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Accumulating evidence indicates that interleukin (IL)-27, a member of the IL-12 family of cytokines, antagonizes
pathological Th17 effector cell responses. Relatively little is known about the cytokines that regulate human Th17
cells. In this study, we investigated the effect of IL-27 on the differentiation of human Th17 cells and on
committed memory Th17 cells. We demonstrate that IL-27 suppresses the development of human Th17 cells by
downregulating retinoid orphan nuclear receptor C expression and that this inhibition is associated with the
induction of the intracellular signaling factors STAT1 and induction of the suppressor of cytokine signaling
protein 1. The IL-27-mediated inhibition of IL-17 is independent of IL-10. We show that IL-27 inhibits differ-
entiation of naı̈ve T cells into IL-17þ T cells under different Th17 polarizing conditions. IL-27 suppresses other
Th17 subset cytokines such as IL-22 and IL-21 but not tumor necrosis factor-a. Moreover, we also show that
IL-27 inhibits IL-17 production by committed Th17 memory cells, which is independent of IL-10. These studies
show that IL-27 negatively regulates both the developing and committed human Th17 responses and therefore
may be a promising therapeutic approach in the treatment of Th17-mediated diseases.

Introduction

Th17 cells represent a novel CD4þ T cell lineage that
appear to be essential in the pathogenesis of numerous

inflammatory and autoimmune diseases. In mice, differen-
tiation of naı̈ve T cells into interleukin (IL)-17-secreting
T cells is promoted by IL-6 and transforming growth factor-b
(TGF-b) and is mediated by the transcription factors, retinoid
orphan nuclear receptor gt (RORgt), and STAT3 (Chen and
others 2006; Ivanov and others 2006; Mangan and others
2006; Veldhoen and others 2006). In humans, IL-1b with
either IL-6 or IL-23 were identified as the critical factors
promoting Th17 differentiation and expression of RORC
(Acosta-Rodriguez and others 2007; Wilson and others 2007).
TGF-b was found to be dispensable for the development of
human IL-17þ T cells. Th17 cells were shown to differentiate
from a CD4þCD45RAþCD161þ precursor cell in the presence
of IL-1b and IL-23 (Cosmi and others 2008). Additional
studies reported that TGF-b is indeed essential for human
Th17 differentiation. Under serum-free conditions, naı̈ve
T cells required TGF-b, IL-1b, IL-6, and IL-23 to differentiate
into IL-17-secreting cells (Manel and others 2008; Volpe and
others 2008). In both the murine and human system, Th17
differentiation is inhibited by interferon (IFN)-g and IL-4

(Acosta-Rodriguez and others 2007; Harrington and others
2005; Park and others 2005).

IL-27, a member of the IL-12 cytokine family, is a hetero-
dimeric cytokine comprising the Epstein-Barr-virus-induced
gene 3 (EBi3) and p28 subunits (Pflanz and others 2002). EBi3
and p28 are structurally homologous to IL-12p40 and IL-
12p35, respectively. IL-27 mediates its effects by signaling
through a receptor complex composed of a unique subunit,
WSX-1 (IL-27Ra) and gp130, a common receptor chain
shared by several cytokines (Pflanz and others 2004). The IL-
27R is expressed on T and B cells, NK cells, mast cells,
macrophages, dendritic cells, and endothelial cells. IL-27
activates the STAT family of signal transducers and tran-
scription factors, specifically, STAT1, STAT3, and, to a lesser
extent, STAT4 (Hibbert and others 2003).

IL-27 has a proinflammatory role since it promotes Th1
differentiation by inducing expression of T-bet and the IL-
12Rb2 in a STAT1-dependent manner (Hibbert and others
2003; Lucas and others 2003; Takeda and others 2003). IL-27
inhibits Th2 differentiation by downregulating GATA-3 with
a concomitant upregulation of T-bet (Yoshimoto and others
2007). IL-27 suppresses the development of TGF-b-induced
Foxp3þ T regulatory cells (Tregs) (Neufert and others 2007).
In contrast, subsequent studies have described IL-27 as
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having an anti-inflammatory function. IL-27R-deficient mice
infected with Toxoplasma gondii develop severe neuroin-
flammation with increased production of IFN-g and tumor
necrosis factor (TNF)-a during the acute disease (Villarino
and others 2003). During the chronic phase of the disease, an
increased frequency of IL-17þ T cells was found in the cen-
tral nervous system (CNS) (Stumhofer and others 2006).
Increases in IL-17þ T cells in the brain were reported in
IL-27R-deficient mice with experimental autoimmune en-
cephalomyelitis (EAE) induced by immunization with mye-
lin oligodendrocyte glycoprotein peptide (Batten and others
2006). In vitro, the IL-27-mediated inhibition of Th17 devel-
opment was dependent on STAT1 but was independent of
IL-6 signaling through suppressor of cytokine signaling
protein 3 (SOCS3) or IFN-g production (Batten and others
2006; Stumhofer and others 2006). IL-27 ameliorates EAE
with suppression of both Th1 and Th17 responses in the CNS
and in vitro IL-27 treatment of effector cells inhibits IL-17
encephalitogenic responses (Fitzgerald and others 2007).

The mechanisms by which IL-27 suppresses Th17 responses
remain unresolved and may involve IL-10. IL-27 potently
enhanced IL-10 production in naı̈ve T cells activated under
Th1 or Th2 but not Th17 polarizing conditions (Stumhofer and
others 2007). T cells from IL-27R-deficient mice chronically
infected with T. gondii displayed a reduced capacity to pro-
duce IL-10. However, IL-27 inhibition of IL-17 responses was
seen in IL-10-deficit animals. IL-27 induced the differentiation
of IL-10þIFN-gþ T-betþ CD4þ effector T cells, and IL-10 me-
diated the suppressive effect of IL-27 on encephalitogenic
Th17 cells EAE (Fitzgerald and others 2007). Optimal induc-
tion of IL-10 by IL-27 required accessory non-T cells to be
present. IL-27 induction of IL-10 in IFN-gþFoxp3–Th1 cells
was dependent on STAT1 (Batten and others 2008).

The role of IL-27 in human Th17 differentiation has not
been thoroughly investigated. In an article demonstrating the
role of IL-27 in an in vivo mouse model, it was reported that
IL-27 inhibits the development of human Th17 cells (Diveu
and others 2009). IL-27 was reported to promote the differ-
entiation of IL-10-secreting Tr1 cells and to inhibit Th17 de-
velopment (Murugaiyan and others 2009). In this study, we
investigate the role of IL-27 in the development of human
Th17 and in memory IL-17-secreting cells. We demonstrate
that IL-27 regulates both the generation of human Th17 cells
and already differentiated memory Th17 cells. The IL-27-
induced inhibition of IL-17 results in downregulation of the
Th17-specific transcription factor, RORC, is independent of
IL-10, and is associated with the induction of the intracellular
signaling factors STAT1 and induction of the suppressor
protein SOCS1.

Materials and Methods

Media, cytokines, and Abs

RPMI 1640 was supplemented with 45mg/mL penicillin and
streptomycin, 2 mM L-glutamine (all from Gibco), and 10%
heat-inactivated fetal calf serum (FCS) (Hyclone Laboratories).
X-VIVO 20 serum-free medium was purchased from Lonza.
Unconjugated monoclonal antibodies (mAbs) specific for CD3,
CD28, and IFN-g as well as the conjugated Abs to CD4,
CD45RA, CD45RO, IFN-g, TNF-a, and IL-10 were obtained
from BD Pharmingen. IL-17 and IL-22 mAbs and polyclonal
anti-IL-4 were obtained from R&D Systems. Antibodies to
phosphorylated tyrosine residues of STAT1, STAT3, and

STAT4 were purchased from BD Pharmingen. Recombinant
IL-23, IL-27, and TGF-b were purchased from R&D Systems,
rIL-6 from BioSource International, and rIL-1b was a gift
from Hoffmann-LaRoche. IFN-a and IFN-b were gifts
from Drs. Fitzgerald-Bocarsly and Pachner, respectively, and
IFN-g was obtained from BD Pharmingen. Polyclonal anti-
bodies to SOCS1 (SC-9021), SOCS3 (SC-9023), and the sec-
ondary Ab (SC-2004) were purchased from Santa Cruz
Biotechnology.

Isolation of CD4þ naı̈ve and memory T cells

Human peripheral blood mononuclear cells (PBMC)
studies were approved by the Institutional Review Board of
New Jersey Medical School in accordance with regulations
mandated by the Department of Health and Human Ser-
vices. Informed consent was obtained from each subject.
PBMC were isolated from heparinized venous blood ob-
tained from healthy individuals by Ficoll-Hypaque gradient
centrifugation (Sigma-Aldrich). Naı̈ve and memory CD4þ T
cells were purified using magnetic beads and reagents from
Miltenyi Biotec. CD4þ T cells were isolated from PBMC by
immunomagnetic depletion of non-T helper cells (CD4þ T
Cell Isolation kit) according to the manufacturer’s instruc-
tions. Naı̈ve CD45RAþ T cells were purified from the CD4þ

T cells by negative selection using CD45RO beads, and the
purity was >95% in all experiments as assessed by immu-
nofluorescence flow cytometry. The positive fraction was
highly enriched for CD4þCD45ROþ memory T cells.

Activation of naı̈ve and memory T cells

Naı̈ve CD4þCD45RAþ T cells (1�105/well) were cultured
in 10% heat-inactivated FCS/RPMI 1640 containing CD28
Ab (2mg/mL) in 96-well U-bottom plates coated with anti-
CD3 (5 mg/mL) for 6 days. Cultures were generated in the
presence of rIL-1b (10 ng/mL), rIL-23 (50 ng/mL), anti-IFN-g
(5 mg/mL), and a polyclonal anti-IL-4 (0.1 mg/mL) with and
without human rIL-27 (100 ng/mL). For some experiments,
naı̈ve T cells were resuspended in X-VIVO 20 serum-free
medium and activated with immobilized anti-CD3 and sol-
uble anti-CD28 in the presence of rIL-1b (10 ng/mL), rIL-6
(40 ng/mL), rIL-23 (50 ng/mL), and rTGF-b (5 ng/mL) with
and without rIL-27 (100 ng/mL). Anti-IFN-g and anti-IL-4
were added to the cultures. Cell-free culture supernatants
were collected on day 6 for ELISA and stored at �808C until
testing.

Memory CD4þCD45ROþ T cells (5�105/mL) were cul-
tured in 10% heat-inactivated FCS/RPMI 1640 containing
CD28 in 96-well U-bottom plates coated with anti-CD3 in the
presence and absence of rIL-1b, rIL-6, rIL-23, rTGF-b, and
rIL-27. Cell-free culture supernatants were collected on day 6
for ELISA and stored at �808C until testing.

Cytokine analysis

IL-17 levels were measured by ELISA as described (Liu
and Rohowsky-Kochan 2008) using a plate-bound capture
mAb and a biotinylated polyclonal detection Ab (R&D Sys-
tems). IL-21 and IL-22 levels were measured by ELISA
(eBioscience) as per the manufacturer’s instructions. IFN-g
and IL-10 were quantitated using the OptEIA human IFN-g
kit and IL-10 kit (BD Pharmingen) according to the manu-
facturer’s instructions.
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Intracellular cytokine staining

For intracellular cytokine staining, cultured cells were
restimulated with phorbol-12-myristate-13-acetate (PMA)
(20 ng/mL) and ionomycin (100 ng/mL) in the presence of
brefeldin A (all from Sigma Aldrich) for 5 h. Surface stain-
ing was performed with fluorochrome-conjugated anti-CD4
and anti-CD45RO. After fixation and permeabilization with
0.5% saponin, cells were stained with a biotinylated anti-IL-
17 and streptavidin PECY7 (BD Pharmingen) or with anti-
IFNg-PE, anti-IL-22-PE, and anti-TNFa-FITC. Data were
acquired on a FACS Calibur cytoflorometer and analyzed
using Cellquest software (BD).

For analysis of phosphorylated STAT proteins, PBMC
were incubated with rIL-27, rIL-6, rIFN-a, b, or g for 5, 30, 60,
and 180 min. Cells were fixed, permeabilized with 100% cold
methanol, and stained with antibodies CD4, CD45RO, and to
phosphorylated STAT1, STAT3, and STAT4. Data were
acquired and analyzed as described above.

Real-time quantitative polymerase chain reaction

Total RNA was extract from cells using RNeasy Mini Kit
(Qiagen) and cDNA synthesis was performed for each RNA
sample using Superscript First-Strand Synthesis system (In-
vitrogen). TaqMan real-time polymerase chain reaction
(PCR) was performed utilizing primers and probes from
Applied Biosystems as described (Liu and Rohowsky-
Kochan 2008). Gene expression is shown as expression fold
value 2-DDCt (Liu and Rohowsky-Kochan 2008).

Western blotting

Activated cells (4�106) were homogenized in lysis buffer
and 50mg of total protein were loaded on a 12% NuPAGE
BisTris gel (Invitrogen) and electrophoresed for 50 min at 200 V
in 3-[N-morpholino] propanesulfonic acid (MOPS) sodium
dodecyl sulfate running buffer. Proteins were transferred onto
a polyvinylidene difluoride membrane for 60 min at 30 V using
Invitrogen semi-dry transfer procedure. Immunodetection was
performed using either an anti-SOCS1 or anti-SOCS3 at a 1:400
dilution followed by a horseradish peroxidase-coupled sec-
ondary antibody (1:5,000). The reaction was observed using
Pierce ECL Western Blotting Substrate kit (Thermo Scientific)
and exposure of blots to HyBlot CL autoradiography film
(Denville Scientific, Inc.) for 30 s–20 min and quantified using
Un-Scan-It software (Silk Scientific). Data were normalized to
signals obtained with housekeeping proteins alpha-tubulin or
GAPDH antibodies.

Statistical analysis

The 2-tailed paired Student’s t-test was used for data
analysis of 2 groups and the 1-way analysis of variance
(Kruskal–Wallis test) was used for analysis of >2 groups.
P< 0.05 was considered statistically significant. To test
for associations, Spearman’s correlation coefficients were
calculated.

Results

IL-27 inhibits Th17 differentiation

We investigated whether IL-27 was able to inhibit Th17
differentiation of human naı̈ve T cells under different culture

conditions. Naı̈ve CD4þCD45RAþ T cells purified from the
PBMC of healthy individuals were activated for 6 days with
plate-bound anti-CD3 and soluble anti-CD28 either in 10%
FCS/RPMI in the presence of IL-1b and IL-23 with and
without IL-27 or in serum-free media with IL-1b, IL-6, IL-23,
and TGF-b with and without IL-27. In agreement with
published studies, CD3/CD28 activation in serum-contain-
ing media in the presence IL-1b and IL-23 induced IL-17
production (Fig. 1A), whereas activation of naı̈ve T cells in
serum-free media with IL-1b, IL-6, IL-23, and TGF-b trig-
gered IL-17 (Fig. 1B) (Acosta-Rodriguez and others 2007;
Wilson and others 2007; Cosmi and others 2008; Manel
and others 2008; Volpe and others 2008). Addition of IL-27
significantly diminished the IL-1b/IL-23-induced IL-17 se-
cretion (P< 0.008) (Fig. 1A) and the IL-1b, IL-6, IL-23, and
TGF-b-induced IL-17 production (P< 0.0001) (Fig. 1B). IL-27
alone had no effect on IL-17 levels regardless of the media.
In contrast, IL-27 significantly enhanced IL-1b and IL-23-
induced IFN-g secretion (P< 0.02) (Fig. 1A) and IFN-g se-
cretion in the presence of IL-1b, IL-6, IL-23, and TGF-b
(P< 0.0003) (Fig. 1B). IL-27 alone increased IFN-g levels,
though not reaching significance in serum-containing con-
ditions. Intracellular cytokine analysis of day 6 cultured cells
showed that IL-27 inhibited the percent IL-17þ T cells and
increased IFN-gþ T cells, confirming the protein data by
ELISA (Fig. 1C). IL-27-induced inhibition of IL-17 was as-
sociated with a marked reduction in IL-17 and RORC mRNA
expression (Fig. 1D). The results from the intracellular cyto-
kine staining and mRNA analysis under serum-containing
conditions (data not shown) were similar to the serum-free
conditions. The IL-27 effect on IL-17 and IFN-g secretion was
dose dependent and optimum at 100 ng/mL (Fig. 1E). These
results indicate that IL-27 suppresses the differentiation of
human Th17 cells under different polarizing conditions.

IL-27 inhibits other Th17 subset cytokines

We tested whether IL-27 inhibits other members of the
Th17 cytokine family. Naı̈ve T cells were activated with
CD3/CD28 under Th17 polarizing conditions with and
without IL-27, and the frequency of IL-22- and TNF-a se-
creting T cells was ascertained. The percent IL-22þ T cells
decreased from 2.8% to 0.5% in the presence of IL-27, but no
effect was observed on the percent TNF-aþ T cells (Fig. 2A).
ELISA results on IL-22 levels in culture supernatants cor-
roborated the intracellular flow cytometry data (Fig. 2B). The
effect of IL-27 on IL-21 production was determined by
measuring levels of the cytokine in supernatants from acti-
vated naı̈ve T cells. IL-27 significantly inhibited (P¼ 0.04) IL-
21 levels in the presence of IL-1 b, IL-6, IL-23, and TGF-b but
not when added alone (Fig. 2C). Thus, IL-27 negatively
regulates certain but not all Th17 subset cytokines.

IL-27 activates STAT1 and STAT3

In mice, IL-27 inhibition of IL-17 production was reported
to be STAT1 dependent (Stumhofer and others 2006). We
analyzed IL-27-induced activation of STAT phosphorylation
and the kinetics of the response after ligation of the IL-27
receptor on human PBMC. In these experiments, IL-27 was
compared with IFN-g and IL-6, IL-6, or IFN-a and IFN-b for
activation of STAT1, STAT3, and STAT4, respectively. We
stimulated PBMC with each cytokine for 0, 5, 30, 60, and
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180 min and monitored the phosphorylation of STAT1,
STAT3, and STAT4 by intracellular flow cytometry gating on
naı̈ve T cells. Addition of IL-27 resulted in a rapid induc-
tion of STAT1 occurring within 5 min and peaking at 30 min
(Fig. 3A). IFN-g induced a rapid phosphorylation of STAT1
with *50% of the T cells staining positive for STAT1 by
5 min, which remained unchanged after 30 min and then
declined, whereas IL-6 induced a weaker STAT1 response.
The IL-27-induced STAT1 phosphorylation was more pro-
longed as *30% of the T cells stained positive for STAT1
phosporylation at 60 min compared with 12% and 5% for
IFN-g and IL-6, respectively. Activation of phosphorylated
STAT3 was similar in magnitude for IL-27 and IL-6 with IL-
27 inducing slightly lesser amounts of STAT3 after 5 min
(Fig. 3B). The IL-27-induced STAT3 activation declined by
30 min, whereas the IL-6-induced STAT3 phosphorylation
remained unchanged and declined by 60 min. Comparison

of STAT1 and STAT3 phosphorylation by IL-27 shows a
3-fold increase in the frequency of STAT1-expressing cells
compared to STAT3þ T cells at 30 and 60 min, respectively.
IL-27 did not trigger the phosphorylation of STAT4 over the
3 h period, although phosphorylation of STAT4 was ob-
served for both IFN-a and IFN-b (Fig. 3C). These results in-
dicate that IL-27 phosphorylates STAT1 and STAT3 and that
the IL-27-induced activation of STAT1 appears to be domi-
nant effect.

IL-27 upregulates SOCS1 expression

To determine which target genes are activated down-
stream of STAT1 and STAT3, we tested the effects of IL-27 on
inducing expression of SOCS1 and SOCS3. Naı̈ve T cells
were activated by crosslinking CD3 and CD28 for 6 days in
the presence of the Th17 polarizing cytokines with and

FIG. 1. IL-27 inhibits human Th17 differentiation. Naı̈ve CD4þCD45RAþ T cells were activated with plate-bound anti-CD3
and soluble CD28 in the presence of IL-1b and IL-23 with and without IL-27 for 6 days in 10% FCS/RPMI. (A) ELISA of IL-17
and IFN-g in cell-free culture supernatants. Data are expressed as the mean� SEM of 16 different healthy individuals.
*P¼ 0.007 for IL-17 and P¼ 0.01 for IFN-g. (B) Naı̈ve T cells were activated as in (A) with IL-1b, IL-6, IL-23, and TGF-b with
and without IL-27 under serum-free conditions. Data are expressed as the mean� SEM of 8 different healthy individuals.
*P< 0.0001 for IL-17 and P< 0.0002 for IFN-g. (C) Intracellular staining of IL-17 and IFN-g in cells from one individual
activated in (B). Numbers in quadrants indicate percent cells in the CD4þCD45ROþ gate. One of 4 representative donors is
shown. (D) Real-time polymerase chain reaction of IL-17 and RORC mRNA expressed as 2-DDCt normalized to HPRT-1. Data
from one of 2 donors are depicted as the mean� SD of triplicate wells. (E) Dose–response curve for IL-27-mediated inhibition
of IL-17 secretion. Results from one of 2 donors are shown and represent the mean� SD of triplicate wells. RORC, retinoid
orphan nuclear receptor C; IL, interleukin; TGF, transforming growth factor; FCS, fetal calf serum; IFN, interferon; SEM,
standard error of the mean; SD, standard deviation.
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without IL-27, and expression of SOCS proteins was assessed
by Western blotting. Activation with CD3/CD28 induced
both SOCS1 and SOCS3 expression with higher levels of
SOCS3 (Fig. 4A, B). Addition of Th17 polarizing cytokines,
IL-1b, IL-6, IL-23, and TGF-b resulted in slight increases in
SOCS1 and SOCS3. Addition of IL-27 markedly upregulated
SOCS1 protein both in the presence and absence of the Th17
polarizing cytokines. IL-27 augmented SOCS3 protein ex-
pression in the cultures activated without the Th17 polariz-
ing cytokines. Resting, nonactivated naı̈ve T cells did not
express either SOCS1 or SOCS3, and their expression was not
detected after 6 or 20 h of activation (data not shown).
Measurement of secreted IL-17 levels in supernatants of cells
activated in the presence of IL-27 revealed significantly de-
creased IL-17 levels (P< 0.03; Fig. 4C). We then asked whe-
ther there was an association between the IL-27-induced
SOCS1 expression and the decreased IL-17 levels in the same
cultures. An inverse correlation was observed between IL-17
levels and SOCS1 expression (correlation coefficient r¼
0.84, P¼ 0.006). These data suggest that the IL-27-mediated
inhibition of IL-17 may be mediated by SOCS1.

IL-27 does not induce IL-10 production
in naı̈ve T cells

We investigated whether IL-27 induced IL-10 production
in human naı̈ve T cells cultured under Th17 polarizing
conditions in serum-containing and serum-free medium.
Very low levels of IL-10 were detected in the supernatants of
naı̈ve T cells activated with CD3/CD28 in 10% FCS/RPMI
media with 10 out of 14 individuals not secreting any de-

tectable amount of IL-10 (Fig. 5A). No difference in IL-10
levels was observed in the presence of IL-1b and IL-23. Ad-
dition of IL-27 resulted in a modest but not significant in-
crease in IL-10, with 8 out of 14 individuals producing IL-10
in amounts ranging from 9 to 324 pg/mL and the remaining
individuals not producing any detectable amount of IL-10.
IL-10 levels in cultures with IL-27 alone were similar to
levels detected with CD3/CD28 crosslinking with or with-
out IL-1b and IL-23. In serum-free media, activation with
CD3/CD28 did not induce IL-10 with or without IL-27 (Fig.
5A). Addition of IL-1b, IL-6, IL-23, and TGF-b significantly
increased (P¼ 0.03) IL-10 levels, and similar levels were
detected when IL-27 was added. We then examined whether
crosslinking inducible T-cell co-stimulator (ICOS) on naı̈ve
T cells during activation would lead to IL-10 secretion.
Naı̈ve T cell cultures were activated in 10% FCS/RPMI
media in the absence and presence of an ICOS antibody.
Ligation of ICOS did not alter the amount of IL-10 secreted
regardless of whether IL-27 and/or IL-1b and IL-23 were
added (Fig. 5B). These results demonstrate that IL-27 does
not trigger IL-10 production in human naı̈ve T cells.

Since IL-10 was produced under Th17 polarizing condi-
tions with IL-27, we investigated whether IL-10 was in-
volved in mediating the IL-27-induced inhibition of IL-17.
Naı̈ve T cells were activated with CD3/CD28, the Th17
polarizing cytokines, and IL-27 with and without a neu-
tralizing IL-10 Ab. IL-27 significantly inhibited T cell dif-
ferentiation into Th17 cells (Fig. 5C). Addition of anti-IL-10
did not restore IL-17 to levels detected without IL-27, al-
though completely blocking the IL-10 produced in the cul-
tures. Likewise, the control IL-4 Ab had no effect on the

FIG. 2. IL-27 inhibits other cytokines of the Th17 subset. Naı̈ve T cells activated as described in Fig. 1A were restimulated
with phorbol-12-myristate-13-acetate (PMA)/ionomycin for 5 h in the presence of brefeldin A and intracellular cytokine
staining for IL-22 and TNF-a was performed (A). Numbers in quadrants indicate percent IL-22þ and TNF-aþ cells of gated
CD4þCD45ROþ T cells. One of 5 representative donors is illustrated. ELISA of IL-22 levels in culture supernatants (B). Data
are expressed as the mean� SD of 7 different healthy donors. *P< 0.01. ELISA of IL-21 levels in the culture supernatants (C).
Data are expressed as the mean� SD of 6 different healthy donors. *P< 0.04. TNF, tumor necrosis factor.
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FIG. 3. IL-27 induces STAT1 and STAT3
expression. Peripheral blood mononuclear
cells were incubated with rIL-27 for 0
to 180 min and analyzed for expression
of phosphorylated STAT1, STAT3, and
STAT4 in T cells by intracytoplasmic
staining. Histogram depicts phosphoryla-
tion of STAT1 (A), STAT3 (B), and STAT4
(C) on gated CD4þCD45RAþ T cells with
cytokine (grey line) or without cytokine
(black line) stimulation. Data are repre-
sentative of one of 3 individuals tested.
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IL-27-mediated inhibition of IL-17. Intracellular cytokine
staining of the cultured cells confirmed the ELISA data
(Fig. 5D).

IL-27 inhibits production of IL-17 by memory T cells

We next investigated whether IL-27 could regulate IL-17
production by CD4þ memory T cells. We demonstrated that
CD3/CD28 ligation of CD4þ memory T cells results in IL-17
production that is further upregulated by IL-1b and IL-23
(Liu and Rohowsky-Kochan 2008). Activation of CD4þ

CD45ROþ T cells with CD3/CD28 resulted in production of
IL-17, IFN-g, and IL-10 (Fig. 6A). Addition of IL-27 to the
cultured T cells resulted in a significant reduction (P¼ 0.002)
of IL-17 with a slight but not significant increase in IFN-g
and IL-10. In the presence of IL-1b and IL-23, there was a
>3-fold increase in IL-17 (P¼ 0.0003) with modest changes
in IFN-g and IL-10 production. Addition of IL-27 signifi-
cantly diminished (P¼ 0.0007) the IL-1b/IL-23-induced se-
cretion of IL-17. Intracellular cytokine staining of the
memory T cells showed that IL-27 suppressed the percent
IL-17þ T cells both in the absence and presence of IL-1b and
IL-23, confirming the ELISA data (Fig. 6B). IL-17 and RORC
gene expression was markedly decreased in the presence of
IL-27 (Fig. 6C). To determine whether IL-10 was involved in
mediating the IL-27-induced inhibition of IL-17 by memory
T cells, we activated CD4þCD45ROþ T cells with CD3/
CD28 in the absence and presence of IL-27 and a neutral-
izing IL-10 antibody. Addition of the anti-IL-10 did not
reverse the IL-27-induced inhibition of IL-17 secretion
(Fig. 6D).

Since blocking IL-10 did not reverse the IL-27-mediated
inhibition of IL-17, we tested whether rIL-10 had any effect
on IL-17 production. Activation of memory T cells in the
presence of rIL-10 resulted in a slight although not significant
reduction in IL-17 regardless whether IL-1b and IL-23 were
added (Fig. 6D). In contrast, addition of rIL-10 markedly
decreased IFN-g production.

Discussion

In this study, we demonstrate that IL-27 suppresses the
development of human Th17 cells by downregulating RORC
expression in an IL-10-independent manner. These studies
propose that the intracellular signaling factors STAT1 and
the suppressor protein SOCS1 may participate in this inhi-
bition. IL-27 inhibits differentiation of naı̈ve T cells into IL-
17þ T cells under different Th17 polarizing conditions. IL-27
suppresses the production of some Th17 subset cytokines
such as IL-22 and IL-21 but not TNF-a. Moreover, we also
show that IL-27 inhibits IL-17 production by committed Th17
memory cells, which is independent of IL-10.

Human Th17 differentiation is promoted by different cy-
tokines depending upon the culture conditions. We demon-
strate that IL-27 markedly suppresses the differentiation of
IL-17þ T cells in serum-containing and serum-free Th17 po-
larizing conditions. One reason for testing whether the in-
hibitory effect of IL-27 was similar in both polarizing
conditions was that some initial experiments (Figs. 1A and
5B) were performed in FCS-containing media (before the
report on Th17 differentiation in serum-free conditions).
Moreover, it was uncertain whether the presence of TGF-b
would have an effect on the inhibitory effect of IL-27. Since
IL-27 had similar effects on Th17 development in both cul-
ture conditions, these experiments were not repeated in
serum-free media. IL-17 levels were not dramatically dispa-
rate under the different polarizing conditions, although a
>10-fold reduction in IFN-g levels was observed under
serum-free conditions. The reason for this difference is un-
clear but may be attributed to the addition of exogenous
TGF-b with the serum-free media.

Our results demonstrate that the IL-27-mediated inhibi-
tion of IL-17 is seen at the protein level, in the frequency of
cytokine-producing T cells and at the transcription of the IL-
17 gene and of the transcription factor RORC. We observed
that in addition to IL-17, IL-27 suppressed the Th17 subset-
associated cytokines IL-21 and IL-22 but not TNF-a secretion.

FIG. 4. IL-27 promotes expression of
SOCS1. Cell lysates were prepared from T
cells activated with CD3/CD28 in the
presence of IL-1b, IL-6, IL-23, and TGF-b
with and without IL-27 for 6 days in serum-
free conditions. (A) Western blot analysis
using SOCS1, SOCS3, and GAPDH poly-
clonal Abs and 50mg protein from cells ac-
tivated with CD3/CD28 and no cytokine
(Lane 1); Th17 polarizing cytokines (Lane
2); Th17 polarizing cytokines plus IL-27
(Lane 3) and IL-27 (Lane 4). Lane C¼
SOCS1 and SOCS3 positive control. One of
3 representative experiments is shown. (B)
Graphic representation of Western results
shown in (A) after normalization of band
densities to GAPDH (P¼ 0.02). Median
levels of 3 different donors from 3 inde-
pendent experiments are shown. (C) ELISA
of IL-17 in culture supernatants from which
cell lysates were isolated. Data are ex-
pressed as the median of 3 different donors.
SOCS1, suppressor of cytokine signaling
protein 1.
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Our studies support published findings showing that IL-27
inhibits human IL-17F and IL-22 protein (Diveu and others
2009) and gene transcription (Murugaiyan and others 2009)
and extend them to include IL-21 and TNF-a. These studies
corroborate those in mice showing that IL-27 does not
downregulate TNF-a production (Stumhofer and others
2006). The IL-27 inhibition of IL-17 responses is dose de-
pendent as is the upregulation of IFN-g production and both
are optimal at 100 ng/mL.

We further demonstrate that IL-27 induces STAT1 and
STAT3 phosphorylation in human T cells as well as expres-
sion of the downstream STAT1 target gene SOCS1. Our
studies show that IL-27 induces rapid phosphorylation of
STAT1 similar to that induced by IFN-g and that the strength
and duration of phosphorylation is greater than that induced
by either IFN-g or IL-6. IL-27 also induces rapid phosphor-
ylation of STAT3 that is weaker than that induced by IL-6.
These results suggest that IL-27 has a STAT1-dominant effect
on gene activation during Th17 differentiation of human
naı̈ve T cells. Our data are in agreement with a study
showing that IL-27 induces STAT1 and STAT3 in T cells
(Hibbert and others 2003) and further show the kinetics and
strength of this activation. In mice, IL-27-mediated IL-17
inhibition was shown to be STAT1 dependent (Batten and
others 2006; Stumhofer and others 2006; Diveu and others

2009; El-behi and others 2009). The role of STAT3 in the IL-
27-mediated inhibition of IL-17 is uncertain since this tran-
scription factor is both necessary for IL-17 transcription and
is induced by IL-27. It is tempting to speculate that similar
to the murine system, human IL-27-mediated inhibition of
IL-17 is STAT1 dependent. Further studies using siRNA to
silence STAT1 in human T cells are required to confirm
the role of STAT1 in the ability of IL-27 to dampen IL-17
production.

Cytokine signaling through the STAT pathway is nega-
tively regulated by SOCS proteins. IL-27 suppresses
CD28-mediated IL-2 production that is correlated with the
induction of SOCS3 expression in CD4þ T cells (Owaki and
others 2006; Villarino and others 2006). In the present study,
we show that inhibition of Th17 differentiation by IL-27 is
associated with the upregulation of SOCS1 expression. Le-
vels of IL-17 protein in the culture supernatants are inversely
associated with SOCS1 expression. Expression of SOCS3 is
slightly modulated by IL-27. Induction of SOCS expression
in human T cells by IL-27 is a salient finding and is in concert
with activation of STAT1 and SOCS1 in human macrophages
(Kalliolias and Ivashkiv 2008). Whether the IL-27-mediated
IL-17 inhibition is attributed to a SOCS1-mediated damp-
ening of STAT1 or STAT3 and the role of SOCS3 remains to
be determined. Studies utilizing siRNA to silence SOCS1 or

FIG. 5. IL-10 does not mediate IL-27-in-
duced IL-17 inhibition. Naı̈ve CD4þ T cells
were activated with CD3/CD28 in the
absence and presence of Th17 polarizing
cytokines with and without IL-27 in either
serum-containing medium (left graph) or
serum-free medium (right graph) and IL-
10 levels were measured in supernatants
after 6 days by ELISA (A). Data are ex-
pressed as the mean� SEM of 14 different
healthy individuals (left graph) and 8 dif-
ferent healthy donors (right graph).
*P¼ 0.03. (B) ELISA of IL-10 in superna-
tants from naı̈ve T cells activated as in (A)
in 10% FCS/RPMI in the presence of anti-
inducible T-cell co-stimulator (ICOS). Re-
sults are expressed as the mean� SD of 3
different donors. (C) ELISA of IL-17, IFN-
g, and IL-10 in supernatants from naı̈ve T
cells activated as in (A) in serum-free
conditions in the presence of IL-10 Abs.
(D) Intracellular staining of cells cultured
under Th17 polarizing conditions in the
presence of IL-27 and anti-IL-10. One of 3
representative donors is shown.
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SOCS3 in human T cells may elucidate the role of these
proteins in mediating the IL-27-induced inhibition of IL-17.

In mice, IL-27 is able to induce IL-10 production in T cells;
however, whether the immunosuppressive effect of IL-27 on
IL-17 is mediated by IL-10 is controversial (Awasthi and
others 2007; Fitzgerald and others 2007; McGeachy and
others 2007; Stumhofer and others 2007; Batten and others
2008). In humans, one study showed that IL-27 promotes the
development of IL-10-secreting Tr1 cells while inhibiting the
generation of Th17 cells (Murugaiyan and others 2009).
Others reported that the IL-27-induced IL-10 production by
human T cells was not consistently observed and did not
reach statistical significance (Diveu and others 2009). Our
results demonstrate that IL-27 does not induce IL-10 pro-
duction in naı̈ve CD4þ T cells activated with CD3/CD28 in

either serum-containing or serum-free media and support
those by Diveu and others. Additional crosslinking of ICOS
had no effect on the ability of IL-27 to induce IL-10 production
in naı̈ve CD4þ T cells. The reason for the discrepancy in results
with the study by Murugaiyan and others is most likely due to
differences in culture conditions, as our cells were activated in
the absence of exogenous IL-2 and presence of antibodies
to IFN-g and IL-4 as both these cytokines are known to inhibit
IL-17 development. Similar to the results of their study, we
observed that IL-10 did not mediate the IL-27-induced inhi-
bition of IL-17 as addition of an IL-10 neutralizing Ab did not
reverse the IL-27-mediated inhibition of IL-17 as seen both
at the protein level and by intracellular flow cytometry. We
observed slightly different effects on IL-10 depending on
the culture media used. In serum-containing media, Th17

FIG. 6. IL-27 inhibits IL-17 production by memory T cells. Memory CD4þCD45ROþ T cells were activated with CD3/CD28
in the absence and presence of IL-1b and IL-23 with and without IL-27 for 6 days in 10% FCS/RPMI. (A) ELISA of IL-17, IFN-
g, and IL-10 in cell-free culture supernatants. Data are expressed as the mean� SEM of 9 different healthy individuals.
*P¼ 0.002 in comparison to cultures without IL-27; **P¼ 0.0007 in comparison to cultures without IL-27; and ***P¼ 0.0003 in
comparison to cultures without IL-1b and IL-23. (B) Intracellular staining of IL-17 and IFN-g in the cells in (A). Numbers in
quadrants indicate percent cells in the CD4þCD45ROþ gate. One of 8 representative donors is shown. (C) Real-time poly-
merase chain reaction of IL-17 and RORC gene expression. Data from one of 2 donors are depicted. (D) ELISA of IL-17 and
IL-10 in supernatants from memory T cells cultured as described in (A) in the presence of anti-IL-10 (left graph). Data are
expressed as the mean� SD of 4 different donors. ELISA of IL-17 and IFN-g in supernatants from memory T cells cultured as
described in (A) in the absence and presence of rIL-10 for 6 days (middle and right graphs). Data are expressed as the
mean� SD of 3 different donors.
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polarizing cytokines (IL-1b and IL-23) did not have any effect
on IL-10 production and an increase though not significant in
IL-10 was seen when IL-27 was added. In serum-free media,
Th17 polarizing cytokines (IL-1b, IL-6, IL-23, and TGF-b)
significantly increased IL-10 production, most likely due to
the TGF-b and addition of IL-27 had no effect on IL-10. Our
data are similar to a study showing that addition of IL-27 to
cultures of Th17 polarizing cells had little effect on IL-10
production, which already was elevated in these cells (Stum-
hofer and others 2007).

A critical finding of this article is that IL-27 inhibits IL-17
production by committed memory T cells. We observed that
IL-27 inhibits IL-17 protein and gene expression as well as
RORC gene expression in purified memory T cells activated in
the absence and presence of IL-1b and IL-23, cytokines that
were shown to upregulate IL-17 in human memory T cells (Liu
and Rohowsky-Kochan 2008). Similar to the results with naı̈ve
T cells, IL-10 is not involved in mediating the IL-27-induced
suppression of Th17 responses. IL-27 was shown to inhibit IL-
17 production by total T cells (Murugaiyan and others 2009);
the present study specifically characterizes the effect on
memory T cells. Our studies are in contrast to studies in mice
showing that IL-27 has differential regulatory activities on
naı̈ve versus memory T cells (Diveu and others 2009; El-behi
and others 2009). These results have important implications for
the therapeutic regulation of inflammatory, autoimmune dis-
eases, where the pathogenic Th17 cells have already developed.

Increasing evidence suggests that Th17 cells are critical in
human inflammatory and autoimmune responses. Upregu-
lated IL-17 expression is found in diseased tissue and blood
of patients with multiple sclerosis, rheumatoid arthritis,
psoriasis, scleroderma, and Crohn’s disease (Bettelli and
others 2007). Hence, understanding how IL-17 is regulated in
humans is critical. Our studies indicate that IL-27 antago-
nizes human Th17 development and production by memory
T cells and therefore may be a potential therapeutic tool for
the treatment of inflammatory autoimmune disease associ-
ated with Th17 cells.
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