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Abstract

Regulatory T cells (Tregs) constitute an attractive therapeutic target given their essential role in
controlling autoimmunity. However, recent animal studies provide evidence for functional
heterogeneity and lineage plasticity within the Treg compartment. To understand better the
plasticity of human Tregs in the context of type 1 diabetes, we characterized an IFN-y—competent
subset of human CD4*CD127!9~CD25* Tregs. We measured the frequency of Tregs in the
peripheral blood of patients with type 1 diabetes by epigenetic analysis of the Treg-specific
demethylated region (TSDR) and the frequency of the IFN-y* subset by flow cytometry. Purified
IFN-y* Tregs were assessed for suppressive function, degree of TSDR demethylation, and
expression of Treg lineage markers FOXP3 and Helios. The frequency of Tregs in peripheral
blood was comparable but the FOXP3*IFN-y* fraction was significantly increased in patients with
type 1 diabetes compared to healthy controls. Purified IFN-y* Tregs expressed FOXP3 and
possessed suppressive activity but lacked Helios expression and were predominately methylated at
the TSDR, characteristics of an adaptive Treg. Naive Tregs were capable of upregulating
expression of Thl-associated T-bet, CXCR3, and IFN-y in response to IL-12. Notably, naive,
thymic-derived natural Tregs also demonstrated the capacity for Thl differentiation without
concomitant loss of Helios expression or TSDR demethylation.

Type 1 diabetes results from a breakdown in the mechanisms that maintain immune
tolerance leading to the eventual destruction of pancreatic B-cells (1). The tissue specificity
of the disease is conferred, in part, by the expansion of islet-reactive T effector (Teff) cells
controlled by complex genetic and environmental factors (2). Regulatory T cells (Tregs)
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expressing the transcription factor FOXP3 have emerged as a potent and selective means to
counteract this progressive loss of immune tolerance and have led to the development of
Treg cellular therapies for the treatment of autoimmune diseases, transplantation, and graft
versus host disease (3). For example, CD4*CD25* Tregs adoptively transferred in an animal
model of type 1 diabetes, the NOD mouse, effectively prevent or even reverse disease (4).
We have previously reported that the isolation of CD4*CD127'%~ CD25* T cells could be
used to identify and expand a highly pure population of FOXP3* T cells from human
peripheral blood in quantities sufficient for autologous transfer to type 1 diabetic patients (5,
6).

Tregs are generally classified into two categories, natural Tregs (nTregs) and adaptive Tregs
(@Tregs). These Treg subsets differ in their cell surface markers and cytokine profiles,
although each has been shown to possess suppressive activity (3). nTregs primarily emerge
from the thymus, whereas aTregs are generated in the periphery from naive T cells after Ag
exposure (7). In addition to these broad subsets, there is mounting evidence of further
phenotypic and functional heterogeneity within the FOXP3* Treg population, including the
potential for Th1- or Th2-type Tregs, although it is unclear whether these represent distinct
subsets or transcriptional plasticity (8). Animal studies have shown that Tregs may
appropriate the transcriptional program of lineage-specific Teff cells to selectively suppress
cells of that same lineage (9-11) (e.g., T-bet* Tregs suppress Thi-driven immune
responses). However, this overlap in the transcriptome presents the potential for conversion
of Tregs to Teff cells upon loss of FOXP3 expression, and indeed, lineage instability has
been described within the FOXP3* Treg population (12, 13). We recently showed, using a
Treg-lineage tracking reporter system in mice, that cells that previously expressed Foxp3,
exFoxp3 cells, acquired effector-like properties and were capable of eliciting autoimmunity
(14).

The studies described above suggest a critical challenge in the transition of Treg-based cell
therapies from animal studies to human clinical trials. Knowledge of the purity, stability,
and phenotypic characteristics of cell therapy products will be essential prior to their
introduction into patients (15). Although optimized sorting strategies have dramatically
improved the yield and purity of sorted Tregs, the current use of surrogate surface markers
for selection cannot identify a 100% pure population of stable FOXP3-expressing T cells.
Furthermore, the need for in vitro expansion opens up the possibility for outgrowth of non-
Tregs during culture, or the potential loss of a regulatory phenotype by expanded nTregs.
This raises a significant safety concern that expanded Tregs with some inherent
autoreactivity may precipitate tissue damage rather than prevent it (16). Given the
importance of these issues, we sought to systematically investigate the lineage
characteristics and function of a population of CD4*CD127!%~ CD25* T cells capable of
producing IFN-y.

We report in this study that a subset of Tregs coexpressing FOXP3 and IFN-y was enriched
in patients with type 1 diabetes after in vitro expansion while the frequency of nTregs, as
determined by highly sensitive epigenetic analysis, was equivalent to that seen in healthy
controls. IFN-y* cells from expanded human CD4*CD127'%~CD25* Tregs expressed high
levels of FOXP3 and could suppress the proliferation of responder T (Tresp) cells in vitro,
albeit with reduced efficiency. However, epigenetic analysis revealed that FOXP3*IFN-y* T
cells were predominately methylated at the FOXP3 Treg-specific demethylated region
(TSDR) in contrast to what has been shown for nTregs; demethylation of this region is a
marker of FOXP3 transcriptional stability (17). Further, the majority of FOXP3*IFN-y* T
cells did not express Helios, an Ikaros-family transcription factor recently shown to be
selectively expressed by nTregs (18). Notably, CD45RA™ naive Tregs cultured in the
presence of IL-12 acquired a Th1-like phenotype without loss of FOXP3 or Helios, or
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remethylation of the TSDR. Our results provide insights into the heterogeneity and plasticity
of the human FOXP3* Treg population and have implications for cell-based therapeutic
interventions, particularly in situations involving inflammation.

Materials and Methods

Patient population

Controls were recruited from the general population at the University of California, San
Francisco, University of Florida, and the University of Colorado. Patients with type 1
diabetes were diagnosed by physician examination and comprised recent-onset subjects
(within 1 y of diagnosis), and subjects with established type 1 diabetes. For quantification of
the FOXP3*IFN-y* subset, CD4*CD127'~CD25* Tregs were sorted and expanded from
controls (n = 15; 8 male/7 female; mean age 29.2 £ 4.7 y; range 20-35 y) and from recent-
onset (n = 9; 5 male/4 female; mean age 27.1 + 9.6 y; range 18-41 y) and established (n = 2;
2 male/0 female; mean age 25.7 + 3.6 y) type 1 diabetic subjects, and then analyzed by
FACS. For epigenetic analyses, frozen PBMCs from healthy controls (n = 11; 7 male/4
female; mean age 24.1 + 12.9 y; range 9-46 y) and from recent-onset (n = 12; 9 male/3
female; mean age 16.4 + 10.1 y; range 8-41 y) and established (n = 28; 7 male/21 female;
mean age 22.3 £ 11.1y; range 5.5-53.4 y) type 1 diabetic subjects were thawed, and an
aliquot was refrozen prior to analysis. For quantification of the Helios*IFN-y* Treg subset,
frozen PBMCs from healthy controls (n = 10; 7 male/3 female; mean age 18.7 + 8.4 y; range
12-40 y) and patients with type 1 diabetes (n = 11; 7 male/4 female; mean age 18.4 + 7.0 y;
range 9-32 y) were analyzed by FACS. Informed consent was obtained in accordance with
approved policies and procedures.

T cell subset isolation

Cell culture

CD4*CD127'9-CD25* Tregs and CD4*CD127*CD25~ conventional T (Tconv) cells were
purified as previously described (5) with CD45RA-PE. Cy7 (L48) and in some cases
CD45R0-PE.Cy5 (UCHLY) included to isolate naive cells. Postsort purity was 97.6 £ 1.1%,
95.3-98.9% for CD4* CD127'9-CD25* cells; 99.3 + 1.1%, 97.2-100% for CD4*CD127'9/~
CD25*CD45RA*CD45R0O™ cells; and 95.9 + 2.2%, 92.7-97.5% for CD4*
CD127'9-CD25*CD45RA" cells.

In vitro expansion and suppression assays were conducted in RPMI 1640 media (Mediatech,
Manassas, VA) supplemented with 5 mM HEPES, 2 mM .-glutamine, 50 pg/ml each
penicillin/streptomycin (Invitrogen, Carlsbad, CA), 50 uM 2-mercaptoethanol (Sigma), 5
mM nonessential amino acids, 5 mM sodium pyruvate (Mediatech), and 10% FCS
(Invitrogen). Cells were activated with anti-CD3/anti-CD28-coated microbeads (Invitrogen)
ata 1:1 ratio at days 2 and 9. Media and IL-2 (300 U/ml) were added at days 2, 5, 7, 9, and
12. For Thl-skewing, CD4*CD127'%~CD25* CD45RA™* Tregs and

CD4*CD127*CD25 CD45RA* Tconv cells were incubated with recombinant human 1L-12
(20 ng/ml; R&D Systems, Minneapolis, MN) and anti-human IL-4 (10 ug/ml; R&D
Systems) during initial activation (day 0). Expansion was 14 d unless otherwise noted in the
legends to figures.

Isolation of cytokine-producing Tregs

IFN-y— or IL-10—producing Tregs were isolated from expanded cells using the cytokine
secretion—cell enrichment and detection kit (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer's instructions with the following modifications: 135 x 106 to
400 x 106 cells were activated for 4-5 h with PMA (10 ng/ml) and ionomycin (500 uM)
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prior to labeling with the catch reagent. During the secretion phase, Tregs were diluted in 10
ml media/107 cells, and Tconv cells were diluted in 100 m1/107 cells to prevent capture of
cytokine produced by neighboring cells. Labeled cells were sorted by FACS. Alternatively,
cytokine-producing cells were FACS-sorted following fixation, permeabilization, and
intracellular staining with IFN-y—PE or IL-10-PE (BD Biosciences), FOXP3-Alexa Fluor
647 (206D; BioLegend, San Diego, CA), and Helios—PE (22F6; BioLegend). In this case,
GolgiStop (4 ul/6 ml culture; BD Biosciences) was added during PMA/ionomycin
activation.

Flow cytometry

The following Abs were used: IFN-y—PE, IFN-y-allophycocyanin (B27), CD183-
allophycocyanin (1C6/CXCR3), CD3-PerCP, and IL-2 PE (BD Biosciences), FOXP3-
Pacific blue, FOXP3-Alexa Fluor 488 (206D), and Helios—PE (22F6) (BioLegend), and T-
bet PE (4B10; eBioscience, San Diego, CA). Where noted, CD4" T cells were enriched from
peripheral blood using the RosetteSep CD4* negative selection enrichment mixture
(Stemcell Technologies, Vancouver, BC, Canada). GolgiStop was added prior to IL-2 and
T-bet staining. Fixation was performed with FOXP3 Fix/Perm Buffer Set (BioLegend). T-
bet staining was conducted as previously described (10). Data collected on a FACSCalibur
(BD Biosciences) were analyzed with FlowJo (Tree Star). FOXP3* gates were set based on
isotype background staining standardized at 1%.

Epigenetic analysis

Cell pellets were stored at —80°C, and isolation of genomic DNA and quantification of
TSDR (19) and CD3 demethylation (20) by real-time PCR were performed by Epiontis.

Quantification of the Helios*IFN-y* Treg subset

Frozen PBMCs were thawed and stimulated with PMA (10 ng/ml) and ionomycin (500 uM)
for 4 h. After activation, cells were stained for viability using the Violet LIVE/DEAD dye
(Invitrogen) according to the manufacturer's recommendations. Cells were subsequently
stained for CD4 and intracellular FOXP3, Helios, and IFN-y using the FOXP3 staining
protocol previously described.

RNA isolation and real-time PCR

Sorted cells were stored at —80°C before RNA extraction with TRIzol (Invitrogen). Real-
time PCR was performed as previously described (21) on a 7500 Fast Real-time PCR
System (Applied Biosystems), using TagMan primer-probe Hs99999041 m1 (Ifng), and
TagMan primer-probe set for eukaryotic 18S rRNA as an internal control.

In vitro suppression

In vitro suppression was assessed by [3H]thymidine incorporation as previously described
(6). PBMCs were plated in 96-well U-bottom plates (10° cells/well) with 2 pg/ml soluble
anti-CD3 (Hit3a) and 1 pg/ml soluble anti-CD28 (28.2; BD Biosciences). Purified Tregs
were added at a range of Treg/Tresp cell ratios as indicated. Cells were cultured for 4-5 d
and pulsed with 1 uCi [3H]thymidine for the final 16 h of culture. Percentage suppression
was calculated as [1 — (mean cpm Treg + Tresp cell)/(mean cpm Tresp cell)] x 100%.

Statistical analysis

Statistical tests were performed using Prism software (GraphPad, San Diego, CA).
Significance was determined by t test or ANOVA analysis with Bonferroni correction, as
noted in the legends to figures, and defined as p < 0.05.
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Expanded human Tregs include an IFN-y* subset

We isolated CD4*CD127'9~CD25* Tregs by FACS (purity 98.3 + 0.7%) and expanded
them with anti-CD3/anti-CD28 microbeads and exogenous IL-2, as previously described (6).
We consistently observed that a fraction of FOXP3* cells isolated from healthy donors
produced the Th1 signature cytokine IFN-y after activation with PMA/ionomycin. This
fraction remained relatively constant over the course of a 2-wk in vitro culture, suggesting
that cytokine production was not induced by expansion conditions (Fig. 1A). The capacity
for cytokine production was activation signal strength dependent, as lower levels of IFN-y
were observed when cells were stimulated with anti-CD3 and anti-CD28 (6). These results
suggest that a small subset of IFN-y—producing Tregs exists in vivo. As noted previously by
us (6) and others (22—-24), these cells tend to be enriched in the CD45RO* memory T cell
population.

Given the evidence from animal models both for Treg plasticity (14) and for T cell subsets
that coexpress Thl and Treg lineage markers (10), we sought to characterize the lineage and
function of human IFN-y—producing Tregs. CD4*CD127!9-CD25* Tregs were sorted and
expanded for 14 d. After PMA/ionomycin stimulation, cells were labeled with a cytokine
capture reagent and resorted by FACS (Fig. 1B). This procedure yielded viable cells highly
enriched for IFN-y—producing cells (98.7 £ 1.0%). Quantitative real-time PCR confirmed
that IFN-y transcripts were enriched in IFN-y* cells relative to IFN-y~ cells (>1300-fold)
(Fig. 1C).

IFN-y* Tregs retain FOXP3 expression and mediate suppression

The frequency of FOXP3* cells in the IFN-y*—sorted subset (89.3 + 8.3%) was comparable
with that found in IFN-y~ (96.2 + 4.0%) and bulk unstimulated (92.9 + 5.6%) Tregs (Fig.
2A, p value was not significant). Furthermore, IFN-y* cells maintained high levels of
FOXP3 protein comparable with that observed in IFN-y~ and bulk unstimulated Tregs (Fig.
2B). IL-2 production was low in Tregs compared with Tconv cells (1.0 £ 0.8% versus 13.2 +
9.6%, respectively) and virtually absent in IFN-y* Tregs, consistent with their anergic
properties when cultured alone during suppression assays. Notably, transient upregulation of
FOXP3 in Tconv did not abrogate I1L-2 production (Supplemental Fig. 1).

Prior studies have shown that transient FOXP3 expression by Teff cells does not confer
suppressive capacity (25-28). To investigate the functional capacity of FOXP3*IFN-y*
cells, IFN-y* cells isolated from expanded Treg cultures were assayed for their ability to
suppress T cell proliferation in response to anti-CD3 and anti-CD28 stimulation in vitro.
Notably, the IFN-y* subset retained partial regulatory function, though with decreased
potency relative to IFN-y~ Tregs (Fig. 2C). Importantly, expanded CD4*CD127*CD25~
Tconv cells did not suppress Tresp cell proliferation. Together, these data suggest that the
IFN-y* subset of isolated CD4*CD127'%~CD25* Tregs constitutes a regulatory population
rather than contaminating Teff cells that transiently express FOXP3.

IFN-y* Tregs are predominately methylated at the TSDR

Epigenetic analysis of the FOXP3 TSDR has recently emerged as a robust method for
identifying stable nTregs in humans (29). The TSDR of Tregs is demethylated, whereas that
of Tconv cells is methylated. Unlike DNA methylation over the FOXP3 promoter region,
the epigenetic marks at the TSDR are independent of active FOXP3 expression. TSDR
methylation persists during transient expression of FOXP3 by Tconv cells or unstable TGF-
B-induced Tregs, whereas drug-induced demethylation of Tconv cells results in stable
FOXP3 expression, suggesting lineage stability in Tregs may be epigenetically regulated
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(17, 30). We therefore examined the TSDR in the different Treg subsets isolated and
expanded from healthy individuals. The frequency of cells with a demethylated TSDR was
significantly reduced in the IFN-y* fraction (22.1 + 10.1%) compared with that of bulk (83.7
+9.6%) or IFN-y™ (94.8 £ 6.1%) Tregs (Fig. 3A). The lower percentage of demethylation in
the IFN-y* fraction could arise in part from the presence of contaminating FOXP3™ T cells,
which may have been preferentially selected by the cytokine capture technique. To address
this possibility, FOXP3*IFN-y* cells were isolated by FACS after intracellular staining, and
the epigenetic status of the TSDR in these cells was analyzed. Comparable with the results
of the cytokine capture system (Fig. 3A, black symbols), significantly lower levels of TSDR
demethylation were seen in FOXP3*IFN-y* cells than those in FOXP3*IFN-y~ cells (Fig.
3A, gray symbols). The plasticity observed in the IFN-y* subset did not appear to be specific
to this cytokine, as sorted 1L-10* Tregs resembled IFN-y* Tregs in FOXP3 expression,
suppressive function, and TSDR methylation (Supplemental Fig. 2).

The majority of IFN-y*™ Tregs do not express Helios

Because TSDR methylation in the context of FOXP3-expressing cells has been associated
with unstable, in vitro-induced Tregs, we sought to investigate whether the FOXP3*IFN-y*
subset might have arisen from Tconv cells in the periphery. Although the ability of Tconv
cells to differentiate into Tregs under tolerogenic conditions is well-established, there is a
paucity of markers for in vivo-induced Tregs. Recently, the Ikaros family transcription
factor Helios has been shown to be selectively expressed on nTregs of thymic origin (18).
We therefore examined the expression of Helios in the IFN-y* Treg subset. Total CD4* T
cells were enriched from PBMCs, and the expression of FOXP3, IFN-y, and Helios was
assessed after activation (Fig. 3B). Within the FOXP3* population, we observed the
selective expression of Helios in the IFN-y~ subset (82.2 + 1.5% Helios* compared with
only 14.2 + 0.8% in the IFN-y* subset) (Fig. 3C).

IL-12 induces IFN-y production by naive Tregs

Signaling through IFN-yR and IL-12R, in combination with TCR engagement, induces
strong expression of T-bet, which drives the differentiation of Tconv cells to a Thl lineage
(31). The capacity of Tregs to adopt a Th1 phenotype has recently been demonstrated in
murine models (10). However, the plasticity of the human Treg compartment is relatively
uncharacterized, and furthermore it is unclear to what extent cytokine production by Tregs is
due to true plasticity rather than to heterogeneity in the population. The characterization of
the TSDR and Helios expression suggested that IFN-y production by Tregs was due
predominately to a subpopulation of aTregs. However, the observation that a fraction of
IFN-y* Tregs did exhibit the TSDR demethylation that is characteristic of stable Tregs
suggested that even nTregs are a plastic population capable of producing effector cytokines.
We therefore tested the ability of human naive Tregs to differentiate into a Th1-like lineage
in response to inflammatory stimuli. CD4*CD127'%~ CD25*CD45RA*CD45R0O ™ naive
Tregs were sorted to minimize the possibility of contamination with effector/memory T cells
or Ag-experienced adaptive Tregs and expanded in Th1-polarizing conditions (IL-12 upon
initial activation).

Control naive CD4*CD127+*CD25 CD45RA*CD45RO™ Tconv cells activated with Th1-
polarization showed an almost 30% increase in the IFN-y* fraction (50.4 + 15.1% compared
with 21.3 + 9.2% for nonskewed) consistent with previous data on the ability of IL-12 to
skew Tconv cells toward a Th1 phenotype (32). Surprisingly, naive FOXP3* Tregs
expanded with Th1l polarization also showed a dramatic induction of IFN-y (11.4 £+ 3.4%
IFN-y* compared with 2.8 + 1.7% for nonskewed) (Fig. 4A). We therefore examined
expression of the Thl-specifying transcription factor T-bet in expanded naive
CD4*CD127'9-CD25*CD45RA™ Tregs (Supplemental Fig. 3A, 3B). T-bet was more highly
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expressed in the FOXP3*IFN-y* subset relative to FOXP3*IFN-y~ cells (mean fluorescence
intensity [MFI] 38.6 versus 23.8, respectively). IL-12 treatment recapitulated this
phenotypic difference, as T-bet was upregulated in Th1-skewed compared with nonskewed
naive Tregs (MFI 27.9 versus 12.4, respectively). T-bet directly regulates transcription of
the chemokine receptor CXCR3, which mediates chemotaxis to sites of type 1 inflammation
(33, 34). Indeed, CXCR3 was also more highly expressed in IFN-y* than in IFN-y~
CD4*CD127'°-CD25* Tregs (Supplemental Fig. 3C; MFI 254.4 versus 149.4, respectively)
and was upregulated in Thl-skewed compared with nonskewed naive Tregs (Supplemental
Fig. 3D; MFI 417.1 versus 228.0, respectively). Enhanced proliferative capacity was also
observed among naive Tregs cultured with IL-12, although it did not achieve statistical
significance (2258 + 2069-fold versus 670 + 247 for Thl versus nonskewed, respectively)
(Fig. 4B). Notably, despite a marked increase in the IFN-y* cell fraction, there was no
change in FOXP3 expression (98.0 + 2.4% versus 98.9 + 1.5% FOXP3* for neutral and Thl-
polarized cells, respectively) (Fig. 4C).

nTregs polarized in vitro by IL-12 remain Helios™ and demethylated at the TSDR

To investigate whether the increase in IFN-y production was due solely to induction within
the aTreg pool, or whether nTregs could also become Th1-polarized, we examined Helios
and IFN-y expression before and after exposure to 1L-12. Naive CD4*CD127!%/~
CD25"CD45RA* Tregs showed minimal IFN-y production immediately after sorting from
the peripheral blood of healthy donors (Fig. 5A). After a 2-wk expansion, IFN-y production
was observed predominately in the Helios™ fraction, as observed for bulk Tregs. As
expected, the addition of IL-12 at initial activation resulted in a significant increase in IFN-
y—producing cells. Surprisingly, 15.2 + 5.8% of Helios* nTregs produced IFN-y after IL-12
skewing (n = 4) compared with only 1.1 + 0.5% of Helios* nTregs cultured in neutral
conditions (n = 2), arguing that even the thymic-derived Treg population exhibits plasticity
in cytokine production (Fig. 5B). Of note, Helios™ Tregs expressed significantly higher
levels of IFN-y per cell than did Helios* nTregs (MFI 87.2 versus 12.1, respectively) (Fig.
5C).

To determine whether the induction of a Thl-like phenotype in nTregs was accompanied by
a decrease in lineage stability, we assessed the TSDR methylation status of naive Tregs that
had been expanded in neutral or Thl-polarizing conditions and then sorted by IFN-y
expression. As expected, naive Tregs cultured in neutral conditions showed robust FOXP3
protein expression (94.6 + 3.2%) and TSDR demethylation (Fig. 5D). Consistent with our
findings with CD4*CD127'~CD25* Tregs, the proportion of naive Tregs demethylated at
the TSDR was significantly reduced in IFN-y* (25.9 + 12.7%) compared with IFN-y~ (96.8
+ 1.3%) naive subsets, despite high FOXP3 expression in both populations (98.5 + 1.9% and
98.1 + 2.3%, respectively).

Surprisingly, in contrast to IFN-y* Tregs present in the culture under nonpolarizing
conditions, Thl-polarized IFN-y* Tregs remained predominately demethylated at the TSDR
(73.2 £ 9.9%), demonstrating that TSDR methylation is not a prerequisite for effector
cytokine production in Tregs. This also suggests that the increased frequency of IFN-y* cells
in response to 1L-12 reflected de novo IFN-y expression rather than expansion of the
methylated IFN-y* subset. Notably, Tconv cells cultured in the same conditions remained
completely methylated (data not shown), arguing that IL-12 does not cause TSDR
demethylation. However, to more rigorously assess lineage stability after Th1-polarization
specifically in Helios* nTregs, naive Tregs expanded in the presence of I1L-12 were sorted
based on intracellular FOXP3, IFN-y, and Helios expression (Fig. 5E). Epigenetic analysis
revealed that the HeliostFOXP3*IFN-y* subset remained fully demethylated at the TSDR
(98.7 £ 0.7% versus 99.7% in the Helios*"FOXP3*IFN-y~ nTreg subset). In contrast, the
Helios™ FOXP3*IFN-y* aTreg subset was only 61.9 + 13.8% demethylated. Collectively,
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these data imply that nTregs can exhibit flexibility in cytokine production while maintaining
lineage stability and therefore support the hypothesis that IFN-y—producing, TSDR-
methylated Tregs found in the circulation may represent an unstable aTreg subset rather than
nTregs.

IFN-y* Tregs are selectively enriched in patients with type 1 diabetes

To investigate the potential role of FOXP3*IFN-y* Tregs in an autoimmune setting, we also
isolated and expanded CD4* CD127!9-CD25* Tregs from patients with type 1 diabetes
(Fig. 6A). The FOXP3*IFN-y* T cell fraction was markedly elevated in Tregs expanded
from patients with type 1 diabetes (10.6 + 4.3%; n = 11, p < 0.01) compared with that of
healthy controls (5.0 £ 2.1%; n = 15). Nevertheless, total Tregs from these patients exhibited
no difference in suppressive function or proliferative capacity compared with those of
controls (data not shown). Furthermore, there was no difference in the percentage of nTregs
among CD3™ cells in peripheral blood between healthy controls (n = 11) and type 1 diabetic
patients (n = 12 for recent onset, n = 28 for established), as determined by TSDR
demethylation (Fig. 6B; p = not significant). To clarify whether the elevated frequency of
FOXP3*IFN-y* T cells in patients with type 1 diabetes represented an increase in nTregs or
aTregs, we examined coexpression of Helios, FOXP3, and IFN-y by intracellular staining of
unexpanded PBMCs from a separate cohort of healthy controls (n = 10) and type 1 diabetic
patients (n = 11, including 1 recent onset). There was no difference in the percentage of
Helios"FOXP3*IFN-y* Tregs between controls and patients with type 1 diabetes (Fig. 6C; p
= not significant). However, similar to what was observed for total FOXP3* Tregs, the
frequency of Helios " FOXP3*IFN-y* Tregs was significantly increased in patients with type
1 diabetes (7.6 £ 2.7%; p < 0.01) compared with that of controls (4.0 + 2.4%) (Fig. 6D).

Discussion

Our data support a growing body of evidence that FOXP3* Tregs are a heterogeneous and
plastic population. An IFN-y* Treg subset can be isolated from both CD4*CD127!%-CD25*
and naive CD4* CD127'9~CD25*CD45RA* Tregs after expansion and was found to retain
the hallmarks of a regulatory cell: high levels of FOXP3 expression, lack of IL-2 production,
and suppressive activity.

Despite a regulatory phenotype, the FOXP3*IFN-y* subset isolated from expanded
CD4*CD127'9-CD25* T cells lacked the epigenetic imprinting (i.e., demethylated TSDR)
characteristic of thymic-derived nTregs. These epigenetic results suggested the
FOXP3*IFN-y* subset might not be a stable lineage and led to the speculation that these
cells represent an aTreg population, which may exhibit less FOXP3 transcriptional stability
relative to nTregs. In fact, type 1 regulatory T (Tr1) cells, which produce high levels of
IL-10 and low levels of IFN-y, have been shown to mediate suppression despite a lack of
constitutive FOXP3 expression (35, 36).

Although specific markers for aTregs are currently lacking, the transcription factor Helios
has recently been suggested to discriminate nTregs from aTregs or Tconv cells. Specifically,
FOXP3~ CD4" Tconv cells converted in vitro by activation in the presence of TGF-B, or in
vivo by oral Ag exposure, remain Helios™ despite robust FOXP3 induction. Furthermore,
Helios"TFOXP3* Tregs retained Helios expression 4 wk after adoptive transfer into a
congenic host (18). Therefore, although we cannot formally exclude a downregulation of
Helios by nTregs, our finding that FOXP3*IFN-y* T cells are predominately Helios™ argues
that this represents a peripherally induced aTreg population. Furthermore, although naive
Tregs upregulated IFN-y, T-bet, and CXCR3 in response to IL-12, they maintained the
epigenetic signature and frequency of Helios expression characteristic of nTregs. With the
caveat that additional factors or chronic IL-12 exposure may result in lineage destabilization,

J Immunol. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McClymont et al.

Page 9

this finding does not support the hypothesis that the majority of circulating FOXP3*IFN-y*
cells derived from nTregs in Th1 conditions.

Importantly, in light of potential therapeutic applications of expanded Tregs, we have
demonstrated that the Helios"FOXP3* IFN-y* population is already present ex vivo and is
not enriched by our expansion procedures. These data argue that FOXP3*IFN-y* T cells
may arise both from Tconv cells induced to adopt a regulatory phenotype in the periphery
and from thymic-derived nTregs exposed to an inflammatory microenvironment, however
these cell populations are distinct in terms of Helios expression and epigenetic status of the
FOXP3 locus. Nevertheless, the long-term fate of nTregs induced to express IFN-y* in
response to 1L-12 is an important question that remains to be determined.

Whether Treg frequency is altered in patients with type 1 diabetes has been the subject of
much debate (37) and is complicated by the fact that in humans, FOXP3 expression is not
restricted to Tregs but can be transiently induced by a significant proportion of Teff cells
after TCR activation (38). In this study we use epigenetic analysis of the TSDR, which is a
robust measure of Treg frequency that is independent of FOXP3 protein expression, to
demonstrate that there is no deficiency of nTregs in the peripheral blood of type 1 diabetic
patients, irrespective of disease duration, compared with healthy controls. It is important to
note, however, that circulating nTreg frequencies may not be representative of cell
populations at the site of inflammation. Consistent with this, a deficiency in Treg frequency
in inflamed islets, but not pancreatic lymph nodes, has been reported in the NOD mouse
(39). Furthermore, the ability of Tregs to express IFN-y in response to IL-12 suggests that
not only the number but also the cytokine profile of Tregs in the inflamed tissue may be
distinct from those in circulation.

We observed a significantly increased frequency of Helios™ FOXP3*IFN-y* Tregs in type 1
diabetic patients, which suggests a potential role for this subset during autoimmune
pathogenesis. In criss-cross experiments, Teff cells from NOD mice (40) or from type 1
diabetic patients (41) were shown to be resistant to suppression by Tregs. However, transfer
of Tregs can effectively control disease in NOD even after disease onset (4), demonstrating
that a sufficient increase in Tregs can dominantly suppress even resistant Teff cells.
Although our studies cannot rule out that FOXP3*IFN-y* cells could contribute to
pathology, the regulatory properties observed here suggest they may arise in a compensatory
fashion to control chronic Thl inflammation.

The observation of FOXP3*IFN-y* and FOXP3*IL-10* Tregs in peripheral blood, most
likely reflective of an aTreg population, raises broader questions regarding the roles of these
cells in controlling immunity. FOXP3*IFN-y* aTregs likely represent a normal response to
antigenic exposure, as evidenced by the presence of a small fraction of the subset in healthy
controls. Rather than merely increasing Treg numbers, the generation of Thl-like aTregs
might also enable a more finely tuned response to inflammation. Consistent with this notion,
Tregs coexpressing FOXP3 and T-bet accumulated at sites of Th1 inflammation, and T-bet
expression by adoptively transferred Tregs was essential for control of Thl responses in
scurfy mice (10). Furthermore, in patients with recent-onset type 1 diabetes, TGF-p—-induced
Tregs were more potent suppressors than donor-matched nTregs, whereas no difference was
seen in cells from control or longstanding type 1 diabetic patients (42). Similarly,
FOXP3*IFN-y* human Tregs induced in vitro by allogeneic dendritic cells have been shown
to selectively suppress alloreactive T cell proliferation (43). This compensatory mechanism
might itself be subject to regulation, as the ability of naive T cells to be converted to Tregs is
abrogated in Toxoplasma gondii-induced Th1 inflammation (44). The fate of IFN-y* Tregs
in patients with type 1 diabetes and the function of this subset in the context of inflammation
remain important questions and are the focus of ongoing experiments. Moreover, whether
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these cells possess autoreactive TCRs against p-cell Ags remains to be determined. Further
characterization of human FOXP3*IFN-y* Tregs, in particular using Ag-specific humanized
mouse models, will be important to elucidate the stability and physiological role of IFN-y—
producing Tregs in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Isolation of viable in vitro-expanded Tregs capable of producing IFN-y. A, Flow cytometric
analysis of intracellular IFN-y and FOXP3 expression in CD4*CD127'9~CD25* Tregs
purified from three individuals (rows I, Il, and 111) are shown. Cytokine expression was
assessed in an aliquot removed immediately after the initial Treg sort (left panels) and after a
14-d expansion period (right panels). B, After expansion, CD4*CD127'9-CD25* Tregs
were labeled with IFN-y capture reagent. Frequencies of IFN-y* cells before (top plot) and
after cytokine capture and sorting of IFN-y~ (center plot) and IFN-y* (bottom plot) cells.
Data are representative of four experiments. C, Real-time quantitative PCR analysis of IFN-
v expression after cytokine capture and sorting of IFN-y—producing cells. Mean + SD of two
independent experiments with triplicate measurements, indexed to IFN-y~ Teff cells, is
shown.
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FIGURE 2.

The IFN-y* subset expresses FOXP3 protein and has suppressive function. A, Percentage of
expanded, PMA/ionomycin-stimulated cells expressing FOXP3 in bulk expanded (grey bar)
(n = 8), IFN-y~ (white bar), and IFN-y* (black bar) sorted (n = 3) Tregs, assessed by FACS.
Shown are the mean = SD. p = not significant (ANOVA). B, Representative histogram
showing FOXP3 expression in bulk expanded CD4*CD127/%~CD25* Tregs (shaded) and
IFN-y~ (dashed line) and IFN-y* (solid line) sorted Tregs. C, Percentage suppression of
Tresp cell proliferation in response to CD3 and CD28 stimulation in vitro, as determined by
[3H] thymidine incorporation. Bulk Tconv cells (n = 6, gray bars) and sorted IFN-y~ (white
bars) and IFN-y* (black bars) Tregs (n = 7) were assayed for suppressive function. Shown
are mean + SEM. The p values for the percentage suppression by IFN-y* compared with
IFN-y~ Tregs are shown (two-tailed paired t test).
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FIGURE 3.

IFN-y* Tregs lack characteristic markers of nTregs. A, Percentage of expanded
CD4*CD127+CD25~ Tconv cells (squares) and CD4*CD127'9~CD25* Tregs (circles)
demethylated at the FOXP3 TSDR. IFN-y~ and IFN-y* Treg subsets were sorted by
cytokine capture (black) or by fixation and intracellular FOXP3 and IFN-y staining (gray).
***p < 0.001 (ANOVA). B and C, CD4" PBMCs were enriched with RosetteSep and
stimulated 4 h with PMA/ionomycin. B, Representative flow cytometric analysis of
intracellular IFN-y and Helios expression in the CD3* FOXP3* gated population. C,
Percentage of Helios* cells within the IFN-y— and IFN-y* subsets of the CD3*FOXP3*
population. The mean + SD of three independent experiments is shown. ***p = 0.0003 (two-
tailed paired t test).
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Naive Tregs can be skewed to produce IFN-y under Th1-polarizing conditions. A, Naive
CD4*CD127'9~CD25*CD45RA*CD45R0O™ Tregs and

CD4*CD127*CD25 CD45RA*CD45R0O™ Tconv cells were expanded in neutral conditions
(open symbols) or with IL-12 added at initial activation (solid symbols). Percentage of
Tconv cells or FOXP3* Tregs expressing IFN-y* at day 14 was determined by intracellular
staining and flow cytometry after a 4-h PMA/ionomycin stimulation. **p < 0.01, ***p <
0.001 (two-tailed paired t tests). B, Fold expansion of naive Tregs (h = 6) with (solid circles)
or without (open circles) 1L-12 added at initial activation. p = not significant (two-tailed
paired t tests). C, Overlaid histogram showing FOXP3 expression in Treg cultures with
(heavy line) or without (light line) IL-12. p = not significant. FOXP3 expression in Tconv
cell cultures was also comparable with (dotted) or without (dashed line) IL-12.
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FIGURE 5.

Naive nTregs express IFN-y in response to I1L-12 but maintain Helios expression and TSDR
demethylation. A, Immediately after sorting, naive CD4*CD1279-CD25*CD45RA* Tregs
and CD4*CD127*CD25 CD45RA™* Tconv cells were stimulated with PMA/ionomycin for 4
h and assessed for intracellular IFN-y and Helios expression. B, Naive Tregs and Tconv cells
were cultured 14 d in neutral (n = 2) or Th1 conditions (with IL-12; n = 4) as indicated.
Representative flow cytometric analysis of intracellular FOXP3, Helios, and IFN-y in naive
Tregs and naive Tconv cells after 4-h PMA/ionomycin stimulation. C, IFN-y MFI in Helios™
(white and striped bars) and Helios* (black and gray bars) naive Treg subsets gated on
FOXP3*IFN-y* cells after expansion with or without IL-12 as indicated (n = 2). D, Purified
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naive CD4*CD127'9~-CD25*CD45RA*CD45R0O™ Tregs (squares) were cultured 14 d in
neutral conditions or with IL-12 added at initial activation, as indicated, and then assessed
for TSDR demethylation. IFN-y~ and IFN-y* Treg subsets were sorted from neutral and
skewed cultures by cytokine capture (black) or by fixation and intracellular FOXP3 and
IFN-y staining (gray). **p < 0.01, ***p < 0.001 (ANOVA). E, Purified naive
CD4*CD127'9-CD25*CD45RA™ Tregs were expanded 14 d with I1L-12 added at initial
activation. PMA/ionomycin-stimulated, fixed cells were sorted based on intracellular IFN-y,
FOXP3, and Helios expression, and the percentage TSDR demethylation in each subset was
quantified. Mean + SD is shown (n = 2).
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FIGURE 6.

Patients with type 1 diabetes have an increased IFN-y* Treg fraction. A, Percentage of
FOXP3*IFN-y* cells after 14-d in vitro expansion of CD4*CD127/9~CD25* Tregs from
controls (n = 15) or patients with type 1 diabetes (n = 11, including 2 established [gray] and
9 recent-onset [black] cases). Intracellular staining was performed after 4-h PMA/ionomycin
stimulation and assessed by flow cytometry. When repeated longitudinal measures were
taken (gray), the median is shown. **p < 0.01 (Mann-Whitney U test). B, PBMCs from
healthy controls (n = 11) or patients with recent-onset (n = 12) or established (n = 28) type 1
diabetes were assessed by real-time quantitative PCR for methylation at the FOXP3 TSDR
and CD3 loci. Percentage of FOXP3* cells normalized to total CD3" cells is shown. p = not
significant (Mann—Whitney U test). C and D, Unexpanded PBMCs from healthy controls (n
= 10) or patients with type 1 diabetes (n = 11, including 1 recent-onset case [square]) were
stimulated 4 h with PMA/ionomycin. For FACS analysis, viable CD4" lymphocytes were
gated, and FOXP3, Helios, and IFN-y gates were set as shown in Fig. 3B. C, Percentage of
Helios*FOXP3*IFN-y* cells. p = not significant. D, Percentage of Helios " FOXP3*IFN-y*
cells. **p < 0.01 (unpaired t tests).
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