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Tryptophan concentration is the main mediator of the capacity of
adipose mesenchymal stromal cells to inhibit T-lymphocyte
proliferation in vitro
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Abstract
Background aims. Mesenchymal stromal cells (MSCs) have immunomodulatory properties that are mediated by cell-to-cell
interactions and paracrine effects through soluble factors, among which tryptophan (Trp) conversion into kynurenine (Kyn)
through the enzymatic activity of indoleamine 2,3-dioxygenase has been proven to be of special relevance. However, the
respective role of Trp depletion and/or Kyn accumulation on the inhibition of T-cell proliferation by MSCs remains unclear.
Methods. The effect of supplementation with increasing concentrations of Trp on the capacity of MSCs to inhibit T-
lymphocyte proliferation in vitro was investigated. Results. We report that Trp supplementation impairs the capacity of ad-
ipose mesenchymal stromal cells (ASCs) to inhibit T-cell proliferation, despite the accumulation of very high concentrations
of Kyn in the medium (>200 mmol/L). Moreover, Trp supplementation after 72 h of peripheral blood mononuclear cell:ASC
co-culture, once the inhibitory effect of ASCs was established, reverted ASC inhibition and restored T-cell proliferation.
Addition to stimulated lymphocytes of Kyn inhibited T proliferation in 3 of 10 peripheral blood mononuclear cell donors,
but at different concentrations, suggesting that sensitivity of lymphocytes to Kyn might be donor-dependent. Conclusions.
Our results confirm the relevance of Trp metabolism as a key mediator of the immunomodulatory properties of ASCs and
clarify the respective roles of the Trp/Kyn balance.
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Introduction

Interest in using adult mesenchymal stromal cells
(MSCs) to treat inflammatory diseases has grown
enormously in recent years, on the basis of their ca-
pacity to modulate the function of the majority of im-
mune cells [1e7]. MSCs can be isolated from several
adult tissues, including bone marrow (BM-MSCs) or
adipose tissue (ASCs) [8,9]. The immunomodulatory
properties of MSCs rely not only on cell-to-cell in-
teractions [10,11] but also on effects mediated by sol-
uble factors such as prostaglandin-E2 (PGE-2),
interleukin (IL)-10 or human leukocyte antigen
(HLA)-G5 [12]. Importantly, indirect paracrine ef-
fects by regulating tryptophanmetabolism through the
enzymatic activity of indoleamine 2,3-dioxygenase
(IDO) have been proven to be of special relevance for
the immunomodulatory properties of MSCs isolated
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from human, monkey and pig [13e15]. MSCs show
such immunomodulatory properties in response to
inflammatory mediators released from activated im-
mune cells, such as interferon (IFN)-g, IL-1b and
tumor necrosis factor (TNF)-a [16,17].

IDO is a cytoplasmic enzyme that participates in
the catabolic metabolism of the essential amino acid
tryptophan (Trp) along the kynurenine (Kyn)
pathway and is known to modulate the immune
system (ie, inhibit T-lymphocyte proliferation) and
to induce tolerogenic responses [18,19]. Some of the
Trp metabolites generated by IDO, such as Kyn,
have been reported to suppress T-cell proliferation,
induce apoptosis, and generate regulatory T cells
[20e25]. Furthermore, Trp deprivation leads to
blockage of the translation of most transcripts, which
results in the inhibition of T-effector cells [26,27].
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IDO has also been reported to act as a tolerogenic
intracellular signaling molecule in plasmacytoid
dendritic cells through protein-protein interactions
independent of its enzymatic activity [28]. The
expression of IDO is tightly regulated by exogenous
signals, and most cells do not constitutively express
the protein. Thus, IDO is not expressed in resting
MSCs, but it is induced by activation through pro-
inflammatory mediators and cytokines, mainly IFN-
g [29,30]. In response to IFN-g, MSCs express IDO
and as a result, Trp concentration rapidly declines in
the surrounding environment with the concomitant
accumulation of Kyn. Neighboring cells may then
respond to limited access to Trp and/or accumula-
tion of Kyn, and, as a consequence, concurrent
lymphocyte proliferation is inhibited [13,15].

We have previously reported that blockage of IDO
activity almost completely abolished the capacity of
ASCs to inhibit lymphocyteproliferation in vitro [29]. In
this study,we sought to clarify the respective rolesofTrp
depletion and/or Kyn accumulation on the inhibition of
T-cell proliferation byASCs in vitro because the relative
contribution of each armof thisTrp/Kyn balance on the
immunomodulatory capacity of ASCs has not been
studied in detail. Our results show that Trp supple-
mentation impairs the capacity ofASCs to inhibitT-cell
proliferation, despite the accumulation of very high
concentrations of Kyn in the medium. Moreover, Trp
supplementation, once the inhibitoryeffect ofASCswas
established, could restore T-cell proliferation.
Methods

Isolation and cell culture

Human adipose tissue aspirates from healthy donors
were washed twice with phosphate-buffered saline and
digested with 0.075% collagenase (Type I, Invitrogen,
Carlsbad,CA,USA).Thedigested samplewaswashed
with 10% fetal bovine serum (FBS), treated with
160 mmol/L NH4Cl to eliminate remaining erythro-
cytes and suspended in culture medium (Dulbecco’s
modified Eagle’s medium; DMEM) with 10% FBS.
Cells were seeded (2e3 � 104cells/cm2) in tissue cul-
ture flasks and expanded (37�C, 5%CO2) with change
of culture medium every 3e4 days. Cells were trans-
ferred to a new flask (103 cells/cm2) when they reached
90% confluence. Experiments were performed with
cells from 2 male and 2 female adult donors at popu-
lation doublings (PD) 12e14. ASCs were defined ac-
cording to the criteria of the International Society for
Cellular Therapy [31]: being positive for HLA-I,
CD73, CD90 and CD105 and negative for CD11b,
CD14, CD31, CD34 and CD45 and by their capacity
to differentiate to adipocytes, chondrocytes or osteo-
cytes. ASCs at low PDs showed higher differentiation
capacity compared with PD12-14. Peripheral blood
mononuclear cells (PBMC) were isolated from buffy
coats with the use of Ficoll-PaquePlus (GEHealthcare
Biosciences AB, Uppsala, Sweden), following the
supplier’s protocol.Briefly, blood sampleswerediluted
with balanced salt solution and Ficoll was added to
create a density gradient. After centrifugation, we
gently collected the interface containing mononuclear
cells. Purity was verified by flow cytometry. Buffy coats
were provided by the National Transfusion Centre of
the Comunidad Autónoma of Madrid, Spain.
Reagents and antibodies

5(6)-Carboxyfluorescein diacetate N-succinimidyl
ester (CFSE), L-Tryptophan and L-Kynurenine were
from Sigma-Aldrich (St Louis, MO, USA). The Pan
T-cell Activation kit (anti-CD3, CD2, CD28ecoated
beads) was from Milteny Biotech (Bergisch Glad-
bach, Germany). Anti-CD3, CD4 and CD8 anti-
bodies and 7-amino-actinomycin D (7-AAD) were
from Becton Dickinson (SanDiego, CA, USA). Anti-
human IFN-g and isotype control were from Invi-
trogen. AntieIDO-phycoerythrin antibody was from
eBioscience (San Diego, CA, USA).
IDO activity

IDO activity was measured by determining both Trp
and Kyn concentrations on conditioned supernatants
at different timepoints.A total of100mLofconditioned
supernatants were mixed with 100 mL of buffer phos-
phate 50 mmol/L and 25 mL of 2 mol/L trichloroacetic
acid. Supernatants were centrifuged at 15,600g for 10
min and 100 mL were collected and analyzed by high-
performance liquid chromatography (HPLC) (717plus
Autosampler; Waters, Milford, MA, USA).
IDO expression

PBMCs activated with anti-CD3,CD2,CD28ecoated
beadswere culturedwithASCs in 6-well-plateswith the
use of a transwell system with a 0.4-mm pore size
membrane (Corning Costar, Schiphol-Rijk, the
Netherlands) to allow exchange of soluble factors but
separation of both cell types, keeping the 1:25
ASC:PBMC ratio. At the indicated time points, ASCs
were harvested and intracellularly stained with anti-
IDO antibody with the use of the kit for intracellular
staining fromeBioscience, following themanufacturer’s
instructions. A total of 10 � 103 events were acquired
through the use of a FACScalibur (BD Bioscience).
CellQuest-pro software was used for acquisition and
analysis. CaliBRITE beads (BD Bioscience) were used
before each assay to calibrate the cytometer.
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Neutralization experiments

PBMCs were stimulated with anti-CD3, CD2,
CD28ecoated beads for 24 h and the conditioned
supernatant was collected, spun down to remove
cells and incubated for 1 h at room temperature with
either a neutralizing anti-human IFN-g antibody or
control (10 mg/mL each). ASCs were then cultured
with these supernatants for 24 h and 48 h, and IDO
activity was measured by means of HPLC.
Immunosuppression assay

ForCFSE labeling, PBMCswere washed extensively to
remove FBS, resuspended in a 10-mmol/L CFSE solu-
tion (107 PBMCs per 200 mL of solution), and incu-
bated with constant shaking (37�C, 10 min). Reaction
was stopped with cold Roswell ParkMemorial Institute
media (RPMI) þ10% FBS. Cells were washed and
cultured overnight, and 1 aliquot was used to set up and
control FL-1 voltage for CFSE in the cytometer. After
overnight resting,CFSE-labeledPBMCswere activated
with the Pan T Cell Activation Kit (microbeads coated
with anti-CD3, -CD2 and -CD28; Miltenyi Biotech,
Auburn, CA, USA) following the manufacturer’s in-
structions, orwere left unstimulated. PBMCs (106 cells/
well) were cultured in 24-well plates alone or with
overnight seededASCs (4� 104 cells/well;ASC:PBMC
ratio, 1:25) in a total volume of 1 mL of RPMIþ10%
FBS and increasing concentrations of Trp (þ54 mmol/
L,þ100 mmol/L,þ200 mmol/L) were added. The 1:25
ratio was chosen because it provided a high inhibitory
effect, on the basis of our previous studies [29]. At the
indicated time points, PBMCs were harvested and
labeled with 7-AAD and anti-CD3 antibody (CD4 or
CD8 when indicated), and cell proliferation of the
CD3pos/7-AADneg population (viable CD3 T lym-
phocytes) was determined by flow cytometry, according
to loss of CFSE signal. When indicated, Trp was sup-
plementedafter72hof co-cultureofPBMCsandASCs,
and proliferation was determined at 120 h.

For experiments of reversibility of inhibitory effect
of ASCs, stimulated CFSE-PBMCs that were in cul-
ture with ASCs for 120 h were spun down (400g, 5
min), resuspended in freshmedium (106 cells/mL) and
re-stimulated as mentioned above in the absence of
ASCs. Proliferation was determined after 96 h. Data
were analyzed with the use of FCSExpress 4 software
(DeNovo Software, Glendale, CA, USA). CaliBRITE
beads (BDBioscience, Erembodegem-Aalst, Belgium)
were used before each assay to calibrate the cytometer.
Proliferation of PBMCs in the presence of Kyn

CFSE-labeled PBMCs were stimulated in the
absence or presence of increasing concentrations of
Kyn (10, 20, 30, 50 and 100 mmol/L), and prolifer-
ation was determined at 120 h by means of flow
cytometry as indicated above.
Enzyme-linked immunoassay

Concentrations of IL-10, PGE-2 and HLA-G in
conditioned supernatants were determined by means
of enzyme-linked immunoassay (ELISA) at different
time points, following the manufacturer’s in-
structions. ELISA for IL-10 was from Human IL-10
Affymetrix-eBioscience (San Diego, CA, USA).
ELISA for sHLA-G (detecting HLA-G1/5) was from
Biovendor Research and Diagnostic Products (Brno,
Czech Republic) and ELISA for PGE-2 was from
Thermo Scientific (Rockford, IL, USA).
MTT assay

The effect of Trp supplementation on ASC growth
was assessed by means of the CellTiter AQueous
One Solution Cell Proliferation Assay (Promega,
Madison, WI, USA). Briefly, ASCs were seeded in a
96-well plate (3 � 103cells/well) and cultured for 7
days in the absence or presence of increasing con-
centrations of Trp (þ54 mmol/L, þ100 mmol/
L, þ200 mmol/L). Absorbance (optical density, 492
nm) was measured in an ELISA reader at day 0 and
day 7. Experiments were performed with the use of
ASCs from 4 donors and triplicates included for each
condition.
Results

IDO is induced in ASCs co-cultured with stimulated
PBMCs in response to IFN-g

We first studied whether IDO is induced in ASCs co-
cultured with stimulated PBMCs. Thus, CFSE-
labeled PBMCs were left unstimulated or stimulated
with microbeads coated with anti-CD3/CD2/CD28
antibodies. Stimulated PBMCs were either cultured
alone or co-cultured with ASCs (ratio ASCs:PBMCs,
1:25) separated in a transwell to allow separation of
both cell types. After 24 h, co-cultured PBMCs and
ASCs were harvested and cultured independently in
fresh medium for an additional 48 h. Trp and Kyn
concentrations in the medium were then determined
by means of HPLC. As shown in Figure 1A, at 24 h,
depletion of Trp concomitant with the accumulation
of Kyn was only observed when stimulated PBMCs
were cultured with ASCs. When these cells were
separated and further cultured for an additional 48 h,
depletion of Trp and high accumulation of Kyn was
only observed in supernatants from ASCs previously
cultured with stimulated PBMCs, indicating that a
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Trp catabolizing activity was induced in ASCs after
culturewith activated PBMCs.The expression of IDO
in ASCs co-cultured with stimulated PBMCs was
confirmed by means of flow cytometry with the use of
a specific antibody for IDO (Figure 1B). Finally, the
importance of IFN-g in the induction of IDObyASCs
co-cultured with stimulated PBMCs was studied with
the use of a neutralizing antibody. Thus, conditioned
supernatants from 24-hestimulated PBMC were
generated and incubated for 1 h with either a
neutralizing antibody against human IFN-g or isotype
control. ASCs were then cultured with these super-
natants for 24 h and 48 h, and Trp and Kyn concen-
trations were determined by means of HPLC. As
shown in Figure 1C, whereas IFN-g neutralization
significantly inhibited the degradation of Trp and
accumulation of Kyn at both time points, the isotype
control had no effect. These results show that IFN-g
released by activated PBMCs mediates the induction
of the Trp catabolizing activity of ASCs.
Trp levels modulate the capacity of ASCs to inhibit
T-lymphocyte proliferation in vitro

To evaluate the importance of Trp catabolism in the
immunosuppressive capacity ofASCs,we carriedoutT-
cell proliferation assays in the presence or absence of
ASCs (ratio ASCs:PBMCs, 1:25), in which culture
medium (concentration of Trp in RPMIþ10% FBS is
approximately 25 mmol/L) was supplemented with 54
mmol/L (to obtain a final concentration similar to that
found in DMEMþ10% FBS), 100 mmol/L and 200
mmol/L of Trp. CFSE-labeled PBMCs were stimulated
with microbeads coated with anti-CD3/CD2/CD28
antibodies, and proliferation of viable CD3 T cells was
determined at 72 h and 96 h by flow cytometry.
T lymphocytes proliferatedup togenerations4 (G4) and
6 (G6) at 72 h and 96 h, respectively (Figure 2A).
Addition of supplementary concentrations of Trp did
not affect T-cell proliferation. When PBMCs were
cultured with ASCs, T-cell proliferation was blocked at
generation 2 (G2) at both time points. However, addi-
tion of supplementary Trp impaired the inhibitory ca-
pacity of ASCs (Figure 2A). The effect appeared to be
dose-dependent (the percentage of cells inG3 at 72 h or
G4 at 96 h increased with the Trp supplemented) and
Figure 1. IFN-g released by stimulated PBMCs induces expression of
CD28ecoated beads and cultured in the absence or presence of ASC
Stimulated PBMCs and ASCs were then separated and cultured indepe
concentrations were measured by means of HPLC at the indicated time p
triplicates are shown. Black bars indicate Trp; white bars: Kyn. (B) Exp
with stimulated PBMCs was determined by means of flow cytometry w
indicates unstimulated ASCs; gray, ASCs cultured with stimulated PBM
were incubated for 1 h with either a neutralizing antibody against hum
supernatants and Trp and Kyn concentrations were determined at 24 h
experiments performed in triplicates are shown. Black bars indicate Trp
more evident at 72 h than at 96 h. Moreover, Trp sup-
plementation affected to a similar extent the inhibitory
effect of ASCs on both CD4 and CD8 T-cell subsets,
indicating thatTrp starvation, as a result of IDOactivity,
is a mechanism commonly implicated in the control of
proliferationbyASCsofbothT-cell subsets (Figure2B).

Furthermore, we also tested whether Trp sup-
plementation may affect the proliferation of ASCs.
Thus, ASCs were cultured at increasing concentra-
tions of Trp and proliferation was determined after 7
days by means of MTT assay. Our results indicated
that Trp supplementation does not affect ASC pro-
liferation (data not shown).

To determine the dynamics of Trp metabolism in
our experimental settings, the concentration of Trp
and Kyn was determined by means of HPLC in
conditioned supernatants at 72 h and 96 h
(Figure 3A). In unstimulated PBMCs, the concen-
tration of Trp increased according to the added Trp at
both time points (mean Trp concentration at 96h; no
Trp added: 24.69 mmol/L; þ54 mmol/L added: 81.41
mmol/L; þ100 mmol/L added: 128.30 mmol/L; þ200
mmol/L added: 210.81 mmol/L). In stimulated
PBMCs, the Trp concentration also increased pro-
portionally to the added Trp, but to slightly lower
levels compared with unstimulated PBMCs (mean
Trp concentration at 96 h; no Trp added: 9.13 mmol/
L; þ54 mmol/L added: 59.48 mmol/L; þ100 mmol/L
added: 104.38 mmol/L; þ200 mmol/L added: 188.73
mmol/L). This reduction in Trp concentration, which
is not concomitantly accompanied by a major accu-
mulation of Kyn, is not due to IDO activity but to
metabolic amino acid consumption on active prolif-
eration of stimulated T lymphocytes. However, vast
conversion ofTrp intoKyn, indicative of IDOactivity,
was detected when activated PBMCs were cultured
with ASCs. In fact, in the presence of ASCs, remain-
ing levels of Trp were undetectable in all the condi-
tions except when þ200 mmol/L of Trp was added
(mean Trp concentration at 96 h: 4.74 mmol/L),
whereas Kyn highly accumulated proportionally to
the concentration of added Trp (mean Kyn con-
centration at 96 h; no Trp added: 23.80 mmol/
L; þ54 mmol/L added: 80.91 mmol/L; þ100 mmol/L
added: 126.95 mmol/L; þ200 mmol/L added: 225.33
mmol/L) (Figure 3A). In addition, the effect of Trp
IDO by ASCs. (A) PBMCs were stimulated with anti-CD3/CD2/
s (ratio 1:25, ASCs:PBMCs) in transwell conditions for 24 h.

ndently in fresh medium for an additional 48 h, and Trp and Kyn
oints. Mean and standard deviations of 2 experiments performed in
ression of IDO in unstimulated ASCs and ASCs cultured for 24 h
ith the use of a monoclonal antibody against human-IDO. Black
C. (C) Conditioned supernatants from 24-hestimulated PBMCs

an IFN-g or isotype control. ASCs were then cultured with these
and 48 h by means of HPLC. Means and standard deviations of 2
; white bars: Kyn. *P < 0.05 (Student’s t-test).
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Figure 2. Trp supplementation impairs the immunomodulatory capacity of ASCs. (A) CFSE-labeled PBMCs were stimulated with anti-
CD3/CD2/CD28ecoated beads in the absence or presence of ASCs (ratio 1:25, ASCs:PBMCs), and culture medium was supplemented
with 54 mmol/L, 100 mmol/L or 200 mmol/L of Trp or left untreated. Proliferation of the viable population of CD3-positive cells (CD3pos/
7AADneg cells) was monitored after 72 h and 96 h by means of flow cytometry, and the percentage of cells per generation was determined
with the use of FCSExpress software. Means and standard deviations of the percentage of cells accumulated on each generation are shown.
Black bars indicate PBMC-stimulated; white bars, PBMC-stimulatedþASCs. *P < 0.05 (Student’s t-test, PBMCstim versus
PBMCstimþASCs, for each generation). (B) Effect of Trp supplementation on the inhibitory effect of ASCs on CD4 and CD8 T subsets.
After 96 h, activated PBMCs cultured as indicated above were stained for CD4 and CD8. Plots from 1 representative experiment are shown.
Experiments were performed with 4 different donors of ASCs and 2 buffy coats, in triplicates.
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supplementation on the expression of IDO by ASCs
was determined by means of flow cytometry after 96 h
of co-culture. As shown in Figure 3B, IDO was
similarly expressed in all the conditions, indicating
that Trp supplementation had nomajor effect on IDO
expression. Overall, these results demonstrate that
supplementation of Trp impairs the capacity of ASCs
to inhibit lymphocyte proliferation, despite the very
high accumulation of Kyn (even above 200 mmol/L).
Active ASC-mediated immunosuppression of T
lymphocytes is reversed by subsequent addition of Trp

To investigate whether Trp addition could reverse
the inhibitory effect of ASCs on T-cell proliferation
once established, we first studied whether inhibition
of T-lymphocyte proliferation by ASCs is reversible
in our experimental conditions. That was shown to
be the case, because lymphocytes inhibited in the
presence of ASCs for 120 h were able to proliferate
again when separated from the ASCs and re-stimu-
lated alone for additional 96 h (Figure 4A). We next
investigated whether Trp supplementation can
restore T-cell proliferation once the inhibitory effect
of ASCs has been established and in the remaining
presence of the ASCs. To do so, PBMCs were
stimulated in the absence or presence of ASCs for
72 h, and proliferation of T lymphocytes was deter-
mined. Cultures were then split into two arms: in
one, no additional Trp was added, and in the other
one, 200 mmol/L of Trp was added to the culture
medium. This high concentration of Trp was chosen
to consider also the potential effects of a very high
concomitant accumulation of Kyn. Proliferation of

mailto:end body part
mailto:H1 Section
mailto:end H2 Section
mailto:body part


Figure 3. Expression of IDO and levels of Trp and Kyn in supernatants of lymphocyte proliferation assays. (A) Concentration of Trp and
Kyn was determined by means of HPLC at different time points. Means and standard deviations of experiments performed with 4 different
donors of ASCs and 2 buffy coats, in triplicates, are shown. Black bars indicate Trp; white bars: Kyn. (B) Stimulated PBMCs and ASCs were
cultured in transwell conditions, and after 96 h the expression of IDO by ASCs was determined by means of flow cytometry with the use of a
specific antibody against human IDO. Black histogram indicates ASCs; gray histogram, ASCs co-cultured 96 h with stimulated PBMCs.
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T lymphocytes was determined at 120 h after stim-
ulation (48 h after Trp addition). As shown in
Figure 4B, ASCs actively inhibited T-cell prolifera-
tion at 72 h. After 120 h of stimulation, T lympho-
cytes alone reached generation 7 (G7), but, when
cultured with ASCs, they only reached generation 2
(G2). Importantly, supplementation of Trp at 72 h
partially impaired the inhibitory effect of ASCs and
allowed proliferation of T lymphocytes up to gener-
ation 4 (G4). Concentrations of Trp and Kyn were
measured at 72 h and 120 h by means of HPLC
(Figure 4C). At 72 h, complete conversion of Trp
into Kyn was found in supernatants from stimulated
PBMCs cultured with ASCs (Trp: 0 mmol/L; Kyn:
25.94 mmol/L), which was concurrent with the inhi-
bition of T-cell proliferation by ASCs. Without
additional supplementation of Trp, at 120 h, levels of
Trp and Kyn remained similar to those at 72 h. As
expected, addition of 200 mmol/L of Trp at 72 h
increased accordingly the concentration of Trp
detected at 120 h in unstimulated and stimulated
PBMC and augmented proportionally the concen-
tration of Kyn measured in supernatants from stim-
ulated PBMCs cultured with ASCs (Trp: 25.98
mmol/L; Kyn: 241.84 mmol/L). Despite this very high
accumulation of Kyn, T lymphocytes proliferated
again, indicating that absolute Trp concentration
modulates the immunosuppressive properties of



Figure 4. Ongoing ASC-mediated suppression of T-cell proliferation is reverted by Trp supplementation. (A) CFSE-labeled PBMCs were
stimulated with anti-CD3/CD2/CD28ecoated beads in the absence or presence of ASCs (ratio 1:25, ASCs:PBMCs). Proliferation of the
viable CD3 cells was monitored after 120 h by means of flow cytometry. Stimulated PBMCs cultured with ASCs were then harvested, spun
down, resuspended in fresh medium alone and re-stimulated. Proliferation was monitored after an additional 96 h by means of flow
cytometry. Representative histograms of T-lymphocyte proliferation are shown. (B) PBMCs were stimulated in the absence or presence of
ASCs for 72 h, and proliferation of viable T lymphocytes was determined. Cultures were then split into two arms: in one, no additional Trp
was added, and in the other, 200 mmol/L of Trp was added to the culture medium. Proliferation of viable T lymphocytes was determined at
120 h after stimulation (48 h after Trp addition). The percentage of cells per generation was determined with the use of FCSExpress
software. Means and standard deviations of the percentage of cells accumulated on each generation are shown. Black bars indicate PBMC
stimulated; white bars, PBMC stimulatedþASCs. *P < 0.05 (Student’s t-test, PBMCstim versus PBMCstimþASCs, for each generation).
Experiments were performed with 4 donors of ASCs and 2 buffy coats, in triplicates. (C) Concentration of Trp and Kyn was determined by
means of HPLC at 72 h and 120 h. Means and standard deviations of experiments performed with 4 different donors of ASCs and 2 buffy
coats, in triplicates, are shown. Black bars indicate Trp; white bars, Kyn. (D) Experiments performed as in B by supplementing the medium
with the indicated concentrations of Trp. Representative histogram overlays of T-lymphocyte proliferation are also shown. Black histogram
indicates PBMC stimulatedþASCs (Trp added at 72 h); gray histogram, PBMC stimulatedþASCs (no Trp added at 72 h).
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ASCs. Notably, supplementation at 72 h of as little as
5 mmol/L of Trp partially supported proliferation of
T lymphocytes (Figure 4D).
Trp reversed ASC-mediated immunosuppression of T
lymphocytes despite the presence of other anti-
inflammatory mediators

Wenext investigatedwhether other anti-inflammatory
mediators were also present in the PBMC:ASC co-
cultures. To do so, the concentration of IL-10, PGE-2
and HLA-G was determined by means of ELISA in
conditioned supernatants at different time points.
PGE-2, at 72 h, was detected in supernatants from
PBMCs (stimulated or not) and ASCs, indicating that
they constitutively express PGE-2. Levels of PGE-2
were markedly increased in the supernatants of stim-
ulated PBMC co-cultured with ASCs (Figure 5A). At
120 h, PGE-2 concentration increased in stimulated
PBMC:ASC co-cultures without any effect of Trp
addition (Figure 5B). HLA-G expression, at 72 h, was
not detected in unstimulated PBMCs and barely
detected in supernatants from ASCs or stimulated
PBMCs. Levels of HLA-G slightly increased when
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Figure 5. Expression of other anti-inflammatory mediators. Levels of PGE-2, HLA-G and IL-10 were determined in conditioned super-
natants at the indicated time points by means of ELISA. Means and standard deviations of 2 experiments performed with 4 donors of ASCs
and 2 buffy coats are shown. *P < 0.05 (Student’s t-test). ns, Not significant.
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stimulated PBMCs were cultured with ASCs
(Figure 5A). At 120 h, HLA-G concentration
increased in supernatants from stimulated PBMC
cultured alone or with ASCs. Supplementation with
Trp appeared to increase HLA-G expression at 120 h
in stimulated PBMC:ASC co-cultures (mean: 15.3�
5.04 pg/mL) compared with co-cultures not supple-
mentedwithTrp (mean: 9.9� 5.4 pg/mL), although it
was not statistically significant (P¼ 0.19) (Figure 5B).
IL-10, at 72 h, was hardly detected in PBMC and
ASCs, but it was highly accumulated in supernatants
from stimulated PBMC alone or when cultured with
ASCs (Figure 5A). At 120 h, IL-10 levels remained
rather stable and were not affected by Trp addition
(Figure 5B). Overall, these results indicate that Trp
supplementation at 72 h reversed the established
inhibitory effect of ASCs despite the presence in the
culturemedium of other anti-inflammatorymediators
such as PGE-2, HLA-G and IL-10.
Figure 6. Effect of Trp supplementation on ASC-mediated T-cell
death. Means and standard deviations of the percentage of viable T
lymphocytes (CD3 positive/7AAD negative population) at 96 h are
shown. *P < 0.05 (Student’s t-test). Experiments were performed
with 4 different donors of ASCs and 2 buffy coats, in triplicates.
Effect of Trp supplementation on viability of T
lymphocytes cultured with ASCs

In addition to the inhibitory effect on T-cell prolifera-
tion, we observed that ASCs also reduced the viability
ofTcells (measuredas theCD3þ/7AADepopulation)
after 96 h of culture from approximately 70% to 33%
(Figure 6). Addition of Trp had no effects on T lym-
phocytes alone, but it increased T-cell viability in a
dose-dependent manner when cultured with ASCs,
although the baseline viability of 70% could not be
regained by Trp supplementation only.
Effect of Kyn addition on T-lymphocyte proliferation

To further confirm that Trp deprivation rather than
Kyn accumulation is the main factor mediating the
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immunosuppressive capacity of ASCs, T-lymphocyte
proliferation assays were carried out in the presence of
increasing concentrations ofKyn (10, 20 and30mmol/
L). These concentrations were selected because, as
mentioned above, the concentration of Trp in the
medium used in the PBMC proliferation assays is
approximately 25 mmol/L, which is, therefore, the
maximum concentration of Kyn that can be generated
in our assays. Consequently, in our experimental
settings, if Kyn concentration accounts for the inhib-
itory effect of ASCs, it must be at concentrations�25
mmol/L. PBMCs were stimulated, in the absence or
presence of Kyn, and proliferation was determined at
96 h by means of flow cytometry. As shown in
Figure 7A, addition of Kyn inhibited T-cell prolifer-
ation in only 1 of 8 buffy coats. To test whether higher
concentrations of Kyn could have an inhibitory effect,
T-cell proliferationwas tested in the presence of 20, 50
and 100 mmol/L of Kyn. Both buffys were inhibited at
a concentration of 100 mmol/L (Figure 7B). There-
fore, only 1 buffy (B056) was inhibited at a concen-
tration of Kyn that could be generated from the
degradation of the Trp existing in our experimental
settings. These results indicate that at least in our in
vitro experimental conditions, sensitivity of T lym-
phocytes to the inhibitory effects ofKynmay vary from
donor to donor.
Figure 7. Effect of Kyn addition on proliferation of T lympho-
cytes. CFSE-labeled PBMCs from 10 different buffy coats were
stimulated with anti-CD3/CD2/CD28ecoated beads in the
absence or presence of the indicated concentrations of Kyn, and
proliferation (CFSE loss) was determined at 96 h by means of flow
cytometry. Black histogram indicates PBMC stimulated; gray
histogram, PBMC stimulatedþKyn. Experiments were performed
in triplicates. One representative overlay is shown.
Discussion

We have previously described that the immunomod-
ulatory properties of human ASCs rely, mainly, on the
enzymatic activity of IDO [29]. However, the relative
contribution of each arm of the Trp/Kyn balance on
the IDO-mediated immunomodulatory mechanism
of ASCs has not been studied in detail. In the present
study, we investigated this further to show that the
capacity of ASCs to inhibit lymphocyte proliferation is
primarily mediated by the depletion of Trp levels in
the surrounding microenvironment. Hence, Trp
supplementation at the time of PBMC:ASC co-cul-
ture impaired the inhibitory effect of ASCs, despite
the accumulation of Kyn at very high levels (>200
mmol/L). The impairment of the immunosuppressive
effect of ASCs was dose-dependent and more visible
at 72 h than at 96 h (Figure 2). Thus, supplementa-
tion with 200 mmol/L of Trp almost fully abolished the
inhibitory effect of ASCs at 72 h, whereas some in-
hibition of T-cell proliferation could be detected at
96 h (Figure 2A). These inhibitory effects at later time
points could be explained by the fact that Trp was
virtually fully degraded at 72 h and 96 h, even at the
highest added concentration of 200 mmol/L, and
therefore the inhibitory capacity of ASCs could have
been “switched on” again. Nevertheless, additional
inhibitory effects mediated by highly accumulated
Kyn or other factors cannot be ruled out. Importantly,
supplementation of Trp after 72 h of co-culture, once
T-cell proliferation was already blocked by ASCs,
restored T-cell proliferation, indicating that the
inhibitory effects of ASCs on T-cell proliferation are
reversible and can be modulated by the absolute level
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of Trp concentration. Interestingly, the effects of Trp
supplementation were observed despite the presence
in the medium of high Kyn and other anti-inflam-
matory mediators such as PGE-2, HLA-G and IL-10
(Figure 5) that have also been implicated in the
mechanism of immunomodulation by MSCs [12].

Thus far, non-conclusive and occasionally con-
tradictory results have been reported when inhibiting
any of these soluble immunosuppressive factors and
their relative contribution to the immunomodulatory
properties of MSCs varies between different studies
[32,33]. We observed that PGE-2 levels were mark-
edly increased when stimulated PBMCs and ASCs
were cultured together (Figure 5), which was prob-
ably caused by the upregulated expression of PGE-2
by ASCs activated through inflammatory cytokines
released by stimulated PBMC (mainly TNF-a), as
reported previously by others [34,35]. Despite the
high accumulation of PGE-2 observed in our
PBMC:ASC co-cultures and the reported effects of
PGE-2 as a key mediator of the immunomodulatory
properties of MSCs [36,37], Trp supplementation
impaired the capacity of ASCs to inhibit lymphocyte
proliferation, indicating that in our experimental
conditions, depletion of Trp plays a more important
role than PGE-2 in mediating the capacity of ASCs
to suppress T-cell proliferation. This is in agreement
with our previous results when addition of indo-
methacin, an inhibitor of PGE-2 production, did not
significantly block the capacity of ASCs to inhibit
lymphocyte proliferation [29]. These inconsistent
results might be related to differences in the experi-
mental conditions between studies. For instance, the
use of PBMCs versus purified T cells or the method
of activation of these cells (anti-CD3/CD2/CD28
versus mixed lymphocyte reaction) might be rele-
vant. In addition, IL-10 production was found to be
barely detectable in ASCs and highly upregulated in
stimulated PBMCs (Figure 5). Co-culture of
PBMCs with ASCs did not significantly affect its
expression, indicating that IL-10 is produced by
activated PBMCs and suggesting that these concen-
trations of IL-10 do not have important immuno-
suppressive effects in our experimental conditions.
On the other hand, HLA-G was found to be
expressed by ASCs, although to lower levels
compared with stimulated PBMCs. Interestingly, we
observed that the expression of HLA-G appeared to
be increased in PBMC:ASC co-cultures when Trp
was supplemented (Figure 5B). Although it was not
statistically significant compared with the same
conditions without Trp addition, this observation
may suggest that HLA-G expression might be regu-
lated by Trp metabolism, as previously reported
[38]. Nevertheless, despite the described role of
HLA-G in the immunomodulatory effects of MSCs
[39,40], Trp addition impaired the immunomodu-
latory properties of ASCs, indicating that HLA-G, as
PGE-2, does not appear to be a key mediator of the
inhibitory effects of ASCs in our in vitro settings.
Overall, our results suggest that in our experimental
conditions, there is an apparent hierarchy among
different immunomodulators used by MSCs, being
depletion of Trp the major mechanism used by ASCs
to inhibit lymphocyte proliferation.

To further clarify the role of Kyn in the inhibition
of T-lymphocyte proliferation, we studied the prolif-
eration of T lymphocytes in the presence of increasing
concentrations of Kyn. Of 10 buffys studied, 3 were
inhibited by Kyn addition but at different concentra-
tions. Two were inhibited at a concentration of
100 mmol/L, which is far above the maximum con-
centration of Kyn that can be generated from the Trp
present in RPMI supplemented with 10% FBS
(maximum of 25 mmol/L). Only buffy B056 was
inhibited at concentrations of Kyn (10e30 mmol/L)
that can be generated by ASCs in our experimental
settings.Therefore, these results suggest that at least in
our in vitro experimental conditions, Kyn accumula-
tion is not themain driver of ASC-mediated inhibition
of T-cell proliferation because concentrations of
Kyn �25 mmol/L do not appear to interfere with T
proliferation of most PBMC donors. Moreover, these
results suggest that the susceptibility of T cells to the
inhibitory/toxic effect of Kyn might be donor-depen-
dent. This could explain the inconsistency of the Kyn
effects that we report here compared with those re-
ported previously [20e23,29]. In agreement with
previous studies [11,41], we observed that ASCs
increased cell death of T lymphocytes. The induction
of T-cell death by ASCs was partially inhibited by
Trp supplementation (Figure 6), indicating that other
factors, including Kyn accumulation [20], might play
a role.

Our results show that Trp depletion by IDO ac-
tivity is the predominant mediator of the immuno-
modulatory properties of ASCs in our in vitro
settings. However, it must be elucidated whether
IDO activity plays a similar predominant role in the
therapeutic effects of human MSCs in patients or in
experimental animal models of inflammatory dis-
eases (often in mice and rats). Recently, it has been
described that the mechanism mediating the immu-
nosuppressive effects of MSCs is species-dependent
[15]. Mouse, rat, hamster and rabbit MSCs use
inducible nitric oxide synthase, whereas human,
monkey and pig use IDO. On the basis of these
differences, Su et al. [15] raised the interesting
question on to what extent efficacy preclinical studies
in mice with the use of human MSCs are relevant for
human disease [15]. The fact that mouse MSCs do
not use IDO does not preclude that human MSCs
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could express IDO after administration into mice
and exert their therapeutic effects, at least in part,
through the local depletion of Trp. In fact, inhibition
or disruption of IDO activity has been described to
aggravate collagen-induced arthritis and colitis in
mice [42e45], showing that IDO is an important
regulator of immune responses in mice. Further
research in experimental animal models of inflam-
mation with the use of IDO-deficient human MSCs
or pharmacological inhibitors of IDO along with the
cells will be very valuable to clarify the use of IDO
activity by human MSCs in vivo and therefore the
mechanistic relevance for human disease of the use of
current animal models.

Our results also show that the inhibitory effects of
ASCs on proliferating T cells are reversible and
mainly mediated through the local metabolic control
of Trp access, implying that the immunomodulatory
effects of MSCs could be temporary. The hope of
treating chronic inflammatory diseases with MSCs is
that they would reach a sustained modulation of the
chronically imbalanced immune response, typical of
these diseases, resulting in a durable therapeutic ef-
fect. Although MSCs have been proven to be effica-
cious in experimental animal models of inflammation
[46e50] through a “hit-and-run”mechanism, further
investigation is needed to positively establish that cells
that use reversible/transient mechanisms and have
short persistence in vivo can really achieve the desired
lasting therapeutic effects in clinical settings.
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