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SUMMARY
Viruses must overcome the interferon-mediated antiviral response to replicate and propagate into their host.
Rabies virus (RABV) phosphoprotein P is known to inhibit interferon induction. Here, using a global mass
spectrometry approach, we show that RABV P binds to TBK1, a kinase located at the crossroads of many
interferon induction pathways, resulting in innate immunity inhibition. Mutations of TBK1 phosphorylation
sites abolish P binding. Importantly, we demonstrate that upon RABV infection or detection of dsRNA by
innate immunity sensors, TBK1 and its adaptor proteins NAP1 and SINTBAD form dynamic cytoplasmic con-
densates that have liquid properties. These condensates can form larger aggregates having ring-like struc-
tures in which NAP1 and TBK1 exhibit locally restricted movement. P binding to TBK1 interferes with the for-
mation of these structures. This work demonstrates that proteins of the signaling pathway leading to
interferon induction transiently form liquid organelles that can be targeted by viruses.
INTRODUCTION

The host interferon (IFN) response constitutes a barrier that vi-

ruses must overcome to establish a productive infection.1,2

The IFNs are expressed and secreted following microbe-associ-

ated molecular patterns (MAMPs) recognition by dedicated

cellular proteins known as pattern recognition receptors

(PRRs). Subsequent binding of IFNs to their receptors, leads to

the upregulation of hundreds of IFN-stimulated genes (ISGs)

that establish an antiviral state to limit further viral replication

and spread.3 Two subsets of PRRs, the Toll-like receptors

(TLRs) and the RIG-I-like receptors (RLRs), are involved in recog-

nition of RNA viruses.4

TLRs are transmembrane proteins that reside either at the cell

surface or in endosomal compartments.5 TLR3, which recog-

nizes double-stranded RNA (dsRNA), is a key player in the detec-

tion of RNA viruses.6,7 RNA binding by TLR3 activates a signaling

cascade that leads to TANK-binding kinase 1 (TBK1)-mediated

phosphorylation of transcription factors IRF3 and/or IRF78,9 re-

sulting in their homo- or heterodimerization, which induces

type I IFN-related genes.1

RIG-I and MDA-5 are cytosolic receptors recognizing non-self

RNAs in the cell cytoplasm.10 RIG-I is activated by short

stretches of 50ppp or 50pp dsRNA,11 while MDA-5 is activated

by longer stretches of dsRNA in a 50 phosphate-independent
C
This is an open access article under the CC BY-N
manner.12 They are helicases that both contain two caspase

activation and recruitment domains (CARDs) at their N terminus.

RNA binding triggers a structural transition in the RLRs resulting

in CARDs exposure11,12 and association with the mitochondrial

antiviral signaling protein (MAVS) at the outer mitochondrial

membrane.13 This interaction induces MAVS oligomerization

and assembly of complexes that activate TBK1 kinase activ-

ity,14,15 resulting in IRF3 and/or IRF7 phosphorylation, their

homo- or heterodimerization, and consequently the expression

of type I IFNs.

RNA viruses have evolved strategies that counteract IFN in-

duction, IFN signaling, and ISGs activity.16 Rabies virus (RABV)

is a neurotropic virus that causes fatal disease in humans and an-

imals.17 RABV is a member of the Rhabdoviridae family (Mono-

negavirales [MNV] order) and its genome consists of a negative

sense, single-stranded RNA. RABV genome transcription and

replication take place within Negri bodies (NBs) that are cyto-

plasmic spherical structures formed during viral infection, having

1 to 5 mm diameter and enriched in the viral nucleoprotein N, the

RNA-dependent RNA polymerase L and its cofactor, the phos-

phoprotein P.18 NBs have been demonstrated to have liquid

properties and are formed by liquid-liquid phase separation

(LLPS)19 like several other MNV viral factories.20–24

RABV P is the major viral counteractant of the innate immune

response.25,26 First, P has a critical role in suppression of IFN
ell Reports 42, 111949, January 31, 2023 ª 2022 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:cecile.lagaudriere@i2bc.paris-saclay.fr
mailto:yves.gaudin@i2bc.paris-saclay.fr
https://doi.org/10.1016/j.celrep.2022.111949
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.111949&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


(legend on next page)

2 Cell Reports 42, 111949, January 31, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
production by blocking the phosphorylation of IRF3 by TBK1

through a mechanism that is not elucidated.27 Second, the

interaction of P with STAT1 leads to the inhibition of IFN

signaling.28–30 Finally, P interacts with the promyelocytic leuke-

mia protein (PML),31 an ISG, and consequently counteracts the

antiviral effect of isoform PML IV against RABV.32

In this study, we investigated how RABV P blocks IRF3 phos-

phorylation. We took advantage of the distinct phenotype of two

RABV strains (SAD and CVS) relative to their ability to inhibit IFN

induction. We demonstrated that PSAD, but not PCVS, inhibits IFN

induction. A single amino acid residue substitution in position

179 is responsible for the phenotype difference observed be-

tween the two strains. Therefore, a recombinant SAD-S179P

(in which PSAD is replaced by its S179P version) shows a growth

defect in IFN-producing cells. Using protein mass spectrometry,

we identified TBK1 as a protein that preferentially interacts with

the inhibitory forms of P. Consequently, TBK1 is partly concen-

trated in NBs in N2A cells. Mutations of TBK1 phosphorylation

sites S172 and Y179 abolish P binding and TBK1 concentration

in NBs. More importantly, upon RABV infection, TBK1 together

with its adaptor proteins NAP1 and SINTBAD forms cytoplasmic,

dynamic condensates. We show that TBK1 and NAP1 conden-

sates have liquid properties. TBK1 condensates are also formed

upon detection of dsRNA by innate immunity sensors and P

binding to TBK1 interferes with the formation of these conden-

sates. This work demonstrates that proteins of the signaling

pathway leading to IFN production transiently form liquid organ-

elles that can be targeted by viruses.

RESULTS

PSAD but not PCVS inhibits IFN induction
RABV P protein (SAD strain) is responsible for inhibition of IFN in-

duction in infected cells.27 Using a reporter gene assay, in which
Figure 1. P protein of RABV SAD strain (but not that of CVS strain) inh

(A) IFN induction inhibition by PCVS, PSAD, PCSV-P179S, and PSAD-S179P assessed

blot (WB) with anti-P and anti-tubulin antibodies. The bars represent themean fold

with pEF6FLAGDRIG-I). EV, empty vector. Data points represent 3 independent

(B) Amino acid differences between PCVS and PSAD in region 176–186.

(C) IFN induction inhibition by SAD and SAD-S179P assessed using the lucifera

tubulin antibodies. The bars represent themean fold induction of firefly luciferase c

experiments. Error bars indicate SD.

(D) RABVPdoes not block IFN induction in HEK293T cells expressing IRF3-5D. IFN

usingWBwith anti-P and anti-tubulin antibodies. The bars represent themean fold

with pIRF3-5D). EV, empty vector. Data points represent 3 independent experim

(E) Heatmap comparison of the abundance of proteins associated with PSAD vers

Proteins (>2 unique peptides) were filtered on the basis of a multigroup compariso

a mean of 0 and variance of 1. A hierarchical clustering was applied on colum

component 1 from group comparison. Proteins in orange correspond to previou

higher abundance in PSAD conditions versus the control.

(F) Co-immunoprecipitation of TBK1 with P from infected cells. N2A cells were in

before lysis and lysate immunoprecipitation with an anti-P antibody. Cell lysates (W

and anti-TBK1 antibodies (R.S.I., relative signal intensity). The amount of TBK1

associated with PSAD in 3 independent experiments. Themean is presented and e

100 mM DSP.

(G) Interaction of inhibitory and non-inhibitory forms of P with hTBK1 assessed

different P fused to LexA-BD was assessed by yeast growth on His� medium an

responds to Gal4-AD alone. Interaction of P with NCVS was used as a positive co

See also Figures S1 and S2.
a plasmid-encoded luciferase gene is controlled by the IFN-b

promoter, we compared the inhibitory effect of PSAD and PCVS

in human embryonic kidney 293T (HEK293T) cells. Promoter

activity was induced by expression of a constitutively active

form of RIG-I (DRIG-I corresponding to protein residues

1–228)33 (Figure 1A). Consistent with previous results, PSAD effi-

ciently inhibited IFN induction.27 This inhibition was not observed

with PCVS (Figure 1A).

As the P domain from amino acid residues 176–186 had been

suggested to be involved in the inhibition,34 we compared PCVS

and PSAD sequences in this region. Sequence alignment reveals

two amino acid changes in positions 177 (Ile in SAD versus Val in

CVS) and 179 (Ser in SAD versus Pro in CVS) (Figure 1B).

The single replacement of proline 179 by a serine in CVS

restored P ability to inhibit IFN induction (Figure 1A). Conversely,

replacement of serine 179 by a proline in PSAD abolished its

inhibitory properties (Figure 1A).

We then constructed a recombinant SAD virus in which PSAD is

replaced by its S179P version (SAD-S179P). We compared one-

step (MOI = 3) and multiple-step (MOI = 0.05) growth curves in

BSR, N2A, and U-373MG cell lines. Although there was no

significant difference in the multiplication of SAD and SAD-

S179P in BSR and N2A cell lines, the production of SAD-

S179P decreased by more than one log10 after 72 h of infection

at low MOI in U-373MG (Figure S1A).

We then analyzed the impact of infection with SAD and SAD-

S179P on the IFN pathway induction, either indirectly using the

luciferase assay in HEK293T cells, or directly by quantifying

IFN-b mRNAs in N2A and U-373MG cells (Figures 1C and

S1B). In both HEK293T and U-373MG, there was a significant in-

duction of IFN-b upon infection by SAD-S179P but not by SAD

(Figures 1C and S1B). This induction began between 8 and

12 h post-infection (p.i.) in U-373MG (Figure S1B). Accordingly,

in SAD-infected U-373MG cells, IRF3 remains in the cytoplasm,
ibits IFN production by binding TBK1

using the luciferase assay. HEK293T cell lysates were analyzed using western

induction of firefly luciferase comparedwith unstimulated cells (not transfected

experiments. Error bars indicate SD.

se assay. HEK293T cell lysates were analyzed using WB with anti-P and anti-

omparedwith that inmock-infected cells. Data points represent 3 independent

inductionwas assessed using the luciferase assay. Cell lysateswere analyzed

induction of firefly luciferase comparedwith unstimulated cells (not transfected

ents. Error bars indicate SD.

us mutant PSAD-S179P and control (CTRL), made with Qlucore AB version 3.7.

n with p < 0.005. Abundance data were log2 transformed and standardized with

ns and rows were ordered according to principal-component analysis (PCA)

sly identified P partners. The heatmap is an active plot focused on proteins of

fected with either SAD or SAD-S179P. Cells were treated with 300 mM of DSP

CL) and immunoprecipitated proteins (IP) were analyzed usingWBwith anti-P

co-immunoprecipitated with P was quantified and normalized to the amount

rror bars indicate SD. The experimentmarked by a square was performed using

by Y2H system. Interaction between hTBK1 (or NCVS) fused to Gal4-AD and

d the appearance of blue colonies in the presence of X-Gal. The line AD cor-

ntrol.
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whereas in SAD-S179P-infected cells, it translocates into the nu-

cleus (Figure S1C). On the other hand, N2A infection with RABV

did not lead to IFN-b induction (Figure S1B). These observations

are consistent with the difference in infection phenotype of SAD-

S179P in N2A and U-373MG cell lines (Figure S1A). In fact, SAD-

S179P grows less efficiently than SAD in IFN-producing cells (U-

373MG cells).

It has been shown that the inhibitory effect of PSAD is due to its

ability to prevent IRF3 phosphorylation.27 Indeed, in HEK293T,

when the IFN induction pathway was activated by a phosphomi-

metic version of IRF3 (IRF3-5D, containing mutations S396D,

S398D, S402D, T404D, and S405D35) instead of DRIG-I, none

of the P versions displayed any inhibitory effect (Figure 1D).

This result confirmed that in the virus-induced signaling

pathway, PSAD targets a step upstream of IRF3 phosphorylation

to exert its down-regulatory effect on IFN induction.27

TBK1 is associated with P-inhibitory forms
The difference in the inhibition activity of the two P proteins was

an opportunity to identify the cellular protein(s), which once

bound to P-inhibitory forms are unable to promote IRF3

activation.

To identify the cellular interactome of the different P proteins

(PSAD and PCVS in their inhibitory and non-inhibitory forms), we

co-transfected HEK293T cells with a plasmid encoding a C-ter-

minal FLAG-tagged of each P protein (Figure S2A) and a plasmid

encoding DRIG-I as IFN inducer. Protein complexes were immu-

noprecipitated using anti-FLAG-associated beads. The same

amount of P was recovered for both wild-type (WT) and mutant

P from the same viral strain (SAD or CVS) (Figures S2B and

S2C). The protein complex composition was analyzed using

protein mass spectrometry. Using quite stringent criteria for

analysis (number of unique peptides identified > 2, p < 0.005),

among previously identified P partners, HSP7036 was found to
Figure 2. TBK1 forms condensates and associates with NBs during RA

(A and B) N2A cells were mock infected (mock), infected with SAD (A) or infected w

microscopy after co-staining with the mouse anti-N and rabbit anti-TBK1. Squar

traced over a ring-like structure was quantified.

(C–F) Quantification of structures observed in (A) and (B) from cells infected for 8

pendent experiments) or SAD-S179P (n = 353 and n = 470 infected cells respec

(C) Percentage of infected cells containing TBK1 condensates (left panel) and di

(D) Percentage of infected cells containing TBK1 ring-like structures.

(E) Percentage of infected cells with TBK1-containing NBs.

(F) Percentage of SAD-infected cells (16 h p.i.) with TBK1 condensates among ce

n = 377 cells) (left panel) and distribution of the number of condensates per cell

(G) N2A cells were mock infected or infected with SAD and transfected with both

confocal spinning disk microscopy. Square boxes in the merge are magnified.

(H) N2A cells were infected with RABV SAD-S179P and transfected with both pP

Square box in the merge is magnified.

(I–L) Quantification of structures observed in (G) and (H) from cells infected for

periments) or SAD-S179P (n = 147 infected and transfected cells from 3 indepen

(I) Percentage of infected cells containing GFP-mTBK1 condensates (left panel)

(J) Percentage of infected cells containing GFP-mTBK1 ring-like structures.

(K) Percentage of infected cells with GFP-mTBK1-containing NBs.

(L) Percentage of SAD-infected cells (16 h p.i.) with GFP-mTBK1 condensates am

(i.e., NB�; n = 121 cells) (left panel) and distribution of the number of condensate

Arrows, TBK1 condensates; arrowheads, TBK1 ring-like structures; asterisks, TB

5 mm). The bars represent the mean ± SD. Data points represent replicates of th

**p < 0.01, ***p < 0.001, and ****p < 0.0001) after application of Student’s t test (for

See also Figure S3.
be associated with all P forms, LC837 with both WT and mutant

forms of PCVS, and STAT128 and STAT229 with PSAD-S179P

(Figures 1E and S2D).

Interestingly, a single P partner, TBK1, was found to be prefer-

entially associated with the inhibitory forms of P (Figures 1E and

S2D). This interaction was validated by co-immunoprecipitation

in N2A-infected cells using an anti-P antibody followed by TBK1

detection by western blot. In SAD-infected cells, the interaction

between P and TBK1 was barely detected without cross-linking

(Figure S2E) but much more visible after treatment with

3,30dithiobis-(succinimidyl propionate) (DSP) (Figure 1F). In

SAD-S179P-infected cells, the interaction appearsmuchweaker

with three times less TBK1 associated with the non-inhibitory

P form. We also validated P-TBK1 interaction by the yeast

two-hybrid (Y2H) system (Figure 1G). In this system, only

P-inhibitory forms bind human TBK1 (hTBK1). As yeast is distant

frommammalian cells, this indicates a direct P-TBK1 interaction

not involving an intermediate protein.

TBK1 forms cytoplasmic inclusions and localizes in NBs
formed by SAD
As TBK1 is one of the major kinases involved in IRF3 phosphor-

ylation,8,9 we decided to investigate its behavior during RABV

infection.

Immunoblot analysis revealed that SAD or SAD-S179P infec-

tion has no significant impact on TBK1 expression level in N2A

cells (Figure S2F). We then investigated the localization of

TBK1 by immunofluorescence (IF). In mock-infected cells, we

observed a faint and diffuse fluorescence in the cytoplasm (Fig-

ure 2A). By contrast, in SAD-infected N2A cells, as soon as 8 h

p.i., we observed punctate TBK1 structures (further referred to

as TBK1 condensates) that were distinct from NBs (Figures 2A

and S3A). These condensates sometimes clustered to form

ring-like structures (Figures 2A and S3E) that were found in 9%
BV infection

ith SAD-S179P (B). At 8 or 16 h p.i., cells were fixed before analysis by confocal

e boxes in the merge are magnified. TBK1 fluorescence (green) along the lines

or 16 h by SAD (n = 304 and n = 491 infected cells respectively from 4 inde-

tively from 4 independent experiments).

stribution of the number of condensates per cell (right panel).

lls presenting TBK1-containing NBs (i.e., NB+; n = 114 cells) or not (i.e., NB�;

in cells presenting TBK1-containing NBs (NB+) or not (NB�) (right panel).

pPSAD-mCherry and pGFP-mTBK1. At 12 h p.i., live cells were analyzed using

-S179P-mCherry (to visualize NBs) and pGFP-mTBK1, and analyzed as in (G).

12 h by SAD (n = 158 infected and transfected cells from 3 independent ex-

dent experiments).

and distribution of the number of condensates per cell (right panel).

ong cells presenting GFP-mTBK1-containing NBs (i.e., NB+; n = 37 cells) or not

s per cell in cells presenting GFP-mTBK1-containing NBs (NB+) or not (NB�).

K1-containing NBs. Scale bar: 10 mm, except in magnified images (scale bar:

ree independent experiments. Significant differences are indicated (*p < 0.05,

percentage analysis) or the Kolmogorov-Smirnov test (for distribution analysis).
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Figure 3. TBK1 phosphorylation is required for association with NBs

(A) Phosphorylated TBK1 colocalize with NBs. N2A cells were mock infected (mock) or infected with SAD. At 8 or 16 h p.i., cells were fixed before analysis by

confocal microscopy after co-staining with the mouse anti-N and rabbit anti-pTBK1(S172). Square box in the merge is magnified. The fluorescence corre-

sponding to TBK1 (green) and N (red) along the line traced over an NB has been quantified. Arrows indicate TBK1 condensates, and asterisks indicate TBK1-

containing NBs.

(B) TBK1 phosphorylation mutants do not colocalize with NBs. N2A cells were mock infected (mock) or infected with SAD and transfected with pPSAD-mCherry

and either pGFP-mTBK1 or pGFP-mTBK1-S172A or pGFP-mTBK1-Y179A. At 12 h p.i., live cells were analyzed using epifluorescence microscopy.

(legend continued on next page)
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of the cells at 16 h p.i. (Figure 2D). At 16 h p.i., TBK1 was also

found to be associated with NBs formed by SAD (Figures 2A,

2E, and S3A). Of note, infected cells, in which TBK1 was associ-

ated with NBs, contained fewer condensates (Figure 2F). Impor-

tantly, cell fixation was critical for the observation of TBK1 con-

densates and TBK1 association with NBs. Indeed, these features

were detected when the cells were fixed with methanol/acetone

but not with paraformaldehyde (PFA) (Figures S3A and S3B).

To ensure that these condensates did not result from a sample

preparation artifact, we decided to perform live imaging using

plasmids encoding a fluorescent GFP-TBK1. Of note, GFP-

hTBK1 was as efficient as TBK1 for IFN induction (Figure S3F).

TBK1 condensates and TBK1 concentration in NBs were

observed by live imaging of SAD-infected N2A cells transfected

with two plasmids allowing the expression of a fluorescent

version of murine TBK1 (GFP-mTBK1) and a fluorescent version

of PSAD (PSAD-mCherry) to visualize NBs (Figure 2G). Again, GFP-

mTBK1 condensates were not observed in absence of infection

(Figure 2G, mock) indicating that the viral infection triggered their

formation. Upon PFA fixation, GFP-mTBK1 condensates were

still observed by GFP fluorescence, but not when using an

anti-TBK1 antibody (Figures S3C and S3D). This suggests that

in PFA-fixed cells, TBK1, when in condensates or in NBs, is

not accessible or recognized by the antibody. Finally, when

GFP-mTBK1 was found to be associated with NBs, less GFP-

mTBK1 condensates were observed (Figure 2L; Videos S1 and

S2). Only 16% of the N2A cells, in which GFP-mTBK1 was found

to be associated with NBs, contain GFP-mTBK1 condensates

instead of 77% in absence of association of GFP-mTBK1 with

the viral factory (Figure 2L).

TBK1 condensates were also detected in N2A cells infected

with SAD-S179P or CVS (i.e., expressing a non-inhibitory form

of P) and fixed with methanol/acetone (Figures 2B and S3G).

The percentage of infected cells containing condensates and

the distribution of the number of condensates per cell was similar

for both SAD and SAD-S179P (Figure 2C). The two major differ-

ences were (1) the lack of TBK1 association with NBs formed in

SAD-S179P-infected cells (Figure 2E) and (2) a smaller propor-

tion of ring-like structures at 16 h p.i. in SAD-S179P-infected

cells (Figure 2D). These observations were confirmed by live im-

aging on SAD-S179P-infected N2A cells, transfected with GFP-

mTBK1 (Figures 2H–2K).

Taken together, these data indicate that in N2A cells, RABV

infection induces TBK1 condensate formation and that TBK1 is

partly concentrated in NBs formed by SAD (but not by SAD-

S179P).

TBK1 phosphorylation is required for PSAD binding
As TBK1 is phosphorylated upon viral detection by the sensors

of the innate immune system, we performed IF using antibody
(C) Interaction of PSAD with hTBK1 and its phosphorylation mutants assessed by

fused to Gal4-AD and different P forms fused to LexA-BD were assessed by ye

presence of X-Gal. The line BD corresponds to LexA-BD alone.

(D) Association of TBK1 with inclusion bodies formed in the cellular minimal syste

S179P, pTit-N, and pTit-FLAG-mTBK1 or pTit-FLAG-mTBK1-S172A. After 24h, c

the rabbit anti-P and mouse anti-FLAG.

Scale bars: 10 mm. See also Figure S4.
anti-pTBK1(S172). No fluorescence was observed in mock-in-

fected cells except in dividing cells as already described (Fig-

ure S4A).38 In SAD-infected N2A cells, pTBK1 was detected in

NBs and in cytoplasmic condensates (Figure 3A). Cytoplasmic

condensates containing pTBK1 were observed as early as 8 h

p.i. in U-373MG cells (Figure S4B). Of note, in U-373MG cells,

there was no association of pTBK1 with NBs. Nevertheless, at

16 h p.i., fewer TBK1 condensates were observed in cells in-

fected with SAD compared with SAD-S179P. This was the

consequence of an increase in the proportion of SAD-S179P-in-

fected cells containing TBK1 condensates at 16 h p.i. compared

with 8 h p.i. (Figure S4C). Thus, in this cell line, condensate

formation precedes IFN-b induction and more condensates

are detected with the virus unable to inhibit IFN production

(Figure S1B).

To evaluate the effect of TBK1 phosphorylation, we overex-

pressed fluorescent versions of phosphorylation mutants of

TBK1 in N2A-infected cells. The first mutant was GFP-mTBK1-

S172A that is unable to be phosphorylated at position 172.39–41

The secondwas GFP-mTBK1-Y179A, as phosphorylation of tyro-

sine 179 is required for subsequent autophosphorylation of TBK1

at serine 172.42 Both phosphorylation mutants failed to accumu-

late in NBs indicating that TBK1 phosphorylation is required for

TBK1 recruitment to the viral factories.Nevertheless, bothmutants

still formed condensates in infected cells (Figure 3B).

As TBK1 phosphorylation mutants were not recruited into

NBs, we investigated their interactions with P using the Y2H sys-

tem. Both hTBK1-S172A and hTBK1-Y179A failed to interact

with PSAD (Figure 3C). As overexpression of hTBK1 in yeast,

but not that of the phosphorylation mutants, promotes its phos-

phorylation (Figure S4D) (probably by homodimerization and

intermolecular transphosphorylation), the lack of interaction

with the phosphorylationmutants suggests that TBK1 autophos-

phorylation is required for PSAD binding.

The localization of TBK1 in N-P inclusions depends on P
ability to inhibit IFN production
We have previously developed a minimal system recapitulating

NB properties using BSR cells constitutively expressing the T7

RNA polymerase (BSR-T7/5).19 When those cells are co-trans-

fectedwith plasmids pTit-P and pTit-N, cytoplasmic spherical in-

clusions are formed that have the same liquid properties as

NBs.19 We co-transfected BSR-T7/5 cells with plasmids

pTit-P, PTit-N, and pTit-FLAG-mTBK1. P and N were from either

the SAD strain (Figure 3D) or the CVS strain (Figure S4E). For

each strain, we used both the IFN inhibitory (PSAD and PCVS-

P179S) or non-inhibitory (PSAD-S179P and PCVS) version of P.

FLAG-mTBK1 was found to be associated with the N-P inclu-

sions if and only if the inhibitory version of P, which binds

TBK1, was expressed (Figures 3D for SAD and S4E for CVS).
Y2H system. The interactions between TBK1 (WT or phosphorylation mutants)

ast ability to grow on His-medium and the appearance of blue colonies in the

m. BSR-T7/5 cells were co-transfected with plasmids pTit-PSAD or pTit-PSAD-

ells were fixed and analyzed using confocal microscopy after co-staining with
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This localization was also dependent on TBK1 phosphorylation

as mTBK1-S172A failed to associate with N-P inclusions

(Figures 3D and S4E).

Characterization of TBK1 condensates and their
dynamics
AsRABV infection induces the formation of stress granules (SGs)

in U-373MG and N2A cell lines,43 we wondered if TBK1 conden-

sates colocalized with such structures.We analyzed the localiza-

tion of SGs in N2A-infected cells using an antibody directed

against G3BP1, a central component of SGs.44 There was no co-

localization of endogenous TBK1 condensates with SGs (Fig-

ure 4A). Similarly, no colocalization of GFP-mTBK1 condensates

with MitoTracker-labeled mitochondria was observed (Fig-

ure 4B). Finally, we used FM4-64FX, a dye known to label

cellular membranes. This marker was not associated with

GFP-mTBK1 condensates (Figure 4C). These data indicated

that TBK1 condensates are distinct from previously described

cellular organelles.

In infected cells, observed after fixation or by live imaging,

TBK1 condensates appear to be rather spherical. This was quan-

tified in cells infected with SAD and transfected with pGFP-

mTBK1 using live imaging and three-dimensional (3D) recon-

struction (Figure 4D). TBK1 condensates had a median volume

of 0.183 mm3 (corresponding to a diameter of 0.704 mm for a

sphere). Globally, 54% (respectively 89%) of them have a sphe-

ricity greater than 0.9 (respectively 0.75) (Figure 4E). Their sphe-

ricity decreases when object gets bigger (Figure 4E). Those

bigger objects appear less regular (Video S1), often forming het-

erogeneous ring-like structures (Video S3), with a grainy appear-

ance (see also the micrographs gallery in Figure S3E). This sug-

gests that they result from the self-association of smaller

condensates.

In live imaging, we observed that TBK1 condensates were

moving inside the cytoplasm. Analysis of their trajectories re-

vealed two kinds of behavior: the vast majority displayed locally

restricted movement, while a few moved across the cell with

rather straight trajectories (Figures 4F and 4G; Videos S4 and

S5). Locally restricted circumvolutions were observed when

TBK1 condensates self-associate to form large and irregular ob-

jects. However, the maximum speed of the condensates did not
Figure 4. Characterization of TBK1 condensates

(A) TBK1 condensates are distinct from stress granules. N2A cells weremock infec

confocal microscopy after co-staining with the mouse anti-G3BP1 and either rab

(B) TBK1 condensates are distinct frommitochondria. N2A cells were infectedwith

MitoTracker. After 1 h, live cells were analyzed using epifluorescence microscop

(C) TBK1 condensates are not labeled by the lipophilic probe FM4-64FX. N2A cel

were incubated with FM4-64FX for 4 h before analysis by live epifluorescence m

In (B) and (C), asterisks indicate GFP-mTBK1-containing NBs. In (A), (B), and (C)

(D and E) Characterization of GFP-mTBK1 condensates size and shape. Boxplot

dot plot representing the relation between the volume and the sphericity of GFP

pGFP-mTBK1 (observation 12 h. p.i.; 39 cells, 700 particles).

(F) Characterization of GFP-mTBK1 condensates dynamics in infected cells. GFP

transfected with pGFP-mTBK1 and pP-mCherry (spinning disk observation, 12 h p

traced on the right image (Videos S4 and S5). Scale bar: 5 mm.

(G) Histogram showing the distribution of trajectory straightness of GFP-mTBK1

(H) Histogram showing the distribution of maximal speed of GFP-mTBK1 conde

(I) Dot plot highlighting the absence of relation between the particle maximal spe

Data presented in (G), (H), and (I) are derived from 628 trajectories extracted from
depend on the nature of their trajectories (i.e., whether it was

straight of circumvoluted) (Figures 4H and 4I).

Localization of proteins NAP1 and SINTBAD in RABV-
infected cells
Effective signal transduction upon viral infection requires TBK1

association with proteins such as NAP1, SINTBAD, TANK,

TRIF, or OPTN.14,15,45–48 We therefore analyzed the localization

of these proteins. For both NAP1 and SINTBAD (Figures 5A

and 5B), the infection of cells (either by SAD or SAD-S179P)

induced the formation of cytoplasmic condensates, absent in

mock-infected cells, which sometimes adopt ring-like structures

for NAP1. These proteins were also weakly associated with NBs

when cells were infected with SAD but not when infected with

SAD-S179P. The localization of TRIF (involved in the TLR3

pathway) and OPTN (involved in autophagy) is not affected by

infection (Figure S5). Indeed, in mock-infected cells as well as

in SAD- and SAD-S179P-infected cells, OPTN exhibits its typical

Golgi apparatus localization49 (Figure S5A), while TRIF remains

diffuse in the cytoplasm (Figure S5B). Finally, we were unable

to characterize the localization of TANK using a commercial

antibody.

To exclude artifacts linked to cell fixation, we also analyzed the

localization of SINTBAD andNAP1 in live cells. For this, N2A cells

were transfected with plasmids encoding a protein amino-termi-

nally fused to either mCherry or GFP (mCherry-mNAP1, GFP-

mNAP1, mCherry-mSINTBAD and GFP-mSINTBAD). Expres-

sion of the fluorescent versions of NAP1 or SINTBAD induces

the formation of condensates like those observed in fixed cells

after infection (Figure 5C). This indicates that infection as well

as NAP1 or SINTBAD overexpression triggers condensate

formation.

When the cells were infected with SAD and subsequently co-

transfected with two plasmids (PSAD-mCherry and GFP-mNAP1

or GFP-mSINTBAD), cytoplasmic condensates of NAP1 or

SINTBAD were formed but did not colocalize with NBs

(Figure 5D).

We also co-transfected N2A cells with pGFP-mTBK1 and a

plasmid allowing the expression of NAP1 or SINTBAD fused to

mCherry. Co-expression of GFP-mTBK1 and mCherry-mNAP1

in non-infected cells induced the formation of condensates of
ted (mock) or infected with SAD. At 18 h p.i., cells were fixed before analysis by

bit anti-TBK1 (left panel) or rabbit anti-pTBK1(S172) (right panel).

SAD and transfected with pGFP-mTBK1. At 15 h p.i., cells were incubatedwith

y.

ls were infected with SAD and transfected with pGFP-mTBK1. At 12 h p.i., cells

icroscopy.

, scale bar: 10 mm.

representing the volume distribution of the GFP-mTBK1 condensates (D) and

-mTBK1 condensates (E) in N2A cells infected with SAD and transfected with

-mTBK1 condensates tracking experiments in N2A cells infected with SAD and

.i.). Themicrograph on the left indicates the cellular initial state. Trajectories are

condensates.

nsates along their trajectory.

ed and the straightness of the trajectory.

14 cells.
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Figure 5. Localization of NAP1 and SINTBAD in RABV-infected N2A cells

(A and B) N2A cells were mock infected (mock) or infected with indicated virus. At 8 or 16 h p.i., cells were analyzed using confocal microscopy after co-staining

with the mouse anti-N and rabbit anti-NAP1 (A) or anti-SINTBAD (B). Asterisks, NAP1/SINTBAD-containing NBs; arrowhead, NAP1 ring-like structure.

(C) Fluorescent versions of mNAP1 and mSINTBAD form condensates. N2A cells were either transfected with pGFP-mTBK1, pmCherry-mNAP1, pGFP-mNAP1,

pmCherry-mSINTBAD, or pGFP-mSINTBAD. After 18 h, live cells were analyzed using epifluorescence microscopy.

(D) GFP-mNAP1 and GFP-mSINTBAD do not associate with NBs. N2A cells were infected with SAD and transfected with pPSAD-mCherry together with pGFP-

mNAP1 or pGFP-mSINTBAD. At 12 h p.i., live cells were analyzed using confocal spinning disk microscopy.

Scale bar: 10 mm. See also Figure S5.
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Figure 6. Co-expression of TBK1 and its partners influences their localization

(A) N2A were transfected with pGFP-mTBK1 and either pmCherry-mNAP1 or pmCherry-mSINTBAD. After 18 h, live cells were analyzed using confocal spinning

disk microscopy. Arrowhead, ring-like structure.

(B and C) N2A were infected with the indicated virus and transfected with pGFP-mTBK1 as well as with pmCherry-mNAP1 (B) or pmCherry-mSINTBAD (C). At

12 h p.i., live cells were analyzed using confocal spinning diskmicroscopy. Asterisks indicate NBs (which appear in negative contrast when TBK1 is excluded from

them in cells infected with SAD-S179P).

Scale bars: 10 mm.
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both proteins that often colocalized including in the previously

described ring-like structures (Figure 6A). This was in contrast

with the absence of condensates in cells co-expressing GFP-

mTBK1 and mCherry-mSINTBAD (Figure 6A). This suggested

that NAP1 is a positive regulator of TBK1 condensate formation,

whereas TBK1 is a negative regulator of SINTBAD condensate

formation.

When cells were infected with SAD and then co-transfected

with pGFP-mTBK1 and pmCherry-mNAP1, condensates of the

two proteins were observed (Figure 6B). As expected, GFP-

mTBK1 was found to be associated with NBs (that were de-

tected because of their intense GFP fluorescence). In contrast

to the results of Figure 5D, in which TBK1 was not overex-

pressed, mCherry-mNAP1 was found to be associated with

NBs. In SAD-S179P-infected cells, neither GFP-mTBK1 nor
mCherry-mNAP1 was found to be associated with NBs (that

were then detected in negative on a green GFP background)

(Figure 6B). Therefore, TBK1 overexpression drives TBK1-

NAP1 complex localization in NBs containing the inhibitory

form of P.

A similar observation was made in infected cells after co-

expression of GFP-mTBK1 and mCherry-mSINTBAD. Both

GFP-mTBK1 and mCherry-mSINTBAD were found to be associ-

ated with NBs in SAD-infected cells but not in SAD-S179P-in-

fected cells (Figure 6C). Here again, TBK1 overexpression drives

TBK1-SINTBAD complex localization in NBs containing the

inhibitory form of P. Of note, the overexpression of both GFP-

mTBK1 and mCherry-mSINTBAD drastically reduced the num-

ber of condensates of both proteins in infected cells (Figure 6C).

Nevertheless, in the rare cells in which both GFP-mTBK1 and
Cell Reports 42, 111949, January 31, 2023 11
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mCherry-mSINTBAD condensates were present, colocalization

was observed (e.g., SAD-S179P-infected cell, upper left corner

of Figure 6C).

Condensates formed by TBK1 and NAP1 have liquid
properties
We characterized NAP1 condensates in cells infected with SAD

and transfected with pmCherry-mNAP1 using live imaging and

3D reconstruction (Figures S6A and S6B). mCherry-mNAP1 con-

densates had amedian volume of 0.302 mm3 (corresponding to a

diameter of 0.832 mm for a sphere) (Figure S6A). Globally, 60%

(respectively 92%) of them have a sphericity greater than 0.9

(respectively 0.75) (Figure S6B).

The spherical aspect of TBK1 (Figure 4E) and NAP1 conden-

sates (Figure S6B) as well as the fact that TBK1 condensates

are apparently devoid of membranes (Figure 4C) suggested

that these proteins form liquid condensates. Consistently, we

observedsome fusioneventsbetweenGFP-mTBK1condensates

(Figure 7A; Video S6). However, the small size of the condensates

and their dynamicsmake difficult the visualization of such events.

Several liquid condensates formed by LLPS are sensitive to

cellular hypotonic shock.19,50,51 We investigated the behavior

of GFP-mTBK1 and mCherry-mNAP1 condensates upon such

a treatment. SAD-infected N2A cells, transfected with plasmids

pGFP-mTBK1 and pmCherry-mNAP1, were incubated with

DMEM medium diluted 5 times in water. This hypotonic shock

resulted in a fast and complete disappearance of NBs, as already

described,19 as well as that of TBK1 condensates, while NAP1

condensates were only partially sensitive to this treatment (Fig-

ure 7B; Video S7). The condensate disappearance was followed

by their reformation within 3 min.

Finally, we performed fluorescence recovery after photo-

bleaching (FRAP) experiments in N2A cells co-transfected with

pGFP-mTBK1 and pmCherry-mNAP1. We photobleached both

GFP-mTBK1 and mCherry-mNAP1-containing ring-like struc-
Figure 7. TBK1 and NAP1 condensates have liquid properties

(A) Fusion betweenGFP-mTBK1 condensates. N2A cells were infected with SAD a

were analyzed using confocal spinning disk microscopy. Images are from Video

(B) GFP-mTBK1 andmCherry-mNAP1 condensates are sensitive to a hypotonic s

pmCherry-mNAP1. At 14 h p.i., a hypotonic shock was applied. Images are from

(C and D) FRAP on ring-like structures formed by GFP-mTBK1 (C) andmCherry-m

region was 1.4 mm. Scale bars: 2 mm (lower rows), 10 mm (upper rows).

(E and F) FRAP on GFP-mTBK1 located inside NB. Whole NBs were photobleach

pP-mCherry. FRAP experiments were performed 12 h p.i. The diameter of the pho

experiments is shown in green. Error bars represent the SD.

(G) SAD infection induces TBK1 condensate formation independently of NAP1. NA

were fixed before analysis by confocal microscopy after co-staining with the m

condensates.

(H) SAD infection induces NAP1 condensate formation independently of TBK1. TB

were fixed before analysis by confocal microscopy after co-staining with the m

condensates.

(I) GFP-hTBK1 phosphorylationmutants form condensates independently of endo

pGFP-hTBK1-S172A, or pGFP-hTBK1-Y179A (left panels) and co-transfected w

confocal spinning disk microscopy. Scale bar: 10 mm.

(J) Formation of TBK1 condensates upon cell exposure to danger signals. N2A, co

(i.e., incubated with the medium without dsRNA or lipofectamine 3000), incuba

medium containing lipofectamine 3000 alone (Lipo), or transfected with 50ppp-ds
staining with the rabbit anti-pTBK1(S172) and analysis by confocal microscopy.

See also Figures S6 and S7.
tures. Although the whole structure was photobleached, the re-

covery of fluorescence signal was quite fast (Figures 7C and 7D).

This indicated that TBK1 and NAP1 shuttle between their

cytoplasmic pool and the condensates. Taken together, all the

experimental data are consistent with a liquid nature of the con-

densates formed by TBK1 and NAP1.

We also analyzed the nature of the interaction between

TBK1 and the NBs formed in SAD-infected N2A cells. FRAP

experiments performed on GFP-mTBK1 concentrated in NBs

(Figures 7E and S6C) revealed a fast recovery with a half-time of

about 5 s (Figure 7F) that is very similar to the one of P-mCherry

protein, whenphotobleached in the same structures.19 Therefore,

TBK1, like P, behaves in NBs as in a liquid environment.

TBK1 and NAP1 form condensates independently of
each other
We then investigated the behavior of NAP1 in TBK1-deficient

HAP1 cells (TBK1KO HAP1) (Figure S7C) and that of TBK1 in

NAP1-deficient HAP1 cells (NAP1KO HAP1) (Figure S7C). As in

N2A, in the control parental HAP1 cell line, we observed conden-

sates for both proteins upon RABV infection (Figures S7A and

S7B). These condensates were absent in mock-infected

cells. In NAP1KO cells (respectively in TBK1KO cells), TBK1

(respectively NAP1) formed condensates upon RABV infection

(Figures 7G and 7H). Therefore, both proteins form condensates

independently of each other.

Finally, co-expression of GFP-hTBK1 (or mutants GFP-

hTBK1-S172A and GFP-hTBK1-Y179A) andmCherry-hNAP1 in-

duces similar condensates of both proteins in HAP1 parental cell

line (Figure S7D) as in TBK1KO HAP1 cells (Figure 7I). This indi-

cates that the formation of TBK1 condensates by the mutant

forms is not due to their recruitment in preformed endogenous

TBK1 condensate. Therefore, neither the phosphorylation of

TBK1 in position 172 nor in position 179 is required for TBK1

condensate formation.
nd transfectedwith pGFP-mTBK1 and pmCherry-mNAP1. At 12 h p.i., live cells

S5. Scale bar: 5 mm.

hock. N2A cells were infected with SAD and transfectedwith pGFP-mTBK1 and

Video S6 at indicated time pre- and post-shock. Scale bar: 10 mm.

NAP1 (D) in N2A co-transfected cells (18 h). The diameter of the photobleached

ed. N2A cells were infected with SAD and transfected with pGFP-mTBK1 and

tobleached region was of 2.8 mm. Scale bar: 10 mm. In (F), the mean of 3 FRAP

P1KO HAP1 were mock infected (mock) or infected with SAD. At 16 h p.i., cells

ouse anti-N and rabbit anti-TBK1. Scale bar: 10mm. Arrows indicate TBK1

K1KO HAP1 were mock infected (mock) or infected with SAD. At 16 h p.i., cells

ouse anti-N and rabbit anti-NAP1. Scale bar: 10 mm. Arrows indicate NAP1

genous TBK1. TBK1KOHAP1were transfected either with pGFP-hTBK1-WT, or

ith pmCherry-hNAP1 (right panels). After 18 h, live cells were analyzed using

ntrol parental HAP1, andMAVSKO HAP1 cells were either mock-treated (Mock)

ted with medium containing 4 mg/ml 50ppp-dsRNA (dsRNA), incubated with

RNA using lipofectamine 3000 (Lipo + dsRNA). After 6h, cells were fixed before

The scale bar corresponds to 10 mm.
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Both cytosolic and extracellular dsRNA induce TBK1
condensate formation
TBK1 is activated when PRRs sense dsRNA. To investigate if the

presence of dsRNA could trigger TBK1 condensate formation,

N2A cells were either incubated or transfected with 50ppp-
dsRNA before fixation after 6h. Endogenous phosphorylated

TBK1 proteinwas analyzed using the anti-pTBK1(S172) antibody

(Figures 7J and S7E).

Incubation with 50ppp-dsRNA induced the formation of TBK1

condensates that often assembled into rings (Figures 7J and

S7E). Such condensates were not observed in mock-treated

N2A cells. This indicated that extracellular dsRNA is a danger

signal that induces TBK1 condensate formation, most probably

by the TLR3 pathway.

As TBK1 condensates were also detected in control N2A cells

that were treated with lipofectamine only (i.e., without 50ppp-
dsRNA) (Figures 7J and S7E), it was not possible to conclude

as to the formation of condensates upon IFN induction by cyto-

solic PRRs in this cell line.

We then performed the same experiments on HAP1 cells,

known not to express TLR3.52 As expected, incubation with

50ppp-dsRNA did not induce the formation of TBK1 condensates

(Figure 7J). Interestingly, TBK1 condensates were observed in

HAP1 cells transfected with 50ppp-dsRNA using lipofectamine

but not in control cells incubated with lipofectamine alone (Fig-

ure 7J). This suggested that TBK1 condensates were also

formed upon cytosolic PRR signaling. This was verified using

MAVS-deficient HAP1 cells (MAVSKO HAP1) (Figure S7C).

Indeed, in this cell line, no TBK1 condensates were observed

upon cell transfection with 50ppp-dsRNA (Figure 7J), nor upon

RABV infection (Figure S7F).

Taken together, the data indicate that both extracellular and

cytosolic 50ppp-dsRNA constitute danger signals that induce

TBK1 condensate formation through TLR3-and RIG-I/MDA-5-

dependent signaling leading to IFN induction. They also reveal

that lipofectamine alone also triggers the IFN induction pathway

inN2Acells inagreementwithpreviousobservations insomeother

cell lines.53,54

DISCUSSION

The recent discovery that MNV replicate in viral factories having

properties of liquid organelles19,20,22–24 invites us to revisit the inter-

play between viral factories and the components of the cellular

innate immunity. On one hand, the sequestration of viral RNAs in

liquid compartments raises the question of their accessibility to

cytosolicPRRs.Ontheotherhand, theviral factoriesmaysequester

cellular proteins involved in innate immunity and keep them away

from their functional signaling pathway. Here, we demonstrated

that IFN production inhibitory forms of RABV P bind to phosphory-

lated TBK1 and interfere with TBK1 ability to assemble into liquid

condensates formed in response to viral infection.

IFN induction is associated with the formation of liquid
condensates
TBK1, NAP1, and SINTBAD form condensates in RABV-infected

cells and more generally (at least for TBK1) upon exposure to

danger signals such as extracellular and cytoplasmic dsRNA or
14 Cell Reports 42, 111949, January 31, 2023
lipofectamine depending on the cell line. In U-373MG cells in-

fected with RABV, the formation of TBK1 condensates precedes

IFN-b induction suggesting that they are required for this

process.

TBK1 and SINTBAD condensates, which partially colocalize,

have already been observed upon other cellular stresses.55

Thus, condensate formation is a general feature in the signaling

pathways involving those proteins.

TBK1 and NAP1 condensates are rather spherical which sug-

gested that they were formed by LLPS. This was confirmed by

the observation of fusion events between TBK1 condensates.

Furthermore, a hypotonic shock causes the rapid dissolution of

both TBK1 and NAP1 condensates followed by their reformation

within a few minutes, which is a characteristic of several other

liquid organelles including viral factories19,51 and cellular Ddx4

organelles.50

The sensitivity of TBK1 and NAP1 condensates to their envi-

ronment and the inability of antibodies to access the proteins in-

side such structures may explain why they have been rarely

observed and described.14,55 Indeed, classical PFA fixation pro-

tocols prevent the detection of TBK1 condensates. This sug-

gests that beyond the field of innate immunity, signal transduc-

tion involves the formation of condensates that have not yet

been observed.

Our data are consistent with an early formation of TBK1 con-

densates preceding TBK1 phosphorylation. Indeed, when

TBK1KO HAP1 cells overexpress either GFP-hTBK1-S172A or

GFP-hTBK1-Y179A with mCherry-hNAP1, TBK1 condensates

are observed. This indicates that TBK1 phosphorylation at

S172 or Y179 site is not required for TBK1 condensate formation.

TBK1 condensates are dynamic. They can travel through the

cytoplasm with rather straight trajectories. Their maximal speed

is �0.5–0.8 mm/s, consistent with those of other cargoes for

which transport depends on microtubules.56 On the other

hand, TBK1 and NAP1 condensates can form larger aggregates

having ring-like structures, in which they exhibit locally restricted

movement. This particular pattern suggests that the aggregation

occurs at the periphery of a bigger preexisting structure or

compartment, so far unidentified, around which they move.

The dynamics of those annular structures was assessed by

FRAP which demonstrate that they exchange material with a

cytoplasmic pool of TBK1 and NAP1 while retaining their shape.

Dynamic phase-separated condensates play a role all along

the IFN-signaling pathway. Indeed, the cyclic GMP-AMP syn-

thase (cGAS; a sensor of abnormal cytosolic dsDNA) forms liquid

condensates with DNA,57,58 the stimulator of IFN genes (STING)

polymerizes upon activation59 and makes condensates with

stacked endoplasmic reticulum (ER) membrane,60 and finally

RIG-I and MDA-5 are resident proteins of antiviral SGs.43,61–63

Here, we show that other liquid condensates are involved down-

stream in the signaling pathway underlining the importance of

such processes in innate immunity.64 It is tempting to speculate

on the evolutionary reasons that led to the selection of such

mechanisms. First, by concentrating proteins, the formation of

such platforms, facilitates signal transduction and amplification

as well as proximity-induced enzyme activation. Second, the dy-

namics of liquid condensates and their sensitivity to their physi-

cochemical environment ensure a fast response (and its equally



Article
ll

OPEN ACCESS
rapid switching off) which can be further regulated by post-trans-

lational modifications. Third, LLPS is consistent with a threshold-

like signaling response allowing a reaction to a danger signal that

is an all-or-nothing process.65 This is in agreement with observa-

tions showing that during an infection by an RNA virus, only a

fraction of cells expresses IFN.66,67 Alternatively, in the hypothe-

sis that the cytosolic form of TBK1 would be the active form, the

formation of condensates could buffer the concentration of free

TBK1 in the cytosol and thus limit excessive responses.

The molecular bases of LLPS induced by TBK1 and its partner

proteins remain to be investigated. It is worth noting that the

latter contain predicted intrinsically disordered domains (IDDs)

(Figure S7G), a feature which had been already noticed for

SINTBAD55 that contains particularly long IDDs, a characteristic

often involved in LLPS.68,69

Finally, although TBK1 and NAP1 condensates colocalize,

neither TBK1 nor NAP1 is required for the formation of conden-

sates by the other protein in infected HAP1 cells. However, our

experiments in which proteins were overexpressed (i.e., under

conditions in which certain regulations can be circumvented)

suggested that NAP1 is a positive regulator of TBK1 condensate

formation, whereas TBK1 is a negative regulator of SINTBAD

condensate formation.

RABV P binds to phosphorylated TBK1 and interferes
with TBK1 condensate formation
Viruses have evolved mechanisms to delay or suppress both IFN

production and signaling via the IFN-a/b receptor.16 RABV PSAD

was known to inhibit the phosphorylation of IRF3, resulting in the

inhibition of IFN production.27 We show that it is not the case for

RABV PCVS. The phenotype of both strains can be switched by a

single amino acid change in position 179 and the inhibitory

phenotype is associated with P ability to bind phosphorylated

TBK1. In IFN-producing U-373MG cells, SAD spreads more effi-

ciently than SAD-S179P. In these cells, SAD infection induces a

strong inhibition of IFN induction, associated with fewer TBK1

condensates compared with SAD-S179P infection. In N2A cells

infected with SAD, TBK1 concentrates in NBs. This concentra-

tion of TBK1 in viral factories is not required for IFN inhibition

as (1) in HEK293T transfected cells, P alone inhibits the IFN in-

duction pathway, and (2) in U-373MG, TBK1 does not concen-

trate in NBs. Nevertheless, N2A cells in which TBK1 is associ-

ated with NBs contain fewer TBK1 condensates. Therefore, it

is reasonable to speculate that TBK1 accumulation in NBs could

enhance the inhibitory action of P.

The targeting of TBK1 is a particularly effective strategy to

inhibit IFN production as TBK1 is located at the crossroads of

several signaling pathways including those triggered by TLR3,

RIG-I, and MDA-5 as well as STING.45,70 Indeed, TBK1 is known

to be targeted, directly or indirectly, by other viral proteins.71

Among well-characterized examples are ICP27 from HSV1,72

NS4B of HCV73 and the sequestration of TBK1 into viral inclusion

bodies by bunyaviruses.74,75

Interestingly, P may not be the only counteractant of the IFN-

inducing pathway during RABV infection. The N protein of the

Nishigahara RABV strain has also been shown to be involved

in the pathway inhibition.76 This underlines the importance for

a virus to control the activation of the innate immune response.
Limitations of the study
Although our data are consistent with TBK1 condensate forma-

tion being required for IFN-b induction, we cannot rule out that

this rather regulate the cytosolic concentration of TBK1. Further-

more, there might be several kinds of TBK1 condensates.38,55,77

Here, in addition, we show that they can assemble into ring-like

structures. Those distinct condensates, having distinct compo-

sition, may have distinct functions. Additional investigations

will be required for a better understanding of their role as well

as those of NAP1 and SINTBAD condensates.

Concluding remarks
The formation of innate immunity-associated condensates must

be finely tuned to avoid inappropriate responses that may be

harmful for the host. Indeed, we observed that NAP1, when over-

expressed, already forms condensates and promotes TBK1

condensates assembly. On the other hand, TBK1 overexpres-

sion negatively regulates the formation of SINTBAD conden-

sates. It is plausible that other proteins (including ISG products)

affect the assembly of these condensates.

Thus, deregulation of condensate formation might explain

certain phenotypes encountered in patients with mutations in

genes involved in the signaling pathway.78 Actually, mutations

in genes encoding TBK1 or its partners that promote the forma-

tion of the condensates may be the cause of an overactivation of

the IFN production pathway, leading to autoimmune diseases.

Conversely, mutations that disadvantage the LLPS may result

in an ineffective response to infections. This suggests that mol-

ecules stabilizing or destabilizing those innate immunity-associ-

ated liquid organelles may have therapeutic interest.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HEK293T cells (human embryonic kidney, ATCC #CRL-3216), N2A cells (mouse neuroblastoma, ATCC #CCL-131) and U-373MG

cells (human glioblastoma astrocytoma) were purchased from ATCC organization (http://www.lgcstandards-atcc.org). BSR cells,

a clone from BHK 21 (Baby Hamster Kidney) were obtained from Dr A. Flamand (Former Laboratoire de Génétique des Virus, Gif-

sur-Yvette, France). BSR-T7/5 cell line is a clone of BHK 21 constitutively expressing the T7 RNA polymerase.83 All these cells

were grown in Dulbecco’s modified eagle medium (DMEM) (Gibco-Life Technologies) supplemented with 10% fetal calf serum

(FCS) (Gibco-Life Technologies) and 100 units/mL of Penicillin and 100 mg/mL of Streptomycin (AB 1X) (Gibco-Life Technologies).

BSR-T7/5 cells were grown in the same medium supplemented with 1 mg/mL Geneticin (Gibco-Life Technologies).

Human HAP1 parental control cells (#C631), TBK1KO HAP1 cells (#HZGHC000031c010), NAP1KO HAP1 (#HZGHC003895c005),

and MAVSKO HAP1 cells (#HZGHC001456c011) were purchased form Horizon Discovery (https://horizondiscovery.com/en/

engineered-cell-lines). All these cells were grown in Iscove’s Modification from DMEM (IMDM, Corning) supplemented with 10%

FCS and 100 units/mL of penicillin and 100 mg/mL of Streptomycin (AB 1X).

Virus
Recombinant RABV SAD L16-B19 (called SAD all along the text),80 recombinant SAD-S179P (see below), and the Challenge Virus

Standard (CVS)81 were grown on BSR cells.

Plasmids
For all plasmid constructs, please refer to the recombinant DNA Table S1. Briefly, the plasmid pcDNA3.1 hygro(�) encoding P protein

of CVS strain, referred to as pPCVS, has been previously described86 whereas the one encoding P protein of SAD strain, referred to as

pPSAD, was constructed on purpose for this work. The plasmids pTit encoding P protein of SAD and CVS strains, referred to as pTit-

PSAD and pTit-PCVS, have been previously described.
19,87 In pTit plasmids,83,87 the gene of interest is under the dependence of the T7

polymerase promoter and the corresponding transcripts contain an internal ribosomal entry site (IRES) located upstream the open

reading frame.

Point mutation mutants either in P or in TBK1 genes were constructed by using QuikChange Site-DirectedMutagenesis Kit (Agilent

Technologies).

For pPSAD-FLAG, pPSAD-S179P-FLAG, pPCVS-FLAG and pPCVS-P179S-FLAG, the fragments were amplified by PCR using Phu-

sion Polymerase (New England Biolabs) and inserted into the NheI/XhoI restriction sites of pcDNA3.1 hygro(�).
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The synthetic genes encoding mouse TBK1 protein, mouse and human NAP1 proteins, and mouse SINTBAD protein were ob-

tained from Twist Bioscience and inserted into the NheI/NotI restriction sites of pcDNA3.1 hygro(�). Plasmids encoding mouse

and human TBK1 or the adaptor proteins amino-terminally fused to the GFP or to the mCherry as well as those encoding FLAG-

TBK1 were constructed using Gibson assembly kit (New England Biolabs).

Plasmid pEF6FLAGDRIG-I was previously described.33 The sequence codingDRIG-I (i.e. without FLAG) was subcloned into empty

vector pEF6/myc-His B (Invitrogen). Plasmid pIRF3-5D as well as the plasmid from which human hTBK1 gene was subcloned have

been previously described.35,88

The yeast expression plasmids pLexA and pGAD were previously described.37 The vector pLexA contains the yeast selectable

gene TRP1 and the LexA DNA-binding domain (BD) (202 residues) coding sequence. The plasmid pGAD contains the yeast select-

able gene LEU2 and the sequence encoding theGAL4 activation domain (AD) (amino acids 768 to 884). These plasmids were used for

the expression of fusion proteins.

METHOD DETAILS

Antibodies and cell reagents
The rabbit polyclonal anti-P antibody was previously described18 and was used at a 1:2000 dilution for immunofluorescence (IF)

staining and 1:1000 for western blot (WB) analysis. Anti-P mouse monoclonal antibody 26G6 was previously described and used

for WB analysis.79 Anti P mouse monoclonal antibody 31G10, although not described in the article, comes from the same collection

as antibody 26G6 and was used for P immunoprecipitation. Mouse monoclonal anti-N antibody (81C4), was previously described19

and was used for IF staining. The mouse monoclonal anti-a-Tubulin (#T6199, Sigma Aldrich) antibody was used at a 1:1000 dilution.

The rabbit monoclonal anti-NAK/TBK1 antibody (EP611Y, Abcam) was used at a 1:250 dilution for IF staining and 1:1000 forWB anal-

ysis. The rabbit monoclonal anti-Phospho-TBK1/NAK (Ser172) (D52C2, Cell Signaling) antibody, directed against TBK1 phosphor-

ylated form on serine 172 and referred to as anti-pTBK1(S172) in the text, was used at a 1:50 dilution for IF staining and 1:1000 forWB

analysis. The rabbit polyclonal anti-IRF3 (FL-425, Santa Cruz Biotechnology) was used at 1:100 dilution. Mousemonoclonal anti-GFP

antibodies (7.1 and 13.1, Roche Diagnostics) were used at a 1:1000 dilution for WB analysis. The mouse monoclonal anti-G3BP1

(2F3, Sigma Aldrich) antibody was used at a 1:50 dilution. The mouse monoclonal DYKDDDDK Tag (9A3, Cell Signaling) antibody

(named anti-FLAG in the text) was used at a 1:2000 dilution. The rabbit monoclonal anti-NAP1 C-terminal (EPR14698, Abcam)

antibody was used at a 1:100 dilution for IF staining and 1:1000 for WB analysis. The rabbit polyclonal anti-SINTBAD (#ab106394,

Abcam) was used at a 1:50 dilution. The rabbit polyclonal anti-TANK (#ab47632, Abcam) antibody was used at a 1:50 dilution for

IF staining without success. The rabbit polyclonal anti-OPTN (#PA5-51882, Thermo Fisher Scientific) antibody was used at a

1:100 dilution. The rabbit polyclonal anti-TRIF (#PA5-88150, Thermo Fisher Scientific) antibody was used at a 1:500 dilution. The rab-

bit monoclonal anti-LC8 (EPI660Y, Abcam) antibody was used in WB at a 1:1000 dilution. The rabbit polyclonal anti-STAT1 (E�23,

Santa Cruz) antibody was used in WB at a 1:1000 dilution. The rabbit polyclonal anti-MAVS (#A300-782A, Bethyl laboratories) anti-

body was used at a 1:2000 dilution.

Secondary fluorescent antibodies for IF staining were purchased from Molecular Probes (Alexa fluor 488-, 568-, or 647- conju-

gated). Secondary fluorescent antibodies for WB analysis were purchased from Cell Signaling (Fluor 800-conjugated IgG or Fluor

680-conjugated IgG). Secondary antibodies coupled to horseradish peroxidase (HRP) for WB analysis after co-IP were purchased

from Invitrogen (Anti-Rabbit IgG secondary antibody, HRP) and from Sigma (Anti-Mouse IgG secondary antibody, HRP).

The MitoTracker Red CMXRos (Cell Signaling) was used at 50 nM final concentration. The FM4-64FX lipophilic styryl dye (Molec-

ular Probes) was used at a final concentration of 5 mg/mL. 50ppp-dsRNA was provided by InvivoGen and used at 4 mg/mL final

concentration.

Viral infection
Monolayers of cells (from 60 to 80% confluence) were infected at indicated MOI of RABV diluted in TN buffer (137 mM NaCl, 5 mM

KCl, 1.8 mM Na2HPO4, 25 mM Tris HCl pH 7.5 supplemented with 5% tryptose). After 1h of incubation at room temperature, the

inoculum was removed and the cells were maintained in DMEM (or DMEM Fluorobrite, or IMDM) supplemented with 2.5% FCS

and incubated at 37�C and 5% CO2. For ‘‘mock’’ conditions, cells were incubated for 1 h at RT only with TN buffer. In all imaging

experiments, the multiplicity of infection (MOI) was 3.

Construction and recovery of recombinant SAD virus expressing mutated phosphoprotein P
The original full-length genomic plasmid SAD L16-B19was digestedwith NcoI and SnaBI restriction enzymes (NewEngland Biolabs).

Two overlapping fragments were amplified by PCR: the first fragment was going from NcoI site to position 672 in the P coding

sequence carrying the S179P mutation and the second fragment was going from position 643 in the P gene to the SnaBI site

in theM gene. The PCR products and the digested genomic plasmid were assembled using Gibson Assembly kit (New England Bio-

labs) to obtain the resulting plasmid, pSAD-S179P. Recombinant virus was recovered as described previously.87 Briefly, BSR cells

(73 105 cells) were transfected using Lipofectamine 2000 (Invitrogen) with 10 mg of genomic plasmid pSAD-S179P, in addition to 5 mg

pTit-N, 2.5 mg pTit-P, 2.5 mg pTit-L, and 1.25 mg pTit-G, which encode the N, P, L, and G proteins of rabies virus strain SAD L16-B19.

These plasmids were co-transfected with 1.5 mg of a plasmid expressing the T7 RNA polymerase. Eight days post-transfection, the
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supernatant was passaged on fresh BSR cells, and the recombinant viruses were amplified for four days to constitute a pre-stock

which was titrated by IF staining with anti-P or anti-N antibodies. This pre-stock was used to infect BSR cells (MOI = 0.1). The su-

pernatant was collected after 4 days, aliquoted and stored at�80�C for further experiments. The P gene was also sequenced, which

did not reveal any mutation other than S179P.

Titration of SAD and SAD-S179P viruses
BSR, N2A and U-373MG cells were infected at MOI 0.05 or 3 by SAD or SAD-S179P for 12 h, 16 h, 24 h, 48 h or 72 h. Viral super-

natants (1mL of final volume) were clarified at 5,000g for 10 min and stored at �80�C prior titrations. For titrations, BSR cells were

infected with 100 mL of the viral supernatants at different dilutions for 16 h. Cells were then fixed with 4% PFA and stained with the

anti-P antibody and DAPI. The percentage of infected cells was determined using fluorescence microscopy and the ImageJ soft-

ware84 to calculate titers of each viral stock.

Luciferase assay
HEK293T cells were seeded in 24-well plates at a cell density of 1.53 105 per well and transfected the next day using lipofectamine

2000 (Invitrogen). In all experiments, cells were co-transfected with 20 ng of pRL-TK plasmid coding the Renilla luciferase as internal

control. For reporter gene assay in P gene transfected cells, cells were co-transfected with 60 ng of empty plasmid or P plasmids

(either pPSAD, pPCVS, pPCSV-P179S, or pPSAD-S179P), 120 ng pIFN-b-Luc containing firefly luciferase under the control of full-length

IFN-b promoter and 120ng of pEF6FLAGDRIG-I,33 or pIRF3-5D,35 or pGFP-hTBK1, or phTBK1. For reporter gene assays in virus-

infected cells, HEK293T were infected (MOI = 2) at 6 h post-transfection with pIFN-b-Luc. Twenty-four hours post-transfection

cell lysates were prepared and subjected to reporter gene assays and WB analysis. The lysates were analyzed using the dual-lucif-

erase reporter assay (Promega). Each experiment was performed in triplicate. For each sample, the firefly luciferase fluorescence

units were normalized to Renilla luciferase fluorescence units and the mean fold induction of firefly luciferase was compared to

that in non-stimulated cells (not transfected with pEF6FLAGDRIG-I).

Quantification of the expression of endogenous IFN-b gene
Human U-373MG and murine N2A cells were infected at MOI 3 by SAD or SAD-S179P viruses for 8 h, 12 h or 16 h. Cells were lysed

and total RNAs from non-infected and infected cells were isolated and purified with the NucleoSpin RNA kit (Macherey-Nagel)

following manufacturer’s instructions. Amount and purity of extracted RNAs were assessed spectroscopically and 500 ng of total

RNAs were used to synthesize complementary DNAs (cDNAs) using the High Capacity cDNA Reverse Transcription Kit (Thermo

Fischer Scientific). Human IFN-b and GAPDH cDNAs were quantified by qPCR using the Power SYBR Green Master Mix (Thermo

Fischer Scientific) and specific primers. The 2�DCt method was used to quantify the relative quantity of IFN-b mRNA to

GAPDH mRNA.

Western blot analysis
HEK293T cells extracts were prepared using Passive cell Lysis Buffer (Promega) according to the supplier’s instructions. For TBK1

detection, N2A cells were directly lysed in Laemmli buffer at 95�C. For HAP1 cells, cells were solubilized in 50 mM Tris-HCl pH7.4,

150 mM NaCl, 1% Triton X-100 and a cocktail of protease inhibitors (#11-836-170-001 Roche Diagnostic) for 30 min on ice before

10 min centrifugation (16,000 g at 4�C). The supernatant was kept for WB analysis.

Proteins were separated by electrophoresis on 10 or 12% SDS-PAGE and transferred onto a nitrocellulose membrane. The mem-

brane was blocked with 5% skimmed milk or 5% BSA in Tris buffer saline (TBS) for 30 min and incubated overnight at 4�C with the

corresponding antibodies in TBS supplemented with 0.1% Tween 20 and 1% skimmedmilk or 1%BSA. The blots were then washed

extensively in TBS - 0.1%Tween 20 and incubated for 1 h with Fluor-conjugated IgG secondary antibodies at room temperature (RT).

After washing, the membranes were scanned with the Odyssey infrared imaging system (LI-COR, Lincoln, NE).

Immunoprecipitation for LC-MS/MS analysis
HEK293T cells (1.43 107 cells) were transiently co-transfected with pEF6DRIG-I and pcDNA3.1 plasmids encoding flagged version

of P protein (either WT or mutant) using Lipofectamine 2000 (11.25 mg DNA of each plasmid). Cells were harvested 24h post-trans-

fection and lysed in buffer containing 50 mM Tris-HCl pH7.4, 150 mM NaCl, 0.5% NP40, 1 mM NaF, 1 mM PMSF and a cocktail of

protease inhibitors (#11-836-170-001 RocheDiagnostic). Samples were incubated for 30min on ice and cleared by centrifugation (16

000g, 10 min, 4�C). Lysates were subjected to immunoprecipitation using anti-FLAG M2 magnetic beads (Sigma Aldrich) previously

equilibrated with a buffer containing 50mMTris-HCl pH7.4, 150mMNaCl and 0.05%NP40 for 2h at 4�C on a rotary wheel. Magnetic

beads were washed three times with the same buffer. The beads were resuspended in H2O before mass spectrometry analysis.

LC-MS/MS acquisition
For PSAD (resp. PCVS) samples were digested by trypsin (0.2 mg/mL) in 25 mM NH4HCO3 buffer overnight at 37

�C. Samples were de-

salted using ZipTip C18 Pipette Tips (Thermo Fisher Scientific) and analyzed by an Orbitrap Tribrid Fusion (resp. Orbitrap Q-exactive

Plus) mass spectrometer in positive mode (Thermo Fisher Scientific) coupled to a Nano-LC Proxeon 1200 (resp. 1000) equipped with

an NSI EASY-spray ion source (Thermo Fisher Scientific). Peptides were separated by liquid chromatography with the following
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parameters: Acclaim PepMap100 C18 pre-column reversed phase (2 cm, 3 mm, 100 Å), EASY-spray C18 column reversed phase (P/

N ES805A, 75 cm, 75 mm i.d., 2 mm, 100 Å), 300 nL/min flow rate, gradient from 95% solvent A (water, 0.1% formic acid) to 40% (resp.

35%) solvent B (80% - resp. 99.9% - acetonitrile, 0.1% formic acid) over a period of 120 min (resp. 98 min), followed by a column

regeneration of 20 min, giving a total run time of 140 min (resp. 118 min). Peptides were analyzed in the Orbitrap cell, in full ion

scan mode, at a resolution of 120,000 (resp. 70,000) with a mass range of m/z 350-1550 (resp. 375-1500) and an AGC target of

4.105 (Resp. 3.106). For PSAD, fragments were obtained by Higher-energy C-trap Dissociation (HCD) activation with a collisional en-

ergy of 27%, and a quadrupole isolation window of 1.6 Da. MS/MS data were acquired in the Ion trap in a Top-Speed mode with 3 s

cycles, with an AGC target of 1.104 andwith a dynamic exclusion of 60 s. Themaximum ion accumulation timeswere set to 100ms for

MS acquisition and 35 ms for MS/MS acquisition.

For PCVS, fragments were obtained by HCD activation with a collisional energy of 27%, and a quadrupole isolation window of

1.4 m/z. MS/MS data were acquired in the Orbitrap with a resolution of 17,500, a TopN of 20, with an AGC target of 2 3 105 and

with a dynamic exclusion of 30 s. The maximum ion accumulation times were set to 50 ms for MS acquisition and 45 ms for

MS/MS acquisition.

LC-MS/MS data processing
Data were processed with the PEAKS Online Xpro software (Bioinformatics Solutions Inc., Waterloo, ON, Canada). Raw MS data

were searched against the Homo Sapiens UniProtKB 2021_03 protein database (reviewed, 20,371 entries) with addition of PSAD

and PCVS bait sequences. The precursor and product ion tolerances of peptides were set at 20 ppm and 0.05 (for PCVS) or 0.5 Da

(for PSAD) respectively. The digest mode of trypsin was set as specific with 2missed cleavages and themax variable PTM per peptide

was set at 3. Oxidation (+15.99), deamidation (+0.98) and phosphorylation (+79.97) were specified as variable modifications and half

of a disulfide bridge (�1.01) as a fixed modification. Protein/peptide quality identification was ensured using built-in filters, especially

a false-discovery rate (FDR) of 1% was applied at both peptide and protein levels. In addition, the PEAKS Q module was used for

label-free quantification (LFQ) of the digested peptides generated under various experimental conditions. Qlucore Omics Explorer

software version 3.7 (Qlucore AB, Lund, Sweden) was used for statistical analysis and processing of LFQ data.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repos-

itory82 with the dataset identifier PXD028740.

Co-immunoprecipitation of TBK1 with P protein
N2A cells (6.5 3 105 cells) were infected with either SAD or SAD-S179P. 16 h post-infection, cells were incubated with 300 mM DSP

(Thermo Fisher Scientific) in phosphate buffer saline (PBS) for 30 min at room temperature. The reaction was then stopped with

20 mM glycine pH 7.4 in PBS for 15 min at room temperature. Cells were then lysed in 250 mL buffer containing 50 mM Tris-HCl

pH7.4, 150 mM NaCl, 0.5% NP40, 1 mM NaF, 1 mM PMSF and a cocktail of protease inhibitors (Roche Diagnostic). Samples

were incubated for 30 min on ice and cleared by centrifugation (16,000g, 10 min at 4�C). 10 mL were set aside for direct loading

and WB analysis. Lysates were incubated with mouse monoclonal anti P antibody 31G10 at 4�C for 1.5 h on a rotary wheel before

incubation with magnetic protein A beads (Pierce) for 1.5 h at 4�C on a rotary wheel. Magnetic beads were washed three times with

the lysis buffer before resuspension in Laemmli buffer (containing 5% b-mercaptoethanol) prior to WB analysis.

Yeast two-hybrid (Y2H) system
The proteins N, hTBK1 as well as phosphorylation mutants hTBK1-S172A and hTBK1-Y179A (preys) were fused to the sequence

encoding the GAL4 activation domain (GAL4-AD) and were used to test the interaction with the different P (baits), inhibitory and

non-inhibitory, which were fused to the DNA-binding domain of LexA (LexA-BD). The yeast L40 strain containing the reporter

gene lacZ was transformed with the prey plasmids pGAD-N, pGAD-hTBK1, pGAD-hTBK1-S172A, pGAD-hTBK1-Y179A and the

different bait plasmids pLex-P by using a lithium acetate protocol. Double transformants were grown on plates containing medium

lacking Trp and Leu (Trp2 Leu2) to select for the presence of both the bait and the prey. Positive clones were then assayed for

b-galactosidase activity. Interaction between baits and preys conferred the ability to grow on L40 in the absence of histidine (through

induction of the HIS3 gene) and to express b-galactosidase, by reconstitution of transcription factor for lacZ gene.

Yeast protein extraction
From a one-day liquid culture, L40-transformed yeasts were pelleted (3 min at 1900g) and washed twice in cold water. Then, one

volume (equal of the pellet volume) of glass beads was added in addition to a lysis buffer (50 mM Tris-HCl pH8, 300 mM NaCl,

0.5%SDS, 12mMEDTA pH8, 10mMDTT, 1mMNaF, 1mMPMSF, 0.5mMNa3VO4 and a cocktail of protease inhibitors). The yeast

wall rupture wasmechanically achieved by 4 cycles of vortexing of 30 s with 30 s in ice between each. After a centrifugation of 10 min

at 10 000 g at 4�C, protein concentration in the supernatant was measured by Bradford assay (Bio-Rad) before WB analysis.

Immunofluorescence staining and confocal microscopy
Cells were fixed either for 10 min at �20�C with 37.5% methanol and 50% acetone before rehydratation for 3 min in PBS or, when

indicated, for 15 min at RT with 4% paraformaldehyde (PFA) and further permeabilized for 5 min with 0.1% Triton X-100 in PBS. After

saturation with 1% BSA in PBS, cells were incubated with the indicated primary antibodies for 1h at RT, washed and incubated for
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45min with Alexa fluor conjugated secondary antibodies. Cells were then incubated for 5min with 0.1 mg/mLDAPI in PBS (to stain the

nuclei) before washing and mounting with Immu-mount (Thermo Fisher Scientific). Images were sequentially acquired using a laser

scanning SP8 confocal microscope (Leica) with a 63x oil immersion objective (HC Plan Apo, NA: 1.4, Leica). We used 405, 488 and

561 nmwavelengths to excite DAPI, GFP andmCherry respectively and their fluorescence was collected through the following band-

pass 415-455, 500-540 and 575-625 nm.

Quantification of TBK1 condensates
The number of TBK1 (or GFP-mTBK1) condensates was determined using ImageJ software. Analyzedmicrographs corresponded to

median sections of infected cells. First of all, cells outlines were drawn and nuclei cropped to conserve only the cytoplasm. Then,

images were converted into 8-bit before applying a threshold allowing the isolation of each TBK1 condensate. A similar threshold

was used for the isolation of NBs. The value of thresholds was the same between all images to allow comparisons. Finally, the

« analyze particles » plug-in was used to count the total number of TBK1 condensates (and NBs) per infected cell. We correlated

these results to determine the proportion of TBK1 condensates that colocalized with NBs. We also determined the proportion of

TBK1 condensates harboring a ring-like structure. For each condition, at least 50 random infected cells were analyzed per indepen-

dent experiment (at least 3 independent experiments)

Live cell microscopy
For live cell imaging, N2A cells were seeded on 35 mmGlass Bottom m-Dish (Ibidi). After 24h of growth, cells were infected, or mock-

infected, with SAD or SAD-S179P recombinant virus in DMEM FluoroBrite medium (Gibco-Life Technologies) supplemented

with 2.5% FCS and antibiotics. When indicated, after 1 h of adsorption at RT, cells were transfected using Lipofectamine 2000

with plasmids encoding the proteins of interest fused to either GFP or mCherry. When cells were only transfected (i.e. non-infected),

the medium was supplemented with 10% FCS and antibiotics. Cells were then incubated at 37�C and 5% CO2 and maintained in

these conditions during imaging.

Formitochondria labeling, N2A cells were infectedwith RABV SAD (MOI = 3) and transfectedwith pGFP-mTBK1 after virus adsorp-

tion. after 15 h of infection, cells were incubated with 50 nMMitoTracker Red CMXRos for 30min at 37�C in presence of 5%CO2, and

then the medium was changed. One hour after addition the dye, live cells were analyzed by epifluorescence microscopy.

The lipophilic probe FM4-64FX was used to label the cellular membranes. N2A cells were infected with RABV SAD (MOI = 3) and

transfected with pGFP-mTBK1 immediately after virus adsorption. After 12 h of infection, cells were incubated with 5 mg/mL of FM4-

64FX for 4 h at 37�C in presence of 5%CO2. Live cells were then analyzed by epifluorescencemicroscopy.For live cell imaging, HAP1

cells were seeded on 35mmGlass Bottom m-Dish (Ibidi). After 24 h of growth, the culturemediumwas replaced byDMEMFluorobrite

medium supplemented with 2.5% FCS (without antibiotics) and cells were transfected using Lipofectamine 3000 (Invitrogen) with

plasmids encoding the proteins of interest fused to either GFP or mCherry. Cells were then incubated at 37�C and 5%CO2 andmain-

tained in these conditions during imaging.

Data acquisition was performed either on an AxioObserver epifluorescence microscope (Zeiss), or a spinning disk microscope

(Gataca systems). Widefield observations were performed with a 63x oil immersion objective (Plan. Apochromat, NA: 1.4, Zeiss)

and dedicated filter cubes for GFP (ex: 475/40, em: 530/50) andmCherry (ex: 545/25, em: 605/70). Images obtainedwith the epifluor-

escence microscope that are shown in the figure have been deconvolved using the Huygens Imaging software (Scientific Volume

Imaging).

The spinning diskmicroscope was composed of a CSU-X1 confocal scanner unit (Yokogawa), an Eclipse Ti E invertedmicroscope

body (Nikon), and a 100x objective (Apochromat TIRF oil-immersion, NA: 1.49). Blue (488 nm,Vortran, 150 mW) and Yellow

(561 nm,Coherent, 100 mW) lasers were used for excitation of GFP and mCherry, respectively. A quad-band dichroic mirror (405/

491/561/641 nm, Chroma) was used and bandpass filters of 525/45 nm and 607/36nm (Semrock) allowed the sequential detection

of GFP and mCherry, respectively. Images were recorded with a Prime 95B sCMOS camera (Photometrics). The whole system was

driven by MetaMorph software version 7.7 (Molecular Devices).

Image processing and analysis
Before quantification, images were deconvolved using Huygens software (Scientific Volume Imaging). We used Imaris v9.3 (Bitplane)

to generate 3D rendering of TBK1 and NAP1 condensates and to quantify their volume and sphericity. The impact of the spherical

aberration artifacts is limited by applying on the data a correction factor of 0.85 along the z axis (according to the focal shift correction

factor obtained89). For tracking experiments, maximal intensity projections of 3mm z-stacks were analyzed with FIJI85 using the

TrackMate plugin90 with the following parameters (Detector: Laplacian of Gaussian; Tracker: Linear Assignment Problem). Particle

speed is directly extracted from TrackMate measurements, while trajectory straightness is calculated by dividing the particle

displacement by the trajectory length.

FRAP experiments
FRAP experiments were performed on N2A cells transfected either with pGFP-mTBK1 and pmCherry-mNAP1, or infected with RABV

SAD (MOI = 3) and, immediately after virus adsorption, transfected with pGFP-mTBK1 and pP-mCherry. Data acquisition was per-

formed on an inverted Nikon Ti Eclipse E microscope coupled with a Spinning Disk (Yokogawa CSU-X1) and a 100x objective
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(Apochromat TIRF oil-immersion, NA: 1.49). Blue (488 nm, Vortran, 150 mW) and Yellow (561 nm, Coherent, 100 mW) lasers were

used for excitation of GFP and mCherry, respectively. A quad-band dichroic mirror (405/491/561/641 nm, Chroma) and band-

pass filters of 525/45 nm and 607/36 nm (Semrock) were used to ensure spectral separation. Images were recorded with a Prime

95B sCMOS camera (Photometrics). FRAP experiments were performed using iLas 2module (GATACA Systems) and the whole sys-

temwas driven byMetaMorph software version 7.7 (Molecular Devices). FRAP experiments on ring-like structures were performed at

the frame rate of 1 image every second using the following sequence: 3 s of pre-bleach, 10-15ms or 40-60ms to bleachGFP-mTBK1

or mCherry-NAP1 respectively, 90 s post-bleach. Bleaching was performed in a circular region of 1.4 mm diameter. FRAP experi-

ments for NBs were performed with the following sequence: 6 s pre-bleach, 40 ms to bleach GFP-mTBK1, 120 s post-bleach at a

frame rate of 1 image every 500 ms for the first 10 s then every 2 s for 110 s. Bleaching was performed in a circular region (diameters

of 2.8 and 1.4 mm for whole NB or subvolumes, respectively).

For the FRAP data analysis we used a home-mademacro on FIJI85 performing the following steps. On every slide, the background

was estimated and removed by measuring a region outside the cells. To correct acquisition bleaching, the mean fluorescence

measured in the bleached region was normalized by the mean value of a region in a neighboring cell. Then a second normalization

was applied by dividing the results by the mean value of the pre-bleach sequence to allow the comparison of the recovery curves.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis were performed using Prism (GraphPad software). Data comparison was performed using Student t-test

or Kolmogorov-Smirnov test. Statistical details of experiments are indicated in the figure legends. Results are indicated as

mean ± SD. For small numbers of independent experiments, all data points were presented.
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Figure S1. Characterization of RABV SAD and SAD-S179P, Related to Figure 1 

(A) Growth curves of SAD and SAD-S179P in BSR, N2A and U-373MG cells at MOI 0.05 

and 3. Viral titers were determined in BSR cells. The means of the log10 of the viral titer are 

indicated as well as the data points corresponding to replicates of 3 independent experiments. 

Significant differences are indicated (* P < 0.05) after application of a Student t-test. 

(B) U-373MG and N2A cells were infected with SAD or SAD-S179P viruses (MOI=3). 

Relative levels of IFN-β mRNA to GAPDH mRNAs were quantified by RT-qPCR. The bars 

represent the mean ± standard deviation and data points represent replicates of 3 independent 

experiments. A magnification of the N2A cells results is shown. Error bars indicate standard 

deviations. 

(C) U-373MG were infected with RABV SAD or RABV SAD-S179P (MOI=3). At 18h p.i, 

cells were fixed by 4% PFA before analysis by IF after co-staining with the mouse anti-N and 

rabbit anti-IRF3 antibodies followed by incubation with Alexa-568 goat anti-mouse IgG and 



Alexa-488 goat anti-rabbit IgG. DAPI (blue) was used to stain the nuclei (merge). Scale bar: 

10 µm.  



Figure S2. Characterization of RABV P interactome, Related to Figure 2 

(A) P constructions used to characterize the interactome of PSAD, PCVS, and their mutants. P 

constructions have a FLAG tag linked to the C-terminus of P proteins. 

(B-C) HEK293T cells were co-transfected for 24 h with plasmids pEF6ΔRIG-I and pPSAD, or 

pPSAD-S179P (B), or pPCVS, or pPCVS-P179S (C). After cell lysis, 10 µg of total proteins were 

loaded on gel and stained with Coomassie blue (Left Panels). Cell lysates were incubated with 



bead-associated anti-FLAG antibodies before immunoprecipitation. After washing the beads, 

one tenth of the sample was loaded on a SDS-PAGE and stained with Coomassie blue (Middle 

panels). Another tenth of the sample was analyzed by WB with anti-P and anti-LC8 antibodies, 

as well as anti-STAT1 in the case of PCVS (Right panels). In the middle panels, the heavy chain 

(HC) and light chain (LC) of anti-FLAG antibodies are indicated. The asterisk on the right panel 

of  (B) indicates the LC8 protein. The lower molecular weight P bands correspond to isoforms, 

of which the translation is initiated at AUGs downstream the first AUG by a leaky scanning 

process1. 

(D) Heatmap comparison of the abundance of proteins associated with PCVS (non-inhibitory 

form) versus mutant PCVS-P179S (inhibitory form) and control (CTRL), made with Qlucore AB 

version 3.7. Proteins (>2 unique peptides) were filtered based on a multigroup comparison with 

p-value<0.005. Abundance data were log2 transformed and standardized with a mean of 0 and 

variance of 1. A hierarchical clustering was applied on columns and rows were ordered 

according to PCA component 1 from group comparison. Proteins, of which the name is written 

in orange, correspond to previously identified P partners. The heatmap is an active plot focused 

on proteins of higher abundance in PSAD conditions versus the control. 

(E) Co-immunoprecipitation of TBK1 with P from infected cells. N2A cells were infected with 

either RABV SAD virus or RABV SAD-S179P (MOI=3) for 16 h and lysed. Lysates were 

subjected to immunoprecipitation with the anti-P monoclonal antibody 31G10. Cell lysates 

(WCL) and immunoprecipitated proteins (IP) were analyzed by WB using monoclonal anti-P 

and anti-TBK1 antibodies (R.S.I.: relative signal intensity). 

(F) N2A cells were either not infected (NI) or infected with RABV SAD or SAD-S179P 

(MOI=3). At indicated time p.i. cells were lysed and extracts analyzed by WB using anti-TBK1, 

anti-P, and anti-tubulin antibodies.  



Figure S3. Characterization of the behavior of TBK1 and GFP-TBK1, Related to Figure 

2 

(A-D) PFA fixation disrupts TBK1 condensates and TBK1 association with NBs 

(A-B) N2A cells were infected with RABV SAD (MOI=3). At 8 or 16 h p.i, cells were fixed 

by methanol/acetone (A) or 4% PFA (B) before analysis by confocal microscopy after co-

staining with the mouse anti-N and rabbit anti-TBK1 antibodies followed by incubation with 

Alexa-568 goat anti-mouse IgG and Alexa-488 goat anti-rabbit IgG. DAPI (blue) was used to 



stain the nuclei (merge). Scale bar: 10 µm.  In (A), the fluorescence corresponding to TBK1 

(green) and N (red) along the line traced over an NB was quantified by using Image J software 

and presented on the right of the panel in the magenta box. 

(C-D) N2A cells were infected with RABV SAD (MOI=3) and transfected with pGFP-mTBK1 

immediately after virus adsorption. At 16 h p.i, cells were fixed by methanol/acetone (C) or 4% 

PFA (D) before analysis by confocal microscopy after co-staining with the mouse anti-N and 

rabbit anti-TBK1 antibodies followed by incubation with Alexa-568 goat anti-mouse IgG and 

Alexa-647 goat anti-rabbit IgG. DAPI (blue) was used to stain the nuclei (Merge). Scale bar: 

10 µm. In (C), square boxes are magnified at the bottom of the panel. Scale bar: 5 µm.   

(E) Gallery of SAD-induced TBK1 ring-like structures. N2A cells were infected with RABV 

SAD (MOI=3). At 8 or 16 h p.i, cells were fixed and processed as in (A). Images were magnified 

to show the grainy aspect of the ring-like structures. Scale bar: 5 µm.  

(F) HEK293T cells were co-transfected with pIFNβ-luc and plasmids encoding GFP, GFP-

hTBK1, or hTBK1. Twenty-four hours after transfection, the cells were lysed. The firefly 

luciferase activity of each lysate was measured and normalized to the expression of Renilla 

luciferase. The bars represent the mean fold induction of firefly luciferase compared to non-

stimulated cells (transfected with GFP). The lysates were analyzed by WB using anti-GFP, anti-

TBK1 and anti-Tubulin antibodies. Data points represent three independent experiments. Error 

bars indicate standard deviations. 

(G) N2A cells were infected with CVS (MOI=3). At 16 h p.i, cells were fixed by 

methanol/acetone before analysis by confocal microscopy after co-staining with the mouse anti-

N and rabbit anti-TBK1 antibodies followed by incubation with Alexa-568 goat anti-mouse IgG 

and Alexa-488 goat anti-rabbit IgG. DAPI (blue) was used to stain the nuclei (merge). Scale 

bar: 10 µm.  



Figure S4. Characterization of TBK1 phosphorylation and its functions, Related to Figure 3 

(A) Phosphorylated TBK1 localizes to mitotic spindles. N2A cells were fixed by 

methanol/acetone before analysis by confocal microscopy after staining with the rabbit anti-

pTBK1(S172) antibodies followed by incubation with Alexa-488 goat anti-rabbit IgG. DAPI 

(blue) was used to stain the nuclei (merge). Scale bar: 10µm. 

(B) U-373MG cells were either mock-infected (Mock) or infected with RABV SAD or RABV 

SAD-S179P (MOI = 3). At 8 or 16 h p.i, cells were fixed by methanol/acetone before analysis 

by confocal microscopy after co-staining with the mouse anti-N and rabbit anti-pTBK1(S172) 



antibodies followed by incubation with Alexa-568 goat anti-mouse IgG and Alexa-488 goat 

anti-rabbit IgG. DAPI (blue) was used to stain the nuclei (merge). Square box in the merge is 

magnified on the right of the panel. Arrows indicate TBK1 condensates. 

(C) Percentage of infected cells containing TBK1 condensates (left panel) and distribution of 

the number of condensates per cell (right panel) in cells infected for 8 or 16h by SAD (n=252 

and n=370 infected cells respectively from 3 independent experiments) or SAD-S179P (n=259 

and n=440 infected cells respectively from 3 independent experiments). p-value were calculated 

using a Student t-test (for percentage analysis) or a Kolmogorov-Smirnov test (for distribution 

analysis). All significant differences are indicated. (* P < 0.05; **** P < 0.0001). 

(D) The yeast L40 strain was transformed with either pGAD-hTBK1, pGAD-hTBK1-S172A, 

or pGAD-hTBK1-Y179A. After lysis, 15 µg of total proteins were loaded on SDS-PAGE for 

analysis by WB with anti-TBK1 and anti-pTBK1(S172) antibodies (upper panel). The expected 

molecular weight of hTBK1 (and its mutant forms) fused to AD is 99.3 kDa. The asterisk 

indicates putative products of degradation. The membrane blot was stained with Ponceau S 

solution to confirm transfer uniformity (bottom panel). 

(E) Association of TBK1 with inclusion bodies formed by co-expression of NCVS and PCVS in 

the cellular minimal system. BSR-T7/5 cells were co-transfected for 24 h with plasmids pTit-

PCVS or pTit-PCVS-P179S, pTit-NCVS, and pTit-FLAG-TBK1-WT or pTit-FLAG-TBK1-S172A. 

Cells were fixed and analyzed by confocal microscopy after co-staining with the rabbit anti-P 

and mouse anti-FLAG antibodies followed by incubation with Alexa-568 goat anti-rabbit IgG 

and Alexa-488 goat anti-mouse IgG. DAPI (blue) was used to stain the nuclei (merge). Scale 

bar: 10 µm.  



Figure S5. RABV infection does not affect OPTN and TRIF localization, Related to Figure 5 

(A-B) N2A cells were either mock-infected (Mock), or infected with RABV SAD (MOI=3), or 

infected with RABV SAD-S179P (MOI=3). At 8 or 16 h p.i., cells were fixed by 

methanol/acetone before analysis by confocal microscopy after co-staining with the mouse anti-

N and either rabbit anti-OPTN (A) or rabbit anti-TRIF (B) antibodies followed by incubation 

with Alexa-568 goat anti-mouse IgG and Alexa-488 goat anti-rabbit IgG. DAPI (blue) was used 

to stain the nuclei (Merge). Scale bar: 10µm.  



Figure S6. Characterization of mCherry-mNAP1 condensates and of the liquid properties 

of GFP-mTBK1 in NBs, Related to Figure 7 

(A-B) Boxplot representing the volume distribution of the mCherry-NAP1 condensates (A) and 

dot plot representing the relation between the volume and the sphericity of mCherry-NAP1 

condensates (B) in N2A cells infected with RABV SAD (MOI=3) and co-transfected with 

pGFP-mTBK1 and pmCherry-mNAP1 (observation 12 h. p.i. ; 55 cells, 1495 particles). 

(C) FRAP on GFP-mTBK1 located inside NB. A defined NB subvolume was photobleached. 

N2A cells were infected with RABV SAD (MOI=3) and, immediately after virus adsorption, 

transfected with pGFP-mTBK1 and pP-mCherry. FRAP experiment was performed 12h p.i. 

The diameter of the photobleached region was 1.4 µm. Scale bar: 10 µm.  



Figure S7. Formation of NAP1 and TBK1 condensates in HAP1 cell line in response to 

various danger signals, Related to Figure 7 and the Discussion 

(A) RABV SAD induces TBK1 condensates formation in HAP1 cells. HAP1 cells were either 

mock-infected (Mock) or infected with RABV SAD (MOI=3). At 16 h p.i, cells were fixed by 

methanol/acetone before analysis by confocal microscopy after co-staining with the mouse anti-



N and rabbit anti-TBK1 antibodies followed by incubation with Alexa-568 goat anti-mouse IgG 

and Alexa-488 goat anti-rabbit IgG. DAPI (blue) was used to stain the nuclei (Merge). Scale 

bar: 10µm. Arrows indicate TBK1 condensates. 

(B) RABV SAD induces NAP1 condensates in HAP1 cells. HAP1 cells were either mock-

infected (Mock) or infected with RABV SAD (MOI=3). At 16 h p.i, cells were fixed by 

methanol/acetone before analysis by confocal microscopy after co-staining with the mouse anti-

N and rabbit anti-NAP1 antibodies followed by incubation with Alexa-568 goat anti-mouse IgG 

and Alexa-488 goat anti-rabbit IgG. DAPI (blue) was used to stain the nuclei (Merge). Scale 

bar: 10 µm. Arrows indicate NAP1 condensates. 

(C) Control of absence of protein expression in HAP1KO cells compared to control parental 

HAP1 cell line (CTRL). Cells were lysed and extracts analyzed by WB using anti-Tubulin and 

either anti-NAP1, or anti-TBK1, or anti-MAVS antibodies. 

(D) HAP1 cells were co-transfected with either pGFP-hTBK1-WT or pGFP-hTBK1-S172A or 

pGFP-hTBK1-Y179A, and an empty vector (left panels) or pmCherry-hNAP1 (right panels). 

At 18 h post-transfection, live cells were analyzed by confocal spinning disk microscopy. Scale 

bar: 10 µm. 

(E) Formation of TBK1 condensates upon N2A cell exposure to danger signal. N2A cells were 

either mock-treated (Mock), i.e. incubated with the medium without dsRNA or lipofectamine, 

incubated with the medium containing 4 µg/ml 5’ppp-dsRNA (dsRNA), incubated with the 

medium containing lipofectamine 2000 alone (Lipo), or transfected with 5’ppp-dsRNA using 

lipofectamine 2000 diluted in the medium (Lipo + dsRNA). At 6 h post-treatment, cells were 

fixed by methanol/acetone before analysis by confocal microscopy after staining with the rabbit 

anti-pTBK1 (S172) antibody followed by incubation with Alexa-488 goat anti-rabbit IgG. 

DAPI (blue) was used to stain the nuclei (Merge). Scale bar: 10 µm. 

(F) MAVS deficiency impedes SAD-induced TBK1 condensate formation. Control parental 

HAP1 and MAVSKO HAP1 cells were either mock-infected (Mock) or infected with RABV 

SAD (MOI=3). At 16 h p.i, cells were fixed by methanol/acetone before analysis by confocal 

microscopy after co-staining with the mouse anti-N and rabbit anti-pTBK1(S172) antibodies 

followed by incubation with Alexa-568 goat anti-mouse IgG and Alexa-488 goat anti-rabbit 

IgG. DAPI (blue) was used to stain the nuclei (Merge). Arrows indicate TBK1 condensates. 

Scale bar: 10 µm. 

(G) Identification of putatively intrinsically disordered regions of murine TBK1, NAP1, 

SINTBAD and TANK using IUPred website (https://iupred2a.elte.hu)2. 



 

Plasmid name Gene N-ter Tag C-Ter Tag Mutation Origin 

Cell expression 

pcDNA3.1 hygro(-) backbone 

pPSAD 
P (SAD L16 

strain) 
- - - This paper 

pPSAD-S179P 
P (SAD L16 

strain) 
- - S179P This paper 

pPSAD-FLAG 
P (SAD L16 

strain) 
- 

(His)6, Flag, 
Tag HA 

- This paper 

pPSAD-S179P-
FLAG 

P (SAD L16 
strain) 

- 
(His)6, Flag, 

Tag HA 
S179P This paper 

pPSAD-mCherry 
P (SAD L16 

strain) 
- mCherry  This paper 

pPSAD-S179P-
mCherry 

P (SAD L16 
strain) 

- mCherry S179P This paper 

pPCVS 
P (CVS N2C 

strain) 
- - - 

Fouquet et 
al. (2015)3 

pPCVS-P179S 
P (CVS N2C 

strain) 
- - P179S This paper 

pPCVS-FLAG  
P (CVS N2C 

strain) 
- 

(His)6, Flag, 
Tag HA 

- This paper 

pPCVS-P179S-
FLAG 

P (CVS N2C 
strain) 

- 
(His)6, Flag, 

Tag HA 
P179S This paper 

pGFP-mTBK1  
Murine 
TBK1 

GFP - - This paper 

pGFP-hTBK1  
Human 
TBK1 

GFP - - This paper 

pGFP-mTBK1-
S172A 

Murine 
TBK1 

GFP - S172A This paper 

pGFP-hTBK1-
S172A 

Human 
TBK1 

GFP - S172A This paper 

pGFP-mTBK1-
Y179A 

Murine 
TBK1 

GFP - Y179A This paper 

pGFP-hTBK1-
Y179A 

Murine 
TBK1 

GFP - Y179A This paper 

phTBK1 
Human 
TBK1 

- - - This paper 

pmCherry-
mNAP1 

Murine 
NAP1 

mCherry - - This paper 

pmCherry-
hNAP1 

Human 
NAP1 

mCherry - - This paper 

pGFP-mNAP1 
Murine 
NAP1 

GFP - - This paper 

pmCherry-
mSINTBAD 

Murine 
SINTBAD 

mCherry - - This paper 

pGFP-
mSINTBAD 

Murine 
SINTBAD 

GFP - - This paper 



 

pTit backbone 

pTit-PSAD 
P (SAD L16 

strain) 
- - - 

Finke et al. 
(1999)4 

pTit-PSAD-
S179P 

P (SAD L16 
strain) 

- - S179P This paper 

pTit-PCVS 
P (CVS N2C 

strain) 
- - - 

Nikolic et al. 
(2017)5 

pTit-PCVS-
P179S 

P (CVS N2C 
strain) 

- - P179S This paper 

pTit-FLAG-
mTBK1 

Murine 
TBK1 

Flag - - This paper 

FLAG-
mTBK1-S172A 

Murine 
TBK1 

Flag - S172A This paper 

Other backbones 

pEF6-ΔRIG-I Human Rig-I   
Deletion 
285-925  

This paper 

pEF6-
FLAGΔRIG-I 

Human Rig-I   
Deletion 
285-925  

Yoneyama 
et al. (2004)6 

pIRF3-5D Human IRF3   

S396D, 
S398D, 
S402D, 
T404D, 
S405D 

Chang et al. 
(2006)7 

pRL-TK 
Renilla 

luciferase 
   

Cat#E2241; 
Promega 

pIFN-Luc 
Firefly 

luciferase 
   

Yoneyama 
et al. (1996)8 

Two-hybrid system 

pLex-PSAD 
P (SAD L16 

strain) 
  - This paper 

pLex-PSAD-
S179P 

P (SAD L16 
strain) 

  S179P This paper 

pLex-PCVS 
P (CVS 
strain) 

  - 
Raux et al. 

et al. (2000)9 
pLex-PCVS-

S179P 
P (CVS 
strain) 

  S179P This paper 

pGAD-NCVS 
N (CVS 
strain) 

  - 
Raux et al. 

(2000)9 

pGAD-hTBK1 
Human 
TBK1 

  - This paper 

pGAD-hTBK1-
S172A 

Human 
TBK1 

  S172A This paper 

pGAD-hTBK1-
Y179A 

Human 
TBK1 

  Y179A This paper 

 

Table S1. Plasmids used in this study, Related to STAR Methods 
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