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A major function of innate immune receptors is to recognize
pathogen-associated molecular patterns and then evoke immune
responses appropriate to the nature of the invading pathogen(s).
Because innate immune cells express various types of these
receptors, distinct combinations of signaling pathways are acti-
vated in response to a given pathogen. Although the conventional
wisdom is that these signaling pathways cooperate with one
another to ensure an effective host response, a more nuanced
view recognizes antagonism between the individual pathways,
where the attenuation of a signaling pathway(s) by others may
shape the immune response. In this study, we show that, on Listeria
monocytogenes infection, Toll-like receptor-triggered MyD88 sig-
naling pathways suppress type | IFN gene induction, which is det-
rimental to macrophage bactericidal activity. These pathways
target and suppress the IFN regulatory factor 3 (IRF3) transcription
factor that is activated by the stimulator of IFN genes-TANK-binding
kinase-1 kinase pathway. We also provide evidence for the involve-
ment of the MAPK phosphatase family members, which renders
IRF3 hypophosphorylated on Toll-like receptor signaling by enhanc-
ing the formation of an MAPK phosphatase-IRF3-TANK-binding
kinase-1 ternary complex. This study, therefore, reveals a hitherto
unrecognized and important contribution of a beneficial innate
signaling interference against bacterial infections.

signaling cross-talk | host defense | innate immune response

One of the most critical challenges for the innate immune
system is how it responds to a wide range of rapidly evolving
pathogens with a limited repertoire of germ line-encoded, path-
ogen-sensing innate receptors (1-5). Two features of the innate
receptors help accomplish this task; one feature is that the innate
receptors generally recognize structures on pathogens that are
conserved because of their vital nature for their survival, and the
other feature is that the limited but diverse innate signaling
pathways triggered by more than one receptor to a given pathogen
cooperate with each other to ensure best fit and robust immune
responses (1-5).

Indeed, the cardinal feature of signal-transducing innate
receptors, now known to consist of several families, is their
ability to recognize conserved pathogen-associated molecular
patterns to activate innate antimicrobial responses (1-5). Given
the vast evolutionary pressures on pattern recognition receptors
(PRRs), most pathogens are detected by more than one class of
receptor (1-5). On recognition of their microbial ligands, these
receptors activate several distinct combinations of signal trans-
duction pathways that converge on several transcription factors,
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such as NF-kBs and IFN regulatory factors (IRFs) (1-5). These
transcription factors often function combined with each other to
induce the expression of several classes of genes, including an-
timicrobial effectors such as cytokines and chemokines (1-5).
Bacterial pathogens can be recognized by several innate recep-
tors, including Toll-like receptors (TLRs), nucleotide binding do-
main and leucine-rich repeat-containing protein receptors, and
intracellular DNA sensors in innate immune cells, typically anti-
gen-presenting cells (APCs) (1-5). Robust immune responses by
APCs are thought to be driven by the cooperation of signaling
pathways that emanate from each of the innate receptors (1-5).
However, a given innate signaling pathway, essential against
some pathogens, may be counterproductive for responses against
others (4, 6-11). Thus, although the main tenet still holds true
that innate signaling pathways can engage by cooperation,
complementation, and compensation to ensure effective im-
mune responses (12), one may also envisage an additional
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engagement, namely interference. To date, whether and how
such a beneficial signaling interference operates in antibacterial
responses remains unknown.

In this study, we show one such example of beneficial signaling
interference in the context of bacterial infection. Macrophage
infection by Listeria monocytogenes results in the activation of the
DNA-sensing pathway mediated by stimulator of IFN genes
(STING) to evoke a type I IFN response, which is harmful to the
host because of the IFN-mediated induction of apoptosis of
macrophages (13). Our current study stems from the observation
that, in the absence of MyD88 (the critical adaptor protein for
TLR signaling), type I IFN gene induction becomes elevated on
L. monocytogenes infection in macrophages. We show that an-
tibacterial TLR activation causes a selective suppression of
STING-mediated type I IFN gene expression by targeting the
IRF3 transcription factor without affecting TANK-binding ki-
nase-1 (TBK1), the critical serine/threonine kinase for IRF3
activation. We provide evidence for TLR-induced suppression of
a dissociation of the IRF3-TBK1 complex, thereby delaying the
IRF3 activation cycle. We also provide evidence that this sup-
pression is mediated by the mitogen-activated protein kinase
phosphatases (MKPs), the expressions of some of which are in-
duced on TLR signaling (14, 15) by interacting with TBK1-bound
IRF3, consequently causing hypophosphorylation of IRF3.

These findings, therefore, reveal a unique facet of innate im-
mune receptor signaling, namely the beneficial innate signaling
interference, which we show is vital during bacterial infection. We
will discuss the significance of these findings in terms of evolution
of the innate receptor signaling pathways for infections.

Results

Suppression of Type | IFN Gene Expression on Bacterial Infection.
Infection by L. monocytogenes, a Gram-positive facultative in-
tracellular bacterium, involves the activation of several classes of
PRRs, such as TLRs, inflammasomes, and STING (13). As an
approach to examine signaling interference among these innate
pathways, we first examined cytokine gene expression profiles in
L. monocytogenes-infected macrophages from WT or mutant
mice that lack a critical protein in the pathway of these PRRs,
namely MyD88 or Toll/IL-1R domain-containing adaptor in-
ducing IFNb (TRIF) for TLRs, apoptosis-associated speck-like
protein containing a carboxy-terminal CARD (ASC) for inflam-
masomes, or STING (1, 4, 5, 16). Interestingly, type I IFN mRNA
induction, which is almost abrogated in STING-deficient mac-
rophages, was markedly enhanced in MyD88-deficient cells,
whereas IL12b gene induction was abrogated (Fig. 14 and Fig.
S1 A and B). Expectedly, a notable elevation of type I IFN gene
induction was also observed in L. monocytogenes-infected cells
lacking TLR4, although an elevation of mRNA levels was not as
pronounced as mRNA levels found in MyD88-deficient cells
(Fig. S1C); this finding indicates the additional contribution of
other TLR-MyDS88 pathways, such as TLR2 and TLRS5, which
are also activated by L. monocytogenes infection (13). However,
such an enhancement was not seen in cells deficient in TRIF or
ASC, the common adaptor for inflammasome-activating path-
ways (16) (Fig. S1 A and D).

These observations indicate that TLR-MyDS88 signaling se-
lectively interferes with signaling through STING, thereby sup-
pressing type I IFN gene induction. Consistent with this notion,
microarray analysis revealed a marked enhancement of type I
IFN signature genes in the MyD88-deficient macrophages infected
by L. monocytogenes (Fig. 1B). Furthermore, similar results were
obtained on infection of these cells by a Gram-negative bacterial
pathogen, Salmonella typhimurium, known to activate TLR4 and
TLR2 (17) (Fig. S1E). TLRs and inflammasomes are both criti-
cal for the protective immune responses against these bacteria,
whereas the STING-type I IFN axis, mediated by IRF3, is harm-
ful to the host because of type I IFN-mediated apoptosis of
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Fig. 1. TLR-induced suppression of STING/RLR-mediated type | IFN gene
expression. (A) Quantitative RT-PCR analysis of Ifnb1, Ifna4, and I/12b mRNAs
in WT and MyD88-deficient (Myd88~'-) peritoneal macrophages infected for
6 h with L. monocytogenes. **P < 0.01. (B) Microarray analysis of mRNA
induction in WT (vertical axis) and Myd88~~ (horizontal axis) peritoneal
macrophages on infection with L. monocytogenes. Red, mRNAs with in-
duction in Myd88~~ cells that is more than fivefold compared with WT cells.
(C) Quantitative RT-PCR analysis of Ifb1, Ifna4, and I/6 mRNAs in peritoneal
macrophages stimulated for 6 h with indicated combinations of B-DNA, cy-
clic di-GMP (c-di-GMP), LPS, or peptidoglycan (PGN). **P < 0.01; *P < 0.05
compared with cells stimulated with B-DNA or ¢-di-GMP. (D) Quantitative RT-
PCR analysis of Ifnb1, Ifna4, and Il6 mRNAs in the peritoneal macrophages
stimulated with indicated combinations of poly(l:C), LPS, or PGN for 6 h. **P <
0.01 compared with cells stimulated with poly(l:C).

macrophages (13, 18). Therefore, the suppression of the STING-
mediated type I IFN gene induction by TLR-MyD88 signaling
may be considered beneficial signal interference.

Suppression of Type I IFN Gene Expression by TLR Agonists. To gain
additional insight into the TLR-mediated suppression of type I
IFN responses after bacterial infection, we next examined whether
the above signaling interference can also be seen with mimetic
ligands for TLRs and cytosolic nucleic acid-sensing receptors. As
shown in Fig. 1C, the induction of type I IFN mRNAs in mac-
rophages stimulated by poly(dA-dT)-poly(dT-dA) (B-DNA) or
cyclic di-GMP, each activating the STING-IRF3-type I IFN
pathway (19, 20), was suppressed by simultaneous stimulation by
the TLR4 ligand LPS (4, 5). Of note, this suppressive effect of LPS
is partially relieved not only in MyD88- but also, TRIF-deficient
cells, indicating the involvement of both pathways (Fig. S1F).

In light of the above result showing that L. monocytogenes-
induced type I IFN gene expression was not affected in TRIF-
deficient cells (Fig. S1D), it is perhaps perplexing prima facie
that LPS-mediated type I IFN gene suppression is also partially
dependent on the TRIF pathway that is known to activate rather
than suppress the IRF3-type IFN pathway (4, 5) (Fig. S1F).
Because infection by L. monocytogenes triggers other TLRs that
also activate MyD88 but not TRIF (13), we infer that the sup-
pressive effect of TLR4-linked TRIF is overwhelmed by the
strength of the MyD88 pathways activated by these TLRs. This
situation would obviate a role for the TLR4-TRIF pathway in
the outcome of the type I IFN gene induction (that is, elevated
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type I IFN gene induction in MyD88-deficient cells and no overt
difference in TRIF-deficient cells on L. monocytogenes infection)
(Fig. 14 and Fig. S1D).

Similarly, LPS-mediated suppression occurred in cells stimu-
lated by poly(I:C), a synthetic dsRNA that activates retinoic
acid-inducible gene I-like receptors (RLRs) for the IRF3-type 1
IFN pathway (2, 4) (Fig. 1D). Furthermore, suppression was also
observed in cells stimulated with mimetics that activate other
TLRs (Fig. 1 C and D and Fig. S1G). In contrast, the induction
of IL-6 mRNA is further enhanced by these costimulation regi-
mens, perhaps owing to the signaling cooperation between the
TLR and STING pathways for this gene activation pathway (Fig.
1 C and D and Fig. S1G). These results further lend support the
notion that STING/RLR-mediated type I IFN gene induction is
specifically inhibited by the TLR signaling.

Selective Suppression of IRF3 Phosphorylation by TLR Signaling. How
does TLR signal function in the suppression of type I gene in-
duction? We first examined the activation status of IRF3 because
of its essential role for type I IFN response (2, 4, 5). Cytosolic
stimulation of macrophages by B-DNA caused IRF3 phosphor-
ylation at Ser-396, an essential event for IRF3 activation by
TBK1 or inducible IkB kinase-¢ (2, 4, 5), that was markedly
inhibited by LPS stimulation (Fig. 24). Similar observation was
made when the cells were stimulated by poly(I1:C) (Fig. S24), and
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Fig. 2. TLR-induced suppression of STING/RLR-mediated IRF3 activation. (A)
Immunoblot analysis of IRF3, TBK1, and B-actin in peritoneal macrophages
stimulated for indicated times with B-DNA or B-DNA plus LPS and assessed
by SDS/PAGE. (B) In vitro kinase assay for TBK1 from peritoneal macrophages
stimulated for indicated times with B-DNA, B-DNA plus peptidoglycan (PGN),
or B-DNA plus LPS. The amount of TBK1 was examined by immunoblot
analysis. (C, Upper) PLA for IRF3-TBK1 complex in WT and Myd88™'~ peri-
toneal macrophages stimulated for 5 h with LPS, B-DNA, or B-DNA plus LPS.
Red spots indicate the IRF3-TBK1 complex, whereas nuclei are stained in
blue (DAPI staining). In C, Lower, data for quantitative analysis for the PL
spots in a cell are shown (S/ Text). **P < 0.01.
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expectedly, dimerization of IRF3, the hallmark of IRF3 activa-
tion that is contingent on Ser-396 phosphorylation, is also sup-
pressed by TLR4 signaling (Fig. S2B).

We next examined the effect of LPS on TBK1, because this
kinase, but not IxB kinase-g, is shown to be responsible for IRF3
activation in macrophages (21). As shown in Fig. 2B, the TBK1
kinase activity induced by B-DNA stimulation was not sup-
pressed by LPS or peptidoglycan stimulation as measured by an
in vitro kinase assay. The activation of other protein kinases,
some of which are implicated for IRF3 activation (22, 23), as well
as the phosphorylation of IxkBa that leads to NF-kB activation
were also not inhibited or even enhanced by the additional LPS
stimulation when examined (Fig. S2C). Furthermore, the acti-
vation of IRF7, which also participates in the type I IFN gene (2,
4, 5), was not inhibited by LPS stimulation as monitored by its
nuclear translocation (Fig. S2D).

Consistent with the above data, we also observed a marked
enhancement of IRF3 phosphorylation levels on infection of
MyD88-deficient macrophages with L. monocytogenes compared
with MyD88-sufficient cells, whereas TBK1 phosphorylation
levels remained essentially unaffected (Fig. S2E). As expected,
enhanced type I IFN gene expression in MyD88-deficient cells
was quasiabrogated in IRF3-MyD88 doubly deficient cells
(Fig. S2F). These results are congruent with the above results
obtained using the mimetics and indicate that the TLR-
MyDS88 pathway specifically interferes with IRF3 activation
during bacterial infection.

Enhancement of IRF3-TBK1 Association by TLR-MyD88 Signaling.
Because the TLR activation of the MyDS88 pathway rather
than the TRIF pathway mainly contributes to the suppression of
IRF3 activation by STING during bacterial infection (Fig. 14
and Fig. S1D), we next examined the intermolecular association
between IRF3 and TBK1 with or without MyD88 signaling. For
this purpose, we used in situ proximity ligation assays (PLAs)
that enable the visualization of endogenous protein—protein
interactions in vivo (24). As shown in Fig. 2C, the signals (re-
ferred to as PL spots) were scarce in unstimulated macrophages
but notably increased on stimulation by B-DNA, indicating the
STING signal-induced association of IRF3 with TBKI. In-
terestingly, a considerable increase of about fivefold in the
number of PL spots was observed when B-DNA-stimulated cells
were costimulated by LPS (Fig. 2C), whereas LPS stimulation
alone did not give rise to such PL spots to a detectable level (Fig.
2C). These observations indicate an enhancement of the STING-
induced IRF3-TBKI1 association by TLR4 stimulation.

Notably, such an enhancement of the PL spot number was
barely detectable when MyD88-deficient macrophages were
subjected to the same assay, indicating that the LPS-TLR4-
MyD88 pathway is mainly, if not entirely, responsible for the
enhancement of the IRF3-TBKI1 association (Fig. 2C). As ex-
pected, a similar observation was made when the cells were
stimulated by poly(I:C) in lieu of B-DNA and together with LPS
(Fig. S3). These results can be interpreted as follows. The acti-
vation of the STING (or RLR) pathway enhances the association
of IRF3 and TBKI, a process essential to IRF3 activation by
TBKI1. However, phosphorylated IRF3 must promptly dissoci-
ate from TBK1 to undergo the conformational changes re-
quired for its dimerization (5, 25). Hence, if IRF3 remains
associated with TBK1 by additionally interacting molecules
induced/activated by TLR4-MyDS88 signaling, the IRF3 acti-
vation processes would be inhibited. The fact that phosphory-
lation levels of IRF3, induced by the STING or RLR pathway,
diminish on LPS stimulation suggests that such interacting
molecules may be phosphatases that render the TBK1-bound
IRF3 hypophosphorylated.
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Association of MKP Family Phosphatases with TBK1-Associated
IRF3. It has been shown that dissociation of kinase and its
substrate protein is triggered by a conformational change in
the phosphorylated substrate (26). In the case of IRF3, its
TBK1-dependent phosphorylation leads to a conformational
change in IRF3, resulting in IRF3 dimerization and nuclear
translocation (2, 4, 5, 25); hence, dephosphorylation of TBK1-
bound IRF3 may result in a sustained association between
TBK1-IRF3 and suppression of IRF3 activation, which we
observed in B-DNA-LPS-costimulated cells (Fig. 2C).

Because the activation of TBK1 and other kinases is not
inhibited by TLR4 activation (Fig. 2B and Fig. S2C), the most
likely mechanism causing the suppression of the IRF3 dissocia-
tion from TBK1 may be the dephosphorylation of IRF3 by
phosphatases. Along this line, treatment with sodium fluoride,
which broadly inhibits Ser/Thr phosphatase activity, inhibited
TLR-induced type I IFN gene suppression (Fig. S44). In this
context, it is interesting that expression of some of the MKP
family is induced on TLR signaling (14, 15).

We, therefore, examined the association of IRF3 with MKP1
or MKPS5, both of which are induced by TLR signaling (14, 15),
by PLA. Although B-DNA stimulation slightly enhanced the
numbers of PL spots that are diagnostic for an interaction of
IRF3 with these MKPs, B-DNA-LPS costimulation resulted in
a notable enhancement of the PL spot numbers (Fig. 34). Be-
cause LPS stimulation alone gives only a small enhancement of
PL spot (Fig. 34), these MKPs likely target the IRF3-TBK1
complex induced by the B-DNA-STING pathway. Interestingly,
PL spots for the TBK1-MKP interaction were also observed in
B-DNA-stimulated WT macrophages cells, but the PL spots,
detectable only at low levels in unstimulated cells, remained
unaffected when IRF3-deficient macrophages were stimulated by
B-DNA with or without LPS costimulation (Fig. 3B).

These results indicate that these MKPs each interacts with
TBK1-bound IRF3 and suggest a scenario that the MKP-
IRF3-TBKI1 complex induced to form by the B-DNA-STING
pathway is further enhanced by the LPS-TLR4 pathway,
thereby shifting the overall equilibrium of IRF3 to a hypo-
phosphorylated state. As discussed later, we also observed an
increase in the number of PL spots for the IRF3 interaction
with MKP3 but not MKP2 or MKP7 on B-DNA-LPS cos-
timulation (Fig. S4B); therefore, MKP3 may also be involved in
the IRF3 hypophosphorylation.

Regulation of IRF3 Activity by MKPs. As another approach to ex-
amine the intermolecular association of IRF3 and MKPs, we
expressed these molecules in HEK293 cells by cotransfecting
expression vectors for these molecules and found that all MKPs
tested interacted with IRF3 as revealed by coimmunoprecipita-
tion assay (Fig. S4C). To gain additional mechanistic insight into
the MKP-mediated regulation of IRF3, we performed a similar
transient assay, where expression vectors for TBK1, IRF3, and
either of the MKPs were cotransfected in HEK293 cells (27, 28).
As shown in Fig. 3C, the IRF3 phosphorylation, which occurs on
expression of TBK1, was inhibited by expressing MKP1 or MKP5
in a dose-dependent manner. Of note, expression of a phospha-
tase-defective MKP5 mutant also showed an inhibitory effect,
albeit considerably weaker than WT MKP5, on IRF3 phos-
phorylation (Fig. 3C). Considering previous reports that show
that MKP2 and MKP3 can inhibit the target protein without
phosphatase activity (29, 30), we infer that the binding of
MKPS itself also has an inhibitory effect on the TBK1-mediated
IRF3 phosphorylation, possibly by physically interfering with
the conformation of the kinase/substrate complex that is re-
quired for phosphorylation. These results, therefore, suggest
that MKPs exert a suppressive function by interaction with
and dephosphorylation of the TBK1-bound IRF3.
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Fig. 3. TLR-induced suppression of IRF3 by MKP proteins. (A, Left) PLA for
IRF3-MKP1 or IRF3-MKP5 complex in peritoneal macrophages stimulated for
4 h with LPS, B-DNA, or B-DNA plus LPS. Red spots indicate IRF3-MKP,
whereas nuclei are stained in blue (DAPI staining). In A, Right, data for
quantitative analysis for the PL spots in a cell are shown. **P < 0.01; *P <
0.05. (B, Left) PLA for TBK1-MKP1 or TBK1-MKP5 complex in WT and IRF3-
deficient (Irf3~") peritoneal macrophages stimulated with LPS, B-DNA, or B-
DNA plus LPS. Red spots indicate the TBK1-MKP complex, whereas nuclei are
stained in blue (DAPI staining). In B, Right, data for quantitative analysis for
the PL spots in a cell are shown. **P < 0.01; *P < 0.05. (C, Left) Inmunoblot
analysis of IRF3, TBK1, and MKPs in HEK293T cells that overexpress FLAG-
tagged IRF3, FLAG-tagged TBK1, and myelocytomatosis oncogene (Myc)-
tagged MKPs, respectively, as assessed by SDS/PAGE. Relative band intensity
(phospho-IRF3/IRF3) is shown in C, Right.

We also examined the role of MKP1 and MKP5 by examining
macrophages deficient in either one of these phosphatases. How-
ever, no dramatic difference was observed in any of these cells
compared with WT cells on L. monocytogenes infection (Fig. S4D).
These results may reflect functional redundancy among MKP1,
MKP5 and other MKPs (Discussion).

Significance of TLR-Induced Suppression of IRF3 Against L. monocytogenes
Infection. Finally, we examined the significance of TLR-induced
IRF3 suppression. Consistent with our in vitro results, IRF3-
dependent type I IFN gene induction significantly increased in the
spleen from MyD88-deficient mice infected with L. monocytogenes
(Fig. 44). As expected, MyD88-deficient mice showed a significant
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Fig. 4. Biological significance of TLR-induced suppression of IRF3. (A)
Quantitative RT-PCR analysis of IFNbT mRNA in the spleen from WT (control,
n = 2; infected, n = 17), Myd88~'~ (control, n = 2; infected, n = 5), and IRF3—
MyD88 doubly deficient (Irf3~"~Myd88~'~; control, n = 1; infected, n = 7) mice
infected with L. monocytogenes for 2.5 d. **P < 0.01; *P < 0.05. (B) Colony
formation assay of L. monocytogenes titers in the spleen of WT (n = 16),
Myd88~'~ (n = 7), and Irf3~Myd88~~ (n = 5) mice infected as in A. Each
symbol represents an individual mouse; small horizontal lines indicate the
mean. **P < 0.01. (C) Histological analysis of the spleens from WT, Myd88~'~,
and Irf3~"Myd88~'~ mice infected as in A and assessed by microscopy of
sections stained with H&E. (Magnification: 40x.)
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increase in bacterial load that was accompanied with more severe
tissue injury. However, both of these pathogenic features were
attenuated by introducing an additional genetic deficiency in the
IRF3 gene (Fig. 4 B and C). Thus, these observations lend support
for the critical role of TLR-induced suppression of IRF3 activa-
tion described above.

Discussion

Innate immune cells, such as APCs, must evoke immune re-
sponse against a huge variety of pathogens while using only
a limited repertoire of innate immune receptors, termed PRRs
(1-5). As such, unlike antigen receptors of the adaptive immune
system, a given PRR recognizes a variety of pathogens, each of
which expresses numerous pathogen-associated molecular pat-
terns, and infection of a pathogen triggers activation of multiple
PRRs in a cell (1-5). The activation of multiple PRRs has the
effect of enhancing the magnitude of innate response by co-
operation of the signals emanating from each PRR, thereby
providing advantages for a robust innate response against the
invading pathogen (12). However, the activation of a multiple
innate signaling pathway by a given pathogen may also evoke
harmful responses and therefore, needs to be regulated. Our
present study offers one such example, in which TLR signal-
mediated signaling suppresses an STING/RLR-mediated type I
IFN response that is critical to innate responses against viral
infection but detrimental to antibacterial responses (6, 13, 31).
Indeed, in the context of L. monocytogenes infection, type I IFNs
also negatively affect adaptive immunity by sensitizing lympho-
cytes to undergo apoptosis during infection (32).

The TLR-mediated signaling interference is a unique system
of fine tuning by PRRs, where the STING-IRF3-mediated type I
IFN response is selectively suppressed during bacterial infection,
which activates both TLR and STING pathways. Indeed, as
shown in Fig. S5, several antibacterial cytokines were synergis-
tically activated by simultaneous stimulation of STING and TLR
pathways, indicating that these pathways cooperate with each
other to induce IRF3-independent genes that may include pro-
tective genes for the antibacterial response. Indeed, although
mice deficient in either IRF3 or IFN a/b receptor 1 (IFNAR1),
a component of the type I IFN receptor, are both highly resistant
to L. monocytogenes infection (18), STING-deficient mice show no
resistance (33). This fact supports the notion that the STING-
dependent pathway activates not only the harmful type I IFN
response but also, the protective immune responses to this path-
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ogen. Based on our results, we conclude that the TLR-MyD88
pathway provides a beneficial signaling interference, which inhibits
only the harmful IRF3-mediated type I IFN response and does not
affect other responses that would ensure protective cooperation
between the TLR and STING pathways for the antibacterial
innate responses.

Although we used intracellular bacteria to analyze the physi-
ological role of MyD88-dependent cross-interference in this
study, recent reports support the possible involvement of this
protective system in the host defense against a variety of bacte-
ria. First, bacteria increase the pathogenicity of bacteriophage
infection, which has the potential to activate STING/RLR-
mediated type I IFN gene induction (34). This fact suggests the
possibility that MyD88-dependent cross-interference may protect
the host from pathogenic bacteria infected with bacteriophages.
Second, because various types of bacteria express the STING
ligands cyclic di-GMP/AMP (35, 36), it is plausible that the
STING-type I IFN pathway is activated by these bacteria-de-
rived ligands. Thus, the MyD88-dependent signaling interference,
described here, may protect the host from extracellular bacteria as
well. Given the well-documented fact that the TLR-TRIF pathway
leads to IRF3 activation and type I IFN gene induction (4, 5), it is
somewhat enigmatic that type I IFN gene induction is also elevated
on LPS stimulation. It is our conjecture that, although the TRIF
pathway mediates the type I IFN induction pathway during TLR4
activation, this pathway also simultaneously activates a suppressive
pathway to minimize type I IFN gene induction for the benefit of
the antibacterial responses of the host.

Our results strongly implicate the involvement of the MKP
family members, which on TLR stimulation, are induced, acti-
vated, or both by an unknown mechanism. MKP proteins then
target IRF3 to form the TBK1-IRF3-MKP ternary complex.
This complex formation may allow MKP to dephosphorylate the
TBK1-bound IRF3 and/or physically interfere with the kinase
action of the IRF3-bound TBKI, resulting in suppression of
IRF3 phosphorylation at Ser-396 and probably, other serine
residues that are critical for the activation of IRF3 and type I
IFN responses. We tried to examine where such a complex is
formed in a specified cell organelle by staining the PLA samples
with antibodies for mitochondria, endoplasmic reticulum, and
endosome, but there was no correlation in the staining pattern
between PL spots and these organelles (Fig. S6), suggesting that
the formation occurs perhaps in other cellular compartments. In
a strict sense, our data do not impeccably show the role of these
MKPs, because type I IFN mRNA induction remained largely
unaffected in cells deficient in either MKP1 or MKP5; however,
a likely possibility is that MKPs function redundantly for the
negative regulation of IRF3 activation. Indeed, we also found by
PLA an enhancement of B-DNA-induced MKP3-IRF3 associ-
ation by TLR stimulation (Fig. S4B). As such, additional work
will be required to clarify this issue.

In conclusion, our study offers insight into the regulation of
the PRR-mediated antipathological immune response and high-
lights the importance of the TLR-MyD88-MKP axis in the bene-
ficial signaling interference during bacterial infections. We infer
that the signaling interference mechanism described here could
have evolved during the acquisition of multiple innate receptors and
their signaling pathways to optimize the outcome of the immune
responses triggered by these pathways against pathogen infection.

Materials and Methods

Mice. All mice were maintained on a C57BL/6 (B6) genetic background. About
6- to 12-wk-old mice were used for each experiment. The generation of
mutant mice is described in S/ Text. All animal experiments were done in
accordance with the animal use guidelines of the University of Tokyo.

Cell Culture. Cells were cultured or prepared by commonly used methods with
reagents as described in S/ Text.
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Reagents and RNA Analysis. Total RNA was extracted by using NucleoSpin RNA
(from cells; TaKaRa) or RNAiso Plus (from spleens; TaKaRa). Reverse tran-
scription was performed using PrimeScript RT Master Mix (TaKaRa). Quan-
titative RT-PCR was performed with specific primer sets as described in S/ Text.
Other reagents are described in S/ Text.

Immunoblot Analysis. Inmunoblot analysis was performed by commonly used
methods. More detailed experimental settings and antibodies are in S/ Text.

PLA. PLA was performed with a Duolink In Situ PLA Kit (Olink Bioscience)
according to the manufacturer’s protocol. More detailed PLA experimental
settings and antibodies are in S/ Text.
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