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Abstract
Type 1 diabetes (T1D) develops as a consequence of a progressive autoimmune response that
destroys insulin-producing β-cells in pancreatic islets. Because of their role(s) in controlling
immune responses, considerable effort has been directed towards resolving whether regulatory T
cells (Tregs) offer a clinical treatment to restore tolerance in T1D. We previously reported that in
vitro induced adaptive Treg cells (aTregs) can reverse T1D and persist as protective memory cells
in the NOD mouse model. In the current study, we investigated mechanisms that regulate aTregs.
We found that these FoxP3+ aTregs expressed high levels of the IL-7 receptor, IL-7Rα, without
the high affinity receptor for IL-2, CD25, which is found on natural Treg cells (nTregs). IL-7Rα
expression was mirrored by the dependency of aTregs on IL-7 for persistence. IL-10 and TGF-β,
effector cytokines of aTregs, were not essential for their maintenance at the level of systemic
antibody blocking. Nevertheless, IL-10 modulated cytokine production by aTregs and TGF-β was
critical for protection. aTregs were found to infiltrate islets and the expression of integrin-β7 was
required for their localization in the pancreas. Furthermore, blocking aTreg entry into the pancreas
prevented their control of diabetogenic effector T cells, implying the need for local control of the
autoimmune response. The distinct homeostatic regulation of aTregs independently of a response
to IL-2, which is defective in T1D patients, suggests that these cells represent a translatable
candidate to control the autoimmune response.
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1. Introduction
Type 1 diabetes mellitus (T1D) results from the destruction of pancreatic islet β-cells that is
largely orchestrated by CD4+ T cells. Although both genetic and environmental factors
contribute to the autoimmune etiology of T1D, the detailed mechanisms remain largely
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unknown. Thus, while T1D can be predicted in human patients by the expression of
antibodies specific to some autoantigens, such as insulin, GAD65 (glutamic acid
decarboxylase), IA-2 (insolenoma antigen), and ZnT8 (islet zinc transporter) [1], there is no
known way to prevent the development of T1D, nor is there a proven treatment that can
control the anti-β-cell autoimmune response after the diagnosis of diabetes. Nonetheless, the
gradual loss of self-tolerance to islet β-cell antigens in human patients and animal models,
especially the Non-Obese Diabetic (NOD) mouse model, is one of the most important
contributing factors to T1D development. Regulatory T cells (Treg), a CD4+ T cell lineage
that expresses the transcription factor FoxP3 and the high affinity receptor for IL-2, CD25,
play a central role in maintaining self-tolerance [2]. Thus, Treg cells have been considered
as a potential cell-based treatment to restore self-tolerance in T1D. FoxP3+CD25+ Treg cells
comprise two major subsets in the immune system: naturally occurring Treg cells (nTreg)
that develop in the thymus and adaptive Treg cells (aTreg) that develop in the periphery
from conventional naïve CD4+ T cells [3]. However, there is increasing controversy as to
the degree of plasticity of these cells and their capacity to lose FoxP3 along with regulatory
function in the context of an autoimmune response, providing a strong rationale to study
other subsets of Tregs that can be induced in vitro or in vivo in various experimental
systems in the context of T1D [4].

A concerted effort over the past decade to test the feasibility of using FoxP3+CD25+ Treg
cells as an efficacious clinical intervention and treatment for T1D has revealed key
challenges that currently limit translation to a human therapy. Despite promising adoptive
transfer studies of in vitro expanded nTreg cells in the NOD mouse model [5], it has been
difficult to unequivocally identify and isolate these cells from human patients, as well as to
expand populations that retain FoxP3. In mouse models, under inflammatory conditions in
vivo, nTreg cells can convert into effector cells [6, 7]. This conversion has also been clearly
demonstrated in the NOD model in which nTreg cells lose FoxP3 and become pathogenic T
cells that can transfer diabetes to adoptive hosts [8]. The critical dependence of nTregs on
IL-2 signaling for homeostatic maintenance and functional capacity [4, 9] is also
problematic for T1D[10]. In both human T1D patients and NOD mice, there is a clear
genetic linkage between defects in the IL-2 pathway and the disease [11, 12]. Therefore, as
immunotherapeutic agents to treat T1D, Tregs with a more stable, long-lasting, and IL-2
independent phenotype that can be easily generated would have the necessary attributes for
clinical translation.

The studies of our lab and many others have focused on FoxP3+ aTreg cells that can be
generated from naïve phenotype CD4+FoxP3−CD25− T cells from NOD mice through TCR
stimulation in the presence of TGF-β [13, 14]. Our studies showed that these cells could also
be induced from naïve phenotype CD4+ T cells from diabetic mice. Furthermore, a recent
study showed that similar aTreg cells can be elicited from naïve CD4+ T cells from human
diabetic patients [15]. Of critical importance, we found that aTreg cells generated not only
from antigen-specific, TCR transgenic (Tg) T cells, but also from polyclonal CD4+ T cells,
conferred protection against diabetes in prediabetic recipient NOD mice [13, 16].
Furthermore, these cells could reverse and thereafter control diabetes as functional memory
cells [13, 16]. Interestingly, despite maintaining FoxP3 expression, these cells persisted as
CD25− in the recipients. We therefore sought to determine the mechanisms by which these
aTreg cells are regulated that could be advantageous for the treatment of T1D. Our results
show that these aTreg cells expressed high levels of the IL-7 receptor, IL-7Rα (CD127),
without CD25, and that IL-7 was essential for their regulation. Although the cells expressed
IL-10 and TGF-β, these cytokines were dispensable for their maintenance. However, IL-10
dampened the production of proinflammatory cytokines by aTreg cells. TGF-β was critical
for protection against T1D and local response of aTregs in the pancreas, while the
expression of integrin-α4β7 on aTreg cells was necessary for their entry into the target
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organ. Since we have previously shown that polyclonal aTreg cells become selected by
antigen in vivo after transfusion [16], this unique regulation suggests that such aTreg cells
are possible candidates for a cell-based treatment for T1D.

2. Materials and Methods
2.1. Mice

NOD, NOD.Scid, NOD.Thy1.1, NOD.CD45.2, NOD.Integrin-β7−/− mice, and B6.CD45.1
were obtained from the Jackson Laboratory (Bar Harbor, Maine). NOD.BDC2.5,
NOD.FoxP3-GFP, and NOD.IL-10−/− mice were acquired from the JDRF Center on
Immunological Tolerance in Type 1 Diabetes at Harvard Medical School (Boston, MA).
IL-7−/− and IL-7Rα−/− mice were obtained from Dr. Charles Surh (The Scripps Research
Institute, La Jolla, CA). NOD.BDC2.5 mice were bred to NOD.Thy1.1 mice. All animals
were bred in a specific pathogen free (SPF) facility at Sanford-Burnham Medical Research
Institute. Only female mice were used in the experiments. All experiments in this study were
approved by the Institutional Animal Care And Use Committee (IACUC).

2.2. Differentiation of aTreg cells in vitro
Adaptive Treg cells were differentiated as previously described [13, 16]. Briefly, naïve
CD4+ T cells were isolated from the lymphoid tissues of 6–8 week old mice by negtive
selection with EasySep kits (StemCell Technologies, Vancouver, Canada) according to the
manuafacturer’s instructions, except that biotin-conjugated anti-CD25 antibody was
included to deplete nTreg cells. In some experiments, naïve CD4+ T cells were purified by
sorting CD4+CD25−GFP− cells from NOD.FoxP3-GFP reporter mice on a FACS Aria cell
sorter (BD Biosciences, San Jose, CA) in the core facility. Purified CD4+CD25− T cells
were cultured in 6-well plates coated with anti-CD3 (clone 145.2c11, Biolegend, San Diego,
CA) (10–25μg/ml) with complete RPMI-1640 medium for 5 days. The cultures were
supplemented with 10μg/ml anti-IFN-γ (clones XMG1.2 or R46A2, purfied from
hybridoma culture supernatant in house), 200units/ml rIL-2 (NCI Biological Resource
Branch), and 10ng/ml rTGF-β1 (Biolegend). To rest these cells, after the 5-day
differentiation, cells were harvested and cultured with or without 10ng/ml rIL-7 (NCI
Biological Resource Branch) without any other stimulation for indicated periods of time
before analysis or cell transfer.

2.3. Adoptive transfer
In vitro differentiated aTreg cells were transferred into NOD or NOD.Scid recipient mice
via i.v. injection in a dose of 2×106 unless otherwise indicated. Anti-TGF-β1,2,3 (clone
1D11), anti-IL-10 (clone JES-2A5), or anti-IL-7 (clone M25), all purfied from hybridoma
culture supernatants in house, anti-IL-10R (clone 1B1.3a, Biolegend) or control rat or mouse
IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) were injected at indicated
doses and times. In some experiments, diabetes was accelerated by transferring total
splenocytes from diabetic donor mice in a dose that contained 4×106 CD3+ cells. Diabetes
incidence was monitored by weekly blood glucose testing using Bayer’s Countour meters. A
reading of >250mg/dl was indicative of loss of glycemic control; two consecutive readings
of higher than 300mg/dl were considered indictive of diabetes. To detect in vivo division of
donor cells, donor cells were labeled with CFSE (Invitrogen, Carlsbad, CA) according to
manufacturer’s instructions, or recipients were given BrdU (Sigma-Aldrich, St. Louis, MO)
in the drinking water as previously described [17].

2.4. Flow cytometry
Most fluorochrome-conjugated antibodies for FACS analysis were purchased from
Biolegend (San Diego, CA) with exceptions as noted. For intracellular cytokine staining,
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cells were restimulated with 50ng/ml PMA (Sigma-Aldrich) and 1μg/ml Ionomycin (Sigma-
Aldrich) with 10μg/ml Brefeldin A (Sigma-Aldrich) for 4 hours. Cells were stained for
surface markers first; after fixation and permeablization with Cytofix/Cytoperm buffer (BD
Biosciences), the cells were then stained with anti-cytokine antibodies. For FoxP3 staining,
cells were stained for surface markers first; after fixation and permeabliztion, the cells were
stained with PE-conjugated anti-mouse FoxP3 (clone FJK-16S, eBioscience, San Diego,
CA). For BrdU detection, a BrdU staining kit (BD Biosciences) was used according to
manufacturer’s instructions. FACS data were collected on FACS Calibur or Canto with
CellQuest or Diva softwares (BD Biosciences) and were analyzed with FlowJo program
(Tree Star, Ashland, OR).

2.5. Cytokine assays
BDC2.5 aTreg donor cells that were recovered from adoptive transfer recipients were
stimulated in culture with a BDC2.5 TCR-specific peptide (RTRPLWVRME) [18]. Culture
supernatants were collected after 24 hours of stimulation. Cytokines were assayed by
Luminex cytokine assay with multiplex reagent kits from Biolegend, according to
manufacturer’s instructions.

2.6. Histology
Pancreata from NOD.Scid mice that received NOD.BDC2.5.Thy1.1 aTreg cells 10 days
previously were embedded in Frozen Section Compound (Surgipath Medical Industries,
Richmond, IL). Frozen sections were stained with biotin-anti-Thy1.1 (BD Bioscience) and
rabbit-anti-Insulin (Santa Cruz Biotechnology, Santa Cruz, CA). Binding of antibodies was
detected by Alexa Fluor 568 labeled strepavidin (Invitrogen) and Alexa Fluor 488 labeled
goat-anti-rabbit antibody (Invitrogen), respectively. Images were acquired at a magnification
of 40X with a SPOT Flex digital camera (Diagnostic Instruments Inc, Sterling Heights, MI)
attached to an Olympus BX50 fluorescent microscope (Center Valley, PA).

3. Results
3.1. aTreg cells can reverse T1D in NOD recipients and express low or undetectable levels
of CD25

There are several ways to induce aTreg cells in vitro or in vivo (for review, see reference
[14]). In our studies, we have used optimal TCR stimulation through CD3 on naïve
CD4+CD25− cells from NOD mice in cultures supplemented with IL-2 and TGF-β1, as we
reported previously [13, 16]. We observe a greater expansion and development of FoxP3+

cells with this protocol (up to 10x expansion) than with lower doses of anti-CD3 (<10 μg/
ml, data not shown). Thus, an advantage of this method is a high yield of usable cells,
thereby offering the potential for clinical translation. When these cells were transferred into
spontaneously hyperglycemic NOD mice, the majority of which became diabetic by the time
of aTreg cell injection, blood glucose levels were reduced in most recipients. Within about 4
weeks after cell transfer, 75% of recipients became normoglycemic (Fig. 1A). We obtained
similar results with an accelerated diabetes model, where the disease was induced by
transferring total splenocytes from diabetic NOD mice into prediabetic NOD or NOD.Scid
recipients. This induced/accelerated diabetes can be prevented or reversed by aTreg cells
(Fig. 5F and 7D). These results corroborate our previous studies [13, 16], and demonstrate
that in vitro differentiated polyclonal aTreg cells restore normal blood glucose levels quite
rapidly, supporting the idea that β-cell function can be restored when the autoimmune
response is under control.

By using aTreg cells generated from naïve CD4+ T cells isolated from NOD.Thy1.1 mice
for adoptive transfer, it was possible to distinguish the aTreg donor cells from the

Li et al. Page 4

J Autoimmun. Author manuscript; available in PMC 2012 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



endogenous Thy1.2+/+ cells of the recipients. Importantly, almost all of the cells retained
FoxP3 expression (Fig. 1B), suggesting that the preexisting proinflammatory conditions did
not cause instability of the population. The recipients were able to survive several months
after cell transfer, suggesting that the control on the anti-β-cell autoimmune response is long
lasting. Indeed, when we transferred these polyclonal aTreg cells into prediabetic NOD
mice, recipients were able to survive for up to two years without the development of
diabetes, and most of the recovered donor cells expressed high levels of FoxP3 (Fig. 1C).
These results indicate that aTreg cells can persist in recipients as memory cells under long-
term homeostatic regulation. Interestingly, we consistently found that the recovered cells
expressed very low or undetectable levels of CD25 (Fig. 1C), although all cells upregulated
CD25 expression after in vitro differentiation (data not shown, and Fig. 2B). This is in stark
contrast to the nTreg cells, which express high levels of CD25 and require IL-2 for their
maintenance [10]. These results suggest that signaling via IL-2 is not essential for aTreg cell
survival and homeostasis.

3.2. aTreg cells express high levels of IL-7Rα in vivo and in vitro
We then sought to determine the cytokine-dependent mechanisms that regulate homeostasis
and function of aTreg cells as memory cells. An obvious focus was on IL-7, another
common γ chain (γc) cytokine that is critical for T cell development and homeostasis. In
addition, our previous studies demonstrated that IL-7 is the essential γc cytokine for the
persistence of memory CD4+ T cells [19]. We examined IL-7Rα (CD127) expression on
donor cells that were recovered after diabetes reversal by flow cytometry and found that
recovered aTreg cells expressed high levels of IL-7Rα (Figure 2A). In addition, the
expression of CD62L was downregulated on these cells (Fig. 2A). These results suggest that
aTreg cells have an effector memory phenotype in recipient mice, and that they may depend
on IL-7 signaling for survival/homeostatic regulation. To understand the kinetics and
relationship of the expression of CD25 and IL-7Rα, we differentiated aTreg cells and
cultured them in media without further stimulation (resting). Consistent with our previous
studies of rested effector CD4+ T cells [19], after only 3 days of resting, the expression level
of IL-7Rα was greatly upregulated. During the same period the expression level of CD25
was reduced to an almost undetectable level (Fig. 2B). The reciprocal expression pattern
between CD25 and IL-7Rα suggests that CD25 identifies activated aTreg cells, whereas
IL-7Rα distinguishes cells undergoing the transition to memory. As expected, the in vitro
resting did not affect the expression of aTreg effector cytokines, IL-10 and TGF-β (Fig. 2C).
Moreover, the FoxP3 expression levels were not changed (Fig. 5A, and not depicted),
suggesting that the transition to memory does not have an effect on regulatory function in
the short term.

Although we have shown that FoxP3 expression in aTreg cells is maintained over an
extended period of time in vivo (Fig. 1B), it was recently reported that aTreg cells could
downregulate FoxP3 and lose regulatory function as a consequence of lymphopenia driven
proliferation [20]. To further address the stability of aTreg cells, we differentiated and rested
aTreg cells from naïve BDC2.5 CD4+ T cells, labeled them with CFSE, and transferred the
cells into NOD.Scid recipients. After 11 days, aTreg cells and naïve CD4+ T cells showed
similar proliferation in lymphopenic hosts (Fig. 2D); the recovery of donor cells were not
significantly different (Fig. 2E). Importantly, after extensive lymphopenia driven
proliferation, the expression level of FoxP3 and its frequency in donor aTreg cells that were
recovered from spleen, pancreatic lymph nodes, and pancreas of recipients of aTreg cells
were not diminished (Fig. 2F, and not depicted). Furthermore, as seen with aTreg cells
recovered after diabetes reversal, after lymphopenia driven proliferation, the cells remained
CD25−, IL-7Rα+, and CD62L− (Fig. 2F and 2G).
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3.3. aTreg cells depend on IL-7
To determine whether the consistently high expression of IL-7Rα confers IL-7 dependency
of aTreg cells in vivo, we differentiated aTreg cells and transferred them into NOD.Scid
recipients that also received an anti-IL-7 neutralizing antibody or control mouse IgG
injections. After 10 days, the recovered donor cells were analyzed. As shown in Fig. 3A,
treatment with anti-IL-7 antibody resulted in a significantly reduced recovery of donor cells,
indicating a loss of donor aTreg cells.

Since treatment with functional blocking antibodies may not be completely efficient, to
further test the dependence of aTreg cells on IL-7, we sought to evaluate aTreg maintenance
in NOD.IL-7−/− recipients. However, the backcross of the IL-7−/− line (B6 background) onto
the NOD background has not been successful. Therefore, we performed the experiments on
the B6 background. In this experiment, aTreg cells were differentiated from naïve
CD4+CD25− T cells from B6 donor mice (CD45.1), and were transferred into IL-7−/−

recipients or IL-7Rα−/− recipients (CD45.2). Two weeks after transfer, the cells from
recipient mice were analyzed. Similar to the antibody-depletion treatment, the recovery of
donor cells from IL-7−/− recipients was dramatically lower than that from IL-7Rα−/−

recipients. In addition, the recovered donor cells expressed IL-7Rα, even in the absence of
IL-7 (Fig. 3B), where receptor maintenance could be regulated by signals from an
alternative ligand, TSLP [21]. These data indicate that in vitro differentiated aTreg cells
indeed depend on IL-7 for their in vivo survival/maintenance. Both IL-7−/− and IL-7Rα−/−

recipients have defective lymphocyte development resulting in lymphopenia, which can
induce proliferation of transferred T cells. Therefore, in our model, we cannot rule out the
possibility that the low recovery of donor aTreg cells from IL-7 deficient recipients was in
part due to lower lymphopenic-induced proliferation in these mice. Significantly, since there
is no known defect in IL-7 expression in T1D patients and NOD mice, the IL-7 dependency
affords a distinct advantage for these cells in T1D therapy.

3.4. IL-10 is not required for aTreg cell survival but modulates their function
One effector cytokine that the aTreg cells produce is IL-10 (not shown and Fig. 2C). Our
gene expression array analysis also showed IL-10R expression on these cells (unpublished
data). A recent report showed that IL-10 was needed for FoxP3+ Treg cell maintenance and
function in a colitis model [24], suggesting that IL-10 and IL-10R may form a positive
feedback loop for survival and/or function of aTreg cells. To test this hypothesis, we
differentiated aTreg cells from naïve BDC2.5 Thy1.1 CD4+ T cells and transferred the cells
into NOD.IL-10−/− recipient mice, which were then treated with an anti-IL-10R neutralizing
antibody. As a control, aTreg cells were transferred into wild type NOD mice that received
control rat IgG. When the donor cells were analyzed two weeks later, no significant change
was observed in their recovery from the peripheral lymphoid compartment (Fig. 4A) or in
the pancreas (Fig. 4B), suggesting that blocking IL-10 does not result in an aTreg cell loss
that would suggest an IL-10-dependence for survival. In addition, when the recipients were
treated with BrdU to follow cell turnover, no significant difference in BrdU uptake was
found in control versus IL-10-deficient recipients (Fig. 4C). In additional experiments in
which we transferred aTreg cells into NOD.Scid recipients with anti-IL-10 or anti-IL-10R
antibody treatments, we obtained similar results (not depicted). Importantly, FoxP3
expression was maintained on donor aTreg cells in NOD.IL-10−/− recipients that also
received anti-IL-10R treatment (Fig. 4D).

These results indicate that IL-10 is not required for aTreg cell homeostasis in adoptive
transfer recipients. However, when the recovered cells were restimulated in culture with a
BDC2.5 TCR-specific mimetope peptide, aTreg cells recovered from NOD.IL-10−/−

recipients produced a much higher amount of IFN-γ than cells recovered from control
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recipients (Fig. 4E). These latter results suggest that IL-10 can modulate cytokine expression
of aTreg cells. However, since the results were from in vitro stimulation, it is not clear
whether the cells could produce IFN-γ or other proinflammatory cytokines in vivo under
IL-10 blocking conditions.

3.5. TGF-β is needed for local response in the pancreas and protection from diabetes by
aTreg cells

Since TGF-β is a critical cytokine for the induction of FoxP3+ aTregs in vitro and is
essential for nTreg cell homeostasis [25, 26], we asked if TGF-β was required for aTreg cell
maintenance and function. We first tested whether TGF-β was needed to maintain FoxP3
expression in aTreg cells in vitro. Thus, differentiated aTreg cells were rested for 7 days in
medium containing rIL-7, with or without neutralizing anti-TGF-β antibody. As shown in
Fig. 5A, blocking TGF-β did not reduce FoxP3 expression in induced aTreg cells in vitro.
Next, induced aTreg cells were transferred into NOD recipient mice that were then treated
with neutralizing anti-TGF-β antibody or control rat IgG. Two weeks after cells transfer, the
recovery of donor cells from different organs of recipient mice was analyzed. As shown in
Fig. 5B, aTreg recovery from the peripheral lymphoid compartment of anti-TGF-β treated or
control IgG treated recipients was not significantly different, suggesting that TGF-β is not
critical for aTreg cell homeostasis and survival. However, when we analyzed aTreg cell
recovery from the pancreas, we found reduced numbers of donor cells in the anti-TGF-β
treated hosts (Fig. 5C). Furthermore, when aTreg cell turnover in hosts was tested by BrdU
incorporation, cells recovered from anti-TGF-β treated hosts showed fewer proliferating
cells when compared to the controls (Fig. 5D), suggesting a role for TGF-β in supporting a
local immune response by aTregs, which could indicate a requirement for migration, local
survival, and/or expansion. When the recovered cells were tested for cytokine production
upon restimulation in culture, cells from anti-TGF-β treated recipients did not produce a
significantly increased amount of IFN-γ (Fig. 5F) and the recovered donor cells also
maintained their FoxP3 expression (Fig. 5E). These data suggest that TGF-β is not needed
for regulation of the T1D effector cytokine, IFN-γ, or for the maintenance of FoxP3 by
aTregs.

To further explore the role of TGF-β in the regulatory function of aTreg cells in vivo, total
splenocytes from diabetic mice along with in vitro differentiated aTreg cells were
transferred into prediabetic NOD recipients. The recipients were treated with anti-TGF-β
neutralizing antibody or control IgG for 1 month, and blood glucose levels were monitored.
Indeed, the anti-TGF-β treatment abolished protection of aTreg cells against pathogenic
cells from diabetic mice (Fig. 5G). These results suggest that although TGF-β may not be
essential for aTreg cell survival, it is required either directly or indirectly for these cells to
mediate their regulatory function.

3.6. Integrin-β7 is needed for aTreg cell localization in target organs
Our data demonstrate that in vitro differentiated aTreg cells can control T1D and thereafter
provide long-term protection in adoptive recipients. Our previous studies suggested that
these effects may be in part due to apoptosis of pathogenic CD4+ T cells triggered by aTreg
cells in the pancreatic LN [13]. However, we have not yet addressed whether protection
requires the migration and maintenance of aTreg cells in the pancreas. To address this
question, we first examined whether aTregs have the capacity to infiltrate islets. aTregs were
induced from naïve CD4+ T cells from BDC2.5 Thy1.1+ donors and injected into NOD.Scid
recipients. One week later, the pancreata were analyzed for the presence of donor aTregs. As
shown in Fig. 6A, we observed aTregs that were infiltrating islets in a polarized fashion
adjacent to insulin-staining β-cells (left panel) and aTregs that were distributed within islets
(right panel). Although the majority of islets were associated with infiltrating aTregs, we
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also observed islets with no infiltrates. The data demonstrate that aTregs can enter the islets
even when there is no preexisting autoimmune response.

To further study the requirement for localization of aTregs in the pancreas for their
protective function in the context of an ongoing autoimmune response, we analyzed aTregs
for adhesion receptors that have been implicated in T1D. It has been shown previously that
the expression of the mucosal addressin cell adhesion molecule, MAdCAM-1, is highly
upregulated in inflamed islets in NOD mice [27, 28]. MAdCAM-1 is the ligand for integrin-
α4β7, which is expressed on a subset of effector T cells. Furthermore, both integrin-α4 and
β7 are important for infiltration of diabetogenic T cells into islets [29, 30]. Since the in vitro
differentiated aTreg cells display effector memory phenotype, we hypothesized that these
cells may use similar mechanisms to migrate into the pancreatic islets. To test this, we first
analyzed integrin expression on a Treg cells. Indeed, the majority of in vitro induced Treg
cells expressed both α4 and β7 integrin subunits (Fig. 6B). Interestingly, most integrin-α4
expressing cells also co-expressed integrin-αE (Fig. 6B), a marker of a subset of nTreg cells
with effector/memory phenotype [31]. This expression pattern was not changed after a 5-day
in vitro resting period (not depicted). To test if either the α4 or β7 integrin subunits are
required for aTreg cells to localize in the pancreas, in vitro differentiated aTreg cells were
transferred into NOD.Scid recipient mice that were then treated with anti-integrin-α4
blocking antibody or isotype IgG control. Seven days after cell transfer, donor cells were
analyzed in the pancreatic LN (PLN) and pancreata of recipients. As shown in Fig. 6C,
antibody treatment significantly reduced donor cell recovery from the PLN. Moreover, very
few donor cells could be recovered from the pancreas after antibody treatment. These results
indicate that integrin-α4 is needed for pancreatic homing of aTreg cells.

To assess a potential role for integrin-β7 in the regulation of homing, aTreg cells were
differentiated from naïve CD4+ T cells from NOD integrin-β7−/− donor mice and transferred
into NOD.Scid recipients. As a control, WT NOD aTreg cells were transferred into another
group of NOD.Scid recipients. As shown in Fig. 6D, the recovery of integrin-β7 deficient
donor cells from the pancreata of the recipients was significantly reduced compared to the
recovery of the WT control aTreg cells. However, the recovery of integrin-β7 deficient
donor cells in the PLN was slightly increased than that of WT controls (Fig. 6C). These
results suggest that integrin-β7 is also important to pancreatic localization of aTreg cells,
which may derive from the PLN.

To distinguish if localization in the pancreas is necessary for the protective function of
aTreg cells, we tested whether integrin-β7−/− aTregs could prevent onset of diabetes. For
these experiments, total splenocytes from diabetic NOD mice were transferred into a group
of young normoglycemic NOD mice to accelerate the development of diabetes. Two weeks
later, these mice received integrin-β7−/− or WT NOD aTreg cells, and were monitored for
blood glucose levels. The integrin-β7 deficient aTreg cells were not able to protect
recipients from diabetes induced by diabetogenic splenocytes (Fig. 6E). Overall, these data
support the conclusion that aTreg cells use integrin-α4β7 to migrate into the pancreas, and
that they exert their protective function(s) against T1D in the local microenvironment of the
islets.

4. Discussion
We have previously reported that in vitro differentiated aTreg cells can prevent development
of T1D and can also reverse diabetes after its onset in the NOD mouse model. We have
shown that both islet antigen-specific (BDC2.5 TCR transgenic) and polyclonal (wild type
NOD) CD4+ T cells function similarly after aTreg induction [13, 16]. In this study, we
investigated regulation of the homeostasis and function of these cells in adoptive hosts. We
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show here that aTreg cells induced by anti-CD3 stimulation in the presence of IL-2 and
TGF-β express high levels of IL-7Rα without CD25 after adoptive transfer and depend on
IL-7 for maintenance in vivo. In this regard, aTreg cells are regulated similarly to typical
memory CD4 T cells [19]. Moreover, the results demonstrate that aTreg cells are regulated
by mechanisms that are distinct from nTreg cells, which are IL-7Rαlow and CD25hi, and are
completely dependent on IL-2 for their homeostasis as well as the maintenance of FoxP3
and regulatory function [32].

It is noteworthy that treatment with aTreg cells does not reverse diabetes in all recipients.
For instance, some recipients did not respond to the treatment and some recipients that had
initial decreases in blood glucose levels reverted to hyperglycemia. These results may, at
least partially, reflect a temporal requirement for the treatment with respect to the status of
disease progression. It is possible that only with earlier diabetes onset can the control of the
autoimmune response by transferred aTregs lead to β-cell mass recovery by regranulation,
proliferation, or possibly neogenesis [33]. In recipients that display a longer time course to
development of diabetes, the extent of remaining β-cell mass or function may be less and/or
the potential for regeneration could be lower such that recovery does not occur. Another
possibility is that pathogenic effector T cells in some recipients may not respond as well to
transferred Treg cells when the development of diabetes is protracted. While this aspect of
our results will require further investigation, it is important clinically since β-cell
proliferation has been shown in pancreata from recent T1D onset human patients [34]. Thus,
further studies will be needed to determine optimal timing of aTreg treatment with respect to
recovery of β-cell mass.

The aTreg cells generated in this study do not require either IL-10 or TGF-β for their
maintenance or FoxP3 expression. However, their regulatory function requires TGF-β as
well as localization in the pancreas. TGF-β was required for response in this site, which
could support integrin-dependent migration in addition to local cell survival and or/
expansion. nTreg cells ultimately lose the ability to control the autoimmune response in
T1D, and because of a defective IL-2 response, they can convert to pathogenic CD4+ T
effector cells in the pancreas [8, 35]. The apparent stability of aTreg cells described herein
even under conditions of lymphopenia-driven expansion suggests that they fulfill criteria
necessary for the induction and maintenance of tolerance that will ultimately be required for
the success of treatments to restore islet β-cells.

The aTreg cells differentiated in vitro by our protocol exhibit similarities to nTreg cells with
respect to FoxP3 expression, production of the effector cytokines TGF-β as well as IL-10,
and, as shown herein, their ability to migrate into the pancreas and control diabetes by a
local response. However, they display additional distinct attributes as well. In contrast to
nTreg cells and Treg cells induced with TGF-β that were reported by other groups [36], we
have shown that these cells do not display an anergic phenotype and produce IL-2 [13].
Thus, one mechanism by which they could contribute to the restoration and maintenance of
tolerance is to sustain the expression of FoxP3 and regulatory function by local nTreg cells
and inhibit their conversion to pathogenic cells.

Although there is considerable controversy over the stability of FoxP3+CD25+ nTreg cells,
in T1D after downregulation of FoxP3, nTreg cells can transfer diabetes to nondiabetic
recipients [8]. Moreover, we have observed a loss of FoxP3 by nTreg cells when sorted
GFP+ cells from FoxP3-GFP NOD reporter mice were transferred into diabetic recipients
(unpublished data). This “reprogramming” of nTreg could contribute to the pathogenesis in
T1D, even though this outcome may normally represent a beneficial response in host
defense [7, 37]. As we have shown here and previously, in vitro differentiated aTreg cells
are maintained as a stable memory population in adoptive hosts for extended periods of
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time, indicating that aTreg cells and perhaps other CD4+ T cell subsets that do not express
FoxP3, such as the IL-10- producing Tr-1 cells and the TGF-β-producing TH3 cells, as well
as some CD8+ T cells, which can provide regulatory functions in T1D [38], should be
considered for use as cell-based therapies for autoimmune disorders in which nTreg cells are
defective.

A unique feature of the homeostatic regulation of the aTreg cells used in our studies is the
reciprocal expression pattern of CD25 (IL-2Rα) versus CD127 (IL-7Rα). Upon activation/
differentiation, the naïve CD4+ T cells are induced to express high levels of CD25,
consistent with many other reports [36, 39, 40], and downregulate IL-7Rα. Similar to other
subsets of in vitro generated CD4+ T effectors, withdrawal of TCR stimulation and
cytokines is sufficient to initiate the transition to the CD25− and IL-7Rαhigh phenotype that
characterizes memory cells [41], which we showed are IL-7 dependent for their persistence
[19]. Since aTreg cells develop into memory cells upon transfer, and lymphopenia-induced
homeostatic proliferation of memory CD4+ T cells does not depend on IL-7 [22, 23], our
results most likely reflect dependence of aTreg cells on IL-7 for survival. However, an effect
of IL-7 on lymphopenia driven turnover cannot be ruled out. Irrespective of the mechanism,
the results confirm that the expression of IL-7Rα on aTreg cells engenders IL-7-dependence
for their maintenance in adoptive hosts. We do not know CD25 downregulation could have
occurred in other studies of aTregs generated in vitro with TGF-β as few publications have
reported CD25 expression levels after adoptive transfer. Nonetheless, this expression pattern
is of functional significance since the high levels of surface IL-7Rα allows for aTreg
homeostasis as memory CD4+ T cells in the absence of strong IL-2 signals, although IL-2 is
needed for their differentiation in vitro to overcome the anti-proliferative effects of TGF-β.
IL-7, in addition to IL-2, participates in nTreg thymic development [42, 43], but it is
dispensable for their peripheral maintenance [21, 44, 45]. Thus, it is possible that IL-7 is
sufficient to maintain FoxP3 in the aTreg cells generated in our model.

Although the mechanism by which CD25 is lost on aTregs generated in our studies is not
clear, the ability to downregulate its expression may be a consequence of the conditions we
use with strong anti-CD3 stimulation and minimal anti-CD28 costimulation. CD28 signaling
has been reported to inhibit aTreg differentiation, most likely through the PI3K-mTOR
pathway [14, 46]. In a separate study, using low anti-CD3 stimulation and strong anti-CD28
costimulation, we were able to generate aTreg cells with high CD25 expression, low IL-7Rα
expression, and an anergic phenotype, similar to nTreg cells immediately ex vivo. However,
the cell yield with that protocol was much lower, and a majority of cells lost FoxP3
expression after transfer into NOD.Scid recipients (unpublished observations). One possible
implication of these results is that high levels of TCR stimulation in the presence of TGF-β
drives naïve CD4+ T cells to a more differentiated and stable effector state.

In our effort to determine if a local response in the pancreas was necessary for aTreg cell
function, we examined the expression of adhesion receptors that mediate cell migration.
Consistent with the finding that TGF-β can directly upregulate the expression of integrin-β7
[47], we found that aTreg cells express integrin-α4β7, and that this integrin is necessary for
trafficking of aTreg cells into the pancreas. This requirement is consistent with the increased
expression levels of MAdCAM-1, the ligand for integrin-α4β7, in inflamed islets in NOD
mice, which also drives the migration of pathogenic effector T cells into islets [27–30, 48].
The integrin-β7 deficient mice allowed us to determine that, although aTreg cells can
control pathogenic effector responses in the draining PLN [13], their local response in the
pancreas, which depends upon the availability of TGF-β, is essential for protection. It is
noteworthy that aTreg cells also express integrin-αE (CD103), which is regulated by TGF-β
and can also pair with integrin3 β7 [49]. On nTregs, CD103 marks an effector/memory
population [31, 50], but adhesion mechanisms governing their migration into the pancreas
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have not been reported. Although CD103 was shown to be unnecessary for the protective
functions of nTregs in an inflammatory bowel disease model [51] or for the migration of T
cells from blood into tissue [52], integrin-αEβ7 could play an important role in retaining
aTreg cells in pancreatic islets, which express the ligand E-cadherin [53]. Taken together
with our observation that aTreg cells are CD62L−, we conclude that they maintain an
effector memory phenotype indefinitely and control pathogenic T cells within the islets
where they are likely to be engaged by islet antigens to mediate their effector function [54].

Although the physiological relevance of aTreg cells that can be generated in normal
individuals has been questioned [4, 14] and the mechanisms that control their development,
maintenance, and functions in vivo have not been elucidated, aTreg cells differentiated from
naïve CD4+ T cells in vitro have promising therapeutic potential to confer long-term
tolerance for autoimmune disorders and transplantation [55]. Our finding that such cells can
be regulated and function as bona fide protective memory CD4+ T cells that can be
maintained by IL-7 in the context of T1D brings further impetus for clinical translation of
these cells to control the autoimmune response which reemerges after pancreas
transplantation [56] and which will confound efforts to achieve long-term restoration of β-
cells by differentiation, expansion, or transplantation.

Although ex vivo expanded nTreg cells can control autoimmune responses in the NOD
model with remarkable success [5, 39], it is impossible to unequivocally isolate cells with
regulatory function from human peripheral blood on the basis of the currently used markers,
high levels of CD25 combined with low levels of IL-7Rα expression on CD4+ T cells, as
these are shared by effector cells [57, 58]. Moreover, nTreg cells must be greatly expanded
and repetitive in vitro stimulation of human nTreg cells can result in the loss of FoxP3
expression [6]. The ability to use the much more numerous naïve CD4+ T cell population to
generate aTreg cells, combined with their stable phenotype, and the apparent lack of
dependence on IL-2 for homeostatic maintenance as inferred from the absence of CD25 on
persisting aTreg memory cells, indicates that they may have significant potential for
treatment of T1D. This is particularly true because of the genetic polymorphisms that result
in suboptimal IL-2 signaling in both human T1D patients and NOD mice [11, 12]. Indeed,
nTreg cells from T1D patients downregulate FOXP3 levels due to defective IL-2R signaling
[59]. It is important to note that FOXP3+ cells with in vitro regulatory function have been
differentiated from naïve CD4+ T cells from T1D patients [15]. Furthermore, it was possible
to use candidate autoantigens associated with particular HLA-DR haplotypes for the
selection and expansion of antigen-specific regulatory T cells, either FOXP3+ or FOXP3−,
in vitro [15, 60]. On the basis of our findings, further studies on aTreg cells generated from
T1D patients are warranted.
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GAD glutamic acid decarboxylase

IA insolenoma antigen

ZnT8 islet zinc transporter

Treg Regulatory T cells

nTreg Naturally arising (occurring) Treg cells

aTreg Adaptive (induced) Treg cells

γc common γ chain
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Fig. 1. aTreg cells that reverse T1D persist as CD25− memory cells
(A) Polyclonal (NOD.Thy1.1) aTreg cells were injected into spontaneously diabetic NOD
mice (Thy1.2) (n=8) at 1 week following a blood glucose reading >250 mg/dl. Blood
glucose levels were monitored weekly thereafter (left). FoxP3 intracellular staining on CD4+

cells recovered from pancreata of recipient mice 3 months after diabetes reversal (right). (B)
Donor aTreg cells were identified by Thy1.1+ staining from lymph nodes in a 2-year-old
diabetes-free recipient that received aTreg transfer at 3 weeks of age (left panel). FoxP3
expression was examined on the CD4+Thy1.1+ donor population (right panel). (C)
Spontaneously diabetic NOD mice received aTreg cell transfer as in (A). Three months after
diabetes reversal, CD4+ cells from the pancreas were analyzed for aTreg cells (Thy1.1+) and
CD25 expression. Data shown is from a representative recipient from 5 experiments.
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Fig. 2. IL-7Rαα α expression with the development of memory aTregs
(A) IL-7Rα and CD62L expression were examined at 9 months after aTreg cell transfer and
diabetes reversal. Shown are histograms of gated CD4+Thy1.1+ donor cells; the stained cells
(shaded) are compared to isotype controls (open). (B) aTreg cells rested in the absence of
rIL-7 for 3 days (gray histograms) were compared to aTreg cells immediately after
differentiation (black histograms) for expression of IL-7Rα and CD25. The open histograms
show isotype staining controls. (C) The rested cells were restimulated with PMA and
ionomycin, and stained for intracellular TGF-β and IL-10. Shown are histograms of CD4+

gated T cells; the stained cells (shaded) are compared to isotype controls (open). (D – G)
aTreg cells were differentiated and rested in the presence of rIL-7 (10ng/ml). The cells were
then CFSE-labeled and transferred into NOD.Scid mice (n = 5). For comparison, naïve CD4
cells were also transferred (n = 4). (D) Eleven days after cell transfer, the cells were tested
for proliferation by CFSE dilution in comparison to naïve CD4+ T cells. Shown are
representative histograms after gating on CD4+Thy1.1+ donor cells from the spleen. (E) The
recovered naïve donor cells (squares) or aTreg donor cells (circles) from the spleens were
enumerated (mean ± SEM). (F) The expression of FoxP3 and CD25 is shown on a
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representative dot plot on gated CD4+Thy1.1+ donor cells. (G) IL-7Rα and CD62L were
examined after gating on CD4+Thy1.1+ cells. Shown are representative histograms of
antibody staining (shaded) compared to isotype control staining (open) on gated
CD4+Thy1.1+ donor cells.
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Fig. 3. aTreg cells are dependent on IL-7 in vivo
(A) Polyclonal aTreg cells were differentiated from CD4+CD25−GFP− cells from
NOD.FoxP3-GFP reporter mice. The cells were injected into NOD.Scid recipients and
treated with control mouse IgG or anti-IL-7 neutralizing antibody at the time of cell transfer
and on days 3 and 7, in a dose of 300μg/injection. Ten days after cell transfer, the cells from
the spleen were analyzed for the presence of GFP+ cells (n = 5/group, mean ± SEM). (B)
aTreg cells were differentiated from CD4+CD25− cells from B6.CD45.1 mice. The cells
were transferred into IL-7−/− or IL-7R−/− recipients in a dose of 3 × 106/recipient. The
recipient mice were evaluated on day 14 after cell transfer. The recovery of FoxP3+ donor
cells (left) was calculated, and IL-7Rα expression (right) was analyzed by flow cytometry
after gating on FoxP3+ donor cells from the spleen (n = 5/group).
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Fig. 4. IL-10 blocking does not alter the survival of Treg cells
BDC2.5 Thy1.1+ naïve CD4+ T cells were used to differentiate aTreg cells. The cells were
injected into NOD or NOD.IL-10−/− mice (n = 4/group). The mice were then treated with
control rat IgG or anti-IL-10R, 300μg/injection, 2 times/week for 2 weeks. One week after
the start of the injections, the mice were treated with BrdU in the drinking water for 1 week.
(A) The recovery of CD4+Thy1.1+ donor cells from the spleens was calculated (mean ±
SEM). (B) The recovery of donor cells from the pooled pancreata of recipients treated with
control IgG or anti-IL-10. (C) BrdU staining after gating on the donor populations shown in
(B). (D) FoxP3 expression after gating on the donor populations shown in (B). (E)
Recovered cells from the spleens were stimulated in vitro with a BDC2.5 TCR-specific
peptide for 24 hours. IFN-γ secretion into culture supernatants was measured by Luminex
cytokine assay (Mean + SD, 4 replicate cultures).
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Fig. 5. aTreg cells require TGF-ββ β for their response in the pancreas and protection against
T1D
(A) aTreg cells were differentiated from BDC2.5Thy1.1+ CD4+CD25− T cells and stained
for expression of FoxP3 before (left panel) and after resting in medium for 3 days (middle
panel) or in rIL-7-containing medium (10ng/ml) with anti-TGF-β (10μg/ml) for 7 days
(right panel). Shown are histograms gated on CD4+ T cells; the stained cells (shaded) are
compared to isotype controls (open). (B - F) BDC2.5 Thy1.1+ naïve CD4+ T cells were used
to generate aTreg cells. Cells were injected into NOD mice (n = 4/group). At the time of cell
transfer, the mice were then treated with rat IgG or anti-TGF-β, 300ug/injection, two times/
week for two weeks. One week after cell transfer, the mice were treated with BrdU in the
drinking water for 1 week. (B) The recovery of donor cells from the spleens was calculated
(mean ± SEM). (C) The lymphocytes pooled from the pancreata of recipients were analyzed
for CD4+Thy1.1+ cells. (D) BrdU staining was analyzed after gating on the Thy1.1+ CD4+

donor populations shown in (C). (E) FoxP3 expression was analyzed after gating on the
donor populations shown in (C). (F) Recovered cells from the spleens were stimulated in
vitro with a BDC2.5 TCR-specific peptide for 24 hours. IFN-γ secretion into culture
supernatants was measured by a Luminex cytokine assay (Mean ± SD). (G) Young
prediabetic NOD mice were injected with spleen cells from diabetic donors and with aTreg
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cells. The mice were then treated with control IgG or anti-TGFβ (300μg/injection) as
indicated for 4 weeks (n = 5 group). Blood glucose levels and diabetes incidence were
monitored.
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Fig. 6. Integrin-α4β7 dependent localization in the pancreas is required for protection by aTreg
cells
(A) NOD.Scid mice were injected with Thy1.1+ BDC2.5 aTreg cells. Ten days after cell
transfer, pancreata from recipients were analyzed for islet localization of transferred aTreg
cells by staining with Thy1.1-(red) and insulin-(green) specific antibodies. Representative
images were shown at a magnification of 40X. (B) BDC2.5 Thy1.1+ aTreg cells were tested
at the time of harvest for expression of the integrin chains, α4, αE, and β7. (C) NOD.Scid
mice were injected with Thy1.1+ BDC2.5 aTreg cells and treated at the time of cell transfer
with either anti-integrin-α4 antibody or control IgG in a dose of 200μg/recipient (n = 4/
group). The mice were treated again on day 3, and the tissues were harvested and analyzed
on day 7 for the recovery of CD4+Thy1.1+ donor cells (mean ± SEM). (D) Polyclonal aTreg
cells were differentiated from CD4+CD25− cells from NOD and NOD.β7−/− mice and
injected into NOD.Scid recipients. Two months later, the indicated tissues were harvested,
pooled, and analyzed for the presence of CD4+Thy1.1+ donor cells. (E) Young prediabetic
NOD mice were injected with splenic cells from diabetic donors. Two weeks later, these
mice were given polyclonal aTreg cells differentiated from WT NOD (n = 12),
NOD.integrin-β7−/− (n = 6), or were not treated with aTreg cells (control, n = 9). Blood
glucose levels and diabetes incidence were monitored weekly.
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