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Mesenchymal stem cells (MSC) inhibit the response of allogeneic T lymphocytes in culture. Because the mecha-
nisms of this effect may differ according to the existence of cell contact, we investigated the differences in gene
expression of inhibitory molecules during MSC–T lymphocyte coculture when cell contact does and does not
occur. Human MSC and T lymphocytes were cultured together in standard and transwell cultures. MSC gene
expression was analyzed by semiquantitative real-time RT-PCR. MSC elicited a high dose-dependent inhibition
of T lymphocytes in cultures with cell contact, but inhibition occurred even without cell contact. In both cases,
we observed significant upregulation of IDO, LIF, and HLA-G, along with downregulation of HGF and SDF1.
In cultures with cell contact, IL-10 and TGF-β transcripts were expressed in a significantly higher level than in
cultures without this contact. Furthermore, in the latter, the increased inhibition of T-cell proliferation was
positively correlated with IDO gene expression and negatively correlated with SDF1 gene expression. MSC
appear to induce T-cell tolerance by two distinct mechanisms. The first of these, which does not require cell
contact, induces expression of the tolerogenic genes IDO, LIF, and HLA-G. The second mechanism, which is
contact dependent, modulates IL-10 and TGF-β gene expression. These two mechanisms probably play separate
roles in MSC-induced tolerance in allogeneic hematopoietic stem cell transplantation.
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INTRODUCTION Specifically, MSC mediate the inhibition of T-
lymphocyte proliferation, though the mechanisms by
which they do so are not fully understood. No consis-The immunomodulatory effects of mesenchymal

stem cells (MSC) have been demonstrated in various tent results have appeared from studies of various
molecules hypothetically involved in this mechanism:species, including humans, rodents, and primates

(4,8,9,17,21,28) and show clinical promise for the transforming growth factor (TGF-β), hepatocyte
growth factor (HGF) (8), interleukin-6 (IL-6), prosta-treatment of graft versus host disease (GVHD) and

graft failure management. glandin E2 (PGE2), vascular endothelial growth factor
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(VEGF), IL-8 (1), IL-10 (5), stromal cell derived fac- for 10 min at 20°C. The cells were then resuspended
and plated at 50,000 cells/cm2 in a-MEM (Invitrogen,tor-1 (SDF-1), osteoprotegerin (OPG) (16), indole-

amine 2,3-dioxygenase (IDO) (20), and IL-1β (10). Gergy, France), supplemented with 10% fetal calf se-
rum (research grade FCS, Hyclone, Perbio, Bezons,The action of these soluble molecules may be either

direct or indirect, and the differences between these France). The culture was maintained at 37°C in a hu-
midified atmosphere containing 95% air and 5% CO2two mechanisms are not yet clear. Di Nicola et al.

reported that MSC-mediated inhibition of T-cell pro- and subcultured before confluence. Nonadherent cells
were removed after 72 h, and the medium was re-liferation differed significantly according to whether

cell contact was possible [i.e., whether standard or placed twice weekly. Before confluence, adherent
cells were detached with 0.25% trypsin-EDTA IXtranswell mixed lymphocyte cultures (MLC) are

used] (8). Djouad et al., on the other hand, reported (Invitrogen), washed in PBS, and replated at 1000
cells/cm2 for passages 1 and 2 ( P1, P2). The MSCequal inhibition in both types of cultures (9). Kram-

pera et al. found no inhibitory effect at all in cultures obtained at the end of P2 were those used for the
MLC. The MSC expanded in culture stained forwithout cell contact (15), while others have observed

that MSC inhibited lymphocyte cytotoxicity in such CD14, CD34, CD45, HLA-DR, CD29, CD44, CD49a,
CD73, CD90, CD105, and CD166 (BD Biosciences,cultures (3,13,23). The similarity of the inhibitory ef-

fect for transwell and cell contact cultures (13,23) Le Pont de Claix, France), conjugated with FITC or
PE. Data for at least 5000 cells were acquired usingsuggested that this inhibition was mediated essen-

tially by soluble factors. a 488-nm laser flow cytometer (FACS calibur, BD
Biosciences), and these data were then analyzed withWhen cultured with T lymphocytes MSC are in-

duced to produce inhibitory soluble factors (9,16); CELL Questpro software (Becton Dickinson). Cells
were also cultured, as previously described (11), insuch a conditioned medium also acts on T-cell prolif-

eration after mitogenic activation (16). Conditioning the specific media required for osteogenic (mineral
deposit identified by positive von Kossa staining),is mediated by soluble factors secreted by monocytes

(10). Whether this induction differs in cultures with chondrogenic (aggregate cultures), and adipogenic
(identified by Oil Red O-staining of lipid-laden fatand without cell contact has not been investigated.

We studied a pattern of MSC gene activation in MLC cells) differentiation. MSC were routinely frozen in a
medium containing 20% dimethyl sulfoxide (DMSO)during inhibition of T-cell proliferation. Our aim was

to analyze the effect of T-cell contact with MSC and and 80% FCS.
to determine whether this contact is needed to induce

Preparation of Peripheral Blood Mononuclear Cellsthe specific expression of these inhibitory molecules
by MSC. We investigated both the transcript levels Human peripheral blood mononuclear cells (PBMCs)

from healthy volunteers were prepared by gradientof potential inhibitors (IDO, HGF, TGF-β, IL-10,
LIF, and HLA-G) and regulation of the gene expres- centrifugation in a Ficoll solution (density 1.077 g/

ml, Biochrom) at 400 × g for 20 min at room temper-sion of SDF-1 homing molecules and of VCAM and
LFA3 adhesion molecules, which are involved in ature. Cell count and viability were assessed by try-

pan blue dye exclusion. PBMCs were incubated atMSC–T-cell contact. Our results show that expres-
sion of a variety of common genes induces these in- 37°C and 5% CO2 for 24 h in Iscove medium, supple-

mented with 10% FCS, 1% L-glutamine, and 2% anti-hibitory mechanisms. Inhibition of T-cell prolifera-
tion in the MLC stimulated MSC expression of IDO, biotics. They were then washed by centrifugation and

resuspended in Iscove medium supplemented withLIF, and HLA-G genes; this upregulation did not re-
quire MSC–lymphocyte contact. MSC transcription 1% FCS, 1% L-glutamine, and 2% antibiotics at a

concentration of 4 × 106 cells/ml. Next, they wereof IL-10 and TGF-β genes, on the other hand, was
dependent on cell contact. treated with mitomycin (Sigma, Isle d’Abeau, France)

(25 mg/ml), incubated for 30 min at 37°C, washed
three times by centrifugation for 10 min at 400 × g,
and resuspended in 2 ml of RPMI medium supple-MATERIALS AND METHODS
mented with 10% FCS, 1% L-glutamine, and 2% anti-

Isolation and Culture of Human Bone Marrow
biotics. After cell count and viability were assessed

Mesenchymal Stem Cells
by trypan blue dye exclusion, the cells were used di-
rectly in MLC.Bone marrow (BM) aspirates were collected from

patients undergoing total hip replacement surgery,
Immunomagnetic Selection of Responding T Cellswho provided informed consent. The BM aspirate

(10–20 ml) was combined with Iscove’s medium (Bio- To isolate CD2 T cells, we magnetically labeled
the PBMCs with CD2 microbeads (Miltenyi Biotec,chrom, Berlin, Germany) and centrifuged at 200 × g
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Bergisch Gladbach, Germany) and then loaded them timated by optical density measurement. RNA isola-
tion was followed by DNAase digestion. Total RNAonto the column in a magnetic field according to the

manufacturer’s instructions. The magnetically labeled (1 µg) was reverse transcribed to cDNA with 100
ng of random hexamers and 200 U of superscript IICD2+ cells were retained on the column and eluted

as the positively selected cell fraction. Cell count and (Invitrogen) at 42°C for 1 h. All reactions were per-
formed with the ABI prism 7700 Sequence Detectorviability were assessed by trypan blue dye exclusion.
V 1.7 system (Applera, Foster City, CA, USA). Re-
verse and forward primers were designed with itsMixed Lymphocyte Cultures (MLC)
Primer ExpressTM program; these sequences are re-
ported in Table 1.

Cultures With Cell Contact. Human CD2 (1 ×
To determine amplification efficiency, we con-

105) cells and mitomycin-treated PBMCs isolated
structed calibration curves with a 0.99 correlation: ef-

from two unrelated donors were cocultured separately
ficiency exceeded 94% for both target genes and

(CD2 to PBMC ratio 1:1) or in the presence of MSC,
GAPDH, the reference (housekeeping) gene we mea-

in 200 µl of modified RPMI-1640 medium (In-
sured. Amplification products were detected with

vitrogen), supplemented with 10% FCS, 1% L-gluta-
Sybr green I, a dye that binds to all double-stranded

mine, and 2% antibiotics in V-shaped 96-well plates
DNA. The specificity of PCR products was checked

(BD Biosciences). Human MSC were plated in tripli-
with melting temperature dissociation software

cate onto 96-well plates in decreasing numbers (3 ×
(Applera). Threshold cycles (Ct) were selected in the

104, 1 × 104, 3 × 103, and 1 × 103 cells/well) and al-
lines in which all samples were in logarithmic phase

lowed to adhere to the plate for 1–2 h. The ratios of
(14). For relative quantification, values for the target

mesenchymal stems to T cells were thus 0.3, 0.1,
gene product in MSC cocultured with lymphocytes

0.03, and 0.01. The positive control was CD2 +
were normalized according to target gene and

PBMCs treated with mitomycin, and the negative
GAPDH values in MSC alone. We used the 2−∆∆CT

controls were CD2+ cells alone, mitomycin-treated
formula to determine these values (14): ∆Ct of MSC

PBMCs alone, and MSC alone.
after coculture with LT = mean Ct of target gene −
mean Ct of GAPDH gene; ∆Ct of MSC alone = mean

Cultures Without Cell Contact. The same proce-
Ct of target gene − mean Ct of GAPDH gene; ∆∆Ct =

dure was followed in transwell chambers (0.2 µm, ∆Ct of MSC after coculture with lymphocytes − ∆Ct
Nunc, Roskilde, Denmark): MSC were seeded in the

of MSC alone. 2−∆∆CT thus designates the variation in
lower chamber and allowed to adhere 1–2 h. Equal

expression of the genes in question in MSC cocul-
numbers of CD2 cells and PBMCs were then cultured

tures, relative to their expression in control (MSC
in the upper transwell chamber. The MSC/T cell ra-

alone). Genes were considered to be upregulated by
tios were 0.3 and 0.1.On day 4 of the culture, PBMC

MSC in MLC compared with MSC alone if 2−∆∆CT

proliferative response was measured by thymidine
was >1 and downregulated if <1.

incorporation after incubation with 1 µCi/well
[3H]thymidine ([3H]TdR) (Amersham, Buckingham, Statistical Analysis
UK) for 18 h after a 3-day culture. A liquid scintilla- The statistical analysis was performed with the
tion counter (LKB Wallac 1209 RackBeta, Gaithers- Statistical Package for the Social Sciences (SPSS)
burg, MD, USA) measured incorporated radioactivity version 10. Analysis of variance with repeated mea-
in counts per minute (cpm). sures (ANOVA) was used to study dose effects and

to compare transwell cultures with cultures with cell
Semiquantitative Real-Time RT-PCR contact (Dunnett’s test). Statistical significance was

set at a value of p < 0.05. The results were normal-We compared gene expression by MSC during T-
ized by logarithmic transformation. The Mann-Whit-cell inhibition to that by untreated MSC alone in five
ney test was used to assess the significance ofparallel experiments with MSC derived from the BM
changes in gene expression and Spearman’s nonpara-of five different donors. On day 4, MSC cocultured
metric test to assess the correlation between gene ex-at the 0.3 MSC/T cell ratio (corresponding to the
pression and the MSC inhibitory effect.highest level of inhibition observed, see Results)

were harvested and washed. We used an anti-CD45
antibody and flow cytometric analysis to assess con- RESULTS
tamination of the MSC harvested from the mixed cul-

Characterization of MSCture by hematopoietic cells. Total RNA was extracted
with a Trizol reagent kit (Invitrogen, Groningen, At the end of passage P2, the cells were bona fide

MSC. They were negative for HLA-DR and hemato-Netherlands). RNA concentration and purity were es-



IP: 103.62.30.226 On: Wed, 25 Apr 2018 07:50:55
Delivered by Ingenta

Article(s) and/or figure(s) cannot be used for resale. Please use proper citation format when citing this article including the DOI,
publisher reference, volume number and page location.

220 NASEF ET AL.

TABLE 1
PRIMER SEQUENCES AND ACCESS NUMBERS OF STUDIED GENES

Gene Name Access Number Forward Primer (5′ to 3′) Reverse Primer (5′ to 3′)

GAPDH NM002046 GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC
VCAM1 M73255 CACACACAGGTGGGACACAAA GACCATCTTCCCAGGCATTTT
SDF1a L36033 GCCTGAGCTACAGATGCCCA TTCGGGTCAAFGCACACTTGT
IL-10 NM000572 CTACGGCGCTGTCATCGAT GGCATTCTTCACCTGCTCCA
TGF-β NM000660 CTCTCCGACCTGCCACAGAT TAACCTAGATGGGCGCGATC
LIF M6342 ACCAGAAAGATCCTCAACCCCCA ACGTGGTACTTGCTGCACAGG
LFA3 Y14781-82 GCTCGCAACCTCCTTACAAGC TGGCAAAAATTCTCGCTCCTT
IDO X17668 GGCCTGCGGGAAGCTTAT TTGGCTGCTGGCTTGCA
HLA-G X17273 ACCATCCCCATCAGGTATC ACCGCAGCTCCAGTGACTACA
HGF X16323 CCCACTTGTTTGTGAGCAACA AGGACGATTTGGAATGGCG

poietic antigens CD45, CD34, and CD14, and they cells (19).Accordingly, we examined the third-party
human MSC-mediated immunosuppressive effect.expressed antigens known to be present in MSC:

CD29, CD44, CD49a, CD73, CD90, CD105, and The results reported here represent the mean ± SEM
of the T-cell proliferation index in seven separate ex-CD166 (Table 2). When cultured in the appropriate

specific media, they differentiated into osteogenic, periments performed in triplicate. Addition of MSC
significantly inhibited the proliferative response. Thechondrogenic, and adipogenic cells (data not shown).

T-lymphocyte contamination was successfully [3H]TdR incorporation test indicates that this inhibi-
tion was dose dependent. The percentage of prolifera-eliminated in the cultures with cell contact: FACS

analysis showed CD45 surface expression in less than tion was 34.84%, 42.63%, 49.56%, and 72.87%, for
the 0.3, 0.1, 0.03, and 0.01 ratios, respectively. There2% of MSC collected from MLC, after two washings.
was a linear relation between the MSC concentration
and inhibition of proliferation (p = 0.058).MSC Elicited Dose-Dependent Inhibition of T-Cell

Proliferation in Cultures With Cell Contact (Fig. 1)

MSC Inhibit T-Cell Proliferation More StronglyPrevious studies reported that MSC suppress an
in Cultures With Cell Contact Than in Culturesongoing immune response by inhibiting T-cell prolif-
Without (Fig. 2)eration stimulated either in MLC or by mitogens

(4,8,9,17,21,28). Maccario et al. have compared the Previous reports of differences in MSC-mediated
effect observed with allogenic MSC to that obtained immunosuppressive effects in cultures with and with-
with autologous MSC. Results showed that more ef- out direct cell contact were inconsistent (8,15,17).
fective suppressive activity on MLC-induced T-cell Accordingly, in a separate series of experiments, we
activation was observed when MSC were allogenic, created cultures from MSC taken from five separate
rather than autologous, with respect to MLC responder donors to compare the inhibition of T-lymphocyte

proliferation with and without cell contact at ratios of
0.3 and 0.1. Proliferation was lower in the culturesTABLE 2
with cell contact compared to cultures without cellCHARACTERIZATION OF MSC AT PASSAGE 2

contact: 25.1% versus 41% at a ratio of 0.3 (p =
Antigen Positive Cells (%) MFI 0.003) and 42% versus 60% at a ratio of 0.1 (p =

0.05).CD45 <1 1
CD34 <1 1
CD14 <1 1 Gene Expression by MSC of Inhibitory Molecules,
CD29 99.7 171

Adhesion Molecules, and SDF-1 During T-CellCD44 94 262
Inhibition (Fig. 3)CD49a 63.4 4

CD73 99.4 154
Some studies have demonstrated that MSC use sol-CD90 99.6 544

uble factors to inhibit T-cell functions (3,8,10,13,CD105 99.7 126
CD106 61.4 4 23,28) while others have shown the importance of
CD166 98.4 26 cell contact for this MSC-mediated inhibition (5,15).

To clarify these mechanisms, we used semiquantita-Result of a representative experiment. At least 5000 cells were
tive real-time RT-PCR to characterize MSC gene ex-analyzed for each antigen. Analyses of the percentage of positive

cells and the mean fluorescence intensity (MFI). pression during modulation of T-cell proliferation in
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Figure 1. Proliferation of responder CD2+ cells cocultured with allogeneic PBMCs and MSC, with increasing MSC/T cell ratios with cell
contact. MSC elicit dose-dependent inhibition of T-cell proliferation in cultures with cell contact. The mean CPM of CD2 + PBMC pairs in
the absence of MSC is assigned a 100% value ± SEM. The percentage of proliferative response was the mean of a given MSC/TL ratio,
divided by the mean of CD2 + PBMC proliferation. *A statistically significant inhibition of CD2+ cell proliferation at MSC/TL ratios of
0.3. 0.1. 0.03, and 0.01 was observed, compared with the control (CD2 + PBMC), p = 0.058.

cultures with and without cell contact. The relative In MSC cultured with T cells (i.e., in MLC) re-
gardless of cell contact: VCAM expression wasquantification of target gene product from MSC co-

cultured with T cells was normalized to the target upregulated, but not significantly, and SDF-1 expres-
sion was significantly downregulated (p < 0.01) (Fig.gene product from MSC alone and to the GAPDH

gene product as the internal control. The results were 3A); HGF expression was significantly downregu-
lated (p = 0.001), while expression of IDO (p <expressed as the increase in the mRNA level of target

genes in a coculture of MSC and T cells, with and 0.001), LIF (p < 0.001), and HLA-G (p < 0.05) was
significantly upregulated (Fig. 3B).without cell contact, compared with levels in MSC

cultured alone (control). Expression of two factors in MLC, on the other

Figure 2. MSC elicit more significant suppression of T-cell proliferation in MLCs with, compared to MSC without, cell contact. Proliferation
of responder CD2+ cells with allogeneic PBMCs (gray column) or cocultured with MSC in increasing MSC/T cell ratios with (white column)
and without (black column) cell contact. The mean CPM of CD2 + PBMC pairs in the absence of MSC is assigned a 100% value ± SEM
(gray columns). The percentage of proliferative response was the mean of a given MSC/TL ratio divided by the mean of CD2 + PBMC
proliferation. *A statistically significant inhibition of the proliferation of CD2+ cells was observed, compared with the control (CD2 +
PBMC) (p = 0.001). **A statistically significant value was observed when comparing the inhibitory effect between cultures with and without
cell contact (p = 0.003 for the MSC/TL ratio 0.3 and p = 0.05 for the MSC/T cell ratio 0.1).
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Figure 3. Gene expression of inhibitory molecules, adhesion molecules, and SDF-1 in MSC during T-cell inhibition. Values greater than 1
indicate upregulation of the target genes, while values less than 1 indicate their downregulation. The white columns indicate cultures with
cell contact. Gray columns indicate cultures without cell contact. *Statistically significant differences were observed when compared to
controls. (A) Adhesion and homing molecules, (B) gene expression of inhibitory molecules modulated with or without contact, and (C) gene
expression of inhibitory molecules modulated dependent on contact.

hand, appeared to be dependent on contact between Correlation Between Levels of Immune Suppression
and Gene Expression (Fig. 4)MSC and T cells: IL-10 (p = 0.002) and TGF-β (p =

0.003) were expressed in significantly larger quanti-
ties in cultures with cell contact (Fig. 3C). LFA-3 To test whether immunosuppression exerted by

MSC in cultures without cell contact may be relatedwas downregulated, but not significantly (Fig. 3A).
Significant genes changes are outlined in Table 3. to up- or downregulation of gene expression, we
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TABLE 3 0.01). Immunosuppression without cell contact may
MAIN GENE EXPRESSION CHANGES ACCORDING

be related to simultaneous increase of IDO gene ex-TO CULTURE CONDITIONS

pression and decrease of SDF-1 gene expression.
Downregulated

Upregulated Genes Genes

DISCUSSIONWithout cell contact VCAM, IDO, HLA-G, LIF HGF, SDF1
With cell contact IL-10, TGF-β LFA3

MSC-mediated inhibition of immune response is a
complex mechanism involving changes in the matu-
ration of antigen-presenting cells (5) and in cytokine
secretion profiles (1) as well as the suppression oftested the correlation between transcript levels and

percentage inhibition. Without cell contact between monocyte differentiation into dendritic cells (12).
Previous studies have shown that MSC in MLCMSC and T lymphocytes, the level of MSC-induced

immunosuppression was positively correlated with produce TGF-β, HGF, IL-10, and IDO, all of which
inhibit T-cell proliferation in vitro (5,8,20). Hypothe-IDO expression (R = 0.96, p = 0.001) and negatively

correlated with SDF-1 expression (R = 0.73, p = sizing that several inhibitory factors, operating syner-

Figure 4. Correlation between MSC inhibitory effects and gene expression. (A) In cultures without cell contact, there was increased IDO
gene expression associated with increased inhibition of T-cell proliferation by MSC (R2 = 0.96). (B) There was decreased SDF-1 gene
expression in cultures without cell contact, associated with increased inhibition of TL by MSC (R2 = 0.73).
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gistically, probably mediate this inhibitory mecha- statistically significant differences in the inhibition
achieved in cultures with and without cell contact.nism, we investigated whether cell contact between

MSC and T lymphocytes is necessary to induce gene Our findings are consistent with data published by Di
Nicola et al. (8), but different from those reported byexpression of the inhibitory factors HLA-G, LIF, and

IL-10, the adhesion molecules LFA-3 and VCAM, Krampera et al. (15), which suggested that close con-
tact between MSC and T lymphocytes is necessaryand the homing factor SDF-1. Our results showed

(Table 3) that MSC cocultured with T cells (com- for effective inhibition. Our results suggest that IL-
10 and TGF-β are responsible for the additional in-pared with MSC cultured alone) significantly upregu-

lates IDO, HLA-G, and LIF gene expression and hibitory effect that occurs with cell contact.
We found a positive correlation between the levelsdownregulates HGF and SDF-1 expression, regard-

less of any cell contact between MSC and T cells. of IDO gene expression and inhibition of T-cell pro-
liferation in cultures without cell contact. This is con-HLA-G, one of the significantly upregulated genes,

modulates the immune system by inhibiting cytolysis sistent with the findings of Meisel et al. (20), who
showed that MSC use IDO to inhibit T lymphocytes.mediated by natural killer (NK) cells and cytotoxic T

lymphocytes (CTL), CD4+ T-cell alloproliferation IL-10, HLA-G, IDO, and LIF are all involved in both
feto-maternal (25–27) and organ transplant (2,7,25,(18), and CD8+ T-cell apoptosis (6). HLA-G also has

a role in tumor escape and is expressed in melanoma 29) tolerance. The upregulation of their genes that we
observed here supports the hypothesis that MSC playtumors (24).

SDF-1 transcription was downregulated when an important role in allogeneic hematopoietic stem
cell transplants because they induce tolerance be-MSC were cocultured with T cells and in both type

of cultures. These results are consistent with those tween donor and recipient, thereby reducing the risk
of GVHD and graft failure. We found statisticallyobserved by Leblanc et al. (16). The mechanism is

probably related to the interaction between SDF-1 significant differences between the level of gene ex-
pression in cultures with and without cell contact forand the CXCR-4 receptors in T cells (22).

HGF in our experiments was significantly down- the following genes: IDO (p = 0.01), IL-10 (p =
0.002), TGF-β (p = 0.003), and HGF (p = 0.001).regulated only in the cultures without cell contact.

This does not rule out HGF involvement in this inhi- The differences in the inhibitory effect mediated by
MSC in cultures with and without cell contact maybition of T-cell proliferation because, as Di Nicola

reports, proliferation was partially restored by use of be due to the differences in HGF, IDO, IL- 10, and
TGF-β transcription in those different conditions.blocking antibodies against HGF and could confirm

the presence of statistically significant differences in We hypothesized the following outline to explain
the induction of T cells inhibition by MSC. First,cultures with and without cell contact (8).

Previous studies have shown that neutralizing anti- MSC are activated by IFN-γ produced by T cells
(20). Without cell contact (transwell), MSCs producebodies against TGF-β (8) and IL-10 (5) can partially

reverse the inhibitory effect of MSC on T-cell prolif- IDO, HLA-G, and LIF, which in turn inhibit the pro-
liferation of T cells. A similar mechanism occurs ineration. We showed that IL-10 and TGF-β gene

upregulation require MSC–T-cell contact and found cell contact through the induction of IDO, HLA-G,

Figure 5. Schema to explain the induction of TL inhibition by MSCMSC are activated by IFN-γ produced by TL. Without cell contact MSC
produce IDO, HLA-G, and LIF, which in turn inhibit the proliferation of TL. In cell contact, adhesion molecule VCAM and LFA-3 interact
with their ligands expressed on TL (VLA-4 and CD2, respectively). The adhesion molecules might be involved in the production of the
supplementary cytokines IL-10 and TGF-β, which allow a more profound inhibitory effect.
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and LIF and the additional supplementary cytokines: tion by MSC induces tolerance by several separate
mechanisms: those involving IDO, LIF, and HLA-GIL-10 and TGF-β. In cell contact, the adhesion mole-

cules VCAM and LFA-3 interact with their ligands expression do not require contact, but modulation of
IL-10 and TGF-β gene expression depends on it.expressed on T cells (VLA-4 and CD2, respectively).

These adhesion molecules may be involved in the
production of the supplementary cytokines IL-10 and
TGF-β (Fig. 5), which allow a more profound inhibi- ACKNOWLEDGMENTS
tory effect in cell contact cultures. This is supported
by our preliminary results: the predominant inhibi- We would like to thank Dr. Myriam LAPOBIN for

her kind help with the statistical analysis and Mrs. Jotory effect of MSC on T-cell proliferation is greatest
in cultures with cell contact. Ann Cahn for her help in improving the writing of
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