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Abstract
Background—Th2 cells play a critical role in the pathogenesis of allergic asthma. Established
Th2 cells have been shown to resist reprogramming into Th1 cells. The inherent stability of Th2
cells poses a significant barrier to treating allergic diseases.

Objective—We sought to understand the mechanisms by which CD4+ T cells from asthmatic
patients resist the IL-27-mediated inhibition.

Methods—We isolated and cultured CD4+ T cells from both healthy individuals and allergic
asthmatic patients in order to test whether IL-27 can inhibit IL-4 production by the cultured CD4+

T cells using ELISA. Culturing conditions that resulted in resistance to IL-27 were determined
using both murine and human CD4+ T cell culture systems. STAT1 phosphorylation was analyzed
by Western blot and flow cytometry. Suppressor of cytokine signaling (Socs) mRNA expression
was measured by quantitative PCR. The small interfering RNA method was used to knockdown
the expression of Socs3 mRNA.

© 2013 American Academy of Allergy, Asthma and Immunology. Published by Mosby, Inc. All rights reserved.
*Correspondence: Dr. Hua Huang, Department of Medicine and Integrated Department of Immunology, National Jewish Health and
University of Colorado School of Medicine, 1400 Jackson Street, Denver, CO 80206, USA. Tel: 303 398 1281; Fax: 303-398-1806;
huangh@njhealth.org.
cCurrent address: Allergy Partners of Albuquerque, 6100 Pan American Freeway, NE, Sui# 330, Albuquerque, NM 87109
dCurrent address: Allergy and Immunology, Johns Hopkins University, Baltimore, MD, 21205
gCurrent address: Department of Medicine, University of Colorado School of Medicine, CO 80045

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosure of potential conflict of interest: The authors declare no conflicts of interest.

NIH Public Access
Author Manuscript
J Allergy Clin Immunol. Author manuscript; available in PMC 2014 October 01.

Published in final edited form as:
J Allergy Clin Immunol. 2013 October ; 132(4): 912–921.e5. doi:10.1016/j.jaci.2013.06.035.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Main Results—We demonstrated that CD4+ T cells from asthmatic patients resisted the
suppression of IL-4 production mediated by IL-27. We observed that repeated exposure to Th2-
inducing conditions rendered healthy human CD4+ T cells resistant to IL-27-mediated inhibition.
Using an in vitro murine culture system, we further demonstrated that repeated or higher doses of
IL-4 stimulation, but not IL-2 stimulation, upregulated Socs3 mRNA expression and impaired
IL-27-induced STAT1 phosphorylation. The Knockdown of Socs3 mRNA expression restored
IL-27-induced STAT1 phosphorylation and IL-27-mediated inhibition of IL-4-production.

Conclusions—Our findings demonstrate that differentiated Th2 cells can resist IL-27-induced
reprogramming toward Th1 cells by downregulating STAT1 phosphorylation and likely explain
why the CD4+ T cells of asthmatic patients are resistant to IL-27-mediated inhibition.

Keywords
asthma; Th2 stability; IL-4; STAT1 signaling; SOCS3; IL-27

INTRODUCTION
Naïve CD4+ T cells can differentiate into various helper T cell subsets, including Th1, Th2,
Th9, Th17, and Th22. Although established Th cells can exhibit some plasticity, especially
under certain circumstances, such as infections, Th cells that have already committed to one
Th cell fate tend to down regulate their potential to differentiate into other Th cell fates. For
instance, ample experimental evidence supports that committed Th1 cells silence their
potential to transcribe the Il4 gene [see review 1]. Moreover, T-bet, which is important in
Ifng gene transcription, 2-5 also possesses the ability to suppress Il4 gene transcription.
Ectopic expression of T-bet in differentiating Th2 cells not only induces transcription of the
Ifng gene but also suppresses transcription of the Il4 gene. In the absence of T-bet, mice
develop spontaneous allergic airway inflammation and asthma because the Il4 gene is not
silenced. 6 Others have found that certain polymorphisms in the TBX21 gene correlate with
a susceptibility to developing asthma in humans. 7 Our own work shows that continuous T-
bet expression is required to silence Il4 gene transcription in Th1 cells. 8

In addition to T-bet, it has been reported that IFN-γR−/−, STAT4−/−, IRF-1−/−, and IRF-2−/−

mice (mice deficient in Th1 promoting factors) all demonstrated a propensity towards
mounting a Th2-type immune response against pathogens that were known to elicit only a
Th1 response in wild type mice. 9-13 These results clearly demonstrate that Th1-promoting
factors are critical in suppressing Th2 cell differentiation.

Similarly, established Th2 cells have been shown to resist reprogramming into Th1
cells. 14, 1516 This inherent Th2 stability poses a significant barrier to treating allergic
diseases. 17 Although it has been shown that the differentiation of Th2 cells downregulates
both the IL-12Rβ2 subunit and signal transducer and activator of transcription (STAT) 4
expression, rendering these Th2 cells unresponsive to IL-12, 18, 19 the mechanism of
resistance to other Th1-promoting factors, such as IL-27, in committed Th2 cells has not
been investigated.

IL-27 is a heterodimeric cytokine composed of Epstein-Barr virus-induced gene 3 (EBI3)
and p28. It binds to the IL-27 receptor (WSX-1) and gp130 to activate STAT1. 20-22 IL-27 is
a member of the IL-12 family and is primarily produced by activated dendritic cells (DCs).
It has been reported that IL-27 induces Th1 cell differentiation 23 and suppresses Th17 cell
differentiation. 24

IL-27 also inhibits Th2 cell differentiation. IL-27R−/− mice displayed increased Th2
production when infected with the parasites Leishmania major or Trichuris muris. 25
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Transgenic expression of IL-27 suppressed Th2 responses induced by S.
venezuelensis. 25, 26In vitro experiments have demonstrated that IL-27 suppressed Th2 cell
differentiation independent of its ability to promote IFN-γ production. 25, 27 However, it is
unclear whether IL-27 inhibits already-differentiated Th2 cells. Furthermore, despite the
similarities between murine and human cytokines, we cannot assume that murine and human
IL-27 will have similar Th2 inhibitory effects.

In this study, we demonstrated that human IL-27 inhibited IL-4 production by CD4+ T cells
from healthy individuals, but failed to suppress IL-4 production by CD4+ T cells from
asthmatic patients. We observed that repeated exposures to Th2-inducing conditions
rendered healthy human CD4+ T cells resistant to IL-27-mediated inhibition of IL-4
production. Using an in vitro murine culture system, we further demonstrated that repeated
or higher doses of IL-4 stimulation, but not IL-2 stimulation, upregulated Socs3 mRNA
expression, which in turn impaired IL-27-induced STAT1 phosphorylation. The knockdown
of Socs3 mRNA expression restored IL-27-induced STAT1 phosphorylation and IL-27-
mediated inhibition of IL-4-production. We also found that levels of SOCS3 mRNA and
protein, but not SOCS1 mRNA and protein, were elevated in the peripheral CD4+ T cells of
allergic asthmatic patients. Together, these findings reveal a novel mechanism by which
differentiated Th2 cells resist IL-27-induced reprogramming into Th1 cells.

METHODS
Human subjects

Healthy subjects with no prior history of allergic disease or with negative allergy skin tests
were enrolled. Inclusion criteria included healthy males and females age 18 or older with no
prior history of allergic disease (See the METHODS section in this article's Online
Repository at www.jacionline.org). Mild-to-moderate allergic asthma patients were recruited
through clinics of the Allergy and Immunology division at National Jewish Health (Denver,
CO). The protocols (HS2619 and HS1700) have been approved by the Institutional Review
Board at National Jewish Health. Additionally, the protocol (B2012-46) has been approved
by the Institutional Review Board at Fudan University (See the METHODS section in this
article's Online Repository at www.jacionline.org).

Human CD4+ T cell culture
Human CD4+ T cells were cultured under either neutralizing conditions or Th2-inducing
conditions, as described in detail under METHODS of the Online Repository. For two-
round-priming, the first-round-primed cells were washed and re-stimulated under Th2-
inducing conditions in the presence or absence of rhIL-27.

Animals
C57BL/6 mice and Tbx21−/− mice on C57BL/6 background 3 were purchased from The
Jackson Laboratory (Bar Harbor, ME). STAT1−/− mice on the 129 background 28 were
purchased from Taconic Inc (Hudson, NY) and backcrossed to C57BL/6 background mice
(three generations). All mice were maintained in the animal facility of National Jewish
Health (Denver, CO). The animal protocol was approved by the Institutional Animal Care
and Users Committees at National Jewish Health (Denver, CO).

Priming of murine Th cells, intracellular staining and ELISA analysis of IL-4 and IFN-γ
protein

Mouse CD4+ T cells were cultured under either neutralizing conditions or Th2-inducing
conditions consisting of three different concentrations of reagents as described in detail
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under METHODS of the Online Repository. Intracellular staining and ELISA were also
described in detail under METHODS of the Online Repository.

Quantitative RT-PCR (qPCR) and western blot analysis
qPCR measurement was performed as described in detail under METHODS of the Online
Repository. Primer sequences are listed in Table E1 of the Online Repository. Western blot
analysis was carried out as described in detail under METHODS of the Online Repository.

Intracellular staining of STAT phosphorylation
PBMCs were stained with APC-labeled anti-Human CD294 (CRTH2) antibody. Next, the
stained cells were or were not stimulated with rhIL-27 (50 ng/ml) or rhIL-4 (50 ng/ml) for
15 minutes. Cells were fixed, permeabilized, and stained as described in detail under
METHODS of the Online Repository.

siRNA knock down
Naive CD4+ T cells were activated under Th2hi-inducing conditions. Twenty-fours later,
cells (0.5 to 2 × 106) were collected and used for siRNA transfection as described in detail
under METHODS of the Online Repository.

Statistical analysis
All of the error bars in this report represent SDs. For ELISA or qPCR analyses, the mean ±
SD was derived from triplicate measurements of one experiment. Pooled data are indicated
in the figure legends. The difference between two samples was analyzed with Student's t-
test.

RESULTS
Human IL-27 suppresses Th2 cell differentiation independent of IFN-γ and IL-10

Despite the accumulated knowledge about murine IL-27 and its potential use as an effective
immunotherapy for allergic diseases and asthma, there are a limited number of studies
regarding human IL-27. Here, we sought to determine if human IL-27 can suppress Th2 cell
differentiation in a similar fashion to its murine counterpart. We prepared CD4+ T cells from
the peripheral blood of healthy individuals using Miltenyi magnetic beads. The isolated
CD4+ T cells were cultured under Th2-inducing conditions in the presence or absence of
human IL-27. We found that human IL-27 completely suppressed IL-4 production in human
CD4+ T cells that were primed under Th2-inducing-conditions (Fig 1, A). This result
demonstrates that IL-27 suppressed Th2 cell differentiation in humans.

Because both mouse and human IL-27 have been reported to promote IFN-γ and IL-10
production, we tested whether human IL-27 suppresses Th2 cell differentiation as a result of
IFN-γ and IL-10 production. Anti-IFN-γ and/or anti-IL-10 antibody was included in our
culture conditions. We showed that human IL-27 suppresses Th2 cell differentiation
independent of both IFN-γ and IL-10 (Fig 1, B). Using IFN-γR−/− CD4 T cells, we observed
that IL-27 suppressed Th2 cell differentiation in the absence of IFN-γ receptor (data not
shown).

CD4+ T cells from asthmatic patients resist IL-27-mediated inhibition
Subsequently, we used anti-IFN-γ and anti-IL-10 antibodies in our human cell culture
system to evaluate the direct effects of IL-27. We examined the effect of IL-27 on CD4+ T
cells from both healthy and asthmatic subjects. We found that human IL-27 failed to
suppress the differentiation of Th2 cells in allergic asthmatic patients, while it markedly
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inhibited the differentiation of Th2 cells in healthy controls (Fig 1, C). The data indicated
that CD4+ T cells from allergic asthmatic patients resist IL-27-mediated inhibition (hereafter
referred to as IL-27 resistance).

Repeated or high dose IL-4 stimulation, but not IL-2 stimulation, induces Th2 cells to resist
IL-27-mediated inhibition

CD4+ T cells from healthy individuals are mostly composed of naïve CD4+ T cells, whereas
CD4+ T cells from allergic asthmatic patients are predominantly Th2 cells as the result of
repeated exposure to allergen stimulation. It is possible that CD4+ T cells in the peripheral
blood of allergic asthmatic patients, after repeated exposure to allergen stimulation, develop
a resistance to IL-27-mediated suppression. To examine this possibility, we repeatedly
primed one aliquot of CD4+ T cells from healthy individuals under Th2-inducing conditions.
As a control, another aliquot of CD4+ T cells from healthy individuals was first primed
under neutralizing culture conditions (containing anti-IL-4 and anti-IFN-γ antibodies) and
then primed under Th2-inducing conditions. We found that repeated Th2-priming enabled
CD4+ T cells from healthy individuals to resist IL-27-mediated inhibition (Fig 2, A). We
verified this finding with a murine Th2 differentiation system. We showed that murine IL-27
inhibited the differentiation of naïve CD4+ T cells into Th2 cells but failed to inhibit IL-4
production by already-differentiated Th2 cells (Fig 2, B). We also noted that murine IL-27
failed to inhibit IL-5 production and IL-13 production (data not shown). Thus, we concluded
that repeated Th2 priming induces IL-27 resistance.

To test whether the development of IL-27 resistance depends on the specific concentration
of Th2-inducing reagents, we primed naïve CD4+ T cells with varying doses of IL-4 and
IL-2. IL-4 effectively primed Th2 cell differentiation, even at the lowest dose; however,
IL-4 only induced IL-27 resistance at higher doses. We measured IL-27 resistance as the
percent of reduction in IL-4 production where the least reduction in IL-4 production
indicates the strongest resistance. We found that IL-27 resistance increased as the dose of
IL-4 increased from 1 ng/ml to 20 ng/ml, i.e., the percent of reduction in IL-4 production
decreased from 78% to 16% as the dose of IL-4 increased from 1 ng/ml to 20 ng/ml (Fig 3,
A). IL-2 is required for Th2 cell differentiation 29. Consistent with the literature report, we
observed that increasing doses of IL-2 resulted in augmented IL-4 production. Surprisingly,
we found that IL-2 failed to induce IL-27 resistance, even at the highest experimental dose
(Fig 3, B). Based on the above findings, we defined three Th2-inducing conditions for
further experiments: 1) low concentrations of Th2-inducing reagents, described in detail
under METHODS of the Online Repository (hereafter referred to as Th2lo conditions), 2)
intermediate concentrations of Th2-inducing reagents (hereafter referred to as Th2int

conditions), which are more equivalent to regular concentrations of Th2-inducing reagents
that both we and other researchers have previously published and to those used in
experiments shown in Fig 2B, and 3) high concentrations of Th2-inducing reagents
(hereafter referred to as Th2hi conditions). We showed that Th2hi conditions induced the
strongest IL-27 resistance (IL-27 suppressed IL-4 production by only 30%), while Th2lo

conditions did not induce significant IL-27 resistance (IL-27 suppressed IL-4 production by
89%) (Fig 3, C). All three Th2-inducing conditions effectively primed IL-4 production (Fig
3, C).

Th2-inducing reagents at high concentrations do not downregulate the IL-27 receptor
Our data do not support that downregulation of the IL-27 receptor is the mechanism by
which Th2hi conditions induced IL-27 resistance. In fact, Th2hi conditions markedly
upregulated Gp130 mRNA expression, a component of the IL-27 receptor that is shared by
the IL-6 receptor family. Th2hi conditions moderately enhanced Wsx1 mRNA expression (E
Figure 1). Th2hi conditions greatly upregulated Il3ra chain mRNA expression and did not
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change Il3rb chain mRNA expression (E Figure 1). The dramatic increase in the expression
of the IL-3Rα chain might explain why STAT3 phosphorylation was greatly enhanced in
Th2 cells primed under Th2hi conditions (Fig 4, D), a finding that is consistent with a recent
report that STAT3 is activated and required for Th2 differentiation.30 Finally, Th2hi

conditions slightly increased Il12rb1 mRNA expression and slightly decreased Il12rb2
mRNA expression, which is consistent with our analysis of IL-12-induced STAT4
phosphorylation shown in Fig 4, D.

Th2-inducing reagents at high concentrations impair STAT1 signaling
Next, we tested whether Th2hi conditions impair STAT1 signaling. IL-27 has been shown to
regulate IL-12 responsiveness as well as the differentiation of regulatory T cells and Th17
cells through both STAT1—dependent and –independent mechanisms 31. To determine if
IL-27 depends on STAT1 to suppress Th2 cell differentiation, we primed WT or STAT1-
deficient naïve CD4+ T cells under Th2int conditions in the presence or absence of IL-27.
We found that in the absence of STAT1 signaling, IL-27 completely lost the ability to
suppress Th2 cell differentiation (Fig 4, A), demonstrating that IL-27 entirely depends on
STAT1 signaling in order to inhibit Th2 cell differentiation.

It has been demonstrated that T-bet is the key downstream target molecule of STAT1 in both
promoting Ifng gene transcription and suppressing Il4 gene transcription 3, 8, 32.
Surprisingly, we found that IL-27 did not use T-bet to suppress Th2 cell differentiation. We
showed that in the absence of T-bet, IL-27 inhibited IL-4 expression in T-bet−/− CD4+ T
cells to a degree comparable with that of the WT control even though IL-27 failed to induce
IFN-γ expression in T-bet−/− CD4+ T cells (Fig 4, B).

Thus, in the IL-27 pathway, STAT1 appears to be a logical target of IL-4. We observed that
Th2 cells primed under Th2hi and Th2int conditions, but not Th2lo conditions, exhibited a
dramatic reduction in IL-27-induced STAT1 phosphorylation (Fig 4, C). Th2-inducing
reagents at higher concentrations did not alter STAT1 protein expression in the resultant Th2
cells. On the contrary, STAT3 phosphorylation with or without IL-3 stimulation was greatly
enhanced in Th2 cells primed under Th2hi conditions compared to CD4+ T cells cultured
under neutralizing conditions. IL-12-induced STAT4 phosphorylation was not significantly
altered in Th2 cells primed under Th2hi conditions or in CD4+ T cells primed under
neutralizing conditions (Fig 4, D).

To determine whether STAT1 phosphorylation is inhibited in various CD4+ T cell
populations of allergic asthmatic patients, we developed a flow cytometry-based assay.
CRTH2 has been reported as an excellent marker for detecting human Th2 cells in the
peripheral blood 33. We stained isolated human PMBCs with anti-human CD4, anti-human
CRTH2, anti-human CD45RO, and anti-phosphorylated STAT1 (pSTAT1) antibodies. We
observed three well-defined CD4+ T cell populations. We defined naïve CD4+ T cells as
those cells with a phenotype of CD4+CD45RO−CRTH2−; memory Th2 cells (Th2m) as
those cells with a phenotype of CD4+CD45RO+CRTH2+; and memory non-Th2 cells (non-
Th2m), including memory Th1 cells and memory Th17 cells, as those cells with a phenotype
of CD4+CD45RO+CRTH2− (Fig 5, A). We found that in response to IL-27 stimulation, the
delta mean fluorescence intensities (ΔMFIs) of pSTAT1 staining within Th2m cells and non-
Th2m cells were significantly lower in the allergic asthmatic patients than in controls (Fig 5,
A and C). Interestingly, we noted that ΔMFIs of pSTAT1 staining with naïve CD4+ T cell
population in the allergic asthmatic patients showed a tendency toward significant reduction
compared with that in controls. We did not observe a significant difference between patients
and controls in the ΔMFIs of IL-4-induced pSTAT6 staining across all three defined
populations (Fig 5, B and D). These results demonstrate that STAT1 signaling is impaired in
all memory Th2 cells of allergic asthmatic patients .
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Th2-inducing reagents at high concentrations upregulate SOCS3 expression
The SOCS family, which consists of seven members, has been shown to be cytokine-
induced negative feedback regulators of STAT signaling. Because Th2hi conditions, but not
Th2lo conditions, inhibited STAT1 phosphorylation, we compared SOCS mRNA and
protein expression of all seven members in Th2 cells primed under Th2lo versus Th2hi

conditions. Our data demonstrate that SOCS3 was the only member whose mRNA
expression (p<0.05, Fig 6, A) and protein expression (Fig 6, B) were differentially
upregulated in Th2 cells primed under Th2hi, but not Th2lo, conditions. To determine the
role of SOCS3 in mediating IL-27 resistance, we knocked down expression of Socs3 mRNA
(Fig 6, C) and showed that knockdown of Socs3 mRNA restored IL-27-induced STAT1
phosphorylation in Th2 cells primed under Th2hi conditions (Fig 6, D) and rendered Th2
cells, primed under Th2hi conditions, sensitive to IL-27-mediated inhibition yet again (Fig 6,
E). Consistently, we found that the mRNA expression (Fig 7, A) and protein expression (Fig
7, B) of human SOCS3, but not human SOCS1, was elevated in purified peripheral CD4+ T
cells from allergic asthmatic patients compared to healthy subjects.

DISCUSSION
Inherent Th2 stability poses a significant barrier in treating allergic diseases. Our work
demonstrated that repeated exposure to Th2-inducing conditions renders both mouse and
human CD4+ T cells resistant to IL-27. We showed that STAT1 signaling is impaired in
established Th2 cells and this defect in STAT1 signaling explains why IL-27 can effectively
suppress the differentiation of CD4+ T cells into Th2 cells in healthy nonatopic subjects but
fails to suppress already established Th2 cells in asthmatic patients.

The mechanism by which repeated or higher doses of IL-4 stimulation induces IL-27
resistance differs from the reported mechanism that enables differentiated Th2 cells to
become insensitive to IFN-γ-mediated inhibition. Donald Leung and colleagues reported
that atopic conditions suppressed IFN-γ receptor expression on peripheral blood CD4+ T
cells 34. Both IL-2 and IL-4 have been shown to be essential in priming CD4+ Th2 cells 35,
inducing steroid resistance in Th2 cells primed with IL-4 and IL-2 36, and also inducing Th2
cells to resist IL-10 and TGFβ through a MAPK pathway 37. We also show that IL-2
enhanced Th2 priming (Fig 3). Surprisingly, we found that IL-2 did not induce IL-27
resistance.

STAT1 is required for immunity against bacteria and viruses in mice 38. Humans deficient
in STAT1 die of bacterial and viral infections at an early age 39, 40. We demonstrated that
IL-27, a key cytokine in generating immunity against bacterial and viral infection, also
depends on STAT1 to suppress Th2 cell differentiation. In fact, STAT1 is the target for
IL-4-induced resistance to IL-27. In a previous report using human CD4+ T cells from
peripheral blood, the authors concluded that Th2-inducing conditions downregulate STAT1
transcription 41. We did not find significantly downregulated expression of STAT1 protein.
Instead, we found that repeated or higher doses of IL-4 stimulation, but not IL-2 stimulation,
caused a reduction in IL-27-induced STAT1 phosphorylation.

It has been shown that patients with mutations in the STAT1 gene are susceptible to atypical
mycobacterial infection and viral infection 39, 40 and that chronic infections with
Mycoplasma pneumonia 42 and viral respiratory infections are found in some severe allergic
asthmatic patients.43, 44 It is conceivable that the downregulation of STAT1 phosphorylation
in severe allergic asthmatic patients might render them more susceptible to certain
infections. Although we have shown that STAT1 signaling was impaired in all memory
CD4+ T cells of allergic asthmatic patients, an actual link between the downregulation of
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STAT1 phosphorylation and susceptibility to atypical mycobacterial or viral respiratory
infection requires further study.

SOCS3 can be induced by a variety of cytokines in a STAT-dependent or – independent
manner 45. SOCS3 is known to inhibit STAT3, which is normally activated by IL-6, insulin
or prolactin 46-48. However, in our experimental system, we did not find that STAT3 or
STAT4 phosphorylation was inhibited. It has been reported that IL-4 induces SOCS3
expression in B cells and Th2 cells 49, 50. It was also reported that SOCS3 is essential in
maintaining Th2-type inflammation50. Kubo and colleagues showed that SOCS3 suppressed
IL-12-induced STAT4 phosphorylation but not IFN-γ-induced STAT1 phosphorylation,
IL-2-induced STAT5 phosphorylation or IL-4-induced STAT6 phosphorylation 50. Our
work, on the other hand, demonstrated that upregulated SOCS3 in Th2 cells was associated
with suppressed IL-27-induced STAT1 phosphorylation but not IL-12-induced STAT4
phosphorylation. Furthermore, our work dissected the individual component of Th2-
inducing conditions that contributes to IL-27 resistance and demonstrated that higher doses
of IL-4 or repeated IL-4 stimulation is necessary for SOCS3 induction. Our analysis reveals
a novel mechanism that explains how Th2-induced SOCS3 expression can maintain Th2
inflammation by resisting IL-27-mediated inhibition. Since allergic asthma is associated
with preexisting Th2 cells, we predict that IL-27-based therapy will be more effective in
preventing rather than treating allergic diseases.

METHODS
Human subjects

Allergic asthma was defined by the presence of asthma and multiple positive skin tests or at
least one positive skin test for an environmental allergen with allergic symptoms. Exclusion
criteria: 1) Pregnant or lactating; 2) Subjects with other comorbid respiratory diseases; 3)
Asthmatic subjects taking systemic steroids or other systemic asthma drugs (e.g. Xolair,
theophylline, zileuton). Each subject donated approximately 50 ml of peripheral blood. For
human SOCS1 and SOCS3 mRNA and protein expression analysis, allergic asthmatic
patients and healthy controls were enrolled by Dr. Zhihong Chen, the first author who
returned to Fudan University in 2011, through clinics at the Department of Respiratory
Medicine of Zhangshan Hospital, Fudan University, Shanghai, China. The ages and total
IgE levels of study subjects are included in Table E1 and E2.

Human CD4+ T cell culture and IL-4 protein measurement
Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Hypaque
(Histopaque-1077; Sigma-Aldrich) gradient centrifugation. CD4+ T cells were isolated from
PBMCs by magnetic bead separation (MACS) using a human CD4+ T Cell Isolation Kit
(Miltenyi Biotec). We routinely obtained greater than 90% CD4+ T Cell purity. CD4+ T
cells (0.25 × 106) were cultured with irradiated T cell-depleted PBMCs (1 × 106) for 5-6
days in 1 ml of Yssel's medium containing 1% human serum AB (Gemini, Cat 400-13)
under either neutralizing conditions or Th2-inducing conditions. Neutralizing conditions
contain 0.5 μg/ml of anti-human CD3 antibody (clone OKT3, eBioscience), 1 μg/ml of anti-
human CD28 antibody (clone CD28.6, eBioscience), 50 U/ml of recombinant human (rh)
IL-2 (provided by NIH AIDS Research and Reference Reagent Program), 10 μg/ml of anti-
human IFN-γ antibody (clone B27, BD Bioscience), and 10 μg/ml of anti-human IL-4
antibody (clone 3007, R&D Systems). Th2-inducing conditions contain 0.5 μg/ml of anti-
human CD3 antibody, 1 μg/ml of anti-human CD28 antibody, 50 U/ml of rhIL-2, 10 μg/ml
of anti-human IFN-γ antibody, and 15 ng/ml of rhIL-4 (Peprotech). In some cases (as
indicated in the figure), CD4+ T cells were cultured under Th2-inducing conditions in the
presence of 50 ng/ml of rhIL-27, 10 μg/ml of anti-human IL-10 antibody (clone JES3-19F1,
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BD Bioscience) or IgG2a as an isotype control for anti-human IL-10 antibody (BD
Bioscience). For preparing T cell-depleted PBMCs, CD3+ T cells were depleted using
biotin-conjugated anti-human CD3 (clone UCHT1, eBioscience) and magnetic separation. T
cell-depleted PBMCs were irradiated with 2500 Rad before being used to crosslink anti-
CD3 and anti-CD28 antibodies as a method of activating CD4+ T cells. After a six-day
culture period, the resultant cells were washed to remove cytokines that were added to prime
CD4+ T cells and then stimulated overnight with PMA (50 ng/ml) and ionomycin (1 μM) to
induce cytokine protein synthesis. Supernatants were collected and IL-4 protein
concentration was measured by ELISA (R&D Systems).

Priming of murine Th cells and intracellular staining of IL-4 and IFN-γ protein
Purified naïve CD4+ T cells (0.2 × 106 cells) were stimulated with irradiated spleen cells (1
× 106 cells) under low concentrations of Th2-inducing reagents, hereafter referred to as the
Th2lo conditions, intermediate concentrations of Th2-inducing reagents (Th2int), or high
concentrations of Th2-inducing reagents (Th2hi). The Th2lo conditions contains 1 ng/ml of
rmIL-4, 50 U/ml of rhIL-2 (mouse cross reactive), 1.5 μg/ml of anti-mouse CD3 antibody,
and 0.5 μg/ml of anti-mouse CD28 antibody; the Th2int conditions contain 5 ng/ml of
rmIL-4, 100 U/ml of rhIL-2, 3.0 μg/ml of anti-mouse CD3 antibody, and 1μg/ml of anti-
mouse CD28 antibody; and the Th2hi conditions contains 10 ng/ml of rmIL-4, 150 U/ml of
rhIL-2, 6 μg/ml of anti-mouse CD3 antibody, and 1.5 μg/ml of anti-mouse CD28 antibody.
More detailed information on the antibodies used has been described previously. E1 Naïve
CD4+ T cells were primed for five days. Intracellular staining of IL-4 and IFN-γ was carried
out as described previously. E1

Quantitative RT-PCR (qPCR) and Western blot analysis
cDNAs were prepared as described previously. E1 The amount of mRNA was expressed as
the amount relative to that of HPRT (relative amounts = 2−ΔCT, where ΔCT = CT

Sample −
CT

HPRT) as described previously. E2 For Western blot analysis of STAT phosphorylation,
cultured cells under cultured conditions indicated or SiRNA transfected cells in the figures
or figure legends were washed and starved in medium alone without FBS or any cytokines
for two hours. The starved cells were incubated with rmIL-27 (50 ng/ml), rmIL-3 (50 ng/ml)
or rmIL-12 (10 ng/ml) in complete RPMI for 15 minutes. For Western blot analysis of
SOCS protein, CD4+ T cells, cultured as described above, were used without medium
starvation or cytokine stimulation. MACS isolated human peripheral CD4+ T cells were
used without culture or cultured in complete Yssel's medium supplemented with 100 U/ml
of rhIL-2 overnight (no difference in SOCS mRNA and protein expression was found in
uncultured versus cultured human CD4+ T cells, data not shown). Lysates were prepared and
separated in 4-12% SDS-PAGE. Western blot analysis was carried out as previously
described. E3 The following antibodies were used: anti-STAT1 antibody (SC592, Santa Cruz
Biotechnology, Santa Cruz, CA); anti-Py-STAT1 antibody (cat# 9171, Cell Signaling,
Boston, MA); anti-STAT3 (cat# 4904, Cell Signaling); anti-Py-STAT3 antibody (cat# 9145,
Cell Signaling) anti-STAT4 antibody (SC486, Santa Cruz Biotechnology); anti-Py-STAT4
antibody (cat# 5267, Cell Signaling); anti-mouse/human SOCS1 (cat# 3950s, Cell
Signaling); and anti-mouse/human SOCS3 (cat# 2923s, Cell Signaling). ΔpSTAT1/STAT1=
[pSTAT1 band intensity/STAT1 band intensity in IL-27 stimulated cells] – [pSTAT1 band
intensity /STAT1 band intensity in not stimulated cells].

Intracellular staining of STAT phosphorylation
PBMCs were stained with APC-labeled anti-Human CD294 (CRTH2) antibody. Then, the
stained cells were or were not stimulated with either rhIL-27 (50 ng/ml) or rhIL-4 (50 ng/ml)
for 15 minutes. Cells were fixed with 10% formadehyde for 10 minutes and permeabilized
with methanol for 30 minutes on ice. The treated cells were stained with FITC-labeled anti-
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phosphorylated STAT1 antibody, PE-labeled anti-human CD4 antibody, and PE-Cy7-
labeled anti-human CD45RO antibody. FITC-labeled anti-phosphorylated STAT1 antibody
was purchased from BD Bioscience (San Jose, CA). PE-labeled anti-human CD4 antibody
(clone RPA-T4), PE-Cy7-labeled anti-human CD45RO antibody (clone UCHL1), and APC-
labeled anti-Human CD294 (CRTH2) antibody (clone BM16) were purchased from
Biolegend (San Diego, CA). Delta mean fluorescence intensity (ΔMFI) = [MFI of pSTAT1
or pSTAT6 staining in cells stimulated with either IL-27 or IL-4] – [MFI of pSTAT1 or
pSTAT6 staining in cells not stimulated with IL-27 or IL-4].

siRNA knock down
Mouse naive CD4+ T cells were activated with Th2hi conditions. Twenty-fours later, cells
(0.5 to 2 × 106) were collected and used for siRNA transfection by using the Nucleofector
kit (Amaxa, Lonza Ltd, USA). E2 One hundred microliters of Nucleofector T cell solution
and 300 nM of CONTROL siRNA or 300 nM of pooled Socs3 siRNA were transfected into
the activated CD4+ T cells using the mouse CD4+ T cell X001 transfecting program. siRNA
and control siRNA were ordered from Qiagen (Valencia, CA) and sequences are listed in
Table E1 of the Online Repository. Aliquots of transfected cells were cultured under either
Th2lo or Th2hi conditions for additional two days for knockdown efficiency analysis using
real-time PCR. Aliquots of transfected cells were further cultured for an additional four days
under either Th2lo or Th2hi conditions for pSTAT1/STAT1 and IL-4 protein analysis. For
pSTAT1/STAT1 analysis, the resultant cells were starved and then either stimulated or not
stimulated with mIL-27 as described above in the Western blot analysis. For IL-4 protein
analysis, the resultant cells were stimulated win PMA and ionomycin. The concentration of
IL-4 in the supernatants of stimulated cells was measured by ELISA.

ELISA analysis
At the end of cultures, T cells were washed and stimulated with PMA (50 ng/ml) and
ionomycin (1μm) at a concentration of 106 cells per 1 ml of complete medium overnight.
The IL-4 protein concentration in the supernatants was measured by using commercial
ELISA detection kits (BD Bioscience). Percentage of reduction in IL-4 production = [IL-4
protein produced by Th2 cells] – [IL-4 protein produced by Th2 cells treated with IL-27]/
[IL-4 protein produced by Th2 cells] × 100.
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PBMC Peripheral blood mononuclear cell

SOCS Suppressor of cytokine signaling

STAT Signal transducer and activator transcription

Neu neutralized culture conditions

Th2lo low-stringent Th2-inducing conditions
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Th2int intermediate-stringent Th2-inducing conditions

Th2hi high-stringent Th2-inducing conditions

Th2m memory Th2 cells

Non-Th2m memory non-Th2 cells, including Th1 and Th17 cells

siRNA small interfering RNA
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Key messages

● CD4+ T cells from asthmatic patients resisted IL-27-mediated suppression of IL-4
production

● Repeated or high-dose IL-4 stimulation induced SOCS3 mRNA expression and
impaired STAT1 phosphorylation

● Elevated Socs3 mRNA expression and impaired STAT1 phosphorylation in the
CD4+ T cells of asthmatics could explain why these cells are resistant to IL-27-
mediated inhibition
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FIG 1.
Human IL-27 suppresses Th2 cell differentiation independent of IFN-γ and IL-10. ELISA
analysis of IL-4 protein produced by human CD4+ T cells primed with conditions indicated.
Neu=neutralizing conditions; Th2=Th2-inducing conditions. Means ± SDs, n=4 (A). Data
are representative of two independent experiments with similar results (B). Healthy
volunteers (n=6), allergic asthmatic patients (n=6) (C). Each symbol represents the result
from one subject (C). Ns=not significant.
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FIG 2.
Repeated exposure to Th2-inducing conditions induces IL-27 resistance. A, ELISA analysis
of IL-4 produced by healthy human CD4+ T cells subjected to two rounds of priming. B,
ELISA analysis of IL-4 produced by mouse CD4+ T cells primed as indicated. Error bars
and statistic analysis are described in METHODS. Data represent two independent
experiments with similar results.
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FIG 3.
High doses of mouse IL-4, but not IL-2, induces IL-27 resistance after just one round of
priming. ELISA analysis of IL-4 produced by mouse CD4+ T cells that were primed with
increasing doses of rmIL-4 (A) and increasing doses of rhIL-2 (B) The rest of the Th2-
inducing conditions are identical to the one described for the Th2int (see METHODS). C,
IL-27 resistance was measured in CD4+ T cells that were primed under Th2lo, Th2int and
Th2hi conditions. The percentages on the top of the white bars indicate the percentage of
reduction in IL-4 production. Data are representative of four (A), or two independent
experiments with similar results (B, C).
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FIG 4.
The high concentrations of Th2-inducing reagents specifically impair STAT1
phosphorylation. A-B, Intracellular staining of IL-4 and IFN-γ protein in cells primed Th2int

conditions for 5 days. C, Western analysis of STAT1 phosphorylation in cultured CD4+ T
cells. Densitometer measurements of ΔpSTAT1/STAT1 are shown in the right panel.
ΔpSTAT1/STAT1= [pSTAT1/STAT1 in IL-27 stimulated cells] – [pSTAT1/STAT1 in not
stimulated cells]. D, Western analysis of STAT3 and STAT4 phosphorylation. Data are
representative of two (A, B, D) or six (C) independent experiments with similar results.
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FIG 5.
STAT1 phosphorylation is inhibited in memory Th2 cells of allergic asthmatic patients. A,
FACS analysis of STAT1 phosphorylation (pSTAT1) in various subsets of CD4+ T cells.
Naïve=naïve CD4+ T cells; Th2m =memory Th2 cells; non-Th2m=memory non-Th2 cells. B,
FACS analysis of pSTAT6. C, ΔMFIs of pSTAT1 in gated cell populations (P=patient, n=6;
C=control, n=6). D, ΔMFIs of of pSTAT6 (P, n=6; C, n=6).
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FIG 6.
High concentrations of Th2-inducing reagents upregulate SOCS3 expression in mouse CD4+

T cells cultured for 5 days. qPCR analysis (A) and western blot analysis (B) Right panel (B)
indicates densitometer measurements. HSP70=heat shock protein 70. C, SiSocs3 RNA
knock down efficiency. D, Western blot analysis of pSTAT1/STAT1 in cultured CD4+ T
cells. Low panel indicates densitometer measurements. E, IL-4 production by SiSocs3
knocked down in cultured CD4+ T cells. Data are representative of two independent
experiments with similar results.
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FIG 7.
SOCS 3 expression is elevated in CD4+ T cells of allergic asthmatic patients. A, qPCR
analysis of SOCS mRNA in human CD4+ T cells. Healthy controls, n=10; allergic asthma,
n=12. B, Western blot analysis. Low panel shows densitometer measurements. H=Healthy
controls, n=6; A=allergic asthma, n=6.
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FIG E1.
The Th2hi conditions-primed Th2 cells do not lack the IL-27 receptor. Naïve mouse CD4+ T
cells were cultured under neutralizing conditions or Th2hi conditions for five days. RNA
was prepared from the resultant cells and qPCR was performed. SDs were derived from
triplicate measurements of one representative experiment. Data are representative of two
independent experiments with similar results.
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E Table I

Primers and siRNA sequences.

Gene 5′primer 3′primer

Gp130 GCCAGAGCTTCGAGCCATCCGG TGGTGCTGACATCTTGCAGGGATG

Wsx CAAGAAGAGGTCCCGTGCTG TTGAGCCCAGTCCACCACAT

Il3r-a AAAGCAACGGGTGACGTGCA GTTGACGGTGATGGTGACCT

Il3r-b AAGAAGGCTAGGGGACCTTC CAGGAGCAAGGTGAGGATGA

Il12r-b1 TCGTTTCGGTCGCAGCACCA CCATGGCTGCCACTCAAGGCA

Il12r-b2 CTTCT GCACC CACTC ACATT GAGCT CTCCA TTCCA CTATG

Socs1 GCAGAGAGAACTGCGGCCGTG CTGCCACCTGGTTGCGTGCT

Socs2 CGGGGTTGCCGGAGGAACAG TCCGCAGGTTAGTCGGTCCAGC

Socs3 GACCATAGGAGGCGCAGCCC GCGGCGGGAAACTTGCTGTG

Socs4 GCTCGGACAGCTCCGCTTGA CCTGTCAGCACTTCGACTCCGAC

Socs5 ACAAGCCGGGGCGTTGAGC CCACGGCGCCAGCAATATCTGT

Socs6 CGCGGCTGCAGGGTTTTCATTTCA GGGCTGCGATGCCTCATGGGT

Socs7 AGCGGTCCGGGAGCTGGATAC GGTGTGGAGAGGTCAGGCCCC

human-SOCS1 CTGGGATGCCGTGTTATTTT TAGGAGGTGCGAGTTCAGGT

human-SOCS3 GGAGTTCCTGGACCAGTACG TTCTTGTGCTTGTGCCATGT

Hprt CTCATGGACTGATTATGGACAGGAC GCAGGTCAGCAAAGAACTTATAGCC

Si-control(siRNA) UGGUUUACAUGUCGACUAA

Si-Socs3(siRNA) CAAGAGAGCTTACTACATCTA

CAGTATGATGCTCCACTTTA

CAGACTTTGCACATATATTTA

AAGAAACATTTCAGTAATTTA
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E Table II

Patient information

Number Asthmatics or not Age Gender Eos(0.4-8%) IgE(<200IU/ml) SPT
a

1
N

b 45 m 2%
ND

c −

2 N 63 m 5.60% 20 −

3 N 35 m 1% ND −

4 N 22 m 1% ND −

5 N 19 m 1.5% 78 −

6 N 44 f 3% ND −

7 N 52 f 8% 25 −

8 N 65 f 3% ND −

9 N 37 f 3.6% ND −

10 N 23 f 0.8% 57 −

11
Y

d 52 m 14.30% 2236 +

12 Y 38 m 2.20% 82 +

13 Y 42 m 1% 291 +

14 Y 35 m 16.00% 379 +

15 Y 23 m 7.00% 54 +

16 Y 31 m 5.40% 79 +

17 Y 52 f 10% 700 +

18 Y 60 f 5.50% 3500 +

19 Y 50 f 12.50% 170 +

20 Y 20 f 9.00% 377 +

21 Y 27 f 3.50% 125 +

22 Y 38 f 2.10% 397 +

23 N 28 m 0.2% ND −

24 N 40 f 2% ND −

25 Y 38 m 2.20% 29 +

26 Y 23 f 7% 987 +

a
skin prick test

b
No

c
not determined

d
Yes
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