
original article

178 www.moleculartherapy.org  vol. 20 no. 1, 178–186 jan. 2012    

© The American Society of Gene & Cell Therapy

Mesenchymal stem cells (MSCs) are emerging as a 
promising immunotherapeutic, based largely on their 
overt suppression of T lymphocytes under inflamma-
tory and autoimmune conditions. While paracrine cross-
talk between MSCs and T cells has been well-studied, 
an intrinsic transcriptional switch that programs MSCs 
for immunomodulation has remained undefined. Here 
we show that bone marrow-derived MSCs require the 
transcriptional regulator Aire to suppress T cell-mediated 
pathogenesis in a mouse model of chronic colitis. Sur-
prisingly, Aire did not control MSC suppression of T cell 
proliferation in vitro. Instead, Aire reduced T cell mito-
chondrial reductase by negatively regulating a proin-
flammatory cytokine, early T cell activation factor (Eta)-1. 
Neutralization of Eta-1 enabled Aire−/− MSCs to amelio-
rate colitis, reducing the number of infiltrating effector T 
cells in the colon, and normalizing T cell reductase lev-
els. We propose that Aire represents an early molecular 
switch imposing a suppressive MSC phenotype via regu-
lation of Eta-1. Monitoring Aire expression in MSCs may 
thus be a critical parameter for clinical use.
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IntroductIon
Transplantation of mesenchymal stem cells (MSCs; also called mes-
enchymal stromal cells) is considered as a new cellular therapeutic 
for suppressing unwanted inflammation. MSCs self-renew in vitro 
and can be differentiated to bone, cartilage, adipose, and connec-
tive tissue;1,2 yet it is their capacity for immunosuppression that has 
generated such strong clinical interest. MSC transplantation has 
been reported to improve clinical and preclinical outcomes across 
an array of inflammatory and autoimmune conditions, including 
graft versus host disease, organ transplantation, and following tis-
sue injury;3–7 as well as in autoimmune models for multiple scle-
rosis, type-1 diabetes, systemic lupus erythematosus, rheumatoid 
arthritis, and gastroenteritis.8–12 However, recent pivotal trials using 
MSCs as a treatment for graft versus host disease did not meet 

primary efficacy endpoints13 causing a more critical assessment of 
the formulations of clinical-grade MSCs and their mechanism of 
action with the prospect of optimizing this promising therapy.

MSCs have been shown to impose many immunomodulatory 
effects on leukocytes,14–17 but paracrine MSC-T cell interactions 
have been studied most closely. Early studies revealed that T cell 
proliferation was profoundly reduced following coculture with 
MSCs. In vivo, MSC transfer broadly impacts T cells, particularly 
at stages of activation and differentiation occurring within lymph 
nodes. These include reduced T cell activation and proliferation, 
skewed differentiation to particular T cell subtypes, and increased 
regulatory T cell (Treg) generation in acute settings.11,18–21 
Persistent engraftment or transdifferentiation at inflammatory 
sites has been observed only rarely12,22–24 suggesting this is unlikely 
to be a conserved mechanism of action. Instead, evidence suggests 
that MSCs act early after transplantation.25,26

Mechanistically, a bidirectional cross-talk exists between 
MSCs and T cells: activated T cells produce interferon γ (IFNγ) 
and other cytokines that together induce MSCs to secrete T cell 
suppressive factors like nitric oxide (mouse) or kynurenine by the 
enzymatic activity of indoleamine 2,3-dioxygenase (human).27,28 A 
similar response of MSCs to other inflammatory mediators can 
induce the release of prostanoids and soluble tumor necrosis fac-
tor (TNF) receptors that act on innate immune cells;4,29 however, 
intrinsic mechanisms underlying the ability of MSCs to suppress 
T cells are largely undefined.

Aire is an important transcriptional regulator expressed by 
stromal cells in primary30 and secondary31 immune organs; how-
ever, Aire expression in bone marrow (BM) stroma or other MSC 
populations has not been assessed. In the thymus, spleen and 
lymph nodes, Aire induces the destruction or suppression of auto-
reactive T cells by permitting transcriptional machinery to access 
genomic regions rich in rare peripheral tissue-restricted antigens 
(PTAs).30,32 PTAs are then presented via MHC, and responding 
T cells are functionally silenced, although signals governing this 
response are unknown. Thymic stromal cells strongly express 
Aire, preventing fulminant, spontaneous autoimmunity.30 Aire is 
also functional in lymph node and splenic stroma, inducing PTA 
expression and deletion of autoreactive CD8+ T cells.31
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Here, we demonstrate that the transcriptional regulator Aire 
is essential to bone marrow MSC-mediated immunosuppres-
sion in the gut, using a clinically relevant model of Crohn’s dis-
ease directly induced by T cells. Aire−/− MSCs could not suppress 
severe T cell-mediated colitis in vivo, but still retained the capacity 
to reduce T cell proliferation in vitro. Our findings link disease-
relevant immunosuppression to altered T cell reductase, through 
Aire-controlled regulation of proinflammatory cytokine Eta-1.

results
Mscs require expression of Aire in order  
to suppress inflammation in a t-cell mediated  
model of crohn’s disease
This study aimed to address the hypothesis that, as in suppressive 
stroma from thymus and lymph node, Aire controls the suppressive 

phenotype of bone marrow MSCs. We first analyzed messenger 
RNA (mRNA) expression of Aire in MSCs after isolation and 
long-term ex vivo culture. After 7 days of culture, adherent CD4− 
MSCs derived from mouse (Figure 1a) or human (Figure 1b) BM 
expressed Aire mRNA. Human MSCs derived from amniotic fluid 
also expressed PTAs (Figure 1b), which suggests that cells exhibit-
ing MSC phenotypes from other tissue sources also express Aire.

As Aire is primarily linked to T cell suppression, we chose to 
test its function in mouse MSCs using a model of Crohn’s disease 
solely mediated by pathogenic T cells, induced by CD4+ CD45RBhi 
T cell transfer to Rag1−/− mice. Wild type (WT) or Aire−/− mouse 
MSCs were intravenously injected between 0 and 21 days after 
T cell transfer. Within 8 weeks, saline-treated (control) mice 
developed hallmarks of colitis including significant weight loss 
(Figure 2a) and severe intestinal pathology (Figure 2b–d). Mice 
treated with WT mouse MSCs showed a significant improvement 
in body mass and colon pathology.

Strikingly, mice treated with Aire−/− mouse MSCs devel-
oped severe colitis similar to vehicle controls. Unlike mice given 
WT MSCs, mice receiving Aire−/− MSCs exhibited significant 
weight loss (Figure 2a) with extensive colon pathology, includ-
ing mucosal hyperplasia, goblet cell loss, and abnormal villi mor-
phology (Figure 2b). These pathological findings were quantified 
by an independent pathologist and found to denote higher colitis 
scores (Figure 2c). The number of leukocytes in the colon was also 
significantly increased compared with mice receiving WT MSCs 
(Figure 2d). These data establish that Aire is required for MSC-
mediated immunotherapy in this model of Crohn’s disease.
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Figure 1 Mouse and human Mscs express Aire. (a) RT-PCR was per-
formed comparing whole undepleted bone marrow (Undep) or sorted 
bone marrow stroma. Unsorted thymus was a positive control. (b) 
RT-PCR of human bone marrow (BM) and amniotic fluid-derived (Am) 
MSCs. Gene expression data representative of n = 3–5 subjects. MSC, 
mesenchymal stem cells; RT-PCR, reverse transcriptase PCR.
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Figure 2 Msc-mediated immunosuppression of chronic colitis is Aire-dependent. (a) Chronic colitis was induced by transfer of CD4+ CD45RBhi 
T cells to Rag−/− mice. Mouse MSCs or saline were infused post-T cell transfer (arrows) and body mass measured. (b) Representative transverse colon 
sections (H&E) of healthy and colitic mice 8 weeks after colitis induction. A higher original magnification at ×20 of the corresponding group is provided 
along with an inset is at ×4 original magnification (Inset bar = 500 µm). (c) Colitis pathology scores of colon sections at 8 weeks. (d) Quantification of 
infiltrating mononuclear cells in intestine. Results represent five sections with five random fields per group. Data depict median, 10th, 25th, 75th, and 
90th percentiles with standard deviation and outliers. For mouse data, n = 5–15 per group, across at least three independent trials. *P < 0.05; **P < 
0.01, by Tukey’s Method a or Student’s t-test b,d. H&E, hematoxylin and eosin; HPF, high power field; MSC, mesenchymal stem cells.
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We performed a short-term analysis of mouse MSC distri-
bution to determine whether Aire−/− MSCs were distributed 
differently compared to WT MSCs, which could lead to altered 
potency in this model. carboxyfluorescein succinimidyl ester 
(CFSE)-labeled cells were intravenously administered to Rag1−/− 
mice and after 3 hours, the spleen, liver, lungs, and large intes-
tine were harvested and digested for analysis of transferred cells. 
In concordance with other MSC biodistribution studies,25,26 we 
observed that the majority of both Aire−/− and WT MSCs were 
found in the lung with infrequent events observed in the colon, 
liver, and spleen at this time point (Supplementary Figure S1). 
Since both cell populations distributed similarly after injection, 
we began to seek other explanations for the role of Aire in MSC 
immunomodulation.

Mscs reduce activated t cells and intestinal 
inflammation in an Aire-dependent fashion
We analyzed a number of systemic and local parameters that have 
been reported to be affected by MSCs in search of durable disease-
modifying targets in this model. We found a strong correlation 
between TNF-α levels and WT MSC treatment. Serum TNF-α levels 
were decreased in mice treated with WT MSCs and elevated in mice 
given Aire−/− MSCs, again reflecting inflammation levels across 
all groups (Figure 3a). Based on the stratification in the systemic 
TNF-α response, we examined local indexes of inflammation in the 
intestinal tract. In line with decreased pathology and inflammation, 
mice receiving WT MSCs had significantly smaller colon-draining 
mesenteric lymph nodes compared to vehicle-treated controls and 
contained fewer T cells overall (Figure 3b). The activation state of 
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Figure 3 Aire mediates suppression through t cell activation rather than effector t cell skewing or treg induction. Colitis was induced and 
mice were treated as depicted in Figure 2a. Tissues were harvested 6 weeks postdisease induction. Mesenteric lymph nodes were isolated and cells 
activated in culture before analysis of intracellular cytokines. (a) Serum TNF-a levels were tested by ELISA following colitis induction. Flow cytometry 
of (b) mesenteric lymph node T cell numbers and (c) CD25+ T cells, shown as % total CD4+ T cells. (d) FoxP3+ Tregs, shown as % total CD4+CD25+ 
T cells. Intracellular cytokine flow cytometry of (e) IFN-g and (f) IL-10, shown as % total CD4+ T cells. Intestinal lesions were isolated during active 
colitis at 6 weeks after induction and cultured overnight in basal media. ELISA of (g) TNF-α, (h) IL-1ra, and (i) IL-6 release. Data depict mean ± SD 
and are representative of n = 3–5 per group from two experiments. *P < 0.05; **P < 0.01, Student’s t-test. ELISA. Enzyme-linked immunosorbent assay; 
IFN, interferon; IL, interleukin; TNF, tumor necrosis factor; WT, wild type.
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lymph node T cells was also altered. A reduced proportion of T cells 
expressed the activation marker CD25 (Figure 3c), indicating lower 
interleukin-2 (IL-2) receptor expression. While activated cells and 
Tregs both express CD25, there was no change in the proportion 
of CD25+ cells expressing FoxP3 (and therefore no proportional 
changes in Tregs) (Figure 3d), showing that the decrease in CD25+ 
cells was equally due to a reduction in activated T cells. Activated 
lymph node T cells were still present in mice receiving Aire−/− MSCs 
compared to WT MSCs (Figure 3b). The difference in the numbers 
of activated T cells as a function of Aire expression in MSCs was the 
resounding conclusion from these experiments.

In Crohn’s disease patients, and in the mouse model used for 
this study, the T cell repertoire is known to be skewed toward 
T helper (Th)1 (i.e., IFNγ+) and deficient in Tregs. Indeed, we 

observed a predominant IFNγ+ T cell response in mesenteric (gut-
draining) lymph nodes (Figure 3e) in all treated mice, with very 
few T cells producing the Th2 cytokine IL-10 (Figure 3f). Although 
WT MSCs did not alter the dominant Th1 T cell response, we can 
speculate that colitis severity was reduced because a decreased 
number of activated T cells, even with similar proportions of IFNγ 
producing cells, still amounts to a decreased overall number of 
pathogenic Th1 effectors. Since Aire−/− MSCs had a significantly 
increased number of activated T cells we can also conclude that 
the total numbers of pathogenic Th1 effectors were also elevated. 
We also looked to other tissues and inflammatory mediators for 
clues to Aire’s suppressive mechanism.

We next tested production of inflammatory and suppres-
sive cytokines directly from intestinal lesions, focusing on those 

Other

Transcription

3.0

2.0

1.3
1.0

0.0

−L
og

10
 P

 v
al

ue

Log
2
 fold change

−10 −5 −1 0 1 5 10

b
0.6
0.4

0.2

0.6

0.4

0.2

−4 −2 0 2 4

−4 −2 0 2 4

Log
2
 (AIRE/WT) Expression

All genes
mTec AIRE-repressed

mTec AIRE-induced
All genes

MSC (351)

eTAC (275) mTEC (1,962)

3
7

28

335

1,915242 26

a

c

f g

d e

Vehicle + Ab Aire-/- MSC + Ab Aire-/- MSC

Metabolism

36%

26%

21%

12%5%

Immune
response

R
el

at
iv

e 
in

te
ns

ity
 (

%
)

C
ol

iti
s 

sc
or

e

***

100

80

60

40

20

0
WT MSC Aire-/- MSC

110

100

90

80

70
0 2

Weeks posttransfer

4 6 8

%
 W

ei
gh

t c
ha

ng
e

Differentiation

Vehicle + Ab

Antibody treatment

Aire-/- MSC + Ab
Aire-/- MSC

4

3

2

1

0

Ve
hic

le 
+ 

Ab

Aire
-/-

M
SC +

 A
b Aire

-/-

M
SC 

Ve
hic

le 
+ 

Ab

Aire
-/-

M
SC +

 A
b Aire

-/-

M
SC 

Le
uk

oc
yt

es
/H

P
F

250

200

150

100

50

0

*

***

Figure 4 Aire regulates eta-1 secretion, which mediates immunosuppression in vivo. (a) Volcano plot of Aire-regulated genes in CD45− MSCs; 
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linked to MSC-mediated protection in chemical-induced colitis.18 
Similar to serum, intestinal TNF-α was profoundly decreased in 
mice given WT MSCs and increased in mice given Aire−/− MSCs 
(Figure 3g). Treatment with WT MSCs induced higher levels of 
anti-inflammatory IL-1ra in intestinal epithelia (Figure 3h), while 
MSCs did not appreciably alter inflammatory IL-6 production 
(Figure 3i).

Aire imposes immunosuppression through 
transcriptional repression of proinflammatory 
cytokine eta-1
To uncover Aire’s mechanisms, we performed a comprehen-
sive analysis of Aire-controlled gene expression in MSCs, using 
genome-wide mRNA analysis. WT MSCs differentially expressed 
351 genes compared to Aire−/− MSCs (Figure 4a). In keeping 
with Aire’s molecular mechanism, which dictates expression of 
vastly different genes for each cell type in which it is expressed, we 
saw a significant shift towards Aire-induced genes with little over-
lap in Aire-regulated gene expression between MSCs and stroma 
from the thymus and lymph nodes (Figure 4b). Among the genes 
regulated by Aire in MSCs, only 9% of genes were classified as 
PTAs, while 26% corresponded to immune response genes that 
included soluble factors with known pro- or anti-inflammatory 
functions (Figure 4c). Given prior studies demonstrating that 
MSCs suppress T cell activation independently of cell contact, 
we posited that one or more of these Aire-regulated soluble fac-
tors may be involved in suppression. One such candidate soluble 
factor, significantly upregulated in Aire−/− MSCs in our gene 
expression profiling (i.e., downregulated by Aire in WT cells), 
was a well-recognized proinflammatory cytokine called early T 
cell activation factor (Eta)-1, also known as osteopontin. To first 
validate the gene array, we confirmed increased expression of the 
secreted form of Eta-1 protein in Aire−/− MSCs by immunoblots 
(Figure 4d). Next, we tested whether the T cell suppressive func-
tion of Aire−/− MSCs could be restored when Eta-1 was neutral-
ized by antibodies. Indeed, we found that colitis symptoms and 
colon pathology (Figure 4e–g) were significantly improved when 
Eta-1 was neutralized upon administration of Aire−/− MSCs. 
These results suggest that Aire mediates immune suppression in 
MSCs, at least partially, by maintaining transcriptional control 
of Eta-1, although it was not yet clear how this suppression was 
imposed.

Mscs induce an oxidative state in activated t cells 
which is reversed by coculture with Aire−/− Mscs 
through the effects of eta-1
Next we sought to directly assess the effect of Aire and Eta-1 on 
newly activated T cells. To this end, we used a classic in vitro 
proliferation assay, where T cells are stimulated to divide using 
plate-bound anti-CD3ε in the presence or absence of MSCs. T 
cells were labeled with the fluorescent dye CFSE to quantitatively 
monitor cell division by flow cytometry. Surprisingly, despite their 
profound inability to suppress T cell-mediated inflammation in 
vivo, Aire−/− MSCs were still able to suppress T cell prolifera-
tion in vitro, equivalent to WT MSCs (Figure 5a). This held true 
regardless of the T cell activation method used, as we evaluated 
both anti-CD3ε/anti-CD28 and soluble anti-CD3ε at various 

concentrations, with or without other antigen presenting cells and 
leukocytes, and across multiple ratios of MSCs to T cells (data not 
shown). Instead, we found evidence for a profound alteration in 
T cell metabolic activity. T cells cocultured with WT MSCs were 
small, as befits nondividing, quiescent lymphocytes (Figure 5b–d). 
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but not cultured with stroma (“No stroma”) were used as negative and 
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tured with WT or Aire−/− MSCs. (f) MTT reduction of CD3ε-activated T 
cells separated from MSCs by a porous membrane. (g) MTT reduction 
of CD3ε activated T cells, indirectly cocultured with Aire−/− MSCs, with 
increasing doses of Eta-1 neutralizing antibody. Data represent at least 
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mide; WT, wild type.
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However, T cells cocultured with Aire−/− MSCs were significantly 
larger by forward scatter, despite similar lack of cell division. We 
further confirmed that this size difference was not related to cell 
division itself, or related to the capacity of the T cells to be stimu-
lated, by assessing the size of T cells that had gone through at least 
one cell division (Figure 5d). The differences persisted, and there-
fore occurred independent of their capacity to be stimulated, as 
suggested by the proliferation data (Figure 5a).

Altered cell size independent of proliferation suggested altered 
mitochondrial function. Eta-1 inhibits apoptosis-inducing factor, a 
pro-apoptotic mitochondrial flavoprotein that also promotes nico-
tinamide adenine dinucleotide oxidase33 a predominant inducible 
nitric oxide synthase-independent oxidant source in activated T 
cells.34 Accordingly, analysis of mitochondrial function using a 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 
(MTT) assay showed a global reductive state in T cells cocultured 
with either no stroma or Aire−/− stroma, but not WT stroma 
(Figure 5b). Validating this, we measured global oxidation levels 
and found decreased total reactive oxygen species in T cells cultured 
with Aire−/− MSCs (Supplementary Figure S2). This was not due 
to lower levels of inducible nitric oxide synthase (data not shown). 
We next tested whether secreted Eta-1 controlled this antioxidative 
effect of Aire−/− MSCs on activated T cells. We first asked whether 
Aire altered intracellular T cell mitochondrial function through 
control of a secreted factor, by separating MSCs from stimulated T 
cells with a semipermeable membrane, and indeed, Aire−/− MSCs 
still induced a profoundly reductive mitochondrial response in T 
cells (Figure 5f). Accordingly, we found that antibody neutraliza-
tion of secreted Eta-1 restored the oxidative microenvironment in 
T cells cocultured with Aire−/− MSCs in a dose-dependent fashion 
(Figure 5g), confirming that the alteration in intracellular T cell 
oxidation was mediated by Eta-1. These experiments revealed that 
Aire negatively regulates Eta-1 in MSCs that induces important 
biochemical changes to T cells by a paracrine mechanism.

dIscussIon
MSCs are considered to be a progenitor to many adult mesenchy-
mal-derived cells. Here, we have found that MSCs express Aire 
and specialized PTAs similar to other lymphoid organ stromal 
cells. Similar to other peripheral stroma expressing low levels 
of Aire,35 transcribed protein was below detection limits (data 
not shown). In investigating the biological significance for Aire 
expression, we found that PTAs expressed by thymic stroma were 
also expressed by mouse and human MSCs (Supplementary 
Table S1 and Supplementary Figure S3a,b) and clonal expression 
analysis involving subculture of undifferentiated colony-forming 
units revealed a mosaic PTA expression pattern (Supplementary 
Figure S3c), also reminiscent of thymic stromal cells, which 
preserve tolerance by deleting T cells reactive to these rare anti-
gens. Ontologically, MSCs may be related to stromal cells found 
in lymph nodes and the thymus, although we have not provided 
such evidence in this study. Certainly, promiscuous gene expres-
sion has been observed in other stem cell populations as a pre-
ceding step to lineage commitment36 and previous reports showed 
that MSCs express neuronal-specific proteins reminiscent of PTAs 
in their undifferentiated state.37 We believe that MSCs may express 
PTAs not because of stem cell plasticity per se, but as a heretofore-

unrecognized antigen expression pattern similar to other nonhe-
matopoietic cells in lymphoid organs.

While Aire is best known for its role in mediating thymic 
PTA expression, Aire’s influences in the thymus and periphery do 
demonstrably extend beyond PTA expression. Aire alters thymic 
chemokine expression, antigen presentation, stromal cell devel-
opment, stromal cell lifespan,38 and thymocyte migration.39 In 
peripheral dendritic cells, Aire changes IFNγ signaling, increas-
ing B cell activation.40 Aire protein is also strongly expressed in 
spermatogonia41, early embryos, human embryonic stem cells and 
induced pluripotent stem cells42 with unknown purpose. Since 
MSCs suppress T cells in xenogenic and allogeneic settings, inde-
pendent of major histocompatibility complex and antigen speci-
ficity, we were interested in the existence of antigen-independent 
roles for Aire in driving T cell suppression. Here we show that 
Aire is required for MSC-mediated amelioration of colitis in vivo 
through its regulation of an important proinflammatory cytokine, 
Eta-1. Aire’s expression in cultured MSCs, before T cells are added 
or activated, suggests it is an early transcriptional switch encoding 
intrinsic suppressive capability.

Eta-1, also known as secreted phosphoprotein-1 and osteopon-
tin, has pleiotropic functions in health and disease. The secreted form 
of this protein can drive the differentiation of Th1 effector cells and 
plays causal roles in autoimmunity43 and cancer progression.44 An 
intracellular isoform of Eta-1, expressed by plasmacytoid dendritic 
cells, has been recently discovered to regulate the expression of proin-
flammatory IFN-α.45 Eta-1 has also been associated with osteoblastic 
differentiation; however, our gene expression data did not report any 
corresponding upregulation of osteoblast-related transcription fac-
tors such as Runx2 or osterix in Aire−/− MSCs. The independent rise 
of Eta-1 without Runx2 or osterix led us to conclude that increased 
Eta-1 was independent of differentiation and may therefore impinge 
on immune function. Indeed, we showed that Eta-1 neutralization 
restores the ability of Aire−/− MSCs to induce a reductive intracel-
lular microenvironment in responding T cells.

These data also mechanistically separate suppression of T cell 
proliferation in vitro from suppression of a purely T cell-medi-
ated disease in vivo, since Aire−/− MSCs failed to suppress disease 
while retaining the ability to strongly suppress T cell proliferation 
in vitro. This finding has important clinical relevance, given the 
number of ongoing trials using MSCs, and the field’s necessary 
but heavy reliance on in vitro studies to further dissect preclinical 
and clinical trial results. Precedent for this finding exists46,47 where 
in vitro suppressive WT MSCs were unable to suppress an analo-
gous disease in vivo. Comparison of Aire−/− MSCs with their WT 
controls permitted us to further examine potential molecular and 
cellular contributors to this phenomenon. In the T cell transfer 
model of colitis, the global oxidation/reduction state of respond-
ing T cells best predicted immunotherapeutic potential and would 
form a valuable adjunctive in vitro test.

Human colitis is often chronic, progressive, and the source 
of significant morbidity, creating an urgent clinical need for new 
therapeutic avenues. Phase II clinical trials for MSCs in drug-
resistant Crohn’s disease showed a rapid, statistically significant 
improvement in symptoms48 with more trials ongoing (see http://
www.clinicaltrials.gov). MSC transfer reliably reduces symp-
toms in markedly different preclinical models of gastrointestinal 

http://www.clinicaltrials.gov).
http://www.clinicaltrials.gov).
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inflammation, varying in disease induction, pathogenesis, and 
disease duration.10,18,21 Colitis in the model described in our study 
is purely immune-mediated, chronic, and degenerative without 
requiring administration of cytotoxic chemicals. This is the first 
demonstration that MSCs suppress disease in a T cell transfer 
model of colitis. MSC therapy is known to have measurable short-
term effects after transplantation. In our chronic model of colitis, 
we observed that two injections of MSCs had a durable response 
that lasted several weeks after treatment. The need to optimize 
dosing given the short half-life of MSCs in order to realize clini-
cal endpoints is critical to the success of this therapy in larger 
cohorts.

Here we show that Aire plays an important role in the molecu-
lar regulation of MSC-mediated immune suppression in the gut 
in vivo. Expression of Aire could be maintained in culture after 
multiple passages, with potential therapeutic importance, as 
MSCs are expanded ex vivo before transfer into patients. Aire rep-
resents a molecular switch of MSC phenotype from a suppressive 
to a stimulatory state and may be a critical parameter to monitor 
while processing MSCs for therapeutic use.

MAterIAls And Methods
Mice. C57BL/6 mice (6–10 weeks) were purchased from Charles River 
Laboratory (Wilmington, MA). Aire−/−, and Rag-1−/− mice were bred 
at the Dana Farber Cancer Institute. Animals were maintained in accor-
dance with Institutional and National Institutes of Health guidelines, and 
experiments were approved by the subcommittee on research animal care 
and laboratory animal resources of Dana Farber Cancer Institute and the 
Massachusetts General Hospital.

MSC isolation and culture. Bone marrow was flushed from tibias and 
femurs with MSC medium (α-MEM (Gibco, Carlsbad, CA), 10% lot 
selected fetal bovine serum (Atlanta Biologicals, Norcross, GA), 100 U/ml 
penicillin (Sigma, St Louis, MO), and 100 µg/ml streptomycin (Sigma)), 
then dissociated and filtered. The overall cellularity of Aire−/− and WT 
BM did not differ. Cells were plated at a density of 2.6 × 106 cells/cm2 in 
MSC medium and cultured for 3 days, then washed, and the adherent 
population cultured for another 4–10 days. Cells were passaged using 0.1% 
trypsin/0.1% ethylenediaminetetraaceticacid, and subcultured at 5 × 103 
cells/cm2. All cultures were used between passages 2–8. Before use, stromal 
cells were depleted of CD45+ cells using magnetic-activated cell sorting 
(Miltenyi Biotec, Auburn, CA) per vendor’s instructions. The phenotype of 
Aire−/− MSCs was identical to C57BL/6 MSCs49,50 (Supplementary Figure 
S4). Human BM (Lonza Biologics, Walkersville, MD) was separated using 
a Ficoll gradient, centrifuged at 1500 rpm for 30 minutes. Mononuclear 
cells were harvested, washed in MSC medium and plated at 1 × 104 cells/
cm2. After 7 days of culture, nonhematopoietic cells were washed away and 
purified human MSCs were cultured and maintained as per mouse MSCs. 
Human amniotic fluid-derived MSCs were a kind gift from Dr. Myriam 
Armant, Center for Human Cell Therapy, Immune Disease Institute, 
Boston. These cells were prepared in a similar fashion to BM MSCs.

Colony-forming units assays. Limiting dilutions of freshly isolated BM 
cells (9.6 × 104 cells/cm2) were allowed to adhere and expand in MSC 
medium for 10 days. Adherent colonies were enumerated using a Giemsa 
stain. When expanded in culture, Aire−/− MSCs were not growth deficient, 
showing similar colony-forming efficiency compared to WT when placed 
in limiting dilution cultures.

Preparation of thymus. Thymi were mechanically disrupted into a saline 
solution, red cell lysed (ACK lysis buffer, 1–2 minutes) before being washed, 
filtered, and counted. Cells were used for RNA extraction and PCR.

RNA isolation and PCR. RNA was extracted from 0.1–1.0 × 106 cells using 
the Nucleospin RNA purification kit (BD Biosciences, San Diego, CA) per 
vendor’s instructions. 0.5–1 µg mRNA was reverse transcribed to comple-
mentary DNA (cDNA) using the Two-Step RT-PCR Kit (Qiagen, Valencia, 
CA) and amplified in a Perkin Etus Thermal Cycler 480 or Stratagene 
Light Cycler. Cycling conditions for PCR were: (i) 50 °C for 30 minutes; 
(ii) 95 °C for 15 minutes; (iii) 40 cycles at 94 °C for 30 seconds, 55 °C for 
30 seconds, 72 °C for 1 minute; and (iv) 72 °C for 10 minutes. Primers are 
listed in Supplementary Table S1. For endpoint analysis, amplified cDNA 
mixed with SybrGreen (Molecular Probes, Carlsbad, CA) was run on a 
1.2% agarose gel and visualized using a gel imager. For quantitative analysis 
of colony forming units, we used a ΔΔCt method with stated controls with 
results stated as relative differences between experimental groups.

Microarrays. RNA was extracted from 0.1–1.0 × 106 MSCs using Trizol 
(Invitrogen, Carlsbad, CA) then chloroform. Purity was determined using 
spectrophotometry and capillary electrophoresis (Bioanalyzer 2100; Agilent 
Technologies, Santa Clara, CA). First strand cDNA was prepared using a 
DNA/RNA chimeric primer and reverse transcriptase. Synthesis of a second 
strand resulted in double stranded cDNA with a unique DNA/RNA hetero-
duplex at the 5′end of the antisense strand. cDNA was amplified (signaling 
pathway impact analysis) and purified (DNA Clean & Concentrator; Zymo 
Research, Orange, CA), then fragmented through a chemical and enzymatic 
process and labeled via enzymatic attachment of a biotin-labeled nucleotide 
to the 3′-hydroxyl end. Biotinylated cDNA was added to a hybridization 
solution containing several biotinylated control oligonucleotides (for quality 
control), and hybridized to a microarray chip overnight at 45 °C. Chips were 
washed, and bound cDNA was fluorescently labeled using phycoerythrin-
conjugated streptavidin; additional fluorophores were then added using 
biotinylated anti-streptavidin antibody and additional streptavidin–phyco-
erythrin. Each bound cDNA was excited using a confocal laser scanner, and 
the positions and intensities of the fluorescent emissions were captured.

Antibodies and conjugates. Antibodies to CD3 (clone 145-2C110, CD90 
(Thy1) (clone 30-H12), CD106 (VCAM-1) (clone 429 MVCAM.A), 
CD117 (c-kit) (clone 2B8), CD279 (PD-1) (clone J43), Flk-1 (clone Avas 
12α1), Gr-1 (clone clone RB6-8C5), I-A/I-E (clone 2G9), TCRb (clone 
H97-597), and Sca-1 (clone D7) were purchased from BD Biosciences. 
Antibodies to CD45 (clone 30-F11), CD31 (clone MEC13.3), CD44 (clone 
IM7), IFNg (clone XMG1.2), IL-4 (clone 11B11), and IL-10 (clone JES5-
16E3) were purchased from Biolegend (San Diego, CA), and antibodies to 
CD140a (clone APA5) and FoxP3 (FJK-165) were from eBioscience (San 
Diego, CA). The antibody MTS-15, which detects the Forssman antigen 
on some mesenchmal cells, was a kind gift from Dr. Richard Boyd. UEA-1 
lectin was obtained from Vector laboratories (Burlingame, CA). Secondary 
reagents used were anti-rat IgG2c (Southern Biotech, Birmingham, AL) 
and streptavidin-allophycocyanin (BD Biosciences). Cells were fixed and 
permeabilized using the BD Cytofix/Cytoperm kit, or the eBioscience 
FoxP3 staining kit, according to manufacturer’s instructions.

T cell stimulation assays. 96-well culture plates were coated overnight with 
0.5 mg/ml anti-CD3ε (BD Biosciences, clone 145-2C11) and washed in 
phosphate-buffered saline. Splenocytes were depleted of B cells and dendritic 
cells using magnetic-activated cell sorting (Miltenyi Biotec), then incubated 
for 10 minutes with 1 µmol/l CFDA-SE (Molecular Probes) at 37 °C. 2.5 × 
105 T cells (>90% pure) were cultured in the presence of anti-CD3ε (BD 
Biosciences, clone 145-2C11) and cocultured with WT or Aire−/− CD45− 
MSCs (2.5 × 104 cells; day 10 postisolation). Cell proliferation was measured 
using carboxyfluorescein succinimidyl ester dilution. The MTT assay was 
performed using the CellTiter96 kit (Promega, Madison, WI). In certain 
experiments, MSCs were separated from T cells using a 0.4 µm Transwell 
membrane (Corning, Big Flats, NY) with or without neutralizing Spp1 anti-
body (R&D Systems, Minneapolis, MN, clone AF-808). To assess reactive 
oxygen species, T cells were loaded with cell-permeable H2DCFH-DA (10 
µmol/l, 30 minutes, 37 °C). H2DCFH-DA is oxidized by free radicals to 
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dichlorofluorescein. Cells were washed, cultured for 60 minutes, then ana-
lyzed by flow cytometry. Positive control T cells were incubated with H2O2 
(100 µmol/l) for 2 hours before loading with H2DCFH-DA.

Secretome analysis. MSC lysates were analyzed for Eta-1 protein expres-
sion using a customized mouse antibody array for specified proteins fol-
lowing vendor’s instructions (RayBiotech, Norcross, GA).

Colitis induction. WT C57BL/6 mice (female, 8–12 weeks old) were killed, 
and splenic cells were isolated by mechanical disruption of the tissue into a 
saline solution. Cells were filtered, red cell lysed (ACK buffer) and enriched 
for T cells using a T cell enrichment column (R&D Systems) per vendor’s 
instructions, then stained with CD4 (BD Biosciences, clone GK1.5) and 
CD45RB (BD Biosciences, clone 16A). CD4+CD45RBhi cells were sorted 
using the Massachusetts General Hospital Pathology Core Facility, and 5 × 
105 cells intravenously injected into Rag-1−/− mice. At that timepoint and 3 
weeks later, MSCs (2.5 × 105/mouse) or vehicle alone were infused intrave-
nously. Animals were killed 8 weeks after cell transfer. Ascending, transverse, 
and descending colons were isolated for analysis. Tissue was formalin fixed 
and paraffin embedded, sectioned to 5 µm, and stained with hematoxylin and 
eosin. Images were taken with a Nikon Eclipse 800 and slides were blindly 
scored by a pathologist as follows: 0: normal colon; 1: slight epithelial hyper-
plasia, increased leukocyte infiltrate; 2: pronounced epithelial cell hyper-
plasia with two to threefold increase in crypt length, significant leukocyte 
infiltrate in mucosa and submucosa, goblet cell depletion; 3: marked epithe-
lial cell hyperplasia with up to tenfold increase in crypt length, extensive leu-
kocytic infiltrate in mucosa, submucosa, and tunica muscularis, ulceration, 
significant goblet cell loss; 4: marked epithelial cell hyperplasia and ulcer-
ation; extensive transmural leukocytic infiltrate extending from submucosa 
to serosa (sometimes present in mesentary and sometimes granulomatous), 
substantial goblet cell depletion (>50%), crypt abscesses.

Digital cell quantification. Cells in stained intestinal sections were quanti-
fied from five random ×40 images per animal group using ImageJ (http://
rsb.info.nih.gov/ij/). Nuclei of area >700 pixels2 identified parenchymal 
cells from infiltrating inflammatory cells.

Biodistribution analysis. MSCs were harvested and incubated with car-
boxyfluorescein succinimidyl ester (10 µmol/l) for 10 minutes. Cells were 
washed and intravenously (1.5 × 105 cells per mouse) administered to 
immunocompromised mice by a tail vein injection. Organs were harvested 
3 hours after the cell injection and digested in a collagenase/dispase buffer 
for 1 hour before single cell suspensions were analyzed for flow cytometry.

Statistical analysis. Quantitative PCR and T cell stimulation results were 
analyzed using an unpaired Student’s t-test given an unskewed data set and 
assuming a normal distribution. Changes in body mass were analyzed using 
Tukey’s method. P < 0.05 was considered significant. Robust Multichip 
Analysis (RMA) normalization was performed for microarray data. Probe 
sets in mouse Aire−/− MSC vs. WT MSC were filtered based on >twofold 
change with false discovery rate cutoff of <0.15. EASE analysis was per-
formed to enrich MSC Aire-regulated genes with a significance threshold 
of 0.001. eTAC and mTEC Aire induced/repressed probeset lists were deter-
mined from previously published studies (Gardner et al. 2008; Anderson et 
al. 2002). Expression data for this study was RMA normalized (GSE12388, 
GSE8563). Differentially expressed genes were determined with false dis-
covery rate <0.15 cutoff.

suPPleMentArY MAterIAl
Figure S1. In vivo tracking of AIRE

−/− and WT MSCs.
Figure S2. Reactive oxygen species in T cells after coculture with MSCs.
Figure S3. Characterization of mouse and human BMSC PTA 
expression.
Figure S4. Immunophenotype of WT and Aire

−/− stroma.
Table S1. Oligonucleotide sequences to study peripheral tissue anti-
gen expression
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