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Abstract
The effector T-cell subset, Th17, plays a significant role in the pathogenesis of multiple sclerosis
as well as other autoimmune diseases. The signature cytokine, IL-17, engages the IL-17R and
recruits the E3-ligase Act1 upon stimulation. In this study we examined the role of TRAF4 in
IL-17 signaling and Th17-mediated autoimmune encephalomyelitis. Primary cells from TRAF4-
deficient mice displayed markedly enhanced IL-17-activated signaling pathways and induction of
chemokine mRNA. Adoptive transfer of MOG 35–55 specific wild-type Th17 cells into TRAF4-
deficient recipient mice induced an earlier onset of disease. Mechanistically, we found that
TRAF4 and TRAF6 utilized the same TRAF-binding sites on Act1, allowing the competition of
TRAF4 with TRAF6 for the interaction with Act1. Taken together, this study reveals the necessity
of a unique role of TRAF4 in restricting the effects of IL-17 signaling and Th17-mediated disease.

Introduction
The signature cytokine of Th17 cells, IL-17 (IL-17A), has been linked to the pathogenesis of
numerous autoimmune diseases. Indeed, IL-17 levels are elevated in patients with multiple
sclerosis and rheumatoid arthritis and IL-17-deficient mice are resistant to experimental
autoimmune encephalomyelitis (EAE) (1) and collagen-induced arthritis (2). The IL-17
receptor family consists of five members, of which, IL-17A signals through a receptor
complex composed of IL-17RA and IL-17RC (3). Both IL-17RA and IL-17RC belong to a
SEF/IL-17R (SEFIR) protein family (4).

Act1 (NF-κB-activator-1 or CIKS), also a member of the SEFIR protein family, is an
essential E3-ligase in IL-17 signaling and is required for IL-17-dependent immune responses
(5, 6). Upon IL-17 stimulation Act1 binds different TRAF proteins. For example, Act1
exerts K63-linked polyubiquitination of TRAF6 (7), leading to the activation of NF-κB.
Additionally, IL-17 can promote the stability of numerous mRNA encoding cytokines and
chemokines in a TRAF6-independent manner (8, 9). Following IL-17 stimulation, a
phosphorylated form of Act1 forms a complex with TRAF2 and TRAF5 to stabilize
chemokine mRNA (10, 11). Recently we showed that binding of TRAF3 to the IL-17R
interferes with the formation of the IL-17R–Act1–TRAF6 complex, hence dampening
IL-17-induced inflammation (12). In the present study, we identified a unique TRAF
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member, TRAF4, as a novel negative regulator in IL-17-mediated signaling and
inflammatory responses via a distinctive mechanism.

Materials and Methods
Mice, cell culture and reagents

TRAF4-deficient C57/BL6 mice were generated as described previously (13). Experiments
were performed with gender-matched mice aged 6–8 weeks. The Institutional Animal Care
and Use Committee (IACUC) of the Cleveland Clinic Foundation approved all animal
procedures. Hela, MEF, HEK293 and primary kidney cells were maintained in DMEM,
supplemented with 10% FBS, penicillin G (100 µg/ml) and streptomycin (100 µg/ml).
Primary mouse astrocytes were isolated as described previously (6) and maintained in
DMEM supplemented with 10% FBS. Isolation of primary kidney cells was described
previously (10). TRAF-binding mutants, Flag-TRAF6 and MYC-Act1 were described
previously (7). Derek Abbott, CWRU, provided the Omni-tagged TRAF4 expression vector
and retroviral-TRAF4 (used for MEF transfection) described in ref. (14). Antibodies to
phosphorylated- ERK1/2, JNK, IκBα and total IκBα were from Cell Signaling Technology.
Goat anti-TRAF4 and the TRAF6, TRAF3, and Act-1 (all rabbit) antibodies were from
Santa Cruz Biotechnology and the rabbit anti-TRAF4 antibody was from Epitomics.
Antibodies to TAK1 and mAct1 were described previously (6, 15). The murine-rIL-17A and
human-rIL-17A were from R&D Systems. Primer sequences for real time PCR have been
described previously (16). Act1-deficient MEF cells reconstituted with wild-type Act1 and
coimmunoprecipitation with these cells and primary cells were described in (7). For Co-IP
the cells were pelleted in 4°C centrifuge (2000× RPM for 5 minutes) and the pellet was
lysed in Co-IP buffer (0.5% Triton X-100, 20 mM HEPES (pH 7.4), 150 mM NaCl, 12.5
mM β-glycerophosphate, 1.5 mM MgCl2, 10 mM NaF, 1 mM sodium orthovanadate, and
protease inhibitor cocktail (Roche). siRNA against human-TRAF4 was from Qiagen
FlexiTube siRNA (cat# SI0302015)

Induction and assessment of EAE
Passive EAE was induced and assessed as previously described (6, 16). Brains were
collected and homogenized as described previously (16). Fluorescence-conjugated CD4,
CD8, CD11b, CD45, Ly6G antibodies and isotype controls were purchased from BD
Biosciences and the F4/80 antibody was from Serotech.

Statistics
The p values of clinical scores were determined by one-way multiple-range analysis of
variance (ANOVA) for multiple comparisons. Other p-values were determined by Student’s
t tests.

Results
IL-17-induced signaling and gene expression are increased in TRAF4-deficient cells

Following IL-17 stimulation and Act1 recruitment, TRAF family members TRAF-2, -5 and
-6 are required for mRNA stability and NF-κB activation respectively. To test whether
TRAF4 plays any role in IL-17-mediated signaling, we isolated primary kidney epithelial
cells from TRAF4-deficient and littermate control mice. We observed higher baseline
activation of ERK1/2 and JNK in the TRAF4-deficient cells. Although IL-17-induced
phosphorylation of ERK1/2 and JNK was only slightly increased, IL-17-induced IκBα
degradation was significantly enhanced in the absence of TRAF4 (Fig. 1A and Supplemental
Fig. 1A). Furthermore, overexpression of TRAF4 attenuated IL-17-induced and basal-level
phosphorylation of ERK1/2, JNK and IκBα and degradation of IκBα (Fig. 1B and
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Supplemental Fig. 1B). Consistent with this, IL-17-induced expression of CXCL1 (KC), G-
CSF and GM-CSF were substantially increased in the TRAF4-deficient primary kidney
epithelial cells (Fig. 1C). It is important to note that IL-17R expression levels were
comparable between wild-type and TRAF4-deficient cells (data not shown). Furthermore,
TRAF4 deficiency did not have any significant impact on IL-1β- or LPS-induced gene
expression in kidney epithelial cells or bone-marrow macrophages, respectively (data not
shown). Taken together, these observations suggest a specific suppressive role of TRAF4 in
IL-17-mediated inflammatory gene expression.

TRAF4 deficiency exacerbates EAE severity
To determine the contribution of TRAF4 in IL-17-mediated responses in vivo we
administered recombinant IL-17 by intraperitoneal injections into TRAF4-deficient and
control mice. We found that the serum concentration of CXCL1 was significantly elevated
in the TRAF4-deficient mice (Fig. 2A). We have reported that Act1 deficiency rescues mice
from disease pathology in EAE (6, 16). We generated MOG-specific Th17 cells from wild-
type C57/BL6 mice and then transferred them into irradiated TRAF4-deficient and littermate
control mice. TRAF4-deficient mice exhibited an earlier onset of disease compared to
littermate controls (Fig. 2B). Consistent with the clinical severity of disease, the TRAF4-
deficient mice had increased numbers of immune cell infiltration in the brain (Fig. 2C) as
well as a significantly higher expression of pro-inflammatory genes compared to that in the
control mice (Fig. 2D).

We reported that Act1 expression in the CNS resident cells, including astrocytes, was
important for induction of EAE (16, 17). TRAF4-deficient astrocytes indeed exhibited
markedly increased expression of CXCL1 and GM-CSF compared to the heterozygous
control (Fig. 2E). Taken together, these data suggest that TRAF4 expression can attenuate
IL-17-mediated signaling events and lack of this suppressive effect of TRAF4 in vivo results
in an enhanced pathological response to IL-17 as well as accelerated EAE.

Act1/TRAF4 complex is distinct from other Act1/TRAF complexes
Considering the importance of TRAF4 in modulating IL-17 signaling, we examined TRAF4
complex formation in response to IL-17 stimulation. As shown in Figure 3A, IL-17
stimulation induced the interaction of Act1 with TRAF4, in addition to its interaction with
TRAF6, TRAF3 and TAK1. Interestingly, we found that while neither TRAF3 nor TRAF4
was associated with the IL-17-induced TRAF6 complex (Fig. 3B), Act1 but not TRAF3,
TRAF6 or TAK1 was detected in the TRAF4 immunoprecipitate from cell lysates of IL-17-
treated MEFs (Fig. 3C). These data indicate that the IL-17-induced Act1-TRAF4 complex is
distinct from other Act1/TRAF complexes (Act1-TRAF6 and Act1-TRAF3).

TRAF4 competes with TRAF6 for Act1 TRAF-binding-sites
Since enhanced IL-17-dependent IκBα degradation was observed in TRAF4-deficient cells,
we focused on the mechanistic role of TRAF4 in modulating the NF-κB pathway. Since
Act1-TRAF4 and Act1-TRAF6 are two distinct complexes, it is possible that TRAF4
competes with TRAF6 for the binding with Act1. We observed markedly enhanced modified
TRAF6 bands in the Act1 immunoprecipitate from IL-17-treated TRAF4-deficient cells
compared to that in the control cells (Fig. 4A). There was also an increased association of
Act1 with TRAF6 in the TRAF4-deficient cells compared to that in control cells (Fig. 4B).
These data suggest that TRAF4 deficiency results in more Act1-TRAF6 interaction and
TRAF6 modification (previously shown as ubiquitination). Additionally, TRAF6/Act1
interaction was reduced when TRAF4 was overexpressed (Fig. 4C and Supplemental Fig.
2A). Act1 contains two putative TRAF-binding sites, both of which are required for binding
to TRAF6 (7). Through immunoprecipitation of TRAF4 we observed that interaction was
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limited to Act1-wild-type but it was abolished in the Act1-TBm (Fig. 4D). Of note, single
mutations of either one of the TRAF-binding sites still retained interaction with TRAF4 and
TRAF6 (data not shown) demonstrating that TRAF4 and TRAF6 interact with Act1 via the
same TRAF-binding domains.

Discussion
In the present study, we identified a member of the TRAF family, TRAF4, as a novel
interaction partner of Act1. TRAF4 competes with TRAF6 for binding Act1, resulting in
reduced TRAF6-Act1 complex formation and attenuated inflammatory responses. These
results are the first to indicate the critical role of TRAF4 in modulating IL-17-mediated
signaling and pathogenesis. We recently described TRAF3 as an IL-17R proximal regulator
that modulates IL-17–mediated inflammatory responses and autoimmune diseases like EAE
(12). Although both TRAF3 and TRAF4 negatively regulate IL-17-mediated inflammatory
responses, the underlying mechanisms are quite different. TRAF3 binds to IL-17R via a
putative TB site and hence interferes with the formation of the activation complex IL-17R–
Act1–TRAF6 (12). In contrast, TRAF4 competes with TRAF6 for TB sites on Act1. We
found that these TB sites are also critical for TRAF4 binding, implying that TRAF4 and
TRAF6 occupy the same binding sites on Act1. In the presence of overexpressed TRAF4,
the formation of Act1-TRAF6 complex and downstream signaling is greatly reduced. Since
dysregulation of IL-17-mediated signaling can be highly detrimental, TRAF3 and TRAF4
represent multiple layers of modulation (at the receptor versus the adaptor Act1) to ensure
the appropriate strengths of signaling in a specific immune response. Future studies will be
to determine whether IL-17 induces post-translational modifications of TRAF4, which might
be how IL-17 modulates TRAF4’s negative regulation during inflammatory responses.
While we show that TRAF4 regulates IL-17-induced activities, it is important to note that
TRAF4 deficiency can also affect basal activation of signaling pathways, Act1 activation
and even cytokine production. Future studies are required to define TRAF4’s ability to
affect the basal activity of Act1. Furthermore, TRAF4 has also been shown to inhibit
NOD2-RIP2-mediated NF-κB activation via binding to NOD-Like Receptor, NOD2 (14).
Although TRAF4 exerts its negative regulation via distinct mechanisms in different
pathways, TRAF4 may act as a general inhibitor restricting inflammatory responses.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The Role of TRAF4 in IL-17 induced signaling and gene expression
(A) Western analyses of lysates of primary kidney cells from TRAF4-deficient mice and
littermate controls. (B) Western analyses of lysates of Hela cells transduced with retrovirus
encoding hTRAF4. (C) Quantitative real-time PCR was performed on primary kidney cells
from TRAF4-deficient mice and littermate controls. Gene expression levels relative to β-
actin, n=5, means ± SEM, *p<0.05, **p<0.01 for control versus stimulated. The data shown
represents experiments repeated three times.
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Figure 2. TRAF4 deficiency exacerbates Th17 mediated EAE
(A) Serum cytokine concentration in TRAF4 deficient mice following intraperitoneal
administration of IL-17 (2 µg/mouse for two days) (B) Clinical score of EAE severity. (C)
Flow-cytometry of infiltrated immune cells in the brain at the peak of the disease. (D) Spinal
cord gene expression at peak of disease relative to naïve TRAF4-deficient and control spinal
cord RNA (E) Gene expression from primary astrocytes stimulated with IL-17 (50 ng/ml)
for 16 hours. For (A) n=4 mice per group, for (D–E) quantitative real-time PCR was
performed, gene expression is relative to β-actin. n=5 per group for (D) and n=2 (E), means
± SEM, *p<0.05, **p<0.01 for littermate control versus TRAF4-deficient. For adoptive
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transfer experiments n=5 per group, shown here is one of two independently performed
experiments, ***p<0.001 determined by one-way ANOVA.
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Figure 3. IL-17-induced Distinct Act1-TRAF interactions
Lysates from Act1-deficient MEFs restored with wild-type Act1 untreated or treated with
IL-17 (50 ng/ml) were immunoprecipitated with anti-Act1 (A), anti-TRAF6 (B) and anti-
TRAF4 (C), followed by Western analyses for the indicated proteins. Shown are
representative of three independently performed assays.
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Figure 4. TRAF4 restricts Act1/TRAF6 interaction
Lysates of primary kidney cells untreated and treated with IL-17 (50 ng/ml) were
immunoprecipitated with anti-Act1 (A) and anti-TRAF6 (B), followed by Western analyses
for the indicated proteins. (C) Lysates of MEFs transfected with TRAF4 or vector control,
untreated or stimulated with IL-17 (50 ng/ml) were immunoprecipitated with anti-TRAF6,
followed by Western analyses for the indicated proteins. (D) Lysates of Act1-deficient
MEFs expressing WT Act1 or Act1-TBm untreated or stimulated with IL-17 (50 ng/ml)
were immunoprecipitated with anti-TRAF4, followed by Western analyses for the indicated
proteins. Shown are representative of three independently performed assays.
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