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SUMMARY

Activation of the TLR4 signaling pathway by lipopoly-saccharide (LPS) leads to induction of both
inflammatory and interferon-stimulated genes, but the mechanisms through which these
coordinately activated transcriptional programs are balanced to promote an optimal innate immune
response remain poorly understood. In a genome-wide small interfering RNA (siRNA) screen of
the LPS-induced tumor necrosis factor a (TNF-a) response in macrophages, we identify the
interferon-stimulated protein IFIT1 as a negative regulator of the inflammatory gene program.
Transcriptional profiling further identifies a positive regulatory role for IFIT1 in type | interferon
expression, implicating IFIT1 as a reciprocal modulator of LPS-induced gene classes. We
demonstrate that these effects of IFIT1 are mediated through modulation of a Sin3A-HDAC?2
transcriptional regulatory complex at LPS-induced gene loci. Beyond the well-studied role of
cytosolic IFIT1 in restricting viral replication, our data demonstrate a function for nuclear IFIT1 in
differential transcriptional regulation of separate branches of the LPS-induced gene program.
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John et al. describe a function for IFIT1 in the innate immune response. Previously considered an
antiviral protein, IFIT1 is identified as a reciprocal modulator of bacterially induced pro-
inflammatory and interferon genes and shown to associate with chromatin regulators to modulate
transcription and the host response to bacterial infection.

INTRODUCTION

Toll-like receptors (TLRs) play a critical role in the innate immune response through their
recognition of pathogen-associated molecular patterns (PAMPSs) (Akira et al., 2006).
Pathogen-derived macromolecular components such as lipids, lipopeptides, and nucleic
acids serve as the primary ligands for TLRs (Akira et al., 2006; Gay and Gangloff, 2007;
Takeda et al., 2003), and receptor engagement initiates a complex signaling and
transcriptional response orchestrated primarily by members of the nuclear factor xB (NF-
xB), AP-1, and interferon regulatory factor (IRF) transcription factor families (Schwabe et
al., 2006; Seki and Brenner, 2008; Zhang and Lu, 2015). There are two major branches of
the TLR signaling pathway characterized by the receptor-recruited adaptor proteins myeloid
differentiation primary response protein 88 (MyD88) and TIR-domain-containing adaptor
protein inducing interferon (TRIF), and among the TLR-activating PAMPs,
lipopolysaccharide (LPS) is unique in its ability to induce both adaptor pathways through
TLR4. The MyD88-dependent pathway more strongly induces pro-inflammatory cytokine
genes such as 7A/Fand /L6, primarily through the activation of NF-xB and API (Schwabe et
al., 2006; Zhang and Lu, 2015), while activation of IRF3 through the TRIF-dependent
pathway induces the /FNBI1 gene and a broad range of interferon-stimulated genes (1ISGs)
(Schwabe et al., 2006; Seki and Brenner, 2008). LPS thus induces a more complex gene
program than other TLR ligands through both the direct activation of each adaptor pathway
and a poorly characterized interplay between the MyD88 and TRIF signaling branches
(Bagchi et al., 2007; Liu et al., 2015; Napolitani et al., 2005; Suet Ting Tan et al., 2013).
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Prior studies in TLR-activated dendritic cells have suggested that opposing and
interconnected transcriptional regulatory networks may coordinately control these
inflammatory and antiviral gene programs (Amit et al., 2009), but the mechanisms of this
control remain poorly defined.

Numerous transcriptional regulators have been associated with the expression of
inflammatory and antiviral genes. Notably, HDAC complexes have been implicated both in
positively regulating the expression of /FNBI (Chen etal., 2012) and in negatively regulating
the expression of inflammatory cytokine genes such as 7A/Fand /L 1B in macrophage cells
(Hu et al., 2017; Lohman et al., 2016). In complex with the transcriptional co-repressor
Sin3A, HDAC family members have been shown to regulate eukaryotic gene transcription
through a complex interaction with chromatin, where depending upon the nature of cofactor
binding, Sin3-HDAC complexes can either repress or activate transcription (Kadamb et al.,
2013). Transcriptional repression of genes by Sin3-HDAC complexes is generally achieved
through the deacetylation of histones H3 and H4 (Bansal et al., 2011; Das et al., 2013; van
Oevelen et al., 2010), while the mechanism for gene activation is less well established
(Wang et al., 2009). Although the role of individual HDAC-Sin3 complexes is not well
studied in innate immune cells, HDAC3 was recently shown to be essential to support the
LPS-induced gene program in mouse primary macrophages (Chen etal., 2012). However, it
has yet to be established whether these chromatin regulatory factors influence the balance
between the MyD88 and TRIF-dependent transcriptional programs induced by LPS
challenge.

Genome-wide gene perturbation screens, either through RNAI or CRISPR-Cas9 gene
editing, are useful tools to characterize molecular pathways and cellular regulatory networks
in an unbiased manner (Aregger etal., 2015; Chia et al., 2012; Parnas et al., 2015). In a
genome-wide small interfering RNA (siRNA) screen for genes regulating LPS-induced 7NVF
activation in human macrophages, we discovered a previously unappreciated negative
regulatory role for the interferon-induced protein with tetratrico-peptide repeats-1 (IFITZ1).
IFITs are an IRF-inducible family of genes with antiviral activity against several RNA
viruses (Fensterl and Sen, 2015), and while numerous antiviral functions for IFIT proteins
have been described (Diamond and Farzan, 2013; Guo et al., 2000; Li et al., 2009), they
have not been implicated in regulation of the TLR-activated gene program. Although the
most common stimuli for induction of /F/71 are interferons, the JAK-signal transducer and
activator of transcription (STAT) pathway is dispensable for induction (Bandyopadhyay et
al., 1995), and /F/T1 can be induced directly by LPS in macrophages through TRIF-
dependent IRF3 activation (Chevrier et al., 2011; Tong et al., 2016). We find that IFIT1
negatively regulates the expression of 7A/Fand numerous additional inflammatory cytokine
genes in LPS-treated macrophages while simultaneously promoting the expression of /FNB1
and the subsequent interferon gene program. The positive regulatory role of IFIT1 in /FNB1
induction is observed for a broad range of interferon-inducing stimuli and occurs
downstream of IRF3 activation. We propose a previously unappreciated role for a nuclear
pool of IFIT1 in facilitating the removal of Sin3A-HDAC complexes from ISG loci, which
permits effective recruitment of the IRF3 transcription factor. We further demonstrate that
IFIT1-dependent /FNVBI induction is necessary for effective macrophage control of Gram-
negative bacterial infection.
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A Genome-wide siRNA Screen ldentifies IFIT1 as a Negative Regulator of LPS-Induced
TNF-a Induction

Using a recently developed macrophage cell system for large-scale perturbation screening
(Sun et al., 2016; Li et al., 2015) (Figure 1A), we conducted a genome-wide RNAI screen to
identify regulators of the LPS-induced 7/N/Ftranscriptional response in differentiated THP1
human macrophage-like cells (Sun et al., 2017). Among the putative negative regulators of
TNFinduction was the host viral restriction factor IFIT1 (Figure 1B), a gene induced early
in response to LPS treatment in differentiated macrophage cells (Tong et al., 2016). We
observed increased tumor necrosis factor a (TNF-a.) reporter expression upon knockdown
of IFIT1, both with a pool of 4 siRNAs in the primary siRNA screen (Figure 1B) and with
additional independent siRNA sequences in a secondary screen (Figure S1). We then tested
whether this apparent negative regulatory function for IFIT1 was also observed in siRNA-
transfected human primary macrophages. We achieved sustained perturbation of IFIT1
expression in primary human cells (Figure 1C), and consistent with our THP1 siRNA screen
data, we observed elevated 7A/F mRNA expression (Figure 1D) and TNF-a protein
secretion (Figure 1E) in response to LPS.

Transcriptomic Analysis Identifies a Role for IFIT1 as a Reciprocal Regulator of the Pro-
inflammatory and Antiviral Gene Programs

TLR4 activation leads to the induction of numerous genes involved in the innate immune
response. To further investigate the function of IFIT1 in regulating TLR-activated
macrophages, we generated a THP1 cell line stably expressing an IFIT1 small hairpin RNA
(shRNA) (shIFIT1), which exhibited substantial and sustained perturbation of IFIT1
expression (Figures S2A and S2B). To assess the genome-scale consequences of IFIT1
depletion, we conducted microarray analysis in LPS-stimulated wild-type (WT) and shIFIT1
THP1 cells (Data S1; STAR Methods). To more efficiently suppress IFIT1 expression in
response to the LPS stimulus, we also transfected the IFIT1 shRNA cells with an IFIT1
siRNA, which led to a sustained attenuation of IFIT1 induction after LPS stimulation
(Figure S2C). Microarray analysis across a comprehensive time course confirmed the
enhanced expression of 7A/~a in IFIT1-depleted cells, in addition to a substantial number
of further inflammatory cytokines whose LPS-induced expression was also enhanced
(Figure 2A, group 1 genes). Ingenuity Pathway Analysis (IPA) of the upregulated genes
identified substantial known functional connections among this gene set, with a strong
enrichment for genes linked to the inflammatory response and to recruitment of leukocytes
and myeloid cells to sites of infection (Figure 2B). Further IPA analysis of the most strongly
enriched pathways among this gene set implicated numerous pro-inflammatory cytokine
pathways driven by interleukin-17 (1L-17) and IL-6 and enrichments for TLR, mitogen-
activated protein kinase (MAPK), and PPAR signaling (Figure S2D).

While the identification of an enriched set of enhanced pro-inflammatory genes in IFIT1-
depleted cells validated the IFIT1 phenotype from our siRNA screen, we also observed an
unexpected pattern of gene suppression in our microarray dataset, where a substantial group
of genes showed a significant attenuation in their LPS-induced expression (Figure 2A, group
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2 genes). We noted that this gene set included a large number of ISGs, and consistent with
this, IPA analysis showed a strong enrichment for the antiviral gene program and the
interferon pathway (Figures 2C and S2E). This effect of /F/71 perturbation could be
explained by a notable attenuation of the principal type | interferon gene induced by LPS,
IFNBI (Figure 2C). While IFIT1 is a well-established ISG, it has not been previously
implicated as a modulator of the expression of /FNBI itself. This effect of /F/T1
perturbation on /FNVBI induction was confirmed at both the mRNA (Figure 2D) and protein
secretion levels (Figure 2E). Similar reduction in the induction of /FNVB1 was also seen in
IFIT1-depleted human primary macrophages (Figure 2F). The opposite effect of /F/71
perturbation in enhancing the induction of TNF-a was also confirmed at both the protein
(Figure S2F) and mRNA levels (Figure S2G). These results show a previously unappreciated
dual role for IFIT1 in LPS-stimulated macrophages in attenuating the degree of
inflammatory cytokine induction while also promoting the expression of /FNBI1 and the
subsequent induction of a broad range of 1SGs.

Opposing Effects of IFIT1 Perturbation on LPS-Induced Gene Sets Are Reflected in
Signaling Responses and Conserved in Mouse Macrophages

To determine whether the enhanced TNF-a induction in IFIT1-perturbed cells correlates
with alterations in LPS-induced signaling responses known to drive 7A/Fexpression (Zhang
et al., 2015), we measured phosphorylation of the NF-xB component p65 and the MAPK
p38 and the nuclear localization of NF-xB p50 in shIFIT1 cells. We observed stronger and
more sustained activation of p65, p38, and p50 (Figure 3A), which may contribute to the
elevated TAFexpression seen with /F/71 depletion.

To further assess whether the reduction in IFNB1 expression also correlated with the
activation state of the primary signaling pathway responsible for IFNB1 induction, we
assessed the LPS-induced phosphorylation of IRF3 in IFIT1-perturbed cells (Fitzgerald et
al., 2003; Sin et al., 2012). We observed no attenuation of IRF3 activation in shIFIT1 cells,
with a slight increase in phosphorylation evident in response to LPS (Figure 3B). STAT1
phosphorylation, which is induced by delayed autocrine type | IFN signaling in LPS-treated
macrophages, was reduced in the shlFIT1 cells, consistent with reduced IFNB1 production
(Figure 4B). This suggests that the positive regulatory effect of IFIT1 on LPS-induced
IFNB1 occurs downstream of IRF3 activation.

To compare the effects of /F/71 depletion in mouse macrophages, we measured signaling
responses in bone-marrow-derived macrophage cells from WT and Ifit1 ™/~ mice (Szretter et
al., 2012). Consistent with the effects seen in human macrophages, LPS-induced STAT1
phosphorylation was strongly reduced in Ifitl~~ bone marrow-derived macrophage cells
(BMDMs) (Figure 3C), reflecting reduced /fn61 induction in response to LPS (Figure 3D).
Activation of the mouse macrophage MAPK pathways was increased and sustained (Figure
3C), similar to human cells and consistent with a negative role for IFIT1 in the degree and
duration of activation of the inflammatory program.

We noted that the relative defect in early induction of /561 in Ifit1”/~ mouse macrophages
was less than that observed in human macrophages. This may be related to accumulating
evidence suggesting that the functions of individual gene products in the innate immune
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response can show considerable differences between these species (Seok et al., 2013; Sun et
al., 2016), and it has also been shown that human and mouse IFIT proteins are not well
conserved at the amino acid level and that they may not be directly orthologous (Daugherty
et al., 2016). Since mouse macrophages also express high levels of the related Ifit3 protein,
we tested the effect of Ifit3 knockdown in mouse BMDMs. Both /fit1 and /fit3 knockdown
led to defective /fnb/ mMRNA induction (Figure 3D). Notably, siRNA-based knockdown of
Ifit3 in the Ifit1~/~ background (Figure S3) caused a more substantial defect in //76/ mMRNA
induction (Figure 3D), suggesting possible redundancy between mouse Ifitl and Ifit3 in their
contribution to LPS-induced /fnb/ expression.

IFN-B Expression Is Attenuated in IFIT1-Depleted Cells in Response to Multiple IFN-
Inducing Stimuli

To evaluate whether the effect of IFIT1 in supporting /FNVBI expression is observed with
other interferon (IFN)-inducing stimuli, we challenged cells with poly(1:C) or poly(dA:dT),
mimicking double-stranded RNA and DNA, respectively. Analysis of expression of /FNB1
showed reduced induction in shIFIT1 cells compared with control cells, consistent with that
observed for LPS stimulation (Figures 4A-4C).

We then used live pathogens that induce /FNBI through different PRR pathways to test
whether the modulatory role of IFIT1 broadly affects /FAVBZ induction by multiple signaling
routes. We infected shIFIT1 cells and control cells with two viral pathogens and one
bacterial pathogen. Infection with Sendai virus (Cantell) (Figure 4D) and influenza A
(TX91) (Figure 4E) showed reduced early induction of /FNB1 in shIFIT1 macrophages.
Similarly, the Gram-negative bacterium Burkholderia cenocepacia elicited reduced induction
of /FNBI1in shIFIT1 cells (Figure 4F). Our results suggest a broad role for IFIT1 in the
transcriptional induction of /FNBZ1 downstream of several different pathogenic stimuli.

IFIT1 Modulates the Association of an LPS-Regulated HDAC2-SAP25 Protein Complex

Taken together, our data suggest a role for IFIT1 in regulating the balance and transition
between early pro-inflammatory cytokine transcription and the subsequent type I IFN gene
program induced by LPS. In this context, IFIT1 appears to limit the strength and duration of
the primarily NF-xB and MAPK-activated pro-inflammatory gene program typified by 7TAVF
while also playing a key role in supporting the expression of type I IFN and the consequent
induction of a broad range of ISGs. Previous reports have suggested a reciprocal
counterbalance between these gene programs (Guarda et al., 2011; Quartier et al., 2011), and
studies in LPS-stimulated dendritic cells suggest control by interacting inflammatory and
antiviral transcriptional regulatory networks (Amit et al., 2009). The Sin3-associated protein
(SAP) family is among the transcriptional regulators proposed to regulate this balance (Amit
et al., 2009); furthermore, SAP25 in particular has been identified as an interactor of both
IFIT1 (Shiio et al., 2006) and the histone deacetylase HDAC2 (BioGRID; Shiio et al., 2006).
The involvement of HDAC complexes in the positive regulation of IFN expression in
macrophages has been previously reported (Chen et al., 2012), while through inhibitor
analysis and gene perturbation, HDAC complexes have also been shown to attenuate the
production of pro-inflammatory cytokines such as 7A/Fand /L 1B in macrophages (Chen et
al., 2012; Hu et al., 2017; Lohman et al., 2016). Since this reciprocal role for HDACs in the
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regulation of the IFN and inflammatory gene programs in macrophages resembles our
findings with IFIT1, we first tested whether a SAP25-HDAC2-1FIT1-containing protein
complex exists in macrophages. Using immunoprecipitation (IP), we observed an LPS-
induced increase in co-precipitation of SAP25 and HDAC?2, with a weaker but detectable co-
precipitation of IFIT1 (Figure 5A). In IFIT1-depleted cells, SAP25/HDAC2 co-precipitation
was substantially reduced and failed to sustain the levels observed in WT cells. Reduced
association of HDAC2 and SAP25 in /F/T1 knockdown cells suggests that IFIT1 may
stabilize an HDAC2-SAP25 complex.

Previous reports have shown that IFIT1 is localized primarily to the cytoplasm (Fensterl and
Sen, 2011; Pichlmair et al., 2011). Since cytoplasmic localization of IFIT1 is not consistent
with a role in the nuclear regulation of gene expression, we analyzed the subcellular
localization of IFIT1 in differentiated macrophage cells by both subcellular fractionation and
confocal microscopy. While we found the majority of IFIT1 localized in the cytosol, as
previously reported, we also consistently detected an IFIT1 immunoreactive band in nuclear
lysates of slightly higher molecular weight than the cytosolic protein (Figure 5B). Presence
of IFIT1 in the nucleus was further supported by confocal microscopy (Figure S4A), with
~10%-15% of endogenous IFIT1 detected in the nucleus (Figure S4B). HDAC?2, SAP25,
and the SAP-family associated transcriptional regulator Sin3A were also detected in the
macrophage nuclear lysates (Figure 5B). To further investigate IFIT1 nuclear localization,
we expressed FLAG-tagged IFIT1 in THP1 cells and compared nuclear levels with and
without the nuclear export inhibitor leptomycin B (Kudo et al., 1998). We observed a
significant increase in the nuclear FLAG immunoreactive signal in leptomycin-B-treated
cells (Figures S4C and S4D), suggesting that IFIT1 is actively shuttled between the
cytoplasm and nucleus. We then sought to determine whether increasing IFIT1 nuclear
localization with an exogenous nuclear localization sequence (NLS) would influence IFIT1
regulation of the SAP25-HDAC?2 complex. We first overexpressed IFIT1 with and without
an NLS in HEK293 cells and observed a substantial increase in nuclear localization of the
NLS-tagged IFIT1 protein (Figures S5A and S5B). We also observed a marked increase in
SAP25-HDAC?2 interaction in cells overexpressing NLS-IFIT1 (Figure S5C), supporting a
role for nuclear IFIT1 in regulation of this interaction. To test whether targeting IFIT1 to the
nucleus in macrophages would influence /FNBI1 transcription, we stably expressed IFIT1
with or without an NLS sequence in U937 cells (Figures S5D and S5E) and observed a
significant increase in /FNBI expression that was further enhanced by NLS-driven nuclear
localization of IFIT1 (Figure S5E). These data suggest that a fraction of IFIT1 is localized in
the macrophage nucleus and that this pool of IFIT1 could be involved in the modulation of
LPS-induced gene expression through association with an HDAC2-SAP25 complex.

Since expression of LPS induced genes has been shown to be differentially regulated by
HDAC-Sin3 complexes in macrophages (Chen et al., 2012; Hu et al., 2017; Lohman et al.,
2016), we tested the effect of HDAC2 knockdown in LPS-treated THP1 cells (Figure S6).
Consistent with previous reports of the differential effect of HDACs on /FNB1 (Chen et al.,
2012) and 7TNF(Hu et al., 2017; Lohman et al., 2016) induction, we found that HDAC2
knockdown leads to upregulation of 7NF (Figure 5C) and downregulation of /FNBI (Figure
5D), similar to the effects observed with /F/71 knockdown (Figures 1D, 1E, and 2D-2F).
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These results suggest a related role for HDAC complexes and IFIT1 in regulating the
inflammatory and antiviral gene programs.

IFIT1 Facilitates Sin3A Corepressor Removal and IRF3 Recruitment to Multiple ISG Loci

Sin3-HDAC complexes are most often considered to act as transcriptional co-repressors
(Bansal et al., 2011; Buttar et al., 2010; Mufioz et al., 2012). Interestingly, analysis of
regulatory motifs among the IFIT1-dependent ISG-dominated gene set showed enrichment
for the Sin3A-associated REST transcriptional repressor (Grimes et al., 2000), along with
the expected enrichment for IFN-sensitive response element (ISRE), IRF, and STAT motifs
(Figure S7A). Since the interaction of HDAC2 and SAP25, key components in the Sin3A
repressor complex, is diminished in IFIT1-depleted cells, we speculated that IFIT1 may be
required to regulate binding of a Sin3A-containing repressor complex at the IFNB1 locus
during gene induction. Chromatin immunoprecipitation (ChlP) PCR analysis of Sin3A at the
IFNB1 locus showed that LPS activation leads to a transient reduction in Sin3A corepressor
binding, which could be required for effective /FNB1 induction (Figure 6A). Furthermore,
we observed substantial dysregulation of Sin3A removal from the /FNVBI1 locus in IFIT1-
perturbed cells (Figure 6A). Consistent with opposing effects of IFIT1 on regulation of
genes in the IFN and inflammatory gene programs, we observed reduced basal state binding
of Sin3A at the promoters of the inflammatory genes 7AVFand CCL3in IFIT1-depleted cells
(Figures S7B and S7C), which may contribute to their enhanced expression in cells with
diminished IFIT1 expression.

It has been shown that type | IFN gene induction involves an initial phase dependent on
IRF3 recruitment and a secondary phase that is supported by IRF7 and IRF8 activity
(lkushima et al., 2013; Honda et al., 2004; Kawai et al., 2004; Lazear et al., 2013; Li et al.,
2011). This secondary phase requires IRF7 and IRF8 gene induction, and we find that both
LPS and Sendai-virus-induced expression of IRF7 and IRF8 is significantly attenuated in
IFIT1-depleted cells (Data S1; Figures S7D and S7E), which likely contributes to the IFNB1
expression defect. Interestingly, the human IRF7 promoter also includes evidence of both
REST and Sin3A binding from Encyclopedia of DNA Elements (ENCODE) data (Figure
S7F). We used ChIP-PCR to determine whether the IRF7 and IRF8 gene loci in
macrophages bound Sin3A, and we observed a pattern similar to the IFNB1 locus, with
LPS-induced removal of the Sin3A corepressor from the IRF7 and IRF8 loci in control
macrophages, and dysregulated Sin3A removal in IFIT1-depleted cells (Figures 6B and 6C).
These data suggest a model where the interaction of SAP25-HDAC2-Sin3A, facilitated by
IFIT1, could be required for the efficient removal of the repressor complex from the
promoters of /FNBI, IRF7, and /RF8during gene induction.

To further test whether such corepressor removal is required to permit recruitment of
activating transcription factors, we assessed IRF3 binding at these genes. We observe a
robust LPS-induced recruitment of IRF3 to all three gene loci, which was strongly perturbed
in IFIT1-depleted cells (Figures 6D-6F). These data demonstrate a critical role for nuclear
IFIT1 to facilitate the appropriate regulation of a Sin3A-HDAC repressor complex both at
the /FNBI1 locus and at the /RF7and /RF8 loci that are required to support sustained
expression of the IFN gene program.
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IFIT1 Is Required for Regulation of Intracellular Bacterial Infection in Macrophages

Finally, to test the impact of reduced LPS-stimulated IFNB1 induction in the context of a
Gram-negative bacterial challenge, we infected IFIT1-depleted and control macrophages
with the bacterium B. cenocepacia. Using a previously established imaging assay for
intracellular bacterial replication (Miller etal., 2015), we observed substantially increased B.
cenocepacia replication in IFIT1-depleted cells (Figures 7A and 7B). Prior treatment of cells
with recombinant IFN-P protein reduced bacterial replication in both WT and IFIT1-
depleted cells (Figures 7A and 7B). Furthermore, pretreatment of IFIT1-depleted cells with
IFN-B reduced replication of B. cenocepaciato the levels observed in untreated WT cells.
These data imply that the type I IFN induced by LPS has an important host-protective role
during Gram-negative bacterial infection (Assani et al., 2014; Schmeisser et al., 2014) and
further suggest an important role for IFIT1 in supporting a host-protective type | IFN
response.

DISCUSSION

Systematic studies with knockdown of transcriptional regulators have suggested the
existence of two opposing gene regulatory networks for the inflammatory and antiviral gene
programs induced in TLR-activated dendritic cells (Amit et al., 2009). Such cross regulation
of type I IFN and inflammatory cytokines has been implicated in earlier studies and also
observed in clinical outcomes of arthritis patients treated using TNF blockade (Cantaert et
al., 2010; Cuchacovich et al., 2008), where unexpected onset of psoriasis-like symptoms in
TNF-blocked patients were attributed to increased type | IFN levels (Cuchacovich et al.,
2008). Further clinical evidence of cross-regulation includes IFN therapy reducing IL-1p
levels in multiple sclerosis patients (Guarda et al., 2011) and IL-1 receptor antagonism
inducing an IFN signature in juvenile idiopathic arthritis (Quartier et al., 2011). It is also
becoming clear that different phenotypic states of macrophages are often controlled at the
level of chromatin regulation (Piccolo et al., 2017).

Here, we have provided considerable insight to mechanisms contributing to reciprocal
regulation of the inflammatory and IFN gene programs. We first identified IFIT1 as a
negative regulator of the pro-inflammatory cytokine gene 7A/Fin a genomewide SiRNA
screen and subsequently identified an opposing positive regulatory role for IFIT1 in the
induction of the /FNVB1 gene and the antiviral IFN gene program. IFIT proteins have been
heavily studied as important viral restriction factors with a range of established antiviral
functions (Diamond and Farzan, 2013; Fensterl and Sen, 2015; Guo et al., 2000; Li et al.,
2009). However, while they are well-known ISGs themselves, IFIT proteins have not
previously been considered as positive regulators of IFN levels, and IFIT1 depletion can lead
to a markedly increased viral load and consequent ISG response (Li et al., 2009). However,
overexpression of IFIT1 has been shown to increase endogenous /FNBI levels during Alpha
virus infection (Reynaud et al., 2015), suggesting a supporting role for IFIT1 in IFN gene
expression.

Prior studies have implicated both HDACs (Chen et al., 2012; Hu et al., 2017; Lohman et al.,
2016) and SAPs (Amit et al., 2009) in the differential regulation of /FNB1 and TNF. Our
data suggest that a nuclear pool of IFIT1 can stabilize an LPS-induced association of

Cell Rep. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

John et al.

Page 10

HDAC2 and SAP25, as this association is substantially diminished in IFIT1-depleted cells
and enhanced in cells expressing a nuclear targeted IFIT1 protein. Diminished HDAC2-
SAP25 interaction may contribute to the inefficient removal of Sin3A from the promoters of
IFNBI and the transcription factors (/RF7and /RF8) that support the induction of /FNBI
upon ISG stimulation. Lack of efficient removal of Sin3A, and possibly other transcriptional
repressors associated with this complex, hinders the timely binding of activated IRF3 at the
promoters of these genes.

IRF7 has been shown to play a key role in the induction of IFN by TLR ligands (Honda et
al., 2004; Ikushima et al., 2013; Kawai et al., 2004), and we find that /RF7expression is
reduced both at the basal state and stimulated state in /F/71-depleted cells. Notably, we also
found that the expression of /RF8, which also promotes IFN induction (Tailor et al., 2007),
is significantly attenuated in IFIT1 knockdown cells. IRF8 and IRF3 have been shown to
cooperatively regulate rapid induction of /FNBZ in human monocytes (Li et al., 2011).
Although we find that IRF3 is expressed and activated normally in /F/T1-depleted cells, the
attenuated recruitment of IRF3 to ISG promoters, and the consequent reduced expression of
IRF7and /RF8, could together contribute to the impaired induction of /FNBI in response to
various stimuli.

Multiple mechanisms may contribute to the negative regulation of 7A/Fand the
inflammatory gene program inlFIT1-depleted cells. It has been shown that these genes are
more strongly induced by Myd88-dependent activation of the NF-xB and MAPK pathways
in macrophages (Schwabe et al., 2006; Zhang and Lu, 2015), and we find that the activation
levels of NF-xB and MAPK components are higher and more sustained when IFIT1
expression is attenuated. Furthermore, the expression of inflammatory cytokine genes like
TIVFare often inhibited by HDAC complexes (Hu et al., 2017; Lohman et al., 2016), so our
observation of reduced HDAC2-SAP25 association in IFIT1-depleted cells suggests that this
reduced association may also impair the negative regulation of 7N/Ftranscription. This is
also supported by the increased 7N/ transcription observed when we knocked down
HDAC2 expression. In addition, downregulation of /FNBI may increase inflammatory
cytokines through reduced negative feedback as a consequence of reduced regulatory
inhibitors such as SOCS proteins (Shuai and Liu, 2003).

Gene transcription is a complex process coordinated by numerous transcription factors and
co-regulators. A recent high-lytime resolved transcriptional analysis ofthe LPS-induced gene
program also concluded that genes could be classified on the basis of
inflammatorytranscription factor binding strength, motif content, and nucleosome profile
(Tong et al., 2016). We find that in this context, /FNVB1 is a member of a specific class
among LPS-induced genes that exhibits early transcription factor (TF) binding, strong motif
strength and dynamic nucleosome alterations, while 7A/Fis a member of a separate class
with a markedly different profile. Thus, association of unique TFs and co-regulators in the
induction of the two gene classes could mediate the opposing consequences of /F/71
depletion for the inflammatory and IFN gene classes.

While the role of type IIFN has been extensively characterized in the context of viral
infection, the role for this immune mediator in the host response to bacterial infections is
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less clear. Since /FNB1 is strongly induced by LPS activation of the TRIF pathway during
Gram-negative infection, it seems unlikely that there is not a host benefit for the LPS-
induced IFN program. The effect of IFIT1 depletion, in favoring the transcriptional balance
toward higher inflammatory gene transcription and lower IFN induction, allowed us to test
the consequences of this bias in the context of infection with the bacterium B. cenocepacia,
which escapes the macrophage endolysosomal pathway to replicate in the cytosol (Al-
Khodor et al., 2014; Ganesan and Sajjan, 2012; Vergunst et al., 2010). We find that B.
cenocepacia intracellular replication levels were substantially higher in IFIT1-depleted cells,
suggesting that modulation of gene expression by IFIT1 is critical in maintaining the
transcriptional balance for host cell resistance to infection by pathogens. Moreover, this
increased replication could be reversed with addition of recombinant IFN-B, suggesting a
likely role for IFN in limiting bacterial evasion of the endolysosomal pathway.

In summary, through an unbiased genome-wide siRNA screen, we have identified a role for
IFIT1 in reciprocal regulation of the balance between the inflammatory and antiviral gene
programs in LPS-activated macrophages. While the antiviral functions of IFIT1 through
cellular regulation of protein synthesis and immune activation through mitochondrial
antiviral-signaling protein (MAVS) have been extensively reported (Li et al., 2009), a role
for IFIT1 in regulating the response to bacteria has not been demonstrated, despite its strong
induction by bacterial stimuli (Nau et al., 2003). We show that a previously unrecognized
nuclear pool of IFIT1 stabilizes the interaction of HDAC2 with the Sin3A-corepressor-
associated protein SAP25, promoting efficient removal of the Sin3A corepressor and
consequent IRF3 recruitment at ISG loci. We propose that IFIT1 regulates an important
balance between inflammatory and IFN gene programs to facilitate an optimal innate
immune transcriptional response to microbial challenge.

STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, lain D.C. Fraser (fraseri@niaid.nih.gov)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and stimulation

Human cells: THP1 monocytes (ATCC), U937 cells (ATCC), THP1 B5 reporter cells (Li
etal., 2015) and Human blood derived monocytes were propagated in RPMI media with 10%
FBS, 10 mM HEPES, and Betamercaptoethanol in 5% CO2 at 37°C. Human peripheral
blood monocyte samples from screened, healthy donors were obtained under the NIH
Clinical Center IRB-approved protocol 99-CC-0168 from the NIH Department of
Transfusion Medicine. THP1 cells and were differentiated into a macrophage-like state with
10 ng/ml PMA (Sigma) for three days. Human primary monocytes were differentiated with
10 ng/ml GM-CSF (R&D) for 7 days. HEK293T cells were propagated in DMEM media
with 10% FBS.
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Mouse cells

Mice: All mice were bred and maintained under pathogen-free conditions at an American
Association for the Accreditation of Laboratory Animal Care accredited animal facility at
the NIAID and housed in accordance with the procedures outlined in the Guide for the Care
and Use of Laboratory Animals under an animal study proposal approved by the NIAID
Animal Care and Use Committee. /fitI-/- mice were a gift from Dr. Michael Diamond
(Szretter et al., 2012). All mice used were between 6 and 13 weeks of age. Mouse BMDM
were prepared by differentiation from bone marrow for 6 days in DMEM, 10%FBS, 20mM
HEPES, 100U/ml Penicillin-Streptomycin solution (CellGrow) and 2 mM glutamine
containing 60 ng/ml M-CSF (R&D).

TLR ligands: LPS derived from Salmonella was from ENZO Life Sciences, Minnesota
R595 TLRgrade, ALX-581-008-L002; poly I:C was from Enzo Life Sciences,
ALX-746-021-M005, poly dAdT was from Invivogen, tirn-patn. Cells were plated and
differentiated in 24-well plate for ELISA, qPCR and microarray experiments. Ligands were
diluted in culture media and added onto differentiated cells at the respective time points.

Viral and bacterial infection of cells—Sendai virus (Cantell strain, obtained from Dr.
Kathryn Zoon, (Bedsaul etal., 2016)) and Influenza A virus (Texas/36/91 strain, obtained
from Dr. Ronald Germain, (Brandes et al., 2013)) were diluted in RPMI media and added
onto 3x10° THP1 cells differentiated for three days with PMA in 1 mL volume at an MOI of
5 and infected for the indicated time period in a 24-well plate. Media was removed after the
indicated time, cells were washed with PBS and lyzed in 350 uL RLT buffer (QIAGEN) for
isolating RNA. Infection of THP1 cells with B. cenocepaciaat an MOI of 1 was conducted
using the infection and imaging methods previously described (Al-Khodor et al., 2014;
Miller et al., 2015). Recombinant IFN-p was obtained from R&D systems (Cat# 11415-1)
and used at a final concentration of 3000 1U/ml.

METHOD DETAILS

SiRNA knockdown—THP1 cells (3x10° cells) were cultured and differentiated in 24-well
plates, and siRNA transfection was performed using Hiperfect (QIAGEN) reagent for human
THP1 cells and RNAiI MAX (Thermofisher) for mouse BMDMSs with 50 nM siRNA,
following a previously established protocol (Li et al., 2015). Human primary macrophages
were electroporated with 1 g SiRNA per 7x10° cells using the VPA-1008 Amaxa
electroporation kit (Lonza) following the manufacturer’s recommended protocol. The
following siRNA were used; human HDAC2: Dharmacon, D-003495-05, mouse Ifit3:
Dharmacon, D-040963-03, human IFIT1: Ambion, Cat# s7150 (SiRNAL), s7151 (siRNA2),
§7152 (siRNA3); non-targeting (NT) siRNA: Dharmacon, Cat# D-001210-05-05, human
TLR4: Dharmacon M-008088-01-0003.

Dual luciferase assay of THP1 B5 human macrophage cells—The human THP1
B5 cell clone (Li etal., 2015) was differentiated into a macrophage-like state, transfected
with siRNA and stimulated with LPS as described above. Firefly and renilla luciferase
activity in the cell lysates was determined using the Dual-Luciferase Reporter Assay System
(Promega, E1960), following the manufacturers protocol, and the ratio of firefly
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luminescence to renilla luminescence was used to reflect the cell response to LPS
stimulation.

Quantitative PCR—Total RNA was extracted with the RNeasy Mini Kit (QIAGEN).
cDNA was reverse transcribed from 1 pg RNA using the Biorad Reverse Transcription Kit.
For gPCR, 200 ng RNA equivalent of cDNA was used per reaction with gene specific
primers and FAM conjugated probes (IDT DNA) and gPCR Solaris mix (Dharmacon/Life
Technologies). PCR reactions were performed in an Eppendorf PCR thermocycler with the
following thermal cycles 95°C for 15 min, (95°C for 15 s, 60°C for 60 s) x 40 cycles. The Ct
values were analyzed with Eppendorf Realplex 1.5 software.

ELISA—THP1 cells or differentiated primary macrophage cells were cultured in 24-well
plates at a density of 3x10° cells/well. After ligand treatment, the supernatants were
collected and the concentration of TNF-a or IFN-B was quantitated by ELISA. ELISA kits
were from BD bioscience OptEIA (TNF-a) and PBL assay science (IFN-B).

Generation of IFIT1 shRNA-expressing THP1 cell line—shRNAs targeting human
IFIT1were designed using the Hannon Lab online tool (http://cancan.cshl.edu/
RNAI_central/RNAI.cgi?type=shRNA) and cloned into the pEN_miRc2 vector ((Shin et al.,
2006)). The knockdown efficiency was tested in 293T cells by transient co-expression of
shRNAs with an YFP-IFIT1 fusion protein. The two most efficient ShRNAs (Figure S2A,
targeting the following sequences in human IFIT1; ShRNA#1; 5'-
CCAGACAATGGATATATTAAG-3" and shRNA#4; 5’-
GCCCTGAAGCTTCAGGATGAA-3) were subcloned to the pDS_FBneo plasmid and
production of retrovirus and generation of stable cell lines were carried out as described
previously (Zhu et al., 2007). Stable knockdown of IFIT1 was confirmed using gPCR
(Figure S2B), and cells expressing ShRNA#4 were used in subsequent experiments.

Generation of IFIT1-expressing cell lines—HA-tagged IFIT1 was amplified from
human cDNA utilizing the primers:

HA-IFIT1-
L:GTGTGGTGGAATTCTGCAGATACCATGGGATCCACCGGTTACCCATACGATGTTC
CAGATACGCTCTCGAGATGCCTGATTTAGAAAACAGAGTCTTGG and

IFIT1-
R:CCAGAGGTTGATTGTCGAGCGGCCGCCACTGTGCTGGATCTAAGGACCTTGTCT
CACAGAGTTCTCAAAG and was cloned into the pLenti-Puro DEST gateway vector after
gateway cassette excision by EcoRV followed by Gibson Assembly. The c-Myc unipartate
NLS sequence was introduced through PCR amplification of HA-IFIT1 constructs with the
primers:

NLS-HA-
F:ACCGACTCTAGTCCAGTGTGGTGGAATTCTGCAGATACCATGGGATCCCCTGCA
GCAAAACGTGTGAAACTCGACACCGGTTACCCATACGATGTTCCAG and
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IFIT1-
R:CCAGAGGTTGATTGTCGAGCGGCCGCCACTGTGCTGGATCTAAGGACCTTGTCT
CACAGAGTTCTCAAAG followed by Gibson Assembly into the EcoRV sites of the
pLenti-Puro DEST Gateway vector. THP1 cells stably expressing IFIT1 N-terminally tagged
with FLAG were created using retroviral transduction as previously described (Zhu et al.,
2007).

Lentivirus was produced by plating 3x10° 293F/T cells/well in 6-well plates which were
then transfected with an 8:4:1:1 ratio of Lenti Target Construct:pDeltaR(8.91):VSV-G:RSV-
Rev. Cells were allowed to produce virus for 2 days in complete medium containing 2 mM
Butyrate. Supernatants were collected, pooled, and concentrated with LentiX Concentrator
(Takara) according to manufacturer protocols. Viral pellets were then suspended in 500 uL
of complete medium and 100 pL was added to 10° freshly plated log-phase U937 or 293F/T
cells while the rest was stored at —80°C. At day 2 post-transduction, we replaced the viral
medium with selection medium containing 1 pg/ml Puromycin and cultured for two weeks
prior to assay.

Microarray analysis—Wild-type THP1 and IFIT1 shRNA cells (3.5x10° per well) were
transfected with NT siRNAand IFIT1 siRNA respectively as described above in 24-well
plates, and differentiated with 10 ng/ml PMAfor 72 hours. Cells were stimulated with 100
ng/ml LPS for Oh, 1h, 2h, 4h, 6h and 24h. RNA was isolated with an RNeasy Mini Kit
(QIAGEN) following the manufacturer’s protocol and eluted in RNase free TE buffer. Each
condition was represented by two biological replicates. cRNA amplification and labeling
were performed using the lllumina TotalPrep RNA Amplification Kit (Ambion), microarray
hybridization and scanning protocols followed standard Illumina protocols. Signal data was
extracted from the image files with the Gene Expression module (v. 1.9.0) of the
GenomeStudio software (v. 2011.1), and Log2 signal intensity were determined. 925 genes
were identified which showed a log2 change of > 1 from the untreated condition in at least 1
of the 5 treatment time points in WT THP1, or genes in which the sum of the log2 changes
across all 5 time points in WT THP1 exceeded 3 (Data S1). To identify the effect of IFIT1
perturbation on this gene set, the difference in log2 signal change in the IFIT1 KD cells was
summed across all time points (Data S1; ‘KD-WT SUM’). The microarray data from this
study has been deposited with the Gene Expression Omnibus under GSE103829.

Pathway analysis—Genes which showed increased expression (106 genes; Data S2;
Figures 2A and 2B ‘Group 1’) and decreased expression (185 genes; Data S3; Figures 2A
and 2C ‘Group 2’) in IFIT1 depleted cells were subjected to Ingenuity Pathway Analysis
(QIAGEN). Core analysis was carried out using the Ingenuity Knowledge based to identify
network relationships within each gene group and enriched canonical pathways.

Western blotting—THP1 cells were lyzed in 1X SDS-PAGE loading buffer with protease
and phosphatase inhibitor cocktails (Roche). Samples were resolved on a 4%-20% gradient
SDS-PAGE gel. Following transfer of the proteins, the nitrocellulose membrane was blocked
in 5% milk for 1h and probed with the following antibodies overnight at 4°C: goat anti-
IFIT1 (Santa Cruz, 82946), Rabbit anti-phos-pho-p38 (Cell Signaling, 4511S), Rabbit anti-
phospho-p65 (Cell Signaling, 3033S), Rabbit anti-p105 (Santa Cruz, sc293141), Mouse anti-
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GAPDH (Cell Signaling, 97166), Rabbit anti-hnRNPL (Santa Cruz, sc-32317), Rabbit anti-
phospho-IRF3 (Abcam, ab76493), Rabbit anti-phospho-JNK (Cell Signaling, 9255), Rabbit
anti-phospho-ERK (Cell Signaling, 4370), Rabbit anti-phospho-STAT1 (Cell Signaling,
9167S). Western blots were incubated with respective HRP-conjugated secondary antibodies
and visualized using ECL reagents (Pierce).

Nuclear and cytoplasmic fractionation—Nuclear and cytosolic fractions were isolated
from cells using NE-PER nuclear and cytosolic fractionation kit from Thermo Fisher (Cat#
78833). Control and IFIT1 shRNA-expressing THP1 cells (7x106 cells per sample) were
PMA differentiated for three days and stimulated with 100 ng/ml LPS. For
immunoprecipitation, 7x106 HEK293T cells expressing HA-IFIT1 and HA-NLS-IFIT1 were
used for nuclear fractionation. Fractionation was conducted following the manufacturer’s
protocol.

Immunoprecipitation—THP1 cells stably expressing SAP25 N-terminally tagged with
mCherry were created using retroviral transduction as previously described (Zhu et al.,
2007). After siRNA transfection and TLR ligand treatment, cells were lyzed in 1 mL
CHAPSO buffer (50 mM Tris.HCL pH7.4, 150 mM NacCl, 0.5% CHAPSO (Sigma),
Protease and Phosphatase inhibitors (Roche)). Lysates were passed through a 26G needle 5
times to degrade condensed chromatin and centrifuged at 10,000 g for 10 min to remove cell
debris. Lysates were precleared with Protein A Dynabeads (Life Technologies) for 1 hr at
4°C. Anti-mCherry antibody (Clontech) 10 pl was used to bind Dyna Beads in CHAPSO
buffer for 1h at RT. Beads were then washed with CHAPSO buffer and incubated with the
lysate overnight. HEK293T cells stably expressing HA-IFIT1 and HA-NLS-IFIT1 were
created using lentiviral transduction as described above. Nuclear fractions were diluted 5
times in CHAPSO buffer before incubating with FLAG M2 dynabeads (Sigma). After
incubation, beads were washed 4 times in CHAPSO buffer and suspended in 30 pl elution
buffer (50 mM Glycine pH 2.5) for 10 minutes at RT, then mixed with 30 pl of 2XSDS-
PAGE loading buffer with BME and protease/phosphatase inhibitors. Beads were then
heated at 95°C for 10 minutes and the eluted protein solution was separated from the Dyna
Beads with a magnet. 10 pL of the eluted sample was loaded onto an SDS-PAGE gel for
western blotting.

Confocal imaging—THP1 cells, HEK293T and U937 cells were cultured in 96-well
plates at a density of 2x10% cells/well. THP1 and U937 cells were differentiated with PMA
for three days. Where indicated, Leptomycin B (Abcam, cat# ab120501) was added to cells
at a concentration of 1.25 ng/ul for 3h. Cells were fixed with 4% formaldehyde and blocked
with 4% BSA for 1 hr. Cells were then incubated with an anti-IFIT1 antibody (Novus, cat#
NBP2-33751), anti-FLAG antibody (Sigma, cat# F7425), or anti-HA antibody (Abcam, cat#
ab130275) overnight at 4° Cat 1:500 dilution. Cells were washed in PBST three times and
probed with secondary (anti-rabbit or anti-mouse) antibody coupled with Alexa 488
flourophor (Cell Signaling, Cat# 4412) for 1 hr at 1:1000 dilution, followed by washing with
PBST and nuclear staining with Hoechst 33342 (Sigma, cat# 14533). Images were acquired
on a Leica SP5 confocal microscope equipped with a 63X/1.4NA oil objective, an Argon
488nm laser and a 405nm diode laser, as well as HyD detectors. Nine to ten fields of view
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were collected for each sample with a voxel size of approximately 130nm. The fields
collected encompassed more than 70 cells. Nuclear co-localization of FLAG, HA and IFIT1
was calculated based on the fluorescent intensity in the nucleus and cytoplasm using the
software Imaris (Bitplane). Specificity of the IFIT1 antibody was confirmed by a lack of
signal in cells transfected with IFIT1 siRNA.

Motif analysis—The gene group showing decreased expression in IFIT1 depleted cells
(185 genes; Data S3; Figures 2A and 2C “‘Group 2”) was analyzed for transcriptional
regulatory elements using DiRE (Gotea and Ovcharenko, 2008). Analysis was performed
using default DiRE settings with a background gene set of 1280 LPS-induced genes from
the microarray dataset.

Chromatin immunoprecipitation-PCR (ChIP-PCR)—WT or IFIT1 shRNA-
expressing (shIFIT1) THP1 cells were differentiated for three days with PMA. After LPS
stimulation, cells were washed in PBS and lysed in 1 mL Lysis buffer (1% SDS, 10mM
EDTA, 50mM Tris-HCI pH 8.1 and protease inhibitors (Sigma)). Lysate was then sonicated
three times for 30 s (with 30 s breaks) at 4°C and centrifuged at 10,000xg for 10 min at 4°C
to remove cell debris. A fraction of the lysate was used to quantitate chromatin DNA.
Lysates were diluted in Dilution Buffer to 250ug chromatin/ml (0.01% SDS, 1.1% Triton
x-100, 1.2mM EDTA, 16.7mM Tris-HCI pH 8.1, 167mM NaCl 1 and protease inhibitors).
Lysates were precleared with Protein A Dynabeads (Life Technologies) for 1 hr at 4°C. 10
pL of antibodies, anti-Sin3A and anti-IRF3 (Santa Cruz, sc-136318X; sc-33641X) were used
to bind Dyna Beads in Dilution Buffer for 1h at RT. Beads were then washed three times
with 1 mL Dilution Buffer and incubated with the lysate overnight at 4°C. After incubation,
beads were washed 2 times each in, 500 pL Low Salt Buffer (0.1% SDS, 1% Triton x-100,
2mM EDTA, 20mM Tris-HCI pH 8, 150mM NaCl), High Salt Buffer (0.1% SDS, 1% Triton
x-100, 2mM EDTA, 20mM Tris-HCI pH 8.1, 500mM NacCl), LiCl Buffer (0.25M LiCl, 1%
NP-40,1% deoxycholate, 1ImM EDTA, 10mM Tris-HCI pH 8.1), and 1X TE Buffer (10mM
Tris-HCI, ImM EDTA, pH 8). The beads were then suspended in 400ul elution buffer (1%
SDS, 10mM Tris-HCL pH 8., EDTA 5 mM, 300 mM NacCl) and incubated with 20 U
Proteinase K at 65°C overnight. For normalization, 50 pL input sample was mixed with 350
pL elution buffer. DNA was extracted from both input sample and ChiP elution sample with
Phenol:Chloroform:Amyl alcohol (Life Technology) followed by ethanol precipitation. PCR
primers were designed based on known promoter sequences and/or Sin3A binding sites
(https://epd.vital-it.ch/human/human_database.php and http://www.ag-rehli.de/
NGSdata.htm). gPCR reactions on the precipitated DNA was performed with Sybr green dye
and the following primers: IFNB1 forward primer (TCCCAGGAACTCAATGAAGG),
IFNBI reverse primer (GTGTCGCAATGGAGTGTTGT), /RF7forward
(TTTTTTGAGACTGAGTCTTGCTCT), IRF7 reverse (CCGCCTGTTCTTATTATTGGAT),
IRF8 forward primer (ATTTCTCGGAAAGCAGAGCA), IRF8 reverse primer
(GCCCACTGTGCCTACCTG), TNF forward primer (ACACACAAATCAGTCAGTGG),
TNF reverse primrer (CTTCTGTCTCGGTTTCTTCTC), CCL3 forward primer
(TTATAGCAGCTGAGGAAGCAGAA), CCL3 reverse primer
(TCTCTAACTCTCAGCTCTCAACTCAT).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism software version 7.0 for Mac OS X
(GraphPad Software). For PCR, infection and ELISA experiments, relative values were
compared either by a paired t test or by two-way ANOVA followed by Sidak’s multiple
comparison test. All the statistical details of experiments, including the statistical tests used,
are listed within each figure legend. Data presented are representative of three or more
independent experiments, unless otherwise stated in the figure legend, and are expressed as
mean = SD *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

DATA AND SOFTWARE AVAILABILITY

The accession number for the microarray data reported in this paper is Gene Expression
Omnibus (GEO): GSE103829.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

An siRNA screen identifies IFIT1 as a negative regulator of pro-inflammatory
genes

IFIT1 also positively regulates the induction of interferon-stimulated genes
(I1SGs)

Nuclear IFIT1 facilitates both Sin3A removal and IRF3 recruitment to ISG
loci

A defective IFIT1-dependent interferon response increases susceptibility to
bacteria
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Figure 1. IFIT1 Depletion in Human Macrophages Leads to an Enhanced LPS-Induced TNF-a

Response

(A) Schematic for the TNF-a reporter assay used in a genome-wide screen of the LPS
response in human THP1 cells (Sun et al., 2017). (B) Screen hit distribution showing TLR4
as a validating positive regulator hit and identification of IFIT1 as a negative regulator of
LPS-induced TNF-a expression. (C-E) Primary human macrophages transfected with
control or IFIT1 siRNA were stimulated with 100 ng/mL LPS for the indicated times, /F/71
(C) or TNVF (D) mRNA was measured by gPCR, and secreted TNF-a (E) was measured by
ELISA. Data are representative of four independent experiments and expressed as mean *
SD; *p < 0.05, **p < 0.01, ***p < 0.001 (two-way ANOVA followed by Sidak’s multiple

comparison test). See also Figure S1.
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Figure 2. IFIT1 Depletion Differentially Affects LPS-Induced Gene Programs
(A) Control and IFIT1-depleted THP1 cells were stimulated with 100 ng/mL LPS for 1, 2, 4,

6, and 24 hr, and transcriptional responses were measured by microarray. The upper heatmap
shows genes with substantial expression increases in WT cells (STAR Methods) compared
to their expression level in IFIT1-depleted cells. The lower heatmap shows the sum of the
expression difference between WT and IFIT1-depleted cells across the time course (Data
S1).

Cell Rep. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

John et al.

Page 25

(B and C) The network connections of genes that showed (B) enhanced expression (group 1;
Data S2) or (C) reduced expression (group 2; Data S3) in IFIT1-depleted cells, as
determined by IPA.

(D) Transfection of siRNA into IFIT1 shRNA-expressing cells sustains a stable suppression
of IFIT1 induction in response to 100 ng/mL LPS.

(E and F) Control and IFIT1-depleted THP1 cells (E) or human primary macrophages (F)
were stimulated with 100 ng/mL LPS, and secreted IFN-f protein was measured by ELISA.
Data are representative of two (A) or three (D-F) independent experiments. Data in (D)-(F)
are expressed as mean SD; *p < 0.05, **p < 0.01 (two-way ANOVA followed by Sidak’s
multiple comparison test). See also Figure S2 and Data S1, S2, and S3.
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Figure 3. Signaling Responses in IFIT1-Depleted Cells
(A) Control and IFIT1 shRNA-expressing THP1 cells were stimulated with 100 ng/mL LPS

for the indicated times, and cytosolic and nuclear fractions were subjected to western blot
analysis for phos-pho-p65/NF-xB (Ser536), phospho p38 and MAPK (Thr180/Tyr182),
p1l05/NF-xB, and p50/NF-xB. GAPDH and heterogenous nuclear ribonucleoprotein L
(hnRNPL) were detected as positive controls for cytosolic and nuclear fractions.

(B) Control and IFIT1 shRNA-expressing THP1 cells were stimulated with 100 ng/mL LPS
for the indicated times, and whole-cell lysates were subjected to western blot analysis for
phospho-IRF3 (S386), phospho-STAT1 (Tyr701), IFIT1, and actin (loading control).
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(C) WT and Ifit1~~ BMDM cells were stimulated with 100 ng/mL LPS for the indicated
times, and whole-cell lysates were subjected to western blot analysis for phospho-STAT1
(Tyr701), phospho-p38 and MAPK (Thr180/Tyr182), phospho-JNK (Thr183/Tyr185),
phospho-ERK (Thr202/Tyr204), and GAPDH (loading control).

(D) WT and Ifit1”~ mouse BMDM transfected with non-targeting control (NTC) or IFIT3
SiRNA were stimulated with 100 ng/mL LPS and /fn61 mRNA was measured by gPCR.
Data are representative of three independent experiments. Data in (D) are expressed as mean
+ SD; **p < 0.01, ***p < 0.001 (two-way ANOVA followed by Sidak’s multiple
comparison test). See also Figure S3.
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Figure 4. IFNB1 Induction Is Attenuated in IFIT1-Depleted Cells in Response to Multiple
Different Stimuli

(A-F) Control and IFIT1 shRNA-expressing THP1 cells were stimulated with (A) 100
ng/mL LPS, (B) 10 ug/mL poly(l:C), (C) 10 pg/mL poly(dA:dT), (D) Sendai virus (Cantell)
MOI 5, (E) influenza A virus (Texas/36/91) MOI 5, and (F) B. cenocepaciaMOI 5, and
IFNBI mRNA was measured by gPCR. Data are representative of four (A) or three (B-F)
independent experiments and are expressed as mean + SD; *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 (two-way ANOVA followed by Sidak’s multiple comparison test).
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Figure 5. IFIT1 Modulates the Association of an LPS-Regulated HDAC2-SAP25 Protein

Complex

(A) THP1 cells stably expressing a SAP25-mCherry fusion protein were transfected with
non-targeting control (NTC) or IFIT1 siRNA and stimulated with 100 ng/mL LPS for O, 1,
or 2 hr. The indicated proteins were detected by western blot in either a SAP25-mCherry
immunoprecipitate (top) or in whole-cell lysates (bottom).
(B) Cytosolic and nuclear fractions were isolated from 100 ng/ml LPS treated mCherry-
SAP25 expressing cells and subjected to western blot analysis for Sin3A, HDAC2, mCherry,
hnRNPL (nuclear marker) and GAPDH (cytosolic marker).
(C and D) THP1 cells transfected with non-targeting control or HDAC2 siRNA were
stimulated with 100 ng/mL LPS for the indicated times and mRNA levels of (C) 7NVFand
(D) /FNB1 were measured by gPCR.
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Data are representative of three independent experiments. Data in (C) and (D) are expressed
as mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-way ANOVA
followed by Sidak’s multiple comparison test). See also Figure S4.
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Figure 6. IFIT1 Facilitates Sin3A Corepressor Removal and IRF3 Recruitment to Multiple ISG
Loci

(A-C) Control and IFIT1 shRNA-expressing THP1 cells were stimulated with 100 ng/mL
LPS for the indicated times, and Sin3A binding was measured by ChIP-gPCR at the (A)
IFNBI1, (B) /IRF7, and (C) /RF8promoters.

(D-F) Control and IFIT1 shRNA-expressing THP1 cells were stimulated with 100 ng/mL
LPS for the indicated times, and IRF3 binding was measured by ChIP-gPCR at the (D)
IFNBI1, (E) IRF7, and (F) /RF8promoters.

Data are representative of three independent experiments and are expressed as mean + SD;
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-way ANOVA followed by
Sidak’s multiple comparison test). See also Figure S5.
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Figure 7. IFIT1 Is Required for IFN-B-Mediated Regulation of Intracellular Bacterial Infection
in Macrophages
Control and IFIT1 shRNA-expressing THP1 cells with or without 3,000 1U/mL IFN-f

pretreatment were infected with B. cenocepacia at MOI 1 for 22 hr.

(A) Representative images from WT and IFIT1 shRNA-expressing THP1 cells. Scale bars,
20 pm.

(B) Quantification of bacterial replication by spot count (STAR Methods). Data are
representative of four independent experiments and are expressed as mean = SD; *p < 0.05,
**p < 0.01 (paired t test).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-IFIT1 Santa Cruz Cat# 82946; RRID: AB_2121945
anti-phospho-p38 Cell Signaling Cat# 4511S; RRID: AB_2139682
anti-phospho-p65 Cell Signaling Cat# 3033S; RRID: AB_331284
anti-p105 Santa Cruz Cat# sc293141
anti-GAPDH Cell Signaling Cat# 97166
anti-hnRNPL Santa Cruz g‘gﬁggﬁ%@ﬂ RRID:
anti-phospho-IRF3 Abcam %ﬁfgggfg + RRID:
anti-phospho-JNK Cell Signaling Cat# 9255; RRID: AB_2307321
anti-phospho-ERK Cell Signaling Cat# 4370; RRID: AB_2315112
anti-phospho-STAT1 Cell Signaling Cat# 9167S; RRID: AB_561284
anti-IFIT1 antibody Novus Cat# NBP2-33751
anti-FLAG antibody Sigma Cat# F7425; RRID: AB_439687
anti-HA antibody Abcam S\astflafllsggzg f + RRID:
Anti-rabbit 1gG (H+L), F(ab’), Fragment (Alexa Fluor®488 Conjugate) Cell Signaling Cat# 4412; RRID: AB_1904025
Anti-Mouse IgG (H+L), F(ab’), Fragment (Alexa Fluor®488 Conjugate)  Cell Signaling Cat# 4408; RRID: AB_10694704
anti-Sin3A Santa Cruz sC-136318X
anti-IRF3 Santa Cruz sC-33641X
Bacterial and Virus Strains
Sendai Virus (Cantell) Gift from Dr. Kathryn Zoon, ~ N/A

NIAID, (Bedsaul et al.,

2016)
Influenza A (Texas/36/91) Gift from Dr. Ronald N/A

Germain, NIAID, (Brandes

etal., 2013)
Burkholderia cenocepacia (J2315) Gift from Dr. David N/A

Greenberg (Al-Khodor et al.,
2014)

Chemicals, Peptides, and Recombinant Proteins

PMA Sigma Cat# P8139-5MG
GM-CSF R & D Systems Cat# 215-GM-010
M-CSF R & D Systems Cat# 416-ML-010

LPS from Salmonella minnesota R595 (Re) (TLRgrade)

ENZO Life Sciences

Cat# ALX-581-008-L.002

Poly IC ENZO Life Sciences Cat# ALX-746-021-M005
Poly(dA:dT) InvivoGen Cat# tlrl-patn

Leptomycin B Abcam Cat# ah120501

Hoechst 33342 Sigma Cat# 14533

Recombinant IFN-B

R & D systems

Cat# 11415-1
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REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited Data
Microarray Data (Gene Expresion Omnibus under) This Paper GSE103829
Experimental Models: Cell Lines
U937 cells ATCC Cat# CRL-1593.2
THP1 cells ATCC Cat# T1B-202
HEK?293T cells ATCC Cat# CRL-3216
THP1 B5 (TNF reporter) cells (Li etal., 2015) N/A
Experimental Models: Organisms/Strains
Mouse: Wild type and Ifitl —/— C57BL/6 mice Michael Diamond, N/A
Washington University,
(Szretter et al., 2012)
Oligonucleotides
IFNB1 F/R primers TCCCAGGAACTCAATGAAGG/ GTGTCGCA IDT DNA N/A
ATGGAGTGTTGT
IRF7FIR primers TTTTTTGAGACTGAGTCTTGCTCT/ CCGCCT IDT DNA N/A
GTTCTTATTATTGGAT
IRF8 F/R primers ATTTCTCGGAAAGCAGAGCA/ GCCCACTGTGC IDT DNA N/A
CTACCTG
TNF F/R primers ACACACAAATCAGTCAGTGG/ CTTCTGTCTCGG  IDT DNA N/A
TTTCTTCTC
CCL3 F/R primers TTATAGCAGCTGAGGAAGCAGAA/ TCTCTAA IDT DNA N/A
CTCTCAGCTCTCAACTCAT
IFIT1 shRNA#1 CCAGACAATGGATATATTAAG IDT DNA N/A
IFIT1 shRNA#4 GCCCTGAAGCTTCAGGATGAA IDT DNA N/A
HA IFIT1 F primer GTGTGGTGGAATTCTGCAGATACCATGGGAT IDT DNA N/A
CCACCGGTTACCCATACGATGTTCCAGATACGCTCTCGAGATG
CCTGATTTAGAAAACAGAGTCTTGG
HA IFIT1 reverse primer CCAGAGGTTGATTGTCGAGCGGCCGCC IDT DNA N/A
ACTGTGCTGGATCTAAGGACCTTGTCTCACAGAGTTCTCAAAG
NLS-HA-F Primer ACCGACTCTAGTCCAGTGTGGTGGAATTCTGC  IDT DNA N/A
AGATACCATGGGATCCCCTGCAGCAAAACGTGTGAAACTCGAC
ACCGGTTACCCATACGATGTTCCAG
IFIT1-R primer CCAGAGGTTGATTGTCGAGCGGCCGCCACTGTGC IDT DNA N/A
TGGATCTAAGGACCTTGTCTCACAGAGTTCTCAAAG
Software and Algorithms
Statistics: Prism Graphpad N/A
Other
HDAC2 siRNA Dharmacon D-003495-05
Ifit3 SiRNA Dharmacon D-040963-03
IFIT1 siRNAL Ambion s7150
IFIT1 siRNA2 Ambion 57151
IFIT1 siRNA3 Ambion s7152
Non-targeting (NT) siRNA Dharmacon D-001210-05-05
TLR4 siRNA Dharmacon M-008088-01-0003
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