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Abstract
Human autoimmune diseases are characterized by systemic T cell dysfunction, resulting in
chronically activated Th1 and Th17 cells that are inadequately suppressed by regulatory T cells
(Tregs). IL-6, which is overexpressed in tissue and serum of patients with autoimmune diseases,
inhibits human Treg function. We sought to determine the mechanism for the antitolerogenic
properties of IL-6 by examining the signaling pathways downstream of IL-6R in primary human T
cells. Inhibition of Stat3 signaling in MLCs containing IL-6 restores Treg-mediated suppression,
demonstrating that IL-6–mediated loss of Treg suppression requires phosphorylation of Stat3.
Cultures in which either effector T cells (Teffs) or Tregs were pretreated with Stat3 inhibitors
indicate that phosphorylated (p)Stat3 is required in both T cell populations for IL-6–mediated
reversal of Treg function. IL-21, which signals preferentially through pStat3, also reverses Treg
suppression, in contrast to IL-27 and IFN-γ, which signal preferentially through Stat1 and do not
inhibit Treg function. Interestingly, both Teffs and Tregs respond to IL-6 stimulation through
strong Stat3 phosphorylation with minimal MAPK/Erk activation and moderate Stat1
phosphorylation. Finally, Teffs stimulated strongly through the TCR are also resistant to
suppression by Tregs and show concurrent Stat3 phosphorylation. In these cultures, inhibition of
pStat3 restores functional suppression by Tregs. Taken together, our findings suggest that an early
dominance of Stat3 signaling, prior to subsequent T cell activation, is required for the loss of
functional Treg suppression and that kinase-specific inhibitors may hold therapeutic promise in
the treatment of autoimmune and chronic inflammatory diseases.

Human autoimmune and chronic inflammatory diseases are characterized by dysregulated T
cell responses in which the activity of memory/effector T cells (Tmem/Teff) is inadequately
controlled by naturally occurring, CD4+Foxp3+ CD25high regulatory T cells (Tregs) (1, 2).
This loss of tolerance derives from functional defects in both Tmem/Teff and Treg
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populations; Tmem/Teffs are hyperproliferative and differentiate to pathogenic Th1 and
Th17 cells (3, 4), whereas Tregs are deficient in suppressing not only autoimmune Teffs but
also normal (healthy) Teffs (5). Lymphocytes residing in inflamed, autoimmune tissues are
exposed to a barrage of proinflammatory stimuli not ordinarily encountered in a healthy
tissue microenvironment (6). One such proinflammatory signal is the cytokine IL-6, which
is highly expressed in psoriatic lesions (7) as well as other autoimmune target tissues
(reviewed in Ref. 8). We recently reported that signaling by IL-6 can reverse the function of
human Tregs (7), as previously shown in the mouse (9). IL-6 signaling therefore represents a
significant mechanism by which tolerance is broken in the context of autoimmune and
inflammatory disease.

IL-6 signals through a heterodimeric receptor complex consisting of two molecules each of
gp130 and either the membrane-bound IL-6Rα (classical signaling (10)) or the soluble
receptor (s) IL-6Rα (trans-signaling (11)). IL-6 trans-signaling induces distinct
antiproliferative effects relative to classical IL-6 signaling (12). Stimulation of the IL-6R
leads to activation of several transcription factors, most notably Stat3 (13). Cytokines
activating Stat3, including IL-6, IL-21, IL-23, and IL-27, are overexpressed in autoimmune
target tissue (3, 7, 14, 15), as is phosphorylated (p) Stat3 itself (16). Activation of Stat3 is
critical for the differentiation of pathogenic Th17 cells via expression of RORγt and IL-23R,
both of which stabilize the Th17 lineage (17). Persistent Stat3 phosphorylation and the
induction of Th17 responses are associated with the development of autoimmune diseases
(reviewed in Ref. 18). Accordingly, autoimmunity fails to develop in the absence of Stat3
(17). Although Stat3 activation contributes to the development of pathogenic Th17 cells,
expression of pStat3 within mature, CD4+Foxp3+ Tregs is protective against the
development of fatal colitis in mice through the physical association of pStat3 with Foxp3
(19), underscoring the complexity of transcription factor regulation of an immune response.

In addition to Stat3 activation, Stat1 (13) and the MAPK proteins Erk1/2, p38, and JNK
(20–22) can also be phosphorylated upon IL-6R ligation. Contextual stimuli from the local
tissue microenvironment likely dictate the relative activation of these pathways, although the
mode of IL-6 signaling (binding its cognate receptor versus trans-signaling) is also critical
for determining the outcome of a functional immune response (23). Importantly, coordinated
signaling by multiple pathways downstream of gp130 is required for transcriptional control
of target genes. For example, recent work has shown that activation of p38 controls Stat3-
dependent expression of suppressor of cytokine signaling 3 (20). Cross-talk among
pathways not directly downstream of gp130 also control IL-6–mediated gene expression, as
activation of NF-κB prevents IL-6–mediated expression of α2-macroglobulin (24).

Because IL-6 reverses the suppressive function of human Tregs (7) and thereby contributes
to the loss of tolerance in human chronic inflammatory disease, the current study sought to
determine the molecular mechanism by which IL-6 exerts its anti-suppressive effects. Our
results indicate that phosphorylation of Stat3 contributes to the loss of Treg-mediated
functional suppression. Importantly, the relative levels of pStat3 and pStat1 contribute to
determining whether Treg suppression remains intact; strong Stat3 phosphorylation relative
to pStat1 and pErk results in the release of T cell proliferation from suppression, whereas
pStat3 in the presence of strongly pStat1 results in sustained Treg suppression. In situations
where Treg suppression is ineffective, the inhibition of Stat3 phosphorylation restores
functional suppression, regardless of the presence of high concentrations of IL-6. We
observed that inhibition of Stat3 phosphorylation in either the effector or Treg population
could restore Treg suppression, whereas APCs do not respond by pStat3, despite
representing a major source of IL-6 protein in vitro and in vivo. Strong activation of Stat3,
such as by IL-6 in inflamed tissue, results in a release from Treg suppression, whereas
functional suppression is restored upon concurrent activation of Stat1. Contextual signaling
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in tissue microenvironments that modify the relative activation of Stat3 and Stat1 therefore
alters the effectiveness of Treg mechanisms of restraining inflammation.

Materials and Methods
Isolation of purified CD4+CD25– Teffs and CD4+CD25high Tregs

All studies involving human subjects were approved by the Institutional Review Board of
University Hospitals Case Medical Center (Cleveland, OH). Peripheral blood samples were
obtained from healthy adult volunteers following informed consent. PBMCs were prepared
as previously described (5), and CD4+ lymphocytes were isolated by negative selection
(Miltenyi Biotec, Auburn, CA). Cells were cultured overnight in complete RPMI 1640
medium containing 10% FBS (Cambrex, East Rutherford, NJ), L-glutamine, penicillin, and
streptomycin (all from Cellgro, Manassas, VA). After overnight rest, CD4+ lymphocytes
were stained with anti–CD4-APC (Invitrogen, Carlsbad, CA) and anti–CD25-PE (BD
Biosciences, San Jose, CA). Cells were sorted by high-speed flow cytometry using a
FACSAria (BD Biosciences). CD4+CD25– T cells were gated using an isotype control Ab,
and CD4+CD25high Tregs were defined as the top 1.5% of CD25-expressing cells within the
CD4low gate (25). Cell viability was determined by trypan blue exclusion.

Immunoblots
Cells were serum starved for 30 min and then stimulated with recombinant human (rh)IL-6
(10 ng/ml) and sIL-6Rα (25 ng/ml), rhIL-27 (10 ng/ml), rhIL-21 (10 ng/ml), or rhIFN-γ (10
ng/ml) (all from R&D Systems, Minneapolis, MN). Protein lysates were prepared using 2×
Laemmli buffer and were immunoblotted as previously described (26) using polyclonal Abs
specific for pY705-Stat3, total Stat3, pT202/p-Y204-MAPK/Erk, total MAPK/Erk, pY701–
Stat1, total Stat1, or β-actin (all from Cell Signaling Technology, Danvers, MA), followed
by goat anti-rabbit HRP (Santa Cruz Biotechnology, Santa Cruz, CA). Chemiluminescent
signals were developed using SuperSignal West Substrate (Thermo Fisher Scientific,
Rockford, IL) and detected on Kodak BioMax MR film (Kodak, Rochester, NY).
Densitometry was performed using a VersaDoc imaging system and QuantityOne software
(both Bio-Rad, Hercules, CA). Mean adjusted volume was compared in all cases.

T cell proliferation assays
Purified populations of effector (CD4+CD25–) and regulatory (CD4+CD25high) T cells were
cocultured in 96-well, round-bottom plates in complete RPMI 1640 medium. T cells (2 ×
104) were added to each well, with or without equal numbers of CD25high Tregs. In cultures
stimulated with allogeneic APCs, 1 × 105 APCs were added to each well. APCs were
prepared from total PBMCs by 1-h plastic adherence (to deplete T cells), and the adherent
fraction was irradiated with 3000 rad (30 Gy) immediately prior to use in the coculture.
Cocultures stimulated with anti-CD3/anti-CD28 Abs were cultured on flat-bottom, anti–
CD3-precoated plates (BD “Biocoat”; BD Biosciences). Soluble anti-CD28 (BD
Biosciences) was added to these cultures at 1 μg/ml. Where indicated, rhIL-6 (50-100 ng/
ml), rhIL-27 (50 ng/ml), rhIL-21 (50 ng/ml), or rhIFN-γ (50 ng/ml) (all from R&D Systems)
were added to the cocultures on day 0. Cultures containing rhIL-6 also contained 25 ng/ml
sIL-6Rα (R&D Systems). All cocultures were pulsed with 1 μCi/well tritiated thymidine
[3H] for the final 16 h of a 7-d culture and harvested using a FilterMate Univeral 96-well
cell harvester (PerkinElmer, Waltham, MA). Proliferation was determined using a TopCount
scintillation counter (PerkinElmer).
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Pharmacological inhibitors of Stat3 and Stat1
Where indicated, small-molecule phosphorylation inhibitors of Stat3 or Stat1 were added to
T cell cultures on day 0. Stat3 inhibitor V (“Stattic V”; Santa Cruz Biotechnology) was used
between 1 and 50 ng/ml, as indicated; Stat3 inhibitor peptide, the inactive peptide control,
and Stat inhibitor VII (all from Calbiochem/EMD Biosciences, San Diego, CA) were used at
50 ng/ml. The Stat1 inhibitor, epigallocatechin-3-gallate (EGCG) (Sigma-Aldrich, St. Louis,
MO), was used at 10 ng/ml (27, 28). In experiments involving pretreatment, inhibitors were
incubated for 16 h with T cells and then washed out of the T cell cultures.

ELISAs
CD4+CD25– T cells and CD4+CD25high Tregs were cultured alone or at a 1:1 ratio, as
described above, and stimulated with either allogeneic APCs or with anti-CD3/anti-CD28
Abs. Supernatants were removed from cultures at 12-, 24-, or 48-h time points and assayed
for IL-6, IL-2, and IFN-γ content by ELISA (Quantikine kit; R&D Systems), according to
the manufacturer's instructions. Where indicated, neutralizing Abs to IL-6Rα and gp130
(both at 1 μg/ml; R&D Systems) were added to cultures on day 0.

Statistical analysis
Statistical analysis was performed using a two-tailed Student paired t test, for which values
of p ≤ 0.05 were considered significant. For experiments involving multiple comparisons,
Student t tests were corrected using the Bonferroni method.

Results
Stat3 signaling is necessary for IL-6–mediated reversal of Treg function

Human T cells have been reported to respond to IL-6 stimulation through a variety of
intracellular signaling pathways (reviewed in Ref. 10). As we previously reported, addition
of rhIL-6 and sIL-6Rα (to model a strong inflammatory tissue milieu) to T cell cocultures
reverses the ability of CD4+CD25high Tregs to suppress the proliferation of Teffs (7).
Purified CD4+CD25– T cells and CD4+CD25high Tregs were isolated from peripheral blood
and cultured together with irradiated APCs and 10 ng/ml rhIL-6 and 25 ng/ml sIL-6Rα
(which is a critical component of IL-6 trans-signaling and is constitutively present in human
serum (29)), in the presence or absence of Stat3 inhibitors. As previously reported (7),
rhIL-6/sIL-6Rα resulted in a significant loss of Treg suppression (Fig. 1A). Addition of the
small-molecule inhibitor of Stat3 phosphorylation Stattic V restored Treg-mediated
suppression in the presence of IL-6 in a concentration-dependent manner (Fig. 1A). The
biological effects of Stattic V were not due to inhibition of the baseline proliferation of Teffs
or Tregs (Fig. 1B). To confirm specificity of Stattic V for Stat3 signaling, CD4+CD25– T
cells were purified and stimulated with rhIL-6/sIL-6Rα, in the presence or absence of Stattic
V. Addition of Stattic V at 50 ng/ml reduced phosphorylation of Stat3 and did not affect
phosphorylation of Stat1 (Supplemental Fig. 1).

To confirm that Stat3 phosphorylation is indeed a critical signaling event required for IL-6–
mediated reversal of Treg suppression, we sought alternate approaches to inhibit pStat3.
Although the use of small interfering RNA silencing of pStat3 was a desirable approach to
study the role of pStat3 in this system, the exceedingly low transfection efficiency of
primary human T cells prevented the use of this technology. Instead, alternate
pharmacological and peptide inhibitors were used in allogeneic MLR cocultures containing
IL-6. Coculture of CD4+CD25– T cells, CD4+CD25high Tregs, APCs, and rhIL-6/sIL-6Rα
with a peptide targeting Stat3 restored functional Treg-mediated suppression, whereas
coculture with a control (scrambled) peptide did not (Fig. 1C). Stat inhibitor VII, another
pharmacologic inhibitor of Stat3, which acts through a similar molecular mechanism to
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Stattic V, also restored suppression in the presence of IL-6 (Fig. 1C). Neither inhibitor nor
the scrambled peptide control resulted in any change to CD4+CD25– T cell or
CD4+CD25high Treg proliferation (Supplemental Fig. 2).

Relative phosphorylation levels of Stat3 and Stat1 in Teffs control suppressive potential of
Tregs in allogeneic MLR coculture

The dependence of Treg functional effectiveness in the presence of IL-6 or pStat3 inhibition
raised the question of whether other cytokines that induce Stat3 phosphorylation also reverse
functional suppression by Tregs. To characterize Stat3 signaling in response to cytokines
other than IL-6, CD4+CD25– T cells were purified from peripheral blood and stimulated
with 10 ng/ml rhIL-6, rhIL-27, or rhIL-21, cytokines for which specific receptor chains are
expressed on primary human T cells (30–32). IL-6–, IL-27–, and IL-21–treated T cells each
were characterized by strong and sustained Stat3 phosphorylation and minimal MAPK/Erk
phosphorylation (Fig. 2A). However, IL-27 differed from IL-6 and IL-21 in that IL-27–
treated T cells demonstrated a more robust induction of pStat1 relative to cells treated with
either IL-6 or IL-21 (Fig. 2A).

Each of the three pStat3-activating cytokines was then added to CD4+CD25– T cells and
CD4+CD25high Treg in allogeneic MLR cocultures. Addition of IL-6 and IL-21 to
allogeneic MLR cocultures mediated a significant loss of Treg-suppressive function (p ≤
0.02; n = 3), whereas IL-27 treatment allowed full Treg functional suppression despite
inducing similar levels of pStat3 to those observed in IL-6– and IL-21–treated cells (Fig.
2B). Baseline proliferation of CD4+CD25– T cells was reduced upon culture with IL-6 and
IL-27 (Fig. 2C), as has been previously reported (12, 33), but not sufficiently to explain the
full suppression in the presence of Tregs (Fig. 2B). IL-21 had no effect on T cell
proliferation (Fig. 2C).

Because stimulation of T cells with IL-27 did not reverse Treg suppression despite robust
phosphorylation of Stat3 (Fig. 2B) and IL-27 signaling resulted in elevated phosphorylation
of Stat1 compared with signaling by IL-6 or IL-21 (Fig. 2A), we hypothesized that Stat1
phosphorylation may protect Treg suppression, even in the presence of pStat3. EGCG, an
inhibitor of Stat1 phosphorylation (27, 28), was added to T cell cocultures on day 0 at 10 ng/
ml. As expected, addition of EGCG did not restore Treg-mediated suppression in the
presence of IL-6 (data not shown) but did, however, lead to a loss of suppression in
cocultures treated with IL-27 (Fig. 2D).

To more thoroughly address the question of whether Stat1 phosphorylation is protective of
Treg function, we examined the effect of IFN-γ, a cytokine that phosphorylates Stat1 but not
Stat3, in T cell functional assays. First, purified populations of CD4+ CD25– T cells from
healthy donors were stimulated with 10 ng/ ml IL-6, IL-27, IFN-γ, or combinations of these
cytokines (Fig. 3A). As has been previously described (34), IFN-γ stimulation of Teffs
resulted in strong phosphorylation of Stat1 in the absence of Stat3 phosphorylation.
Simultaneous stimulation with both IL-6 and IFN-γ, or with both IL-6 and IL-27, resulted in
an increase in pStat1 relative to stimulation with IL-6 alone, as well as diminished
phosphorylation of Stat3 compared with the pStat3 level upon IL-6 stimulation alone (Fig.
3A).

Next, the functional consequences of increasing the relative level of pStat1 to pStat3 were
tested. CD4+CD25– T cells, CD4+CD25high Tregs, and allogeneic APCs were cocultured in
MLRs together with rhIFN-γ. Treg suppression remained fully intact upon addition of IFN-
γ, compared with cultures containing rhIL-6/sIL-6Rα (p ≤ 0.05) (Fig. 3B). Interestingly,
addition of either IFN-γ or IL-27 together with IL-6 to T cell cocultures blocked the effect of
IL-6 alone and resulted in sustained Treg functional suppression (p ≤ 0.05) (Fig. 3B). Teffs
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proliferated robustly in the presence of all cytokine combinations (Fig. 3C), although
cultures containing IL-27 exhibited slightly lower proliferation rates, similar to results
shown previously (Fig. 2C).

Using a densitometric approach, we quantified the intensity of Stat3 and Stat1
phosphorylation in CD4+CD25– T cells stimulated with IL-6, IL-21, IL-27, IFN-γ, or
combinations of these cytokines. A ratio of normalized Stat3 (pStat3/total Stat3) to
normalized Stat1 (pStat1/total Stat1) was calculated for cells treated with each cytokine
combination (Fig. 3D). Cells treated with IL-6 or IL-21 alone showed an induction of pStat3
relative to pStat1, and interestingly, these were the only cytokine conditions that mediated a
loss of Treg suppression in functional assays. Taken together, these data suggest that despite
the dependence of IL-6 on Stat3 phosphorylation to reverse Treg suppression, concomitant
strong induction of pStat1 overcomes the antisuppressive effects of IL-6 or IL-21 and
restores functional Treg suppression.

Stat3 and Stat1 are differentially phosphorylated in human CD4+CD25– Teffs and
CD4+CD25high Tregs following IL-6R stimulation

Because both Teffs and Tregs are present in the functional suppression assays that were
exposed to immunomodulatory cytokines and pStat3 inhibitors and may differentially
respond to IL-6 signaling, we characterized phosphorylation of Stat3, Stat1, and MAPK/Erk
in purified Teffs (CD4+CD25–) and Tregs (CD4+ CD25high). Flow cytometry-sorted cell
populations were stimulated with 10 ng/ml rhIL-6 protein and 25 ng/ml of the sIL-6Rα.
Protein lysates were electrophoretically separated, transferred to nitrocellulose, and analyzed
for phosphorylation of Stat3, Stat1, and Erk/MAPK by an immunoblot. MAPK/Erk
signaling was minimally activated by IL-6 signaling in CD4+CD25– T cells and
CD4+CD25high Tregs. CD4+CD25high Tregs (Fig. 4B), similar to CD4+CD25– T cells (Fig.
4A), showed rapid induction of Stat3 phosphorylation, which was sustained over several
hours. Phosphorylation of Stat1 was also evident, reaching maximum levels at 30 min
poststimulation and quickly diminishing in CD25– T cells while remaining elevated for
several hours in CD25high Tregs. Both Stat1 and Stat3 are phosphorylated in response to
very low concentrations of IL-6 (2.5 ng/ml) following a 30-min stimulation of CD4+CD25–

T cells (Supplemental Fig. 3). Similar phosphorylation was observed for CD4+CD25high

Tregs (data now shown). Despite Stat3 phosphorylation in response to low concentrations of
IL-6, higher levels of IL-6 (50–100 ng/ml) are required for the reversal of Treg suppression.

T cells stimulated strongly through the TCR are resistant to Treg-mediated suppression
and express high levels of pStat3

It has previously been suggested that strong stimulation through the TCR is sufficient to
break immune tolerance by Tregs (35). To determine whether this is a pStat3-dependent
response, CD4+CD25– T cells and CD4+CD25high Tregs were isolated from peripheral
blood and stimulated in coculture with either allogeneic APCs or anti-CD3/anti-CD28
mAbs. T cells stimulated with anti-CD3/anti-CD28 exhibited higher proliferation than those
stimulated with allogeneic APCs (Fig. 5A) and were resistant to suppression by Tregs at a
1:1 ratio (Fig. 5A). The proliferation of CD4+CD25– T cells was directly proportional to the
concentration of anti-CD3 Ab used (compare proliferation in Fig. 5A, using 1 μg/ml anti-
CD3, with that of Fig. 5B, using 0.5 μg/ml anti-CD3). Tregs were unable to suppress
proliferation of Teffs stimulated with either 1 or 0.5 μg/ml anti-CD3 (Fig. 5A, 5B) and did
not themselves proliferate in response to any concentration of anti-CD3 tested (data not
shown). However, the use of lower concentrations of anti-CD3 (0.125 and 0.021 mg/ml)
allowed Treg suppression of albeit lower levels of CD4+CD25– T cell proliferation.
Interestingly, phosphorylation of Stat1 and Stat3 among CD4+CD25– T cells and
CD4+CD25high Tregs could not be titrated with varying concentrations of anti-CD3 mAb.
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When stimulated alone or in coculture, T cells phosphorylated both transcription factors in
nearly an “on/off” manner where phosphorylation occurred only in response to the highest
concentration of anti-CD3 tested (0.5 μg/ml) (Fig. 5C).

We next asked whether pStat3 is significantly induced in T cells stimulated with anti-CD3/
anti-CD28 mAbs, compared with those stimulated more weakly through the TCR with
allogeneic APCs. T cells were stimulated with either Abs or APCs, then back-sorted from
APC cocultures after 48 h. T cell lysates were separated by electrophoresis, transferred to
nitrocellulose membranes, and probed for phosphorylated and total Stat3. Phosphorylation
of Stat3 increased in T cells stimulated with anti-CD3/anti-CD28 mAbs over 48 h, reaching
levels in CD4+CD25– T cells far greater than in cells stimulated through allogeneic APC
interaction or cells stimulated in the presence of rhIL-6 (Fig. 5D). Arrows compare robust
48-h phosphorylation of Stat3 in T cells stimulated with anti-CD3/anti-CD28 mAbs to weak
pStat3 in T cells stimulated by allogeneic APCs (Fig. 5D). Similarly, CD4+CD25high Tregs
show high levels of pStat3 upon stimulation with anti-CD3/anti-CD28 mAbs but not with
allogeneic APC stimulation (Fig. 5D). Phosphorylation of Stat1 in T cells stimulated with
anti-CD3/anti-CD28 mAbs was also more robust than in T cells stimulated by allogeneic
APCs, although pStat1 levels in anti–CD3/anti–CD28-treated cells were less than pStat3
levels in the same cells (data not shown).

To ask whether the Stat3 phosphorylation observed in primary T cells was in response to
TCR stimulation, rather than a secondary response to secreted factors, we stimulated
CD4+CD25– T cells and CD4+CD25high Tregs with anti-CD3/anti-CD28 mAbs over a short
time course. CD25– T cells and CD25high Treg phosphorylated Stat3 nearly immediately and
Stat1 within 120 min (Fig. 5E), demonstrating an activation response to TCR engagement.

We next determined whether inhibition of robust pStat3 induction in anti–CD3/anti–CD28-
stimulated cultures would restore responsiveness to functional Treg immunosuppression.
CD4+CD25– T cells and CD4+CD25high Tregs were isolated from peripheral blood and
stimulated with αCD3/αCD28 mAbs, in the presence or absence of Stattic V. Confirming the
criticality of Stat3 phosphorylation for escape from Treg suppression, addition of Stattic V
to anti–CD3/anti–CD28-activated T cell cocultures led to a concentration-dependent
restoration of functional Treg suppression, without affecting the proliferation of CD4+CD25-

T cells (Fig. 5F).

Allogenic culture of T cells produces high levels of IL-6, whereas stimulation of T cells
with anti-CD3/anti-CD28 Abs does not

Because levels of pStat3 were high in CD4+CD25– T cells stimulated with anti-CD3/anti-
CD28 Abs (Fig. 5D), we hypothesized that stimulated cells may release significant levels of
IL-6, which may in turn be responsible for the high levels of pStat3. To address this, purified
CD4+CD25– T cells or CD4+CD25high Tregs were cultured with either allogeneic APCs or
with anti-CD3/anti-CD28 Abs, and IL-6 production was determined in culture supernatants
at 48 h. Interestingly, cells cultured with allogeneic APCs produced significantly more IL-6
protein than those stimulated with anti-CD3/anti-CD28 (p ≤ 0.05; n = 3) (Fig. 6A). In
contrast, cells stimulated with anti-CD3/anti-CD28 produced higher levels of IL-2 and IFN-
γ than those stimulated with allogeneic APC (Fig. 6A).

We wanted to determine the cellular source of IL-6 in allogeneic APC/T cell cocultures.
Supernatants were collected from CD4+CD25– T cells, CD4+CD25high Tregs, and APCs
cultured either separately or together for 48 h. All cultures contained anti–IL-6Rα and anti–
gp130-neutralizing Abs (each at 1 μg/ml) to prevent possible reuptake of IL-6 during the 48-
h culture. IL-6 protein, measured by ELISA, was secreted at ≥250 pg/ml in all cultures
containing APCs, including cultures of APCs alone (Fig. 6B), despite APC irradiation at 30
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Gy. This high level of IL-6 was detectable as early as 12 h after culture initiation (the
earliest time point tested). In agreement with data presented in Fig. 6A, T cells cultured in
the absence of allogeneic APCs did not produce significant levels of IL-6 (Fig. 6B). Thus, it
appears that APCs act as the major source of IL-6 released upon APC/Teff/Treg coculture.

APCs do not express high levels of IL-6R nor respond functionally to IL-6 stimulation
To determine whether APCs respond to the IL-6 they produce, APCs were prepared from
healthy peripheral blood, irradiated (or not), and stained with Abs specific for IL-6Rα and
gp130. Flow cytometric analysis demonstrated that regardless of irradiation status, APCs
express only low levels of IL-6Rα (0.2 ± 0.1 and 0.7 ± 0.3% of irradiated and nonirradiated
cells, respectively; n = 3) and similarly low levels of gp130 (8.7 ± 1.8 and 12.3 ± 1.4%,
respectively; n = 3) (Supplemental Table I). Interestingly, the level of pStat3 induction
within the cocultures did not vary in the presence or absence of IL-6, suggesting the
possibility of an alternative, endogenous activator of pStat3 during T cell activation.

Despite their low expression levels of IL-6R chains, the possibility still exists that APCs
could respond to IL-6 in the context of T cell coculture through phosphorylation of Stat3. To
address this possibility, CD4+CD25– T cells, CD4+CD25high Tregs, and allogeneic APCs
were cocultured with or without addition of rhIL-6/ sIL-6Rα, and purified cell populations
were back-sorted at the end of 48 h. Protein lysates were prepared and analyzed for total and
pStat3 by an immunoblot. pStat3 was detected in both T cell populations but not in APCs
(Fig. 6C). Freshly prepared APCs also failed to demonstrate pStat3 following stimulation
with 10 ng/ml rhIL-6 (data not shown).

Phosphorylation of Stat3 must occur in both CD4+CD25– and CD4+CD25high T cells in
order for IL-6 to mediate reversal of Treg function

Whether IL-6 is mediating its effects through CD4+CD25– T cells, CD4+CD25high Tregs, or
APCs was next addressed. Because APCs express very low levels of IL-6Rα and gp130
(Supplemental Table I) and do not phosphorylate Stat3 in response to direct cytokine
stimulation or in the context of T cell coculture (Fig. 6C), we hypothesized that one or both
T cell subsets were responsible for the IL-6–mediated loss of suppression observed in these
conditions. T cell populations were purified from peripheral blood, pretreated separately
with or without Stattic V (50 ng/ml) for 16 h, and then washed. Pretreated cells were
cocultured with allogeneic APCs in “criss-cross” functional assays. Interestingly,
pretreatment of either T cell subset with small-molecule inhibitors of Stat3 phosphorylation
was sufficient to restore Treg-mediated suppression (p ≤ 0.04, n = 3) (Fig. 6D), indicating
that early phosphorylation of Stat3 in both CD4+CD25– and CD4+CD25high T cells is
required for IL-6 to reverse suppression. When both Teffs and Tregs were preincubated with
Stattic V and cocultured together, functional immune suppression was similarly restored
(data not shown).

Discussion
Loss of immune tolerance, associated with autoimmunity and chronic inflammatory disease,
is mediated in part by the proinflammatory cytokine IL-6, which is expressed in diseased
tissue (7). IL-6 signaling in primary human T cells results in robust Stat3 phosphorylation
with concurrent but more transient phosphorylation of Stat1 and only minimal activation of
MAPK/Erk (Fig. 4). Inhibition of pStat3, but not pStat1, in vitro restored functional immune
suppression by Tregs (Figs. 1, 2, 5), demonstrating that activation of Stat3 is necessary for
IL-6–mediated loss of immune tolerance (7). Interestingly, Stat3 is also phosphorylated
during T cell activation, independently of exogenous addition of IL-6 (Figs. 5, 6), suggesting
that the T cell may be “preconditioned” through TCR-dependent phosphorylation of Stat3
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and that this may be a determinant of functional responsiveness to Treg-mediated immune
suppression.

Our results indicate that although phosphorylation of Stat3 is necessary, it is not sufficient to
inhibit Treg-mediated suppression. For instance, stimulation of primary T cells by IL-27, a
member of the IL-12 cytokine family, leads to Stat3 phosphorylation (Fig. 2A), yet IL-27
does not reverse Treg function in vitro (Fig. 2B). Immunosuppression associated with IL-27
signaling in vivo has been previously reported (33, 36) and is supported by our data
demonstrating antiproliferative effects when T cells are cultured with IL-27 in vitro (Fig.
2C). Although IL-27 leads to a dampening of T cell proliferation, T cells cultured in the
presence of IL-27 still proliferate in culture, with cpm values of ~2.5 × 104 (Fig. 2C).
Therefore, it seems unlikely that suppression observed in Teff/Treg cocultures is the result
of IL-27–induced immunosuppression, but rather, it likely reflects Treg-specific action.

Activation of other signaling pathways may modulate the activities of Stat3. Most cytokines
activate multiple pathways, including IL-6– and IL-27–induced Stat3, Stat1, and MAPK/Erk
phosphorylation (10), which we also observed in T cells. Interestingly, Stat1 activation is
stronger than Stat3 activation in cells stimulated with IL-27, compared with IL-6 (Figs. 2A,
3A, 3D). The differential Stat3 versus Stat1 response elicited by IL-6 compared with IL-27
suggests that the extent of Stat1 phosphor-ylation may dampen pStat3-mediated reversal of
suppression. Interestingly, inhibition of Stat1 phosphorylation in T cells cocultured with
IL-27 resulted in a loss of Treg function (Fig. 2D), suggesting that Stat1 phosphorylation
may be protective of Treg-mediated suppression.

Cytokines similar to IL-6, such as IL-21 (37), exhibit signaling profiles that mirror IL-6,
inducing strong Stat3 phosphorylation, moderate activation of Stat1, and minimal MAPK/
Erk activation (Fig. 2A). This similar pattern of phosphorylation correlates with the partial
loss of Treg function (Fig. 2B) following stimulation with exogenous IL-21, suggesting that
this activation signature is important for mediating the loss of immune tolerance. Although
IL-21 stimulation results in a signaling pattern similar to IL-6–induced phosphorylation,
IL-21 signals through the common γ-chain and not gp130 (38); indeed, a Stat3 consensus
motif on the IL-21Rα–chain is responsible for activating Stat3 in IL-21–stimulated T cells
(39). The absence of gp130 signaling may explain the partial loss of Treg suppression upon
IL-21 stimulation as compared with IL-6, which initiates more robust reversal of Treg
suppression (Fig. 2B). It has been reported that the four distinct Stat3-recruitment motifs on
gp130 can activate Stat3 with differing potencies (40), suggesting that the specific context of
gp130 activation is important for downstream effects. Indeed, IL-27 does signal through
gp130 to activate Stat3, similar to IL-6; however, this signal does not result in a loss of Treg
suppression (Fig. 2B). Therefore, although gp130 is used by both IL-6 and IL-27 to activate
Stat3, divergent downstream effects may occur because of an altered gp130 signaling
pathway or potentially altered balance of kinase usage.

Of the four Stat3-activating tyrosine motifs present on gp130, two (Y905LPQ and
Y915MPQ) contribute to the activation of Stat1 through interactions with its Src homology
domain (41). This Src homology domain of Stat1 is also recruited to unrelated
phosphotyrosine motifs on the IFN-γR (42), inducing activation of Stat1 in response to IFN-
γ. Although recent data suggest that Stat3 may compete with Stat1 for binding to the IFN-γ
phosphotyrosine motifs (43), Stat3 was not phosphorylated in response to IFN-γ stimulation
in our system (Fig. 3A). Accordingly, we found that Stat1 activation alone, induced
following IFN-γ stimulation, does not affect Treg-mediated suppression, indicating that
Stat1 phosphorylation itself does not have an inhibitory role (Fig. 3B).
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Activation of Stat3 in T cells by IL-6 or IL-21 has been shown to be critical for the
differentiation of human Th17 cells (17). Fully differentiated Th17 cells express the
transcription factor RORγt, are dependent on IL-23 for survival, and secrete
proinflammatory cytokines including TNF-α, IL-6, IL-22, and IL-17A/F (3). Mature Th17
cells are resistant to Treg-mediated suppression (44) unless Stat3 is concurrently activated in
the Treg population (19); this is the first evidence, to our knowledge, that coordinated
signaling between effector and regulatory cell populations may act to control the outcome of
immune suppression. In our system, we did not find evidence that IL-6 or IL-21 signaling
resulted in Th17 differentiation among Teffs in coculture (data not shown). Whereas Stat3
activation in this previously reported model (19) contributed to Treg function, our results
indicate a potentially dysfunctional role for Stat3 signaling in both Tregs and Teffs, further
suggesting that Stat3 signaling in T cells incorporates numerous simultaneous signals to
achieve an integrated and context-dependent immune response.

High levels of Stat3 phosphorylation can be induced in the absence of exogenous cytokine
in T cell cocultures through strong activation of the TCR by polyclonal anti-CD3/anti-CD28
mAbs (Fig. 5C–E). Accordingly, these T cells stimulated by anti-CD3/anti-CD28 are
resistant to Treg-mediated suppression, consistent with reports indicating that strength of
effector cell TCR stimulation inversely correlates with efficiency of suppression by Tregs
(35). Indeed, our data demonstrate that high level (≥0.5 μg/ml) anti-CD3 is required for
Tregs to lose suppressive function (Fig. 5B), and interestingly, at anti-CD3 concentrations <
0.5 μg/ml, TCR-dependent phosphorylation of Stat3 in T cells is also lost (Fig. 5C). Taken
together, these data suggest that high concentrations of anti-CD3 are sufficient to cause
acute phosphorylation of Stat3, which is rapidly observed following TCR stimulation of
CD4+CD25– T cells (Fig. 5E), and that induction of pStat3 correlates with a functional loss
of suppressive function by Treg (Fig. 5B). Stat3 activation is critical for the loss of tolerance
associated with strong TCR stimulation in Teff and Treg cocultures (Fig. 5A, 5B), as Treg
suppression is restored upon inhibition of Stat3 phosphorylation (Fig. 5F).

It is unclear whether anti–CD3/anti–CD28-mediated phosphorylation of Stat3 involves IL-6
or other cytokines, as we detected low amounts of IL-6 protein in these APC-free cultures
(Fig. 6A). In addition, CD3 cross-linking can directly activate Stat3 in human CD4+ T cells
through a Src-dependent mechanism, supporting our findings that TCR activation in the
absence of exogenous cytokine is sufficient for Stat3 phosphorylation (45). In contrast to
anti-CD3/anti-CD28 stimulation of the TCR, cocultures of Teffs and allogeneic APCs do
release high levels of IL-6 into the culture medium (Fig. 6B); the primary source of IL-6 in
these cocultures are APCs, which are likely to release preformed stores of IL-6 protein upon
coculture with T cells (7). Importantly, although IL-6 is produced in T cell/APC cocultures,
concentrations are not high enough to mediate loss of Treg suppression.

Our results demonstrate that Stat3 phosphorylation in the absence of strong pStat1 in
primary human T cells, following IL-6 stimulation, is sufficient to reverse Treg-mediated
immune suppression. Immune suppression can be restored with the application of specific
inhibitors of pStat3 (Fig. 1). A similar pStat3/pStat1 pattern is induced by IL-21 and also
results in a partial loss of immune tolerance. In contrast, IL-27 stimulation results in high
levels of both pStat3 and pStat1, a condition that does not result in a functional reversal of
Treg suppression, despite the presence of pStat3. Interestingly, a combination of IL-6 and
IFN-γ stimulation also restored Treg suppression in a manner similar to the pStat3 inhibitor
or IL-27 treatment. Taken together, these findings suggest that induction of pStat1 is capable
of dampening the Stat3 signaling cascade at a functional level.

These observations lead us to propose a model in which T cells accumulating in an
autoimmune microenvironment are exposed to high IL-6 and experience a dominant Stat3
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phosphorylation early and prior to engagement of APCs and Tregss. Furthermore, the
coordinated activation of Stat3 in Teffs and Tregs may result in a localized loss of functional
suppression by Tregs. Thus, chronic inflammatory conditions provide contextual signaling
to T cells that alters the Stat3/Stat1 phosphorylation pattern, resulting in functional defects
in Treg suppression.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
IL-6–mediated reversal of Treg function requires activation of pStat3. CD4+CD25– T cells
and CD4+CD25high Tregs were isolated from peripheral blood of healthy donors. Cells were
cultured alone or together for 7 d at a 1:1 ratio with irradiated, allogeneic APCs in MLRs.
Proliferation was assessed by titrated thymidine [3H] incorporation during the final 16 h of
the 7-d assay. A and B, Cells were cocultured with or without 100 ng/ml rhIL-6 and
indicated concentrations of Stattic V, an inhibitor of activated Stat3. C, Cells were
cocultured with or without 100 ng/ml rhIL-6 and 50 ng/ml Stattic V, a peptide inhibitor of
Stat3, an inactive peptide control, or Stat inhibitor VII. All experiments (A–C) were
supplemented with 25 ng/ml sIL-6Rα. Three separate experiments were performed for each
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of A, B, and C, and data from one representative experiment are shown. Each individual
experiment was internally significant where indicated (six cell culture replicates for each
condition ± SEM), and p values were adjusted using the Bonferroni method.
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FIGURE 2.
Stat3 phosphorylation in response to IL-21, but not IL-27, also inhibits Treg function.
CD4+CD25– and CD4+CD25high Tregs were isolated from peripheral blood of healthy
donors. A, CD4+CD25– T cells were stimulated for 30 min with 10 ng/ml of indicated
cytokines. Protein lysates were prepared and probed with Abs specific for phosphorylated
(p)-Y705 (activated) Stat3, p-Y701 (activated) Stat1, p-T202/p-Y204 (activated) Erk1/2, and
total Stat3. The blot shown is representative of three separate experiments. B–D, Cells were
cocultured for 7 d in MLRs with allogeneic APCs, and 50 ng/ml of indicated cytokines was
added on day 0. Proliferation was assessed by [3H] incorporation for the final 16 h of
culture. D, Where indicated, EGCG was added at 10 ng/ml on day 0 of coculture. Results
shown are the mean ± SEM of two (D) or three (B, C) separate experiments, and p values
were adjusted using the Bonferroni method.
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FIGURE 3.
Strong activation of pStat1 counteracts pStat3-mediated inhibition of Treg function.
CD4+CD25– and CD4+CD25high T cell populations were isolated from peripheral blood of
healthy donors. A, CD4+CD25– T cells were stimulated for 30 min with 10 ng/ml of
indicated cytokines. Protein lysates were prepared and probed with Abs as in Fig. 2, and the
blot shown is representative of two separate experiments. B and C, T cells were cocultured
for 7 d in MLRs with allogeneic APCs. Indicated cytokines were added on day 0 (all at 50
ng/ml), and proliferation was assessed by [3H] incorporation. Data shown are the mean ±
SEM of two separate experiments, and p values were adjusted using the Bonferroni method.
D, Levels of pStat3, total Stat3, pStat1, and total Stat1 were calculated from immunoblots
using densitometry (see Materials and Methods). The mean ratio of normalized pStat3/
pStat1 following 30 min of cytokine stimulation is expressed ± SEM, and each bar
represents the mean of at least three healthy human donors.
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FIGURE 4.
Primary human T cells phosphorylate Stat3 and Stat1 in response to IL-6. CD4+CD25– T
cells (A) and CD4+CD25high Tregs (B) were isolated from peripheral blood of healthy
donors and stimulated with or without 10 ng/ml rhIL-6 and 25 ng/ml sIL-6R. Protein lysates
were prepared and probed with Abs specific for pStat3, pStat1, pErk1/2, total Erk1/2, and β-
actin. The immunoblots shown are from the same healthy donor and are representative of
three individual experiments.
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FIGURE 5.
T cells stimulated strongly through the TCR are resistant to Treg-mediated suppression, and
this lack of suppression correlates with phosphorylation of Stat3. CD4+CD25– T cells and
CD4+CD25high Tregs were isolated from peripheral blood of healthy donors. A, Cells were
cultured with allogeneic APCs in a MLR or with anti-CD3/anti-CD28 Abs (both at 1 μg/ml)
for 6 d, and proliferation is indicated by incorporation of [3H] during the final 16 h of
culture. B and C, Cells were cultured for 6 d with 1 μg/ml anti-CD28 and varying
concentrations of anti-CD3 Abs, as indicated. B, Proliferation was assessed by [3H]
incorporation during the final 16 h of culture. Results show the mean of eight (A) or three
(B) separate experiments ± SEM. p Values have been adjusted using the Bonferroni method.
C, Protein extracts were prepared on day 6 of coculture and probed with Abs specific for
pStat1, pStat3, total Stat1, or total Stat3. The immunoblot shown is representative of three
separate experiments. D, Cells were stimulated with either allogeneic APCs, anti-CD3/anti-
CD28 Abs (both at 1 μg/ml), or rhIL-6 (10 ng/ml) as indicated. Cells cultured with APCs
were back-sorted from the coculture at 48 h. Cells were lysed at indicated time points and
probed with Abs specific for pStat3 or total Stat3. Arrows indicate differential pStat3 levels
in cells cultured with anti-CD3/anti-CD28, compared with those stimulated with allogeneic
APCs. The immunoblot shown is representative of two separate experiments. E, Cells were
stimulated with 1 μg/ml anti-CD3/anti-CD28 and lysed at indicated time points and then
probed with Abs specific for pStat3, pStat1, total Stat3, or total Stat1. The immunoblot
shown is representative of three separate experiments. F, Cells were cultured with anti-CD3/
anti-CD28 Abs (both at 1 μg/ml) and indicated concentrations of Stattic V. Proliferation was
assessed by [3H] incorporation during the final 16 h of a 7-d culture. Results show the mean
of three separate experiments ± SEM.
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FIGURE 6.
T cells, and not APCs, mediate the primary effects of IL-6 on reversal of Treg-induced
suppression. CD4+CD25– T cells and CD4+CD25high Tregs were isolated from peripheral
blood of healthy volunteers. Cells were cocultured with either allogeneic APCs or anti-CD3/
anti-CD28 Abs as indicated. A and B, Supernatants were removed from cocultures at
indicated time points and assayed for cytokine production by ELISA. Neutralizing Abs
against IL-6Rα and gp130 were included at 1 μg/ml in B. Results shown are mean of three
experiments ± SEM. C, T cells were cultured with allogeneic APCs, 25 ng/ml sIL-6R, and
with or without 10 ng/ml rhIL-6 as indicated. Cells were back-sorted from cocultures at 48
h, and protein lysates were probed for pStat3 and β-actin. The immunoblot shown is
representative of two separate experiments. D, CD25– T cells (“Teff”) or CD25high Tregs
were pretreated for 16 h with Stattic V and then washed and cocultured together with
indicated concentrations of rhIL-6 and 25 ng/ml sIL-6R. Results shown are mean of three
experiments ± SEM, and p values were adjusted using the Bonferroni method.
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