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Abstract

The possibility that effector T cells can be converted into forkhead box P3* regulatory T cells
(Tregs) has potential therapeutic implications. To analyze the relationship between Thl effectors
and Tregs, we have used a model of systemic autoimmunity in which both effector and Tregs arise
from a single population specific for a transgene-encoded systemic protein. In vitro, the presence
of IFN-y inhibits Treg generation during activation. Using IFN-y reporter mice, we demonstrate
that IFN-y—producing cells tend not to develop into Tregs, and Thl priming of T cells prior to cell
transfer limits the number of forkhead box P3* T cells generated in vivo. Moreover, transfer of
IFN-y~/~ or STAT17/~ T cells resulted in an increase in the number of Tregs. These data support a
role for Th1l effector molecules and transcription factors in the control of peripheral Treg
generation and demonstrates the limited plasticity of Th1 populations.

CD25* forkhead box P3 (Foxp3)-expressing regulatory T cells (Tregs) are generated in the
thymus by self-Ag recognition and in peripheral lymphoid organs presumably in response to
both self- and foreign Ags (1-3). Some of the major unresolved issues about peripherally
generated Tregs are the mechanism of their generation, their ability to arise from naive or
activated cell populations, and the signals that drive and control their development in vivo. It
has been shown that CD4* T cell lineages, including Th1 and Th2 cells, become
progressively refractory to conversion after successive cell divisions (4,5). More recent
studies on Th17 cells and Tregs suggest that their stability is not fixed and these populations
appear to be able to convert their phenotype even from a differentiated state (6,7). However,
the conversion of other effector T cells to Tregs has not been examined in detail, particularly
in vivo.

The goals of this study were to examine the ability of differentiated Th 1 effector cells to
convert into Tregs in vivo and to examine the cytokine control of peripheral Treg
generation. We have developed an experimental model in which CD4" T cells specific for
OVA are transferred into lymphopenic mice expressing a transgene that produces OVA as a
systemic protein (SOVARag ") (8). We have previously shown that the Ag-specific T cells
rapidly develop into Th17 and Th1 effector cells, resulting in a systemic inflammatory
disease. In mice that survive the acute disease, effector cells are gradually controlled by
Foxp3* Tregs (9). This well-established system is valuable in that both effector and
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regulatory cells arise from a single population of CD4" T cells in response to cognate Ag. In
addition, this model affords the ability to track and characterize Tregs generated in vivo.

The sequential development of effector and regulatory cells led to the question of whether
cytokine producing effector cells could give rise to Foxp3™* Tregs in vivo. To examine the
relationship of effector cells and Tregs in this model, we tracked the fate of Thl effectors
using OVA-specific T cells expressing a fluorescent IFN-y reporter. In this study, we report
that Treg cells tend not to develop from differentiated Thl effector cells. Instead, we
demonstrate that STATL, the transcription factor downstream of IFN-y, is a powerful
inhibitor of Treg development. These results demonstrate the limited plasticity of Thl
effector T cell populations and the importance of cytokine control in peripheral Treg
generation.

Materials and Methods

Mice

DO011.10 and IFN-y~/~ mice on a BALB/c background were obtained from The Jackson
Laboratory, Bar Harbor, ME. STAT1~/~ mice were purchased from Taconic Farms, Hudson,
NY, and bred in accordance with Taconic’s research cross-breeding agreement. Thet /'~
mice were a gift from Dr. L. Glimcher (Harvard Medical School, Boston, MA). IFN-y-
yellow fluorescent protein (YFP) reporter mice (Yeti) were provided by Dr. R. Locksley,
University of California, San Francisco, San Francisco, CA. Foxp3-GFP mice were provided
by Dr. A Rudensky (Sloan-Kettering Institute, New York, NY). sOVARag ™/~ mice on a
BALB/c background have been described previously (10). Mice were housed in
microisolator cages in the University of California, San Francisco animal facility and used
between 4-8 wk of age.

Cell preparation, purification, and adoptive transfer

CD4" cells were purified using positive selection according to the manufacturer’s protocol
(Dynal, Invitrogen, Carlsbad, CA). A total of 2.5 x 10° to 5 x 10° naive T cells
(CD4*KJ1-26*CD25") were purified by cell sorting and adoptively transferred to recipient
SOVARag ™ recipients or cultured in vitro. Activating conditions were naive DO11.10 cells
cultured with with mitomycin C-treated (Sigma-Aldrich, St. Louis, MO; 1 mg/ml) BALB/c
splenocytes and 1 ug/ml OVA peptide (pOVA3»3_339) for 5 d. For Thl-polarizing
conditions, 1L-12 (2.5 ng/ml) and anti—-IL-4 (11B11; 10 pug/ml) were also added to the
culture.

Restimulation, staining, and flow cytometry

For intracellular cytokine staining, DO11.10 T cells were recovered from peripheral lymph
nodes and restimulated with mitomycin C-treated BALB/c splenocytes for 18 h in the
presence of 1 mg/ml OVA peptide. Brefeldin A (Epicentre Biotechnologies, Madison, WI;
10 mg/ml) was added for the last 2 h of stimulation. For Foxp3 analysis, lymph node cells
were isolated directly ex vivo and stained according to the manufacturer’s protocol
(eBioscience, San Diego, CA). All samples were analyzed by flow cytometry gating on
CD4%KJ1-26" cells.

In vitro proliferation and suppressor assays

For coculture assays, responder cells were sorted from DO11.10 mice
(CD4*CD25~KJ1-26") and stimulated on BALB/c mitomycin-treated APCs with 1 pug/ml
OVA peptide. Lymph nodes were harvested from sOVARag ™~ recipients that had received
naive DO11.10 Foxp3-GFP cells 10 d prior to transfer, and CD4*CD25*KJ1-26*GFP™* cells
or CD4*CD25*KJ1-26"GFP™* from naive DO11.10 Foxp3-GFP mice were sorted and used
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as suppressor cells. A total of 2 x 10° responder cells and 4 x 10° APCs were used per well;
Tregs were added to generate the indicated ratios. A total of 0.125 pCi/well [3H]thymidine
was added during the final 12 h of culture.

Statistical analysis was done using the two-tailed t test (*p < 0.05).

Relationship of IFN-y—producing effector cells and Foxp3* Tregs

To examine the relationship between cytokine-producing effector cells and Tregs, we used
IFN-y—=YFP (Yeti) reporter mice (11) to track the fate of IFN-y—producing cell populations
in conditions known to generate Tregs in vivo. To do this, we generated DO11.10 Yeti mice
and purified naive DO11.10 cells, which were devoid of Tregs (Supplemental Fig. 1), then
transferred these cells into SOVARag ™~ recipients as previously described (8). Lymph
nodes were harvested 10 d later and analyzed for IFN-y and Foxp3 expression by flow
cytometry. At this time point, a large fraction of the transferred cells were expressing YFP
(IFN-y mRNA) and were producing IFN-y protein, whereas a small number of cells were
Foxp3* (Fig. 1A, 1B). Furthermore, these IFN-y— and Foxp3-expressing cells were distinct
populations (Supplemental Fig. 2).

To examine the function of the peripherally generated Foxp3* cells, we generated DO11.10
Foxp3-GFP reporter mice (1). Naive T cells were transferred into SOVARag ™~ recipients.
At 10 d posttransfer, GFP* cells were purified and assayed for suppressive activity. During a
standard coculture assay, the Tregs generated in vivo were as suppressive as “natural” Tregs
purified from Foxp3-GFP DO11.10 mice, indicating that the Foxp3* T cells generated in
vivo are functional Tregs (Fig. 1C).

We then focused on determining whether Th1 effector cells could develop into Tregs. Naive
DO11.10 Yeti cells were primed in vitro under Th1 conditions. After 5 d of culture, cells
were sorted into YFP* (IFN-y*) and YFP~ (IFN-y™) populations and transferred into
SOVARag "~ recipients. At 10 d posttransfer, YFP* donor cells had similar percentages of
Foxp3* cells as seen with naive DO11.10 cells, suggesting that at least some IFN-y—
producing cells are able to convert to Tregs (Fig. 2A, 2B). In contrast, the percentage of
Foxp3™ cells recovered upon transfer of sorted YFP™ donor cells was much greater (Fig. 2A,
2B). Furthermore, there was an increase in the total number of CD4" T cells recovered upon
transfer of YFP™ cells, although not statistically significant, suggesting that IFN-y may
inhibit proliferation and/or promote death of activated T cells (Fig. 2C). These results
indicate that these T cells, which fail to produce IFN-y during Th1 priming, convert into
Tregs more efficiently than their IFN-y—producing counterparts.

These results also suggested that progressive Thl differentiation may inhibit conversion of
effector cells to Foxp3* Tregs. To examine the impact of the extent of Th1 commitment on
the ability of IFN-y—producing cells to convert into Tregs, wild-type (WT) DO11.10 cells
were primed for three cycles of Thl-polarizing conditions in vitro and subsequently
transferred into SOVARag ™~ recipients. In these studies, repeated Th1 priming led to a
near-complete inhibition of Treg generation (Fig. 2D, 2E), suggesting that although IFNy-
producing cells are able to convert to Foxp3* Tregs at low levels, terminally differentiated
Th1 effector cells do not exhibit this flexibility.

Inhibition of Treg development by IFN-y

The ability of YFP™ cells to preferentially generate Tregs in vivo suggested that IFN-y
production from the YFP™ donor cells might inhibit the generation of peripheral Tregs in
vivo. To formally test the influence of IFN-y on peripheral Treg generation, we transferred
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naive or in vitro-activated IFN-y~~ D0O11.10 T cells that were devoid of Tregs prior to
transfer (Supplemental Fig. 3) into SOVARag '~ mice. The percentage of Foxp3* T cells
after 10 d in vivo was significantly greater from IFN-y~/~ than from WT T cells,
independent of the activation status of the transferred cells (Fig. 3A, 3B). Similar to earlier
experiments, we recovered slightly more total T cells from recipient mice that received IFN-
y~~ donor cells, although the differences were not statistically significant (Fig. 3C). To
confirm the impact of IFN-y on the generation of Tregs, we cultured WT or IFN- y 7/~
DO11.10 T cells under activating conditions in vitro and assayed for the presence of Foxp3*
cells. IFN-y~/~ DO11.10 cells generated a higher percentage of Foxp3* T cells over time
than WT DO11.10 cells (Fig. 3D). The influence of IFN-y was further confirmed by the
addition of exogenous IFN-y, which markedly decreased the frequency of Foxp3* T cells
generated in vitro (Fig. 3D). These results support the conclusion that the Th1 response, and
specifically IFN-y, is a natural inhibitor of peripheral Treg generation.

Mechanisms of suppression of peripheral Tregs

The experiments described above show that IFN-y can inhibit the generation of Foxp3*
cells. STAT1 and Thet, two transcription factors known to promote Th1 differentiation, are
both downstream of the IFN-y receptor (12,13). To examine their role in the control of
peripheral Treg generation, we transferred Thet ™~ or STAT1~/~ D0O11.10 cells primed
under Thi conditions to SOVARag ™~ recipients. In the absence of Thet, the frequency of
Foxp3* cells recovered was the same as with WT T cells. However, in the absence of
STAT1, there was a significant increase in Foxp3* T cell (Treg) recovery (Fig. 4A, 4B) with
no increase and actually a modest decrease in total T cell recovery (Fig. 4C). These data
indicate that the inhibitory effect of IFN-y on Treg generation is a Thet-independent and
STAT1-dependent phenomenon.

Discussion

The studies described here used a single-Ag model for the generation of effector cells and
Tregs in vivo to explore the relationships between these cell populations. Our results
indicate that differentiated Th1 effectors do not efficiently develop into Foxp3* Tregs in
vivo (Fig. 2). This contrasts with the ability of Th17 cells to readily develop into Tregs, at
least in vitro, suggesting that Th17 cells are more plastic than differentiated Th1 or Th2
effectors (6,14). Recent data have also shown that Foxp3* Tregs can convert into Thl (15)
and Th17 (6,7) effector cells in vivo. Taken together, the conclusion of these studies is that
populations of differentiated T cells vary considerably in their plasticity and
interconvertibility.

The failure of differentiated Th1 cells to convert into Tregs is likely because IFN-y inhibits
the peripheral generation of Tregs. This conclusion is supported by data showing enhanced
Treg generation from IFN-y~/~ T cells in vitro and in vivo and the ability of exogenous IFN-
vy to decrease Treg recovery in vitro (Figs. 2, 3). Much of the previous work on the effects of
IFN-y on Treg development have relied on in vitro systems and have given contradictory
results. Some groups have shown that IFN-y can inhibit Treg generation or function (16,17),
but other studies show that IFN-y can actually enhance generation and function (18,19). Our
studies are the first to show that IFN-y made by one T cell population can inhibit the
generation of Tregs from the same population in response to prolonged Ag encounter in
vivo. It has been suggested that the suppressive effect of IFN-y is related to cell death
induced by reactive oxygen species (16), our studies show that IFN-y has only a modest
effect on total cell recoveries. It has been previously demonstrated that IFN-y produced by
Th1 effectors serves to eliminate terminally differentiated Thl cells in vivo (20,21). It is
unclear if the inhibition of Treg generation is related to the ability of IFN-y to promote death
of some effector cells or inhibit their proliferation.
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Our studies to assess the mechanism by which IFN-y inhibits Treg development have shown
that STAT1 but not Thet is involved in this inhibition (Fig. 4). Published data suggest that
STAT1-deficient mice have impaired Treg function, but the influence on the generation of
Treg populations from either naive cells or effector cells was not addressed (22). It is
possible that STAT1 competes with STATS5, which is necessary for Treg maintenance, or
STAT1 may function indirectly by activating a pathway that inhibits Treg development. It is
also a possibility that the effect of IFN-y and STAT1 acts directly on Foxp3 expression or on
other aspects of Treg development and maintenance.

The inability of Th1 cells to develop into Tregs and the inhibitory effect of IFN-y on Treg
generation suggests that once a Th1-dominant inflammatory reaction is initiated, it will
likely not be controlled by peripherally generated Tregs. This implies that the transition
from inflammatory disease to Treg-mediated recovery that we see after transfer of DO11.10
cells into SOVARag ™~ recipients may not be a direct conversion of effector cells to Tregs. It
is more likely that recovery is related to the death of differentiated Th1 cells (20) followed
by the generation of Tregs from uncommitted cells. It remains to be established if the same
events are associated with recovery in other inflammatory reactions and in nonlymphopenic
situations. Answers to these questions may reveal novel approaches for limiting the life span
and activity of pathogenic effector cells and promoting the development of protective
regulatory cells.

Supplementary Material

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

Relationship of IFN-y—producing effector cells and Foxp3* Tregs. A, Naive CD4* T cells
from DO11.10 Yeti mice were sorted and adoptively transferred into SOVARag ™~
recipients. Lymph nodes were harvested 10 d post transfer. Representative FACS plots of
IFN-y and Foxp3 gated on DO11.10 cells. B, Cumulative data from four experiments for the
percentage of IFN-y* or Foxp3* cells; note the difference in scales. C, Naive T cells from
DO011.10 Foxp3-GFP reporter mice were sorted and adoptively transferred into
SOVARag ™" recipients. GFP* Tregs cells were sorted 10 d post transfer (d10 Tregs) and
compared with GFP* Tregs from DO11.10 Foxp3-GFP reporter mice (natural). These cells
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were cultured with CD4*CD25~ (responder) cells from DO11.10/Rag~/~ mice and
mitomycin-treated APCs for 72 h. Data are representative of two comparable experiments.
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FIGURE 2.

Reduced Treg development from IFN-y—producing cells. Naive CD4* T cells from DO11.10
Yeti mice were sorted and cultured under Thl conditions. After 5 d, cells were sorted into
YFP~ and YFP* populations and transferred into SOVARag ™~ recipients; for comparison,
freshly sorted naive cells were also transferred. Lymph nodes were harvested 10 d post
transfer. A, Representative FACS plots show Foxp3 expression gated on DO11.10 cells. B,
The percentage of Foxp3* T cells for three experiments (note the difference in scales). C,
The number of Foxp3™ T cells for three experiments. D, Naive CD4* T cells from WT
DO011.10 mice were sorted and cultured under Th1 conditions for three rounds of
stimulation (3R Th1) and transferred into SOVARag ™~ recipients. Lymph nodes were
harvested 10 d post transfer. Representative FACS plots are shown gated on DO11.10 cells.
E, The number of Foxp3* T cells for three experiments.
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IFN-y inhibits development of Foxp3™* cells. A, Naive T cells from WT and IFN-y =/~
DO011.10 mice were cultured in activating conditions for 5 d and then transferred to
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SOVARag ™" recipients; for comparison, freshly sorted naive cells were also transferred.
Lymph nodes were harvested 10 d post transfer. A, Representative plots of Foxp3* T cells
gated on DO11.10 cells. B, The percentage of Foxp3™ T cells for three experiments. C, The
number of Foxp3* T cells for three experiments. D, Naive CD4" T cells from WT and IFN-
y~/~ DO11.10 mice were cultured in activating conditions + exogenous IFN-y for Foxp3

expression on days 2, 4, and 6. Data are representative of two experiments.
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FIGURE 4.

STAT1 but not Thet inhibits peripheral Treg generation. Naive CD4* T cells from WT,
Thbet™~, or STAT17/~ D0O11.10 mice were sorted, cultured under Th1 conditions, and
transferred to SOVARag ™~ recipients. Lymph nodes were harvested 10 d post transfer. A,
Representative plots of Foxp3 stains gated on DO11.10. B, The percentage of Foxp3™ T cells
for three experiments. C, The number of Foxp3™ T cells from three experiments.
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