of MSCs [27-29]; while other researchers have
argued that direct cell-cell contact is the major mechanism
[30-32]. In the present study, we generated MSC clones
from mouse bone marrow and verified that the majority
of these clones possessed differentiation potential. They
potently inhibited lymphocyte proliferation in vitro and
promoted the survival of allogeneic skin graft in mice. We
found that, while soluble mediators from MSCs contribute
to the inhibitory effect, cell-cell contact seems to play a
more important role in MSC-mediated immune inhibitory
function. We also found that MSCs exposed to stimulated
lymphocytes had dramatically reduced proliferation and
enhanced immunosuppressive capacity.

Materials and Methods

Reagents, antibodies and mice

The following reagents were purchased from Sigma-Aldrich
(St. Louis, MO): RPMI-1640 medium, a-MEM medium, lipopoly-
sachride (LPS), phorbol myristate acetate (PMA), ionomycin and
glutamine. Heat-inactivated fetal bovine serum (FBS) and phytohe-
magglutinin (PHA) were purchased from Life Technologies (Grand
Island, NY). Fluorescein-conjugated monoclonal antibodies against
CD11b,CD13,CD34, MHC class I, MHC class II, Sca-1, and respec-
tive isotype controls were from BD/PharMingen (San Jose, CA).
Mice of strains C57BL/6 (H-2") and BALB/c (H-2¢) were obtained
from Jackson Laboratories (Bar Harbor, ME). Mice were housed in
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an American Association for Accreditation of Laboratory Animal
Care-accredited animal facility at Robert Wood Johnson Medical
School. Animal protocols were approved by the Institutional Animal
Care and Use Committee.

MSC culture

Bone marrow from 6-10 week old C57BL/6 mice was flushed
out of tibia and femur bones with PBS. Cells were filtered through
40 pum nylon mesh, and plated in 25 cm? tissue culture dishes in
a-MEM medium supplemented with 10% FBS, 2 mM glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin (Invitrogen,
Carlsbad, CA). All non-adherent cells were removed after 24 h.
The medium was replenished every three days. MSC clones were
generated by limiting dilution. Briefly, when cells were confluent,
they were harvested, diluted and seeded in 96-well plates by limited
dilution. Medium was changed every 4-5 d until clones grew out.
Only those clones contained individually in each well were picked
and expanded. Most tests were carried out using at least 3 clones
with similar results. Only data from clone #12 were shown. Cells
were always used before the 20™ passage.

Differentiation of MSCs

MSCs were made to differentiate into adipocytes in vitro by treatment
with 0.5 mM isobutylmethylxanthin, 60 uM indomethacin, 10 nM dexa-
methasone and 10 pg/ml insulin. MSCs were thus grown in 24-well
plates for 10 d. The presence of adipocytes was verified by staining
for triglycerides with oil red O (Sigma-Aldrich), an indicator of
intracellular lipid accumulation, according to established protocols
[33]. MSCs were also cultured with osteoinductive medium consist-
ing of DMEM supplemented with 10% FBS, B-mercaptoethanol,
10 nM dexamethasone, 100 uM L-ascorbic acids, and 10 mM
B-glycerophosphate. These cultures were maintained for 20 d, and
then stained with Alizarin Red S to identify calcium deposition, an
indicative property of osteoblasts.

Immunofluorescence and Flow cytometry

Surface markers were stained by incubating cells with each cor-
responding antibody for 30 min in dark according to the product
instructions. Cells were then washed twice with PBS containing 1%
FBS and resuspended in 0.5 ml PBS. Flow cytometry was performed
on a FACScan flow cytometer (BD Immunocytometry, San Jose, CA)
using Cellquest software for data acquisition and analysis.

Proliferation assay

For co-culture experiments, cells from MSC clones were plated
in 96-well plates at 1 x 10* cells per well in 100 pl of complete me-
dium consisting of RPMI-1640 supplemented with 10% FBS, 2 mM
glutamine, 2-ME, 100 U/mL penicillin, and 100 pg/mL streptomycin.
Splenocytes (3 x 10%/well) isolated from C57BL/6 or BALB/c mice
were then added to each well in 100 pl of complete medium, result-
ing in a MSC to splenocyte ratio of 1:30, unless specified otherwise.
Anti-CD3 antibody was added at 1pg/ml. After 48 h, 3H-thymidine
(0.5 pCi) was added to each well and incubation was continued for
another 6 h. Cells were harvested and *H-thymidine incorporation
was counted using a Wallac Microbeta scintillation counter (Perkin-
Elmer, Wellesley, MA).

Skin transplantation
Full-thickness skin grafts from BALB/c mice were transplanted
onto the backs of 6- to 8-week-old C57BL/6 male mice, with five mice
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per treatment group, as follows. One day before skin transplantation,
3 x 10° MSCs were injected via the tail vein into the intended recipi-
ent C57BL/6 mice. For the graft, skin was removed from the tail of
euthanized BALB/c donors. Prepared skin was placed on sterile filter
paper moistened with Hanks’ balanced salt solution (HBSS) buffered
with HEPES (pH 7.4; Sigma Chemical Co., St. Louis, MO) and main-
tained at room temperature until use (within 2 h). The dorsal surface of
the anesthetized recipient mouse was shaved and sterilized with 70%
ethanol. A graft bed was prepared with fine scissors by removing an
area of epidermis and dermis down to the level of the intrinsic muscle.
Grafts of size 1.0-1.5 cm square were fitted to the prepared bed without
suturing and then covered with petroleum jelly-impregnated gauze and
an adhesive plastic bandage. After 7 d, the bandage was removed. Skin
graft survival was assessed daily by visual and tactile examination.
Rejection was defined as necrosis of the entire epidermal surface of the
graft. The skin transplantation protocol was approved by the [ACUC
of Robert Wood Johnson Medical School.

Results

Bone marrow derived MSCs are strongly immunosuppres-
sive in vitro

MSCs were derived from mouse bone marrow accord-
ing to an established protocol [7, 25]. These cells exhibited
spindle-shaped morphology and continuous proliferation.
MSCs from the 8" passage were analyzed for expression
of cell surface molecules by flow cytometry. As reported in
other studies, these cells were found to express MHC class
Ia (K® and D) and Sca-1, but were negative for MHC class
I (I-A), CD11b, CD31 and CD34 (Figure 1A). They were
capable of differentiating into adipocytes and osteoblasts
when cultured under appropriate conditions (Figure 1B).
Thus, these cells possessed the typical properties of MSCs.
To better characterize these cells, we derived clones from
first-passage cells, and performed the same analysis on
each clone. Of 100 clones examined, most had identical
properties, except for a small number of them that expressed
CD11b, CD45 or CD34 (data not shown). When cultured
under conditions permissive for differentiation, the major-
ity of these clones underwent differentiation, with almost
100% of cells apparently acquiring the characteristics of
adipocytes or osteoblasts. Due to their uniformity, cloned

CD 11b

CD 31 CD 34
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Oil red staining
(magnification x100)

Alizarin red staining
(magnification x100)

Figure 1 Cell surface markers of MSCs and differentiation of MSCs into adipocytes and osteoblasts. (A) At passage 8, cells were
harvested and stained for the indicated surface markers as described in Materials and Methods. (B) MSCs at passage #8 were grown
under the respective conditions for differentiation into adipocytes or osteoblasts. Cells were cultured and stained as described in
Methods and Materials. Data are representative of three separate experiments.
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Figure 2 MSCs inhibit lymphocyte proliferation in vitro. (A) Various numbers of MSCs were added to splenocytes stimulated with
anti-CD3 antibody (1 pg/ml) and splenocyte proliferation was measured by *H-thymidine incorporation. The MSC to lymphocyte
ratio is indicated. (B) MSCs were added to immunomagnetically-purified CD4" T cells (MACs beads, Miltenyi) stimulated with PHA
(5 pg/ml), or (C) immunomagnetically-purified CD19" B cells (MACs beads, Miltenyi) stimulated with LPS (5 pg/ml), ata 1:30 ratio
of MSCs to responder cells. Values represent means + SD. Similar results were obtained from more than five experiments.

MSCs were used for most of the subsequent functional
assays.

To examine their immunoregulatory capacity, MSCs
from our cloned lines were added at various ratios to
freshly-isolated splenocytes activated with anti-CD3 anti-
body. We found that lymphocyte proliferation was strongly
inhibited by the presence of MSCs, and the effect was
correlated with the number of added MSCs (Figure 2A).
Significant inhibition of activation-induced lymphocyte
proliferation was observed even at a 1:60 ratio of MSCs
to splenocytes.

To examine the effect of MSCs on various lymphocyte
subpopulations, we added MSCs to cultures of purified
PHA-stimulated CD4+ T lymphocyte and LPS-stimulated
B lymphocytes. We found that MSCs dramatically inhibited
the proliferation of both types of lymphocytes (Figure 2B
and 2C). Therefore, the effect of MSCs on lymphocyte
proliferation is not limited to a specific subset.

MSCs inhibit the rejection of allogeneic skin grafts

While MSCs inhibit lymphocyte proliferation in vitro,
they have also been shown by some studies to suppress
immune response in vivo [4, 10, 34]. To confirm that the
cloned MSCs generated in our study maintain this capacity,
we used the mouse model of allogeneic skin transplanta-
tion. Recipient BALB/c mice were injected i.v. with 3 x 10°
MSCs, and skin transplantation from C57Bl/6 donors was
carried out the next day. As shown in Figure 3, transfusion
of MSCs greatly improved the survival of the skin grafts,
from a mean survival time of 10 d (control group) to 27 d
in the MSC-treated group.
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The immunosuppressive property of MSCs is not MHC
restricted

T cells responses are strictly affected by the MHC hap-
lotypes of antigen-presenting cells (APC). Since MSCs can
also suppress LPS-induced B cell proliferation, however, it
is unlikely that the effect of MSCs on T cells is restricted
by the MHC haplotype. To verify that MHC haplotypes
are not important in the immunosuppressive property of
MSCs, autologous and allogeneic MSCs were added to the
cultures. We found that the origin of the MSCs made no
difference; both autologous and allogeneic MSCs inhibited
splenocyte proliferation to a similar extent (Figure 4). We
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Figure 3 MSCs prolong the survival of allogeneic skin grafts in
mice. One day before the transplantation, 3x10° MSCs were injected
into intended recipient C57B1/6 mice. Allogeneic skin graft from a
BALB/c mouse was made onto the back of each recipient. Rejection
was evaluated as described in Materials and Methods.

243



@ Immunosuppression by cloned mesenchymal stem cells

244

407

*H-thymidine
w
o

incorporation (CPM, x10°)
N
o

-
o
L

04
\ N AN
& @ v&\
P S Q
Y o~

Figure 4 The immunosuppressive function of MSCs is not MHC-
restricted. Allogeneic (BALB/c) or syngeneic (C57B1/6) MSCs were
co-cultured with splenocytes from C57B1/6 mice stimulated with anti-
CD3 antibody for 48 h, and splenocyte proliferation was measured
after a 6 h pulse with *H-thymidine. Values represent means + SD.
Data are representative of four experiments.

similarly found that the age and gender of the mouse from
which MSCs were derived had no bearing on their immu-
nosuppressive functionality (data not shown).

MSCs incompletely inhibit PMA and ionomycin induced
lymphocyte proliferation

Lymphocyte proliferation induced by either antigen pre-
sentation or antibody against the TCR complex results from
signal transduction triggered at the antigen receptor, from
which a cascade of signaling process leads to the activa-
tion of protein kinase C (PKC) and the calcium/calcineurin
pathway. To determine the mechanism by which MSCs
exert their immunosuppressive function, we examined
which step of the signaling pathway is affected by MSCs,
i.e., surface complex formation or intracellular signaling
processes. We used stimulation with PMA and ionomycin
to mimic the PKC and calcium signals triggered by cell
surface TCR activation. To our surprise, we found that lym-
phocyte proliferation induced by PMA plus ionomycin was
only partially inhibited by co-culturing with MSCs, while
inhibition of anti-CD3 antibody-induced proliferation was
nearly 100% with the same number of MSCs (Figure 5A).
It is possible that PMA/ionomycin may alter the ability of
MSCs to exert their inhibitory effects on lymphocytes. To
rule out this possibility, MSCs were pre-treated with PMA
and ionomycin for 2 d, and tested for inhibition on anti-
CD3-induced T cell proliferation immediately after wash.
As shown in Figure 5B, pretreatment with PMA/ionomycin

did not change the inhibitory function of MSCs. Therefore,
it is likely that the inhibitory function of MSCs results at
least in part from an interference with the initiation of cell
surface signaling.

Both soluble factor(s) and cell-cell contact are important
in MSC-mediated immunosuppression

Several studies have investigated the mechanisms by
which MSCs inhibit immune responses, yet it is unclear
how MSCs exert their immunosuppressive function. Some
studies have suggested that soluble molecules such as
IL-10, TGFB and PGE2 are important in mediating the
inhibitory effects of MSCs; while others have shown that
cell-cell contact is critical. To determine whether soluble
factors released by MSCs are sufficient to achieve immu-
nosuppression, we supplemented splenocyte cultures with
conditioned medium derived from MSCs cultured with or
without activated lymphocytes. We found that conditioned
medium from cultures of MSCs alone caused partial inhi-
bition of lymphocyte proliferation (Figure 6A). We next
checked the potential involvement of factors previously
reported to contribute to the inhibitory function of MSCs,
by culturing splenocytes with MSCs and stimulating the
splenocytes with anti-CD3 in the presence of monoclonal
antibodies against IL10 or TGFp, or indomethacin which
blocks prostaglandin (PG) E2 production, at concentra-
tions known to be effective. We found that these reagents

H-thymidine
incorporation (CPM, x10%)

Figure 5 Lymphocyte proliferation induced by PMA + ionomycin
was less effectively inhibited by MSCs. (A) Splenocytes were stimu-
lated with PMA (50 ng/ml) and ionomycin (1 uM) with or without
the presence of MSCs, and their proliferation was measured after 48
h. (B) Splenocytes were stimulated with anti-CD3 in the presence of
MSCs or MSCs pretreated with PMA (50 ng/ml) and ionomycin (1 pM)
for 2 d. P/ = PMA/ionomycin. Values represent means+ SD. Data are
representative of three separate experiments.
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Figure 6 Soluble factor(s) are involved in the immunosuppressive function of MSCs. (A) C57Bl/6 splenocytes were stimulated with
anti-CD3 antibody and cultured in medium supplemented with 50% conditioned medium from MSC cultures. Super(SPL): culture
supernatant from activated splenocytes (splenocytes were stimulated with anti-CD3 in 25 cm? flasks at 2x10° cells/ml for 2 d, and then
the culture supernatant was collected); Super(MSC): culture supernatant from MSCs (MSCs were cultured in 25 cm? flasks at 1x10°
cells/ml for 2 d, and then culture supernatant was harvested); Super(MSC/SPL): culture supernatant from co-culture of MSCs and
activated splenocytes (MSCs were cultured with anti-CD3-activated splenocytes in 25 cm?” flasks for 2 d, and then culture supernatant
was collected). (B) C57Bl/6 splenocytes were cultured with MSCs and stimulated with anti-CD3 in the presence of indomethacin
(10 pg/ml), or monoclonal antibodies (50 pg/ml) against IL-10 and TGF, or their combinations. Indo = Indomethacin. Proliferation
was measured after 48 h. The incorporation of *H-thymidine is shown relative to that of the control. Values are the means+SD from

three independent experiments.

either alone or in combinations had no effect on resultant
lymphocyte proliferation (Figure 6B), indicating that IL-
10, TGFB, and PGE2 are not critically involved in the
immunosuppressive function of MSCs.

The most effective inhibition, however, was achieved
when MSCs were added directly to the activated lymphocyte
cultures (Figure 7A). To examine the role of cell-cell contact,
MSCs were seeded into wells of a 24-well plate in a 50 pl
volume, such that only about half of the well was covered,
while the other half remained dry. After incubation overnight
to allow the MSCs to adhere, the wells were washed twice
and fresh medium was added. Splenocytes were then added,
followed by the anti-CD3 antibody. As seen in the micro-
graphs of Figure 7B, splenocytes grew well in the half-well
that is absent of MSCs, while there was no growth on the
side containing MSCs. Since this system allows sharing of
the medium in the whole well while isolating the cell contact
aspect, it directly demonstrates that cell-cell contact between
lymphocytes and MSCs is much more effective than soluble
factor(s) alone in the induction of immunosuppression.

Immunosuppression by MSCs is enhanced by pre-exposure
to stimulated lymphocytes

www.cell-research.com | Cell Research

Figure 7 Cell-cell contact is important in the immunosuppressive
function of MSCs. (A) C57B1/6 splenocytes were stimulated with
anti-CD3 antibody in the presence of MSCs (1:30 ratio of MSC
to splenocytes) or 50% MSC-conditioned medium. Cultures were
photographed after 48 h under phase contrast microscopy (100x).
(B) Wells of a 48-well culture plate were seeded on only one side by
adding 5 x10° MSCs in 50 pl. After overnight incubation to allow the
cells to adhere, the wells were washed twice with complete medium
and splenocytes were added and stimulated with anti-CD3 antibody.
Cell aggregation at 48 h was observed using a phase contrast micro-
scope. Data are representative of three separate experiments.
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Figure 8 Pre-culture of MSCs with lymphocytes enhances their im-
munosuppressive capacity. Splenocytes were activated by anti-CD3
(1 pg/ml) for two days. After that, activated splenocyctes were har-
vested and co-cultured with MSCs for 1 day at a 1:30 ratio (MSCs:
splenocytes). MSCs were then washed twice to remove splenocytes,
and the remaining adherent MSCs were harvested. These pre-treated
MSCs were in turn cultured with fresh splenocytes (at a 1:30 ratio);
and the fresh splenocytes were stimulated with anti-CD3. Prolifera-
tion was determined after 48 h. Control indicates MSCs that did
not receive pretreatment. Values represent means = SD. Data are
representative of two separate experiments.

As we have shown, lymphocyte proliferation is more
effectively inhibited by directly co-culturing with MSCs,
compared to that with conditioned medium from MSCs cul-
ture (Figure 7A). We postulate that the interaction between
lymphocytes and MSCs might affect the immunosuppres-
sive ability of MSCs. To test this directly, we co-cultured
MSCs with TCR-stimulated splenocytes for two days. We
then harvested these pre-treated MSCs and, in turn, added
them to indicator cultures of fresh splenocytes, and mea-
sured their effect on lymphocyte proliferation stimulated
by anti-CD3. MSCs pretreated by exposure to activated
lymphocytes were more potent inhibitors of lymphocyte
proliferation than untreated MSCs (Figure 8). Interestingly,
we found that activated splenocytes not only enhanced the
immunosuppressive capacity of MSCs, but also inhibited
their growth (Figure 9). Therefore, in a co-culture of MSCs
and activated splenocytes, there is bidirectional inhibition
of cell proliferation.

Discussion

Stem cells have two distinct characteristics that distin-
guish them from other cell types. Firstly, they are unspecial-
ized and can renew themselves for long periods without

significant changes in their general properties. Secondly,
under certain physiologic or experimental conditions, stem
cells can be induced to differentiate into various special-
ized cell types. The promise of embryonic stem (ES) cells
in regenerative medicine is very exciting; however, there
has been a surprising lack of attention to the possible im-
munological conflict between the graft recipient and the
tissues regenerated from stem cells, especially those of
embryonic origin, which are almost always allogeneic in
nature [35]. There is clear evidence that immunological
rejection of transplanted fetal and ES cell-derived tissues
occurs very frequently [6, 36]. On the other hand, unlike
ES cells, MSCs are highly immunosuppressive. In various
systems, though not all, it has been shown that MSCs can
suppress proliferation and cytokine production by T cells
stimulated with mitogens or properly presented antigens.
Similar to previous reports that utilized bulk MSCs [4,
6, 11, 22-24, 26, 32, 37-40], we show here that cultured
clones of MSCs are highly immunosuppressive both in vitro
and in vivo. It is surprising that a single injection of a few
million MSCs was able to greatly extend the survival time
of transplanted skin. In previous reports, it has been shown
that MSCs inhibit the mixed lymphocyte reaction (MLR)
and proliferation induced by mitogen or specific antigen.
In the current study, we found that MSCs inhibit the pro-
liferation of splenocytes stimulated with PHA or anti-CD3
antibody, and of purified CD19" cells stimulated with LPS.
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Figure 9 Activated lymphocytes inhibit the growth of MSCs. Sple-
nocytes were activated by anti-CD3 (1 pg/ml) for two days. After
that, activated splenocyctes were harvested. MSCs were co-cultured
with these activated splenocytes in 96-well plates at the indicated
ratios of MSCs to splenocytes for 72 h. Cultures were then washed
2 times to remove splenocytes, and the left cells were cultured with
medium containing *H thymidine for 6 h. Values represent means
+SD. Data are representative of four separate experiments.
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It is interesting that MSC inhibition of lymphocyte pro-
liferation induced by PMA + Ionomycin was incomplete.
Though we do not know the precise mechanism, it is pos-
sible that the effect of MSCs on lymphocyte proliferation
is exerted prior to PKC activation and Ca*” mobilization.
Nevertheless, elucidation of the mechanisms that underlie
this difference will provide useful information.

While a number of studies have examined the mecha-
nisms of immunosuppression by MSCs, it remains unclear
how these cells inhibit immune responses. Some studies
have shown that soluble factors secreted by MSCs are
the most critical mediators of their inhibitory function.
Although it has been proposed that TGF( [22] and PGE2
[6] play important roles, conflicting data exist [23]. In our
study, we found no connection between these factors and
immunosuppression by MSCs, corroborating the results of
other studies that excluded these factors by using blocking
antibodies. Furthermore, we have found insignificant levels
of inhibitory cytokines such as TGFf and IL10 in MSC
culture supernatants (data not shown). Thus, it appears that
the critical soluble factors involved in the immunosuppres-
sive function of MSCs remain to be defined; it would be of
great value to identify the responsible molecules.

In contrast to some studies that support a central role for
soluble factors in the immunosuppression by MSCs, others
suggest that cell-cell contact is more important [32, 41]. In
our study, we showed that while soluble factors do contribute,
cell-cell contact is critical in the inhibitory function of MSC.
We found that: 1) MSC co-culture was more effective than
MSC-conditioned medium in inhibiting lymphocyte prolif-
eration, and, 2), half-well co-culture experiments showed
that only lymphocytes in the MSC-seeded half of the well
are completely inhibited, while some proliferation still oc-
curs on the side without MSCs. Thus, close proximity to
MSCs was important in suppressing T cell responsiveness,
indicating that direct contact between lymphocytes and
MSC:s is probably more important than soluble mediators
in the immunosuppressive function of MSCs.

We also found that when MSCs are cultured with
anti-CD3 antibody-activated lymphocytes, there is a bi-
directional inhibition of growth: not only do MSCs affect
lymphocytes, but splenocytes also influence MSCs. Inter-
estingly, activated lymphocytes inhibit MSC proliferation,
while at the same time enhancing their immunosuppressive
capacity. We found that: 1) Conditioned medium from co-
culture of MSCs + activated lymphocytes more potently
inhibits lymphocyte proliferation than that from MSCs
cultured alone; 2) MSCs pre-cultured with activated lym-
phocytes were more effective at inhibiting lymphocyte pro-
liferation in subsequent indicator co-cultures. These results
suggest that during the interaction between lymphocytes
and MSCs, lymphocytes influence the function potential
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of MSCs. Since the interaction between lymphocytes and
MSCs can enhance subsequent immunosuppression by
MSCs, we believe that further understanding of the effect
of splenocytes on MSCs might also help us understand the
immunoregulatory function of MSCs.

In conclusion, our findings indicate that MSCs are
strongly immunosuppressive both in vivo and in vitro,
and this function is relatively non-specific. Both cell-cell
contact and soluble factors are important. Lymphocytes
and MSCs mutually affect each other, and the interaction
between them simultaneously inhibits the growth of MSCs
and enhances their immunosuppressive ability. Further
elucidation of the regulation of the immunosuppressive
capacity of MSCs will allow for their effective clinical use
in the treatment of various autoimmune disorders, allergic
reactions, and atherosclerosis, as well as in transplanta-
tion.
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