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The innate immune system detects viral nucleic acids and induces
type | interferon (IFN) responses. The RNA- and DNA-sensing path-
ways converge on the protein kinase TANK-binding kinase 1 (TBK1)
and the transcription factor IFN-regulatory factor 3 (IRF3). Activation
of the IFN signaling pathway is known to trigger the redistribution of
key signaling molecules to punctate perinuclear structures, but the
mediators of this spatiotemporal regulation have yet to be defined.
Here we identify butyrophilin 3A1 (BTN3A1) as a positive regulator of
nucleic acid-mediated type | IFN signaling. Depletion of BTN3A1
inhibits the cytoplasmic nucleic acid- or virus-triggered activation of
IFN-B production. In the resting state, BTN3A1 is constitutively associ-
ated with TBK1. Stimulation with nucleic acids induces the redistribu-
tion of the BTN3A1-TBK1 complex to the perinuclear region, where
BTN3A1 mediates the interaction between TBK1 and IRF3, leading to
the phosphorylation of IRF3. Furthermore, we show that microtubule-
associated protein 4 (MAP4) controls the dynein-dependent transport
of BTN3A1 in response to nucleic acid stimulation, thereby identifying
MAP4 as an upstream regulator of BTN3A1. Thus, the depletion of ei-
ther MAP4 or BTN3A1 impairs cytosolic DNA- or RNA-mediated type |
IFN responses. Our findings demonstrate a critical role for MAP4 and
BTN3A1 in the spatiotemporal regulation of TBK1, a central player
in the intracellular nucleic acid-sensing pathways involved in
antiviral signaling.
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ype I IFN signaling is the most critical and powerful innate
immune response to viral infection. The innate immune system
comprises a limited number of germline-encoded receptors called
pattern-recognition receptors (PRRs), which recognize viral patho-
gen-associated molecular patterns (PAMPs) as “nonself.” Toll-like
receptors (TLRs) were the first identified class of PRRs that rec-
ognize extracellular and endosomal PAMPs (1). Cytosolic PRRs
include the retinoic acid-inducible gene I (RIG-I)-like receptors
(RLRs), nucleotide-binding domain and leucine-rich repeat—
containing molecules (NLRs), and intracellular sensors for DNA
(2-4). The RLR family consists of three receptors: RIG-I, melanoma
differentiation-associated gene 5 (MDAY), and laboratory of genet-
ics and physiology 2 (LGP2) (5). RIG-I recognizes 5'-triphosphate
RNA and short forms of dsRNA, whereas MDAS mainly senses
longer dsRNA species (6, 7). Cytosolic sensors recognizing DNA
include cGMP-AMP synthase (cGAS), Mrell, IFI16, and DDX41
(3, 8, 9). Type I IFN signaling pathways initiated by these DNA or
RNA sensors apparently converge on stimulator of interferon genes
(STING) and mitochondrial antiviral signaling protein (MAVS),
respectively. Although PRRs recruit different adaptor proteins such
as STING and MAYVS, both STING and MAVS activate the protein
kinase TANK-binding kinase 1 (TBK1), which is essential for type I
IFN expression (10, 11). Activated TBK1 phosphorylates the
transcription factor IFN-regulatory factor 3 (IRF3), leading to
translocation of IRF3 from the cytoplasm to the nucleus (12).
Previous reports have indicated that STING activation causes
trafficking of STING from the endoplasmic reticulum (ER) to the

14390-14395 | PNAS | December 13,2016 | vol. 113 | no. 50

Golgi apparatus and finally to punctate cytoplasmic structures,
where TBKI1 is assembled (13). STING-mediated TBK1/IRF3
is fully activated at the ER-Golgi intermediate compartment
(ERGIC) (14). STING, TBK1, and IRF3, all essential components
for inducing type I IFN signaling, have been shown to translocate
to these punctate structures, although the mechanism responsible
for the dynamic trafficking of such molecules is unknown. Micro-
tubules form a dynamic and polarized cytoskeleton that mediates
the transport of vesicles and organelles via the microtubule motor
proteins kinesins and dyneins. Kinesins are a large superfamily
with 45 members and are involved in trafficking events directed
toward the cell periphery. By contrast, cytoplasmic dynein is used
to shuttle proteins to the minus end of the microtubule, as in the
case of trafficking from the ER to the Golgi (15). The detection of
nucleic acids in antiviral host defense seems to depend on micro-
tubules bound to GEF-H1 (16). Given the relation between traf-
ficking and type I IFN signaling, it is likely that the microtubule-
dependent transport of key components of the type I IFN signaling
pathway is crucial for inducing antiviral immune responses. How-
ever, the dependence of microtubules on downstream components
of nucleic acid sensing is currently unknown.

Here we identified regulators of the type I IFN pathway via
screening for genes with functional domains previously reported in
sensors or regulators associated with type I IFN signaling. We found
that upon nucleic acid stimulation, butyrophilin 3A1 (BTN3ALl)
moves along microtubules toward the perinuclear region, where it
directs the interaction of TBK1 with IRF3, thereby facilitating the
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phosphorylation of IRF3. We also demonstrated that the nucleic
acid-dependent redistribution of BTN3A1 to the perinuclear
structures is controlled by microtubule-associated protein 4 (MAP4).
These findings indicate that MAP4-regulated targeting of BTN3A1
to the perinuclear region is essential for eliciting type I IFN responses
against cytoplasmic nucleic acids.

Results

Identification and Characterization of BTN3A1 as a Novel Regulator of
Type | IFN Responses. We first attempted to identify regulatory genes
required for the activation of type I IFN responses. Screening an
siRNA library targeting IFN-inducible genes or genes with func-
tional domains implicated in innate immune responses (Table S1)
identified BTN3AL1 as a positive regulator of type I IFN responses.
The depletion of BTN3A1 significantly attenuated IFN-f secretion
in virus-infected or dsDNA-stimulated cells without affecting cell
viability (Fig. 14 and Fig. S1). BTN3AL1 specifically interacted with
STING, TBK1, and IRF3 (Fig. 14). Unlike the previously identified
cytosolic DNA sensors IFI16 and DDX41, BTN3A1 did not exhibit
DNA binding activity (Fig. S1C).

To characterize the physiological function of BTN3A1 in nucleic
acid-induced responses, we used a knockdown strategy involving
four distinct siRNAs targeting the human BTN3A1 gene. Differ-
entiated THP-1 cells treated with these siRNAs exhibited a con-
siderable reduction in BTN3A1 expression. Moreover, the mRNA
expression level of IFN-f, TNF-a, and OasL induced by dsDNA
was significantly decreased in BTN3A41-silenced cells. All four
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Fig. 1. Identification of BTN3A1. (A) A schematic representation of the four
screening steps. (i) ELISA analysis of IFN-B in THP-1 cells transfected with siRNA
(Table S1) and then stimulated with dsDNA. (ii) Viability analysis of THP-1 cells
silenced with siRNA targeting putative candidate genes by measuring cellular
ATP levels. (iii) ELISA and real-time PCR analysis of IFN-$ in THP-1 cells treated
with siRNA targeting selected positive regulator candidate genes, followed by
infection with 10 MOI HSV-1. (iv) Inmunoprecipitation and immunoblot anal-
ysis of HEK293T cells cotransfected with the indicated combinations of ex-
pression plasmids. (B) Quantitative (q)RT-PCR analysis of BTN3A7, IFN-3, and
TNF-a mRNA in THP-1 cells transfected with nontargeting siRNA (siControl) or
BTN3AT-targeting siRNA (siBTN3A1) that were subsequently left untreated (UT)
or treated with intracellular poly I:C or poly dA:dT for 4 h. (C) qRT-PCR analysis
of IFN-p and TNF-a mRNA in THP-1 cells treated with siControl or siBTN3A1,
followed by incubation with LPS or extracellular poly I:C for 2 h. (D) qRT-PCR
analysis of IFN-p and TNF-a mRNA in MDM:s silenced by siControl or siBTN3A1
using electroporation, followed by infection with HSV-1 (10 MOI) or SeV (1 MOI)
for 4 h. Immunoblot and gRT-PCR analyses of the knockdown of endogenous
BTN3A1 in MDMs treated with siControl or siBTN3A1 were also performed.
(E) ELISA of IFN-p protein and qRT-PCR analysis of IFN-8, BTN isoforms, and
IRF3 mRNA in THP-1 cells treated with the indicated siRNA and then stimu-
lated with dsDNA for 6 h. *P < 0.05, **P < 0.01, and ***P < 0.001 versus cells
transfected with siControl (Student's t test). Data are representative of three
independent experiments (mean + SD).
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siRNAs targeting BTN3A1 had remarkable silencing effects
without affecting cell viability (Fig. S1D). Thus, a pool of four
siRNAs was used for further study. The knockdown of BTN3A41
led to a substantial reduction in the production of IFN-§ and
TNF-a upon induction by cytosolic nucleic acids (Fig. 1B). The
knockdown of BTN3A1 did not inhibit the production of IFN-f
and TNF-a when coupled with stimulation by the TLR ligands
LPS and poly I:C (Fig. 1C). These results indicate that BTN3A1
is specifically involved in the cytosolic nucleic acid-mediated type
I IFN response. To determine whether the BTN3A1l-mediated
induction of type I IFNs occurs under more physiological con-
ditions, a similar analysis was conducted in primary cells derived
from human peripheral blood mononuclear cells (PBMCs). We
infected monocyte-derived macrophages (MDMs) with the DNA
virus HSV-1 or the RNA virus Sendai. Reduced expression levels
of IFN-f and TNF-a were observed in BTN3A1 knockdown
MDMs, supporting the hypothesis that BTN3A1 acts as a posi-
tive regulator of type I IFN responses induced by cytosolic DNA
and RNA (Fig. 1D). The human butyrophilin family consists of
BTN1A1, BTN2A1, BTN2A2, BTN2A3, BTN3A1l, BTN3A2,
and BTN3A3. Among these family members, only siBTN3A1
effectively reduced IFN-f mRNA and protein, revealing the
specificity of BTN3A1 in type I IFN responses (Fig. 1E).

BTN3A1 Regulates the Phosphorylation of IRF3. To investigate the
functional mechanism of BTN3A1 in nucleic acid-mediated type I
IFN signaling, we generated stable THP-1 cell lines in which
BTN3A1 was knocked down using lentiviral ShRNA constructs.
The reduced expression of BTN3A41 was confirmed at the protein
and mRNA levels (Fig. 24). THP-1 cells treated with shiBTN3A1
exhibited impaired production of IFN-f compared with THP-1
cells treated with shControl following treatment with poly I:C, poly
dA:dT, STING ligands, c-di-AMP, and c-di-GMP or infection with
HSV-1 or Sendai virus (Fig. 2B). MDAS preferentially detects the
long form of poly I:C (>1,000 bp), whereas RIG-I preferentially
senses its short form (>300 and <1,000 bp) (6, 7). BTN3A1 was
essential for triggering type I IFN responses to both the long and
short forms of poly I:C (Fig. S24), suggesting that BTN3A1
acts downstream of RNA detection. Similarly, the knockdown
of BTN3A1 suppressed cytoplasmic poly dA:dT-, c-di-AMP-, or
c-di-GMP-induced activation of IFN-f, suggesting that the regu-
latory function of BTN3A1 is downstream of STING. BTN3A1
was crucial for the production of IFN-$ during challenges with the
DNA virus HSV-1 or the RNA viruses SeV and RSV (Fig. S24).
The effect of BTN3A1 was extended to the induction of TNF-a,
an indicator of NF-kB activation, and IFN-stimulatory genes (Fig.
S2 A and B). Collectively, these observations suggest that BTIN3A1
controls type I IFN signaling downstream of RNA sensors
and STING.

During the nucleic acid-mediated immune response, the pro-
duction of IFN-f depends on the TBK1-induced phosphorylation of
IRF3, followed by IRF3 dimerization and finally nuclear trans-
location of IRF3. The phosphorylation of S386 and S396 is critical
for IRF3 dimerization and its nuclear translocation, respectively
(17). The decreased phosphorylation of IRF3 at both sites was
observed in shBTN3Al-transduced THP-1 cells with poly dA:dT
(Fig. 2C). Similar results were obtained when shBTN3Al-transduced
cells were incubated with various doses of poly I:C or poly dA:dT for
different durations (Fig. S2C). Cell-fractionation analysis revealed
that BTN3A1 knockdown significantly inhibited the nuclear accu-
mulation of phosphorylated IRF3 (Fig. S2D). Notably, BTN3A1
knockdown did not affect TBK1 phosphorylation, suggesting that
BTN3A1 might be a downstream effector of phospho-TBK1 (Fig.
S2E). The reduced activation of IFN-f due to BTN3A1 knockdown
was rescued by exogenous BTN3A1 expression (Fig. 2D). To verify
the data obtained from the RNAi-mediated knockdown approach,
we generated BTN3A1 knockout HeLa cell lines by using the
CRISPR-Cas9 genome-editing system (Fig. S3). Knockout of
BTN3A1 resulted in decreased IFN-f and IP-10 induction in nucleic
acid-stimulated and virus-infected cells (Fig. 2E). In addition, we
detected less IFN-f expression in BTN3A1 knockout cells during the
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Fig. 2. BTN3AT1 controls the phosphorylation of IRF3. (A) qRT-PCR and im-
munoblot analyses of THP-1 cells treated with shRNA with a scrambled se-
quence (shControl) or with shRNA targeting BTN3A1 (shBTN3A1). (B) ELISA of
IFN-B in THP-1 cells transfected with shControl or shBTN3A1 and then left
untreated or stimulated with LPS, poly I:C, poly dA:dT, c-di-AMP, or c-di-GMP
or infected with HSV-1 or SeV for 6 h. (C) SDS/PAGE and native PAGE in THP-1
cells transfected with shControl or shBTN3A1, followed by stimulation for 3 h
with poly dA:dT. (D) gRT-PCR analysis of IFN-3 in THP-1 cells treated with
shControl or shBTN3A1 and then stimulated for 4 h with poly dA:dT after
reconstitution with GFP or BTN3A1. (E) gRT-PCR analysis of IFN- and IP-10
mRNA in wild-type (WT) and BTN3A7 knockout (KO) Hela cells transfected
with poly I:C or poly dA:dT or infected with SeV for 4 h. (F) qRT-PCR analysis of
IFN- in both WT and BTN3A17 KO cells inoculated with SeV at the indicated
time periods. N.D., not detected. (G) WT and BTN3A7 KO Hela cells were
stimulated for 3 h with poly I:C, poly dA:dT, or SeV. Cell lysates were analyzed
by immunoblotting. (H) Confocal immunofluorescence microscopy of IRF3
(green) after stimulation with poly I:C or poly dA:dT or infection with SeV for
3 hin WT and BTN3AT KO Hela cells. The nuclei of the cells were stained with
DAPI (blue). Original magnification, 40x. (Scale bars, 20 um.) Data are pre-
sented as the mean + SD of three independent experiments. *P < 0.05, **P <
0.01, and ***P < 0.001 (Student’s t test). The band intensities of phosphory-
lated IRF3 (5386) were quantified by densitometry and are shown relative to
the intensities of the corresponding total IRF3 bands.

time course of infection (Fig. 2F). Phosphorylation of IRF3 was
impaired in the BTN3A41 knockout cells (Fig. 2G). Knockout of
BTN3A1 inhibited the cytoplasmic-to-nuclear translocation of IRF3
that is induced by nucleic acid treatment or virus infection (Fig. 2H).
We obtained essentially the same results as observed with the RNAi-
mediated knockdown system, with more pronounced phenotypes in
the knockout approach.

BTN3A1 Directs the Interaction of TBK1 with IRF3. To determine
whether endogenous BTN3A1 associates with components of the
type I IFN signaling pathway, polyclonal antibodies against the
B30.2 domain of BTN3A1 were raised in rabbits. THP-1 cells were
left unstimulated or stimulated with poly I:C or poly dA:dT. Cell
lysates were immunoprecipitated with anti-BTN3Al antibody and
then subjected to immunoblot analysis. We found that BTN3A1l
interacts with TBK1 in both the resting and activated states. The
association of BTN3A1 with IRF3 was undetectable in resting
THP-1 cells, but their interaction was detected following nucleic
acid stimulation. Neither MAVS nor IKKe was coprecipitated
with BTN3Al in a detectable manner. A weak interaction be-
tween BTN3A1 and STING was observed (Fig. 34). We mapped
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the interacting domains of BTN3A1l and TBK1 using coimmuno-
precipitation experiments with a series of deletion mutants lacking
each functional domain. We found that the SPRY/B30.2 domain of
BTN3AL1 is important for the interaction with TBK1 (Fig. 3B). On
the other hand, the binding interface of BTN3Al was mapped to
the CCD2 domain of TBK1 (Fig. 3C). Because BIN3ALl interacts
with both TBK1 and IRF3 in nucleic acid-stimulated cells, we ex-
plored the possibility that BTN3A1 influences TBK1-IRF3 associ-
ation. Knockdown of BTN3A41 markedly decreased the endogenous
association between TBK1 and IRF3 in response to dsDNA stim-
ulation, suggesting that BTN3A1 may act as an adaptor molecule in
the formation of the TBKI1-IRF3 complex, facilitating both the
phosphorylation of IRF3 and signal transduction (Fig. 3D). Phos-
phorylation of MAVS and STING recruits IRF3 for its phosphor-
ylation and activation by TBK1 (18). To determine whether TBK1-
IRF3-BTN3A1 complexes still form in MAVS- or STING-deficient
cells, we expressed IRF3-2A mutant in which Ser385 and Ser386 are
substituted with alanine in MAVS knockdown or STING knockout
cells. Because IRF3-2A mutant is unable to form a homodimer, it
associates with its interacting partners more strongly (18). Stimula-
tion of these cells with poly I:C or poly dA:dT led to the association
of IRF3-2A-FLAG with endogenous BTN3A1 and TBK1 (Fig. S4 4
and B, respectively). These results suggest that both MAVS and
STING are dispensable for the formation of BTN3AI1-TBKI1-
IRF3 complexes.

BTN3AL localizes in the plasma membrane to present non-
peptide prenyl pyrophosphate antigens to y& T cells (19). We
analyzed the subcellular distribution of BTN3A1 by confocal mi-
croscopy in HeLa cells that were unstimulated or stimulated with
poly I:C or poly dA:dT. In unstimulated HeLa cells, BTN3Al
exhibited a vesicle-like intracellular structure and colocalized with
the tubulin diffused throughout the cytoplasm. Interestingly,
BTN3ALI1 redistributed from a diffused expression pattern to a
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Fig. 3. BTN3A1 mediates TBK-IRF3 association. (A) Immunoassay of extracts
from THP-1 cells untreated or treated with poly I:C or poly dA:dT for 3 h, fol-
lowed by immunoprecipitation with anti-lgG or anti-BTN3A1 antibodies and
immunoblot analysis (antibodies, labeled Right). W.C.L., immunoblot analysis
of whole-cell lysates without immunoprecipitation. (B and C) Schematic rep-
resentations of BTN3A1 and its deletion mutants (B) and TBK1 and its deletion
mutants (C). TM, transmembrane domain. The extracts from HEK293T cells
cotransfected with the indicated combinations of expression plasmids were
immunoprecipitated followed by immunoblot analysis. (D) Immunoblot anal-
ysis (anti-IRF3 and anti-TBK1) of lysates from THP-1 cells treated with shControl
or shBTN3A1 and stimulated for 3 h with dsDNA, before (Left) or after (Right)
immunoprecipitation with anti-IRF3. (E) Confocal microscopic analysis of
BTN3A1 (green) and a-tubulin (red) in HeLa cells stimulated with poly I:C or
poly dA:dT for the indicated durations. Densitometry was performed with
ImageJ software (NIH), and relative coimmunoprecipitated TBK1 band intensity
was normalized to immunoprecipitated IRF3 and TBK1 lysate and quantified
with respect to shControl set to 1.0.
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predominantly perinuclear localization after stimulation with poly
I:C or poly dA:dT (Fig. 3E). Ectopically expressed BTN3A1-GFP
also displayed a similar subcellular distribution to endogenous
BTN3A1 (Fig. S54). Nuclear and cytoplasmic fractionation
revealed that BTN3A1 is predominantly localized to the cyto-
plasm regardless of nucleic acid stimulation (Fig. S5B). To gain
insight into the cellular function and dynamics of BTN3A1, we
used live-cell imaging in HeLa cells expressing BTN3A1-GFP.
Live-cell imaging revealed that BTN3Al moves toward the
perinuclear region under poly dA:dT stimulation, whereas the
distribution of GFP remains largely unaffected (Fig. S5C).

Microtubule-Dependent Transport of BTN3A1 to the Perinuclear Region.
Based on the observation that the activation of type I IFN signaling
by nucleic acids promotes the spatial rearrangement of BTN3A1
and BTN3AI1 colocalizes with tubulin, we asked whether microtu-
bules control the subcellular localization of BTN3A1 upon nucleic
acid stimulation. We examined the effect of microtubule de-
polymerization on the localization of BTN3Al in nucleic acid-
stimulated cells. Colchicine induced microtubule depolymerization,
as visualized by immunostaining with anti-tubulin antibody. Ac-
cordingly, the localization of BTN3A1 to the perinuclear region was
impaired in nucleic acid-stimulated cells (Fig. 44, Right). Colchi-
cine-induced depolymerization of microtubules inhibited IFN-f
production in response to dsDNA in a dose-dependent manner.
Furthermore, to confirm that the effects on IFN-p production
were due to microtubule disruption rather than a nonspecific ef-
fect of colchicine, we used nocodazole, another microtubule-
depolymerizing reagent, and obtained essentially the same results
(Fig. 4 B and C). Microtubule motors traffic vesicular cargo along
microtubule tracks, with the dynein motor mediating retrograde
movement and the kinesin motor mediating anterograde move-
ment. We investigated the possible involvement of microtubule
motors in the movement of BTN3A1 toward the perinuclear re-
gion. Treatment of cells with the dynein inhibitor ciliobrevin D
caused a significant decrease in the level of IFN-§ in response to
dsDNA (Fig. 4 B and C), whereas treatment of cells with the
kinesin inhibitor SB743921 did not influence IFN-f production
after stimulation with poly I:C or poly dA:dT (Fig. 4D). Neither
colchicine, nocodazole, nor ciliobrevin D significantly affected the
production of TNF-a in response to poly dA:dT, suggesting that
these drugs did not affect the NF-kxB-dependent induction of
proinflammatory cytokines (Fig. 4B). The treatment of cells with
ciliobrevin D suppressed the phosphorylation of IRF3 but not
TBKI1 (Fig. S64). The inhibition of dynein by ciliobrevin D did not
interfere with the nuclear translocation of phospho-IRF3 (Fig.
S6B). These data suggest that the dynein-mediated retrograde
movement of BTN3A1 to the perinuclear region is required for
triggering type I IFN signaling and that BTN3A1 functions
downstream of TBK1 phosphorylation and upstream of IRF3
phosphorylation.

Intriguingly, BTN3A1 appears to be constitutively complexed
with TBK1, regardless of nucleic acid challenge or microtubule
integrity. The BTN3A1-IRF3 interactions, however, were reduced
upon disrupting microtubule integrity by drug treatment (Fig. 4E).
Moreover, the treatment of cells with colchicine interfered with the
interaction of TBK1 and IRF3 and subsequently suppressed the
phosphorylation of IRF3 (Fig. 4F). These findings indicate that
BTN3A1 plays a role in trafficking TBK1 to the perinuclear region,
where BTN3A1 mediates the interaction between TBK1 and IRF3.

MAP4 Is Essential for Type I IFN Signaling by Controlling the Trafficking of
BTN3A1. We addressed the question of what governs the trafficking of
BTN3AL in response to nucleic acids. To identify the novel inter-
acting partners of BTN3A1, we performed coimmunoprecipitation
followed by LC/MS analysis, which allowed the identification of
MAP4 (Fig. S7 A and B). Coimmunoprecipitation followed by im-
munoblot analysis revealed that BTN3A1 binds endogenous MAP4
(Fig. 54), confirming our LC/MS analysis results. We mapped the
interacting domains of BTN3A1 and MAP4 using coimmunopreci-
pitation experiments. B30.2 domain of BTN3A1 alone could bind to
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dA:dT (+), followed by analysis 6 h later. (D) qRT-PCR analysis of /FN-3 mRNA
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(a kinesin-specific inhibitor)-treated THP-1 cells in the presence of poly I:C or poly
dA:dT for 4 h. (E) Immunoprecipitation with anti-IgG or anti-BTN3A1 antibodies
and immunoblotting with the indicated antibodies in THP-1 cells pretreated with
DMSO, nocodazole, or colchicine for 1 h and then unstimulated or stimulated
with poly I:C or poly dA:dT for 3 h. (F) Immunoprecipitation and immunoblot
analyses of extracts from HEK293T cells transfected with plasmids containing
IRF3-FLAG and TBK-HA and then treated with DMSO or colchicine for 1 h, fol-
lowed by stimulation for 3 h with poly I:C. *P < 0.05, **P < 0.01, and ***P <
0.001 (Student’s t test). Data are representative of three independent experi-
ments (mean + SD). Densitometry was performed with ImageJ software, and
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MAP4, although the full-length BTN3A1 showed a stronger in-
teraction with MAP4 (Fig. 5B). We found that the microtubule-
binding domain of MAP4 is involved in the association with
BTN3AL1 (Fig. 5C). To investigate whether MAP4 directly associates
with type I IFN response in the nucleic acid-triggered immune re-
sponse, we measured the effect of MAP4 on the induction of IFN-f.
The shRNA-mediated knockdown of MAP4 led to the reduction of
IFN-p production upon nucleic acid stimulation, including poly I:C
and poly dA:dT, and SeV infection (Fig. 5D). Essentially the same
results were obtained via an siRNA-mediated knockdown approach
(Fig. S7C). Consistent with this result, the reduction of the mRNA
of several IFN-stimulated genes, such as IFITM1, IP-10, MxA, and
OasL, was observed in MAP4-depleted cells (Fig. S7D). IRF3 acti-
vation, was also defective in nucleic acid-stimulated or SeV-infected
shMAP4 cells (Fig. SE). Moreover, confocal microscopy analyses
indicated that IRF3 is localized in the cytoplasm in unstimulated
shControl cells but redistributed predominantly to the nucleus after
nucleic acid stimulation. In shMAP4 cells, IRF3 was largely retained
in the cytoplasm, even after nucleic acid stimulation (Fig. 5F).
Because MAP4 has been shown to regulate microtubule-based

PNAS | December 13,2016 | vol. 113 | no.50 | 14393

IMMUNOLOGY AND
INFLAMMATION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615287113/-/DCSupplemental/pnas.201615287SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615287113/-/DCSupplemental/pnas.201615287SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615287113/-/DCSupplemental/pnas.201615287SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615287113/-/DCSupplemental/pnas.201615287SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615287113/-/DCSupplemental/pnas.201615287SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615287113/-/DCSupplemental/pnas.201615287SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615287113/-/DCSupplemental/pnas.201615287SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615287113/-/DCSupplemental/pnas.201615287SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615287113/-/DCSupplemental/pnas.201615287SI.pdf?targetid=nameddest=SF7

L T

/

D\

v
ar

Re .

poty poty poty paly
W dear 1 dwar
W — 570N

aurps asa weL.
MAP4HA WAPLHA
MOCK WE &V 4C 4832 MOCKWT &V AC 48302 - -

WAV G ™ seRvew: [ar—
= ——1""" :
. C £y

T dipe ¥
T 12 € ’
—n aserrmsez i

WL

BTNIAT-FLAG
MOCK WT PO MBD
ek

Boly  poly

ur T e - -
— o omoar s -
L - s
aFLAG aFLAG ‘a,m - oA
D - o it = - oFLAC S oG
“ IFN-f§ mRNA s IFN-5 mRNA [FN-A MRNA " snconts
é ® 5 3 3 ShMAPA-2
H . 5 i g
g . e g
3" £ - i B §
H 2 - z 8
w [ 2 £
e e L ———HMHIll g,
Untreated  poly LC Unireated  poly dA:dT Untreated SV Untreated poly EC  poly dAT  SeV
Untrested _polyl:C  polydAidT  Sev
E L F shControl shuAPS

H £ F3/DAPI SDAPI

e S e B o BTHIA e ————5THIA
- .TBKI Tk

W e mn ORFD S ——— — . 0IRF]
e 0-GIREY
BAPDH

Fig. 5. MAP4 governs the subcellular trafficking of BTN3A1. (A) Immunoassay
of extracts from THP-1 cells untreated or treated with poly I:C or poly dA:dT for
3 h, followed by immunoprecipitation with anti-IgG or anti-BTN3A1 antibodies
and immunoblot analysis with anti-BTN3A1 and anti-MAP4. (B and C) Sche-
matic representations of BTN3A1 (B) and MAP4 derivatives (C). Immunopre-
cipitation analysis of HEK293T cells cotransfected with the indicated
combinations of expression plasmids, followed by immunoblotting with anti-
HA. (D) qRT-PCR analysis of IFN-3 and MAP4 mRNA in THP-1 cells transfected
with shControl or shMAP4 and left untreated or stimulated with poly I:C or
poly dA:dT or infected with SeV for 4 h. (E) Immunoblot analysis of extracts
from THP-1 cells treated as described in D. (F) Confocal microscopy examining
the nuclear localization of IRF3 in unstimulated or poly I:C- or poly dA:dT-
stimulated THP-1 cells pretreated with shControl or shMAP4. (Scale bars,
20 um.) (G) Confocal microscopic images of BTN3A1 (green) and a-tubulin (red)
in Hela cells transfected with shControl or shRNA targeting MAP4 (shMAP4)
and then left untreated or stimulated with poly I:C or poly dA:dT for 3 h.
(H) Immunoassay of extracts from THP-1 cells treated with shControl or
shMAP4 and stimulated with poly I:C or poly dA:dT for 3 h, followed by im-
munoprecipitation with anti-IlgG or anti-BTN3A1 antibodies and immunoblot
analysis with the indicated antibodies. Data are presented as the mean + SD of
three independent experiments. **P < 0.01 and ***P < 0.001 (Student’s t test).

transport (20), we assessed whether MAP4 could affect the traf-
ficking of BTN3Al in response to nucleic acid stimulation.
Knockdown of MAP4 inhibited the nucleic acid-induced retrograde
movement of BTN3A1 to the perinuclear region (Fig. 5G). The
strong association between endogenous BTN3A1 and IRF3 that
was observed in shControl cells with nucleic acid stimulation was
considerably diminished in shMAP4 cells (Fig. SH). Next, we ex-
amined the specificity of MAP4 in type I IFN signaling. Because
MAP2, MAP6, and TAU showed very low expression levels, we
excluded them for further analysis (Fig. S84). siRNA-mediated
depletion of MAP4 or other MAPs did not affect cell viability (Fig.
S8 B-D). Among the other MAPs, only MAP4 appeared to be
required for optimal expression level of IFN-§ in response to RNA
stimulation (Fig. S8E).

BTN3A1 Interacts with Dynein for Trafficking to the Perinuclear Region.
Next, we explored the functional role of MAP4 in mediating
BTN3AL1 trafficking in response to nucleic acids. MAP proteins
compete with motor proteins for microtubule binding (21), and
the phosphorylation of MAPs induces the detachment of MAPs
from microtubules (22). We observed that the phosphorylation of
MAP4 occurs following nucleic acid stimulation and peaked at 3 h
of incubation (Fig. 64). Immunofluorescence staining showed that
in the resting state, MAP4 is evenly dispersed throughout the
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cytoplasm, but MAP4 was found in small punctate aggregates after
nucleic acid challenge, which could imply that it undergoes a spatial
redistribution upon nucleic acid stimulation (Fig. 6B). To test
whether TBK1 phosphorylates MAP4 to drive disassociation of
MAP4 from microtubules, we silenced TBKI using siRNA.
Knockdown of TBKI did not affect the phosphorylation level of
MAP4 but substantially decreased the pIRF3 level, suggesting that
MAP4 is not a substrate for TBK1-mediated phosphorylation (Fig.
6C). Interestingly, we found that both dynein intermediate chain
(DYNC) 1/1 and 1/2 interact with BTN3A1 in both the exogenously
and endogenously expressed proteins, and their interaction in-
creased upon treatment with nucleic acids (Fig. 6 D and E, re-
spectively). These results support the notion that BTN3A1 moves to
the perinuclear region through dynein upon nucleic acid stimulation.

Discussion

Our study suggests a critical role for MAP4-regulated spatial ar-
rangement of BTN3Al in the activation of the TBK1-IRF3 sig-
naling axis triggered by cytoplasmic RNA and DNA. In the resting
state, BTN3A1 associates with TBK1, and the BTN3A1-TBK1
complex binds to MAP4 on microtubules. Upon nucleic acid
stimulation, MAP4 is phosphorylated and released from the mi-
crotubules, thereby ensuring its availability for binding to the motor
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protein dynein. The BTN3A1-TBK1 complex then moves along
microtubules to the perinuclear region, where TBK1 phosphory-
lates IRF3, leading to the nuclear translocation of IRF3 and the
induction of type I interferons (Fig. 6F).

To date, identified regulators of the type I IFN pathway have
been shown to control sensors or adaptors upstream of the TBK1-
IRF3 signaling axis in the nucleic acid-mediated innate immune
response. These regulators are specific to a particular signaling
pathway for certain types of nucleic acids. Nucleic acids from
pathogens are detected by PRRs, including TLRs, RLRs, and
cytosolic DNA sensors (23, 24). Although nucleic acids in the
endosome are recognized by TLRs and those in the cytosol are
detected by RLRs or DNA sensors, all receptors require the
TBK1-IRF3 axis to induce type I IFN signaling (24). We found
that BTN3ALl is required for the TBK1-mediated phosphorylation
of IRF3, a downstream event in nucleic acid sensing for antiviral
defense. Because TBK1 is a central node of the regulatory network
required to trigger innate immune responses against various types
of nucleic acids, BTN3A1 could serve as a master regulator of type
I IFN signaling elicited by both DNA and RNA virus infection.
This is consistent with the finding that the depletion of either
BTN3AL1 or its regulator MAP4 abrogated the activation of the
type I IFN response. Notably, we found that BTN3A1 controls the
TBKI1-IRF3 axis activated by viral nucleic acids in the cytosol but
not in the endosome, suggesting that sensing cytosolic nucleic acids
drives BTN3A1 toward a functional form to initiate regulation.

A few reports have described a link between microtubules and
innate immunity (16, 25). Our study shows that MAP4 regulates the
dynein-based transport of BTN3A1 to the perinuclear region.
Motor proteins and MAPs compete for the same binding sites on
tubulin (21), and the phosphorylation of MAPs decreases their
binding to tubulin (26). In light of the results of previous reports
and our observations, it is likely that cells initiate type I IFN
signaling in response to nucleic acid stimuli by replacing MAP4
with dynein for binding to microtubules, which allows BTN3A1
to recruit TBKI1 to the perinuclear region. However, at present,
it is unclear how MAP4 is phosphorylated upon nucleic acid
stimulation.

The transport of signaling components to the perinuclear region
appears to be an important process in triggering type I IFN signaling
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(13). The importance of the regulated trafficking of signaling mol-
ecules is underscored by the findings that Shigella inhibits STING
signaling by blocking its translocation from the ER to ERGIC and
that the ERGIC/Golgi trafficking mechanism of STING is deregu-
lated in genetic autoinflammatory diseases (14). Our work demon-
strates that the transport of BTN3A1l-mediated TBKI1 to the
perinuclear region is critical for the induction of IFN-p gene
expression in response to nucleic acid stimulation. The complex
containing BTN3A1, TBK1, and IRF3 in the perinuclear region
might involve a yet-to-be-identified compartmentalization
wherein BTN3A1 acts as an adaptor molecule for the rapid and
effective activation of type I IFN signaling. Our findings provide
a spatiotemporal model for IRF3 activation and could lead to
novel therapeutic strategies for nucleic acid-mediated inflammatory
diseases.

Materials and Methods

Reagents and Antibodies. Poly I:C, poly dA:dT, LPS, nocodazole, colchicine, and
human anti-FLAG antibody were purchased from Sigma; ¢-di-GMP and c-di-AMP
were obtained from InvivoGen; and the cytoplasmic dynein inhibitor ciliobrevin
D was obtained from Merck. Human anti-IRF3, -PARP, and kinesin inhibitor
-SB743921 were from Santa Cruz; anti-TBK1, -phospho-IRF3 (5S396), -phospho-
TBK1, and -STING were from Cell Signaling; anti-BTN3A1, —phospho-IRF3
(S386), -MAVS, -IKKe, -histone H3, and -MAP4 were from Abcam; anti-GAPDH
and a-tubulin were from AbFrontier; and anti-HA was from Covance.

All experiments involving human blood were approved by the Institutional
Review Board of Seoul National University (SNUIRB no. E1304-001-023).
Written informed consent was obtained from the blood donors with the
approval of the Ethics Committee of the Korean Red Cross.

Other Materials and Methods. Other materials and methods used in this study
are described in SI Materials and Methods.
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