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SUMMARY
The increasingly frequent outbreaks of pathogenic viruses have underlined the urgent need to improve our
arsenal of antivirals that can be deployed for future pandemics. Innate immunity is a powerful first line of de-
fense against pathogens, and compounds that boost the innate response have high potential to act as broad-
spectrum antivirals. Here, we harnessed localization-dependent protein-complementation assays (called
Alpha Centauri) to measure the nuclear translocation of interferon regulatory factors (IRFs), thus providing
a readout of innate immune activation following viral infection that is applicable to high-throughput screening
of immunomodulatory molecules. As proof of concept, we screened a library of kinase inhibitors on severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and identified Gilteritinib as a powerful
enhancer of innate responses to viral infection. This immunostimulatory activity of Gilteritinib was found to
be dependent on the AXL-IRF7 axis and results in a broad and potent antiviral activity against unrelated
RNA viruses.
INTRODUCTION

Newantiviral treatments are required to address the growing and

unpredictable emergence of viruses. Our current arsenal of anti-

viral therapeutic treatments includes nucleoside analogs (e.g.,

ribavirin, acyclovir, Favipiravir, Remdesivir), which can be effec-

tive across viral families, or molecules that target viral enzymes,

which tend to be very specific and favor viral evasion. However,

the repositioning of already existing antivirals to target poorly

characterized viruses when they emerge in a population, such

as West Nile virus in 2002, Zika virus in 2015, and severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019, has

not scored a high success so far. In the case of SARS-CoV-2,

attempts to reposition potent anti-microbials (e.g., Remdesivir,

hydroxychloroquine) to treat hospitalized patients with severe

coronavirus disease 2019 (COVID-19) have failed (Cao et al.,

2020; WHO Solidarity Trial Consortium et al., 2021). There is

therefore a pressing need to reconsider our discovery pipelines

to identify novel antiviral agents.

In particular, compounds that block viral growth by targeting

cellular proteins and pathways instead of the virus itself, so-

called host-directed antivirals, are of growing interest because
Cell Chemical Biology 29, 1113–1125, J
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they are less prone to viral evasion and more likely to display

broad-spectrum activity (Chitalia and Munawar, 2020). Among

these, one strategy is to boost innate defenses by the use of im-

munostimulatory molecules (Es-Saad et al., 2012; Prussia et al.,

2011). Innate immunity is the first and a major line of defense

against viral infections (Baum and Garcia-Sastre, 2010; Mac-

Micking, 2012) and a key player in the induction of adaptive

immunity. The detection of pathogens relies on a panel of

pattern-recognition receptors (PRRs), such as Toll-like receptors

(TLRs) or RIG-like receptors (RLRs). These mobilize kinases and

ubiquitin-dependent signaling cascades to phosphorylate inter-

feron regulatory factors (IRFs) which, once activated, translocate

into the nucleus, where they induce the expression of type I inter-

ferons (IFNs; mainly IFN-a and -b). Among the 9 known IRFs, four

(IRF1, IRF3, IRF5, and IRF7) are involved in the induction of type I

IFN. Moreover, since both IRF1 and IRF5 were shown to be

dispensable for type I IFN gene induction by viruses (Matsuyama

et al., 1993; Takaoka et al., 2005), only IRF3 and IRF7 are consid-

ered the main inducers of type I IFN (Honda et al., 2005; Sato

et al., 2000). IRF3 is constitutively expressed, whereas IRF7 is

present at low levels in most cells but is potently induced by

type I IFNs or virus infection.
uly 21, 2022 ª 2022 The Author(s). Published by Elsevier Ltd. 1113
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Once induced, type I IFNs relay the signal to neighboring cells

through binding to their IFN-a/b receptor (IFNAR) at the surface

of both infected and bystander cells (Stetson and Medzhitov,

2006; van Boxel-Dezaire et al., 2006). This activates the JAK/

STAT signaling cascade and leads to the induction of hundreds

of genes, known as IFN-stimulated genes (ISGs), whose prod-

ucts are involved in various antiviral mechanisms.

The concept of enhancing the IFN response to promote

a potent antiviral state is not new. The administration of

recombinant IFN-a/b by intramuscular injection or inhalation is a

commonly prescribed immunomodulatory therapy for many viral

infections, cancer, and immune disorders (Friedman and Con-

tente, 2009). However, these treatments are associated with

modest efficacy and poor tolerability because of their undesirable

systemic effects. The treatment of patients with COVID-19 with

IFN-a carries little benefit unless it is applied very early on, and se-

vereCOVID-19 cases are characterized by low IFNproduction but

high levels of pro-inflammatory cytokines (Hadjadj et al., 2020).

Moreover, although the exogenous use of IFN-l was initially

very promising since its effects are limited to the lung (Galani

et al., 2017; Prokunina-Olsson et al., 2020), subsequent studies

raised concerns as it was shown to induce damage to the lung

epithelial barrier in mice (Broggi et al., 2020). Similarly, although

synthetic agonists, such as imiquimod and related imidazoquino-

lines, have proven successful against some viral infections (Zhang

et al., 2014), they turn on the production of IFN and cytokines in all

cells and essentially recapitulate the exogenous use of IFNs.

We hypothesized that compounds that potentiate innate im-

mune signaling specifically in cells activated by a pathogen might

constitute a more potent and specific approach to enhancing the

IFN response therapeutically. Although viruses have evolved

mechanisms to evade innate immunity (Bowie and Unterholzner,

2008; Chan and Gack, 2016; Garcia-Sastre, 2017; Rojas et al.,

2021), immunostimulatory molecules would give the cells an

advantage over the virus by promoting an early or more efficient

response. Since all signaling from PRRs converge on the translo-

cation of IRF transcription factors, we devised assays to quantify

innate immune signaling pathways based on the nuclear translo-

cation of IRFs in a format that is compatible for high-throughput

screening.

Using protein complementation, we report the development of

specific and highly quantitative assays to measure the nuclear

translocation of IRFs following viral infection. Unexpectedly,

we report that different RNA viruses do not activate the same

IRFs. Using IRF7 to perform a proof-of-concept screens of com-

pounds that enhance innate sensing of SARS-CoV-2, we identify

Gilteritinib as an enhancer of the innate immune response to viral

infection active against SARS-CoV-2 and other RNA viruses.

RESULTS

Activation of innate immune signaling can be monitored
with the Alpha Centauri assay
Nuclear translocation of key transcription factors is essential to

innate immune signaling. We hypothesized that by sequestering

a reporter fragment in the nucleus, we could apply protein

complementation to measure the nuclear translocation of IRFs

following innate sensing, thus providing an easy readout of path-

ogen sensing applicable to high-throughput screening (Figure 1A).
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In this assay, termed Alpha Centauri (or AlphaCen), a small frag-

ment of the NanoLuc reporter named Alpha (a; 13 amino acids)

is used to tag a protein of interest, while the complementary frag-

ment named Cen is tethered to a subcellular compartment. To

test the feasibility of this approach, we tagged IRF3 with the small

a fragment, while the complementary large fragment (19 kDa) was

fused to the triple nuclear localization signal (nls) of SV40 for teth-

ering in the nucleus (Cen-nls) (Figure 1A). FLAG and hemaggluti-

nin (HA) tags were introduced in all a and Cen constructs, respec-

tively, to monitor their expression and localization. Insertion of the

a tag within the IRF3 coding sequence did not disrupt its expres-

sion (Figure S1A) nor its ability to translocate into the nucleus

upon stimulation with defective-interfering Sendai virus (SeV;

Strahle et al., 2006) (Figure 1B). In unstimulated cells, IRF3-a

was mainly cytoplasmic, whereas Cen-nls was sequestered in

the nucleus, as expected. Stimulation with SeV for 6 h led to the

translocation of IRF3-a to the nucleus, where it co-localized

partially with Cen (Figure 1B). We performed bioluminescent im-

aging in SeV-stimulated cells to visualize the localization of the re-

constituted NanoLuc reporter. This confirmed a gain of signal that

was predominantly nuclear (Figure 1C), and between 2- and

8-fold above unstimulated control cells, in the three cell lines

tested (HEK293T, A549, and HeLa) (Figure 1D).

The IRF3-a/CBPAlphaCen assay allows the screening of
immunomodulatory molecules
Having confirmed that measuring innate immune signaling by

protein-complementation assay with a-tagged IRF3 and nu-

cleus-tethered Cen is feasible, we explored ways to establish a

reproducible assay for drug screening. First, although defec-

tive-interfering SeV is a strong inducer of IFN, its use as an

agonist is not optimal for high-throughput screening. Besides

the time-cost limitations linked to its production, and the

biosafety considerations, there can be considerable variability

from one viral stock to the next, particularly in the amount of

defective-interfering genomes that trigger sensing (Strahle

et al., 2006). Therefore, we replaced SeV with transfection of a

2CARD construct, a constitutively active module of RIG-I. Sec-

ond, it became apparent from our imaging studies that reconsti-

tuted AlphaCen NanoLuc reporter in stimulated cells developed

as discrete puncta in the nucleus, reminiscent of cognate pro-

moter hotspots, and therefore that only a minor proportion of nu-

clear IRF3-awas in proximity to Cen-nls (Figures 1B and 1C). We

therefore fused Cen to the transcriptional coactivator CREB-

binding protein (CBP) (Figure 2A) and compared signal inten-

sities after immune activation of IRF3-a at 48 h post-transfection

(48 hpt), which is the protocol that was used for Cen-nls. Fusing

Cen to CBP led to a 5- to 10-fold increase in NanoLuc comple-

mentation compared with the nls construct (Figure 2B), despite

reasonably similar expression levels (Figure S1B).

To provide a proof-of-concept screen of our assay, we

compared the kinetics of optimal 2CARD expression (24 hpt; Fig-

ure 2C) and AlphaCen NanoLuc signal (40 hpt), which allowed us

to pinpoint the time of drug addition at 14 hpt (Figure 2D). To

confirm that NanoLuc signal resulted from the activation of

IRF3, first, we tested the IKKε/TBK1 inhibitor MRT67307 and

confirmed a strong dose-dependent reduction in signal (Fig-

ure 2E). Next, we tested a panel of 21 additional kinase inhibitors,

which we compared with 7 antiviral molecules as control



Figure 1. Measuring activation of IRF3 by IRF-a/nls AlphaCen assay

(A) Schematic representation of the nls-AlphaCen assay, whichmeasures the nuclear translocation of an IRF transcription factor by protein complementation. The

NanoLuc reporter is split in two fragments of unequal size, a and Cen, which are fused to an IRF transcription factor and to a nuclear localization signal (nls),

respectively. When cells expressing IRF-a and Cen-nls sense a viral infection, activated IRFs are carried into the nucleus, where they encounter Cen-nls. The

reporter fragments a and Cen assemble into functional NanoLuc (Nluc), which generates a bioluminescent signal.

(B) The localization of IRF3-a was assessed by confocal imaging in Hela cells, using anti-FLAG and -HA antibodies to detect IRF3-a and Cen-nls, respectively.

Scale bar: 20 mm.

(C) Nluc reconstitution in HEK293T cells was assessed by bioluminescent imaging. Images are representative of 4 independent experiments. Scale bar: 20 mm.

(D) IRF3-⍺- and Cen-expressing cells were stimulated with SeV. Nluc signal was measured after 6 h. Results show individual normalized values from 6 inde-

pendent experiments and mean with range. ***p < 0.001 and ****p < 0.0001, as determined by Student’s t test.
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(Figure 2F). A cutoff at 50% viability was used to exclude toxic

conditions (Figure S1C). As expected, the two IKKε/TBK1 inhib-

itors MRT67307 and BX-795 profoundly inhibited the IRF3-a/

CBP AlphaCen signal (Figure 2G), thus confirming the specificity

of the readout.

Staurosporine, a non-selective kinase inhibitor, Rapamycin,

an mTOR kinase inhibitor, and Gilteritinib, a FLT3/AXL inhibitor,

also strongly decreased the IRF3-a/CBP AlphaCen signal. Unex-

pected hits were also obtained at high micromolar concentra-

tions: Remdesivir, an antiviral nucleotide analogue, AG490, a

KAK2/STAT3 pathway inhibitor, Nintedanib, a growth factor re-

ceptor kinase inhibitor, and two IKK inhibitors, BAY 11–7085

and PS-1145 (Figure 2F).

We concluded that the IRF3-a/CBP AlphaCen assay provides

a strong and reproducible readout of innate immune pathway

activation within 24 h and is adapted for compound screening

in multi-well formats. The signal amplitude is high (around 1 to

2 orders of magnitude) without reaching saturation, thus

conceptually allowing the detection of molecules that either

inhibit or enhance immune signaling.

Differential activation of IRFs by SARS-CoV-2, influenza
A virus, and West Nile virus
Defective-interfering SeV contains plentiful double-stranded

RNA (dsRNA) that is sensed by RIG-I. However, since most vi-

ruses have developed multiple strategies to antagonize innate
signaling in infected cells (Bowie and Unterholzner, 2008; Chan

and Gack, 2016; Garcia-Sastre, 2017; Rojas et al., 2021), we

anticipated that the IRF-a/nls and /CBP AlphaCen assays might

not be effective in detecting replicative virus. SARS-CoV-2, in

particular, antagonizes multiple steps of IFN signaling (Sa Ribero

et al., 2020). We confirmed that infection with SARS-CoV-2 at an

MOI 0.1 was not sufficient to trigger the nuclear translocation of

IRF3, unlike SeV stimulation, which was efficient (Figures S2A

and S2B), possibly due to viral antagonism of IRF3. As reported

previously, however, GRL-0617, an inhibitor of the SARS-CoV-2

papain-like protease (PLP), or a highMOI could overcome antag-

onism of IRF3 (Blanco-Melo et al., 2020; Shin et al., 2020; Xia

et al., 2020) and partially restore nuclear translocation of IRF3

(Figures S2C and S2D). Interestingly, pre-treatment of cells

with ivermectin, a ß1-karyopherin inhibitor (Wagstaff et al.,

2012), and removal prior to infection improved translocation of

IRF3 in infected cells (Figures S2E and S2F). We also noted

that pre-treatment with IFN-a, which increases expression of

RIG-I and MDA5 (Figure S2G) and has an antiviral effect on

SARS-CoV-2 (Lokugamage et al., 2020; Sa Ribero et al., 2020)

(Figure S2H), increases its sensing inHEK-ACE2cells (Figure S2I)

and was therefore included in subsequent AlphaCen assays, as

indicated.

Since treatments that overcome antagonism of IRF3 by SARS-

CoV-2 only marginally improved its detection by AlphaCen as-

says, we explored the involvement of other IRFs in signal
Cell Chemical Biology 29, 1113–1125, July 21, 2022 1115



Figure 2. Measuring activation of IRF3 by IRF3-a/CBP AlphaCen assay allows the screening of immunomodulatory molecules

(A) Schematic representation of the CBP AlphaCen assay, where the Cen fragment is fused to murine CREB-binding protein (CBP).

(B) HEK293T cells were transfected with an empty (NS) or a 2CARD-encoding plasmid, together with IRF3-⍺ and either Cen-nls or Cen-CBP. AlphaCen NLuc

signal was measured at 48 hpt. Data correspond to means ± SD of a representative experiment performed in triplicate.

(C) 2CARD expression was assessed by anti-FLAG western blot.

(D) HEK293T cells were transfected with IRF3-a and Cen-CBP together with an empty (NS) or a 2CARD-expressing plasmid. AlphaCen NLuc signal was

measured at 14, 24, and 39 hpt. Results are from a single experiment performed in triplicate, representative of two independent experiments.

(E) HEK293T cells were transfected with IRF3-a, Cen-CBP, and 2CARD and treated with MRT67307 at the indicated concentrations at 14 hpt. AlphaCen signal

was measured at 24 hpt (39 hpt). Data correspond to means ± SD of three independent experiment performed in triplicate. ****p < 0.0001, as determined by one-

way ANOVA with Bonferroni post hoc test.

(legend continued on next page)
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Figure 3. SARS-CoV-2 and other RNA vi-

ruses activate IRFs differentially

(A) Localization of endogenous transcription fac-

tors in resting and stimulated A549-ACE2 cells.

Cells were infected with SeV, influenza A virus

(H1N1WSN) (IAV) at MOI 1, or SARS-CoV-2 at the

indicated MOIs, for 6 h or left uninfected (NI).

Alternatively, cells were infected in the presence

of the PLP inhibitor GRL-0617 (50 mM). Cells fixed

and labeled with anti-IRF1, IRF3, IRF5, or IRF7

were acquired with Airyscan mode. Fluorescence

intensities in the nuclear and cytoplasmic regions

of interest (ROIs) were measured using FiJi.

Each point represents the nucleus/cytoplasm

ratios of mean gray values for a single cell. The

graph shows the median and interquartile range

for �30 cells per condition from 3 independent

experiments. ****p < 0.0001, as determined by

one-way ANOVA with Bonferroni post hoc test.

(B) Representative images from (A). Scale bar: 5 mm.
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transduction. First, we assessed the ability of SARS-CoV-2 to

activate endogenous IRF1, IRF3, IRF5, and IRF7 after 6 h of

infection and compared this with defective-interfering SeV and

replicative influenza A virus (IAV). SeV was found to trigger the

nuclear translocation of IRF1, IRF3, and IRF7 (Figure 3A) but

not IRF5, as previously shown (Barnes et al., 2001). IAV, on the

other hand, activated only IRF3 and IRF7. SARS-CoV-2 alone

was quite poor at activating any of the tested IRFs. However,

in the presence of GRL-0617, SARS-CoV-2 activated IRF3,

IRF5, and IRF7 quite efficiently (Figures 3A and 3B).

Based on these results, we developed and compared IRF1-a,

IRF3-a, IRF5-a, and IRF7-a constructs (Figure S3A) and tested

them in CBP AlphaCen assays. We routinely assessed transfec-

tion efficiency of a and Cen constructs by flow cytometry and

applied a cutoff of 30%, below which the cells were not used

for experimentation (Figure S3B). First, we confirmed that the

stimulation of cells by 2CARD activated all four tested IRFs

and led to an appreciable gain of signal in all the IRF-a/CBP

AlphaCen systems at 24 hpt (Figure 4A), with some variability

in fold changes that reflected differences in transfection effi-

ciencies between experiments. Next, we determined the locali-
(F) A panel of 21 kinase inhibitors and 7 SARS-CoV-2 inhibitors were tested with the IRF3-a/CBP AlphaCe

remove cytotoxic compounds (indicated by a cross; see Figure S1C). Results were normalized to the 2C

stimulated). Results are the mean of 2 independent screens ± SD.

(G) Graphs show the inhibition of the IRF3-a/CBP AlphaCen signal and cell viability for a selection of drugs.

Cell Chemical
zation of the different IRF-a transcription

factors in resting and stimulated cells.

As expected, IRF3-a, IRF5-a, and IRF7-

a were all cytoplasmic in uninfected cells,

but surprisingly, IRF1-a adopted diffuse

nuclear localization in the absence of

stimulation (Figure 4B). This is concordant

with previous studies identifying a func-

tional nls in IRF1 and showing that ectopic

expression of IRF1 alone is sufficient to

induce endogenous type I IFN genes

(Feng et al., 2021; Schaper et al., 1998).
Stimulation of cells with SeV led to the detection of IRF-a tran-

scription factors in the nucleus, often as punctate labelling that

coincided with Cen-CBP (Figure 4B).

We then tested the ability of the IRF-a/CBPAlphaCen assays to

sense infection by 4 different RNA viruses, which are all known to

evade innate immune defenses (Chan and Gack, 2016; Nelemans

and Kikkert, 2019): a flavivirus, West Nile virus (WNV), an

orthomyxovirus (IAV), a paramyxovirus (SeV), and a beta-corona-

virus (SARS-CoV-2). For SARS-CoV-2 infections, ACE2 surface

expression was confirmed by flow cytometry (Figure S3C). Re-

sults showed strong detection of SeV with all IRF-a transcription

factors, which is concordant with the fact that it contains defec-

tive-interfering genomes that can strongly activate IFN signaling

(Strahle et al., 2006). Surprisingly, the IRF1-a/CBP AlphaCen

assay also significantly detected both WNV and IAV (Figure 4C),

despite the diffuse nuclear IRF1-a staining already present in un-

stimulated cells (Figure 4B), confirming that, in the case of IRF1,

diffuse nuclear localization is not sufficient to generate

AlphaCen signal. Although SARS-CoV-2 could be detected by

IRF5-a/CBP AlphaCen, the greatest detection was obtained

with the IRF7-a/CBP in the presence of GRL-0617 (Figure 4D).
n readout. A viability cutoff of 50% was applied to

ARD-stimulated and untreated control (NS, non-

Biology 29, 1113–1125, July 21, 2022 1117



Figure 4. Applying different IRF-a/CBP AlphaCen assays to measure the sensing of viral infections

(A) HEK-ACE2 cells were transfected with an empty (NS) or a 2CARD-expressing plasmid, together with Cen-CBP and either IRF1-a, IRF3-a, IRF5-a, or IRF7-a.

AlphaCen signal was measured at 39 hpt. Data correspond to individual values and means ± SD from four independent experiments performed in triplicate.

(legend continued on next page)
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Of note, signal amplitude was greater using CBP as a nuclear

tether for Cen compared with nls (Figure S3D). Taken together,

these results indicate that the CBP AlphaCen systems are effec-

tive at sensing replicative non-defective viral infections but that

different IRFs respond to different viruses.

The IRF7-a/CBPAlphaCen assay allows the screening of
immunomodulatory molecules in SARS-CoV-2-in-
fected cells
To demonstrate the value of the CBP AlphaCen assay to screen

for immunomodulators in virally infected cells, we tested the

panel of inhibitors used in Figure 2F on the IRF7-a/CBP system

following infection by SARS-CoV-2. AlphaCen measurement

was performed at 24 h after infection and treatment (Figure 5A).

A cutoff at 50% viability was used to exclude toxic conditions as

previously, although we did note that the combination of drug

treatment and viral infection led to more toxicity (Figure S4)

than the drugs alone (Figures 2G and S1C). The most striking

hit was obtained with Gilteritinib, which increased immune

signaling in SARS-CoV-2-infected cells by over 300% (Fig-

ure 5B). This result was in stark contrast to the inhibition of

IRF3 signaling by Gilteritinib observed in the IRF3-a/CBP drug

screen with 2CARD stimulation, suggesting that its effect here

might be specific to viral infection (Figure 2F). Another molecule

that apparently enhanced sensing of SARS-CoV-2was scutellar-

ein, a naturally occurring flavonoid isolated from traditional

Chinese medicine that was shown to inhibit SARS-CoV and

SARS-CoV-2 enzymes in vitro (Liu et al., 2021; Yu et al., 2012).

Many of the other antivirals reported to be active against

SARS-CoV-2 also induced changes in sensing (Figures 5B and

5C). This dual effect on viral replication with concomitant immu-

nomodulatory effects has previously been reported and thought

to contribute to the broad-spectrum virustatic activity of these

compounds (Mondelli, 2014).

Gilteritinib enhances innate signaling in SARS-CoV-2-
infected cells and has broad antiviral activity
To assess whether our approach can support the discovery of

immunomodulatory molecules that are not direct antivirals, we

further investigated Gilteritinib, which was the strongest hit in

the IRF7-a/CBP AlphaCen screen (Figures 5B and 5C) andwhich

was also strongly antiviral (Figure 6). The anti-SARS-CoV-2 ac-

tivity of Gilteritinib had a half-maximal inhibitory concentration

(IC50) of 0.13 ± 0.05 mM (Figure 6B) and was confirmed by plaque

assay (Figure 6C). This antiviral effect was previously reported

and tentatively attributed to the inhibition of phosphorylation hot-

spots on SARS-CoV-2 and/or host cells (Bouhaddou et al., 2020;

Stukalov et al., 2021). However, its potent activation of IRF7 sug-

gested that its antiviral effect might be the indirect consequence
(B) Expression and localization of IRF-⍺ (green) and Cen-CBP (magenta) in HEK

Airyscan processing. Representative images are shown with artificial coloring. S

(C) HEK293T cells were transfected with Cen-CBP and either IRF1-a, IRF3-a, IRF

(WNV L1), or IAV (H1N1 WSN) at MOI 1 or left uninfected (NI). AlphaCen signal w

performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, as de

(D) HEK-ACE2 cells were transfected with Cen-CBP and either IRF1-a, IRF3-a, I

infected with SARS-CoV-2 at the indicated MOIs or left uninfected. Alternatively, c

measured at 24 hpi. Data correspond to means ± SD of three experiments perform

mined by one-way ANOVA with Bonferroni post hoc test. ns, non-significant.
of IFN stimulation. To establish this, we first demonstrated that

Gilteritinib treatment stimulates the expression of IFN-a4, IFN-

b, and CXCL10 by SARS-CoV-2-infected cells in a dose-depen-

dent manner but did not affect expression of IFN-g, interleukin-6

(IL-6), or tumor necrosis factor alpha (TNF-a) (Figures S5A and

6D). Moreover, we showed that a neutralizing anti-IFNAR anti-

body could reverse the apparent antiviral effect of Gilteritinib

on SARS-CoV-2-mNeongreen replication (Figure 6E), thus sug-

gesting that the antiviral effect of Gilteritinib involves type I IFN.

We reasoned that if Gilteritinib inhibits SARS-CoV-2 replica-

tion through an enhancement of the cell’s innate immune

response, then it should also block the replication of other vi-

ruses that are sensitive to IFN. To test this hypothesis, we inves-

tigated the effect of Gilteritinib on unrelated RNA viruses, IAV,

WNV, and HIV-1, and found that it also has potent antiviral activ-

ity against these viruses, confirming its broad-spectrum antiviral

activity (Figure 6F). Furthermore, we note that Gilteritinib had no

immunostimulatory effect in the absence of viral infection (Fig-

ure 2F), suggesting that it acts as a potentiator of viral sensing

rather than as an agonist of IFN response.

To determine the molecular basis for Gilteritinib’s immunosti-

mulatory activity, we knocked down the two main receptor tyro-

sine kinases targeted by Gilteritinib, FLT3 and AXL (Mori et al.,

2017), as well as two downstream IRF transcription factors (Fig-

ure S5B). Cells were then treated with increasing doses of Gilter-

itinib and infected with SARS-CoV-2. Knock down of AXL and

IRF7, and, to a lesser extent, IRF3, prevented the dose-depen-

dent expression of IFN-a4, IFN-b, and CXCL10 by Gilteritinib

and partially reversed the antiviral effect on SARS-CoV-2 (Fig-

ure 6G). Together, these experiments indicated that Gilteritinib

activates innate immune responses to infection by blocking

AXL, which is an inhibitor of the innate immune response (Rothlin

et al., 2007). This immunostimulatory effect is transduced at least

in part by IRF7, which turns on the production of type I IFN and

activates hundreds of genes encoding antiviral proteins (Barnes

et al., 2004). In conclusion, our approach, using protein comple-

mentation in the nucleus to quantify the activation of signaling

pathways, allowed us to successfully identify an immunomodu-

latory compound of innate response to viral infection that has

broad antiviral activity.

DISCUSSION

There is a growing interest to develop antivirals that target the in-

fectedcell rather than the virus. In particular, compounds that spe-

cifically promote or enhance protective immune responses in

target cells could potentially act as non-specific antivirals that

stimulate first-line defenses against emerging pathogens. We

reasoned thatbypromoting the IRF/IFN response, suchmolecules
293T cells stimulated by SeV for 6 h or unstimulated (NI) and acquired with

cale bar: 10 mm.

5-a, or IRF7-a. At 24 hpt, cells were infected with SeV, West Nile virus lineage 1

as measured at 24 hpi. Data correspond to means ± SD of three experiments

termined by one-way ANOVAwith Bonferroni post hoc test. ns, non-significant.

RF5-a, or IRF7-a and then treated with IFN-a2 overnight. At 24 hpt, cells were

ells were infected in the presence of GRL-0617 at 50 mM. AlphaCen signal was

ed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, as deter-
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Figure 5. Screening for modulators of innate immune sensing of SARS-CoV-2 infections using the IRF7-a/CBP AlphaCen assay
HEK-ACE2 were transfected with IRF7-⍺ and Cen-CBP, then treated with IFN-a2 overnight.

(A) Cells were treated with GRL-0617 (50 mM) and infected with SARS-CoV-2 at MOI 1. AlphaCen NLuc signal was acquired at 6 and 24 hpi. Results are a single

experiment performed in triplicate.

(B) At 24 hpt, cells were infected with SARS-CoV-2 atMOI 1 in the presence of kinase and SARS-CoV-2 inhibitors at the indicated concentrations. AlphaCenNLuc

signal was measured at 24 hpi. Results are normalized for the SARS-CoV-2-infected condition in the absence of tested inhibitor. A viability cutoff of 50% was

applied to remove cytotoxic compounds (indicated by a cross; see Figure S4). Results are the mean of triplicate values from 2 independent screens ± SD.

**p < 0.01 and ****p < 0.0001, as determined by one-way ANOVA with Bonferroni post hoc test.

(C) Graphs show the IRF3-a/CBP AlphaCen signal and cell viability for a selection of drugs. Results are the mean of 2 independent screens ± SD.
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would promote a beneficial antiviral response, without affecting

the nuclear factor kB (NF-kB) pathway associatedwith deleterious

inflammatory responses, as reported in patients COVID-19, for

instance (Hadjadj et al., 2020). The specific and sensitive

AlphaCen assays that we developed allow us to screen for immu-

nomodulatory drugs in the context of a viral infection. The use of

protein-complementation assays to assess the nuclear transloca-

tion of transcription factors offersmultiple advantages, including a

pre-translated reporter system that is not sensitive to the shut-

down of the cellular translation machinery, as is frequently

observed in viral infections or to genotoxic molecules, and a pal-

ette of IRFs that can be extended to other transcription factors to

allow for the customized screening of signaling pathways.

All viruses have evolved effective countermeasures to antago-

nize or evade host-cell immune defenses (Bowie and Unterholz-
1120 Cell Chemical Biology 29, 1113–1125, July 21, 2022
ner, 2008; Chan and Gack, 2016; Garcia-Sastre, 2017; Rojas

et al., 2021). SARS-CoV-2, in particular, inhibits or evades multi-

ple steps of IRF3 signaling (Sa Ribero et al., 2020; Xia et al.,

2020), including antagonizing the translocation of IRF3 or its

ISGlation, leading to a poor or delayed IFN response (Rebend-

enne et al., 2021; Yin et al., 2021). Intriguingly, although inhibiting

the SARS-CoV-2 PLP restored the nuclear translocation of IRF3,

it did not lead to NanoLuc complementation in the nucleus, sug-

gesting that SARS-CoV-2 might also antagonize IRF-3 after nu-

clear import, as has been reported for other viruses (Chiang and

Liu, 2018).

To bypass the diverse viral evasion mechanisms of host-cell

immune defenses, it was necessary to test viruses in multiple

IRF-a/nls and/CBP AlphaCen assays to determine those that

were least impacted by viral infection and offered the best signal



Figure 6. Testing modulators of innate immune sensing on SARS-CoV-2 replication

(A) HEK-ACE2 cells were treated with kinase and SARS-CoV-2 inhibitors at the indicated concentrations and infected with SARS-CoV-2-mNeonGreen at MOI 0.1

At 24 hpi, cells were fixed, and infection was assessed by flow cytometry for green fluorescence. Live cells were selected by gating on forward scatter (FSC) and

side scatter (SSC) parameters. A viability cutoff of 50%was applied to remove cytotoxic compounds (indicated by a cross). Results show the min-to-max values

of 2 independent experiments with line at mean.

(B) Inhibition of SARS-CoV-2-mNeonGreen by Gilteritinib. HEK-ACE2 cells were treated with increasing concentrations of Gilteritinib and infected with SARS-

CoV-2-mNeonGreen at MOI 0.1. Infection rates were assessed at 24 h post-infection (hpi) by measuring the integrated mean fluorescence intensity (iMFI) of in-

fected cells by flow cytometry. Results are the mean of 2 independent experiments ± SD.

(C) Viral production in supernatants from HEK-ACE2 cells infected with SARS-CoV-2 at MOI 0.1 and treated with the indicated concentrations of Gilteritinib for

48 h was determined by plaque assay on Vero E6 cells. Titers from 2 independent experiments are provided as plaque-forming units (PFU)/mL ± SD.

(D) For the quantification of type I IFN in the culture medium, STING-37 cells were incubated for 24 h with the supernatant of HEK-ACE2 treated with increasing

concentrations of Gilteritinib and infected with SARS-CoV-2 at MOI 0.1 for 24 h or with known concentrations of recombinant IFN-a2. Data represent the mean ±

SD of three independent experiments performed in duplicate.

(E) HEK-ACE2 cells were untreated or treated with 1 mL of human anti-IFNAR2 and/or Gilteritinib at the indicated concentrations. Cells were then immediately

infected with SARS-CoV-2-mNeonGreen at MOI 0.1. Results are the mean of 2 independent experiments ± SD.

(F) A549-ACE2, A549, and HeLa cells were treated with Gilteritinib at the indicated concentrations concomitantly with viral infection with SARS-CoV-2

(A549-ACE2), IAV, WNV (A549), or HIV-1 (HeLa) at MOI 0.1 for 24 h. The effect of Gilteritinib on viral replication was assessed by qRT-PCR detection of viral

RNA (SARS-CoV-2, IAV, and WNV) or by measuring luminescence (HIV-1 Luc). Data represent the mean of two independent experiments performed in

triplicate ± SD.

(legend continued on next page)
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amplitude. Although IRF3 is considered to be the central medi-

ator of the IFN response in most cells, we found that infection

triggered different IRFs depending on the virus and the tested

cell line. In particular, both IRF5- and IRF7-a/CBP AlphaCen effi-

ciently detected SARS-CoV-2. A recent study also found

that IRF5 mediates IFN signaling transduction in response to

SARS-CoV-2 infection to the same degree as IRF3; IRF7, howev-

er, was not activated, possibly as a result of late-phase suppres-

sion of IRF7-mediated IFN response (Yin et al., 2021). Here, we

show that IRF7 can indeed be activated by SARS-CoV-2 if it

is expressed in cells prior to infection by pre-treatment with

IFN-a or ectopic expression. This strengthens the notion that im-

munostimulatory molecules that promote an early or more effi-

cient IFN response can have broad antiviral action by giving cells

the advantage over the virus.

To test this hypothesis, we performed a proof-of-concept

screen of a small panel of kinase and SARS-CoV-2 inhibitors, us-

ing IRF7-a/CBP AlphaCen as read-out. We thus identified Gilter-

itinib as a potentiator of the SARS-CoV-2-induced immune

response and a broad-acting antiviral molecule. Gilteritinib is a

FLT3/AXL tyrosine kinase inhibitor that has been approved for

the treatment of acute myeloid leukemia since 2018 (Dhillon,

2019; Mori et al., 2017). Although it inhibits many of its down-

stream targets (e.g., STAT5, ERK, Akt), which accounts for its

inhibitory effect in our IRF3-a/CBP AlphaCen assay, it was

shown to promote IRF7 phosphorylation and activation (Mathew

et al., 2018), thus providing a possiblemechanism for its ability to

potentiate innate immunity in the context of viral infection. We

confirmed that Gilteritinib’s immunostimulatory effect is trans-

duced at least in part by IRF7 and that this is dependent on inhi-

bition of AXL and not FLT3.

Potent antiviral activity was previously reported for Gilteritinib

with an IC50 of 0.807 mM (Bouhaddou et al., 2020; Stukalov et al.,

2021), but its mechanism was not known. Here, we confirm a

submicromolar IC50 of Gilteritinib in our assays and show that

it is an enhancer of IRF7-mediated IFN responses and that its

antiviral effect is derived from its ability to induce IFN production

in infected cells. Concordantly, we show that Gilteritinib has

potent antiviral activity against four unrelated RNA viruses,

SARS-CoV-2, WNV, HIV-1, and IAV. Gilteritinib also appears to

have an antiviral effect that is independent of IFN since it still

has residual antiviral activity in the presence of anti-IFNAR anti-

bodies. This may be explained by the fact that, in addition to type

I IFN, IRF7 also activates many genes, known as early ISGs,

including ISG15, IFIT1, CXCL10, or Viperin, that can display an

IFN-independent antiviral activity and could therefore contribute

to the antiviral effect of Gilteritinib.

Our approach can be applied to identify efficient and specific

immunomodulators applicable to the treatment of viral infec-

tions, cancer, and immune disorders. As such, they can be de-

ployed in an emergency to screen for non-specific antivirals

against poorly characterized or emerging viruses. In some

cases, increasing the IFN responsemay not be sufficient to block

viral replication. SARS-CoV-2, for instance, inhibits the JAK/
(G) HEK-ACE2 cells were transfected with small interfering RNA (siRNA) targeting C

CoV-2 at MOI 0.1 for 24 h, and the expression of IFN-a4, IFN-b, CXCL10, and SAR

of 3 experiments performed in duplicate. ****p < 0.0001, ***p < 0.001, **p < 0.01, a

non-significant.
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STAT pathway downstream of IFN (Chen et al., 2020; Miorin

et al., 2020; Sa Ribero et al., 2020). In the case of SARS-

CoV-2, it may be more relevant to identify compounds that

accelerate the IFN response rather than potentiators, since it

was shown to trigger a potent but delayed IFN response (Re-

bendenne et al., 2021; Yin et al., 2021). Further work will be

required to determine whether Gilteritinib or analog molecules

can accelerate the virus-induced IFN response to limit replica-

tion and spread. This may require us to perform kinetic

AlphaCen screens to identify molecules that boost IFN re-

sponses before the virus has the opportunity to perform a full

replication cycle and start spreading.

Alternatively, the AlphaCen system can also be adapted to

screen for inhibitors of innate immunity that can be applicable

to chronic infections, as demonstrated by the treatment of

chronic lymphocytic choriomeningitis virus (LCMV) in mice (Tei-

jaro et al., 2013) and auto-immune diseases.

Limitations of the study
The screening system to monitor IRF nuclear translocation as an

early hallmark of innate immune activation that is described in

this article was established in transformed cell lines (e.g., HEK-

293T, HeLa, A549). Translating the assay in primary cells that

are relevant to innate immune responses following infection will

be important. The limitations of the compound screen are that

it includes only a small number of compounds and that the po-

tential mechanisms of action for the immune-enhancing effects

of the viral RdRp-targeting antiviral drugs ribavirin, Remdesivir,

and Favipiravir are not explored. Another limitation concerns

the mechanism of action of Gilteritinib, which was shown to

involve AXL and IRF7. Further experiments will be required to

unravel the connection between AXL and the IFN response

following action by Gilteritinib.

SIGNIFICANCE

While the world is hotly discussing how to better prepare for the

next pandemic, many agree that there is an urgent need to

discover original molecules that have broad antiviral properties.

Since IFN is a powerful and universal antiviral factor, compounds

that can specifically enhance the innate immune response to

infection could constitute potent broad-acting antivirals. Howev-

er, they are intrinsically difficult to screen for, since viral infection

interferes with reporter cell lines by disrupting transcription and

shutting down translation, and most viruses have evolved to

evade the host’s innate immunity.

To address this critical gap in our preparedness, we devised a

series of assays based on protein complementation that quantify

the nuclear translocation of IRFs following infection by high-

throughput screening. This approach offers multiple advan-

tages, including a pre-translated reporter system that is not sen-

sitive to the shutdown of the cellular translation machinery and a

palette of IRFs that allows the customized screening of signaling

pathways following any viral infection.
ypB (CTR), AXL, FLT3, IRF3, or IRF7. At 24 hpt, cells were infected with SARS-

S-CoV-2 transcripts was quantified by qRT-PCR. Results show the mean ± SD

nd *p < 0.05, as determined by two-way ANOVAwith Dunnett post hoc test. ns,
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We found that different RNA viruses activate IRFs differen-

tially, and we harnessed these differences to perform a proof-

of-concept screen of SARS-CoV-2 infection. Using a small li-

brary of kinase inhibitors and known antivirals on SARS-CoV-2

infection, we identified Gilteritinib as a potent antiviral that acts

by inhibiting AXL and increasing IFN production by infected cells.

As a result of its immunostimulatory activity, Gilteritinib inhibited

infection by unrelated RNA viruses, such as WNV, IAV, and

HIV-1, thus confirming it has broad-spectrum activity.

Our article offers an innovative approach toward the develop-

ment of efficient host-directed antivirals.
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Antibodies

Mouse anti-RIG-I, clone Alme-1 AdipoGen Life Sciences Cat# AG-20B-0009; RRID: AB_2490189

Rabbit anti-MDA5, clone D74E4 Cell Signaling Technology Cat# 5321; RRID: AB_10694490

Mouse anti-IRF1, clone H8 Santa Cruz Biotechnology Cat# sc-74530; RRID: AB_2126826

Rabbit anti-IRF3, clone D6I4C Cell Signaling Technology Cat# 11904; RRID: AB_2722521

Rabbit anti-IRF5, clone E7F9W Cell Signaling Technology Cat# 76983; RRID: AB_2920569

Rabbit anti-IRF7 Proteintech Cat# 22392-1-AP; RRID: AB_2879097

Mouse anti-IRF7, clone G-8 Santa Cruz Biotechnology Cat# sc-74472; RRID: AB_2280489

Rabbit anti-Flag, clone D6W5B Cell Signaling Technology Cat# 14793; RRID: AB_2572291

Mouse anti-Flag, clone M2 Sigma-Aldrich Cat# F3165; RRID: AB_259529

Rat anti-HA, clone 3F10 Roche Cat# 11867423001; RRID: AB_390918

Mouse anti-GAPDH, clone 6C5 Sigma-Aldrich Cat# MAB374; RRID: AB_2107445

Goat anti-mouse AF488 Thermo Fisher Scientific Cat# A-11029; RRID: AB_2534088

Goat anti-rabbit AF488 Thermo Fisher Scientific Cat# A-11034; RRID: AB_2576217

Goat anti-rat AF647 Thermo Fisher Scientific Cat# A-21247; RRID: AB_141778

Mouse IgG HRP Linked Whole Ab GE Healthcare Cat# NA931; RRID: AB_772210

Rabbit IgG HRP Linked Whole Ab GE Healthcare Cat# NA934; RRID: AB_772206

Recombinant human anti-IFNAR2, clone REA124 Miltenyi Biotec Cat# 130-099-555; RRID: AB_2652222

Bacterial and virus strains

H4 SeV (Strahle et al., 2006) N/A

IAV A/WSN/33 (H1N1) Institut Pasteur, Paris, France N/A

WNV-Tunisia-1997 Dr I. Leparc Goffart (French

National Reference Center on

Arboviruses, Marseille, France)

N/A

HIV-1 NL4-3 Luc (He et al., 1995) N/A

SARS-CoV-2 (BetaCoV/France/IDF0372/2020) Institut Pasteur, Paris, France N/A

SARS-CoV-2-mNeonGreen (Xie et al., 2020) N/A

Chemicals, peptides, and recombinant proteins

Gilteritinib Chemietek Cat# CT-GILT

CAS: 1254053-43-4

BLZ-945 MedChemExpress Cat# HY-12768

CAS: 953769-46-5

Nintedanib MedChemExpress Cat# HY-50904

CAS: 656247-17-5

PS-1145 Selleckchem Cat# S7691

CAS: 431898-65-6

PD98059 MedChemExpress Cat# HY-12028

CAS: 167869-21-8

RO-31-8425.HCl MedChemExpress Cat# HY-108136A

CAS: 145317-11-9

Semaxinib MedChemExpress Cat# HY-10374

CAS: 204005-46-9

BX-795 MedChemExpress Cat# HY-10514

CAS: 702675-74-9

Amlexanox MedChemExpress Cat# HY-B0713

CAS: 68302-57-8
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U-0126-EtOH MedChemExpress Cat# HY-12031

CAS: 1173097-76-1

Rapamycin MedChemExpress Cat# HY-10219

CAS: 53123-88-9

SB-202190 MedChemExpress Cat# HY-10295

CAS: 152121-30-7

BAY 11-7085 MedChemExpress Cat# HY-10257

CAS: 196309-76-9

Wortmannin MedChemExpress Cat# HY-10197

CAS: 19545-26-7

Staurosporine MedChemExpress Cat# HY-15141

CAS: 62996-74-1

BAY 11-7082 MedChemExpress Cat# HY-13453

CAS: 19542-67-7

AG 490 MedChemExpress Cat# HY-12000

CAS: 133550-30-8

MRT67307 MedChemExpress Cat# HY-13018

CAS: 1190378-57-4

BCI - 000209 BCI PHARMA N/A

BCI - 001736 BCI PHARMA N/A

BCI - 001775 BCI PHARMA N/A

Ribavirin Merck Cat# R9644

CAS: 36791-04-5

Remdesivir MedChemExpress Cat# HY-104077

CAS:

1809249-37-3

Favipiravir MedChemExpress Cat# HY-14768

CAS: 259793-96-9

Hydroxychloroquine Merck Cat# H0915

CAS: 747-36-4

4-HPR Merck Cat# 390900

CAS: 65646-68-6

Scutellarein MedChemExpress Cat# HY-N0752

CAS: 529-53-3

GRL-0617 MedChemExpress Cat# HY-117043

CAS: 1093070-16-6

Recombinant Human IFN-a2a R&D Systems Cat# 11100-1

Ivermectin Merck Cat# I8898

CAS: 70288-86-7

Critical commercial assays

CellTiter-Glo� Luminescent Cell Viability Assay Promega Cat# G7570

Nano-Glo� Luciferase Assay System Promega Cat# N1110

Nano-Glo� Live Cell Assay System Promega Cat# N2011

Experimental models: Cell lines

HeLa ATCC Cat# CCL-2

A549 ATCC Cat# CCL-185

HEK293T/17 ATCC Cat# CRL-11268

A549-ACE2 Olivier Schwartz (Institut

Pasteur, Paris, France)

Derived from ATCC Cat# CCL-185

HEK-ACE2 Olivier Schwartz (Institut

Pasteur, Paris, France)

Derived from ATCC Cat# CRL-11268

Vero ATCC Cat# CCL-81

Vero E6 Merck Cat# 85020206
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HCT116 ATCC Cat# CCL-247

STING-37 (Lucas-Hourani et al.,

2013)

N/A

C6/36 ATCC Cat# CRL-1660

Oligonucleotides

ON-TARGETplus Human PPIB (5479)

siRNA SMARTpool

Horizon Discovery Cat# L-004606

ON-TARGETplus Human IRF3 (3661)

siRNA SMARTpool

Horizon Discovery Cat# L-006875

ON-TARGETplus Human IRF7 (3665)

siRNA SMARTpool

Horizon Discovery Cat# L-011810

ON-TARGETplus Human AXL (558)

siRNA SMARTpool

Horizon Discovery Cat# L-003104

ON-TARGETplus Human FLT3 (2322)

siRNA SMARTpool

Horizon Discovery Cat# L-003137

All qPCR primers are shown in Table S1 N/A

Recombinant DNA

pEFBOS(+)-Flag-2CARD (Yoneyama et al., 2004) N/A

pCenNLS-NLuc This paper N/A

pCenCBP-NLuc This paper N/A

pIRF1-a This paper N/A

pIRF3-a This paper N/A

pIRF3-a This paper N/A

pIRF7-a This paper N/A

Software and algorithms

Fiji Open source, GNU

General Public License.

N/A

FlowJo Treestar Inc. N/A

FACSDiva Becton Dickinson N/A

GraphPad Prism GraphPad Software N/A

Other

Hoechst 33342 ThermoFisher Scientific Cat# H3570

Fluoromount� Aqueous Mounting Medium Merck Cat# F4680

Basticidin Invivogen Cat# ant-bl-05

Gibco� Geneticin� Selective Antibiotic

(G418 Sulfate)

ThermoFisher Scientific Cat# 11811098

FuGENE� 6 Transfection Reagent Promega Cat# E2691

HiPerFect Transfection Reagent Qiagen Cat# 301705

Bright-Glo� Luciferase Assay System Promega Cat# E2610
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Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Dr. Sébastien

Nisole (sebastien.nisole@inserm.fr).

Materials availability
All requests for resources and reagents should be directed to and will be fulfilled by the lead contact. Alpha Centauri constructs are

proprietary and can be obtained through a Materials Transfer Agreement. Other materials will also be available from the lead contact

with a completed Materials Transfer Agreement.
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All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culture
HEK293T (CRL-11268, human, female), A549 (CCL-185, human, male), Vero (CCL-81, African green monkey, female), HeLa (CCL-2,

human, female), HCT116 (CCL-247, human, male) and C6/36 (CRL-1660, Aedes albopictus, male) cells were obtained from the

American Type Culture Collection (ATCC). Vero E6 (ECACC #85020206, African green monkey, female) were purchased fromMerck.

HEK293T and A549 stably expressing ACE2 (HEK-ACE2 and A549-ACE2) were kindly provided by Olivier Schwartz (Institut Pasteur,

Paris, France). STING-37 cells were kindly provided by Pierre-Olivier Vidalain (CIRI, Lyon, France). All cell lines were cultured in

Dulbecco’s modified Eagle Medium (DMEM, Gibco, Cat#61965059) supplemented with 10% fetal bovine serum (Serana, Cat#S-

FBS-NL-015), 1%Penicillin/Streptomycin (Gibco, Cat#15070063). All cell types weremaintained in 5%CO2 at 37 �C. ACE2 express-
ing cells were additionally maintained in blasticidin (Invivogen) at 10 mg/mL. When indicated, HEK293T cells and HEK-ACE2 were

treated with 250 IU/mL of recombinant human IFN-a2a (R&D systems, Cat#11100–1) for 16 h prior to infection.

Viruses
The strain BetaCoV/France/IDF0372/2020 (SARS-CoV-2) was supplied by the National Reference Centre for Respiratory Viruses

hosted by Institut Pasteur (Paris, France) and headed by Sylvie van der Werf. The SARS-CoV-2-mNeonGreen was obtained from

Pei-Yong Shi (Department of Biochemistry and Molecular Biology, University of Texas Medical Branch, Galveston, TX, USA) (Xie

et al., 2020). Both viruses were amplified on Vero E6 cells (ECACC #85020206) at MOI 0.001. At 3 days post infection, the supernatant

was harvested and cleared by centrifugation at 2000 3 g for 5 min at 4 �C. The cleared virus-containing supernatant was frozen in

1mL aliquots at�80�C. For each virus production, a vial was thawed for titration by plaque assay in Vero E6 cells to estimate plaque-

forming units per mL of virus (PFU/mL). Viral titers ranged between 3 3 106 and 3 3 107 PFU/mL.

Defective-interfering H4 SeV was provided by Dominique Garcin (Department of Microbiology and Molecular Medicine, University

of Geneva, Geneva, Switzerland) and used at 40 hemagglutination units (HAU)/mL (Strahle et al., 2006).

The HIV-1 plasmid pNL4-3.Luc.R-E� was kindly provided by N. Landau (Aaron Diamond AIDS Research Center, The Rockefeller

University, New-York, USA) (He et al., 1995). VSV-G pseudotyped luciferase-encoding HIV-1 was produced by transient transfection

of HEK293T with pNL4-3.Luc.R-E� and pVSV-G.

The A/WSN/33 (H1N1) virus was kindly provided by Sandie Munier (Unité de Génétique Moléculaire des Virus à ARN, Institut Pas-

teur, Paris, France). It was produced by reverse genetics and amplified and titrated on Madin-Darby Canine Kidney cells

(MDCK) cells.

A lineage 1 clinical strain of WNV was used in this study. The strain was isolated from a human brain during the epidemic that

occurred in Tunisia in 1997 and was provided by Isabelle Leparc-Goffart (French National Reference Center on Arboviruses, Mar-

seille, France). The viral stock was produced on the Ae. albopictus cells clone C6/36 and supernatants were collected at 5 days after

infection. Viral stock titers were determined on Vero-81 cells.

All cell lines were cultured in Dulbecco’s modified Eagle Medium (DMEM, Gibco, Cat#61965059) supplemented with 10% fetal

bovine serum (Serana, Cat#S-FBS-NL-015), 1% Penicillin/Streptomycin (Gibco, Cat#15070063). All cell types were maintained in

5% CO2 at 37�C. ACE2 expressing cells were additionally maintained in blasticidin (Invivogen) at 10 mg/mL. When indicated,

HEK293T cells and HEK-ACE2 were treated with 250 IU/mL of recombinant human IFN-a2a (R&D systems) for 16 h prior to infection.

METHOD DETAILS

Cell transfections
All plasmid transfections were performed using FuGENE� 6 Transfection Reagent (Promega) according to the manufacturer’s in-

structions. The pEFBOS(+)-Flag-2CARD plasmid was provided byM. Si Tahar (Centre d’Étude des Pathologies Respiratoires, Tours,

France) (Yoneyama et al., 2004). The Cen-nls plasmid was described previously (Fernandez et al., 2021). The IRF-a and Cen-CBP

constructs were synthesized by Genscript. The expression of IRFs and Cen constructs was assessed at 24 h post-transfection

(hpt), unless otherwise stated, by flow cytometry, western blotting, or indirect immunofluorescence using anti-Flag and anti-HA an-

tibodies, respectively. Transfections of siRNAwere performed using HiPerFect Transfection Reagent (Qiagen) according to theman-

ufacturer’s instructions.

Indirect immunofluorescent labeling and confocal imaging
Cells fixed in 4% paraformaldehyde (Alfa Aesar) for 10 min were permeabilized in 0.5% Triton for 15 min, neutralized with 50 mM

NH4Cl for 10 min and blocked with 0.3% BSA for 10 min. Cells were incubated with primary and secondary antibodies for 1 h

and 30 min, respectively, at room temperature in a wet chamber. Primary antibodies were mouse and rabbit anti-Flag, rat anti-

HA, rabbit anti-IRF1 (Santa Cruz), IRF3 (Cell signalling), IRF5 (Cell signalling), IRF7 (Santa Cruz). Secondary antibodies were goat
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anti-mouse Alexa 488, anti-rabbit Alexa 555, anti-rat Alexa 647. Nuclei were stained using Hoechst (Invitrogen). All images were ac-

quired using a LSM880 (Zeiss) confocal microscope using a 633 oil immersion objective, in confocal or Airyscanmode (as indicated)

and processed using FiJi. Representative images are shown using artificial colouring.

Measuring fluorescence intensity in nuclear and cytoplasmic region of interest (ROIs)
IRF signal intensity was measured in the nuclei and cytoplasms from confocal planes using FiJi. Nuclei were analyzed by automatic

particle detection of the Hoechst labelling (with size 40 mm-infinity). Whole cells were delineated using freehand selection and the

cytoplasmic space was defined by subtracting ROIs using XOR (exclusive OR) operation. Mean gray values were measured for all

ROIs in an average of 30 cells per condition from 3 independent experiments.

RT-qPCR analyses
Total RNA was extracted using a RNeasy Mini kit and submitted to DNase treatment (Qiagen), following the manufacturer’s instruc-

tions. RNA concentration and purity were evaluated by spectrophotometry (NanoDrop, 2000c; Thermo Fisher Scientific). In addition,

500 ng of RNA were reverse transcribed with both oligo dT and random primers, using a PrimeScript RT Reagent Kit (Perfect Real

Time, Takara Bio Inc.) in a 10 mL reaction. Real-time PCR reactions were performed in duplicate using Takyon ROX SYBRMasterMix

blue dTTP (Eurogentec) on an Applied Biosystems QuantStudio 5 (Thermo Fisher Scientific). Transcripts were quantified using the

following program: 3 min at 95�C followed by 35 cycles of 15 s at 95�C, 20 s at 60�C, and 20 s at 72�C. Values for each transcript

were normalized to expression levels of RPL13A (60S ribosomal protein L13a), using the 2�DDCt method. Primers used for quantifi-

cation of transcripts by real-time quantitative PCR are listed in Table S1.

Bioluminescent imaging
HEK293T cells were co-transfected with IRF3-⍺ and Cen-nls. After 24 h, cells were transferred to glass-bottomed black 96-well

plates (20,000 cells/well). Cells were incubated with NanoGlo Live Cell substrate (Promega) immediately prior to imaging.

Kinase inhibitors and antivirals screened using AlphaCen assays
All chemical compounds were purchased at a purity >99%, resuspended at 10 mM in DMSO and stored at �80�C. To perform the

screens, molecules were further diluted in DMEM 0% SVF at a concentration of 50, 10 or 2 mM, in a final concentration of DMSO

of 0.5%.

Luminescent plate assays
IRF-⍺ and Cen expressing cells were lysed in NanoGlo substrate (Promega) according to the manufacturer’s instructions. Lysates

were transferred in white 96-well plates (50,000 cell equivalents/well) and luminescence was read within 5 min using a Tecan Infinity

200 luminometer.

Cell viability
Cell viability was assessed using the CellTiter assay (Promega) according to the manufacturer’s instructions. Lysates were trans-

ferred in black 96-well plates (50,000 cell equivalents/well) and luminescence was read within 10 min using a Tecan Infinity 200

luminometer.

Flow cytometry
For the detection of SARS-CoV-2-mNeonGreen, 5 3 105 HEK-ACE2 cells were treated with the indicated drugs and simulta-

neously infected with SARS-CoV-2-mNeonGreen at MOI 0.1. When indicated, cells were also treated with 1mL recombinant hu-

man anti-IFNAR2 for 50,000 cells (Miltenyi Biotec). At 24 hpi, cells were fixed with 4% formaldehyde for 30 min. For all other

experiments, cells were fixed with 2% formaldehyde (Alfa Aesar) for 30 min and permeabilized in a PBS/1% BSA/0.05%

saponin solution for 30 min prior to staining with primary antibodies diluted in the permeabilization solution for 1h at 4�C
and followed by secondary antibodies for 30 min at 4�C. All acquisitions were performed on a Fortessa cytometer (BD Biosci-

ences), data were collected with FACSDiva software (Becton Dickinson) and were processed with FlowJo software (Treestar

Inc., Oregon, USA).

Quantification of secreted IFN
IFN secreted in the culture medium was titrated on STING-37 reporter cells, which correspond to HEK293 cells stably expressing an

IFN-stimulated response element (ISRE)-luciferase reporter gene (Lucas-Hourani et al., 2013). A standard curve was established by

applying known titers of recombinant human IFN-a2a (R&D Systems) onto STING-37 cells. Luciferase induction in STING-37 cells

was determined using the Bright-Glo reagent (Promega), according to the manufacturer’s recommendations.

Western blot
Cell lysates were denatured and loaded on 10% ProSieve gel (Lonza), then subjected to electrophoresis. Chemiluminescent acqui-

sitions were acquired on a Chemidoc� MP Imager and analyzed using Image Lab� desktop software (Bio-Rad Laboratories).
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QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were executedmultiple times and independently by different experimentators. The screening and their analyseswere

performed blindly. No data were excluded from the analyses. Details on quantification are found in figure legends and in Methods

details sections. All results are displayed asmeans ± standard deviation of themeans (SD). All the statistical analyseswere performed

with GraphPad Prism 9 and the statistical significance was calculated using the unpaired Student’s t test, or one-way ANOVA

followed by Bonferroni or Dunnett post-hoc test, depending on the experiments. The statistical test used for each experiment

is indicated in the respective figure legend. Significance is indicated with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, or

ns = not significant in the corresponding graphs.
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