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Introduction
The immune system is capable of launching robust responses 
against invading pathogens while maintaining tolerance to 
self-antigens. As the primary antigen-presenting cells, DCs 
are crucial for both stimulating T cell responses to foreign 
antigens and maintaining immune tolerance to self-antigens 
(Steinman et al., 2003; Mayer et al., 2012; Hammer and Ma, 
2013). Although the tolerant function of DCs is important 
for preventing autoimmune diseases, it also poses a major 
obstacle for immune responses against cancer, and a general 
principal of cancer immunotherapy is to break immune tol-
erance (Sharma et al., 2011; Maueröder et al., 2014). DCs 
sense the environment largely via pattern-recognition re-
ceptors (PRRs), which recognize diverse molecular patterns 
associated with pathogens and commensal microbes, as well 
as self-ligands such as DNAs released from dying cells (van 
Vliet et al., 2007; Seya et al., 2010; Ahn and Barber, 2014). 

During an infection, DCs are stimulated for maturation by 
pathogen-associated molecular patterns, acquiring the ability 
to stimulate T cells for immune activation (Dudek et al., 2013; 
Hammer and Ma, 2013). However, in steady state, DCs un-
dergo partial or homeostatic maturation, characterized by low 
surface expression of co-stimulatory molecules (e.g., CD80 
and CD86), which is important for maintaining peripheral 
immune tolerance by inducing T cell anergy and promoting 
regulatory T cell (T reg cell) production (Dhodapkar et al., 
2001; Hawiger et al., 2001; Mahnke et al., 2002; Dalod et al., 
2014). The signaling network that mediates the tolerant func-
tion of DCs has been poorly defined.

TANK-binding kinase 1 (TBK1) along with its ho-
mologue IκB kinase epsilon (IKKε; also known as IKKi) are 
innate immune kinases that activate the transcription factor 
IRF3 and, thereby, mediate induction of type I IFNs by var-
ious PRR ligands during viral infections (Fitzgerald et al., 
2003; Sharma et al., 2003; Hemmi et al., 2004; McWhirter et 
al., 2004; Hiscott, 2007). TBK1 and IKKε display redundant 
or unique functions in IFN induction depending on the cell 
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types and stimuli used (Perry et al., 2004). However, despite 
the extensive in vitro studies, the in vivo physiological func-
tion of TBK1 in innate immune cells, particularly DCs, has 
not been investigated largely because of the embryonic lethal-
ity of the conventional Tbk1 KO mice (Bonnard et al., 2000). 
Recent studies demonstrate that TBK1 can be activated by a 
large variety of stimulators, including PRR ligands, inflam-
matory cytokines, and the TNF superfamily of co-stimulatory 
factors (Clark et al., 2009; Jin et al., 2012; Liu et al., 2015; Yu 
et al., 2015). Interestingly, TBK1 activation is insufficient for 
triggering IRF3 activation, and not all of the TBK1 inducers 
are able to induce type I IFN expression (Clark et al., 2009), 
suggesting additional functions of TBK1.

To study the function of TBK1 in DCs, we generated 
DC-conditional Tbk1 KO (hereafter called DKO) mice in 
the present study. We demonstrated that DC-specific dele-
tion of Tbk1 causes aberrant activation of T cells coupled 
with autoimmune symptoms, including splenomegly and 
lymphadenopathy as well as tissue infiltration with lympho-
cytes. The Tbk1-DKO mice also mounted stronger immune 
responses against tumor challenge. We provide evidence that 
TBK1 has a role in regulating type I IFN receptor (IFN​AR) 
signaling. These findings suggest that TBK1 is important for 
DC functions in the maintenance of T cell homeostasis and 
prevention of autoimmune responses. Our data also suggest 
that targeting TBK1 in DCs may be an approach to stimu-
late antitumor immunity.

Results
TBK1 is dispensable for DC development
To assess the function of TBK1 in DCs, we analyzed the ac-
tivation of TBK1 in DCs. Phospho-immunoblotting analyses 
revealed that although BMDCs lacked detectable TBK1 ac-
tivation unless stimulated with the TLR4 ligand LPS, splenic 
DCs displayed a basal level of TBK1 activation that became 
even more prominent in older mice, suggesting in vivo acti-
vation of TBK1 under homeostatic conditions (Fig. 1 A). To 
directly examine the functions of TBK1 in DCs, we gener-
ated Tbk1-DKO mice by crossing the Tbk1-flox mice (Jin et 
al., 2012) with CD11c-Cre mice (Fig. 1 B). The Tbk1-DKO 
and WT control mice had similar frequencies of DCs, mac-
rophages, and neutrophils in the bone marrow and spleen, 
suggesting a dispensable role for DC-specific TBK1 in the 
development of these myeloid cells (Fig. 1 C). The frequency 
of conventional DCs, plasmacytoid DCs, CD8α+ DCs, and 
the resident and migratory DCs in the cutaneous lymph 
nodes was also comparable between the WT and Tbk1-DKO 
mice (Fig. 1, D–G). These data suggested a dispensable role 
for TBK1 in regulating DC development.

TBK1 ablation in DCs perturbs T cell homeostasis and causes 
spontaneous autoimmunity
DCs play a crucial role in regulating T cell homeostasis, tol-
erance, and activation. Thus, we analyzed the effect of DC- 
specific deletion of Tbk1 on T cell homeostasis and activation. 

The TBK1 deficiency did not influence T cell development 
in the thymus, as the Tbk1-DKO and WT control mice had 
a similar frequency of double-negative and double-positive as 
well as CD4+ and CD8+ single-positive thymocyte populations 
(Fig. 2 A). At a young age (10 wk), the Tbk1-DKO and WT 
control mice also had a similar frequency of total CD4+ and 
CD8+ T cells in the spleen (not depicted); however, the Tbk1-
DKO mice had an increased frequency of activated or mem-
ory-like CD4+ and CD8+ T cells displaying CD44hiCD62Llo  
or CD44hi surface markers (Fig.  2  B). This phenotype be-
came more profound in older Tbk1-DKO mice (8 mo old; 
Fig. 2 C), coupled with strikingly elevated IFNγ-producing 
CD4+ and CD8+ effector T cells in the spleen (Fig. 2 D), al-
though the control and Tbk1-DKO mice had a similar fre-
quency of Foxp3+ T reg cells in the thymus, spleen, and lymph 
nodes (Fig. 2 E). Consistent with their perturbed T cell ho-
meostasis, the older Tbk1-DKO mice displayed autoimmune 
symptoms characterized by enlargement of spleen and lymph 
nodes, increased cellularity in these lymphoid organs, and in-
filtration of lymphocytes to the liver and lung (Fig. 2, F–H). 
Collectively, these results demonstrated an important role for 
DC-specific TBK1 in maintaining T cell homeostasis and 
preventing autoimmune responses at steady state.

TBK1 deficiency in DCs sensitizes mice to 
experimental autoimmunity
To further investigate the role of TBK1 in regulating immune 
responses, we examined the effect of DC-specific TBK1 de-
letion on tissue-specific autoimmunity using experimental 
autoimmune encephalomyelitis (EAE), an animal model of 
the autoimmune neuroinflammatory disease multiple sclero-
sis (Simmons et al., 2013). The pathogenesis of EAE involves 
priming of autoimmune T helper type 1 inflammatory T cells 
(Th1 cells) and Th17 inflammatory T cells in the periphery 
and their subsequent migration into the central nervous sys-
tem (CNS). As expected, immunization of WT young adult 
(8 wk old) mice with a CNS-specific autoantigen, myelin 
oligodendrite glycoprotein (MOG) peptide, induced EAE 
disease (Fig. 3 A) and CNS infiltration of the IFN-γ–produc-
ing Th1 cell and IL-17–producing Th17 cells (Fig. 3, B–E). 
Importantly, the age-matched Tbk1-DKO mice were more 
sensitive to EAE induction, exhibiting earlier onset and in-
creased severity of EAE disease (Fig. 3 A). This clinical phe-
notype was associated with a higher level of CNS infiltration 
with both total CD4+ and CD8+ T cells (Fig. 3, B and C) and 
Th1 and Th17 inflammatory effector cells (Fig. 3, D and E) 
in Tbk1-DKO mice. In addition, the spleen of the EAE-chal-
lenged Tbk1-DKO mice had a higher frequency and num-
ber of activated T cells, displaying the CD62LloCD44hi and 
CD69+ surface markers, than that of the WT control mice 
(Fig. 3, F and G), whereas the frequency of T reg cells was 
similar between the two genotypes (Fig. 3 H). The draining 
lymph nodes of the Tbk1-DKO mice also contained a higher 
frequency and number of Th1 and Th17 inflammatory effec-
tor cells (Fig. 3, I and J) and antigen-specific T cells respond-
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ing to MOG peptide stimulation in vitro (Fig.  3 K). Thus, 
DC-specific TBK1 negatively regulates induction of EAE by 
the CNS-specific autoantigen MOG.

TBK1 regulates antitumor immunity
A hallmark of cancer is the induction of immune tolerance 
(Maueröder et al., 2014). Although immune tolerance prevents 
the development of autoimmunity, it is a major mechanism by 
which cancer escapes from immune destruction (Maueröder 
et al., 2014). In fact, the same immune mechanisms that medi-
ate autoimmunity also contribute to the destruction of tumors, 
with tumor immunotherapy often being viewed as intentional 
induction of autoimmune responses (Maueröder et al., 2014; 
Toomer and Chen, 2014). Activation of PRRs, particularly 
stimulator of IFN genes (STI​NG), in DCs has been exploited as 
an approach to improve the efficiency of cancer immunother-
apy (Seya et al., 2010; Woo et al., 2014). Although TBK1 is one 
of the major downstream targets of STI​NG and many other 
PRRs, the DC-specific role of TBK1 in regulating antitumor 
immunity has remained unclear. Our finding that TBK1 had a 
central role in mediating the tolerant function of DCs in the 
context of autoimmunity and immune homeostasis raised the 
intriguing question of whether TBK1 promotes or suppresses 

the immunostimulatory function of DCs in antitumor immu-
nity. We used an animal model of tumor immunity that involves 
challenge of mice with mouse B16 melanoma cells. The Tbk1-
DKO mice displayed a significantly stronger ability to sup-
press tumor growth, coupled with increased survival rate upon 
tumor challenge, compared with the WT control mice (Fig. 4, 
A and B). Consistently, the Tbk1-DKO mice had increased 
frequency of tumor-infiltrating CD4+ and CD8+ effector  
T cells producing IFN-γ (Fig. 4, C and D). The draining lymph 
nodes of the tumor-bearing Tbk1-DKO mice also contained 
an increased frequency and number of IFN-γ–positive CD4+ 
and CD8+ effector T cells compared with those of the WT 
mice (Fig. 4 E), whereas the frequency of T reg cells was not 
increased (Fig.  4  F). Parallel studies revealed that the Tbk1-
DKO mice also displayed enhanced antitumor immunity in 
two other tumor models, induced with the EG7-OVA (Fig. 4, 
G and H) and EL4 (Fig. 4, I and J) thymoma cells, respectively.

Programmed death 1 (PD1) is a tolerance molecule 
that is expressed on effector T cells and mediates inhibition 
of antitumor T cell responses, and an anti-PD1 neutralizing 
antibody has demonstrated promise in cancer immunother-
apy (Zou et al., 2016). Because TBK1 functions in DCs to 
regulate T cell tolerance, we tested whether TBK1 deletion 

Figure 1. DC -specific TBK1 ablation has 
no effect on DC development. (A) Immu-
noblot analysis of phosphorylated TBK1 (p-
TBK1) and total TBK1 in whole-cell lysates of 
BMDCs stimulated with 100 ng/ml LPS (left) 
and splenic DCs (Spl DC) from young (Y; 6 
wk old) or old (O; 16 wk old) WT mice (right). 
(B) PCR analysis of TBK1 and CD11c-Cre to 
identify the genotype of WT, heterozygous 
(Het), and homozygous DC-conditional Tbk1 
KO (DKO) mice (left) and immunoblot anal-
ysis of TBK1 protein expression in BMDCs 
from WT and Tbk1-DKO mice (right). (C) Flow 
cytometric analysis of the frequency (num-
bers in quadrants) of total DCs (CD11c+), 
plasmacytoid DCs (pDC; CD11c+PDCA1+),  
macrophages (MΦ; F4/80+CD11b+), and neu-
trophils (NP; Gr-1+CD11b+) in the bone marrow 
of WT and Tbk1-DKO mice. SSC, side scatter. 
(D–G) Flow cytometric analysis of the frequency 
of conventional DC (cDC; CD11c+MHC​II+; D),  
plasmacytoid DC (CD11c+PDCA1+; E),  
CD8α+ DC (CD11c+CD8α+; F), and migratory 
(M-DC; MHC​IIhiCD11c+) and resident (R-DC; 
MHC​IIintCD11c+) DC (G) populations in the 
spleen (D–F) or cutaneous LNs (G) of WT and 
Tbk1-DKO mice, presented as representative 
plots (top) and summary graphs (bottom). 
Data are representative of at least three 
independent experiments.
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Figure 2. T BK1 deficiency in DCs impairs T cell homeostasis and causes autoimmunity. (A) Flow cytometric analysis of thymocytes in Tbk1-DKO and 
WT control mice, with the percentage of double-negative (DN), double-positive (DP), and CD4+ and CD8+ single-positive (SP) populations summarized based 
on three WT and three Tbk1-DKO mice (8 wk old). Data are presented as means ± SD. (B and C) Flow cytometric analysis of the frequency and absolute 
number of naive (CD44loCD62Lhi) and memory-like (CD44hiCD62Llo for CD4+ and CD44hi for CD8+ T cells) CD4+ and CD8+ T cells in total splenocytes from WT 
and Tbk1-DKO mice (10 wk and 8 mo old). Data are presented as representative plots (left) and summary graphs (right). (D) Flow cytometric analysis of the 
percentage of IFN-γ–producing and IL-17–producing CD4+ and CD8+ T cells in the spleen of 8-mo-old WT and Tbk1-DKO mice. (E) Frequency of CD4+Foxp3+ 
T reg cells in the thymus (Thy), spleen (Spl), and inguinal lymph nodes (ILN) of 10-wk-old WT and Tbk1-DKO mice, presented as a representative FACS plot 
(left) and summary graph based on multiple mice (right). (F and G) Representative images (F) and total cell number (G) of spleen, peripheral lymph nodes 
(pLN), and mesentery lymph nodes (mLN) of WT and Tbk1-DKO mice (8 mo old). (H) Hematoxylin-eosin staining of the indicated tissue sections from 8-mo-
old WT and Tbk1-DKO mice, showing immune cell infiltrations in the Tbk1-DKO tissues (arrows). Bars, 100 µm. Data are representative of three or more 
independent experiments. *, P < 0.05; **, P < 0.01.
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could synergize with the action of anti-PD1 in the induc-
tion of tumor rejection using the B16 melanoma model. In 
this experiment, we used B16F10 melanoma cells (lacking 
the surrogate antigen OVA), which are known as a low im-
munogenecity tumor model. Under these conditions, the 
DC-specific TBK1 deletion promoted tumor rejection to an 
extent that was similar to that caused by anti-PD1 injection 
(Fig. 4 K). Remarkably, the combination of anti-PD1 treat-
ment and TBK1 deletion resulted in a strong synergistic effect 
leading to profoundly reduced tumor growth and increased 
mouse survival (Fig. 4, K and L).

DC-based cancer immunotherapy has become a prom-
ising approach of cancer treatment (Anguille et al., 2014). To 
further examine the DC-specific role of TBK1, we used an 
animal model of DC-based therapy. After inoculation of B6 
mice with B16 cells expressing the surrogate antigen OVA, 
we injected OVA-pulsed WT or TBK1-deficient DCs into 
the tumor-bearing mice. Compared with the WT DCs, the 
TBK1-deficient DCs were significantly more potent in sup-
pressing the tumor growth and inducing tumor-infiltrating 
effector T cells (Fig. 4, M and N). This phenotype was not 
caused by altered properties of DC homing, as transferred 

Figure 3. DC -specific TBK1 deletion promotes T cell responses in EAE induction. (A) Mean clinical scores of age- and sex-matched WT and Tbk1-DKO 
mice (8 wk old) subjected to MOG35–55-induced EAE. n = 5/group. (B and C) Flow cytometric analysis of T cells infiltrating into the CNS (brain and spinal 
cord) of day-15 EAE-induced mice, presented as representative plots (B) and absolute number (C). (D and E) Frequency and absolute number of IFN-γ– and 
IL-17–producing effector T cells in the CNS of day-15 MOG35–55-immunized WT and Tbk1-DKO mice, shown as a representative plot (D) and a summary 
graph (E). (F and G) Frequency and absolute number of CD62LloCD44hi and CD69+ CD4+ effector T cells in the spleen of day-15 MOG35–55-immunized mice, 
presented as representative plots (F) and summary graphs (G). (H) Frequency of spleen T reg cells from day-15 EAE–induced mice. (I and J) Frequency and 
absolute number of IFN-γ– and IL-17–producing CD4+ T cells in the draining lymph node (dLN) of day-15 EAE-induced mice. (K) Thymidine incorporation 
cell proliferation assays of splenic T cells from day-15 EAE-induced mice, stimulated in vitro with the indicated concentrations of MOG peptide. Data are 
representative of at least three independent experiments and are presented as means ± SD. *, P < 0.05; **, P < 0.01.
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Figure 4. T BK1 deficiency in DCs promotes antitumor immunity. (A and B) Tumor growth (A) and survival (B) curves of WT and Tbk1 DKO mice injected 
s.c. with B16-OVA melanoma cells. n = 10. (C and D) Flow cytometric analysis of the frequency (C) and absolute cell numbers (D) of IFN-γ–producing CD4+ 
and CD8+ T cells in tumors of WT and Tbk1-DKO mice injected s.c. with B16-OVA melanoma cells (day 16 after injection). (E and F) Flow cytometric analysis 
of the percentage and absolute cell numbers of IFN-γ–producing CD4+ and CD8+ T cells (E) or percentage of T reg cells (F) in draining lymph nodes of WT 
and Tbk1-DKO mice injected s.c. with B16-OVA melanoma cells (day 16 after injection). Cells were stimulated with OVA peptide for 5 h after intracellular 
staining. (G–J) Tumor growth (G and I) and flow cytometric analysis of IFN-γ–producing CD4+ and CD8+ T cells in draining lymph nodes (H and J) of WT and 
Tbk1-DKO mice injected s.c. with EG7-OVA (G and H) or EL4 (I and J) thymoma cells (day 22 for EG7-OVA and day 16 for EL4 after injection). (K and L) Tumor 
growth (K) and survival (L) curves of WT and Tbk1-DKO mice injected s.c. with B16 melanoma cells without the surrogate antigen OVA (n = 10) followed by 
i.p. injection with PD-1 antibody on days 7, 10, and 13. Ctrl, control. (M) Tumor growth curve of WT mice injected s.c. with B16-OVA melanoma cells and 
then treated (on day 7) i.v. with WT or Tbk1-DKO BMDCs that were pulsed with OVA peptide and matured with LPS. (N) Flow cytometric analysis of the ab-
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WT and TBK1-deficient DCs displayed similar homing 
patterns (Fig. 4, O and P). Collectively, these results suggest 
that targeting TBK1 in DCs may be an approach to pro-
mote antitumor immunity.

TBK1 deficiency promotes the 
immunostimulatory functions of DCs
To understand the mechanism by which TBK1 regulates DC 
functions in antitumor immunity, first, we examined TBK1 
activation in DCs of tumor-bearing mice based on its phos-
phorylation. Consistent with the phospho-immunoblot assays 
(Fig. 1 A), flow cytometry detected TBK1 phosphorylation in 
lymph node DCs of untreated mice, and the level of TBK1 
phosphorylation was elevated in draining lymph node DCs of 
B16 tumor-bearing mice (Fig. 5 A). Interestingly, TBK1 defi-
ciency caused an increase in the expression of the co-stimula-
tory molecules CD80 and CD86 in splenic DCs of untreated 
mice, and this phenotype was more profound in DCs isolated 
from tumors of B16 tumor-bearing mice (Fig. 5, B and C). 
This finding prompted us to examine whether the TBK1 de-
ficiency promoted the T cell–priming function of DCs. We 
used an in vitro model involving activation of OTII T cells 
with DCs pulsed with a specific peptide, chicken OVA 323–
339. For measuring cell proliferation, the OTII T cells were 
labeled with CFSE. Compared with WT DCs, the TBK1- 
deficient DCs stimulated stronger proliferation of OTII  
T cells, as measured based on CFSE dilution (Fig. 5 D). These 
results suggest that TBK1 deficiency promotes the immuno-
stimulatory function of DCs.

TBK1 regulates a subset of IFN-responsive genes in DCs
To further elucidate the molecular mechanism by which 
TBK1 regulates DC function, we examined the effect of 
TBK1 deficiency on gene induction by the TLR4 ligand 
LPS. As expected, LPS-stimulated expression of Ifna and 
Ifnb genes was impaired in TBK1-deficient DCs (Fig. 5 E). 
Moreover, the TBK1 deficiency inhibited the induction of 
the immunosuppressive cytokine IL-10 and promoted the in-
duction of several immunostimulatory cytokines, including 
IL-1β, IL-12, and IL-23 (Fig. 5 E).

Although the in vitro studies provided insight into the 
role of TBK1 in regulating TLR-stimulated gene expres-
sion, it was still unclear how TBK1 regulated the DC gene 
expression profile under homeostatic conditions in vivo. To 
this end, we analyzed the gene expression profile of WT and 
TBK1-deficient splenic DCs by RNA sequencing. This ex-
periment, based on three independent samples, revealed sig-
nificant alterations in the expression of several genes (Fig. 5, 
F and G), most notably the enhanced expression of a large 

subset of IFN-responsive genes in the TBK1-deficient DCs 
(Fig. 5 H). As a previous study identified a DC-specific role 
for the NF-κB–activating kinase IKKβ in regulating immune 
homeostasis and tolerance (Baratin et al., 2015), we examined 
the possible connection of TBK1 with the NF-κB pathway. 
We analyzed the RNA sequencing data for NF-κB gene sig-
nature and included the IFN-responsive gene Ifi202b as a 
control. Unlike Ifi202b, the NF-κB signature genes were not 
substantially affected by the TBK1 deficiency (Fig. 5 I). The 
TBK1 deficiency also did not inhibit TLR-stimulated acti-
vation of NF-κB or mitogen-activated protein kinases (not 
depicted). To further confirm the role of TBK1 in regulating 
IFN-responsive gene expression, we performed quantitative 
RT-PCR (qRT-PCR) assays using freshly isolated WT and 
TBK1-deficient spleen DCs. Several, although not all, of 
the IFN-responsive genes tested were found to be up-reg-
ulated in the TBK1-deficient DCs (Fig. 5 J). We found that 
the TBK1 deficiency did not significantly affect the ho-
meostatic expression level of Ifna and Ifnb genes (Fig. 5  J), 
suggesting a novel function of TBK1 in regulating IFN re-
ceptor signaling. Indeed, upon in vitro starvation and restim-
ulation with IFN-β, the TBK1-deficient DCs also expressed 
profoundly higher levels of IFN-responsive genes than the 
WT control DCs (Fig. 5 K). These results are intriguing as 
type I IFN signaling is known to promote antitumor immu-
nity and mediate systemic autoimmunity (Hall and Rosen, 
2010; Fuertes et al., 2013).

Deletion of IFN​AR1 prevents aberrant T cell activation  
and autoimmunity in TBK1 DKO mice
To examine whether TBK1 functions in conjunction with 
type I IFN signaling in the regulation of immune tolerance, 
we crossed the Tbk1-DKO mice with Ifnar1-KO mice. As 
expected, DC-specific deletion of TBK1 in IFN​AR-WT ge-
netic background caused a drastic increase in the frequency of 
CD44hiCD62Llo effector/memory-like CD4+ T cells produc-
ing the effector cytokine IFN-γ (Fig. 6, A and B). Deletion 
of IFN​AR1 did not substantially alter the frequency of effec-
tor/memory-like CD4+ T cells or IFN-γ–producing CD4+ 
T cells. However, the IFN​AR1 ablation largely corrected the 
aberrant T cell activation phenotype of the Tbk1-DKO mice 
(Fig. 6, A and B). The IFN​AR1 deficiency also suppressed the 
autoimmune symptoms of the Tbk1-DKO mice, including 
splenomegly and lymphadenopathy (Fig. 6 C) and immune 
cell infiltration into the liver and lung (Fig. 6 D).

We also examined the role of IFN signaling in the  
antitumor immunity of TBK1-deficient DCs by performing 
DC-based tumor immunotherapy. Under these conditions, 
the IFN​AR1 deficiency only moderately reduced the tumor- 

solute cell numbers of IFN-γ–producing CD4+ and CD8+ T cells in tumors of the mice from M (day 18 after injection). (O and P) CFSE-labeled WT BMDCs and  
efluor450-labeled Tbk1-DKO BMDCs were subjected to flow cytometry analysis (O) or injected into day-7 B16 tumor-bearing WT mice for 18 h followed by 
flow cytometric detection of the transferred DCs in spleen, draining LNs (dLN), or tumor (P). Data are representative of at least three independent experi-
ments and are presented as means ± SD. *, P < 0.05; **, P < 0.01.
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suppression function of the DCs, whereas TBK1 deficiency 
greatly enhanced the tumor-suppression function of the 
DCs (Fig. 6 E). Moreover, in the Ifnar1-null background, the 
Tbk1-DKO and WT mice no longer had differences in me-
diating tumor rejection (Fig. 6 E). Collectively, these results 
suggest that the DC-specific functions of TBK1 involve mod-
ulation of IFN​AR1 signaling.

TBK1 mediates STAT3 serine phosphorylation
A major signaling event induced by type I IFNs is activation of 
STAT1 via its phosphorylation at tyrosine 701 (Y701) and ser-
ine 727 (S727; Ivashkiv and Donlin, 2014). Under homeostatic 

conditions, STAT1 was constitutively, although moderately, 
phosphorylated at Y701, which appeared to be dependent on 
type I IFNs, as the STAT1 Y701 phosphorylation was abolished 
in IFN​AR1-deficient DCs (Fig. 7 A, left). Moreover, TBK1 
deficiency caused an increase in STAT1 Y701 phosphoryla-
tion, but it did not affect the S727 phosphorylation of STAT1 
(Fig. 7 B, left). Because TBK1 is a serine/threonine kinase, the 
enhanced STAT1 Y701 phosphorylation was obviously caused 
by indirect effect. In this regard, STAT3 is known to be acti-
vated by type I IFNs and inflammatory cytokines and be in-
volved in negative regulation of STAT1 activation and type I 
IFN responses (Wang et al., 2011; Ivashkiv and Donlin, 2014). 

Figure 5. T BK1 regulates the expression of IFN-response genes in DCs. (A) Flow cytometric analysis of phosphorylated TBK1 (P-TBK1) in CD11c+ 
DCs isolated from the draining LNs (dLN) of untreated (naive) mice or mice injected s.c. with B16 melanoma cells. (B and C) Flow cytometric analysis of 
CD80 and CD86 expression on WT or Tbk1-DKO spleen CD11c+ DCs (Spl DC) and B16 tumor-infiltrating CD11c+ DCs (Tumor DC). MFI, mean fluorescence 
intensity. (D) Flow cytometric analysis to measure the proliferation of CFSE-labeled OTII T cells incubated with either medium control or OVA-pulsed WT and 
Tbk1-DKO spleen DCs. (E) qRT-PCR analysis of the indicated genes using LPS-stimulated splenic DCs derived from WT and Tbk1-DKO mice (8 wk old). (F–I) 
RNA-sequencing analysis using splenic DCs freshly isolated from 8-wk-old WT and Tbk1-DKO mice (each group has three samples), showing a heat map 
of highly variable genes (top 1,500; F), genes with adjusted p-value <0.01 and log2 fold-change >1.5 (G), IFN-responsive genes (H), and NF-κB signature 
genes using the IFN-responsive gene Ifi202b as a positive control (I). (J) qRT-PCR analysis of the indicated genes in freshly isolated splenic DCs from WT 
and Tbk1-DKO mice (8 wk old). (K) qRT-PCR analysis of the indicated genes using splenic DCs from J that were starved for 6 h and then either not treated 
(NT) or stimulated with IFN-β for 3 h. Data are representative of three independent experiments and are presented as means ± SD. *, P < 0.05; **, P < 0.01.
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Furthermore, STAT3 is crucial for the tolerant function of DCs, 
and DC-conditional deletion of STAT3 in mice results in T cell 
activation and autoimmunity (Cheng et al., 2003). Thus, we ex-
amined STAT3 activation based on its phosphorylation at Y705 
and S727. Interestingly, DCs displayed a high level of S727 
phosphorylation, although only moderate Y705 phosphoryla-
tion, and of STAT3, and the STAT3 S727 phosphorylation was 
partially inhibited in IFN​AR1-deficient DCs (Fig. 7 A, right). 
Moreover, the TBK1 deficiency severely attenuated the S727 
phosphorylation of STAT3 in DCs (Fig. 7 B, right). This in-

triguing result prompted us to determine the role of DC-spe-
cific STAT3 in regulating IFN-responsive genes and immune 
tolerance using DC-conditional Stat3 KO (Stat3-DKO) mice. 
Similar to the TBK1-deficient DCs, the STAT3-deficient DCs 
had up-regulated expression of several IFN-responsive genes 
(Fig. 7 C). Furthermore, as seen with the Tbk1-DKO mice, the 
Stat3-DKO mice had increased frequency of CD4+ and CD8+ 
T cells with activated phenotype (Fig. 7 D).

A recent study has identified a conserved sequence 
motif at the phosphorylation site of several TBK1 substrate 

Figure 6. D eletion of IFN​AR1 prevents autoimmunity and suppresses antitumor immunity in Tbk1 DKO mice. (A) Frequency of naive (CD44loC-
D62Lhi) and memory (CD44hiCD62Llo) CD4+ T cells and IFN-γ–producing CD4+ T cells in the spleen of age- and sex-matched mice with the indicated genotype 
(4 mo old). (B) Summary data of flow cytometric analysis of memory CD4+ (CD4+CD44hiCD62lo) and CD8+ (CD8+CD44hi) T cells in the spleen described in A. 
(C) Representative spleen and peripheral lymph node (pLN) images of age- and sex-matched mice with the indicated genotype (4 mo old). (D) Hematoxy-
lin-eosin staining of the indicated tissue sections from age- and sex-matched mice (5 mo old), showing immune cell infiltrations in the Tbk1-DKO tissues 
(arrows). Bars, 100 µm. (E) Growth curve of tumors (n = 5) of WT mice that were injected s.c. with B16-OVA melanoma cells and then treated i.v. by BMDCs 
with the indicated genotype that were pulsed with OVA peptide and matured with LPS. Data are representative of at least three independent experiments 
and are presented as means ± SD. *, P < 0.05; **, P < 0.01.
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Figure 7. T BK1 mediates STAT3 phosphorylation in DCs. (A and B) Flow cytometric analysis of tyrosine (Y701) and serine (S727) phosphorylation of 
STAT1 and STAT3 in freshly isolated splenic CD11c+ DCs from 8-wk-old Ifnar+/+ and Ifnar−/− mice (A) or 8-wk-old WT and Tbk1-DKO mice (B). (C) qRT-PCR 
analysis of the indicated genes in freshly isolated splenic CD11c+ DCs from age- and sex-matched WT and Stat3-DKO mice (8 wk old). (D) Flow cytometric 
analysis of naive (CD44loCD62Lhi) and memory-like (CD44hiCD62Llo) CD4+ and CD8+ T cells in splenocytes from age- and sex-matched WT and Stat3-DKO 
mice (3 mo old). (E) Sequence alignment of the S727 phosphorylation site of STAT3 with the phosphorylation site of several known TBK1 substrate proteins. 
Conserved residues are shown in red, and the phosphorylation serine is underlined. MAVS, mitochondrial antiviral-signaling protein. (F) Lysates of WT or 
Tbk1-DKO splenic DCs were subjected to IP using anti-TBK1 or a control Ig (Ctrl); TBK1 and TBK1-associated STAT3 were detected by immunoblotting (IB). 
(G) Immunoblot analysis of STAT3 phosphorylation in HEK293T cells transfected with STAT3 along with either TBK1 or a catalytically inactive TBK1 mutant 
(TBK1M). (H) Immunoblot analysis of S727 phosphorylated STAT3, total STAT3, and loading control HSP60 in BMDCs prepared from STAT3-WT, Stat3-DKO, 
or STAT3-S727A mutant (STAT3-SA) mice, either not treated (NT) or stimulated with LPS. (I) Tumor growth curve of WT mice injected s.c. with B16-OVA 
melanoma cells and then injected i.v. (on day 7) with BMDCs described in H that were pulsed with OVA peptide and matured with LPS. (J and K) Tumor-in-
filtrating CD4+ (J) and CD8+ (K) T cells from the tumor-bearing mice described in I, presented as representative FACS plots (left) and summary graphs based 
on multiple mice (right). Data are representative of three or more independent experiments and are presented as means ± SD. *, P < 0.05; **, P < 0.01.
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proteins (Liu et al., 2015). Interestingly, the serine phosphor-
ylation site (S727) of STAT3 also has such a conserved se-
quence motif (Fig.  7  E). TBK1 physically interacted with 
STAT3, as shown by a coimmunoprecipitation (co-IP) assay 
(Fig. 7 F). Furthermore, TBK1, but not a catalytically inac-
tive TBK1 mutant, potently phosphorylated S727 of STAT3 
(Fig. 7 G). Using a DC-based tumor therapy model, we found 
that DCs deficient in STAT3 or expressing S727A mutant of 
STAT3 displayed significantly higher tumor-suppressing ac-
tivity (Fig. 7, H and I). The STAT3-KO and STAT3-SA DCs 
also induced a significantly higher level of tumor-infiltrating 
CD4+ and CD8+ T cells producing IFN-γ compared with 
the WT DCs (Fig. 7, J and K). These results indicated that the 
role of TBK1 in regulating DC functions involves phosphor-
ylation of STAT3, although the possibility for TBK1 to target 
additional signaling factors in DCs cannot be excluded.

Discussion
TBK1 and IKKε are known as kinases that mediate induction 
of type I IFNs in response to various PRR signals (Hiscott, 
2007). In addition to the PRR ligands, many other agents, 
such as inflammatory cytokines, the TNF superfamily of 
co-stimulatory factors, and T cell receptor stimuli, stimulate 
TBK1 activation, although not all of these agents induce type 
I IFN expression (Clark et al., 2009; Jin et al., 2012; Liu et 
al., 2015; Yu et al., 2015). Emerging evidence suggests that 
TBK1 has additional roles in the regulation of immune sys-
tem functions (Jin et al., 2012; Yu et al., 2015). Our present 
study demonstrated a DC-specific function of TBK1 in the 
regulation of immune homeostasis and tolerance. DC-spe-
cific deletion of TBK1 caused aberrant activation of T cells, 
a phenotype that became particularly striking in older mice. 
Consistently, the older Tbk1-DKO mice displayed overt au-
toimmune symptoms, and the young Tbk1-DKO mice were 
also more sensitive to the induction of a T cell–dependent 
experimental autoimmune disease, EAE.

A major phenotype of the Tbk1-DKO mice was the 
perturbation of T cell homeostasis and spontaneous develop-
ment of autoimmunity at older ages. The TBK1 deficiency in 
DCs did not alter the frequency of T reg cells in the thymus, 
spleen, and lymph nodes. Although it remains to be exam-
ined whether T reg function is impaired in the Tbk1-DKO 
mice, DCs are known to mediate immune tolerance by both 
promoting T reg cell induction and inducing T cell anergy 
(Mahnke et al., 2002). It is thought that DCs with immature 
or semi-mature phenotypes, characterized by low surface ex-
pression of co-stimulatory molecules and MHC class II, are 
important for maintaining immune tolerance (Mahnke et al., 
2002; Dalod et al., 2014). We found that TBK1-deficient DCs 
had elevated levels of CD80 and CD86 under both homeo-
static and tumor-challenged conditions and displayed stron-
ger ability to prime T cells in vitro. The perturbed immune 
homeostasis may also contribute to the enhanced sensitiv-
ity of the Tbk1-DKO mice to the inducible autoimmunity 
EAE. Similarly, because interruption of immune tolerance 

promotes antitumor immunity, the perturbed immune ho-
meostasis and tolerance also likely contributed the enhanced 
antitumor immunity in the Tbk1-DKO mice.

A recent study suggests that the IKK/NF-κB signal-
ing pathway functions in DCs to regulate immune tolerance 
(Baratin et al., 2015). By performing RNA sequencing, we 
demonstrated that TBK1 deficiency in DCs had no obvi-
ous effect on the expression of NF-κB signature, which was 
consistent with the involvement of TBK1 in IRF3 but not 
NF-κB signaling pathways. Under homeostatic conditions, 
the TBK1 deletion in DCs also did not influence the ex-
pression of type I IFNs. Interestingly, the TBK1-deficient 
DCs displayed a gene expression signature characterized by 
up-regulated expression of a subset of IFN-responsive genes. 
The TBK1-deficient DCs also had several down-regulated 
genes, most notably Adamdec1 (unpublished data), which 
encodes metzincin metalloprotease known to be involved in 
regulation of intestinal immunity and inflammation (O’Shea 
et al., 2016). The role of Adamdec1 in DC function remains to 
be further studied. Nevertheless, the RNA-sequencing results 
uncovered an intriguing function of TBK1 in regulating IFN​
AR1 signaling. When stimulated in vitro, the TBK1-deficient 
DCs were also hyper-responsive to IFN-β–induced gene ex-
pression, further emphasizing a negative function of TBK1 
in regulating IFN​AR signaling. Moreover, deletion of IFN​
AR1 largely corrected the abnormalities of the Tbk1-DKO 
mice in T cell homeostasis and inhibited the development of 
spontaneous autoimmunity. These results suggest TBK1-me-
diated negative regulation of IFN​AR signaling contributes to 
the maintenance of T cell homeostasis and immune tolerance.

A major signaling event resulting from the binding of 
type I IFNs to IFN​AR is activation of the transcription factor 
STAT1. In splenic DCs, STAT1 is constitutively phosphory-
lated at Y701 in an IFN​AR-dependent manner. Consistent 
with the up-regulated expression of IFN-responsive genes, 
the TBK1-deficient DCs had enhanced phosphorylation of 
STAT1 at Y701. However, because TBK1 has no tyrosine ki-
nase activity, this result was obviously caused by an indirect 
effect of the TBK1 deficiency. In this regard, STAT3 has been 
shown to negatively regulate IFN responses and attenuate the 
induction of a subset of STAT1-target genes (Ho and Ivash-
kiv, 2010; Wang et al., 2011). STAT3 deletion in DCs breaks 
immune tolerance and causes T cell activation in mice (Cheng 
et al., 2003; Melillo et al., 2010; Li et al., 2016). STAT3 is ac-
tivated by inflammatory cytokines and type I IFNs via phos-
phorylation at both Y705 and S727 (Ng and Cantrell, 1997; 
Shen et al., 2004). Our data suggest that TBK1 may func-
tion as a kinase mediating S727 phosphorylation of STAT3. 
Loss of TBK1 in DCs reduced STAT3 S727 phosphorylation, 
and overexpressed TBK1 could phosphorylate STAT3 S727. 
Interestingly, S727 of STAT3 is located in a sequence motif 
that shares homology with the typical TBK1 phosphorylation 
sites in other proteins.

In conclusion, we demonstrated a DC-specific role 
for TBK1 in regulating T cell homeostasis and autoimmune  
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responses. Our data also suggest that targeting TBK1 in DCs 
promotes antitumor immunity, implicating TBK1 as a poten-
tial therapeutic target in DC-based cancer immunotherapy. 
These findings provide additional evidence that TBK1 is a 
kinase with diverse immunoregulatory functions in addition 
to mediating antiviral innate immunity.

Materials and methods
Mice
Tbk1-floxed mice (in C57BL/6-129S background) were 
generated using a LoxP targeting system (Taconic; Jin et al., 
2012). The Tbk1-floxed mice were crossed with CD11c-Cre 
transgenic mice (The Jackson Laboratory) in B6 background 
to produce age-matched Tbk1+/+CD11cCre (termed WT) and 
Tbk1fl/flCD11cCre (termed Tbk1-DKO) mice for experi-
ments. In some experiments, these mice were further crossed 
with the Ifnar−/− mice to generate Tbk1WTIfnarKO and  
Tbk1DKOIfnarKO mice, respectively. Stat3fl/fl mice, provided by 
S. Akira (Osaka University, Osaka, Japan; Takeda et al., 1998), 
were crossed with CD11c-Cre transgenic mice to produce 
age-matched Stat3+/+CD11cCre (termed WT) and Stat3fl/fl-

CD11cCre (termed Stat3-DKO) mice for experiments. Mice 
carrying STAT3 S727A mutation (called STAT3-SA mice) 
were as previously described (Shen et al., 2004). Mice were 
maintained in a specific pathogen–free facility, and all ani-
mal experiments were in accordance with protocols approved 
by the Institutional Animal Care and Use Committee of the 
University of Texas MD Anderson Cancer Center.

Plasmids, antibodies, and reagents
FLAG-tagged STAT3 (STAT3-Flag pRc/CMV) was obtained 
from Addgene. FLAG-TBK1 and its catalytically inactive mu-
tant (K38A) were provided by C. Wang (Shanghai Institutes for 
Biological Sciences, Shanghai, China). Antibodies for TBK1, 
STAT3, phosho-STAT3 (Ser727), and phospho-STAT1 
(Tyr701) were purchased from Cell Signaling Technology. 
Antibodies used for flow cytometry were from eBioscience. 
Anti–m–PD-1 (clone J43) and isotype control IgG (hamster 
IgG) antibodies were from Bio X Cell. LPS (derived from 
Escherichia coli strain 0127:B8) was from GE Healthcare, and 
recombinant mouse IFN-β was from R&D Systems.

Histology
Organs were removed from WT or Tbk1-DKO mice, fixed 
in 10% neutral buffered formalin, embedded in paraffin, and 
sectioned for staining with hematoxylin and eosin.

Induction and assessment of EAE
For active EAE induction, age- and sex-matched mice (8–10 
wk) were immunized s.c. with 300 µg MOG35–55 peptide 
mixed in CFA (Sigma-Aldrich) containing 5 mg/ml heat-
killed Mycobacterium tuberculosis H37Ra (Difco). 200 ng 
pertussis toxin (List Biological Laboratories) in PBS was ad-
ministered i.v. on days 0 and 2. Mice were examined daily and 
scored for disease severity using the standard scale: 0, no clin-

ical signs; 1, limp tail; 2, paraparesis (weakness and incomplete 
paralysis of one or two hind limbs); 3, paraplegia (complete 
paralysis of two hind limbs); 4, paraplegia with forelimb weak-
ness or paralysis; and 5, moribund or death. After the onset of 
EAE, food and water were provided on the cage floor.

Flow cytometry
Cell suspensions were subjected to flow cytometry analyses 
as previously described (Reiley et al., 2006) using an LSR​
II flow cytometer (BD).

Isolation and analysis of CNS mononuclear cells
For preparation of CNS mononuclear cells, brains and spi-
nal cords from MOG35–55-immunized mice were excised and 
dissociated for 45 min at 37°C by digestion with 2 mg/ml 
collagenase IV (Sigma-Aldrich) and 100 µg/ml DNase I (Sigma- 
Aldrich) in DMEM. Dispersed cells were isolated through a 
Percoll density gradient and collected on the interface frac-
tion between 37 and 70% Percoll. After intensive washing, 
suspensions of cells were subjected to flow cytometry.

Intracellular cytokine staining
Mononuclear cells were isolated from spleen, draining lymph 
nodes, CNS tissues, or tumor tissues of the indicated mice, 
stimulated in vitro with peptide antigens or PMA plus ion-
omycin in the presence of monensin, and then subjected to 
intracellular cytokine staining to detect T cells producing 
IFN-γ and IL-17. Cells derived from EAE-induced mice 
were stimulated with the MOG35-55 peptide (MEV​GWY​RSP​
FSR​VVH​LYR​NGK) for 16 h (monensin added in the last 
4 h); cells derived from mice challenged with OVA-express-
ing tumor cells were stimulated for 16 h (monensin added in 
the last 4 h) with the MHC I–restricted OVA257–264 peptide 
(SII​NFE​KL) for analysis of CD8+ T cells or the MHC II– 
restricted OVA323–339 peptide (ISQ​AVH​AAH​AEI​NEA​GR) 
for analysis of CD4+ T cells; and cells derived from other tu-
mor-bearing mice were stimulated for 4 h with PMA plus 
ionomycin in the presence of monensin. After permeabili-
zation and fixation, the cells were stained with the indicated 
antibodies and subjected to flow cytometry analyses.

Generation of BMDCs
Bone marrow cells isolated from WT and Tbk1-DKO mice 
were cultured for 7 d in RPMI 1640 medium containing 
10% FBS supplemented with 10 ng/ml GM-CSF. The differ-
entiated BMDCs were stained with Pacific blue–conjugated 
anti-CD11c and isolated by flow cytometry.

Isolation of splenic DCs
Splenic DCs were isolated essentially as described previ-
ously (Tavernier et al., 2015). In brief, spleens from WT or 
Tbk1-DKO mice were digested with 0.05% collagenase D 
(Sigma-Aldrich) and 100 µg/ml DNase I (Sigma-Aldrich) 
in RPMI 1640 medium for 30 min at 37°C. The cell sus-
pension was spun down and resuspended in a red blood cell 
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lysis buffer (Sigma-Aldrich) to remove red blood cells. For 
enrichment of DCs, the cell suspension was stained with 
anti-CD3 FITC and anti-CD19 FITC antibodies and then 
incubated with anti-FITC microbeads to eliminate non-
DCs by passing through magnetic-activated cell-sorting LD 
columns (Miltenyi Biotec). The effluent cells (DCs) were 
stained with anti-CD11c Pacific blue antibody and further 
purified by flow cytometric cell sorting using a FAC​SAria 
II flow cytometer (BD).

In vitro T cell activation assay
Splenic DCs isolated from WT and Tbk1-DKO mice were 
incubated with 10 µg/ml OVA323–339 in the presence of 
100 ng/ml LPS for 6 h and then washed three times with 
fresh medium. The pretreated DCs (2 × 103) were incu-
bated with 2 × 105 CFSE-labeled naive OTII CD4+ T cells 
(CD44loCD62Lhi) for 72 h and then subjected to flow cyto-
metric analysis to measure the proliferation of OTII T cells 
based on CFSE dilution.

Tumor models
B16-F10 and B16-OVA (B16-expressing OVA) melanoma 
cells were cultured in DMEM supplemented with 10% FBS; 
EL4 and E.G7-OVA cells (a derivative of EL4 cells express-
ing OVA) were maintained in RPMI 1640 medium supple-
mented with 10% FBS. These tumor cells were injected s.c. 
into 8-wk-old WT and Tbk1-DKO mice (5 × 105 for B16 
and B16-OVA cells and 106 for EL-4 and E.G7-OVA cells). 
The challenged mice were monitored for tumor growth, and 
the tumor size was expressed as tumor area. To minimize in-
dividual variations, age- and sex-matched, mostly littermate, 
WT, and Tbk1-DKO mice were used.

In tumor models involving DC-based therapy, B16-
OVA tumor-bearing WT mice (day 7 after tumor cell 
inoculation) were injected via tail vein with WT or Tbk1-
DKO BMDCs pulsed with 10 µg/ml OVA overnight and 

matured with 100 ng/ml LPS for 6 h. Tumor growth was 
monitored every other day. For analyzing DC homing 
properties, the OVA-pulsed and LPS-matured WT and 
Tbk1-DKO BMDCs were labeled with 1 µM CFSE and 
efluor450 (Thermo Fisher Scientific), respectively, washed 
three times, and then adoptively transferred as a 1:1 ratio 
mixture into the B16-OVA tumor-bearing WT mice. 
After 18  h, flow cytometry was performed to track the 
migration of WT and DKO DCs to the spleen, draining 
lymph nodes, and tumors.

RNA-sequencing analysis
Fresh splenic DCs were isolated from young WT and Tbk1-
DKO mice (6–8 wk old), used for total RNA isolation with 
TRIzol (Invitrogen), and subjected to RNA-sequencing 
analysis. RNA sequencing was performed by the MD An-
derson Cancer Center Sequencing and Microarray Facility 
using an Illumina sequencer. The raw reads were aligned to 
the mm10 reference genome (build mm10), using Tophat2 
RNASeq alignment software. The mapping rate was 70% 
overall across all the samples in the dataset. HTseq-Count 
was used to quantify the gene expression counts from To-
phat2 alignment files. Differential expression analysis was 
performed on the count data using R package DESeq2. 
P-values obtained from multiple binomial tests were ad-
justed using false discovery rate (Benjamini-Hochberg). 
Significant genes are defined by a Benjamini-Hochberg 
corrected p-value of cut-off of 0.05 and fold-change of at 
least two. RNA-sequencing data were deposited to Gene 
Expression Omnibus under accession number GSE94543.

qRT-PCR
Real-time qRT-PCR was performed as previously described 
(Chang et al., 2009) using gene-specific primer sets (Table 1). 
Gene expression was assessed in triplicate and normalized to 
a reference gene, Actβ.

Table 1.  Gene-specific primers used for quantitative PCR

Gene Forward primer (5′-3′) Reverse primer (5′-3′)

Ifna             TGA​CCT​CAA​AGC​CTG​TGT​GATG             AAG​TAT​TTC​CTC​ACA​GCC​AGC​AG
Ifnb             AGC​TCC​AAG​AAA​GGA​CGA​ACAT             GCC​CTG​TAG​GTG​AGG​TTG​ATCT
Irf7             CAG​CGA​GTG​CTG​TTT​GGA​GAC             AAG​TTC​GTA​CAC​CTT​ATG​CGG
Irf1             CCC​ACA​GAA​GAG​CAT​AGC​AC             AGC​AGT​TCT​TTG​GGA​ATA​GG
Actin             CGT​GAA​AAG​ATG​ACC​CAG​ATCA             CAC​AGC​CTG​GAT​GGC​TAC​GT
Ifi202b             CCG​GGA​AAC​ACC​ATT​GCT​TT             GGC​TCT​TCA​CCT​CAG​ACA​CG
Slfn8             CCC​AGA​TTT​CTC​ACG​CCA​GT             GGA​TGC​TGC​ATG​GAG​GGT​TA
Oas2             TTT​ACC​CCC​AAA​GTA​CGC​CC             ATG​CAG​AGC​TGC​CGG​TAT​TT
Oas3             CCT​CAG​GAG​TCC​TTG​TGC​AG             GAA​CAG​CAA​GGT​GGC​CTT​TG
Il10             CCA​GAG​CCA​CAT​GCT​CCT​AGA             GGT​CCT​TTG​TTT​GAA​AGA​AAG​TCT​TC
Il6             TGA​ACA​ACG​ATG​ATG​CAC​TTGC             GCT​ATG​GTA​CTC​CAG​AAG​ACC
Tnf             CAT​CTT​CTC​AAA​ATT​CGA​GTG​ACAA             CCA​GCT​GCT​CCT​CCA​CTTG
Il23a             CGT​ATC​CAG​TGT​GAA​GAT​GGTT             CTA​TCA​GGG​AGT​AGA​GCA​GGCT
Il12a             ACT​AGA​GAG​ACT​TCT​TCC​ACA​ACAA             CAC​AGG​GTC​ATC​ATC​AAA​GAC
Il12b             GGA​GAC​ACC​AGC​AAA​ACG​AT             TCC​AGA​TTC​AGA​CTC​CAG​GG
Il1b             AAG​CCT​CGT​GCT​GTC​GGA​CC             TGA​GGC​CCA​AGG​CCA​CAG​GT
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Immunoblotting and IP
Total cell protein extracts were prepared in radio-IP assay 
buffer and subjected to immunoblotting and IP assays as de-
scribed previously (Chang et al., 2009).

Statistical analysis
One-way ANO​VA, where applicable, was performed to de-
termine whether an overall statistically significant change 
existed before the Student’s t test to analyze the difference 
between any two groups. Data are presented as means ± SD. 
A p-value <0.05 is considered statistically significant.
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