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A genome-wide screen identifies IRF2 as a key
regulator of caspase-4 in human cells
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Abstract

Caspase-4, the cytosolic LPS sensor, and gasdermin D, its down-
stream effector, constitute the non-canonical inflammasome,
which drives inflammatory responses during Gram-negative bacte-
rial infections. It remains unclear whether other proteins regulate
cytosolic LPS sensing, particularly in human cells. Here, we conduct
a genome-wide CRISPR/Cas9 screen in a human monocyte cell line
to identify genes controlling cytosolic LPS-mediated pyroptosis. We
find that the transcription factor, IRF2, is required for pyroptosis
following cytosolic LPS delivery and functions by directly regulat-
ing caspase-4 levels in human monocytes and iPSC-derived mono-
cytes. CASP4, GSDMD, and IRF2 are the only genes identified with
high significance in this screen highlighting the simplicity of the
non-canonical inflammasome. Upon IFN-y priming, IRF1 induction
compensates IRF2 deficiency, leading to robust caspase-4 expres-
sion. Deficiency in IRF2 results in dampened inflammasome
responses upon infection with Gram-negative bacteria. This study
emphasizes the central role of IRF family members as specific
regulators of the non-canonical inflammasome.
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Introduction

Sepsis is a leading cause of mortality worldwide, accounting for
over 5 million deaths annually [1]. Sepsis is a deregulated host
response to severe infection and is characterized by life-threatening
organ dysfunction [2]. While the deregulated host immune
responses include both pro- and anti-inflammatory responses, the
early deaths observed during sepsis are thought to be due to a
systemic inflammatory response syndrome (SIRS) [3]. A prominent
initiator of SIRS is lipopolysaccharide (LPS) [4], a component of the
envelope of Gram-negative bacteria. This potent endotoxin engages
several inflammatory receptors and is sufficient to trigger SIRS in
both mice and humans [5,6].

Immune responses to LPS are induced following either extracel-
lular recognition by TLR4 [7] or cytosolic recognition by caspase-4/
5/11 [8-10]. While the TLR4 pathway was long thought to be the
main pathway responsible for LPS-induced lethality [7], the discov-
ery that caspase-11 is activated in mice in response to cytosolic LPS
has shed a new light on LPS-induced pathologies [9,10]. Caspase-11
and its human homologues caspase-4 and 5 bind LPS and act both
as receptor [8] and as effector of the so-called non-canonical
inflammasomes [11]. Upon LPS binding, these inflammatory
caspases oligomerize and become activated, leading to the cleavage
of their substrate, gasdermin D [12,13]. Cleaved gasdermin D acts
as a pore forming protein triggering an inflammatory form of cell
death termed pyroptosis [14]. In addition, potassium efflux through
gasdermin D pores activates NLRP3, leading to caspase-1 activation
and subsequent release of IL-1$ and IL-18 [11,15-17]. In contrast to
the TLR4 pathway, which has been well characterized and involves
multiple proteins upstream and downstream of TLR4 [18], the
description of the core complex involved in LPS cytosolic sensing is
currently limited to two proteins: caspase-4 (and its homologues)
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and gasdermin D [12]. Due to the relatively recent identification of
this immune complex, it remains unclear whether additional factors
regulate cytosolic LPS sensing by the non-canonical inflammasome
[19]. Further, most studies characterizing the non-canonical
inflammasome have employed mouse models, which do not fully
recapitulate inflammasome activation in humans. In mice, cytoplas-
mic LPS sensing occurs by caspase-11, which differs from its human
homologue, caspase-4, in several ways [20-25]. First, caspase-11 is
highly inducible following engagement of the TLRs/TRIF pathways
and/or IFN signaling [9,10,26,27]. In contrast, in human monocytes
and macrophages, caspase-4 is constitutively expressed [28,29]. In
addition, we recently demonstrated that caspase-4 detects under-
acylated LPS [30] while murine macrophages did not respond to
cytoplasmic delivery of under-acylated LPS [31]. The tetra-acylated
LPS from Francisella tularensis, the agent of tularemia, is thus
detected in human macrophages but does not trigger any inflamma-
some response in murine macrophages [30].

Here, we hypothesized that factors controlling cytosolic LPS-
mediated pyroptosis remained to be identified in human monocytes.
Using electroporation of Francisella novicida LPS and a CRISPR/
cas9 genome-wide screen in U937 cells, we identified interferon
regulatory factor 2 (IRF2) as one of the three human genes (together
with CASP4 and GSDMD) required for LPS-mediated pyroptosis in
human cells. We further showed that under steady-state conditions,
IRF2 drives sensing of cytosolic LPS by directly controlling caspase-
4 transcript levels; however, in the presence of IFN-y, IRF2 cooper-
ates with IRF1 to control the inflammasome responses to cytosolic
LPS and Gram-negative bacteria. Our results thus provide insights
into the regulation of caspase-4 in human cells at both steady state
and during inflammation.

Results

A genome-wide screen identifies IRF2, gasdermin D, and
caspase-4 as the three main players in LPS sensing

Prior to this report, two genome-wide CRISPR/cas9 screens have
been performed to identify proteins involved in the cytosolic sensing
of LPS. Both have been conducted in murine macrophage cell lines
using Escherichia coli LPS [12,32]. To identify human-specific
factors that may contribute to cytosolic detection of tetra-acylated
LPS, we performed a genome-wide screen in U937 cells transfected
with F. novicida LPS. A library of 76,441 sgRNA, in which each gene
was targeted by four independent sgRNA [33], was introduced by
transduction in U937 cells expressing spCas9 [30]. The obtained cell
library was subsequently electroporated with 10 pg of F. novicida
LPS (a condition leading to approximately 40% cell death at 3 h
post-transfection [30]). The surviving cells were then amplified over
4 days before going through another round of LPS electroporation.
This cycle was repeated three times for a total of four electropora-
tions (Fig 1A). SgRNA enrichment factors in the LPS-electroporated
cells compared to the mock-electroporated cells were determined by
next-generation sequencing to identify genes which knock-out
impaired cell death/promoted cell survival following LPS electro-
poration. Strikingly, when focusing on the 10 most enriched
sgRNAs, three genes—IRF2, CASP4, and GSDMD—were represented
by several independent sgRNA (Fig 1B). Statistical analysis taking
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into account the score of the four independent sgRNAs strengthened
the prominent enrichment of these three genes (Fig 1C). Fifteen
other genes were scored as significant although the corresponding
adjusted P-values were at least 10%-fold greater than the adjusted P-
values of IRF2, CASP4, and GSDMD (Table EV1). Overall, this
genome-wide screen suggests that IRF2 is a major player of F. novi-
cida LPS cytosolic sensing in human cells.

To assess the role of all eighteen genes found to be significantly
associated with cytosolic LPS sensing, we created stable cell lines
using CRISPR/Cas9 and 2 sgRNA targeting each gene in U937 cells.
Two of the identified genes (PACSI and ZNF699) did not pass the
RNA-seq filtering step, indicating they are either not expressed, or
poorly expressed in U937 cells (see Materials and Methods)
(Fig EV1); therefore, they were not targeted. Following CRISPR/
Cas9-mediated editing, three other candidate genes were excluded
from further analyses due to either reduced growth rate of the
mutated cell line (TRIM28), inefficient mutation (DET1), or a strong
bias in insertions/deletions not causing a frameshift (TFAP4)
(Appendix Table S1). Out of the 13 cell lines with validated open-
reading frame disruptions (Appendix Table S1), the cell lines
mutated for IRF2 (Fig EV2A), CASP4 [30], and GSDMD [30] demon-
strated a drastic reduction in LDH release following LPS electropora-
tion (Fig 1D). To further corroborate these results, we generated
three independent IRF2 knock-out (KO) cell lines and again
observed a strong reduction in cell death upon LPS electroporation
(Fig EV2A and B). Of note, since we observed that IRF2 was
required for LDH release in response to both E. coli and F. novicida
LPS (Fig EV2C), we used E. coli LPS for subsequent experiments.

IRF2 is specifically required for caspase-4-mediated cell death

To confirm the role of IRF2 in mediating pyroptosis following LPS
electroporation, we first reconstituted physiological IRF2 expression
in IRF2C cells (Fig 2A). Importantly, ectopic expression of IRF2
fully restored pyroptosis after LPS electroporation in IRF2XC cells
(Fig 2B and C), demonstrating that IRF2 controls caspase-4-
mediated pyroptosis.

We next sought to determine whether other IRFs could be
involved in caspase-4-mediated pyroptosis. While several IRFs are
involved in the regulation of various inflammasomes in mice
[34,35], we did not observe a significant enrichment for any IRFs
besides IRF2 in our CRISPR/Cas9 screen (Fig 2D). Nine IRFs are
present in humans. To exclude a possible role for other IRFs in
caspase-4-mediated pyroptosis, we generated individual IRF mutated
cell lines. Importantly, only IRF2 mutations resulted in a significant
reduction in LDH release upon LPS transfection (Fig 2E). This result
suggests that IRF2 is specifically required among IRF family
members to regulate caspase-4-dependent pyroptosis.

To assess whether IRF2 could be involved in other cell death
pathways, we triggered necrosis using nigericin [36,37] and apopto-
sis using gliotoxin [38] or a staurosporine analogue, UCN-01 [39].
Of note, in the absence of phorbol 12-myristate 13-acetate (PMA)-
mediated differentiation and LPS priming, we found nigericin-
mediated necrosis in U937 cells to be independent of caspase-1 and
gasdermin D (Appendix Fig S1). We monitored U937 cell death
kinetics in real time using propidium iodide incorporation (Fig 2F).
This technique confirmed the strong pyroptosis defect of IRF2XC
cells in response to LPS transfection (Fig 2B). However, we could
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Figure 1. A genome-wide CRISPR/Cas9 screen identifies IRF2, gasdermin D, and caspase-4 as the three main players in LPS sensing.

A A genome-wide CRISPR/Cas9 screen based on LPS electroporation was performed in U937 cells. Four successive electroporation rounds were performed. DNA was
extracted from surviving cells, and next-generation sequencing (NGS) was performed to calculate the sgRNA enrichment factor.

B The 10 most enriched sgRNA in the LPS-electroporated samples are shown.

C Graphical representation of the screen results with each gene identified in the output libraries (10,750) represented on the x-axis and the corresponding adjusted P-
value on the y-axis. Statistical analysis was performed using the Wald test. The colored line represents the 0.05 P-value threshold. The size of the circle is inversely

proportional to the P-value.

D U937 cell lines were knock-out using CRISPR/Cas9, and cell death was quantified by LDH release assay 4 h after LPS electroporation. Each dot represents the average
of three technical LDH replicates; means and SD of 3-9 independent experiments are shown. One-way ANOVA with Dunnet’s multiple comparisons test was
performed. Adjusted P-value is shown (from left to right ***P < 0.001, ***P < 0.001, ***P < 0.001, P = 0.84, P = 1, P = 0.092, *P = 0.012, **P = 0.0026, P = 1,

**P = 0.0022, P = 098, P = 0.82, P = 0.97).

Data information: (A-C) Experiment was conducted once in quadruplicate. COP1 is also known as RFWD2.

Source data are available online for this figure.

not observe substantial defects in apoptosis or necrosis Kinetics
(Fig 2F). Altogether, these experiments demonstrate that, among
IRF family members, IRF2 specifically controls pyroptosis in
response to cytosolic LPS in U937 monocytes.

IRF2 regulates Caspase-4 level

IRF2 is a transcription factor described to act as transcriptional acti-
vator and repressor [40,41]. To understand the mechanisms by
which IRF2 controls pyroptosis, we performed transcriptome analy-
sis of wild-type (WT) and IRF2X° U937 cells, as well as IRF2XC U937
cells reconstituted with IRF2 (Fig 3A-C). Twenty-four genes
(Table EV2) were significantly down-regulated (fold change < 0.5)

© 2019 The Authors

in IRF2-deficient cells compared to WT cells and significantly up-
regulated (fold change > 2) upon reconstitution of IRF2 expression
(Fig 3B). Interestingly, expression of three genes (CASPI, CASP4,
and CARDI6) from the inflammatory caspase locus [42] was posi-
tively regulated by IRF2 (Fig 3A and C). We did not observe any
regulation of GSDMD by IRF2, either at the transcript level (Fig 3C)
or at the protein level (Fig EV3A). To determine whether IRF2
directly regulated expression of genes in the inflammatory caspase
locus, we analyzed IRF2 chromatin immunoprecipitation coupled to
high-throughput sequencing (ChIP-seq) in primary human mono-
cytes [43]. We identified peaks of IRF2 binding on the promoters of
both CASP4 and CASP1I genes (Fig 3D), suggesting that IRF2 directly
regulates CASP1 and CASP4 expression level.
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Figure 2. IRF2 is specifically required for caspase-4-mediated cell death.

U937 cell lines were generated using CRISPR/Cas9.

A IRF2 and B-actin protein levels were assessed in the lysate of the indicated U937 cells by Western blotting analysis. A non-specific band (*) is observed in the IRF2
Western blot. One experiment representative of three experiments is shown.

B Cell death induced by LPS electroporation or the indicated treatment was quantified in real time by measuring propidium iodide (Pl) incorporation/fluorescence every
15 min. Cell death was normalized using untreated and TX-100-treated cells. The kinetics of one representative experiment and the areas under the curve (AUC)
(normalized to the WT AUC) of three independent experiments are shown. Each point represents the mean of a biological triplicate of one experiment; the bar
represents the mean =+ SD of three independent experiments.

C Cell death was measured by LDH release assay 4 h after LPS electroporation. Each dot corresponds to the LDH triplicate of one experiment; the bar represents the
mean =+ SD of four independent experiments.

D Heat map representation of the enrichment factor for the 4 sgRNA targeting each IRF in the genome-wide screen.

E Cell death was measured by LDH release assay 4 h after LPS electroporation. Each dot corresponds to the LDH triplicate of one experiment; the bar represents the
mean =+ SD of three independent experiments.

F Cell death was quantified by measuring Pl incorporation/fluorescence every 15 min after treatment with nigericin, UCN-01, or gliotoxin. The kinetics of one
representative experiment and the areas under the curve (AUC) (normalized to the WT AUC) of three independent experiments are shown. Each point represents the
mean of a biological triplicate of one experiment; the bar represents the mean =+ SD of three independent experiments.

Data information: (B, E and F) One-way ANOVA with Dunnet’s multiple comparisons test was performed. (B-WT vs. CASP4XC: ***p < 0,0001, WT vs. IRF2*® pEMPTY:
**+p = 00004, WT vs. IRF2C pIRF2: P = 0.11; E-left to right ***P < 0.0001; P = 0.36; ***P < 0.0001; P = 0.78; P = 0.43; P = 0.42; P = 0.98; P = 0.87; P = 0.68; P = 0.86;
F- left to right, AUC Nigericin, P = 0.95, P = 0.98, P = 0.027; AUC-UCN-01, P = 0.012; P = 0.066; P = 0.99; AUC gliotoxin, P = 097, P = 1, P = 0.79). (C) One-way ANOVA
with Sidak’s multiple comparisons test was performed. (WT vs. IRF2“C pEMPTY: ***p = 0.0001, IRF2*° pEMPTY vs. IRF2*C pIRF2: **P = 0.0014).

Source data are available online for this figure.
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Figure 3. IRF2 regulates CASP4 transcript levels.
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A mMRNA transcript levels in U937 cells WT vs. IRF2 cells were quantified by RNA-seq.
B Venn diagram showing the number of genes with a transcript level fold change (FC) greater than 2 in U937 cells WT vs. IRF2%° cells (yellow) and greater than 2 in

IRF2C vs. IRF2C pIRF2 (Blue).

C CASP4, CASP1, CARD16, and GSDMD transcript levels were quantified by RNA-seq in the indicated U937 cell lines.
D Chromatin immunoprecipitation sequencing (ChIP-seq) in primary human monocytes from two healthy donors (HD) for IRF2 binding onto CASP1 and CASP4

promoters. Red arrows indicate promoter region with IRF2 binding.

E IRF2 and CASP4 protein levels were assessed by Western blotting in the indicated cell lines. The asterisk indicates a non-specific band. For the long exposure of the
CASP4 Western blot, the 2 left lanes were covered during revelation to prevent signal bleed through and were blacked out for representation purposes.

F, G Cell death was quantified by (F) LDH release assay 4 h after LPS electroporation or (G) by measuring propidium iodide (PI) incorporation/fluorescence every 5 min.
Cell death was normalized using untreated and TX-100-treated cells. The kinetics of one representative experiment and the areas under the curve (AUC)
(normalized to the WT AUC) of four independent experiments are shown. Each point represents the mean of a biological triplicate of one experiment; the bar

represents the mean + SD of four independent experiments.

Data information: (A-C) One experiment performed with three biological replicates. (C) Each point represents the transcript count per million in one biological replicate;
the bar represents the mean + SD of the three replicates. Unpaired t-tests were performed. WT vs. IRF2“C P = 0.0009, 0.0003, 0.0003, 0.41; IRF2*° vs. IRF2*° pIRF2

P = 0.0001, 0.0019, 0.0063, 0.18, for CASP4, CASP1, CARD16, and GSDMD, respectively. (E) Data are representative of three independent experiments. (F) Each dot
corresponds to the LDH triplicate of one experiment; the bar represents the mean + SD of three independent experiments. One-way ANOVA with Sidak’s multiple
comparisons test was performed. (WT vs. CASP4%C, WT vs. IRF2*C pEMPTY, IRF2C pEMPTY vs. IRF2C pCASP4 all ***P < 0.0001, WT vs. IRF2C pCASP4: P = 0.90 NS: not
significant) (G) One-way ANOVA with Dunnet’s multiple comparisons test was performed. (WT vs. CASP4*C: ***p = 0,0003, WT vs. IRF2X°: ***p = 0.0008, WT vs. IRF2*°

pCASP4: P = 0.078).
Source data are available online for this figure.

The strong and specific regulation of CASP4 mRNA levels by
IRF2 (Fig 3C) suggested that IRF2 might control pyroptosis
through the control of CASP4 expression. We thus assessed
caspase-4 protein levels in WT, IRF2XC, and pIRF2-reconstituted
cell lines by Western blotting. In line with the transcriptomic data,
we observed a strong decrease in caspase-4 (Fig 3E) and caspase-1
(Fig EV3B) protein levels in IRF2X© U937 cells, which could be
corrected upon IRF2 reconstitution. As expected, the reduction in
caspase-1 levels was associated with decreased IL-1f3 release upon
activation of the NLRP3 inflammasome with LPS + nigericin
(Fig EV3C).

Because of the direct link between IRF2 activity and caspase-4
expression, we next tested whether expressing CASP4 under a
constitutive promoter (Fig 3E-G) could restore pyroptosis in IRF2XC
cells. Indeed, constitutive expression of CASP4 led to strong LDH
release upon LPS transfection in IRF2X© cells (Fig 3F). Interestingly,
overexpression of CASP4 in IRF2XC cells decreased the delay
between LPS electroporation and membrane permeabilization as
visualized by PI fluorescence, indicating that caspase-4 levels
control the cell death response kinetics (Fig 3G). Altogether, these
results demonstrate that IRF2 positively regulates caspase-4 levels in
U937 monocytes, which is required for these cells to trigger pyropto-
sis in response to LPS electroporation.

IFN-y treatment induces IRF1 to cooperate with IRF2 to regulate
CASP4 transcript level and LPS-mediated pyroptosis

Inflammasome activation can be modulated by the surrounding
inflammatory milieu. We therefore assessed the role of IRF2 in
LPS-induced pyroptosis in the presence of IFN-y, a prominent anti-
bacterial cytokine [44]. Surprisingly, IFN-y treatment restored
pyroptosis in IRF2-deficient cells to levels observed in WT cells
(Fig 4A). Since numerous IRFs are IFN-inducible and share similar
binding sites [45], we hypothesized that other IRFs could compen-
sate for the absence of IRF2 after IFN-y treatment. To test this
hypothesis, we generated cell lines double-knock-out (DKO) for
IRF2 and each individual IRF (Appendix Table S1). Remarkably, the
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IRF1/IRF2PXO cell line was resistant to LPS electroporation-induced
pyroptosis even in the presence of IFN-y, while none of the other
cell lines showed any substantial difference with WT cells after IFN-
v treatment (Fig 4B).

We further validated the redundant role of IRF1 and IRF2 in
the presence of IFN-y by monitoring LPS-induced cell death in
real time using PI incorporation. We found that while IRF2 defi-
ciency alone was insufficient to prevent LPS-mediated pyroptosis
after IFN-y treatment, double-knock-out cells were largely resis-
tant to cell death (Fig 4C). By blotting for caspase-4 protein
levels in IRF2XC and IRFI/IRF2P¥C cell lines, we observed that in
the presence of IFN-y, expression of caspase-4 increased in
IRF2KO cells and that this increase was dependent on IRF1
(Fig 4D). In contrast, we did not observe any substantial induc-
tion of caspase-4 protein in the presence of either Pam3CSK4, a
TLR2 agonist, or extracellular LPS (Appendix Fig S2). Although
we cannot exclude that other IRF-1-induced genes [30,34,46,47]
may participate in restoring the sensitivity of IRF2-deficient cells
to electroporated LPS (see GBPI in Appendix Fig S3), our data
suggest that the dual regulation of caspase-4 levels by IRF1 and
IRF2 contributes to cytosolic LPS-mediated pyroptosis in the pres-
ence of IFN-y.

IRF2 controls, in a partially redundant manner with IRF1,
caspase-4-mediated responses during infection in macrophages

To obtain robust inflammasome activation following E. coli and
F. novicida infection, U937 monocytes must first be differentiated
into macrophages using PMA and priming with IFN-y [30]. Since
IL-1B secretion upon cytosolic LPS delivery is mediated by the
NLRP3 inflammasome downstream of the caspase-4-gasdermin D
cascade [16], Pam3CSK4 was used to induce prolL-1f and prime
the NLRP3 inflammasome. In IFN-y-primed, PMA-differentiated
U937 macrophages, as described above, the presence of IRFI
compensated IRF2 deficiency in regulating LDH release and IL-1
release upon cytosolic delivery of LPS (Fig 5A and B). U937 macro-
phages deficient in both IRFI and IRF2 displayed a profound

© 2019 The Authors
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Figure 4. IFN-y treatment induces IRF1 to redundantly act with IRF2 to regulate caspase-4 levels and LPS-mediated pyroptosis.

A-C Cell death was assessed (A, B) by measuring LDH release 4 h after LPS electroporation or (C) by measuring propidium iodide (Pl) incorporation/fluorescence every
10 min in the indicated U937 cell lines primed (A-as indicated, B, C-all samples) or not with IFN-y. (C) Cell death was normalized using untreated and TX-100-
treated cells. One real-time cell death experiment (mean and SD of triplicate) representative of three independent experiments is shown. The areas under the curve
(AUC) (normalized to the WT AUC) of three independent experiments are shown. Each point represents the mean of a triplicate of one experiment; the bar

represents the mean (and SD) of the three independent experiments.

D Caspase-4, IRF2, and IRF1 protein levels were assessed in the lysate of the indicated U937 cell lines primed or not with IFN-y. Data are representative of three

independent experiments.

Data information: (A,B) Each dot corresponds to the mean of LDH triplicate of one experiment; the bar represents the mean + SD of three (B) to four (A) independent
experiments. (A): One-way ANOVA with Sidak’s multiple comparisons test was performed (untreated WT vs. IRF2C: ***p < 0,0001, WT vs. GSDMDK®: ***p < 0.0001; IFN-
y-treated WT vs. IRF2C: P = 0.3, WT vs. GSDMD*: ***p < 0,0001). (B) One-way ANOVA with Dunnet’s multiple comparisons test was performed (All P-values = 1 except
WT vs. IRF1/2°%C: **p = 0,0048 and WT vs. CASP4C: ***p < 0,0001). (C) One-way ANOVA with Dunnet’s multiple comparisons test was performed (WT vs. IRF2*:

P = 0.84, WT vs. IRF1/2°%C; *P = 0,03, WT vs. CASP4*: ***p = 0,0004).
Source data are available online for this figure.

decrease in LPS-mediated cytotoxicity and IL-1P release (Fig 5A
and B).

We then investigated the role of IRF1 and IRF2 in controlling
caspase-4-mediated responses during infection. We used F. novicida
to infect cells, as it is known to activate caspase-4 in human macro-
phages [30]. As previously described for murine macrophages [34],
mutation of IRFI highly delayed cell death in IFN-y-primed U937
macrophages that were infected with F. novicida (Fig 5C), likely
through the regulation of guanylate binding proteins (GBPs) [30,34]
(Appendix Fig S3). Mutation of IRF2 alone had no significant effect;
however, in IRF1¥© cells, IRF2 deletion delayed F. novicida-mediated
cell death and fully abolished caspase-4-dependent cell death
(Fig 5C). Of note, cell death kinetics were substantially slower in
IRF1/2P%© cells than in CASP4"° cells suggesting that IRF1 and IRF2

© 2019 The Authors

control both non-canonical and canonical inflammasome-mediated
cell death during F. novicida infection. In addition to regulating cell
death, IRF1 and IRF2 deficiency also affected cytokine release after
F. novicida infection. In particular, single invalidation of either IRFI
or IRF2 deeply and significantly dampened IL-1p release (Fig 5D)
while TNF levels were largely consistent across all genotypes
(Fig SE). Similar results were observed upon E. coli infection
(Fig SF-H), although the contribution of caspase-4 to cell death and
IL-1P release was only partial in this model. Altogether, these results
demonstrate that, during infection of IFN-y-primed U937 macro-
phages, IRF2 acts in a partially redundant manner with IRF1 to
control inflammasome responses. This action likely occurs through
the regulation of caspase-4 levels, as well as other innate immune
proteins (Appendix Fig S2 and S3).
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5. IRF1 cooperates with IRF2 to regulate non-canonical inflammasome activation in PMA-differentiated macrophages.

U937 cell lines were differentiated with PMA and primed with IFN-y.

A Cell death was quantified by LDH assay 2 h after LPS electroporation.

B Cells were primed with Pam3CSK4. IL-1f levels were assessed by ELISA 4 h after LPS electroporation.

C Cell death was quantified by measuring propidium iodide (PI) incorporation/fluorescence every 5 min after infection with F. novicida or (F) E. coli. Cell death was
normalized using untreated and TX-100-treated cells. One real-time cell death experiment (mean and SD of triplicate) representative of three independent
experiments is shown. The areas under the curve (AUC) (normalized to the WT AUC) of three independent experiments are shown. Each point represents the
mean of a triplicate of one experiment; the bar represents the mean (and SD) of the three independent experiments.

(D-H) (D, Q) IL-1B and (E, H) TNF levels were assessed by ELISA 6 h after WT or AFPI mutant F. novicida (D, E) or E. coli (G, H) infection.

Data information: (A, B) Each dot corresponds to the mean of LDH triplicate of one experiment; the bar represents the mean + SD of three independent experiments.
(D—E, G-H) Each dot corresponds to the mean of biological triplicates of one experiment, the bar represents the mean + SD of three (D, G, H) to four (E) independent
experiments. (A-H) One-way ANOVA with Dunnet’s multiple comparisons test was performed. (A) WT vs. IRF1/2C **P = 0.0084, WT vs. CASP4*C **p = 00019 (B) WT vs.
IRF1%C *Pp = 0,012, WT vs. IRF1/2C ***p = 0.0003, WT vs. CASP4XC ***p < 0,0001 (C) (WT vs. IRF2C: P = 0.26, WT vs. IRF1¥: **p = 0.0015, WT vs. IRF1/2°%C:

**%p = 00002, WT vs. CASP4XC; **p = 0,0067). (D) (WT vs. IRF2C: ***p = 0,001, WT vs. IRF1*?: ***p < 0.0001, WT vs. IRF1/2°%C; ***p < 0,0001, WT vs. CASP4“°:

**%p = 0.0005). (E) (WT vs. IRF2C: P = 0.045, WT vs. IRF1*?: *P = 0.19, WT vs. IRF1/2°C; P = 1, WT vs. CASP4*?: P = 0.57). (G) (WT vs. IRF2“%: *P = 0.016, WT vs. IRF1*°:
*P = 0.024, WT vs. IRF1/2°%C: **p = 0.0032, WT vs. CASP4“C: P = 0.57). (F) WT vs. IRF1C *P = 0.045, WT vs. IRF1/2XC **P = 0.0017, WT vs. CASP4° *P = 0.0107 (H)

(WT vs.

IRF2C: P = 0.86, WT vs. IRF1C: P = 1, WT vs. IRF1/2°C: P = 0.79, WT vs. CASP4“?; p = 1).

Source data are available online for this figure.
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IRF2 controls caspase-4 levels in human
iPSC-derived macrophages

To validate our findings in a more relevant cellular system, we
deleted IRF2 in human induced pluripotent cells (iPSC). Gene deletion
was confirmed at the DNA level by sequencing (Appendix Fig S4)
and at the protein level in iPSC-derived macrophages (Fig 6A).
Corroborating observations made in U937 cells, deletion of IRF2 in
iPSC-derived macrophages led to a strong reduction in caspase-4
protein levels (Fig 6A). At odds with the results obtained in U937
cells, we did not observe any impact of IRF2 deletion on caspase-1
protein levels in iPSC-derived macrophages, possibly reflecting
interindividual variability. In line with the role of IRF2 as a transcrip-
tion factor, CASP4 transcript levels were also strongly and signifi-
cantly reduced in the two IRF2 knock-out iPSC-derived macrophage
clones. NLRP3, ASC, and CASP1I did not display any reduction in their
transcript levels (Fig 6B). Altogether, these results demonstrate that
in human cells, IRF2 is a key regulator of caspase-4 levels.

Discussion

Here, we describe an unbiased, genome-wide screen used to identify
genes involved in non-canonical inflammasome activation in human
cells. We found that three genes—encoding caspase-4, gasdermin D,
and IRF2—were significantly associated with non-canonical
inflammasome activation and therefore represent the core pathway
controlling cytosolic LPS-mediated cell death in human cells. This

A iPS-derived macrophages

WT Casp1K@ |RF2KO
#117 #132

Figure 6.

Transcript level
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work not only supports the role of caspase-4 as the direct LPS recep-
tor and effector of the non-canonical inflammasome complex [8],
but also identifies IRF2 as a novel factor regulating caspase-4
expression levels and non-canonical inflammasome activation in
human cells. Further, this screen stresses the unusual simplicity of
this signaling complex, particularly when compared to the large
number of proteins involved in extracellular LPS sensing by TLR4,
and in its downstream signal transduction pathway [48].

The remaining 15 significant hits identified in this screen were
not investigated in the present study. These genes likely include
both minor contributors and false positives. We cannot rule out the
existence of other regulators that may have been missed in the
screen either due to redundancy or to our experimental system. For
example, U937 cells may not fully model primary monocytes in
terms of expression or regulation. Furthermore, electroporation of
LPS was required to trigger a robust and reproducible cell death, but
likely prevented the identification of host molecules required for
LPS trafficking from the extracellular environment to the cytosol, or
for the extraction of lipid A from its membrane environment (e.g.
outer membrane vesicles—OMYVs). Indeed, we and others have
previously identified the GBPs as co-factors regulating non-cano-
nical inflammasome activation in response to Gram-negative infec-
tion, OMV internalization, or LPS transfection [30,46,47,49]. These
proteins were not identified in the screen.

Expression of caspase-11 in mouse cells is highly inducible by
multiple pro-inflammatory stimuli including TLR ligands and IFNs
[27]. Conversely, caspase-4 is constitutively expressed in human
monocytes and macrophages [28,29,50], which correlates with the
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IRF2 controls caspase-4 levels in human induced pluripotent stem cell (iPSC)-derived macrophages.

A, B Macrophages were derived from human iPSC clones knock-out for the indicated genes. Two clones were selected for IRF2C cells. (A) Caspase-4, caspase-1, IRF2,
and B-actin protein levels were assessed by Western blotting analysis. One experiment representative of two independent experiments is shown. (B) The indicated
mRNA levels were quantified by qRT-PCR normalized to -actin mRNA levels and expressed as fold change compared to WT levels. Each dot represents the average
of a technical RT-PCR triplicate from one experiment; the bar represents the mean of three independent experiments. One-way ANOVA with Dunnet’s multiple
comparisons test was performed (WT vs. IRF2KC #117 **P = 0.0020; WT vs. IRF2C #32 **P = 0.0013 for CASP4 transcript. WT vs. CASPIC ***p < 0.0001 for CASP1

transcript levels).

Source data are available online for this figure.
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high sensitivity of humans to LPS compared to mice [6,51]. Our
results demonstrate that IRF2 is required for this constitutive expres-
sion and is responsible for the sensitivity of human monocytes to
LPS-mediated pyroptosis. Accordingly, IRF2 is constitutively
expressed [52] in monocytes and acts as a transcriptional activator of
caspase-4 expression. In contrast, IRF-1 expression is strongly indu-
cible by IFN-y and compensates IRF-2 deficiency in IFN-y-primed
cells. This result is consistent with the ability of IRF-1 and IRF-2 to
bind to the same recognition site [53] and suggests that in the pres-
ence of IFN-y, IRF1 and IRF2 ensure a robust and possibly redundant
control of caspase-4 expression. Interestingly, this regulatory mecha-
nism is not limited to the CASP4 gene; in epithelial cells, TLR3
expression is positively regulated by IRF2 at steady state, while treat-
ment with IFN leads to IRF1-dependent control [41]. This regulation
exemplifies the recurring theme of redundancy in innate immunity
[54], which is thought to contribute to the robustness of the innate
immune system in humans. The redundant mechanisms controlling
caspase-4 expression in the presence of IFN-y likely ensure the effi-
ciency of cytosolic LPS detection during infection. Another potentially
redundancy player of this system is caspase-5, a poorly characterized
human inflammatory caspase detecting LPS in the cytosol. Yet,
caspase-5 was not expressed in our U937 experimental system—even
in the presence of IFN-y—and we were thus unable to investigate the
potential role of IRF1/2 in regulating caspase-5 levels.

IRF2™/~ mice exhibit resistance to LPS-induced lethality [55].
This resistance had been associated with a greater number of apop-
totic Kupffer cells in IRF2™/~ mice than in WT mice upon LPS injec-
tion. Yet, while this manuscript was under review, IRF2 was
demonstrated to regulate gasdermin D level in murine macrophage
through direct binding of the GSDMD promoter region [56]. The
study also found that IRF1 could compensate for the absence of
IRF2 in controlling gasdermin D levels, similar to what we found for
IRF1 regulation of caspase-4 in human cells. Interestingly, IRF2 in
that study was found to control gasdermin D but not caspase-4
levels in the human EA.hy926 cell line [57]. In contrast, we did not
observe any substantial regulation of GSDMD levels by IRF1/2 in
U937 cells at steady state (Fig EV3A and Appendix Fig S2).
However, we observed an IFN-y-mediated increase in GSDMD level
that was abolished in IRF1/2°%C cells (Appendix Fig S2). This result
strongly suggests a role of IRF1 (and potentially IRF2) in the regula-
tion of human GSDMD. Further studies are needed to better charac-
terize the regulation of GSDMD by IFN-y and to understand its
relevance in the context of cell death and cytokine secretion. At this
stage, it is unclear whether the differences observed at steady state
between the different human cell lines reflect interindividual varia-
tions in the promoter regions of inflammasome genes or whether
IRF2 controls different subsets of genes in different cell types. Alto-
gether, these studies strongly demonstrate that IRF2 has a conserved
role in mice and humans to control inflammasome genes.

Interestingly, IRF2 expression is differentially regulated in human
individuals in response to LPS [43], suggesting that single nucleotide
polymorphisms (SNPs) affecting IRF2 levels might control interindi-
vidual susceptibility to Gram-negative bacteria and septic shock.
Similarly, common variants in IRF5 modulate the antimicrobial
responses of human macrophages [58,59], indicating that the poly-
morphisms in the various IRF genes may be an important driver of
the interindividual differences in susceptibility to bacterial infections.
Recently, IRF-1 and IRF-8 were demonstrated to regulate Gbps and
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Naips expression in mice [34,35]. Collectively, these data demon-
strate the emerging role of IRFs as central regulators of inflamma-
some accessory proteins, sensors, and effectors in mice and humans.

Materials and Methods

Genome-wide CRISPR/cas9 screen

The Brunello library obtained from Addgene (ref# 73178) is made of
76,441 sgRNAs targeting 19,114 human genes and 1,000 non-
targeting control sgRNAs, all cloned in lentiGuide-Puro (Addgene
ref# 52963). A clonal population of U937 Cas9™ was infected with a
virus library titrated in order to achieve an MOI of 0.5 and a 390-
fold coverage for each sgRNA. Starting at 3 days post-transduction,
cells were treated with puromycin at 2 mg/ml for 12 days. Four
replicates of 4 x 10° cells were then electroporated with 10 pg of
F. novicida LPS or mock-electroporated using the Neon electropora-
tor (1 pulse of 1.3 KV and 30 ms width). This operation was
repeated three more times with 4 days of recovery between each
electroporation. DNA was extracted using a kit from Macherey-
Nagel. sgRNA containing regions were amplified by nested PCR
using the following 1% set of primers: Fwd 5-AATGGACTATCA
TATGCTTACCGTAACTTGAAAGTATTTCG-3/, Rev 5'-CTTTAGTTTG
TATGTCTGTTGCTATTATGTCTACTATTCTTTCC-3' and 2" set of
primers: Fwd 5-PRIMER FUSION+BARCODE+TCTTGTGGAAAG
GACGAAACACCG-3’, Rev 5-PRIMER FUSION+TCTACTATTCTTTC
CCCTGCACTGT-3'. For the mock-transfected samples, 56 PCRs were
performed using the first set of primers (1 pg of DNA per reaction in a
50 pl volume). These samples were then pooled, and 5 ul of this
product was used as a template for 24 additional PCRs (using primer
set 2 in a 50 pl final volume). For the LPS-transfected samples, 36
PCRs were performed using primer set 1 (1 pg of DNA per reaction in
a 50 pl volume). Again, these samples were pooled, and 5 pl of this
product was used to run 16 PCRs with primer set 2. The barcodes
were used to discriminate different samples in the same run of
sequencing. The primer fusion was required for performing next-
generation sequencing on the Ion Proton system (Thermo Fisher). The
experimental depth of sequencing was at least 15 million sequences
reads per sample. Raw data were obtained as fastq files. Low-quality
sequences and sequences with < 30 reads were removed, and primers
were trimmed. The sequences obtained were aligned against the refer-
ence library of sgRNA. sgRNA enrichment factor was determined by
the ratio between the number of reads for a given sgRNA in LPS-
treated and control sample. Statistical analysis was performed using
the R DESeq2 package. First, counts were normalized to account for
differences in sequencing depth between sgRNAs; that is, each sgRNA
raw count was divided by its own size factor. Then, the normalized
data were tested for differential expression between the LPS-electropo-
rated and the mock samples using Wald significance tests. The sgRNA
enrichment factor was calculated by dividing the number of normal-
ized reads for sgRNA in LPS treatment sample by the number of
normalized reads for sgRNA in mock sample.

Cell culture

The human myeloid cell line U937 (obtained from CelluloNet) was
grown in RPMI 1640 media with glutaMAX-I (#61870-010)
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supplemented with 10% (vol/vol) FBS, 100 IU/ml penicillin, and
100 pg/ml streptomycin (all from Thermo Fisher Scientific). When
indicated, U937 cells were treated with 100 ng/ml of phorbol 12-
myristate 13-acetate (PMA; InvivoGen) for 48 h to trigger differenti-
ation into macrophages.

iPSC generation and differentiation

NCRM-1 iPSC (RRID:CVCL_1E71), available at the NIMH Repository
and Genomics Resource, were matured and differentiated into
macrophages (iPSC-MC) in the absence of feeding layers and in
serum-free conditions as previously described [60]. Briefly, cells
were cultured in colonies in StemFlexTM medium (Thermo Fisher
Scientific) and mechanically dissociated using TrypLE (Thermo
Fisher Scientific) to obtain single cell suspensions. For the genera-
tion of embryoid bodies (EBs), 10* cells were spun down and
cultured in the presence of 1 mM Rock inhibitor (Y27632; Calbio-
chem), 50 ng/ml BMP-4 (Peprotech EC Ltd.), 20 ng/ml SCF (Mil-
tenyi Biotec Ltd), and 50 ng/ml VEGF. After 4 days, 70 EBs were
seeded in 10-cm® extra-adherent CellBIND plates (Corning) and
cultured in X-VIVOTM 15 serum-free hematopoietic cell medium
(Lonza) in the presence of human 100 ng/pl IL-3 (R&D) and
100 ng/pl M-CSF (Thermo Fisher Scientific) to induce myeloid dif-
ferentiation. Cells were harvested every 5 days and further matu-
rated in X-VIVOTM 15 media in the presence of M-CSF only during
4 days for terminal macrophage differentiation.

CRISPR/Cas9

All U937 knock-out cell lines generated by CRISPR in this study
were generated in a Cas9-expressing U937 clone obtained by trans-
duction with the plasmid LentiCas9-Blast (from Feng Zhang;
Addgene plasmid # 52962) followed by blasticidin selection and
clonal isolation using the limit dilution method. A clone strongly
expressing Cas9 was selected based on Western blot analysis using
anti-Cas9 antibody (Millipore; # MAC133; 1:1,000 dilution). sgRNAs
for all the genes targeted (Appendix Table S2) were cloned into the
pKLV-U6gRNA (BbsI)-PGKpuro2ABFP vector (from Kosuke Yusa;
Addgene plasmid # 50946). For each gene, two sgRNAs were used.
Lentiviral particles were produced in 293T cells using pMD2.G and
psPAX2 (from Didier Trono, Addgene plasmids #12259 and
#12260), and pKLV-U6gRNA (Bbsl)-PGKpuro2ABFP. U937 Cas9™"
cells were transduced by spinoculation. A polyclonal population
was selected using puromycin treatment. Gene invalidation was
verified by Western blot analysis, visualization of DNA fragment
deletion on agarose gel, or using TIDE software. All knock-out vali-
dation details are available in Appendix Table S1.

For generation of IRF2 NCRM-1 knock-out cells, cells were co-
transfected with two pL-CRISPR.SFFV.GFP (from the laboratory
Benjamin Ebert; Addgene plasmid #57827) plasmids containing two
different sgRNAs targeting exon 7 or 8 of IRF2. For generation of
caspase-1 NCRM-1 knock-out cells, cells were co-transfected with
two px330-P2A-GFP plasmids containing two different sgRNAs
targeting exon 1 of CASPI. Transfection was performed using
Amaxa™ Human Stem Cell Nucleofector™ Kit 2 (Lonza). GFP-posi-
tive cells were sorted and grown at low density in Matrigel-coated
plates in the presence of 1 mM Rock inhibitor (Y27362; Calbio-
chem). Single-clone colonies started forming after 4 days of culture,
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and when fully grown were amplified and validated by sequencing.
Knock-outs were then further validated at the protein level in termi-
nally differentiated macrophages by Western blot.

Complemented cell lines

CASP4 cDNA was obtained from J.Yuan and cloned into a pAIP
lentiviral vector (from A. Cimarelli) as previously described [30].
An IRF2 coding sequence with mutated PAM sites was synthesized
(Thermo Fisher) and cloned into pAIP using NotI and Xhol restric-
tion enzymes. Each of these constructs was packaged into a lenti-
virus, and U937 IRF2XC cells were transduced as described above.
Seventy-two hours post-transduction, stably transduced cells were
selected with 2 pg/ml Puromycin (Sigma-Aldrich) for 10 days.

RNA-seq

RNA was extracted from U937 cell lines, and libraries were prepared
using the SENSE mRNA-Seq Library Prep Kit V2 (Lexogen) and
sequenced on an Illumina NextSeq500 (75 bp in single end) with at
least 20 millions reads per sample. Obtained sequences were
trimmed, filtered, and aligned using the Tophat package. Genes with
an absolute transcript count inferior to 30 reads in all the libraries
were filtered out. Differential expression analysis was performed
after normalization using limma-trend (package in R).

ChiP-seq

IRF2 ChIP-Seq raw data were kindly provided by Benjamin Fairfax
[43]. Adaptor sequences, low-quality nucleotides with a Phred score
below 20, and reads with lengths shorter than 25 nucleotides were
removed with the Trimmomatic tool [61]. Trimmed reads were
aligned to the GrCH37/Hg18 human genome build with the Bowtie2
tool by using default parameters [62]. Reads mapped with low
mapping quality (MAPQ < 10) were discarded with samtools [63].
Duplicated reads were removed with MarkDuplicates from picard
tools (https://broadinstitute.github.io/picard/). Narrow peak calling
was performed with MACS2 [64]. BigWig files were created from
MACS2 bedGraph with BEDtools [65]. Results were visualized with
Integrative Genomic Viewer (IGV) [66].

Delivery of intracellular LPS

U937 was electroporated with LPS using the Neon® Transfection
System (Thermo Fisher Scientific, # MPK10096) according to the
manufacturer’s protocol (1 pulse of 1.3 kV and 30 ms width).
Western blot analyses were performed at 1 h post-electroporation.
Cell death assays were performed at 4 h post-electroporation. LPS
from E. coli O111:B4 (InvivoGen) was used at 5 pg for 5 x 10° cells.
LPS from F. novicida was kindly provided by Wayne Conlan
(National Research Council Canada).

Cytokine release measurement and cell death assay

ELISA Kkits were from R&D Systems (#DY210, DY201). Quantification
of cell death was performed by monitoring LDH release in the super-
natant using the Cytotoxicity detection kit (Roche, #11644793001).
Cell death was also quantified by monitoring propidium iodide (PI)
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incorporation. Briefly, 5 x 10* U937 cells were seeded in black 96
flat-bottom well plates with CO,-independent medium (Thermo
Fisher, #18045054) supplemented with 10% (vol/vol) FBS. PI was
added at a final concentration of 5 pg/ml. Fluorescence was
measured on a microplate fluorimeter (Tecan). Cell death was
normalized by removing PI fluorescence of untreated cells and using
the PI fluorescence value of 1% Triton X-100-treated cells as a
measure of total cell death (average of the last 4 kinetics points).

Immunoblot analysis

Cells were lysed with RIPA buffer containing Mini EDTA-free
Protease Inhibitor Mixture (Roche, #11836170001). Proteins were
separated by SDS/PAGE on precast 4-15% acrylamide gels (Bio-
Rad, #4561084) and transferred to TransBlot® Turbo™ Midi-size
PVDF membranes (Bio-Rad, #1704157). Antibodies used were
mouse monoclonal anti-caspase-4 (MBL; clone 4B9; #M029-3;
1:1,000 dilution), rabbit monoclonal anti-caspase-1 (Cell Signaling;
#3866; 1:1,000 dilution), rabbit monoclonal anti-IRF1 (Cell Signal-
ing; #8478; 1:1,000 dilution), mouse monoclonal anti-IRF2 (Santa
Cruz; #sc-374327; dilution 1:1,000 or sc-101069; dilution 1:1,000),
anti-gasdermin D (Cell Signaling, #96458; dilution 1:1,000). As load-
ing control, cell lysates were reprobed with a mouse monoclonal
antibody anti-p-actin (clone C4, Millipore; 1:5,000 dilution). Full
Western blot images are presented in the raw data source files.

U937 stimulation

To induce apoptotic cell death, cells were treated with either UCN-01, a
staurosporine derivative (Sigma; #U6508) at 12.5 mM, or gliotoxin
(Enzolife; #BML-PI129) at 500 ng/ml. For necrosis induction,
unprimed U937 cells were treated with Nigericin (Invivogen; #tlrl-nig)
at 50 pg/ml. When indicated, U937 cells were primed with Pam3CSK4
(Invivogen) at 1 pg/ml for 3 h, or with IFN-y (Immunotools) at
1000 p/ml for 16 h before LPS electroporation. For NLRP3 activation,
PMA-differentiated macrophages were primed with Pam3CSK4 (Invivo-
gen) at 1 pg/ml for 16 h, followed by 2 h of Nigericin at 30 pg/ml.

Bacterial strains and macrophage infection

F. novicida strain Utah (U112) was grown in tryptic soy broth
(Conda) supplemented with 0.1% (w/v) cysteine. E. coli J53 strain
was grown in Luria broth (Conda). U937 cells were plated at a
concentration of 5 x 10 cells in 96-well plates. Prior to infection,
U937 cells were treated 48 h with PMA for differentiation into
macrophages. Additionally, U937 were stimulated with 1,000 U/ml
IFN-y (Immunotools). Bacteria were added onto macrophages at a
multiplicity of infection (MOI) of 100:1 (F. novicida) or 10:1
(E. coli). The plates were centrifuged for 15 min at 1,000 x g and
incubated for 1h at 37°C. Next, cells were washed and fresh
medium with 10 pg/ml gentamicin (Thermo Fisher Scientific) was
added before incubation for the indicated time.

Real-time qRT-PCR
Total RNA was extracted with TRI Reagent® (Sigma-Aldrich) and

reverse-transcribed with random primer combined with the
ImProm-IT"" Reverse Transcription System (Promega). Quantitative
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real-time PCR was performed using FastStart Universal SYBR Green
Master Mix (Roche) using an Applied StepOnePlus™ Real-Time PCR
System (Thermo Fisher Scientific). Gene-specific transcript levels
were normalized against human ACTB transcript levels. Primer
sequences are indicated in Appendix Table S3.

Statistical analysis

Prism 6 (GraphPad) and R (The R foundation) were used for statisti-
cal analysis of data. Statistical analysis applied to the results from the
CRISPR/Cas9 screen is described above. One-way ANOVA with
Dunnet’s test for multiple comparison was used to compare the
values of WT cells to the values of the various knock-out cells. When
comparisons were made with different control groups (e.g. WT
untreated or WT treated with IFN-y), Sidak’s correction was applied.

Data availability

The authors declare that the data supporting the findings of this
study are available within the paper and its Appendix. The datasets
produced in this study are available in the following database (RNA-
seq data: Gene Expression Omnibus GSE132178; https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc = GSE132178).

Expanded View for this article is available online.
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