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Brief report

Human bone marrow stromal cells inhibit allogeneic T-cell responses
by indoleamine 2,3-dioxygenase—mediated tryptophan degradation

Roland Meisel, Andree Zibert, Maurice Laryea, Ulrich Gobel, Walter Daubener, and Dagmar Dilloo

Marrow stromal cells (MSCs) inhibit allo-
geneic T-cell responses, yet the molecu-
lar mechanism mediating this immuno-
suppressive effect of MSCs remains
controversial. Recently, expression of in-
doleamine 2,3-dioxygenase (IDO), which
is induced by interferon-y (IFN-y) and
catalyzes the conversion from trypto-
phan to kynurenine, has been identified
as a T-cell inhibitory effector pathway in
professional antigen-presenting cells.

Here we show that human MSCs express
IDO protein and exhibit functional IDO
activity upon stimulation with IFN-y. MSCs
inhibit allogeneic T-cell responses in
mixed lymphocyte reactions (MLRs). Con-
comitantly, IDO activity resulting in trypto-
phan depletion and kynurenine produc-
tion is detected in MSC/MLR coculture
supernatants. Addition of tryptophan sig-
nificantly restores allogeneic T-cell prolif-
eration, thus identifying IDO-mediated

tryptophan catabolism as a novel T-cell
inhibitory effector mechanism in human
MSCs. As IDO-mediated T-cell inhibition
depends on MSC activation, modulation
of IDO activity might alter the immunosup-
pressive properties of MSCs in different
therapeutic applications. (Blood. 2004;
103:4619-4621)

© 2004 by The American Society of Hematology

Introduction

Human bone marrow stromal cells (MSCs), more recently referr@tudy design

to as mesenchymal stem cells, are capable of differentiating along

multiple mesenchymal lineages in addition to supporting hematg!ture of human bone marrow—derived MSCs

poiesis!2 Due to their potential for differentiation into osteocyteSgone marrow aspirates were harvested from volunteer donors who had
chondrocytes, myocytes, and adipocytes, MSCs have emerged p&aided informed consent; the study was approved by the institutional
promising tool for clinical applications such as tissue engineeringview board of the University Clinic, Daseldorf, Germany. Primary
and cell and gene therap§MSCs are of inherently low immuno- human MSCs were generated as previously descrileectept that culture
genicity and, more importantly, are capable of inhibiting allogeneﬂ‘}edium was supplementgd with 3 ng/mL basic fibroblast growth factor
T-cell response&8 These intriguing observations have promptedR&D Systems, Minneapolis, MN).

clinical studies to investigate cotransplantation of MSCs in alloge-. )

neic hematopoietic stem cell transplantation (HSCT) in order %'Xed lymphocyte reactions (MLRs)

promote hematopoietic engraftment by preventing host-versi&andard 5-day MLR cultures were set up withx5.0* mitomycin
graft reactivity and to suppress graft-versus-host reactiétiss of ~ C-treated human peripheral blood mononuclear cells (PBMCs) as stimula-
yet, the molecular mechanisms responsible for the immunosuppri&ss and 2x 10° human T cells purified using sheep red blood cell rosetting
sive effects of MSCs have not been unequivocally identified. TI§ responder celfst! In MSC/MLR coculture experiments, MLRs were
reports describing a potential role of transforming growth faﬁirformd on a layer of either s 16° or 2X 10¢ MSCs seeded one day

. efore. IFNs concentration was determined in MSC/MLR coculture
tor-g1 and hepatocyte growth factor as mediators of T-ce pernatants using a commercially available enzyme-linked immunosor-

inhibition remain controversial, but_most stqdles agree that Solullgnt assay (ELISA; R&D Systems) according to manufacturer's instructions.
factors are involved@®1! In professional antigen-presenting cells

(APCs), expression of indoleamine 2,3-dioxygenase (IDO) imetection of IDO expression and activity

duced by interferons (IFN-y) and other proinflammatory cyto-

. . . imulated with IFN-(R&D Systems) and assayed for IDO
kines catalyzes conversion from tryptophan to kynurenine and H4SCS Were stimu
Y yptop Y xPression and function. Standard Western blot analysis for IDO protein

recently beenildgn.tlfled as a major Immunosuppresswe eﬁecE@( ression was performé8lDO enzyme activity following IFNy stimula-
pathway that inhibits T-cell responses to autoantigens and feﬁ@ﬁ of MSCs was measured by tryptophan-to-kynurenine conversion with
alloantigens in vivd?**¢Based on these findings, we investigateghotometric determination of kynurenine concentration in the supernatant
whether MSCs exhibit IFN—inducible IDO activity and whether as the readouf In addition, IDO activity was quantified in MSC/MLR
this mechanism contributes to T-cell inhibition mediated by MSCsocultures. In MLR experiments, tryptophan and kynurenine concentrations
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were determined in cell culture supernatant by high-performance liquid
chromatography (HPLC; Alliance Separations Module 2690; Waters,
Milford, MA). For separation, reversed-phase C18 columns (Supelcosil;
Supelco, Bellefonte, PA) were used. Tryptophan was detected by fluores-
cence at 285-nm excitation and 365-nm emission wavelengths, kynurenine
was detected by UV absorption at 360 nm.

Results and discussion

Primary human MSC lines were generated from adherent fraction
of bone marrow—derived mononuclear cells. After 2 to 3 passages,
MSC cultures consist of a single spindle-shaped cell type devoid of
contaminating hematopoietic cells and exhibit an immunopheno-
type characteristic for human MSCs (CD14-/CD34-/CD45;
CD29%/CD44*/CD90*/CD105"/SH-2*).2 Under appropriate cul-
ture conditions, MSCs differentiated along osteogenic and adipo-
genic lineages as verified by alkaline phosphatase staining and
accumulation of lipid-containing droplets, respectively.? To ini-
tially assess whether these MSCs inhibit alogeneic T-cell re-
sponses, MLRs were performed on alayer of MSCs. As shown in
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Figure 1. Human MSCs inhibit allogeneic T-cell responses and express IDO.
(A) Human MSCs inhibit allogeneic T-cell responses in a dose-dependent manner.
Responding T cells (1 X 10° were incubated for 5 days with 5 X 104 allogeneic
PBMCs as stimulator cells in the presence (+) or absence (—) of 5 X 103 or 2 X 104
human MSCs. Each experiment was performed in triplicate. T-cell proliferation is
expressed as averaged means of triplicates = SEM obtained from a series of 11
experiments with 5 X 103 MSCs from 7 different donors and 7 experiments with
2 X 10* MSCs from 6 different donors. *P value of difference as calculated by
Student t test. (B) Human MSCs express IDO protein upon stimulation with IFN-vy.
MSCs were cultured in the absence (—) or presence (+) of 500 U/mL IFN-vy. After 3
days, cells were harvested and subjected to Western blot analysis using an
IDO-specific monoclonal antibody. As a control, expression of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was analyzed in parallel. (C) Human MSCs
express functional IDO activity upon stimulation with IFN-y. MSCs (2 X 10%) were
stimulated with increasing amounts of IFN-y. After 3 days of culture, supernatant was
harvested and IDO activity was measured by determining kynurenine concentration
as absorbance (OD) at 492 nm. Background OD (approximately 0.15) was sub-
tracted. Data obtained from 4 independent experiments each using MSCs from
different individual donors are presented as mean OD = SEM.
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Figure 2. IDO-mediated tryptophan degradation can act as T-cell inhibitory
effector pathway in human MSCs. (A) Cocultures of MSCs and MLRs exhibit IDO
activity. Supernatants from 4-day cultures of MSCs alone, MLRs alone, or MLR/MSC
coculture were harvested and set up for analysis of IDO activity in triplicates.
Background OD was not subtracted to allow for comparison of IDO activity of MLRs
and MSCs alone. ODs are shown as averaged means of triplicates = SEM obtained
from a total of 5 experiments using MSCs from 4 different donors. *P value of
difference as calculated by Student t test. (B) Addition of tryptophan restores T-cell
proliferation in MLR/MSC cocultures. MLR cultures were set up in presence (+MSC)
or absence of 2 X 10* MSCs. Proliferation is depicted relative to the proliferation of
MLR cultures in the absence of MSCs (100%). In parallel experiments, 100 pg/mL
tryptophan was added (+Tryp) at the time of initiation and at day 3 of MLR culture or
was left out. Relative proliferation is depicted as averaged means of triplicates =
SEM from a series of 5 experiments using MSCs from 4 individual donors. *P value of
difference as calculated by Student t test.

Figure 1A, the presence of 5 X 10° MSCs had no impact on
alogeneic T-cell responses, while 2 X 10* MSCs significantly
impaired T-cell proliferationin 7 of 8 experimentsto 33% = 4% of
the T-cell response in the absence of MSCs (P < .001). This
confirms previous reports describing dose-dependent inhibition of
allogeneic T-cell responses by M SCs.>68

As induction of IDO activity has recently been described as a
major T-cell inhibitory mechanismin APC/T-cell interactions,31416
we next investigated whether IDO is also expressed in MSCs.
Western blot analysis demonstrates that human MSCs do not
congtitutively express IDO, but a substantial amount of IDO
protein is induced by IFN-y (Figure 1B). Moreover, in MSCs,
IFN-vy stimulates IDO enzyme activity in a dose-dependent manner
(Figure 1C). Of note, IDO activity is observed at |FN-y concentra-
tions as low as 10 to 50 U/mL. This level is readily generated in
allogeneic T-cell reactions even in the presence of MSCs, as
verified in our experimental setting by measurement of IFN-vy
concentration in supernatants of MSC/MLR cocultures with
23.3 = 7.3U/mL (mean = SEM; n = 3).

Next, MSC/MLR cocultures set up in parallel to those document-
ing MSC-mediated T-cell inhibition (Figure 1A) were assessed for
IDO activity by measuring tryptophan-to-kynurenine conversion.
Significant IDO activity was detected in MSC/MLR cocultures in
comparison to background levels observed in MLRs and MSCs
alone (Figure 2A). Taken together these data provide evidence that
MSCs are the primary source of IDO activity in MSC/MLR
cocultures. MSC activation, provided in our study by allogeneic
responder T cells, is required for induction of functional
IDO activity.

In previous reports, IDO-mediated tryptophan depletion from
culture medium to levelslessthan 1 WM has been shown to inhibit
allogeneic T-cell responses. Consequently, T-cell proliferation can
partially be restored by addition of tryptophan.1314 Therefore, to
unequivocally demonstrate IDO-mediated tryptophan degradation
in our experimental setup, we performed HPLC analysis in
supernatants directly obtained from MSC/MLR cocultures exhibit-
ing MSC-mediated T-cell inhibition. Tryptophan was depleted to
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less than 0.3 wM from culture medium initially containing
20.2 = 0.3 pM (mean = SEM; n = 3). Concomitantly, a signifi-
cant increase of the tryptophan metabolite kynurenine from
0.4 = 0.1t017.7 = 4.9 uM was observed in these supernatants. To
finally confirm that IDO-mediated tryptophan depletion functions
asaT-cell inhibitory effector mechanismin MSC/MLR cocultures,
tryptophan repletion experiments were performed. Addition of
tryptophan to MSC/MLR cocultures significantly restored T-cell
proliferation without any stimulatory capacity of tryptophan on
T-cell proliferation in the absence of MSCs (Figure 2B). Restora-
tion of T-cell function was consistently demonstrated in a series of
5 individual experiments using MSCs generated from a total of 4
different donors, even though the degree of restoration was
variable. These results demonstrate that IDO-mediated tryptophan
depletion can act as a T-cell inhibitory effector mechanism in
human MSCs.

Recent data suggest that IDO-facilitated conversion of trypto-
phan to kynurenine not only depletes tryptophan from the cellular
environment but also results in production of kynurenine down-
stream metabolites that mediate inhibition of T-cell proliferation in
their own right.2>21 As a consequence, inhibition of T-cell prolifera-
tion mediated by such kynurenine breakdown products is not
reversible by tryptophan replacement. Thus, variable reversibility
of T-cell proliferation by tryptophan replacement might reflect
variable amounts of T-cell inhibitory kynurenine metabolites
produced in individual MSC/MLR cocultures. As more than one
T-cell inhibitory mechanism seemsto play arole in IDO-mediated
tryptophan breakdown,?%2! the recently reported failure to achieve

MSCs INHIBIT T-CELL RESPONSES BY IDO EXPRESSION 4621

significant restoration of T-cell proliferation via tryptophan addi-
tion in one MSC line might be attributed to the production of T-cell
inhibitory kynurenine metabolitesin this experiment.®

IDO expression by tumor cells has recently been shown to
prevent T-cell-mediated tumor rejection in vivo.2 In addition,
coadministration of MSCs and tumor cells at a distant site resulted
in accelerated tumor outgrowth in a murine melanoma model. 1t
Our finding that M SCs can limit T-cell responsesvialDO-mediated
tryptophan degradation links these observations. Thus, careful
evaluation of potential beneficial and undesirable effects of MSC-
mediated inhibition of allogeneic T-cell responses with regard to
modulation of graft-versus-host and graft-versus-tumor reactionsis
warranted. Yet, the identification of IDO as a T-cell inhibitory
effector pathway that is not constitutively expressed in MSCs but
depends on their activation might allow for modulation of this
effector mechanism, when MSCs are used in different therapeutic
applications.

Acknowledgments

The authors want to thank D. Klostermann for technical assistance.
Bone marrow samples were partially provided by J. Fischer
(Institute for Transplantation Diagnostics and Cell Therapy, Diissel-
dorf University Hospital, Germany), and IDO-specific mouse
monoclonal antibody was provided by O. Takikawa (Department of
Chemistry and Australian Cataract Research Foundation, Univer-
sity of Wollongton, Australia).

References

1.

Prockop DJ. Marrow stromal cells as stem cells
for nonhematopoietic tissues. Science. 1997;276:
71-74.

tions in transplantation. Transplantation. 2003;75:
389-397.

9. Koc ON, Lazarus HM. Mesenchymal stem cells:
2. Pittenger MF, Mackay AM, Beck SC, et al. Multi- heading into the clinic. Bone Marrow Transplant.
lineage potential of adult human mesenchymal 2001;27:235-239.
stem cells. Science. 1999;284:143-147. 10. Jorgensen C, Djouad F, Apparailly F, Noel D. En-
3. AsaharaT, Kalka C, Isner JM. Stem cell therapy gineering mesenchymal S_te”_‘ cells for immuno-
and gene transfer for regeneration. Gene Ther. therapy. Gene Ther. 2003;10:928-931.
2000;7:451-457. 11. Djouad F, Plence P, Bony C, et al. Immunosup-
4. Bianco P, Riminucci M, Gronthos S, Robey PG. pressive ef‘fec_t of mesen(_:hym_al stem cells favor§
X . tumor growth in allogeneic animals. Blood. 2003;
Bone marrow stromal stem cells: nature, biology, 102:3837-3844
and potential applications. Stem Cells. 2001;19: ’ )
180-192. 12. Munn DH, Zhou M, Attwood JT, et al. Prevention
. of allogeneic fetal rejection by tryptophan catabo-
5. Bartholomew A, Sturgeon C, Siatskas M, et al. lism. Science. 1998:281:1191-1193.
Mesenchymal stem cells suppress lymphocyte )
proliferation in vitro and prolong skin graft survival 13. :\DAUT, D}l" S'\;1a|f||zaEEhIEH€F:yvoodf #T’ Bllt)nd?;ev l
in vivo. Exp Hematol. 2002;30:42-48. ~ashine A, Meflor AL. Inhibition of T cetl profitera-
tion by macrophage tryptophan catabolism. J Exp
6. DiNicola M, Carlo-Stella C, Magni M, et al. Hu- Med. 1999;189:1363-1372.
man bone marrow stromal cells suppress T-lym- 14. Hwu P, Du MX, Lapointe R, Do M, Taylor MW,
phocyte proliferation induced by cellular or non- Young’HA. Indoleamine Z,é—dioxyygenase proéiuc-
specific mitogenic stimuli. Blood. 2002;99:3838- tion by human dendritic cells results in the inhibi-
3843. tion of T cell proliferation. J Immunol. 2000;164:
7. Krampera M, Glennie S, Dyson J, et al. Bone 3596-3599.
marrow mesenchymal stem cells inhibit the re- 15. Alexander AM, Crawford M, Bertera S, et al. In-
sponse of naive and memory antigen-specific T doleamine 2,3-dioxygenase expression in trans-
cells to their cognate peptide. Blood. 2003;101: planted NOD islets prolongs graft survival after
3722-3729. adoptive transfer of diabetogenic splenocytes.
8. Tse WT, Pendleton JD, Beyer WM, Egalka MC, Diabetes. 2002;51:356-365.
Guinan EC. Suppression of allogeneic T-cell pro- 16. Munn DH, Sharma MD, Lee JR, et al. Potential

liferation by human marrow stromal cells: implica-

regulatory function of human dendritic cells ex-

17.

18.

19.

20.

21.

22.

pressing indoleamine 2,3-dioxygenase. Science.
2002;297:1867-1870.

Horwitz EM, Gordon PL, Koo WK, et al. Isolated
allogeneic bone marrow-derived mesenchymal
cells engraft and stimulate growth in children with
osteogenesis imperfecta: implications for cell
therapy of bone. Proc Natl Acad Sci U S A. 2002;
99:8932-8937.

Daubener W, Spors B, Hucke C, et al. Restriction
of Toxoplasma gondii growth in human brain mi-
crovascular endothelial cells by activation of in-
doleamine 2,3-dioxygenase. Infect Immun. 2001;
69:6527-6531.

Daubener W, Wanagat N, Pilz K, Seghrouchni S,
Fischer HG, Hadding U. A new, simple, bioassay
for human IFN-gamma. J Immunol Methods.
1994;168:39-47.

Frumento G, Rotondo R, Tonetti M, Damonte G,
Benatti U, Ferrara GB. Tryptophan-derived ca-
tabolites are responsible for inhibition of T and
natural killer cell proliferation induced by in-
doleamine 2,3-dioxygenase. J Exp Med. 2002;
196:459-468.

Terness P, Bauer TM, Rose L, et al. Inhibition of
allogeneic T cell proliferation by indoleamine 2,3-
dioxygenase-expressing dendritic cells: media-
tion of suppression by tryptophan metabolites. J
Exp Med. 2002;196:447-457.

Uyttenhove C, Pilotte L, Theate I, et al. Evidence
for a tumoral immune resistance mechanism
based on tryptophan degradation by indoleamine
2,3-dioxygenase. Nat Med. 2003;9:1269-1274.

#20Z dunr 0 uo 3sanb Aq Jpd'619¥0070Z 1 08UZ/LY6.L69L/6L9¥/CL/E0L/Pd-ajoIie/po0|qAouU"suoleDlgndyse//:d}y woly papeojumog



