
IRAK4 kinase Activity is Required for Th17 Differentiation and
Th17-mediated Disease

Kirk A. Staschke*, Sucai Dong*, Joy Saha*, Jingyong Zhao*, Nathan A. Brooks*, Deena L.
Hepburn*, Jinqi Xia*, Muhammet F. Gulen#, Zizhen Kang#, Cengiz Z. Altuntas#, Vincent K.
Tuohy#, Raymond Gilmour*, Xiaoxia Li#, and Songqing Na*,||

*Lilly Research laboratory, Eli Lilly and Co., Indianapolis, IN 46285, USA
#Department of Immunology, Cleveland Clinic Foundation, Cleveland, Ohio 44195, USA

Abstract
Both IL-23- and IL-1-mediated signaling pathways play important roles in Th17 cell
differentiation, cytokine production, and autoimmune diseases. The IL-1 receptor associated
kinase 4 (IRAK4) is critical for IL-1/TLR signaling. We show here that inactivation of IRAK4
kinase in mice (IRAK4 KI) results in significant resistance to experimental autoimmune
encephalomyelitis (EAE) due to a reduction in infiltrating inflammatory cells into the CNS and
reduced antigen-specific CD4+ T cell-mediated IL-17 production. Adoptive transfer of MOG35-55-
specific IRAK4 KI Th17 cells failed to induce EAE in either wild-type or IRAK4 KI recipient
mice, indicating the lack of autoantigen-specific Th17 cell activities in the absence of IRAK4
kinase activity. Furthermore, the absence of IRAK4 kinase activity blocked induction of IL-23
receptor expression, STAT3 activation by IL-23, and Th17 cytokine expression in differentiated
Th17 cells. Importantly, blockade of IL-1 signaling by IL-1RA inhibited Th17 differentiation and
IL-23-induced cytokine expression in differentiated Th17 cells. The results of these studies
demonstrate that IL-1-mediated IRAK4 kinase activity in T cells is essential for induction of IL-23
receptor expression, Th17 differentiation, and autoimmune disease.
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Introduction
IL-17 is a key proinflammatory cytokine that plays an important role in protective immunity
against infections and also induces a variety of inflammatory effects (1, 2). The expression
of IL-17 has been demonstrated to be increased in many inflammatory conditions such as
multiple sclerosis, rheumatoid arthritis, lung airway infections, and psoriasis (3–6). IL-17
binds to its ubiquitously expressed receptor, IL-17R, and induces the secretion of many
other proinflammatory cytokines, chemokines, and metalloproteases in multiple cell types
resulting in recruitment of neutrophils and/or macrophages to the area of inflammation as
well as enabling cell movement and tissue damage (7, 8). IL-17 deficiency in mice delays
the onset and reduces severity of experimental autoimmune encephalomyelitis (EAE) and
collagen-induced arthritis (CIA) (9). Similar to the IL-17 deficient mice, treatment with anti-
IL-17 monoclonal antibody produces a significant, but modest reduction of CNS or joint
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inflammation and clinical disease score in mouse models of EAE and RA, respectively,
indicating that IL-17 plays important roles under those inflammatory conditions (10–12).

CD4+ helper T (Th) cells are the orchestrators in the adaptive immune response. Upon
activation, naïve Th cells differentiate into effector cells that have been historically
classified as Th1 or Th2 lineage, based on their unique cytokine secretion and immune
regulatory functions (13, 14). However, recent studies have led to the discovery of a new
lineage of effector CD4+ T cells, Th17 cells, which originate under different polarizing
conditions (15–17). Several cytokines including IL-6, TGF-β, and IL-21 have been shown to
be required for optimal Th17 differentiation in vitro. Both, IL-6 and IL-21 bind to their
respective receptors and activate STAT3, which is necessary for the induction of IL-17. In
addition to STAT3, two additional related transcription factors, RORα and RORγt, have
been recently shown to be selectively expressed in Th17 cells. The expression of both
transcription factors is necessary and sufficient for IL-17 expression. Overexpression of
RORα and/or RORγt in CD4+ T cells is sufficient to induce IL-17 production in the
absence of exogenous cytokines, whereas the deficiency of either factor alone leads to
partial inhibition of IL-17 production. Loss of both factors completely blocks Th17 cell
differentiation and cytokine production (18). Consistent with their unique expression, the
expression of RORα and RORγt is increased by TGF-β and IL-6 during Th17
differentiation and both are now considered Th17 lineage specific transcription factors (18).

In addition to TGF-β and IL-6, IL-23 is another critical cytokine involved in Th17
differentiation, cell expansion/survival and stabilization (19). The importance of IL-23 in
Th17-mediated inflammation has been revealed mainly through studies in mice. Mice
lacking IL-23p19 were shown to be resistant to disease induction in Th17 cell-dependent
CIA, EAE, and IBD diseases models (20–22). Administration of anti-IL-23p19 monoclonal
antibody (mAb) or anti-IL-12p40 mAb inhibited the production of multiple inflammatory
cytokines including IL-17, IL-6, IFN-γ, IL-1β, and TNF-α, and consequently, reduced EAE
development (20–22). Furthermore, adoptive transfer of myelin oligodendrocyte
(MOG33-55)-specific IL-17-producing T cells but not IFN-γ-producing T cells can
efficiently induce EAE in recipient mice, indicating that Th17 cells, not Th1 cells, are the
pathological effector T cells in this autoimmune disease model (20). Although IL-23 seems
to be more directly involved in maintaining or stabilizing Th17 cells, it has been recently
shown that IL-23 along with TGF-β and inflammatory cytokines such as IL-6 and IL-1β is
essential for human Th17 differentiation and cytokine modulation (23, 24). Sutton et al.
recently demonstrated that IL-1 also plays a vital role in promoting antigen-specific Th17
cells in vivo in response to immunization with foreign or self-antigen and a TLR ligand (25).
Upon binding to IL-1R, IL-1β triggers the binding of intracellular adaptor protein, MyD88,
to the receptor and consequently leads to the recruitment of IL-1R associated kinases
(IRAKs), IRAK4 and IRAK1, to the receptor complex (26). IRAK1 is then phosphorylated,
ubiquitinylated and degraded resulting in activation of multiple downstream signaling
pathways including JNK, p38, and NF-κB (26). IRAK4 is pivotal for IL-1R and TLR-
induced signaling and deficiency of IRAK4 in mice abolishes the innate immune response
(27). However, the role of IRAK4 in the adaptive immune response is still controversial.
IRAK4 has been shown to be recruited to T cell lipid rafts upon T cell receptor activation
and IRAK4 deficiency led to impaired T cell responses in vivo, suggesting that IRAK4 is
involved in cross-talk between signaling in the innate and adaptive immune responses (28).
In contrast, a more recent study with both IRAK4−/− and IRAK4 kinase-dead knock-in (KI)
mice showed no defects in T cell response (29). Therefore, whether the IRAK4 kinase
activity is required for its function in T cell signaling and response remains to be resolved.
We and others recently described IRAK4 kinase dead “knock-in” mice in which the wild-
type gene coding for IRAK4 was replaced with a mutant form in which the two conserved
lysine residues in the ATP binding pocket were replaced by alanine (29, 30). Deficiency of
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IRAK4 kinase activity prevented the recruitment of IRAK1 to the IL-1R complex and its
subsequent phosphorylation and degradation. Despite these extensive studies, the precise
role of IRAK4 kinase activity in adaptive immune responses including Th17 differentiation
is unknown. We report here that IRAK4 kinase dead knock-in mice (IRAK4 KI) are
resistant to the induction and progression of Th17-cell driven experimental autoimmune
encephalomyelitis (EAE). CD4+ T cells from IRAK4 KI mice failed to produce IL-17 upon
IL-23 stimulation and adoptive transfer of autoantigen-specific IRAK4 KI Th17 cells failed
to induce EAE in recipient mice. The absence of IRAK4 kinase activity also diminished
IL-23 receptor induction and stabilization of the differentiated Th17 cells mediated by
IL-23. In addition, IL-23 was found to be essential for the continued expression of IL-23
receptor on differentiated WT Th17 cells and their Th17 cytokine expression. In contrast,
the differentiated IRAK4 KI Th17 cells failed to induce IL-23 receptor expression during
differentiation and the continuous expression upon stimulation of IL-23, suggesting that
IRAK4 plays important roles in regulating IL-23 receptor expression during Th17
differentiation, which is subsequently required for the continued Th17 polarization by IL-23.
As a result, IL-23 failed to activate STAT3 and stimulate Th17 cytokine expression in
IRAK4 KI Th17 cells. Furthermore, blockade of IL-1 signaling with recombinant IL-1RA
had similar effects on Th17 cell differentiation of wild-type cells as those observed in Th17
cells derived from IRAK4 KI mice. Taken together, our results provide evidence that
IRAK4, an essential component of IL-1 signaling, plays a crucial role in Th17 cell-mediated
autoimmune disease by regulating IL-23 receptor expression and polarization of pathogenic
Th17 cells.

Materials and Methods
Mice and reagents

IRAK4 kinase-inactive knock-in (IRAK4 KI) mice were described previously (30).
Breeding colonies for both IRAK4 KI mice and their wild-type (WT) littermates were
established and maintained at Taconic (Germantown, NY). All animal experimental
procedures used in this study were approved by Eli Lilly and Company Animal Care and
Use Committee and carried out in accordance with the guidelines of Eli Lilly and Company
(Indianapolis, IN).

All antibodies for flow cytometry, anti-CD3, CD28, IL-4, IFN-γ, IL-1α, and IL-1β were
purchased from BD Pharmingen (San Diego, CA). Anti-phospho-STAT3 (Y705) antibody
was purchased from Cell Signaling (Danvers, MA). Naïve CD4+CD62L+ T cells were
purified by AutoMacs according to the manufacturer’s protocol (Miltenyi Biotech, Auburn,
CA). Recombinant cytokines including IL-6, TGF-β, IL-23, and IL-1β were purchased from
R&D Systems, Inc. (Minneapolis, MN). Recombinant IL-1RA was commercially prescribed
as Kineret® (Amgen Inc. Thousand Oaks, CA).

Induction and clinical evaluation of MOG35-55-induced EAE
All mice were age- and sex-matched (6- to 10-week old females) at the start of experiments,
and WT littermates were used as controls. IRAK4 KI and WT mice were immunized
subcutaneously (s.c.) at two sites on the back with 300 μg MOG35-55 peptide
(MEVGWYRSPFSRVVHLYRNGK, Peptides International, Louisville, KY) emulsified in a
total of 200 μl Complete Freunds Adjuvant (CFA; Difco, Detroit, MI) containing 500 μg M.
tuberculosis H37 Ra (Difco) on days 0 and 7, supplemented with intraperotoneal (i.p.)
injections of 500 ng pertussis toxin (Calbiochem, San Diego, CA) on days 0 and 2. Clinical
symptoms of EAE were scored daily by two separate observers using the following scale; 0
= no symptoms, 0.5 = distal weak or spastic tail, 1 = completely limp tail, 1.5 = limp tail and
hind limb weakness (feet slip through cage grill), 2.0 = unilateral partial hind limb paralysis,
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2.5 = bilateral partial hind limb paralysis, 3.0 = complete bilateral hind limb paralysis, 3.5 =
complete hind limb and unilateral partial forelimb paralysis, 4.0 = moribund or death. The
data was recorded as the mean daily clinical score.

For Adoptive transfer of EAE, mice were immunized with MOG35-55 plus CFA via
conditions that induce active EAE. Lymph nodes were collected 10 days later and single cell
suspensions were prepared. Cells (6 × 106 cells/ml) were cultured in RPMI 1640 medium
(supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 IU/ml
penicillin/streptomycin and 2 × 10−5 M 2-ME) with MOG35-55 (20 μg/ml) and IL-23 (20 ng/
ml). Four days after initiation of culture, cells were harvested, washed in PBS and then
injected into recipient mice (2 × 107 cells per mouse) sublethally irradiated (600 rad) 4h
before injection.

Histology, immunohistochemistry, and flow cytometry
MOG35-55-immunized IRAK4 KI and WT mice were euthanized at days 21–25. Spinal
cords were removed, fixed overnight in IHC Zinc fixative (BD Biosciences PharMingen,
San Diego, CA) solution. Sample process and immunohistochemistry staining was done as
described previously (36).

All flow cytometric data were collected and analyzed with a Cytomics™ FC500 (Becton
Coulter, Miami, FL) using RXP™ software (Becton Coulter). The following antibodies for
staining were purchased from BD PharMingen: anti-CD45-Cy-chrome (20-F1), anti-CD4-
PE (L3T4), anti-CD8a-FITC (53–6.7), isotype control Abs, (rat IgG-FITC and rat IgG-PE).
CD11b-PE (M1/70) was purchased from Biolegend (San Diego, CA). F4/80-FITC
(MCA497F) was purchased from AbD Serotec (Münsterstr, Germany).

Proliferation and cytokine ELISA analysis
Splenocyte cell suspensions were isolated from MOG35-55-immunized WT or IRAK4 KI
mice at 21, along with naïve WT mice. Pooled splenocytes of 5 individual mice from the
same group were plated in triplicate in 96-well round bottom plates at 2 × 105 cells/well in
200 μl complete RPMI 1640 medium (Invitrogen) supplemented with 5% FCS and cultured
at 37°C, 5% CO2. Proliferation was measured by incorporation of [3H]-Methylthymidine (1
μCi/well, ICN Radiochemicals, Irvine, CA) during the last 8 hr of culture using a filtermate
harvester (Packard Instrument Co., Downers Grove, IL) and a 1450 microbeta liquid
scintillation counter (Pharmacia Biotech AB). Cytokine levels produced by cultured
splenocytes following stimulation with MOG35-55 peptide were analyzed by ELISA or using
luminex beads. ELISA assays for IL-17, IL-17F, or IL-22 were performed according to the
manufacturer’s protocol (R&D systems Inc., Minneapolis, MN). IFN-γ, IL-2, IL-5, IL-1α
and IL-1β were determined by luminex (Linco Research, Missouri).

TaqMan quantitative RT-PCR analysis, Western analysis and phospho-Stat3 ELISA
detection

For RNA expression, total cellular RNA was pooled from spinal cords or Th17 T cells of
WT or IRAK4 KI mice. RNA was prepared using RNeasy Mini Kit (QIAGEN Inc.
Valencia, CA), DNase treated and quantified by spectrophotometric analysis. A two-step
quantitative RT-PCR was performed to determine gene expression by using the relative
standard curve method, with the cellular housekeeping gene, β-actin as the normalization
control. cDNA was synthesized with a High Capacity cDNA Archive Kit (ABI 4322171)
using Gene Amp PCR 9700 (PE Applied Biosystems). A second PCR step was performed
using TaqMan Universal PCR Master Mix (ABI 4304437) and ABI Prism™ 7900HT
Sequence Detection System (Applied Biosystems). IL-17 assay-on-demand TaqMan Gene
Expression (ABI Mm00439619_m1), IL-17F, IL-21, IL-22, RORα, RORγt and β-actin
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primers and probe (PE Applied Biosystems 4352339E) were used. Threshold cycle numbers
(Ct) were determined with Sequence Detector Software (version 2.1.1; PE Applied
Biosystems) and transformed using a standard curve generated from serially diluted cDNA
samples from WT cells. The mRNA expression amount was divided by the β-actin amount
to obtain a normalized target value.

For Western blot analysis of Stat3 protein expression, naïve CD4+ T cells were
differentiated into Th17 cells in vitro, which were incubated with plate-bound mAbs of anti-
CD3 and anti-CD28 in the presence of soluble mAb of anti-IL-4 mAb (5 μg/ml), anti-IFNγ
(5 μg/ml), IL-6 (10 ng/ml), and TGF-β (5 ng/ml) (R&D System Inc., MN) at 37 °C for 4
days. The Th17 cells were then starved in serum free medium for 4 hrs before stimulating
with 10 ng/ml of recombinant IL-23 for 15 min at 37 °C. Cells were then washed and total
cell lysates were prepared in cell lysis buffer (Cell Signaling, Beverly, MA). Equal amount
of protein was loaded and blotted using antibodies recognizing total Stat3 or phospho-Stat3
(Y705) purchased from Cell Signaling, Beverly MA. Phosphorylation of Stat3 was
quantitated in cell lysates using the PathScanPhospho-Stat3 (Y705) ELISA kit (Cell
Signaling, Beverly MA).

Naïve CD4+ T cell Th1, Th2 and Th17 differentiation in vitro
Naïve CD4+ T cells were purified from both WT and IRAK4 KI mice with AutoMACS and
differentiated in vitro. For Th17 differentiation: cells were incubated with plate-bound mAbs
of anti-CD3 and anti-CD28 in the presence of soluble mAb of anti-IL-4 mAb (5 μg/ml),
anti-IFNγ (5 μg/ml), IL-6 (10 ng/ml), and TGF-β (5 ng/ml) (R&D System Inc., MN) at 37
°C for 4 days. In some experiments, IL-1β (5 ng/ml), IL-23 (5 ng/ml) (R&D System Inc.,
MN), or IL-1-RA (1 μg/ml) was added as indicated. Following differentiation, cells were
washed with PBS or growth medium and used as indicated. For Th1 and Th2 differentiation,
naive CD4+ T cells were incubated with plate-bound mAbs of anti-CD3 and anti-CD28 in
the presence of mIL-4 plus anti-IFNγ mAb (Th2 condition) or mIL-12 plus anti-IL-4 mAb
(Th1 condition). Differentiated Th cells were washed and restimulated with plate-bound
anti-CD3 mAb for 24 hrs and cell supernatants were used for measuring cytokine levels by
ELISA (R&D System Inc. MN).

Statistical analysis
Comparison of clinical scores and cytokine production levels between the various of
treatment groups were analyzed by unpaired Student’s t test. Values of p < 0.05 were
considered significant.

Results
Reduced MOG35-55-induced experimental autoimmune encephalomyelitis in IRAK4 KI mice

Our previous work has shown that IRAK4 kinase activity is critical in Toll-like receptor
mediated-innate immunity (30). To investigate the role of IRAK4 kinase activity in the
adaptive T cell immune response to autoantigen and disease induction, we immunized WT
and IRAK4 KI mice with MOG35-55 peptide to induce EAE. As shown in Fig. 1A, the
disease onset in WT mice occurred at approximately day 9–11 and peaked between day 18–
21 with a mean disease score of 3.2. In contrast, disease onset in IRAK4 KI mice was
significantly delayed occurring on day 13–15, and peaked at day 20–22 with a mean disease
score of 1.5. Disease incidence (EAE score >1.0) was also reduced in IRAK4 KI mice (42%
incidence) as compared to WT mice (92% incidence). The cumulative disease index (CDI)
based on each individual animal’s disease score from day 8–21 also was significantly
reduced in IRAK4 KI mice (CDI = 7.9 ± 1.83) versus WT mice (CDI = 20.1 ± 1.71). These
data show that IRAK4 kinase activity is critical for the full induction of MOG35-55-induced
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EAE in mice. To determine whether resistance to EAE induction in IRAK4 KI mice was
associated with a reduction in CNS inflammation, we examined leukocyte infiltration in the
pooled spinal cords by flow cytometric analysis at the peak of disease (on day 21). To
quantitatively measure the inflammatory cell infiltration in the CNS, mononuclear cells
isolated from the pooled spinal cords of four individual WT (average disease score ~3.0) and
IRAK4 KI (average disease score ~0.8) mice were stained for cell surface antigens, and
analyzed by flow cytometry (Fig. 1, B–D). As compared to WT mice, there was an
approximate 4-fold reduction in total CD45+ cells (WT: 21.3%; IRAK4 KI: 5.4%) (Fig. 1B)
and a 7-fold reduction of CD45hiF4/80+ macrophages (WT: 14.2%; IRAK4 KI: 2.1%) in
IRAK4 KI mice (Fig. 1C). In addition, there was approximately a 3-fold decrease in
infiltrating CD4+ T cells (WT: 23.6%; IRAK-4 KI: 8.3%) and a 4-fold reduction in
infiltrating CD8+ T cells (WT: 11.3, IRAK4 KI: 2.8 %) in IRAK4 KI spinal cord as
compared to WT (Fig. 1D). These results suggest that the resistance of IRAK4 KI mice to
MOG35-55-induced EAE is primarily due to a reduction in mononuclear cell infiltration in
the CNS during EAE induction.

Reduced IL-17 production in MOG35-55-specific T cells in IRAK4 KI mice
Previous studies using IRAK4 deficient mice showed that deficiency of IRAK4 protein
completely impaired in vivo T cell immune response (28). To determine whether the
reduction in EAE disease in IRAK4 KI mice was simply due to defective T cell responses to
immunized antigen, we examined self-antigen-stimulated T cell proliferation and cytokine
production from MOG35-55-immunized IRAK4 KI or WT mouse splenocytes on day 21 post
immunization (peak of the disease) in the presence of different concentrations of MOG35-55
peptide. There was no difference in MOG35-55-induced T cell proliferation between WT and
IRAK4 KI mice (Fig. 2A). Moreover, compared with WT animals, antigen-stimulated T
cells from IRAK4 KI mice produced similar amounts or slight higher level of IL-2, IL-1α,
IL-1β, Th1 and Th2 cytokines including IFN-γ and IL-5, respectively. In contrast, unlike
the other cytokines, the production of IL-17 was significantly reduced in IRAK4 KI mice
compared with WT mice (Fig. 2B). These data indicate that loss of IRAK4 kinase activity
does not affect T cell proliferation or Th1 and Th2 cytokine production in response to self-
antigen (MOG35-55 peptide) immunization. Instead, antigen-induced IL-17 expression is
specifically regulated by IRAK4 kinase activity.

Recent studies have shown that autoantigen-reactive IL-17-producing T cells, Th17 cells,
are the primary pathogenic CD4+ T cells for inducing EAE in mice (20). To determine
whether Th17 T cells from IRAK4 KI mice were primarily responsible for the reduction of
EAE, we isolated CD4+ T cells from MOG35-55-immunized WT and IRAK4 KI mice and
differentiated them into Th17 cells in vitro in the presence of MOG35-55 peptide. The in
vitro differentiated MOG35-55-specific Th17 T cells were then adoptively transferred into
either WT or IRAK4 KI recipient mice. Compared with the adoptive transferred Th17 cells
from WT mice, IRAK4 KI Th17 cells failed to induce EAE in either WT or IRAK4 KI
recipient mice (Fig. 3A). To further confirm our findings, we isolated total mRNA from the
spinal cord of both WT and IRAK4 KI mice with EAE and measured the IL-17 mRNA
expression by real-time PCR. As shown in Fig. 3B, the expression of IL-17 mRNA was
diminished in spinal cords of IRAK4 KI mice compared with WT mice. Whereas no
difference in the mRNA levels of IL-12-p35 and even slightly higher levels of IL-23 p19
mRNA in IRAK4 KI mice were observed (Fig. 3B). Our results indicate that the IRAK4 KI
Th17 cells were defective in inducing EAE and the inactivation of IRAK4 kinase leads to
the resistance of EAE in IRAK4 KI mice.
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Absence of IRAK4 kinase activity leads to reduced expression of Th17 cytokines in
differentiated Th17 cells

Naïve CD4+ T cells can be differentiated into Th1, Th2, or Th17 lineages in the presence of
different cytokines (13, 16, 31). To address the question of whether IRAK4 kinase activity is
involved in Th cell differentiation, we first isolated naïve CD4+ T cells from WT and
IRAK4 KI mice and incubated them under conditions to induce Th1, Th2, or Th17
differentiation. Cytokine expression from differentiated Th1 or Th2 cells was
indistinguishable between WT and IRAK4 KI cells (data not shown), suggesting that IRAK4
kinase signaling pathway is not involved in these processes. Next, we examined whether the
defective IL-17 production in IRAK4 KI mice was due to the impaired differentiation of
CD4+ T cells into effector Th17 cells. We purified naïve CD4+ T cells from WT or IRAK4
KI mice and differentiated them into Th17 cells in the presence of IL-6, TGF-β, IL-23, and
IL-1β as described in the Materials and Methods. As shown in Fig. 4A, expression of Th17
cytokine mRNAs including IL-17 and IL-17F was dramatically induced in WT Th17 cells
compared with Th0 cells. In contrast, the expression of these cytokines in IRAK-4 KI Th17
cells was only slightly induced compared with Th0 cells and was significantly lower as
compared with WT Th17 cells. We also tested the ability of IL-23 to further induce or
maintain the Th17 cell phenotype in both WT and IRAK4 KI Th17 cells. As shown in Fig.
4B and C, IL-23 treatment of differentiated WT Th17 cells induced expression Th17
cytokines at both the mRNA and protein levels. In contrast, only low level Th17 cytokine
expression in IRAK4 KI Th17 cells was observed under the same conditions. Following
IL-23 stimulation, the increase in IL-17 and IL-17F mRNA was 12- and 47-fold,
respectively, in WT Th17 cells as compared to only 5.4- and 10-fold, respectively, in
IRAK4 KI Th17 cells. These data indicate that IL-23 is essential for the maintenance of
Th17 cytokine expression. To examine the mechanism of the defective IL-17 production in
differentiated Th17 cells from IRAK4 KI mice, we also investigated the expression of the
two Th17 specific transcription factors, RORγt and RORα, under the same Th17
differentiation conditions in both WT and IRAK4 KI T cells. Surprisingly, we did not
reproducibly observe any dramatic difference in the induced expression of these two
transcription factors between WT and IRAK-4 KI Th17 cells (data not shown), suggesting
that IRAK4 kinase activity does not play a major role regulating expression of these two
lineage specific transcription factors during Th17 differentiation.

Abolished induction of IL-23 receptor expression and IL-23-induced Stat3 activation in
IRAK4 KI Th17 cells

IL-23 receptor is primarily expressed on memory T cells in naïve mice and its expression is
greatly increased during Th17 cell differentiation (18, 32). To examine whether the reduced
IL-17 expression in IRAK4 KI Th17 cells was due to the impaired IL-23 receptor induction
or impaired IL-23 signaling, we differentiated naïve CD4+ T cells from WT and IRAK4 KI
mice into Th17 cells and examined IL-23 receptor mRNA expression. As shown in Fig. 5A,
compared with Th0 cells, the expression of IL-23 receptor mRNA was dramatically induced
in differentiated WT Th17 cells as described previously (18). In contrast, this increase in
Th17 cells from IRAK4 KI mice was reduced significantly (Fig. 5A). Furthermore, the
expression of IL-23R mRNA was further increased or maintained upon IL-23 treatment of
differentiated WT Th17 cells, whereas IL-23 treatment failed to maintain the high
expression of IL-23R mRNA in differentiated IRAK4 KI Th17 cells (Fig. 5B), suggesting
that one of the mechanisms of stabilizing Th17 polarization by IL-23 is through induction of
its own receptor expression. To further determine whether the reduced IL-23R expression
affected IL-23 signaling in IRAK4 KI Th17 cells, we next examined the main signaling
event of IL-23 receptor, Stat3 activation. As shown in Fig. 5C, differentiated Th17 cells
from both WT and IRAK4 KI mice showed equal level of expression of total STAT3,
suggesting that IRAK4 was not involved in regulating total STAT3 expression. Upon
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stimulation with IL-23, an increase of phospho-Stat3 protein was observed only in WT Th17
cells (Fig. 5C). Further quantitative measurement by phospho-Stat3 ELISA showed that the
level of phosphorylation of Stat3 in WT Th17 cells was significantly increased by 1.8–2.5-
fold. In contrast, no increase in Stat3 phosphorylation was observed following treatment
with IL-23 in IRAK4 KI Th17 cells (Fig. 5D). These data suggest IRAK4 kinase plays a
critical role in regulating IL-23 receptor expression on differentiated Th17 cells and
ultimately affects IL-23-induced Stat3 activation and IL-17 production in Th17 cells.

Impaired Th17 cytokine production in IRAK4 KI Th17 cells is IL-1-dependent
To examine whether IL-1-mediated signaling is essential for Th17 differentiation and Th17
cytokine expression induced by IL-23 in differentiated Th17 cells, we differentiated naïve
CD4 T cells in the presence or absence of the IL-1 antagonist, IL-1RA. Gene expression of
Th17 cell signature molecules, IL-17, IL-17F and IL-23 receptor, was measured by real-time
PCR following differentiation for 4 days. As shown in Fig. 6A, the expression of IL-17,
IL-17F and IL-23R mRNAs was induced as expected (without IL-1RA) upon Th17
differentiation, but was completely inhibited in the presence of IL-1RA, indicating that Th17
differentiation is highly dependent on the IL-1- mediated signaling pathway. To determine
whether IL-1 is also involved in IL-23- mediated Th17 cell maintenance, we washed and re-
plated differentiated Th17 cells and then stimulated with IL-23 for an additional 16 hrs in
the presence or absence of IL-1RA. The levels of IL-17, IL-17F and IL-23R mRNAs in
Th17 cells following IL-23 treatment remained high as we expected; however, adding
IL-1RA into the medium completely abolished the expression of Th17 cell signature
molecules including IL-23R under these same conditions (Fig. 6B). This indicates that IL-1
is critical for Th17 differentiation and IL-23-mediated continuity or stability of Th17
polarization. Together, these data are consistent with our observations in IRAK-4 KI mice as
well as in IL-1R1 deficient mice we studied (data not shown) and from the previous studies
(25) in which either loss of IRAK4 kinase activity or IL-1 receptor expression led to the
complete inhibition of IL-23-induced IL-17 production. In addition, these data support the
conclusion that IL-1is an essential component in regulating Th17 differentiation.

Discussion
IRAK4 is a Ser/Thr kinase that plays an essential role in TLR and IL-1 receptor signaling in
innate immunity (33–35). The central function of IRAK4 in vivo and the role of its kinase
activity in innate immunity have recently been revealed by studying both genetically altered
mice and patients with IRAK4 mutations (27–29). However, its function in the adaptive
immune response is less clear or even controversial. In this article, we report that IRAK4
plays a critical role in Th17-mediated autoimmune disease by regulating Th17 cell
polarization and the response of these cells to IL-23. The loss of IRAK4 kinase activity
reduced MOG35-55-induced EAE disease incidence and progression in mice with reduced
infiltrating inflammatory cells and abolished IL-17 expression in the CNS (Fig. 1 and 3).
IRAK4 kinase activity was shown to be essential for increased expression of IL-23 receptor
mRNA in differentiated Th17 cells, which consequently led to the impaired continuous
IL-23 receptor expression, Stat3 activation and Th17 cytokine expression by IL-23 in
IRAK4 KI Th17 cells. More importantly, the impaired Th17 cytokine expression in IRAK4
KI Th17 cells is completely IL-1 dependent. Neutralizing IL-1 with IL-1RA completely
abolished IL-23 receptor expression and Th17 differentiation, further supporting the
conclusion that IL-1-IRAK4- mediated signaling pathway is essential for Th17
differentiation. Our results provide a functional mechanism of IL-1-mediated Th17 cytokine
production and demonstrate the essential role for IRAK4 kinase activity in controlling
production of Th17 cytokine and Th17-mediated autoimmune disease.
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The IL-1R-mediated signaling pathway involves a cascade of kinases organized by multiple
adapter molecules that form into signaling complexes (35). Interestingly, IRAK4 was found
to be abundantly expressed in mouse CD4+ T cells (data not shown), suggesting that IRAK4
may play an important role in T cell function. Recently, Suzuki et al showed that IRAK4
was recruited to T cell lipid rafts upon TCR stimulation resulting in activation of
downstream kinases including ZAP70 and PKCθ. They concluded that IRAK4 is essential in
TCR-induced T cell signaling (28). In contrast, we show here that both WT and IRAK4 KI
mice exhibited normal T cell immune responses to MOG35-55 peptide immunization as
demonstrated by similarities in T cell proliferation and cytokine expression. However,
IRAK4 KI mice showed reduced expression of IL-17 and were significantly resistant to
EAE induction and progression (Fig. 1). More importantly, IRAK4 was selectively involved
in regulating IL-17 expression (Fig. 2 and 3), since the antigen-stimulated primed T cells
from both WT and IRAK4 KI mice produced similar levels of Th1 and Th2 cytokines.
Similarly, anti-CD3 antibody-induced polyclonal stimulation of T cells from WT and
IRAK4 KI mice also induced similar numbers of IL-2-producing cells and similar levels of
IL-2 protein (data not shown), suggesting that IRAK4-mediated IL-17 expression is specific
rather than a general immune suppressive effect in mice lacking IRAK4 kinase activity.
Unlike IRAK4 KI mice, we have previously shown that deficiency of PKCθ in mice leads to
impaired T cell responses including T cell proliferation and IL-2 production, indicating that
IRAK4 unlikely signals directly through PKCθ for T cell function as suggested previously
(28, 36). Interestingly, both PKCθ deficient and IRAK4 KI mice exhibited reduced IL-17
production in response to antigen stimulation compared with WT mice (36) (see Fig. 2B),
suggesting that both IRAK4 and PKCθ are involved in regulating IL-17 expression in T
cells, probably via different pathways.

Th17 cells are the key pathogenic T cells involved in inflammatory and autoimmune
diseases and can be differentiated in vitro by several cytokines including TGF-β and IL-6
(37–40). A recent study by Sutton et al shows that IL-23 alone is necessary but not sufficient
for inducing IL-17 expression and requires IL-1R signaling (25). As described previously by
many others (39, 40), the Th17 cell differentiation conditions we used in which there was no
exogenous IL-1 added still leads to Th17 differentiation and Th17 cytokine expression.
However, our data suggests that IL-1 is essential for Th17 differentiation (Fig. 6). It is
conceivable that the undetectable levels of IL-1 were present in the culture to support
optimal Th17 differentiation. The source of IL-1 under these conditions is not known, but
we can not exclude the possibility that low levels are present in serum or produced by cells.
Consistent with this notion is our finding that recombinant IL-1RA resulted in complete
inhibition of Th17 differentiation. Along the similar lines, recent studies suggest that low
levels of TGF-β presented in serum and/or produced by impure cell preparations contradict
previous claims that TGF-β was not an essential Th17 differentiation factor for human CD4+

T cells (23, 24). Another recent study by Veldhoen et al. also showed that natural agonists
for aryl hydrocarbon receptor in culture medium can affect optimal differentiation of Th17
cells, suggesting the possibility that factors present in the experimental assay system could
affect directly or indirectly Th17 differentiation (41). In fact, our preliminary data suggest
that Th17 cells express mRNA of both IL-1β and IL-1R during differentiation (data not
shown). Thus, further experiments will be warranted to identify the sources of IL-1 in our
assay system, which will further clarify the role of IL-1 in Th17 differentiation in both
humans and mice.

Upon IL-1R/TLR activation, IRAK1 is rapidly phosphorylated by IRAK4, which leads to
hyper-phosphorylated IRAK1 via auto-phosphorylation. Unlike IRAK4, however, the
importance of its kinase activity has been controversial (42). Previous study by Deng et al.
shows that IRAK1 deficient mice are resistant to EAE and T cells exhibit impaired priming,
failing to proliferate or secret IFN-γ in response to Ag, regardless of the adjuvant used (43).
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In contrast, the absence of IRAK4 kinase activity in IRAK4 KI mice led to impaired Th17
differentiation and Th17 cytokine production without affecting T cell priming, Th1
differentiation, or antigen-induced IFN-γ production (Fig. 2 and data not shown). The
precise mechanisms for the discrepancy between IRAK1 deficiency and IRAK4 KI mice are
unclear. In our IRAK4 KI mice, both IRAK4 and IRAK1 protein are intact; therefore, it is
possible that IRAK1 might be activated in the absence of IRAK4 kinase activity, which is
essential for the normal T cell priming and IFN-γ production. Alternatively, IRAK1
deficiency could modulate immune response through an impaired adjuvant effect on antigen
presenting cells as a result of suboptimal TLR activation. Consistent with this notion, Th1
development was less affected after prolonged Ag immunization with complete adjuvant
(43), suggesting that IRAK1 plays an important role in APC function and T cell responses.
More recent advances in our understanding of the EAE model indicate that Th17, not Th1
cells are the pathogenic cells triggering disease (19, 20). Therefore, it will be essential to
investigate whether the absence of IRAK1 or its kinase activity will also affect Th17
differentiation during EAE induction.

The expression of IL-23 receptor mRNA is increased by IL-6 during Th17 cell
differentiation and synergistically enhanced by IL-23, which further promotes Th17
differentiation (45). In the absence of IL-1 or IRAK4 kinase activity, TGF-β and IL-6 were
not able to induce the expression of IL-23R on naïve CD4+ T cells (Fig. 5), indicating that
the one of the mechanisms of IL-1 pathway is to regulate the expression IL-23 receptor
mRNA. Recently, Stritesky et al. showed that IL-1β can augment the ability of IL-23 to
maintain the Th17 phenotype in long-term cultures (44). Similar to our observation, they
showed that IL-23R expression was upregulated during Th17 differentiation, and
subsequently maintained during IL-23 treatment. In addition, Th17 cytokine expression in
the IL-23-treated Th17 cells was further augmented by IL-1β. Interestingly, unlike the
profound effect of IL-1 signaling on IL-23R expression observed in our IRAK4 KI Th17
cells (Fig. 4 and 5), the expression of IL-23R was not affected by IL-1β treatment in this
assay system from this study, and the precise role of IL-1β in these processes was also
unclear (44). In our study, the absence of IL-1 signaling by inactivation of IRAK4 kinase
(IRAK4 KI mice) or by neutralizing IL-1 function with IL-1RA led to the reduction of
IL-23R expression during Th17 differentiation as well as IL-23-mediated Th17 maintenance
(Fig. 5 and 6). This differential effect of IL-1 on IL-23R expression between the studies of
Stritesky’s and ours could be due to several possibilities, including the pre-existing low
levels of IL-1β in the assay or simple due to different assay conditions. In our study, naïve
CD4+ T cells lacking IRAK4 kinase activity or IL-1 signaling were used for Th17
differentiation, whereas Stritesky et al. differentiated Th17 cells using naive WT CD4+ T
cells which IL-1 signaling would be intact. Therefore, future studies to understand the
mechanism of IL-1 signaling pathway in initial Th17 differentiation and later maintenance
of Th17 phenotype are warranted.

Previous studies suggest that TGF-β and IL-6 are sufficient to induce the expression of Th17
transcription factors, RORα and RORγt, which are essential for Th17 differentiation and
IL-23 receptor expression (38–39, 46). However, there was no reproducible difference in the
induction of either RORα or RORγt mRNAs between WT and IRAK4 KI CD4+ T cells
under our Th17 differentiation conditions (data not shown), suggesting that IL-1-mediated
Th17 cytokine expression might act through an RORα and RORγt-independent pathway.
Alternatively, IRAK4 could potentially function downstream of the IL-23 receptor.
Inactivative IRAK4 could block IL-23R signaling and lead to inhibition of IL-23-induced
Th17 cytokine expression in IRAK4 KI Th17 cells. However, we currently do not have any
direct experimental evidence to support this hypothesis. Taken together, our study provides
a key link between the IL-1/IL-1R/IRAK4 signaling pathway, expression of IL-23R, and
Th17 differentiation. Understanding the precise mechanism by which these signaling
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components regulate Th17 cell polarization and cytokine expression will require further
studies. This work demonstrates that IRAK4 kinase activity is critical in Th17 cytokine
production, provides evidence for IL-1 function in regulating Th17 cell differentiation and
cytokine expression, and suggests that IRAK4 is a promising target for the treatment of
Th17 cell-mediated inflammatory diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Reduced induction and progression of EAE in IRAK4 KI mice
(A) EAE was induced following immunization of MOG35-55 (300 μg/mouse, n = 15) in
CFA on days 0 and 7, as described in Methods and Materials. The severity of EAE is
presented as mean disease scores in each group. The data represent one of two independent
experiments. There was also higher percentage of disease incidence (EAE score >1.0) after

Staschke et al. Page 14

J Immunol. Author manuscript; available in PMC 2013 April 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



combined from two independent experiments in WT mice (23/25, 92%) than IRAK4 KI
mice (11/26, 42%). (B) Mononuclear cells isolated from the pooled spinal cords of four
individuals from IRAK4 KI (disease score: 0, 0, 0.5, 2.8) or WT mice (disease score 3.5,
3.0, 3.0, 3.0) on day 21 were stained for CD45. The CD45+ cells were gated and the
percentage of positive cells is indicated. (C–D) Mononuclear cells isolated from the same
pooled spinal cords as in panel B were stained for anti-CD45 plus F4/80 for infiltrated
macrophages (C) or with anti-CD4 antibody and anti-CD8 antibody for infiltrated T cells
(D). Percentages of CD4+-, CD8+-T cells or F4/80+-macrophages were counted on gated
CD45+ cells. The data represent one of two independent experiments with similar results.
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Figure 2. Impaired IL-17 production in MOG35-55-primed lymphocytes from IRAK4 KI mice
Splenocytes were isolated from five each of IRAK4 KI and WT mice on days 21 following
immunization with MOG35-55 peptide in CFA. The MOG35-55-primed cells were then
cultured in the presence of the indicated concentration of MOG35-55. (A). T cell proliferation
was determined using tritium-labeled thymidine incorporation assay. The results were
plotted as mean c.p.m. ± SEM from triplicates. The data represent one of two independent
experiments. (B) The MOG35-55-stimulated splenocyte culture supernatants were collected
at 72 hr. ELISA was used to measure the antigen-stimulated production of IFN-γ, IL-2,
IL-5, IL-1α, IL-1β and IL-17 in the cultures. Values shown represent the mean and error
bars represent SD. The data represent one of two independent experiments. Asterisk**
denotes 0.001 < p < 0.01, * denotes 0.01< p < 0.05, ns denotes not significant
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Figure 3. Impaired IL-17 expression in CNS of IRAK4 KI mice
(A). Differentiated MOG35-55-specific Th17 cells from both MOG35-55-immunized IRAK4
KI and WT mice were adoptively transferred into recipient mice of either WT or IRAK4 KI
mice. The progression of disease was scored according to our EAE disease score as
described in Materials and Methods. (B). Reduced IL-17 mRNA expression in spinal cord of
IRAK4 KI mice with EAE. Spinal cord was used for preparing RNA on day 21 following
MOG35-55 immunization of both WT and IRAK4 KI mice. The mRNA expression of
indicated genes was assessed by real-time PCR. The mRNA expression of WT mice was set
to 100%. The data represent one of two independent experiments with similar results.
Asterisk ** denotes 0.001<p < 0.01, *** denotes p<0.001.
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Figure 4. Reduced expression of Th17 cytokines in differentiated Th17 cells from IRAK4 KI
mice
Naïve CD4+ T cells were purified from both WT and IRAK4 KI mice and differentiated into
Th17 cells with plate-bound anti-CD3, anti-CD28 mAbs in the presence IL-1β, IL-6, and
TGF-β for 4 days, or T cells were incubated with only plate-bound mAbs anti-CD3 and anti-
CD28 in the presence of neutralizing mAbs to IL-4 and IFNγ (Th0 cells). (A). Total
mRNAs were isolated from 4-day differentiated Th17 cells or Th0 cells. Both IL-17 and
IL-17F mRNA expression were assessed by real-time PCR. The expression level was
normalized to β-actin mRNA. The data represent one of three independent experiments. (B).
Differentiated Th17 cells were washed, replated in medium, and incubated in the presence or
absence of recombinant IL-23 for 16 hrs. Total mRNA isolation and IL-17/IL-17F mRNA
expression was performed as in (A). The data represent one of three independent
experiments. (C) Cell supernatants from the same treatment groups from (B) were then
filtered into fresh 96-well tissue culture plates, and different cytokine levels were measured
by ELISA assay. Values shown represent the mean and error bars represent SD. The data
represent one of three independent experiments. Asterisk ** denotes 0.001<p<0.01, ***
denotes p < 0.001.

Staschke et al. Page 18

J Immunol. Author manuscript; available in PMC 2013 April 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Reduced IL-23 receptor expression and IL-23-stimulated Stat3 activation in Th17 cells
of IRAK4 KI mice
Purified native CD4+ T cells from both WT and IRAK4 KI mice were differentiated into
Th17 cells in vitro with plate-bound anti-CD3 and anti-CD28 mAbs in the presence of
IL-1β, IL-6, and TGF-β for 4 days, or T cells were incubated with only plate-bound mAbs
anti-CD3 and anti-CD28 in the presence of neutralizing mAbs to IL-4 and IFNγ (Th0 cells).
(A) Total mRNA was purified from both Th0 and Th17 cells and the expression of IL-23
receptor mRNA was assessed by real-time PCR and normalized to β-actin mRNA. The data
represent one of three independent experiments with similar results. (B) Differentiated Th17
cells were washed and then treated with recombinant human IL-23 for 16 hrs. Total RNA
isolation, IL-23R mRNA expression was assessed as in (A) and the data represent one of
three independent experiments. (C). Differentiated Th17 cells were washed, starved in
serum free medium for 4 hrs and then stimulated with recombinant IL-23 for 15 min. Cell
lysates were run on Western blot and probed with mAbs to either total Stat3 and phospho-
Stat3 (Y705). Loading control was probed with β-actin mAb. (D). Fold change of phospho-
STAT3 in Th17 cell lysate stimulated with IL-23 compared with untreated cell lysate. The
phospho-Stat3 was measured by ELISA and the phospho-Stat3 in untreated samples was set
to be 1.0. The data represent one of two independent experiments.
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Figure 6. IL-1RA blocks Th17 cell differentiation
(A). Purified naïve WT CD4+ T cells were differentiated into Th17 cells with plate-bound
anti-CD3 and anti-CD28 mAbs, IL-6, and TGF-β in the presence or absence of IL-1RA (1
μg/ml) for 4 days. Total mRNA was then purified and the expression of IL-17, IL-17F, and
IL-23R was assessed by real-time PCR and normalized to β-actin mRNA. The data
represent one of three independent experiments. (B). A portion of differentiated Th17 cells
in the absence of IL-1RA from (A) were washed, re-plated in medium, and incubated in the
presence or absence of recombinant IL-23 or IL-23 and IL-1RA for 16 hrs. Total mRNAs
were isolated from cells and IL-17, IL-17F, and IL-23R mRNA expression was quantitated
by real-time PCR. The expression level was normalized to β-actin mRNA. The data
represent one of three independent experiments. Asterisk *** denotes p < 0.001.
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