
All-trans retinoic acid and rapamycin
synergize with transforming growth factor-�1

to induce regulatory T cells but confer
different migratory capacities

Siddharth Jhunjhunwala,*,† Leo C. Chen,‡,§ Erin E. Nichols,� Angus W. Thomson,‡,§,¶

Giorgio Raimondi,‡,§,1,2 and Steven R. Little*,†,¶,**,2,3

Departments of *Bioengineering, ‡Surgery, �Biological Sciences, ¶Immunology, and **Chemical Engineering, §The Thomas
Starzl Transplantation Institute, and †McGowan Institute for Regenerative Medicine, University of Pittsburgh, Pittsburgh,

Pennsylvania, USA

RECEIVED MARCH 29, 2012; REVISED MAY 14, 2013; ACCEPTED JULY 14, 2013. DOI: 10.1189/jlb.0312167

ABSTRACT
Tregs play important roles in maintaining immune ho-
meostasis, and thus, therapies based on Treg are
promising candidates for the treatment for a variety of
immune-mediated disorders. These therapies, how-
ever, face the significant challenge of obtaining ade-
quate numbers of Tregs from peripheral blood that
maintains suppressive function following extensive ex-
pansion. Inducing Tregs from non-Tregs offers a viable
alternative. Different methods to induce Tregs have
been proposed and involve mainly treating cells with
TGF-�-iTreg. However, use of TGF-� alone is not suffi-
cient to induce stable Tregs. ATRA or rapa has been
shown to synergize with TGF-� to induce stable Tregs.
Whereas TGF-� plus RA-iTregs have been well-de-
scribed in the literature, the phenotype, function, and
migratory characteristics of TGF-� plus rapa-iTreg have
yet to be elucidated. Herein, we describe the pheno-
type and function of mouse rapa-iTreg and reveal that
these cells differ in their in vivo homing capacity when
compared with mouse RA-iTreg and mouse TGF-�-
iTreg. This difference in migratory activity significantly
affects the therapeutic capacity of each subset in a
mouse model of colitis. We also describe the charac-
teristics of iTreg generated in the presence of TGF-�,
RA, and rapa. J. Leukoc. Biol. 94: 981–989; 2013.

Introduction
Treg-based therapies are widely regarded as promising treat-
ment options for autoimmune disease and transplant rejection

[1–3]. Currently, several therapies involving the use of ex vivo-
expanded Tregs are being tested in clinical trials [2, 4, 5].
However, there are significant barriers to ex vivo Treg-based
therapies, such as difficulty in isolating pure populations of
these rare cells and expanding them to sufficiently large num-
bers, while maintaining their phenotype and function [2, 6].

One possible alternative to circumvent these issues is to generate
adaptive Tregs or iTregs from the patient’s own naive T cells, ex vivo
or in vivo. Past reports [7, 8] have demonstrated that IL-2 and
TGF-�1 can induce a Treg phenotype and functional characteristics
in naive T cells upon in vitro stimulation. However, TGF-�-iTregs
have been shown to be unstable in long-term in vitro culture and
upon antigenic restimulation [9]. Additionally, the presence of in-
flammatory cytokines, such as IL-6, can antagonize TGF-�-mediated
induction of Tregs [10, 11], making the presence of such inflamma-
tory mediators at the site of the disease a potential impediment to
inducing Tregs in vivo.

Numerous reports suggest that these problems can be over-
come through the use of small molecules that work in concert
with TGF-� to induce Tregs. For example, ATRA is known to
potently synergize with IL-2 and TGF-� to induce FoxP3 ex-
pression in naive mouse T cells [12–14] and allows for induc-
tion of Tregs, even in the presence of inflammatory cytokines.
Thorough characterization of the phenotype and function of
Tregs induced in the presence of IL-2, TGF-� and RA (RA-
iTreg) demonstrates that they are better suppressors and more
stable than TGF-�-iTregs [12, 14]. Nevertheless, RA-iTregs mi-
grate primarily to mucosal tissue in the gut [12, 14], which
might limit their use. Furthermore, recent evidence suggests
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that depending on the immunological microenvironment, RA
can induce inflammation rather than tolerance [15]. Also, RA
has been shown to induce hypervitaminosis-A upon local ad-
ministration [16, 17], and hence, it would be difficult to use
this combination (cytokines�RA) to induce Tregs in vivo. An-
other small molecule that synergizes with IL-2 and TGF-� to
induce FoxP3 expression in naive T cells is the serine/threo-
nine protein kinase inhibitor rapa [18–20]. Although it has
been demonstrated that, like RA, rapa can induce Tregs in
mice, even in the presence of IL-6 [18], the phenotype and
function of Tregs, induced in the presence of IL-2, TGF-�, and
rapa (rapa-iTreg), are yet to be characterized.

In this study, we compare and contrast the phenotype (ex-
pression of canonical Treg markers and surface migratory
markers), function, and stability of TGF-�-iTreg, RA-iTreg, and
rapa-iTreg upon in vitro restimulation. Our data suggest that
the combination of IL-2, TGF-�, and rapa induces Tregs with
greater functional stability when compared with TGF-�-iTregs.
Additionally, rapa-iTregs possess a relatively greater lymphoid
tissue-homing capacity when compared with RA-iTregs that
migrate primarily to the gut. This different migratory pattern
correlates with a stronger protective capacity of rapa-iTregs
over RA-iTregs when compared for their ability to delay dis-
ease onset in a mouse model of T cell-induced colitis. Addi-
tionally, we describe the characteristics of a new iTreg popula-
tion generated by combining IL-2, TGF-�, RA, and rapa
(RA�rapa-iTreg).

MATERIALS AND METHODS

Ethics statement
All animal experiments were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and
under University of Pittsburgh Animal Care and Use Committee-approved
protocols (University of Pittsburgh Institutional Animal Care and Use Com-
mittee Protocol Numbers 0909675 and 1002709).

Animals
Six- to 8-week-old C57BL/6 and B6.SJL-Ptprca/BoyAiTac (CD45.1) mice
were purchased from Taconic (Hudson, NY, USA) and used within 2
months of delivery. B6(Cg)-Tyrc-2J/J (albino C57BL/6 mice) and B6.Cg-
FoxP3tm2Tch/J (FoxP3-EGFP mice) were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and bred in our facility, together with
C57BL/6-Rag2-KO mice. C57BL/6.Luc� mice were a kind gift from Dr.
Stephen Thorne (Dept. of Surgery, University of Pittsburgh, PA, USA). All
animals were maintained under specific pathogen-free conditions.

Materials
A mouse CD4-negative isolation kit, �CD3/�CD28-labeled beads (aAPC
Dynal), and Vybrant CFDA-succinimidyl ester cell tracer kit were from Invit-
rogen (Carlsbad, CA, USA). Mouse rIL-2 (R&D Systems, Minneapolis, MN,
USA), human rTGF-�1 (CHO cell-derived; PeproTech, Rocky Hills, NJ,
USA), ATRA acid (Sigma, St. Louis, MO, USA), and rapa (LC labs,
Woburn, MA, USA) were purchased from the appropriate supplier. The
following antibodies were obtained from eBioscience (San Diego, CA,
USA): CD4 (L3T4), FoxP3 (FJK-16s), CD45.1 (A20), CD103 (2E7), CD25
(PC61.5), GITR protein (DTA-1), FR4 (eBio12A5), CCR7 (4B12), and
CCR9 (eBioCW-1.2). Anticytotoxic T-lymphocyte antigen 4 CTLA-4 (UC10-
4B9) was from BioLegend (San Diego, CA, USA). Anti-PE microbeads were
obtained from Miltenyi Biotec (Auburn, CA, USA).

T cell isolation
Spleens and LNs were dissected from mice and single-cell suspensions pre-
pared using mechanical digestion. Following red blood cell lysis, CD4� cell
isolation was performed using the CD4-negative isolation kit (Invitrogen),
as per the manufacturer’s instructions. To enrich for CD25� cells, CD4�

cells were incubated with anti-mouse CD25-PE antibody (eBioscience), fol-
lowed by addition of anti-PE microbeads (Miltenyi Biotec). Bead-bound
CD25� cells were isolated by passing cells through a magnetic column. Un-
bound CD4� CD25� cells were separated and used to induce Tregs. Over
95% of the obtained cells expressed the CD4R, and �2% of the cells ex-
pressed FoxP3. Bead-bound CD4� CD25� cells, considered nTreg, were
used as controls in in vitro suppression assays. Approximately 85% of the
CD4� CD25� cells expressed FoxP3.

Treg induction
Freshly isolated, naive CD4� CD25� cells were cultured with aAPC Dynal
beads at a 2:1 (dynal:cell) ratio in the presence of 10 ng/ml IL-2, 20
ng/ml TGF-�1, and/or 3 ng/ml (10 nM) RA and/or 10 ng/ml rapa. To
obtain Teff, CD4� CD25� cells were cultured with aAPC Dynal beads and
10 ng/ml IL-2 only. Cell cultures were maintained for 4 days, and cells sep-
arated subsequently from the magnetic Dynal beads. To determine induc-
tion of Treg phenotype, FoxP3 staining and flow cytometry (BD LSRII)
were performed at the end of the 4-day culture period, as per the manufac-
turer’s instructions (eBioscience).

In vitro suppression assay
Freshly isolated, naive CD4� CD45.1� cells were stained with CFSE (Invitro-
gen; per the manufacturer’s instructions) and cocultured with autologous
iTregs (generated as described above) at different ratios in 96-well plates.
The number of naive CD4� CD45.1� cells was always 50,000 cells/well. For
stimulation, 25,000 aAPC Dynal beads/well were used (2:1, naive cell:Dynal
ratio). Cocultures were maintained for 4 days, followed by staining for flow
cytometry. Quantification of T cell proliferation (or inhibition thereof) was
determined through analysis of the resulting CFSE dilution profile, as in-
terpolated by ModFit LT analysis software (Verity Software House, Top-
sham, ME, USA).

Testing iTreg stability in vitro
iTregs, generated under different conditions (Teff generated by stimulating
naive T cells from CD45.2 mice in the presence of IL-2 only), were ob-
tained from 4-day cultures and rested in 10 ng/ml IL-2 for 2 days. Thereaf-
ter, the cells were cultured along with aAPC Dynal beads as stimulators: (1)
for Dynal only [no Teff and no factors (TGF-�, rapa, or RA)] group,
100,000 iTregs were cultured with 200,000 Dynal along with 10 ng/ml IL-2;
(2) for Dynal � Teff (no factors) group, 50,000 iTregs were cultured with
50,000 Teff and 100,000 Dynal along with 10 ng/ml IL-2; (3) for Dynal �

factors (no Teff) group, 100,000 iTregs were cultured with 200,000 Dynal
and respective factors at the concentrations described above; and (4) for
Dynal � Teff � factors group, 50,000 iTregs were cultured with 50,000 Teff

and 100,000 Dynal and respective factors. Restimulation experiments were
carried out for 4 days, and cells were then stained and analyzed by flow
cytometry.

In vivo migration experiments
iTregs generated from naive CD45.1� CD4� CD25� cells were injected into
CD45.2 mice at a concentration of 2 � 106 cells in 200 �l PBS/animal (lat-
eral tail vein). Three days following injection, mice were killed and the
spleen, cervical LNs, and mesenteric LNs collected. Single-cell suspensions
from each of these tissues were prepared, stained for different markers,
and analyzed by flow cytometry. For in vivo live animal imaging experi-
ments, iTregs were generated from C57BL/6.Luc� mice and injected into
albino C57BL/6 mice at a concentration of 1 � 106 cells in 200 �l PBS/
animal (lateral tail vein). At defined time-points, mice were injected (i.p.)
with 200 �l luciferin (30 mg/ml) and imaged using the IVIS 200 (Xenogen
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VivoVision, Caliper Life Sciences, Hopkinton, MA, USA). Luminescent im-
ages were analyzed and quantified using Igor Pro Living Image 2.60.1 (Cal-
iper Life Sciences).

In vivo suppression experiments
CD4� CD25� T cells were isolated from FoxP3-EGFP mice and converted
to RA- or rapa-iTregs, as described above. Expanded cells were flow-sorted
postculture, based on expression of EGFP (restricted to FoxP3� Tregs).
One million CD4� CD25� T cells (from an unrelated B6 mouse) and 1
million or 2.5 � 105 RA- or rapa-EGFP� iTregs were injected i.v. into each
Rag2-KO host. Control mice received 1 million CD4� CD25� T cells only.
A first cohort of mice was weighed every 2 days to monitor weight changes.
A second group of identically treated recipients was killed on Day 8 after
injection, and the proximal, middle, and distal portions of the colons were
prepared for histological analysis.

Histological analysis of colon sections
Paraffin-embedded sections, obtained from recipient mice colons, were pre-
pared by the Histology Core of the STI (University of Pittsburgh) and
stained with H&E. The degree of inflammation in cross-sections of the co-
lon was graded by the same pathologist in a blinded manner. Pictures were
taken using a 10� objective on a Zeiss Axiostar Plus microscope, equipped
with an AxioCam MRc camera and controlled by AxioVision software. His-
tology was scored on a 0–5 scale, with the numbers implying the following:
Score 0, no change (normal); Score 1, minimal scattered mucosal inflam-
matory cell infiltrates, with or without minimal epithelial hyperplasia; Score
2, mild scattered to diffuse inflammatory cell infiltrates, sometimes extend-
ing into the submucosa and associated with erosions, with minimal to mild
epithelial hyperplasia and minimal to mild mucin depletion from goblet
cells; Score 3, mild to moderate inflammatory cell infiltrates that were
sometimes transmural, often associated with ulceration, with moderate epi-
thelial hyperplasia and mucin depletion; Score 4, marked inflammatory cell
infiltrates that were often transmural and associated with ulceration, with
marked epithelial hyperplasia and mucin depletion; Score 5, marked trans-
mural inflammation with severe ulceration and loss of intestinal glands.

Statistical analysis
Means � sd values are shown in all figures unless otherwise indicated.
One-way ANOVA, followed by Tukey-Kramer multiple comparisons test, was
performed on datasets when comparing multiple groups simultaneously.
One-way ANOVA, followed by Dunnett’s multiple comparison test, was per-
formed on datasets when comparing individual samples with a single con-
trol sample. Normalized datasets were compared using the repeated mea-
sures ANOVA, followed by the Tukey-Kramer multiple comparisons test.
Histopathological scores of colon sections were compared using the Wil-
coxon rank-sum test.

RESULTS AND DISCUSSION

Small molecules enhance the ability of TGF-� to
induce functional Tregs
Tregs can be induced under a variety of in vitro [12, 14, 18,
19, 21] and in vivo conditions [22–24] to exhibit distinct char-
acteristics that distinguish them from each other and from
nTregs. Identification of these distinctive characteristics pro-
vides insight into their potential use in treating inflammatory
disorders (such as autoimmune diseases and allergic hypersen-
sitivity) and transplant rejection or in preventing tumor
growth and metastasis [25]. In this study, in vitro-generated
rapa-iTregs were compared directly with TGF-�-iTregs and RA-
iTregs. Consistent with prior studies [12, 14, 18–20], we ob-
served that the presence of RA or rapa enhanced the ability of

IL-2 and TGF-� to induce FoxP3 expression in CD4� CD25�

naive T cells following activation (Fig. 1A and B and Supple-
mental Table 1). The same effect was observed when cells
were cultured in the presence of a combination of IL-2,
TGF-�, RA, and rapa. Cells cultured under all of these differ-
ent conditions also expressed canonical Treg markers, such as
FR4, CTLA4, GITR, and CD25 (Fig. 1C), suggesting that these
cells were iTregs. Interestingly, the expression level of one of
these markers, FR4 (which, along with CD25, can help distin-
guish activated Teff from Treg [26] and correlates with im-
proved survival and stability), was notably greater in rapa-
iTregs and RA � rapa-iTregs when compared with RA-iTregs
(Supplemental Fig. 1). It has been suggested that expression
of this FR may allow for greater survival and long-term stability
of Treg populations in the periphery [26], and it remains to
be determined if this is the case with rapa-iTregs and RA �
rapa-iTregs. Additionally, we observed that these iTreg popula-

Figure 1. RA and rapa enhance the ability of TGF-� to induce a Treg
phenotype. (A) Flow cytometry density plots indicating percent of
CD4� cells that express FoxP3 (representative of six independent ex-
periments). Plots were generated after gating on CD4� cells. (B)
Quantitative analysis of the percent of CD4� cells that express FoxP3.
**P � 0.01 when the specified group was compared with the TGF-�-
iTreg group using one-way ANOVA, followed by the Dunnett’s test
(based on n�6). (C) Representative histograms (at least two indepen-
dent experiments) for canonical markers expressed on Tregs. Plots
were generated after gating on CD4� FoxP3� cells. Numbers on plots
represent MFIs. Gray histograms represent isotype controls.
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www.jleukbio.org Volume 94, November 2013 Journal of Leukocyte Biology 983



tions did not express or expressed similar levels of additional
intracellular transcription factors (T-bet, GATA-3, etc.), used
to classify Tregs based on their functional specialization (data
not shown) [27–29]. A further notable observation was that
addition of rapa lowered total cell yields (Supplemental Fig.
2A); however, only the combination of both small molecules
together with cytokines led to a marked lowering of the total
number of iTregs (FoxP3� cells; Supplemental Fig. 2B).

To determine the in vitro function of iTregs, their ability to
suppress autologous, naive T cell proliferation in culture was
tested. For this experiment, CFSE-stained CD4� CD25� naive
T cells, isolated from CD45.1 mice, were cocultured with
iTregs (generated from CD45.2 mice) in the presence of
�CD3/�CD28-labeled Dynal beads. We observed that the naive
T cells were capable of robust proliferation when cultured in
the absence of Tregs (Fig. 2A; gray background), but their
proliferative capacity was decreased substantially when cultured
in the presence of iTregs, generated under each of the condi-
tions examined (Fig. 2). Quantitative analysis of the suppres-
sive capacity of the different iTreg populations (based on esti-
mation of stimulated T cell “precursor frequency”: the number
of parent T cells induced to proliferate under each experi-
mental condition to give rise to the observed CFSE dilution
profile) revealed a similar in vitro-suppressive ability (Fig. 2B).
Additionally, the proliferative capacity of naive T cells was re-
stored in a similar manner among the groups, as the ratio of
naive T cells:iTreg was increased.

iTreg stability upon restimulation
Various reports in the literature suggest that iTregs (tend to) lose
their FoxP3 expression in the presence of high levels of antigenic
stimulation and inflammatory cytokines (such as IFN-� and IL-6)
[30–32]. For example, it has been demonstrated that following
long-term (�8 days) in vitro culture [9] or in the presence of in-
flammatory factors [10, 11], there is a considerable reduction in the
incidence of FoxP3-expressing cells among the TGF-�-iTregs. To
determine if the same were true of iTregs generated in the pres-
ence of RA and/or rapa, these induced populations were restim-
ulated through TCR activation (�CD3/CD28 Dynal beads) with
IL-2 (no addition of TGF-�, RA, or rapa) in the absence or pres-
ence of Teff (generated by activating CD4� CD25� naive T cells
from CD45.2 mice for 4 days in the presence of Dynal beads and
10 ng/ml IL-2). The rationale for using Teff in these in vitro cul-
tures was to mimic the immune microenvironment that iTregs
would likely encounter in inflamed tissues. Restimulation of TGF-
�-iTregs in the absence of Teff led to a considerable reduction in
the incidence of FoxP3� cells (among the iTreg population)
when compared with RA-iTregs, rapa-iTregs, and RA � rapa-
iTregs. Furthermore, the presence of Teff led to a marked de-
crease in FoxP3-expressing cells among all of the iTreg groups
(Fig. 3A). This loss of FoxP3 expression was limited to the pres-
ence of Teff; such an effect was not observed in the presence of
mature DCs (data not shown). Additionally, the presence of IL-2
and TGF-� alone did not prevent the loss of FoxP3� cells among
the TGF-�-iTregs, which showed significantly lower percentages

Figure 2. iTregs suppress naive T cell proliferation. Treg function determined
using the CFSE dilution assay. (A) Filled histograms (gray) represent the prolifer-
ative capacity of naive T cells only (in the presence of stimulation). Numbers on
top of the histograms indicate the ratio of Treg:naive T cells. Plots are represen-
tative of at least two independent experiments. (B) Quantitative analysis of the
different iTreg groups from the experiment depicted in A. Precursor frequency
corresponds to the frequency of T cells in the original seeded population that

was stimulated to proliferate to give rise to the observed CFSE dilution profile (as calculated by ModFit LT). This number is inversely propor-
tional to the extent of Treg-suppressive capacity. All iTreg populations exerted statistically significant suppression versus the no-iTreg group
(P�0.05).
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of FoxP3� cells when compared with other iTregs (Fig. 3B). In-
terestingly, Treg-inducing factors (IL-2, TGF-�, and RA for RA-
iTregs; IL-2, TGF-�, and rapa for rapa-iTregs; IL-2, TGF-�, RA,
and rapa for RA�rapa-iTregs), during restimulation, prevented
the decrease in incidence of FoxP3� cells (Fig. 3B). These data
suggest that the use of ex vivo-generated Tregs, induced in the
presence of RA and/or rapa, might be limited to situations where
a supportive milieu can be established in vivo, for example, using
low-dose immunosuppressive regimens or controlled release for-
mulations for immunomodulatory agents [33]. Furthermore, it
has been suggested recently that the methylation patterns on the
FoxP3 gene locus are a good determinant of long-term Treg sta-
bility [9]. It remains to be determined if these iTreg differ in this
aspect.

Expression of migratory receptors on iTregs and
their in vivo homing capacity
RA-iTregs are known to express CCR9 and CD103 on their
surface, which direct migration of cells toward the small intes-
tine LP and possibly skin epithelium [12, 14]. These RA-iTregs

are reported to have the potential to prevent inflammation in
the gut. We observed that rapa-iTregs did not express either of
these markers but expressed relatively higher levels of CCR7
(Fig. 4A and B) when compared with RA-iTregs. Interestingly,
RA � rapa-iTregs, which also expressed significantly elevated
levels of CCR7, appeared to comprise three distinct iTreg pop-
ulations based on their expression of CCR9 and CD103, where
35.7% cells were CCR9� CD103�, 33.2% cells were CCR9�

CD103�, and 22.1% cells were CCR9� CD103� (Supplemental
Fig. 3). This heterogeneity could suggest that cells affected by
RA are not influenced by rapa and vice versa (although the
CCR9�CD103� population cannot be associated specifically
with RA or rapa).

To determine if the differential expression of these recep-
tors would affect in vivo homing, we explored the migration
patterns of adoptively transferred iTregs over 10 days using
intravital tracking experiments that permitted the study of cell
movement in vivo in the same animals over time. Following
adoptive transfer of luminescent iTregs, we observed that RA-
iTregs and rapa-iTregs had divergent distribution patterns,
with the former migrating in a diffuse pattern to the gut and
skin tissue, whereas the latter migrated mainly to lymphoid
tissues. This difference was evident within 3 days and
persisted for over 10 days (Fig. 4C). Additionally, the data sug-
gested that RA � rapa-iTregs migrated to the secondary lym-
phoid organs and the gut, although there were considerably
greater numbers of cells in the gut tissue. In Fig. 4C, a high
luminescence signal can be seen in the gut region of mice in-
fused with rapa-iTregs. This most likely represents cells that
have migrated to the mesenteric LNs (as the images obtained
using the noninvasive imaging technique are two-dimensional,
it is not possible to distinguish signals obtained from the mes-
enteric LNs and the rest of the gut). This finding was verified
through adoptive transfer of iTregs generated from CD45.1
mice into congenic CD45.2 mice. Three days following adop-
tive transfer, significantly greater numbers of rapa-iTregs and
RA � rapa-iTregs were observed in the cervical and mesenteric
LNs when compared with TGF-�-iTregs and RA-iTregs (Fig.
4D). In addition, we observed that all adoptively transferred
iTreg populations maintained their FoxP3 expression (Supple-
mental Fig. 4). The preferential accumulation of rapa-iTreg
versus RA-iTregs in lymphoid tissues was evident, even in gut-
associated tissues. Our analysis of the frequency of adoptively
transferred iTregs between PP and LP, 6 days post-transfer,
revealed a higher accumulation of rapa-iTregs in PP, with a
negligible difference between the two populations at the level
of LP (Supplemental Fig. 5). Overall, these data indicate that
ex vivo Treg induction in the presence of rapa renders a pop-
ulation with the unique ability to accumulate in lymphoid or-
gans, a characteristic that could be extremely valuable for
prompt regulation of adverse immune responses developing in
such tissues.

It is conceivable that these differences in migratory capaci-
ties observed between RA- and rapa-iTregs might result in dif-
ferent abilities to control local immune responses in vivo. To
test this hypothesis, we determined the suppressive effect of
RA- and rapa-iTregs in a T cell-mediated colitis model induced
by the adoptive transfer of CD4�CD25� T cells into Rag2-KO

Figure 3. iTregs generated in the presence of RA and/or rapa are
more stable than TGF-�-iTregs in long-term cultures. Quantitative anal-
ysis of the fold change in percent FoxP3� iTregs (assessed by flow cytom-
etry) after in vitro restimulation, in the absence (A) or presence (B) of
Treg-inducing factors and in the absence (gray bars) or presence (black
bars) of prestimulated Teff. Treg-inducing factors indicate the cytokines
and/or small molecules used to generate the iTregs. Data are representa-
tive of four independent experiments. Fold change is expressed as the
ratio between the percent of FoxP3� cells at the end of the restimulation
cultures to the percent of FoxP3� cells at the beginning of the cultures.
Dotted lines indicate normalized values of percent of FoxP3� cells at the
beginning of the cultures. *P � 0.05 when the specified group was com-
pared with the TGF-�-iTreg group using one-way ANOVA, followed by
the Dunnett’s test.
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mice, a modification of the original Powrie colitis model [34].
This is characterized by the development of a rapid wasting
disease (Fig. 5A) [35]. To exclude any contribution of the dif-
ferential rates of conversion into FoxP3� cells (Fig. 1A), iTregs

were generated from CD4�CD25� T cells isolated from FoxP3-
EGFP mice and the induced EGFP� cells purified by FACS
before transfer. Coinjection of FACS-purified RA- or rapa-
iTregs with T cells at a 1:1 ratio caused the complete preven-

Figure 4. Differential expression of migratory receptors on iTregs, generated under different conditions, leads to distinct iTreg localization pat-
terns in vivo following their adoptive transfer. (A) Histograms depicting expression patterns of different migratory receptors, plotted after gating
on CD4� FoxP3� cells. Numbers on plots represent MFI values. (B) Quantitative analysis of CCR7 expression on iTregs generated under different
conditions (MFI values were normalized to TGF-�-iTregs). *P � 0.05 when comparing normalized data of a specified group with the RA-iTreg
group using repeated-measures ANOVA, followed by the Tukey-Kramer test; n � 5. (C) Representative images acquired using the IVIS 200, show-
ing in vivo iTreg localization over 10 days. Red ellipses indicate the cervical LN (small ellipse) and gut area (large ellipse). (D) iTregs generated
from CD45.1� mice were injected into CD45.2� mice, and after 3 days, spleen (Spl), cervical LNs (C-Ln), and mesenteric LNs (M-Ln) harvested
to analyze the percentage of CD45.1� cells. **P � 0.01 when comparing the specified group with the TGF-�-iTreg group; #P � 0.05 when com-
paring data of the specified group with RA-iTregs using one-way ANOVA, followed by the Tukey-Kramer test.

986 Journal of Leukocyte Biology Volume 94, November 2013 www.jleukbio.org



tion of weight loss (data not shown). However, when a lower
proportion of iTregs (1:4) was used, we observed a superior
ability of rapa-iTregs to delay disease progression (Fig. 5A).
Histological analysis of colon specimens collected from recipi-
ent mice, 8 days postadoptive transfer, confirmed the differ-
ence in protective ability between RA- and rapa-iTregs (Fig. 5B

and C). In fact, histological scoring of different groups showed
a significant difference between the No-Treg and rapa-iTreg
groups, whereas no significant difference was observed with
animals cotransferred with RA-iTregs (Fig. 5B). Colon sections
from mice coinjected with CD4�CD25� T cells plus rapa-
iTregs showed limited inflammatory cell infiltrates, with mini-

Figure 5. RA- and rapa-iTregs exhibit different in vivo abilities to control colitogenic T cells that correlate with their differential distribution
pattern. To evaluate the suppressive capacity of RA- and rapa-iTregs in an in vivo inflammatory context, 1 � 106 CD4�CD25� T cells were injected
i.v. into Rag2-KO mice without (No Treg; blue line) or with 2.5 � 105 of RA-iTreg (red line) or rapa-iTreg (green line) and the change in body
weight monitored every 2 days; n � 4 mice/group. (B) A second set of Rag2-KO mice (n�9/group) received the same T cell combinations indi-
cated in A, and on Day-8 postadoptive transfer, their colons were isolated and sectioned and histopathological scores obtained for the different
groups. Differences among groups were determined using the Wilcoxon rank-sum test (*P�0.02). (C) Representative sets of H&E-stained colonic
sections obtained from the indicated groups.
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mal epithelial hyperplasia and mild mucin depletion from gob-
let cells. In contrast, mice coinjected with RA-iTregs showed
high levels of mucosal hypertrophy, pronounced cell infiltra-
tion of the LP, and distortion of the crypts that differed mini-
mally from animals that received CD4�CD25� T cells only
(Fig. 5C). Taken together, these data suggest that although
RA- and rapa-iTregs are powerful regulators of immune reac-
tivity, their divergent in vivo distribution pattern confers upon
them a different capacity to modulate pathological immune
responses, depending on the disease-development stage and
the tissue affected. Additionally, it is of notice that RA � rapa-
iTregs expressed overall higher levels of CCR7, while also con-
taining cell populations that expressed CCR9 and CD103. We
intend to investigate if such an expression pattern allows the
RA � rapa-iTregs to be more efficient at suppressing immune
responses in vivo (as a result of their ability to migrate simulta-
neously to different organs in vivo) and if such an effect can
or cannot be reproduced using a mixture of RA-iTregs and
rapa-iTregs.

Based on our results, we argue that to optimize a therapeu-
tic protocol based on adoptive transfer of iTregs, it will be nec-
essary to consider the ideal site of activity of the cells to be
administered and to tailor their induction or expansion to fa-
vor their accumulation to that specific tissue. This concept has
been investigated elegantly by Issa et al. [36], who showed in a
humanized mouse model of human skin transplantation that
different populations of human Tregs display distinct efficacy
in vivo based on their expression of tissue-specific homing
molecules. In this regard, it will be important to demonstrate
that our findings extend to human iTregs. Although some dif-
ferences have been outlined in the past between the suppres-
sive capacities of mouse and human iTregs, induced with
TGF-� only [37], recent investigations have demonstrated the
importance of adding RA or rapa during the conversion to
generate stable and powerful suppressors. These are the same
reagents that we have considered in our investigation, and we
are in the process of investigating their impact on migration
of human iTregs.

Finally, given the challenges and cost associated with cellular
therapies, a system capable of inducing Tregs in vivo would be
suited ideally to treating autoimmune disease and transplant re-
jection. To this end, formulations would be necessary that deliver
a combination of Treg-inducing factors in a local and sustained
manner, as can be achieved using controlled release formulations
[38]. The preferred combination of factors to be used in vivo
might be IL-2, TGF-�, and rapa, as rapa (1) is currently approved
for clinical use, (2) has the ability to suppress a variety of im-
mune functions apart from inducing Tregs, and (3) might be safer
than RA, given the latter’s ability to induce hypervitaminosis A.
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