
Article

Lck/Hck/Fgr-Mediated Tyrosine Phosphorylation

Negatively Regulates TBK1 to Restrain Innate
Antiviral Responses
Graphical Abstract
Highlights
d TBK1 is dynamically tyrosine-phosphorylated by Src kinases

(SFKs) during viral infection

d Antiviral responses induce expression of SFKs Lck/Hck/Fgr

via IRF3-directed transcription

d Lck/Hck/Fgr modify TBK1 at Y394/354 to disrupt TBK1

dimerization and activation

d Lck/Hck/Fgr and inhibitors govern antiviral defenses in cells,

zebrafish, and mice
Liu et al., 2017, Cell Host & Microbe 21, 754–768
June 14, 2017 ª 2017 Elsevier Inc.
http://dx.doi.org/10.1016/j.chom.2017.05.010
Authors

Shengduo Liu, Shasha Chen,

Xinran Li, ..., Jian Zou, Xin-Hua Feng,

Pinglong Xu

Correspondence
xupl@zju.edu.cn

In Brief

Liu et al. report the Src family kinases

(SFKs) Lck, Hck, and Fgr directly

phosphorylate TBK1, a core player in

antiviral immunity, to prevent its

dimerization and activation, which

dampens antiviral defenses in zebrafish

and mice. SFKs are induced by antiviral

immune signaling, thus constituting a

negative feedback loop.

mailto:xupl@zju.edu.�cn
http://dx.doi.org/10.1016/j.chom.2017.05.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2017.05.010&domain=pdf


Cell Host & Microbe

Article
Lck/Hck/Fgr-Mediated Tyrosine
Phosphorylation Negatively Regulates
TBK1 to Restrain Innate Antiviral Responses
Shengduo Liu,1,5 Shasha Chen,1,5 Xinran Li,1 Shiying Wu,1 Qian Zhang,1 Qiuheng Jin,1 Lin Hu,1 Ruyuan Zhou,1

Zhengyang Yu,1 Fansen Meng,1 Siwen Wang,1 Yaowei Huang,2 Sheng Ye,1 Li Shen,1 Zongping Xia,1 Jian Zou,3

Xin-Hua Feng,1,4 and Pinglong Xu1,6,*
1Life Sciences Institute and Innovation Center for Cell Signaling Network
2Key Laboratory of Animal Virology of Ministry of Agriculture, College of Animal Sciences
3Eye Center of the Second Affiliated Hospital School of Medicine, Institute of Translational Medicine

Zhejiang University, Hangzhou 310058, China
4Michael E. DeBakey Department of Surgery and Department of Molecular and Cellular Biology, Baylor College of Medicine, Houston,
TX 77030, USA
5These authors contributed equally
6Lead Contact

*Correspondence: xupl@zju.edu.cn
http://dx.doi.org/10.1016/j.chom.2017.05.010
SUMMARY

Cytosolic nucleic acid sensing elicits interferon pro-
duction for primary antiviral defense through cas-
cades controlled by protein ubiquitination and Ser/
Thr phosphorylation. Here we show that TBK1, a
core kinase of antiviral pathways, is inhibited by tyro-
sine phosphorylation. The Src family kinases (SFKs)
Lck, Hck, and Fgr directly phosphorylate TBK1 at
Tyr354/394, to prevent TBK1 dimerization and acti-
vation. Accordingly, antiviral sensing and resistance
were substantially enhanced in Lck/Hck/Fgr triple
knockout cells and ectopic expression of Lck/Hck/
Fgr dampened the antiviral defense in cells and ze-
brafish. Small-molecule inhibitors of SFKs, which
are conventional anti-tumor therapeutics, enhanced
antiviral responses and protected zebrafish and
mice from viral attack. Viral infection induced the
expression of Lck/Hck/Fgr through TBK1-mediated
mobilization of IRF3, thus constituting a negative
feedback loop. These findings unveil the negative
regulation of TBK1 via tyrosine phosphorylation
and the functional integration of SFKs into innate
antiviral immunity.

INTRODUCTION

Metazoans recognize various conserved pathogen-associated

molecular patterns (PAMPs) to initiate host defense counter-

measures to fight pathogen infections. Cytosolic detection of

nucleic acids is particularly important for the defense against

viral pathogens that have penetrated physical barriers and in-

fected host cells. Cytosolic RIG-I-like receptors (RLRs) sense

viral double-stranded RNAs in the cytosol (Chan and Gack,

2015; Yoneyama et al., 2015), and DNA sensors such as
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cGAS (Civril et al., 2013; Gao et al., 2013; Sun et al., 2013) or

IFI16 (Unterholzner et al., 2010) recognize cytosolic DNA.

Signaling from activated sensors is facilitated either by mito-

chondria-associated MAVS (also called IPS-1, VISA, or Cardif)

(Kawai et al., 2005; Meylan et al., 2005; Seth et al., 2005; Xu

et al., 2005) or by endoplasmic reticulum-associated STING

(also called ERIS, MITA, or MPYS) (Ishikawa and Barber,

2008; Sun et al., 2009; Zhong et al., 2008), which results in

the activation of Tank-binding kinase 1 (TBK1) and/or IKK 3

kinases. TBK1/IKK 3subsequently phosphorylate and activate

the transcription factor IRF3, which drives its dimerization and

the translocation to the nucleus to transcribe type I and III inter-

ferons (IFNs) in cooperation with NF-kB (Belgnaoui et al., 2011;

Kawasaki et al., 2011). The antiviral responses are coordinated

by IRF3-, IRF7-, and IFN-induced expression of a large number

of IFN-stimulated genes (ISGs), which establish the antiviral

state of the host and neighboring cells to restrict viral infec-

tion and modulate adaptive immunity (Chan and Gack, 2015;

Yoneyama et al., 2015).

Self-association and polymerization of MAVS onmitochondria

form a platform for recruiting TRAFs, TBK1/IKK 3, and IRF3 to

serially activate TBK1/IKK 3kinases and the transcription factor

IRF3 (Hou et al., 2011), while cGAMP binding to STING leads

to STING dimerization and TBK1 recruitment and activation

through a mechanism that remains unclear (Cai et al., 2014).

TBK1 and IKK 3are activated by intermolecular trans-autophos-

phorylation, which is facilitated by TRAF-mediated, K63-linked

ubiquitination and adaptor-driven self-association (Larabi et al.,

2013; Li et al., 2011; Ma et al., 2012; Tu et al., 2013). Viral-

induced TBK1 aggregation and activation are a comparatively

slow cellular process and are subject to complex regulation. In

contrast, aberrant TBK1 activation by overactive cytosolic nu-

cleic acid sensing and subsequent excess IFN production is a

major cause of autoimmune and autoinflammatory diseases

(Crampton and Bolland, 2013; Gao et al., 2015). However, very

little is known about maintaining and terminating TBK1 activa-

tion, which is critical for the balance of host cell survival, homeo-

stasis, and infection prevention.
Inc.
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Although it accounts for only 2.5% of total phosphorylation of

proteins, tyrosine phosphorylation exhibits profound effects on

almost every aspect of cellular physiology (Hunter, 2009).

Nevertheless, the involvement of tyrosine phosphorylation in

innate antiviral immunity has been poorly defined, particularly

in core components of antiviral pathways. Src family tyrosine

kinases (SFKs) mediate signaling of receptor tyrosine kinases

(RTKs), resulting in cell proliferation, survival, transformation,

differentiation, migration, and adhesion; thus, these proteins

are possible drug targets (Chang et al., 2008; Yeatman, 2004).

Eight SFK members share considerable homology in domain

structure and functionally overlap; Src, Fyn, and Yes are ubiqui-

tously expressed, but Lck, Hck, Fgr, Lyn, and Blk tend to be

restricted to cells of specific origins, such as hematopoietic

cells (Thomas and Brugge, 1997). Previous reports regarding

the phenotype for genetic ablation have suggested that SFK

members, such as Hck and Fgr, are involved in host defense

against bacteria and parasites (Lowell and Berton, 1998;

Meng and Lowell, 1997; Nelson et al., 2009), but their targets

and underlying mechanisms are not known. Despite the im-

portance of these molecules, SFK functions in innate antiviral

immunity are still unclear.

Here, we showed that TBK1 is tyrosine-phosphorylated and

thus dynamically suppressed in the process of antiviral immu-

nity. The SFKs Lck, Hck, and Fgr are responsible for this

TBK1 tyrosine phosphorylation and modify TBK1 predomi-

nantly at Tyr394 and Tyr354 residues, which disrupts TBK1

dimerization and activation. Unexpectedly, Lck/Hck/Fgr are

strongly induced during viral infection as a result of TBK1-medi-

ated IRF3mobilization, thus forming a negative regulatory feed-

back mechanism. We demonstrated that knockout of Lck/Hck/

Fgr enhances the cellular antiviral responses and viral resis-

tance, while their ectopic expression abrogates antiviral de-

fense in both cells and zebrafish. Chemical inhibition of Lck/

Hck/Fgr also resulted in a protective phenotype in cells, zebra-

fish, and mice against viral infection. These observations there-

fore reveal a unique physiological function of SFKs in antiviral

prevention.

RESULTS

TBK1 Is Dynamically Tyrosine-Phosphorylated by SFKs
during Viral Infection
Tyrosine phosphorylation involvement in innate antiviral immunity

has been poorly defined. Using antibodies against phospho-tyro-

sine and TBK1 for co-immunoprecipitation and visualization, we

detected robust endogenous tyrosine phosphorylation of TBK1

in 293T cells (Figure 1A). This tyrosine phosphorylation was

enhanced in response to infection by vesicular stomatitis virus

(VSV) at 9 hr post-infection (hpi), but was abolished when lysates

were pre-treated with l phosphatase (Figure 1A), confirming that

it is a phospho-specific modification. We then performed a time

course analysis of TBK1 tyrosine phosphorylation during viral

infection. A substantial decrease of TBK1 tyrosine phosphoryla-

tion in 293T cells was observed at 3 to 6 hpi of VSV infection (Fig-

ure 1B, first panel) or infection with another RNA virus, the Sendai

virus (SeV) (Figure 1C, first panel), which coincided with full TBK1

activation at 6 hpi (Figures 1B and 1C, third panel). However, a

subsequent enhancement of this tyrosine phosphorylation was
detected at 9 hpi, alongwith the gradual termination of TBK1 acti-

vation (Figures 1B and 1C). This intriguing alteration of TBK1 tyro-

sine phosphorylation was also observed during VSV infection in

mouse epithelial NMuMG cells (Figure S1A) and in M12 mouse

cells of lymphoid origin (Figure S1B), suggesting that this dynamic

tyrosine phosphorylation is ubiquitous.

To systemically elucidate tyrosine phosphorylation of TBK1,

we screened a set of small-molecule inhibitors of tyrosine

kinases. Notably, treatment with pan-inhibitors of SFKs, such

as Saracatinib (Chang et al., 2008) or PP2 (Hanke et al., 1996),

eliminated this signal completely both in 293T (Figure 1D) and

NMuMG cells (Figure S1C) during VSV infection. Similar obser-

vations were obtained in 293T cells infectedwith SeV (Figure 1E).

In contrast, specific inhibitors of Src, such as Dasatinib (Lom-

bardo et al., 2004) or Bosutinib (Boschelli et al., 2001), barely

affected this TBK1 tyrosine phosphorylation (Figures 1D and

1E). These observations suggest thatmember(s) of SFKs, except

for Src, could be responsible for TBK1 tyrosine phosphorylation

prior to or during viral infection.

The SFKs Lck/Hck/Fgr Are Substantially Induced
by Antiviral Responses through IRF3-Mediated
Transcription
To further define this dynamic TBK1 tyrosine phosphorylation,

we performed qRT-PCR assays to quantify the mRNA level of

SFKs in NMuMG, 293T, and B lymphoma M12 cells. We unex-

pectedly detected a marked increase of Lck, Hck, or Fgr

mRNA expression upon VSV or SeV infection in these cells,

whereas other SFKs, including Fyn, Src, Yes, Blk, and Lyn,

were either downregulated or largely unaffected (Figures 2A–

2C). Comparative analysis of the mRNA level of each SFK mem-

ber revealed abundant Lck/Hck/Fgr transcripts in these cells,

especially in response to viral infection (Figures S2A–S2C).

Increased endogenous Lck protein levels in response to SeV

infection of 293T cells were also detected (Figure 2D). These ob-

servations suggest that Lck/Hck/Fgr, but not other SFK mem-

bers, can be robustly induced during viral infection, either due

to the antiviral responses or the pathogenic effects of VSV

and SeV.

The substantial induction of Lck and Fgr mRNA in 293T cells

was only partially blocked by the NF-kB inhibitor BAY11-7082

but was totally abrogated by the TBK1/IKK 3inhibitor BX795

(Figure 2E), suggesting that this change is predominantly

mediated by host antiviral defenses. However, application of

type I IFNs to 293T or M12 cells induced strong expression

of ISG15, but not Lck/Fgr expression (Figures 2F and 2G).

These observations suggest that this induction is controlled

by TBK1-activated proteins, such as IRF3, but not the effects

of IFNs or the viral proteins themselves. We then measured

the mRNA levels of Lck and Fgr in 293T cells transfected

with the activated form of IRF3 (IRF3 5SD) or TBK1; both ex-

hibited robust induction of endogenous Lck or Fgr mRNA (Fig-

ure 2H) and Lck protein (Figure 2I). In contrast, small inter-

fering RNA (siRNA)-mediated knockdown of IRF3 resulted in

a substantial reduction of endogenous Lck proteins, as well

as the loss of viral-induced enhancement of Lck protein

expression (Figure 2J). These data reveal the inducible nature

of Lck/Hck/Fgr by IRF3-mediated transcription due to TBK1

activation.
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Figure 1. TBK1 Is Dynamically Tyrosine-Phosphorylated by SFKs during Viral Infection

(A) Tyrosinephosphorylation of endogenous TBK1 in 293Tcellswasdetectedbyco-immunoprecipitationusing ananti-phospho-Tyr antibody and immunoblotting

using an anti-TBK1 antibody. The signal was abolished in lysates that were pre-treated with l phosphatase, confirming the phosphorylation modification(s).

(B andC) During infection by VSV (B) or SeV (C), the level of endogenous tyrosine phosphorylation in TBK1was decreased or abolished at 3 hpi but was present or

even increased at 9 hpi.

(D) TBK1 tyrosine phosphorylation upon VSV infection (9 hpi) was completely eliminated by chemical pan-inhibitors of SFKs, Saracatinib and PP2, but not by the

Src-specific inhibitor Dasatinib.

(E) TBK1 tyrosine phosphorylation at 9 hpi of SeV infection was similarly blocked by Saracatinib, but not by the Src-specific inhibitors Dasatinib or Bosutinib.

See also Figure S1.
Lck/Hck/Fgr Are Responsible for TBK1 Tyrosine
Phosphorylation and Suppress the Signaling of
Cytosolic RNA/DNA Sensing
To verify the effects of SFKs on TBK1 modification, we coex-

pressed TBK1 with each SFK member and observed substan-

tially enhanced TBK1 tyrosine phosphorylation when Hck, Lck,

or Blk was coexpressed (Figure 3A) and a weak increase when

Fgr was cotransfected. This observation, together with the

inducible nature of Lck, Hck, and Fgr, indicates that Lck/Hck/

Fgr are physiological modifiers of TBK1. We therefore generated

293T cells with triple knockout (tKO) of Lck/Hck/Fgr by CRISPR/

Cas9-based genomic editing (Figure 3B). We then observed a

substantial decrease of TBK1 tyrosine phosphorylation in Lck/

Hck/Fgr tKO cells in the resting state (Figure 3B), as well as the

disappearance of SeV-induced upregulation of TBK1 tyrosine

phosphorylation (Figure 3C). These consistent observations

suggest that Lck, Hck, and Fgr are tyrosine kinases responsible

for TBK1 tyrosine phosphorylation, either in the resting state or in

response to viral infection.
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Dynamic tyrosinemodification on TBK1 suggests its biological

significance. Notably, we observed enhanced activation of both

TBK1 and IRF3 upon SeV infection in Lck/Hck/Fgr tKO 293T

cells, as shown by the elevated level of phospho-Ser172 TBK1

and phospho-S396/S386 IRF3 (Figure 3D), which corresponded

to decreased TBK1 tyrosine phosphorylation (Figure 3C). In

contrast, re-introduction of Lck, Hck, or Fgr, but not Src, reduced

TBK1 and IRF3 activation upon SeV infection (Figure 3E) or upon

transfection of poly(dA:dT) that simulates cytosolic DNA sensing

(Figure S3A). SeV-induced activation of TBK1 and IRF3 also

increased when the pan-SFK inhibitor Saracatinib or the Lck-in-

clined chemical inhibitor WH-4-023 (Martin et al., 2006) was

applied in 293T cells (Figure 3F) or NMuMG cells (Figure S3B).

As a potent inhibitor of Src and Lck, WH-4-023 also effectively

inhibited the activation of Hck and Fgr (Figure S3C).

In addition, reporter assays of an IRF3-responsive IFNb pro-

moter revealed similarly enhanced antiviral signaling in Lck/

Hck/Fgr tKOcells uponSeV infection (Figure 3G),whichwas sup-

pressed when Lck, Hck, or Fgr was re-introduced (Figure S3D).
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Figure 2. Lck/Hck/Fgr Are Substantially Induced by Antiviral Responses through IRF3-Mediated Transcription

(A–C) qRT-PCR assays revealed that mRNA levels of Lck, Fgr, and/or Hck, but not other SFK members, were markedly induced upon infection by SeV or VSV

in NMuMG epithelial cells (A), 293T cells (B), or M12 B lymphoma cells (C). The Ct value for effective detection of Lck/Hck/Fgr cDNA is labeled. n = 3 experi-

ments. **p < 0.01 and ***p < 0.001, using a Student’s t test.

(D) The induction of endogenous Lck protein was verified by immunoblotting using an anti-Lck antibody in 293T cells upon SeV infection, along with a

compromised TBK1 activation at 9 hpi.

(E) The induction of Lck and Fgr mRNA was blocked by a chemical inhibitor of TBK1/IKK 3(BX795) in 293T cells upon VSV infection, but not by an NF-kB inhibitor

(BAY11-7082). VSV-induced expression of IFIT1 was set as a positive control for antiviral activation. n = 3 experiments. ***p < 0.001, using a Student’s t test.

(F and G) Type I IFNs stimulated the robust expression of ISG15 mRNA in 293T (F) or M12 cells (G) but failed to stimulate the expression of Lck/Hck/Fgr mRNA.

n = 3 experiments. ***p < 0.001, using a Student’s t test.

(H and I) Ectopic expression of TBK1 or activated IRF3 (5SD) stimulated the expression of ISG, as well as the endogenous Lck and Fgr, as shown by mRNA

expression (H) or protein levels (I). **p < 0.01 and ***p < 0.001, using a Student’s t test.

(J) siRNA-mediated knockdown of IRF3, evidenced by IRF3 immunoblotting, resulted in decreased expression of endogenous Lck proteins. Data are represented

as mean ± SEM.

See also Figure S2.
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Figure 3. Lck/Hck/Fgr Are Responsible for TBK1 Tyrosine Phosphorylation and Suppress the Signaling of Cytosolic RNA/DNA Sensing

(A) Cotransfection of SFKs, in particular Hck, Lck, Fgr, and Blk, promoted tyrosine phosphorylation of TBK1 in 293T cells.

(B) Lck/Hck/Fgr tKO 293T cells were generated using the CRISPR/Cas9 strategy and verified by immunoblotting. The reduced level of endogenous TBK1 tyrosine

phosphorylation in resting cells was detected in four clones of Lck/Hck/Fgr tKO cells.

(legend continued on next page)
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Similar observations were seen in cytosolic DNA sensing/STING

signaling, which was stimulated by poly(dA:dT) transfection (Fig-

ure S3E). Moreover, treatment with Saracatinib or PP2 in 293T

cells enhanced the antiviral signaling stimulated by the coexpres-

sion of the adaptors MAVS or STING (Figure S3F) or the kinases

TBK1 or IKK 3(Figure S3G). These consistent observations sug-

gest that Lck/Hck/Fgr negatively regulate signaling of cytosolic

sensing, probably through TBK1 tyrosine phosphorylation.

Lck/Hck/Fgr Attenuate TBK1 Activation and Antiviral
Responses
We next examined the effects of SFKs on cytosolic RNA/DNA

sensing pathways, stimulated by SeV infection or transfection

of poly(dA:dT). Reporter assays of the IRF3-responsive IFNb

promoter showed that several members of SFKs, in particular

Fgr, Hck, and Lck, suppressed IRF3 responsiveness (Figures

4A and 4B). Similarly, Fgr, Hck, and Lck strongly inhibited

signaling induced by coexpression of MAVS or STING (Figures

S4A and S4B). We also noticed a drastic decrease in RIG-I-stim-

ulated activation of IRF3 (Figure 4C) and TBK1-mediated

phosphorylation ofMAVS (Liu et al., 2015; Xiang et al., 2016) (Fig-

ure 4D) when Lck was cotransfected. In contrast, a kinase-dead

mutant of Lck, in which Lys273 was mutated to methionine,

failed to inhibit the activation of IRF3 or MAVS (Figures 4C and

4D). Wild-type Lck also abrogated TBK1 auto-phosphorylation

when cotransfected (Figure 4E). Similarly, TBK1 isolated from

Lck-cotransfected cells was shown to be catalytically inactive

and thus was unable to phosphorylate its substrate IRF3

in vitro (Figure 4F). All of these observations suggest that

Lck/Hck/Fgr dampen antiviral responses by abrogating TBK1

activation.

Measurement of IFNb and ISGs induction, which reflects the

strength of the antiviral defenses, showed enhanced antiviral re-

sponses upon infection with SeV (Figure 4G) or VSV (Figure S4C)

when Lck/Hck/Fgr were all deleted. As expected, re-introduction

of Lck, Hck, or Fgr, but not Src, suppressed SeV or poly(dA:dT)-

induced production of IFNb and ISGs (Figures 4H and 4I). These

data suggested that Lck, Hck, or Fgr suppresses the antiviral

responses stimulated by cytosolic RNA or DNA sensing.

Lck/Hck/Fgr Directly Associate with and Modify TBK1
We evaluated the interaction between Lck/Hck/Fgr and TBK1

and/or IKK 3to elucidate the molecular basis for Lck/Hck/Fgr-

mediated TBK1 inhibition.We detected an endogenous complex

of TBK1 with Hck by co-immunoprecipitation in THP-1 mono-

cytes following VSV infection (Figure 5A). Co-immunoprecipita-

tion also revealed a strong association between TBK1/IKK 3

and Hck, but not Src (Figure 5B), whereas Lck preferentially in-

teracted with TBK1 (Figure 5C), and Fgr had a strong affinity to

IKK 3(Figure 5D). Immunofluorescence assays also supported
(C) SeV infection failed to induce tyrosine phosphorylation of endogenous TBK1

(D) A marked increase in activation of endogenous TBK1 and IRF3, but not their

(E) Lck, Hck, Fgr, or Src was individually re-introduced into Lck/Hck/Fgr tKO 293

infection in the presence of Lck, Hck, or Fgr, but not Src.

(F) The pan-SFK inhibitor Saracatinib or the Lck-inclined inhibitor WH-4-023 incr

(G) Reporter assays of an IRF3-responsive IFNb promoter also revealed a drastic

cells. n = 3 experiments. ***p < 0.001, using a Student’s t test. Data are represen

See also Figure S3.
these interactions, showing an obvious co-localization between

TBK1 and Lck/Hck but weak localization with Fgr (Figure 5E).

Intriguingly, we also detected aggregation of Hck/Lck/Fgr during

SeV infection in epithelial DLD1 cells, similar to aggregation of

endogenous TBK1 at 6 hpi (Figure S5A), when TBK1 is highly

activated (Figure S5B). These observations suggest that Lck/

Hck/Fgr are internal components of the TBK1/IKK 3 kinase

complex.

The physical link between Lck/Hck/Fgr and TBK1/IKK 3implies

direct Lck/Hck-mediated modification of TBK1. Using an in vitro

kinase assay,weobserved strongphosphorylation of TBK1 in the

presence of Fgr, Hck, or Lck,whichwere separately isolated (Fig-

ure 5F). Similarly, using the anti-phospho-Tyr antibody, we de-

tected robust tyrosine phosphorylation of TBK1 in the presence

of Hck, Lck, and Fgr, but not Blk or Src, in the in vitro kinase assay

(Figure 5G). Lyn also modified TBK1 directly, albeit weakly (Fig-

ure S5C). These observations suggest that Hck, Lck, and Fgr,

but not Src, directly modify TBK1 by tyrosine phosphorylation.

Lck/Hck/Fgr Phosphorylate TBK1 Primarily at Tyr354/
394 Residues to Abrogate TBK1 Activation
To define the exact modification residue(s) for Lck/Hck/Fgr-

mediated TBK1 tyrosine phosphorylation, we performed a

mass spectrometry analysis of TBK1 cotransfected with Lck,

Hck, or Fgr. The spectrometry analysis had good coverage of

TBK1 and revealed that multiple sites, especially Tyr394 and

Tyr354, were phosphorylated by Lck, Fgr, or Hck, whereas

Tyr153 and Tyr677 were phosphorylated by Lck and Hck (Fig-

ure 5H; Table S1). Intriguingly, the proximal sequences of

Tyr354 and Tyr394 were similar and both shared a high similarity

to the known consensus motif of Lck, which consists of a hydro-

phobic residue at the �1 site and an acidic residue at the +1

position (www.phosphositeplus.org) (Figure 5H, lower panel).

Based on the mass spectrometry assay, we generated the

TBK1 2YF mutant in which Tyr394 and Tyr354 residues were

mutated to phenylalanine. Notably, mutating both Tyr394 and

Tyr354 residues to phenylalanine (TBK1 2YF) abolished most

phospho-Tyr signals in TBK1 by Lck, Hck, or Fgr (Figure 5I),

suggesting that Tyr394/354 are the major residues for Lck/

Hck/Fgr-mediated modification. TBK1 2YF was also resistant

to Fgr-mediated inhibition, as shown by IRF3-responsive re-

porter assays (Figure 5J) and immunoblotting analysis of TBK1

activation (Figure 5K). Since Lck and Hck also phosphorylate

Tyr153 and/or Tyr325, we generated the 4YF mutation in which

Tyr394/354/325/153 residues were all mutated to phenylalanine.

As expected, the TBK1 4YFmutant showed resistance to Lck- or

Hck-mediated inhibition, evidenced by IRF3 transactivation or

TBK1 activation (Figures S5D and S5E). Overall, these observa-

tions suggest that Tyr394 and Tyr354 are major residues for Lck/

Hck/Fgr phosphorylation and TBK1 suppression.
in Lck/Hck/Fgr tKO cells at 9 hpi.

levels, was detected in Lck/Hck/Fgr tKO 293T cells upon SeV infection.

T cells, which decreased activation of endogenous TBK1 and IRF3 upon SeV

eases the activation of endogenous TBK1 and IRF3 upon SeV infection.

increase in IRF3 transactivation upon SeV infection in Lck/Hck/Fgr tKO 293T

ted as mean ± SEM.
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Figure 4. Lck/Hck/Fgr Attenuate TBK1 Activation and Antiviral Responses

(A and B) Reporter assays revealed that Fgr, Hck, and Lck inhibited IRF3 transactivation that was stimulated by SeV infection (A) or poly(dA:dT) transfection (B).

Expression of SFKs was displayed by immunoblotting of their Myc tags. n = 3 experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, using a Student’s t test.

(legend continued on next page)
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We subsequently generated phosphorylation mimetic TBK1s

by mutating Tyr354, Tyr394, or both residues to glutamine

(Y354E, Y394E, and 2YE) to evaluate their individual function in

TBK1 activation. Phosphorylation mimetic TBK1 Y394E or

Y354E showed compromised IRF3 responsiveness, whereas

TBK1 2YE failed completely to promote IRF3 transactivation

(Figure 5L). Similarly, we observed a drastic decrease in TBK1

activation (Figure 5M, third panel) and TBK1-mediated IRF3

phosphorylation by mutant Y394E, Y354E, or Y354E/Y394E

(Figure 5M, first panel), as well as TBK1-mediated MAVS phos-

phorylation (Figure 5N). TBK1 2YE also lost the capacity to

auto-phosphorylate itself in an in vitro kinase assay (Figure 5O).

Taken together, these observations suggest that tyrosine phos-

phorylation at Tyr394 and Tyr354 disrupts TBK1 activation and

kinase activity.

Tyrosine Phosphorylation Disrupts the TBK1 Homo- and
Hetero-dimerization and Signaling Complex
To elucidate the molecular basis of TBK1 inactivation by Tyr394/

354 phosphorylation, we assessed these residues using the re-

ported TBK1 crystal structures, which revealed that both

Tyr394 and Tyr354 residues are distant from the catalytic center

but are at an interface for TBK1 dimerization (Figure S6A; Larabi

et al., 2013; Ma et al., 2012; Tu et al., 2013). Thus, we hypothe-

sized that TBK1 tyrosine phosphorylation could block its

homo-dimerization and its hetero-dimerization with IKK 3, which

is required for TBK1 activation (Larabi et al., 2013; Ma et al.,

2012; Tu et al., 2013). Molecular modeling suggested that phos-

phorylation of either Tyr354 or Tyr394 is deleterious to the TBK1

homo-dimerization interface (Figures 6A and 6B). Intriguingly,

mass spectrometry analyses showed that the TBK1 interaction

with endogenous IKK 3andMAVS was abolished in the presence

of Lck or Fgr, whereas its association with IKKa was largely

unaffected (Figure 6C). Co-immunoprecipitation assays also

showed poor dimerization of the Y354E/Y394E (2YE) mutant

with wild-type TBK1 or with themselves (Figure 6D). Similarly,

association of TBK1 2YE with the substrate IRF3 (Figure 6E) or

TBK1 interaction with the adaptor/substrate MAVS in the pres-

ence of wild-type Lck (Figure 6F) was dampened. Furthermore,

we characterized the purified TBK1 wild-type or 2YE proteins

by size exclusion assays. These proteins exhibited substantially

different elusion curves (Figure 6G), indicating alteration of the

overall TBK1 structure by tyrosine phosphorylation. All of these

observations suggest that tyrosine phosphorylation at Tyr394/

354 impairs the TBK1 dimerization interface and abolishes

TBK1 dimerization and activation.

K63-linked ubiquitination of TBK1 is critical for TBK1 activa-

tion (Li et al., 2011; Tu et al., 2013). However, this ubiquitination
(C and D) Cotransfection of wild-type Lck, but not its kinase-dead mutant (K273

phosphorylation of MAVS (D).

(E) Similarly, activation of TBK1 was blocked by cotransfection of wild-type, but

(F) TBK1 was expressed in the absence or presence of Lck and then purified usin

proteins. TBK1 phosphorylated IRF3 at the Ser396 residue in vitro, whereas Lck

(G)mRNA induction of IFNb and ISGswas higher in Lck/Hck/Fgr tKO 293T cells up

and ***p < 0.001, using a Student’s t test.

(H and I) The higher IFNb and ISGmRNA induction upon SeV infection (H) or poly(d

Lck/Hck/Fgr, but not Src, were re-introduced. n = 3 experiments. **p < 0.01 and

See also Figure S4.
was not diminished by TBK1 tyrosine phosphorylation but was

greatly increased in 2YE mutant (Figure S6B). Consistent with

these observations, we detected a robust increase of TBK1

K63 ubiquitination in the presence of wild-type Hck or Lck, but

not their kinase-dead forms (Figure S6C). These data thus sug-

gest that tyrosine phosphorylation does not block TBK1 K63

ubiquitination but leads to the accumulation of K63 ubiquitina-

tion, although this highly ubiquitinated TBK1 is inactive.

Lck/Hck/Fgr Suppress Antiviral Defenses in Cells
To investigate the physiological significance of TBK1 tyrosine

phosphorylation, we examined the effects of the pan-SFK inhib-

itors Saracatinib or PP2 following infection with GFP-tagged VSV

or the GFP/luciferase-double tagged DNA virus HSV-1. We de-

tected a drastic decrease of gVSV replication in 293T cells using

microscopy (Figure 7A) or fluorescence-activated cell sorting

(FACS) analysis of GFP+ cells (Figure 7B), or in HepG2 cells (Fig-

ure S7A), in the presence of Saracatinib or PP2. Similar observa-

tions were obtained in 293T cells infected with HSV-1, as shown

by microscopy of GFP+ cells (Figure 7C) or by luciferase results

that reflected the viral replication level (Figure 7D). The Lck-in-

clined inhibitor WH-4-023, but not the Src inhibitor Dasatinib,

strongly enhanced the cellular antiviral defense in 293T cells

(Figure S7B). In contrast, Saracatinib or PP2-induced decrease

of gVSV replication was not observed in mouse embryonic

fibroblasts (MEFs) with TBK1/IKK 3 double knockout (dKO)

(McWhirter et al., 2004) (Figure S7C), suggesting that the effects

of the SFK inhibitors are through TBK1/IKK 3and IFNs, but not by

non-specific effects. In contrast, re-introducing TBK1 wild-type

or the 2YF mutant, but not the 2YE mutant, reduced gVSV repli-

cation in TBK1/IKK 3dKO MEFs (Figure S7D), suggesting that

Tyr394/354 phosphorylation inhibits antiviral function of TBK1.

Similarly, genetic deletion of Lck/Hck/Fgr endowed 293T cells

with stronger resistance to VSV infection, as shown by weaker

VSV replication in Lck�/�/Hck�/�/Fgr�/� cells by GFP micro-

scopy (Figure 7E) or immunoblotting of the GFP tag (Figure 7F).

Re-introducing Fgr, Hck, or Lck, but not Src, suppressed anti-

viral responses and thus resulted in enhanced gVSV replication

(Figures 7E and 7F), as well as enhanced glHSV-1 replication

(Figures S7E and S7F). These consistent observations de-

monstrate a key role of Lck/Hck/Fgr in the suppression of innate

antiviral immunity. Furthermore, expression of MAVS endows

cells with viral resistance and reduced the gVSV replication in

293T cells (Figure 7G). However, cotransfection of Lck, Hck,

and Fgr with MAVS all led to impaired MAVS-driven viral resis-

tance and restored VSV replication (Figure 7G), confirming

Lck/Hck/Fgr as negative regulators of antiviral defenses at the

cellular level.
M), prevented the RIG-I-induced activation of IRF3 (C) or the TBK1-mediated

not kinase-dead Lck.

g the HA-tag to perform an in vitro kinase assay with separately isolated IRF3

coexpression eliminated this catalytic ability of TBK1.

on SeV infection, as revealed by qRT-PCRassays. n = 3 experiments. **p < 0.01

A:dT) transfection (I) in Lck/Hck/Fgr tKO cells was returned to a low level, when

***p < 0.001, using a Student’s t test. Data are represented as mean ± SEM.
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Lck/Hck/Fgr Are Potent Regulators of Antiviral
Immunity in Mice and Zebrafish
To evaluate the function of TBK1 tyrosine phosphorylation in the

whole animal, we used zebrafish as a model due to the similarity

of its cytosolic RNA/DNA sensing pathways to those of mammals

(Geetal., 2015) and theexclusionof interference fromadaptive im-

munity in the early stage of embryogenesis (Trede et al., 2004).We

previouslydevelopedastrategy inzebrafish for rapidand real-time

assessment of antiviral immune function (Meng et al., 2016; Xiang

et al., 2016; Zhang et al., 2017). Intriguingly, zebrafish embryos

thatwereVSV infectedandcultured inSaracatinib-containingme-

dium displayed a robust increase in viral resistance and extended

survival (FigureS7G).WH-4-023similarly protectedzebrafish from

VSV infection, even at a low concentration (5 mM) (Figure S7H).

These observations suggest a substantial role of Lck/Hck/Fgr

and an unexpected effect of Saracatinib and WH-4-023 in the

regulation of antiviral physiology. Furthermore, we ectopically ex-

pressed constitutively active human Lck (Y505F) in zebrafish by

mRNA microinjection to analyze its antiviral function. TBK1

expression promoted the tolerance of embryos to VSV infection,

whereas expression of Lck sensitized embryos to viral infection

(Figure S7I). Similarly, expression of wild-type TBK1, but not its

2YE mutant, enhanced zebrafish resistance to gVSV infection

(Figure S7J). These consistent data suggest that Lck/Hck/Fgr-

mediated TBK1 tyrosine phosphorylation of Tyr394/354 residues

negatively regulates the antiviral immunity of zebrafish.

In mammals, WH-4-023 treatment boosted mouse antiviral re-

sponses, as shown by enhanced production of ISGs in periph-

eral blood mononuclear cells (PBMCs) (Figure 7H). These

changes resulted in a drastic decrease of VSV replication in

PBMCs (Figure 7I), where Lck/Hck/Fgr are abundantly ex-

pressed (Herazo-Maya et al., 2013). Importantly, mice with

WH-4-023 treatment showed enhanced resistance to VSV infec-

tion; they exhibited significantly extended survival upon VSV

challenge, as analyzed by a strict statistical method (Figure 7J).

These observations all suggest a negative physiological role of

Lck/Hck/Fgr on innate antiviral defense in mice.
Figure 5. Lck/Hck/Fgr Directly Associate with and Phosphorylate TBK

(A) The endogenous complex of Hck and TBK1 was detected in THP-1 cells at 6 hp

migrating Hck band upon VSV infection is proposed to the phospho-Hck.

(B–D) Co-immunoprecipitation assays of differentially tagged TBK1/IKK 3and Lck/

IKK 3(B), Lck with TBK1 (C), and Fgr with IKK 3(D).

(E) Immunofluorescence coupled with super-resolution microscopy revealed the

proportion of Fgr was co-localized with TBK1 in the cytosol. Scale bars, 5 mm.

(F) Robust TBK1 phosphorylation was detected in the presence of Fgr, Hck, or Lck

and Fgr, Hck, or Lck in an isotope-free system. Kinase-dead TBK1 (K38A) was e

(G) Similar in vitro kinase assays showed a robust TBK1 tyrosine phosphorylatio

(H) Nano-liquid chromatography (LC) mass spectrometry had good coverage of th

Tyr394, Tyr354, and other residues. Sequence alignment revealed the similarity

(I) In contrast to the wild-type TBK1, most tyrosine modifications by Lck/Hck/Fgr w

into phenylalanines and cotransfected with Lck/Hck/Fgr in 293T cells.

(J and K) TBK1 2YF was somewhat more active, and resistant to Fgr-mediated s

IRF3-responsive reporter (J) or phospho-TBK1 (K). n = 3 experiments. ***p < 0.0

(L andM) The importance of Tyr394 and Tyr354 to TBK1 kinase activity was reveal

by TBK1 phosphorylation-mimetic mutants (YE) or phosphorylation null mutants

(N) Similarly, a severe loss of TBK1 catalytic activity in individual mutants or th

strate MAVS.

(O) The TBK1 capacity for intermolecular phosphorylation in vitro was lost in the T

as mean ± SEM.

See also Figure S5.
DISCUSSION

Cytosolic nucleic acid sensing is critical for defense against viral

pathogens and prevention of autoimmune disorders and in-

volves elaborate regulation by various intercellular molecules.

Here, we showed that the tyrosine kinases Lck, Hck, and Fgr

are strongly induced by antiviral responses through TBK1-

mediated IRF3 mobilization, and demonstrated that Lck/Hck/

Fgr directly phosphorylate TBK1 primarily at residues Tyr394/

354 to abrogate TBK1 activation to restrain the excessive anti-

viral responses (Figure 7K). Thus, the induction of tyrosine

kinases and their modifications on the core antiviral component

TBK1 constitute a negative regulatory feedback mechanism

to coordinate innate antiviral defenses. This current mode of

antiviral immune regulation directly links the induction and

activity of tyrosine kinases to innate immune function. Further-

more, we showed that small-molecule inhibitors of SFK

members can effectively enhance the antiviral defenses, which

may present a strategy for treating infectious diseases and

autoimmune diseases by targeting these specific tyrosine

kinases.

During the preparation of this manuscript, a report demon-

strated that Src acts as a positive regulator of antiviral response

in RAW264.7 cells (Li et al., 2017), although other SFK members

were not investigated in this study. Since neither were the effects

of Src and Src-specific inhibitors on antiviral responses

observed in all cell types we examined, such as epithelial cells,

lymphocytes, and HEK293T cells, nor the observations of direct

interaction and modification between Src and TBK1 and the

infection-inducible nature of Src expression, we believe that

the effects of Src may be very limited to certain cell types. In

contrast to strong effects of Lck/Hck/Fgr on antiviral function

we observed in zebrafish and mice, this recent report also did

not investigate the physiological involvement of Src in antiviral

defenses (Li et al., 2017). Therefore, we conclude that Lck/

Hck/Fgr, but not Src, are direct and physiological regulators of

antiviral responses.
1 Primarily at Tyr394/354 Residues to Inactivate TBK1

i of VSV infection by co-immunoprecipitation. The enhanced level of the slower

Hck/Fgr/Src revealed the robust interactions of Hck, but not Src, with TBK1 and

co-localization of transfected Lck and Hck with TBK1, whereas only a small

in the in vitro kinase assays, using the separately expressed and purified TBK1

mployed to avoid interference from TBK1 auto-phosphorylation.

n by Fgr, Hck, or Lck, but not Blk or Src.

e TBK1 sequence and showed high levels of tyrosine phospho-modifications at

of these two motifs to known preferred phosphorylating site of Lck.

ere eliminated in the TBK1 2YF mutant, in which Tyr394/Tyr354 were mutated

uppression in the presence of a low level of Fgr expression, as revealed by the

01, using a Student’s t test.

ed by IRF3 transactivation (L) or TBK1 activation and IRF3 phosphorylation (M),

(YF). n = 3 experiments. ***p < 0.001, using a Student’s t test.

e 2YE mutant was revealed in 293T cells for their modifications on the sub-

BK1 2YE mutant, as revealed by an in vitro kinase assay. Data are represented
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Figure 6. Tyrosine Phosphorylation Disrupts TBK1 Dimerization and Signaling Complex

(A) Structural modeling based on the reported TBK1 crystal structures revealed that Tyr354 phosphorylation leads to the disruption of the E355-R444 hydrogen

bond and the formed repulsion between two E355 residues, thus impairing homo-dimerization.

(B) The side chain of Tyr394 is extended into the hydrophobic pocket of F601, V606, and L432. Phosphorylation of Tyr394 abolished this position and twists the

loop where Tyr394 is located, which is deleterious to the conformation of proximal amino acids for dimerization.

(C) The interactome of TBK1 revealed by nano-LC mass spectrometry showed that the interaction between TBK1 and endogenous IKK 3or MAVS was lost in the

presence of coexpressed Lck or Fgr, albeit the TBK1:IKKa interaction was largely unaffected.

(D) A drastic decrease of TBK1 homo-dimerization of phospho-mimetic TBK1 was observed in the intermolecular interaction by co-immunoprecipitation with

differentially tagged TBK1s.

(E) TBK1 interaction with its substrate IRF3 was largely lost in the TBK1 phospho-mimetic 2YE. The IRF3 2SA mutant was used to visualize the weak interaction

with TBK1.

(F) Expression of wild-type Lck weakened the interaction between TBK1 and MAVS.

(G) Size exclusion column analysis with purified wild-type or 2YE TBK1 reflected the overall structural difference after Tyr354/394 phosphorylation, in which wild-

type TBK1 exhibited two obvious peaks to indicate its isomerous structures, whereas TBK1 2YE displayed only one peak, as shown by UV absorption or

immunoblotting of elusions.

See also Figure S6.
The finding that Lck/Hck/Fgr-mediated TBK1 tyrosine phos-

phorylation controls the magnitude of host responses for

sensing danger signals adds an expanded dimension to the
764 Cell Host & Microbe 21, 754–768, June 14, 2017
function of these tyrosine kinases. This additional layer of regu-

lation could be an adaptive mechanism to ensure the removal

of pathogenic factors while avoiding excessive and harmful



(legend on next page)

Cell Host & Microbe 21, 754–768, June 14, 2017 765



effects on host cell survival (Chan and Gack, 2015) or to prevent

autoimmune damage, such as that from the exposure of self

DNA in the cytosol (Crampton and Bolland, 2013; Gao et al.,

2015). Therefore, this negative feedback provides a mechanism

for host-pathogen interactions to maintain the dangerous re-

sponses at a controlled level. Currently, little is known about

how the activities and levels of Lck/Hck/Fgr are regulated by

intracellular conditions or extracellular cues, although their

redundant functions in mediating RTK signaling have been

long known (Lemmon and Schlessinger, 2010). Lck, Hck, and

Fgr are important in T lymphocyte development (Palacios and

Weiss, 2004); it therefore raises the possibility of linking innate

immunity and adaptive immunity through the induction and ef-

fect of Lck/Hck/Fgr in T lymphocytes in vivo. Additionally, the

imbalance of host defense and excessive IFN production are

major causes of autoimmune disorders (Crampton and Bolland,

2013; Gao et al., 2015), and thus, whether Lck/Hck/Fgr are inte-

grated into autoimmune processes should be examined.

Our current data illustrate the essential role of the tyrosine ki-

nases Lck/Hck/Fgr and TBK1 tyrosine phosphorylation in innate

antiviral immunity, which is well supported by physiological data

obtained from cells, zebrafish, and mice. The advantage of

zebrafish is lack of interference from adaptive immunity in their

early stage of development (Trede et al., 2004). Markedly, we

observed that small-molecule inhibitors strongly protected

zebrafish and mice against viral infection by shielding them

from lethal viral attack in a safe-dose range. These observations

fully support our hypothesis of the critical role of TBK1 tyrosine

phosphorylation in antiviral immunity. We also reveal that mani-

pulation of Lck/Hck/Fgr activities is a feasible way to boost the

innate antiviral immunity, thus suggesting that antiviral treat-

ments may be developed by designing compounds that specif-

ically target Lck, Hck, and Fgr.

Activation of TBK1 kinase is a central event in the innate anti-

viral immunity, as well as in several autoimmune diseases

(Crampton and Bolland, 2013; Gao et al., 2015). Our observa-

tions of Lck/Hck/Fgr-mediated TBK1 tyrosine phosphorylation

and the resulting TBK1 inactivation thus present an unexpected

mechanism for compromising and terminating host antiviral re-

sponses. We demonstrate that the expression of Lck/Hck/Fgr,

but not other SFK members, is driven by IRF3 as a result of
Figure 7. Lck/Hck/Fgr Suppress Antiviral Defense in Cells and Mice

(A and B) Compromised VSV replication was observed in 293T cells that were trea

or by FACS analysis (B) of viral integrated GFP. Scale bar, 200 mm.

(C and D) The replication of DNA virus glHSV-1 was blocked by Saracatinib or PP

both integrated into the HSV-1 viral genome. Scale bar, 100 mm. n = 3 experime

(E and F) The drastic decrease of VSV replication was observed in Lck/Hck/Fgr tKO

VSV replication, as revealed by microscopy of GFP+ cells (E) or by immunoblotti

(G) Ectopic expression of MAVS enhanced the cellular resistance against gVSV i

MAVS-endowed viral resistance. Scale bar, 200 mm.

(H and I) Determination of ISG expression (H) and gVSV loads (I) in PBMCs fromm

inhibitor WH-4-023. n = 10 mice for each group. **p < 0.01, using a Student’s t t

(J) Survival of mice treated with DMSO orWH-4-023 was assessed following intrav

rank test.

(K) Lck/Hck/Fgr-mediated regulation of innate antiviral defenses. Activation of cyt

Hck/Fgr through the IRF3-mediated transcription, which associate with and direc

dimerization and abrogate TBK1 activation. Thus, a negative feedback loop is for

which defines an unexpected mode for antiviral response regulation and unveils a

represented as mean ± SEM.

See also Figure S7.
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TBK1-mediated activation and mobilization. These findings

thus identify Lck/Hck/Fgr as the direct products of antiviral

host defense and IRF3, but not through a downstream effect of

IFNs. Since IRF3 and TBK1 are widely expressed and could be

physiologically activated by factors in addition tomicrobial infec-

tion (Goubau et al., 2013), the induction of Lck/Hck/Fgr tyrosine

kinases by IRF3 may also substantially affect many processes

related to SFK function, such as the pathophysiology of RTKs.

The mechanism for tyrosine phosphorylation-mediated inhibi-

tion of TBK1 is also intriguing. Lck, Hck, and Fgr all modify the

Tyr394 and Tyr354 residues of TBK1, which disrupts TBK1/

IKK 3homo- and hetero-dimerization and leads to inhibition of

TBK1 enzyme activity. The intermolecular trans-phosphoryla-

tion, facilitated by TRAF-mediated, K63-linked ubiquitination

and adaptor-driven association, is essential for TBK1 activation

(Larabi et al., 2013; Li et al., 2011; Ma et al., 2012; Tu et al., 2013).

Our data supported this hypothesis and reported here that this

straightforward strategy is indeed employed by host cells as a

mechanism to restrain the excessive host responses. In addition,

Lck and Hck also phosphorylate TBK1 at Tyr153, which is prox-

imal to andmay disrupt TBK1 catalytic center directly. This could

be another safeguard to completely inhibit the TBK1 responses.

In conclusion, our study elucidates the functional integration of

TBK1 tyrosine phosphorylation and tyrosine kinases Lck/Hck/

Fgr in cytosolic nucleic acid sensing and innate antiviral de-

fenses. Our model indicates that the level and activity of Lck/

Hck/Fgr tyrosine kinases, which themselves are products of

host defense responses and by IRF3-mediated transcription,

are key modulators for magnitude of antiviral immunity. Our

studies demonstrate that pharmacological manipulation of these

specific tyrosine kinases maybe a potential therapeutic strategy

for antiviral treatment and prevention.
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KEY RESOURCES TABLE
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Antibodies

Rabbit monoclonal anti-Lck Cell Signaling Technology Cat#2984S; RRID: AB_2136313

Rabbit monoclonal anti-Hck Cell Signaling Technology Cat#14643S; RRID: N/A

Rabbit monoclonal anti-Src Cell Signaling Technology Cat#2109S; RRID: AB_10693939

Rabbit monoclonal anti-IRF3 Cell Signaling Technology Cat#4302S; RRID: AB_1904036

Rabbit monoclonal anti-phospho-IRF3 (Ser396) Cell Signaling Technology Cat#4947S; RRID: AB_823547

Rabbit monoclonal anti-TBK1 Cell Signaling Technology Cat#3504S; RRID: AB_2255663

Rabbit monoclonal anti-phospho-TBK1 (Ser172) Cell Signaling Technology Cat#5483S; RRID: AB_10695239

Rabbit monoclonal anti-HA (C29F4) Cell Signaling Technology Cat#3724S; RRID: AB_1549585

Mouse monoclonal anti-phospho-Tyr-100 Cell Signaling Technology Cat#9411S; RRID: AB_331228

Mouse monoclonal anti-Myc (9B11) Cell Signaling Technology Cat#2276S; RRID: AB_331783

Mouse monoclonal anti-Flag (M2) Sigma-Aldrich Cat#F3165; RRID: AB_259529

Mouse monoclonal anti-a-Tubulin Sigma-Aldrich Cat#T6199; RRID: AB_477583

Rabbit monoclonal anti-phospho-IRF3 (Ser386) Abcam Cat#ab76493; RRID: AB_1523836

Rabbit monoclonal anti-FGR Abcam Cat#ab92302; RRID: AB_10561947

Rabbit monoclonal anti-TBK1 Abcam Cat#ab40676; RRID: AB_776632

Rabbit monoclonal anti-Thiophosphate ester Abcam Cat#ab92570; RRID: AB_10562142

Rabbit polyclonal anti-GFP Santa Cruz Cat#sc-8334; RRID: AB_641123

Bacterial and Virus Strains

GFP-tagged Vesicular Stomatitis Virus (gVSV) Zhijian J. Chen (Liu et al., 2015)

GFP/luciferase-double tagged Herpes Simplex

Virus 1 (glHSV-1)

Jiahuai Han (Huang et al., 2015)

Sendai Virus (SeV) Charles River Laboratories Cat#VR-907

Chemicals, Peptides, and Recombinant Proteins

Poly(dA:dT) naked InvivoGen Cat#tlrl-patn-1

Saracatinib Selleck Cat#S1006

PP2 Selleck Cat#S7008

WH-4-023 Selleck Cat#S7565

Bosutinib Selleck Cat#S1014

Dasatinib Selleck Cat#S1021

l-PPase New England BioLabs Cat#P0753S

X-tremeGENE HP Sigma-Aldrich Cat#XTGHP-RO

Polyethylenimine Polysciences Cat#23966

Lipofectamine RNAiMAX Invitrogen Cat#13778-150

ATP-gS Abcam Cat#ab138911

p-Nitrobenzyl mesylate (PNBM) Abcam Cat#ab138910

Percoll Sigma-Aldrich Cat#P1644

Critical Commercial Assays

QuikChange Site-Directed Mutagenesis Kit Stratagene Cat#200519

Dual-Luciferase Reporter Assay System Promega Cat#E1910

AxyPrep Multisource Total RNA Miniprep Kit Axygen Cat#AP-MN-MS-RNA-50

One-step iScript cDNA Synthesis Kit Bio-Rad Cat#1708891

EvaGreen qPCR MasterMix Abm Cat#MasterMix-R

mMESSAGE mMACHINE SP6 Transcription Kit Invitrogen Cat#AM1340
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

HEK293T ATCC Cat#CRL-3216

HepG2 ATCC Cat#HB-8065

NMuMG ATCC Cat#CRL-1636

M12 ATCC Cat#CRL-2826

HCT116 ATCC Cat#CCL-247

DLD1 ATCC Cat#CCL-221

THP-1 ATCC Cat#TIB-202

Vero ATCC Cat#CCL-81

BHK-21 ATCC Cat#CCL-10

Oligonucleotides

See Table S3 for the List of Oligos for RT-qPCR,

siRNA and sgRNA

N/A

Recombinant DNA

See Table S2 for the List of Recombinant DNA N/A

Software and Algorithms

GraphPad Prism GraphPad https://www.graphpad.com/scientific-

software/prism/

SigmaPlot 13.0 Systat Software https://systatsoftware.com/products/sigmaplot/

ImageJ ImageJ https://imagej.nih.gov/ij/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Pinglong

Xu (xupl@zju.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Male 6-8 week old wild-type C57BL/6 mice were purchased from SLAC Laboratory Animal. Groups of 4 were housed in micro-

isolator cages for one week prior to experiments. Care of experimental animals was approved by the committee of Zhejiang Univer-

sity and in accordance with Zhejiang University guidelines.

Zebrafish
Zebrafish ABwild-type embryos and adults were raised at 28.5�C in E3 eggwater. Care of experimental animals was approved by the

committee of Zhejiang University and in accordance with Zhejiang University guidelines.

Cell lines and Viruses
HEK293T, HepG2, M12, NMuMG, HCT116, DLD1, Vero and BHK-21 cells were cultured in Dulbecco’s modified Eagle’s medium

(DMEM) with 10% fetal bovine serum (FBS) at 37�C with 5% CO2. THP-1 was cultured in 1640 medium with 10% FBS at 37�C
with 5% CO2. High titer stocks of VSV and HSV-1 were produced in BHK-21 cells and Vero cells using seed stocks, respectively.

SeV was produced by inoculating the virus into the chorioallantoic sac of 9 to 11 day-old embryonated SPF chicken eggs. All the

viruses were stocked at �80�C.

METHOD DETAILS

Expression Plasmids, Reagents, and Antibodies
Expression plasmids encoding Flag-, Myc-, or HA-tagged human TBK1, IRF3, IRF3 5SD, caRIG-I, MAVS, STING, and IKK 3and the

IRF3/7-responsive reporters IFNb_luc have been described (Meng et al., 2016; Xiang et al., 2016; Xu et al., 2014). ORFs of Fgr, Fyn,

Src, Yes, Blk, Hck, Lck and Lyn were obtained from Invitrogen ORF Lite Clone Collection cDNA library by PCR, and Flag- or Myc-

tagged human SFKs were constructed using the pRK5 mammalian expression vector. Site-directed mutagenesis to generate
e2 Cell Host & Microbe 21, 754–768.e1–e5, June 14, 2017
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expression plasmids encoding Hck K290M, Lck K273M, Lck Y505F, TBK1 K38A, and TBK1 Y153, Y325, Y354, Y394, and Y677 or

combinations of these mutants with Phe or Glu was performed using a kit from Stratagene. All coding sequences were verified by

DNA sequencing, and detailed information will be provided upon request. Also see Table S2.

GFP and luciferase double tagged HSV-1 was a gift from Dr. Jiahuai Han (Xiamen University, Xiamen), and GFP-tagged VSV

was a gift from Dr. Zhijian J. Chen (University of Texas Southwestern Medical Center, Dallas). SeV (Cantell strain) was from

Charles River Laboratories. Poly(dA:dT) was from Invivogen. Saracatinib, PP2, WH-4-023, Bosutinib and Dasatinib were ob-

tained from Selleck. lPPase was purchased from BioLabs. The monoclonal anti-Lck, anti-Hck, anti-Src, anti-pY100, anti-

IRF3, anti-pIRF3(S396), anti-TBK1, anti-pTBK1(S172), anti-Myc (9B11) and anti-HA (C29F4) antibodies were from Cell Signaling

Technology. Anti-a-tubulin and anti-Flag (M2) antibodies were acquired from Sigma-Aldrich. Anti-pIRF3(S386), anti-Fgr, anti-

TBK1 and anti-Thiophosphate ester (gS) antibodies were from Abcam, and anti-GFP, anti-rabbit IgG, and anti-mouse IgG

antibodies were from Santa Cruz.

Plasmids Transfection and Virus Infection of Cultured Cells
X-tremeGENEHP (Sigma-Aldrich) or Polyethylenimine (PEI; Polysciences) transfection reagents were used for transfection. Infection

of SeV, VSV, and HSV-1 was performed as previously described (Xu et al., 2014; Zhang et al., 2017). Briefly, viruses with indicated

amount (0.5 – 5 moi) were added into the fresh and serum-free medium, and cells were incubated at 37 �C in 5%CO2 (v/v) for 1 hour,

shaking mildly every 15 minutes. Virus-containing medium was then replaced by fresh medium containing 10% FBS.

Luciferase Reporter Assay
Cells were transfected with IRF3/7-responsive IFNb_Luc bearing an ORF coding firefly luciferase, along with pRL-Luc with Renilla

luciferase as the internal control, and other expression vectors are specified in the results section. After 24 hr of transfection and

with the indicated treatment, cells were lysed using passive lysis buffer (Promega), subjected to luciferase assays using a Dual-Lucif-

erase Reporter Assay System (Promega), and quantified with POLARstar Omega (BMG Labtech). The data were normalized to the

internal Renilla luciferase control.

Quantitative RT-PCR Assay
Cells were lysed, and total RNA was extracted using an AxyPrep Multisource Total RNAMiniprep Kit (Axygen). cDNA was generated

using the one-step iScript cDNA Synthesis Kit (Bio-Rad), and quantitative real-time PCR was performed using the EvaGreen qPCR

MasterMix (Abm) on a CFX96 Real-Time PCR system (Bio-Rad). Relative quantification was expressed as 2-DCt, where Ct is the dif-

ference between the main Ct value of the sample in triplicate and that of an endogenous L19 or GAPDH mRNA control. The human

and mouse primer sequences used are listed in the Table S3.

Co-immunoprecipitation, Immunoblotting and Size Exclusion Assay
THP-1 or HEK293T cells were infected with VSV or transfected with plasmids encoding C-terminal Flag-tagged Lck, Hck, or Fgr and

N-terminal Myc-tagged TBK1 and lysed using a modified Myc lysis buffer (MLB) (20 mM Tris-Cl, 200 mM NaCl, 10 mM NaF, 1 mM

NaV2O4, 1% NP-40, 20 mM b-glycerophosphate, and protease inhibitor, pH 7.5) (Xu and Derynck, 2010). Lysates were then sub-

jected to immunoprecipitation using the anti-Flag (Sigma), anti-Myc (Cell Signaling), or anti-HA (Sigma) antibodies for transfected

proteins or the anti-TBK1, anti-Hck, or anti-pY100 antibodies for endogenous proteins. After three washes with MLB, adsorbed pro-

teins were resolved by SDS-PAGE (Bio-Rad) and immunoblotting with the indicated antibodies. Cell lysates were also analyzed using

SDS-PAGE and immunoblotting to control the protein abundance.

The TBK1 proteins were expressed and purified from 293T cells via Flag-tag, and loaded onto a 2.4 mL Superdex 200 column,

which was pre-equilibrated with buffer (20 mM HEPES-KOH, pH 7.4, 10% Glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM

PMSF, 100mMNaCl). The proteins elutedwith one column volume of the buffer and the elution fractions were collected and detected

by Western Blot and anti-Flag immunoblotting.

Immunofluorescence, Microscopy and FACS
For visualization of the subcellular co-localization of Hck, Lck, or Fgr with TBK1, 293T or DLD1 cells were transfected and treated as

indicated in the figures, fixed in paraformaldehyde, permeabilized, and blocked by horse serum. Cell slides were then incubated

sequentially with primary antibodies (anti-TBK1, anti-HA or anti-Myc) and Alexa-labeled secondary antibodies, followed by extensive

washing. Slides were then mounted with VECTASHIELD and stained with DAPI (Vector Laboratories). Immunofluorescence images

were obtained using a Nikon Eclipse Ti inverted microscope, the GE DeltaVision OMX super-resolution system, or the Zeiss LSM710

confocal microscope, and analyzed by ImageJ software. FACS analysis of GFP+ cells was performed at BD FACSCalibur, according

to the manufacturer’s manual.

siRNA-mediated RNA Interference
Double-stranded siRNA (Sigma) to silence endogenous IRF3 expression in 293T cells targeted the human IRF3 mRNA sequence

50-CCUUCAUUGUAGAUCUGAU-30 (SASI_Hs02_00332144) or 50-CCAAGAGGCUCGUGAUGGU-30 (SASI_Hs01_00136403). Cells
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were transfected with siRNA using Lipofectamine RNAiMAX (Invitrogen) for 48 hr before further assays. The reverse transfection

method was used to obtain optimal efficiency.

In Vitro Kinase Assay
Protein expression plasmids were used to transfect 293T cells. Thirty-six hours after transfection, cells were lysed in MLB buffer, and

immunoprecipitationwas performedwith an anti-Myc or anti-Flag antibody. Beadswerewashed three timeswithMLBbuffer and one

time with kinase assay buffer (20 mM ATP, 20 mM Tris-HCl, 1 mM EGTA, 5 mM MgCl2, 0.02% 2-mercapto-ethanol, 0.03% Brij-35,

and 0.2 mg/ml BSA, pH 7.4) (Meng et al., 2016; Xiang et al., 2016). Immunoprecipitated kinases and substrates were then incubated

in kinase assay buffer at 30�C for 60min on a THERMO-SHAKER (1400 rpm/min) in the presence of 5mMATP-gS (Abcam). EDTA and

p-Nitrobenzyl mesylate (PNBM) (Abcam) were then added, and the reaction was incubated at 25�C for 30 min with milder shaking.

The reaction was stopped by the addition of 2xSDS loading buffer and subjected to SDS-PAGE. The integration of g-S was detected

by immunoblotting with an anti-Thiophosphate ester antibody (Abcam).

Structural Modeling
The crystal structures of the TBK1was downloaded fromProtein Data Bank (PDB: 4IWO), analyzed, andmodeled usingCoot (Emsley

and Cowtan, 2004). Based on these structures, Tyr354 and Tyr394 were changed to phosphothreonine (TPO). The geometries of the

modeled structures were refined using RefMac (Collaborative Computational Project, Number 4 1994). All structural illustrations were

prepared with Pymol (http://www.pymol.org).

Nano-Liquid Chromatography/tandem MS (nano LC-MS/MS) Analysis
Nano-LC/tandemMS analysis for protein identification and label-free quantification was performed by Phoenix National Proteomics

Core services as previously described (Ding et al., 2013). Briefly, tryptic peptides were separated on a C18 column and analyzed by

LTQ-Orbitrap Velos (Thermo). Proteins were identified using the search engine of the National Center for Biotechnology Information

against the human or mouse RefSeq protein databases.

CRISPR/Cas9-mediated Generation of Lck–/–/Hck–/–/Fgr–/– Cells
Guide RNA sequences targeting Lck, Hck or Fgr exons (Lck set1: 50-GACCCACTGGTTACCTACGAAGG-30; set2: 50-AGCTATG

AGCCCTCTCACGACGG-30. Hck set1: 50-CAGCAACACACCAGGAATCAGGG-30; set2: 50-ACACTGTCCTGTGTACGTGCCGG-30.
Fgr set1: 50-CTACAGCAACTTCTCCTCTCAGG-30; set2: 50-CTTGATAGTGGCACCATCAGGGG-30.) were cloned into the plasmid

pX330. Constructs together with puromycin vector were transfected into 293T cells by PEI. After 24 hr, cells were selected by

1.5 mg/ml puromycin for 72 hr, and single colonies were obtained by serial dilution and amplification. Clones were identified by

immunoblotting with the anti-Lck or anti-Hck antibody, and 4 individual clones were used for the indicated analyses.

Ectopic Expression and VSV Challenge in Zebrafish
We previously developed a zebrafish model for genetic manipulation and VSV challenge to rapid assess the gene function in

host antiviral defense (Meng et al., 2016; Xiang et al., 2016; Zhang et al., 2017). Zebrafish AB wild-type embryos were raised

at 28.5�C in E3 egg water. Forced expression of exogenous human TBK1 wild-type or the 2YE mutant or constitutively active

Lck was obtained by microinjection of 25 pg of in vitro-transcribed mRNA with a mMESSAGE mMACHINE SP6 Transcription Kit

(Life Technology) into the one-cell stage of embryo. At this stage, exogenous mRNAs distribute evenly into most of the cells

through cell division and are present for 72 to 96 hr in zebrafish embryos. Embryos with normal development were selected

and used for the gVSV viral injection (1 3 103 pfu per embryo) in the embryo yolk at 48 hpf. The infection and death ratios of

the injected embryos were recorded at the desired stages, and infection level was classified based on GFP expression. The

desired tissue samples were homogenized and lysed in MLB to detect the expression of human TBK1 or Lck by immunoblotting.

Care of experimental animals was approved by the committee of Zhejiang University and in accordance with Zhejiang University

guidelines.

Mouse VSV Challenge and Measurement
For analysis of the antiviral responses to gVSV infection and replication, eight-week-old wild-type C57BL/6 mice (10 in each group)

were intravenously injected with GFP-tagged VSV, together with DMSO or WH-4-023 (100 mg/kg), into their abdominal cavities at a

dose of 1 3 107 pfu per gram of animal weight. All mice were sacrificed at 12 hpi, and the PBMCs were isolated from animal blood

using Percoll (Sigma). ThemRNA level of VSV and expression of ISGswere analyzed by qRT-PCR. In a parallel experiment to examine

the survival rate ofmice under VSV challenge, eight-week-old wild-type C57BL/6mice (10 in each group) were injectedwith DMSOor

WH-4-023 (100 mg/kg) through their abdominal cavities, and 4 hr later, mice were intravenously injected through their tails with GFP-

tagged VSV at a dose of 23 107 pfu per gram of animal weight. The survival rate of the injected mice was monitored at the indicated

stages as shown in the figures (Meng et al., 2016; 22Xiang et al., 2016). Care of experimental animals was approved by the committee

of Zhejiang University and in accordance with Zhejiang University guidelines.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data are presented as the mean ± standard error of mean (SEM) from at least three independent experiments, and data

presented as either fold change or percentages were log-transformed before statistical analysis. When appropriate, statistical differ-

ences between groups were analyzed using an unpaired or paired Student’s t test or a log-rank survival test by GraphPad Prism or

SigmaPlot 13.0. Differences were considered significant at *p < 0.05.

DATA AND SOFTWARE AVAILABILITY

The data of Nano-LC/tandem MS analyses of TBK1 modification by Lck/Hck/Fgr are presented in Table S2.
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