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Introduction: The human orthopneumovirus, Respiratory Syncytial Virus (RSV), is
the causative agent of severe lower respiratory tract infections (LRTI) and
exacerbations of chronic lung diseases. In immune competent hosts, RSV
productively infects highly differentiated epithelial cells, where it elicits robust
anti-viral, cytokine and remodeling programs. By contrast, basal cells are
relatively resistant to RSV infection, in part, because of constitutive expression
of an intrinsic innate immune response (lIR) consisting of a subgroup of
interferon (IFN) responsive genes. The mechanisms controlling the intrinsic IIR
are not known.

Methods: Here, we use human small airway epithelial cell hSAECs as a
multipotent airway stem cell model to examine regulatory control of an
intrinsic IIR pathway.

Results: We find hSAECs express patterns of intrinsic IIRs, highly conserved with
pluri- and multi-potent stem cells. We demonstrate a core intrinsic IIR network
consisting of Bone Marrow Stromal Cell Antigen 2 (Bst2), Interferon Induced
Transmembrane Protein 1 (IFITM1) and Toll-like receptor (TLR3) expression are
directly under IRF1 control. Moreover, expression of this intrinsic core is rate-
limited by ambient IRFle phospho-Ser 2 CTD RNA Polymerase Il (pSer2 Pol Il)
complexes binding to their proximal promoters. In response to RSV infection, the
abundance of IRF1 and pSer2 Pol Il binding is dramatically increased, with IRF1
complexing to the BRD4 chromatin remodeling complex (CRC). Using chromatin
immunoprecipitation in IRF1 KD cells, we find that the binding of BRD4 is IRF1
independent. Using a small molecule inhibitor of the BRD4 acetyl lysine binding
bromodomain (BRD4i), we further find that BRD4 bromodomain interactions are
required for stable BRD4 promoter binding to the intrinsic IR core promoters, as
well as for RSV-inducible pSer2 Pol Il recruitment. Surprisingly, BRD4i does not
disrupt IRF1-BRD4 interactions, but disrupts both RSV-induced BRD4 and IRF1
interactions with pSer2 Pol Il.
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Conclusions: We conclude that the IRF1 functions in two modes- in absence of
infection, ambient IRF1 mediates constitutive expression of the intrinsic IR,
whereas in response to RSV infection, the BRD4 CRC independently activates
pSer2 Pol Il to mediates robust expression of the intrinsic IIR. These data provide
insight into molecular control of anti-viral defenses of airway basal cells.
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RSV, transcriptional elongation, RNA pol II, small airway basal cells, multipotent

stem cell

1 Introduction

RSV is a major etiologic pathogen for infant lower respiratory tract
infection (LRTI) and recurrent infection producing substantial
morbidity throughout life (1). In children less than five years of age,
RSV is the most common cause of hospitalization in the US (2) and,
globally, responsible for 1/3 of severe infections (lower respiratory tract
infections; LRTTs) (3). Although mortality is rare in Western countries,
severe RSV LRTTs exert substantial long-term morbidity. RSV LRTIs
are linked to recurrent wheezing, allergic sensitization, persistent
reductions in lung function and enhanced utilization of health care
resources (1, 4-6). Recently, a large observational cohort study
concluded that severe RSV LRTI produced a 2-fold increased risk of
premature death from respiratory disease (5). Improved understanding
of the mechanisms and consequences of disease are needed.

Understanding how RSV replication is restricted in the
epithelium is important for disease outcomes because the
magnitude of the initial RSV replication determines disease
severity, inflammation and mucus production in humans (7). In
natural infections of immune-competent individuals, RSV
primarily replicates in the differentiated epithelial surface (8-10).
Studies of naturally acquired (11) and experimentally induced (12)
RSV infections have found that RSV replicates in small bronchiolar
epithelial cells. Systems level studies of small airway cells have
shown that this population is primed to produce greater amounts of
neutrophilic-, T helper 2 (Th2)-polarizing-, mucogenic cytokines
and mesenchymal growth factors (13, 14). Intracellularly, RSV
replicates in Endoplasmic Reticulum (ER)-associated stress
granules composed of RSV RNA, RNA-binding proteins and
translationally stalled cellular mRNAs. These entities activate
pattern recognition receptors (PRRs) retinoic acid inducible gene-
I (RIGI) and Toll-like receptor 3 (TLR3) (15-17) that form active
TANK-Binding Kinase and IxB Kinase (IKK) signalsomes,
stimulating interferon regulatory factor (IRF1), activating protein
1 (AP1) and NF-xB (17-19). More recent work has shown that RSV
is also a potent activator of the unfolded protein response that
results in inducible phenotypic changes known as “epithelial
plasticity” and upregulation of N-glycosylation pathways
controlling extracellular matrix production and mucin secretion
(20, 21). The exuberant, innate response of small airways epithelium
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explains the observations that, in fatal cases of RSV LRTI, acute
hypoxic respiratory failure is associated with mucus plugging and
ventilation-perfusion mismatch in the small airways (11).

The findings that the airway epithelial surface exhibits regionally
distinct responses to RSV infection are functionally and pathologically
important. This regional epithelial specialization is maintained by
distinct populations of progenitor cells that repopulate the surface in
response to injury or infection. In the small airway, basal cells constitute
6-30% of the total cellular population that facilitate regeneration of the
epithelial surface after injury (22). Importantly, lineage mapping
studies in mice have found that tumor protein 63 (TP63)- and
keratin 5 (KRT5)-expressing progenitors from the bronchiolar
epithelium repopulate the distal airway and type I and II alveolar
cells after viral injury (23, 24).

It has been widely observed that pluripotent and multipotent
tissue stem cells are resistant to a variety of RNA virus infections
through constitutive expression of a gene network termed the
“intrinsic” innate immune response [IIR; (25)]. Here, stem cell
precursors constitutively express a core of ~100 IFN-Stimulated
Genes (ISGs), including the Bone Marrow Stromal Cell Antigen 2
(Bst2), Interferon Induced Transmembrane Protein 1 (IFITM1) and
Toll-like receptor (TLR3) whose expression provide a constitutive
anti-viral defense. The intrinsic innate response genes are expressed
in a manner independent of IFN activity, and their expression
decline as the cells fully differentiate, whereupon the inducible
expression of IFNs become the major anti-viral pathways used (25).

Mechanistic studies have shown that RSV replication in
differentiated epithelial cells activate both the cytoplasmic pattern
recognition receptor, RIG-I (17), as well as the membrane Toll like
receptor-3 (TLR3) that converge on the IxB kinase (IKK) signalsome.
The IKK signalsome, in turn, activates an NFkB-IRF cross-talk
pathway that produces the genomic program of the IIR (26). The
initial phase of the IIR is mediated by NF«B and IRF3, cytoplasmic
sequestered transcription factors that translocate into the nucleus and
trigger expression of ISGs and cytokines, resulting in apoptosis and
cellular plasticity (26-28). Downstream, the ISGs IRF-1 and -7 are
highly induced by NFxB which serve to sustain the anti-viral
response. Because of its central role in the IIR, the mechanism by
which NF«xB regulates immediate early genes has been studied in
detail (29, 30). Activated NFxB undergoes a coupled
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phosphorylation-acetylation reaction to bind to Bromodomain
containing protein 4 (BRD4) within the positive transcription
elongation factor complex (31, 32). Our studies have shown that
BRDA4 is required for cyclin-dependent kinase 9 (CDK9) recruitment
and phospho-Ser 2 carboxy-terminal domain (CTD) RNA
polymerase (Pol) II formation on the promoters of IRFI, IRF7, and
RIG-I, producing their enhanced expression by transcriptional
elongation (29). Although this mechanism applies to highly
differentiated epithelial cells, the mechanisms how the intrinsic IIR
is activated in airway multipotent basal cells is not fully explored.
Investigations of stratified mucociliary epithelial models have
discovered that RSV replicates in ciliated cells and differentiated small
airway cells. By contrast, basal epithelial cells are relatively resistant to
RSV infection, requiring disruption of the overlying ciliated cells in
pseudostratified monolayers (33). To better understand the anti-viral
response of airway basal cells, we investigate the presence and regulation
of intrinsic immunity in TP63"/KRT5" positive basal cells from the
lower airways. Here we observe that hSAECs express the core
components of the intrinsic IIR pathway and investigate the
mechanistic role of IRF1 in their expression. We observe IRFI is
constitutively engaged with activated RNA Pol II, controlling the
intrinsic response. We find that IRF1 forms dynamic complexes with
BRD4 in response to innate activation RSV infection. The actions of
IRF1 and BRD4 are both required for stable accumulation of pSer2
RNA Pol II on IRF1-dependent ISGs. These data indicate that the
cooperative actions of IRF1 and the BRD4 to maintain pSer2 Pol II is
required for maintenance of intrinsic immunity in airway basal cells.

2 Materials and methods
2.1 Cell cultures and siRNA transfection

Telomerase-immortalized primary human small airway
epithelial (hSAECs) were grown in small airway epithelial cell
growth medium (SAGM, Lonza, Walkersville, MD, USA) in 5%
CO,. For air-liquid interface (ALI) culture, cells were grown on
transwell inserts (Corning 3460) in PneumaCult-ALI media
(STEMCELL05001). Cells were harvested 21 days later. Sucrose
cushion-purified RSV Long strain was prepared (34). The BRD4

TABLE 1 Quantitative XCHP g-PCR and RT-PCR primers.

Gene
IFITM1-P
BST2-P
TLR3-P
IRF1
BST2
TLR3

IFITM1

P, promoter sequence.
Shown are forward and reverse primers in 5’-3’ orientation.
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Forward
5" -TTGGTCCCTGGCTAATTCAC-3'
5'-GGGCCACCCCTTTATTAGCA-3'
5'-ACGCCTCTCTGAGGTTGTCA-3'
5'-AGCTCAGCTGTGCGAGTGTA-3’
5-CAGAGAAGGCCCAAGGACAA-3'
5'-GTTTTCGGGCCAGCTTTCAG-3'

5-GGCTTCATAGCATTCGCCTACTC-3'

10.3389/fimmu.2024.1366235

inhibitor Z1L0454 was synthesized and HPLC-purified (35, 36).
71,0454 was used at 10 UM concentration in cell culture medium
and was added at the same time cells were mock or RSV-infected
(MOI 1.0). The RSV was left in the media for 24 h until harvest.

2.2 RNA isolation and quantitative real
time-PCR

Total cellular RNA was extracted with RNeasy kit (Qiagen 75144).
cDNA were synthesized with LunaScript RT supermix kit (NEB E3010)
and amplified with NEBNext high-fidelity 2x PCR master mix (NEB
MO0541). For PCR with Tagman primers, Tagman universal PCR master
mix (Thermo 4304437) was used. PCR was using an AriaMx real-time
PCR machine (Agilent Technologies). Quantification of relative changes in
gene expression was calculated using the AACt method and normalized to
internal control peptidylprolyl isomerase A (PPIA). Primer sequences are
listed in Table 1. Tagman primers are from Thermo: TP63
(Hs00978340_m1), FOXJ1(Hs00230964_m1), SCGB1A1
(Hs00171092_m1), MUC5AC(Hs01365616_m1), PPIA(Hs04194521_sl).

2.3 IRF1 CRISPR-Cas9 knockdown

The lentiCRISPRv2 system (Addgene, #52961) was used to
prepare IRF1 gene knockout plasmid, with the sgRNA target
sequence 5-CACCTCCTCGATATCTGGCA-3’ targeting exon 4.
Together with packaging plasmids psPAX2 (Addgene, #12260) and
pCMV-VSV-G (Addgene, #8454), lentiviruses were made in 293T
cells with lipofectamine 2000 transfection reagent (Thermo, #
11668030). hSAEC were infected with virus supernatant in the
presence of 10ug/ml polybrene and selected 48 h later with 10 ug/ml
of puromycin in culture medium.

2.4 Expression plasmids

A lentiviral vector expressing C-terminal FLAG-tagged human
IRF1 was generated by cloning human IRF1-3x FLAG coding
sequence by PCR into a lentiviral expression vector with CMV

Reverse
5 - TTGTGCATCTTCTGGCTTTG-3'
5'-CGGCCTAGGCACTCAGTAAC-3’
5-CTGCCCAGTAAGAACGTGAA-3'
5 -TAGCTGCTGTGGTCATCAGG-3
5-GTCCGCGATTCTCACGCTTA-3’
5'-AGAGTTCAAAGGGGGCACTG-3’

5-AGATGTTCAGGCACTTGGCGGT-3'
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promoter to drive target gene expression and harboring
Hygromycin-resistant selection marker. Silent mutations were
introduced in the IRF1 coding sequence at the IRF1 CRISPR/
Cas9 gRNA target sequence by overlap extension PCR. The IRF1
coding sequence at the gRNA target sequence: 5-CTG CCA GAT
ATC GAG GAG GTG-3* (wild-type) vs 5-CTT CCT GAC ATA
GAA GAA GTT-3’ (mutant with silent amino acid substitutions).

2.5 Western blot

Cells were trypsinized, pelleted and washed twice with cold
phosphate-buffered saline (PBS). Cell pellets were then lysed in cold
low ionic strength buffer (50 mM NaCl, 1% IGEPAL, 10% Glycerol, 10
mM HEPES, pH7.4) with fresh added proteinase inhibitor cocktail
(1:100 vol/vol dilution, Sigma P8340), 1 mM DTT and 1 mM PMSF
(Sigma P7626). After determination of protein concentration, samples
were denatured in SDS sample buffer, heated at 95°C for 5 min, and
fractionated using Criterion TGX 4-15% PAGE gels. Proteins were
transferred to PVDF membranes and probed with anti-IRF1
(Proteintech 11335-1-AP, 1:500), anti-FLAG M2 (Sigma F1804,
1:1000) or anti-actin (937215, R&D, 1:5000) antibodies (Ab). Anti-
TBP Ab (Biolegend 668306, 1:1000) was used as a loading control.
Blots were imaged and bands quantified.

2.5 Immunofluorescence microscopy and
Electron microscopy

hSAECs were plated on coverslips, and infected or treated as
indicated. Afterwards, cells were fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100, blocked with 5% goat serum
and incubated with primary Ab overnight (TP63: Abcam ab124762,
1:200; KRT5: Abcam ab52635, 1:100; IRF1: Proteintech, 11335-1-AP,
1:200). On the second day, coverslips were washed with 0.2% Tween-20
and incubated with Alexa fluor goat secondary Ab. After one hour, cells
were washed and mounted using ProLong Diamond Antifade Mountant
with 4’,6-diamidino-2-phenylindole (DAPI, Thermo Fisher P36931).
The cells were visualized in an ECHO Revolve fluorescence microscope.

For electron microscopy, cells were fixed with Karnovsky’s fixative
(Electron Microscope Sciences, 15720). Fixed cells were dehydrated in a
graded ethanol series followed by dehydration in propylene oxide, then
embedded in Epon epoxy resin. Ultra-thin sections were cut with a
Leica EM UC6 Ultramicrotome and collected on pioloform-coated 1
hole slot grids (Ted Pella Inc, cat # 19244). Sections were contrasted
with Reynolds lead citrate and 8% uranyl acetate in 50% EtOH.
Ultrathin sections were visualized with a Philips CMI120 electron
microscope and images were captured with an AMT BioSprint side
mounted digital camera using AMT Capture Engine software.

2.6 Proximity ligation assay

PLA was performed with Duolink in situ red starter mouse/
rabbit kit (Sigma DUO92101). Cells were treated as described in
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text, fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100, and incubated overnight with indicated pairwise
combinations of mouse IRF1 Ab (R&D MAB4830-SO, 1:250),
rabbit BRD4 Ab (Cell Signaling 13440, 1:500), rabbit
phosphorylated Ser2 CTD RNA Pol II Ab (Abcam ab5095,
1:700), or mouse anti-FLAG M2 Ab (Millipore F1804, 1:300).
PLA of BRD4 and p-pol IT was done in hSAECs transfected with
FLAG-BRD4 lentivirus, containing the coding sequences from
FLAG-BRD4 plasmid (Addgene 90331).

Cells were further processed according to the manufacturer’s
instructions. The nuclei were counterstained with DAPI, and the
PLA signals were visualized with an ECHO fluorescent microscope
at x 20 magnification.

2.7 Two-step chromatin IP-Quantitative
genomic PCR

Three 100 mm dishes of cells each treatment group were first
cross-linked with disuccinimidyl glutarate (DSG; 2 mM, 45 min at
22°C, Thermo 20593), then cross-linked with methanol-free
formadehyde (1% vol/vol in PBS, 10 min). Cells were extracted in
SDS lysis buffer and sonicated. Equal amounts of sheared chromatin
were immunoprecipitated (IP) overnight at 4°C with 3 pg of Ab.
The following antibodies were used: IRF1 (Proteintech 11335-1-
AP), BRD4 (Cell Signaling 13440), p-Ser2 Pol II (Abcam ab5095);
IgG was a nonspecific binding control (LS Bio LS-C149375). IPs
were collected with 20 pl of Dynabeads protein G (Thermo
10004D), washed, eluted and de-crosslinked. The precipitated
DNA was phenol/chloroform-extracted, precipitated and air-
dried. Gene enrichment was determined by Q-gPCR using
promoter-specific PCR primers. Primer sequences are listed in
Table 1. The fold change of precipitated DNA was determined by
normalizing to input DNA and calculating the fold change relative
to the amount in unstimulated cells (37, 38).

2.8 Statistical analyses

RNA-seq was quantitated from Illumina High Seq fastq files. The
raw fastq files were subjected to QC statistics and sequencing adapters
were trimmed using Trim Galore software (39). The trimmed paired-
end reads were aligned against human genome hg38 using Salmon
(40). Mapped paired-end reads for both genes and transcripts
(isoforms) were counted in each sample and variance stabilized
using DESeq2 (33). Statistical analyses were performed with Graph
Pad Prism 9 (GraphPad Software, San Diego, CA). Results are
expressed as mean + SD. Normality and equal variance tests were
performed to determine appropriate application of parametric
statistical analyses. For multiple group experiments, one-way
ANOVA was used with post-hoc Tukey T-tests for group-wise
comparison between treatments. P values < 0.05 were considered to
be statistically significant.
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3 Results

3.1 hSAECs are model multipotent airway
stem cells

We investigated the presence of the intrinsic IIR in human small
airway epithelial cells (hRSAECs), a well characterized small airway-
derived basal cell (41, 42). Partially permissive for RSV replication,
hSAECs undergo TGFB- and RSV replication-induced changes in
cellular plasticity (13), a cell-state change characterized by
simultaneous expression of epithelial mesenchymal transition
(EMT) and mesenchymal-epithelial transition (MET) markers,
activating metabolic reprogramming and extracellular matrix
remodeling characteristic of in vivo RSV-infections (34, 42).

Because of their ability to enter cellular plasticity programs, we
examined whether hSAECs exhibited airway stem-cell features.
First, we stained hSAECs for tumor protein 63 (TP63), a
characteristic basal cell marker and nuclear factor essential for
endodermal differentiation (43), by immunofluorescence
microscopy (IFM). Relative to negative control staining with IgG,

A B
IgG

D

E F

105 —r
104

TP63 mRNA (Fold)
FoxJ1 mRNA (fold)

N

10
Treat: -

ALI ALl

H |
muc/krt14/dapi

muc/krt14/dapi

hSAEC

FIGURE 1

-C-

TP63

1000000

Scgb1a1 mRNA (Fold)

10.3389/fimmu.2024.1366235

we observed uniform nuclear TP63 staining in >95% of cells
(Figures 1A, B). Similarly, hSAECs expressed high levels of
keratin 5 (KRTS5), a keratin isoform expressed by basal airway
epithelial cells, in a perinuclear and cytoplasmic microfilamentous
pattern (Figure 1C). The presence of these markers are significant
because TP63+/KRT5+ expressing progenitors from the
bronchiolar epithelium repopulate the distal airway and type I
and II alveolar cells after viral injury (23, 24) and are therefore
characteristics of airway basal cells.

To confirm that hSAECs had multipotent tissue stem-cell
activity, hSAECs were induced to differentiate in air liquid
interface (ALI). After 21d in culture, hSAECs reduced TP63
mRNA expression by 50% (Figure 1D) and acquired markers of
ciliated (FoxJ1), club (Scgblal) and mucin-producing (MUC5a)
differentiated airway cells, with a 5-fold log increase in FoxJI, 5-fold
log increase in Scgblal and 3-fold log increase in MUC5AC
transcripts (all P<0.001; Figures 1E-G).

By IFM, in submerged hSAEC cultures, cells were MUC
negative (MUC") and KRT14 positive (KTRH"; Figure 1H).
KRT14 is another keratin isoform expressed by basal cells of the

KRT5

G

100000
10000
1000:
100

10

MUCS5AC mRNA (Fold)

ALl ALl

Basal cell behavior of hSAECs. (A—C) hSAECs were plated on coverslips, fixed and stained with IgG panel (A), anti-TP63 panel (B) or anti-KRT5 Abs
panel (C). Shown are immunofluorescence microscopy (IFM) images. Scale bars for panels (A, B) are 60 um; Scale for panel (C) is 30 um. (D-GQ)
hSAECs were cultured + air liquid interface (ALI) and expression of basal and differentiated epithelial cell markers were analyzed by Q-RT-PCR. (D)
TP63 mRNA; (E) FOXJ1 mRNA; (F) Scgblal mRNA; (G) MUC5AC mRNA. Shown are fold change mRNA normalized to PPIA. Each symbol represents
an independent replicate. ***, P<0.001. (H, 1) IFM. Submerged cultures of hSAECs or those from ALI culture were stained with anti-Mucin (Muc,
green) and KRT14 (red) Abs. DAPI (blue) is used as counterstain. Scale bar is 130 um. (J, K) Transmission electron microscopy of ALl cultures.

(J) Microtubule cluster characteristic of differentiated cilia. Scale bar is 200 nm. (K) Electron dense secretory granules, characteristic of club cells.

Scale bar is 500 nm.
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airway. By contrast, after 21 d in ALI, hSAECs exhibited strongly
positive MUC5AC staining in a heterogenous pattern with reduced
KRT14 expression (Figure 1I). To confirm the presence of ciliated
structures and club-cell like secretory granules, electron microscopy
was performed. Here paired microtubules forming a classical
ciliated structure are seen (Figure 1J). In other cells, cytoplasmic
electron-dense secretory vesicles typical of Scgblal positive club
cells were also seen (Figure 1K). We conclude that hSAECs
maintain basal cell like characteristics, that functionally
differentiate into differentiated ciliated, club and mucous
expressing epithelial cells.

3.2 hSAECs exhibit the “intrinsic” IR
program of tissue stem cells

The intrinsic IIR pathway consists of a ~100 member subset (of
the ~390 known ISGs) that are constitutively expressed. The intrinsic
IIR includes BST2, IFIT and TLR3 encode broad-anti-viral activities
shown to be functionally important in conferring anti-viral defense,

10.3389/fimmu.2024.1366235

including limiting RSV replication (25). To determine whether
hSAECs expressed a similar intrinsic innate program, we compared
RNA-Seq profiles of hNSAECs to those of pluripotent embryonic stem
cells (ESC) and tissue-derived stem cells committed to mesenchymal
(MSC), neuronal (NSC) and pancreatic (PSC) lineages (25, 42). In
this comparison, RNA-seq was quantitated from 3 independent
replicates by transcripts per million (TPM), normalized to read
depth and log-transformed using variance stabilization in DESeq2
(44). The ISG expression patterns were then subjected to hierarchical
clustering. We observed that the expression patterns were quite
similar with hSAECs most closely grouping with MSC cell types
(Figure 2A). A highly expressed set of ISGs was consistent across all
cell types; these genes included genes of the anti-viral IFIT cluster
(IFIT1IM-1,-2,-3) as well as the transcription factors IRFs 1 and -9
(Figure 2A). This global expression showed that the intrinsic ITR
pathway was remarkably similar across cell types examined.

To better visualize the expression of IFIT-enriched core of
genes, we extracted a focused group of anti-RSV ISGs and found
that these expression patterns were remarkably consistent across
the cell types tested (Figure 2B). To provide more quantitative,
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global information on the relationship between intrinsic IIR
expression levels, pairwise correlations of all 390 known ISGs
were conducted across the same pluripotent and multipotent stem
cell data. We found that the correlation across these tissue stem cells
was remarkably linear across all pairwise comparisons (Figure 2B).
Linear regression modeling produced with a 95% linear regression
line approaching a slope of 1, that was highly statistically significant
(P<107'%; Figure 2C). Collectively, we conclude that hSAECs exhibit
morphological and functional characteristics of multi-potent airway
stem cells and express the highly conserved intrinsic IIR program.

3.3 IRF1 maintains constitutive expression
of intrinsic innate response genes

We noted that many of the intrinsic IIR genes are, at least in
part, IRF1-dependent (30). Since these genes have constitutive
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expression in mock-infected hSAECs, we examined the
expression of nuclear IRF1 using dual color staining for IRF1 and
nuclei (DAPI) in IFM. We found that IRF1 was expressed in both
the cytoplasm and nucleus of mock-infected hSAECs (Figure 3A).
Upon RSV infection, the nuclear and cytoplasmic abundance of
IRF1 was increased. In mock-infected hSAECs, IRF1 nuclear
staining intensity was 69,323 + 21,290 arbitrary fluorescence units
(AFUs) and increased 3.4-fold to 233,307 + 9885 AFUs after RSV
infection (Figure 3B; P=0.0003, two-tailed t test). A similar 3-fold
induction was also seen in cytoplasmic IRF1 staining in response to
RSV infection (P<0.001; Figure 3B).

To determine whether the basal level of IRFI expression
produced saturating expression of the intrinsic innate response,
we extracted gene expression profiles of ISGs over a time course of
RSV infection from an earlier RNA-Seq data set. In this analysis, we
performed Z-score normalization of the RNA-Seq expression
profiles in order to compare of each gene expression profile to its
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own uninfected baseline. This hierarchical clustering analysis
showed that all the intrinsic response genes are induced by 16-
and 24 h of RSV infection (Figure 3C). Collectively these data
indicate that the IIR genes are still highly inducible despite
constitutive IRF1 expression.

3.4 Ambient IRF1 is rate-limiting for
expression of a core of intrinsic IIR genes

To better understand the role of IRF1 in direct activation of
intrinsic IIR genes, we first sought to identify those directly regulated
by IRF1. This is important because our previous work has shown that
IRF1 amplifies the expression of other IRF-family transcription

10.3389/fimmu.2024.1366235

factors through positive autoregulatory loops (45), making
identification of genes directly regulated by IRF1 challenging. To
more rigorously identify direct targets of IRF1, we conducted
experiments to identify genes whose expression is IRF1 dependent
(by silencing and overexpression) and genes that directly bound IRF1
to their proximal promoters in chromatin immunoprecipitation.
We first conducted IRF1 knockdown (KD) experiments using
CRISPR/Cas9. Three small guide RNA (sgRNAs) were screened for
efficiency of IRF1 KD; sgRNA#3 produced the most significant
inhibition and was used. Control (nontargeting) and IRF1-targeting
sgRNAs were transfected into hSAECs and then mock- or RSV
infected (MOI=1, 24 h). In the nuclei of control sgRNA-
transfectants, several isoforms of IRF1 protein were detected, at
50- and a ~100 kDa doublet (Figure 4A). These two larger isoforms
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FIGURE 4
Intrinsic innate response genes are directly regulated by IRF1. (A) IRF1 KD. Western blot of nuclear extracts from nontargeting control (-) or IRF1

(IRF#3) -sgRNA transfectants. Left, MW markers in kDa. Arrowhead, 50 kDa IRF1 isoform. (B—F) Effect of IRF1 Crispr/Cas9-mediated knock down
(KD). mRNA expression was quantified by Q-RT-PCR. Inducible expression of intrinsic innate response genes was analyzed by Q-RT-PCR. (B) IRF1
MRNA; (C) IRF1 in immunofluorescence microscopy; (D) BST2 mRNA; (E) /FITM1 mRNA; and (F) TLR3 mRNA. Shown is fold change mRNA
normalized to internal control PPIA plotted as log2-transformed data. **, P<0.01; ***, P<0.001. Note the reduction in basal mMRNA expression by IRF1
KD. (G) Western blot of FLAG-IRF1 (F-IRF1) lentiviral expression in IRF1 KD cells. pCT, empty lentiviral construct. FIRF1, FLAG-IRF1 expression. TBP,
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Frontiers in Immunology

08

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1366235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

are IRF1 homodimers or alternatively spliced IRF isoforms (46). All
proteoforms were substantially reduced by the IRFI-targeting
sgRNA transfection (Figure 4A).

Similarly, constitutive IRFI mRNA was reduced by >80% in
IRF1-targeting sgRNA-transfected cells (Figure 4B). And RSV
infection induced a 4.5-fold induction of IRFI mRNA expression
in nontargeting sgRNA transfected cells. This induction was
reduced to less than that of mock-infected controls after IRF1
sgRNA transfection (Figure 4B). Similarly the constitutive and
RSV-induced nuclear IRFI1 signals were substantially reduced by
IFM assay (Figure 4C). This system enabled us to determine the role
of IRFI in constitutive and inducible intrinsic innate response.

We found that constitutive BST2 mRNA levels were reduced by
37-fold in mock-infected IRF1 KD cells, where the 1.5 + 1.6 fold
BST2 expression in control transfectants was reduced to 0.04 +
0.001 fold in IRF1 KDs (Figure 4D). And in RSV-infected cells, the
149 + 29-fold induction of BST2 mRNA was reduced to 12.7+ 3.3
-fold in IRF1 KD cells (P<0.001). Similarly, the constitutive
expression levels of IFITM1 were reduced 1.7 fold vs IRF1 KD
cells (Figure 4E), and constitutive levels of TLR3 were reduced 3-
fold in IRF1 KD cells (Figure 4F). Significant reductions in RSV-
induced IFITMI and TLR3 mRNA expression were also observed
by IRF1 KD (Figures 4D-G).

To independently test whether IRF1 expression was sufficient
for expression of this intrinsic innate genes, FLAG-IRF1 was
expressed in IRF1-deficient hSAECs. Here, empty lentivirus
(pCT) or FLAG-epitope labeled IRF1 expressing lentivirus were
used to transduce IRF1 KD cells, where both 50- and 100 kDa
isoforms of IRF1 were observed (Figure 4G). Transfection of the
FLAG-IRF1 construct produced a 22 + 1.8-fold induction of
mRNA, exceeding the 4-fold induction of endogenous cells (cf.,
Figures 4H, B). Under these conditions, we observed that FLAG-
IRF1 expression increased BST2 mRNA only by 6.1 + 1.1-fold

10.3389/fimmu.2024.1366235

(P<0.001, Figure 4I). We also noted that IFITMI mRNA increased
by 2.8 + 0.8-fold (P<0.05, Figure 4J) and TLR3 mRNA was
enhanced by 1.8 + 0.3-fold after FLAG-IRF1 expression (P<0.05,
Figure 4K). Collectively, these data indicate that BST2, IFITMI and
TLR3 core intrinsic IIRs are maintained in a low level of expression
by ambient IRFI, and although poised for high inducibility, their
maximal expression could not be reproduced by IRF1 alone.

Finally, to demonstrate that these genes are direct IRF1 targets,
chromatin immunoprecipitation experiments (XChIP) were
performed. Here, cross-linked chromatin from mock or RSV-
infected wild-type hSAECs were immunoprecipitated with non-
specific IgG or IRF1 Abs, and the abundance of the BST2, IFITM1
and TLR3 proximal promoters were quantitated by quantitative
genomic PCR (Q-gPCR).

We first estimated the binding of IRF1 to these genes in mock-
infected cells, where gene enrichment from IRF1 immunoprecipitates
was estimated relative to background IgG binding. In uninfected
hSAECs, we observed a 4.2-fold enrichment of IRF1 binding to the
BST2 promoter over IgG background by Q-gPCR (Figure 5A).
Similarly, we found a 6-fold enrichment in constitutive IRF1
binding on the IFITM1 promoter over IgG background (Figure 5B)
and an 8.7-fold increase of IRF1 was observed on the TLR3
promoter (Figure 5C).

We then estimated RSV-induced changes in IRF1 binding by
comparing Q-gPCR signals of IRF1 immunoprecipitates from RSV
vs mock-infected cells. We noted that RSV infection further
enhanced IRF1 binding to the BST2 promoter by 10.1 + 1.2-fold
(P<0.001, Figure 5A). Similarly, RSV induced IRF1 binding to the
IFITM]I promoter by 9.8 + 0.7 fold (P<0.001, Figure 5B); and IRF1
binding to the TLR3 promoter by 3.1 + 0.3-fold relative to mock
infected cells (P<0.01, Figure 5C). Collectively, we conclude that
IRF1 is constitutively engaged with the core intrinsic ITR genes and
is further induced by RSV in a rate-limiting fashion.
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FIGURE 5

IRF1 constitutively and inducibly engages with intrinsic innate response genes. XChIP assays were performed on mock or RSV-infected hSAECs (MOI
1, 24 h). Cross-linked chromatin was immunoprecipitated with 1gG or anti-IRF1 Abs and proximal promoter enrichment determined by quantitative
genomic PCR. Shown is fold enrichment of each biological replicate hormalized to IRF1 IPs of mock infected cells. Data are plotted by log2
transformation to better visualize the dynamic changes in IRF1 abundance. (A) BST2 promoter; (B) IFITM1 promoter; (C) TLR3 promoter. **, P<0.01;
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3.5 IRF1 interacts with activated RNA Pol Il

In differentiated epithelial cells, viral inducible ISG expression is
controlled by regulated transcriptional elongation (29, 31, 32, 45,
47-53). In uninfected cells, ISGs are transcriptionally silenced, but
maintained in an open chromatin configuration engaged by paused
RNA Pol II. In response to infection, viral activated transcription

A IRF1-pSer2 Pol |l

10.3389/fimmu.2024.1366235

factors recruit the PTEF-b complex containing cyclin dependent
kinases and BRD4 to phosphorylate the carboxyl terminal domain
(CTD) of RNA Pol II on Ser residue 2. Ser2 phosphorylation
licenses the stalled polymerase to enter rapid processive mode,
rapidly expressing fully spliced anti-viral transcripts (31, 49).
Because the intrinsic immune genes are constitutively transcribed
in hSAECs in an IRF1-dependent manner, we hypothesized that
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IRF1 was engaged with phospho-Ser 2 RNA Pol II (pSer2 Pol II) to
control their metastable state.

We first determined whether IRF1 and pSer2 Pol II interacted in
uninfected cells using proximity ligation assays (PLAs; Figures 6A, B).
PLAs detect atomic-distance interactions in situ detected by the
enzymatic ligation of separately directed antibody-conjugated
oligonucleotides that are amplified by PCR, appearing as red foci in
immunofluorescence (54, 55). Strikingly, we found that IRF1 is
complexed with pSer2 Pol II in >90% of uninfected hSAECs (~450
cells counted in 3 independent low-power images; Figure 6A; note
that no signal is produced in cells stained with IgG; c.f. Figure 3A).
We also observed the number of nuclear IRF1-pSer2 Pol I foci were
enhanced 3.8-fold by the effect of RSV infection, from 6.3 + 4.1 to
24.0 £ 4.7 foci/nucleus (Figure 6B, P=0.0013, two-tailed t test).

To determine whether pSer2 Pol II directly binds intrinsic
response genes, and if pSer2 Pol II binding was dependent on
IRF1 binding, we performed XChIP on wild type (WT) and IRF1
KD cells. We confirmed that IRF1 was constitutively bound to the
BST2 gene promoter in mock-infected cells, and was induced ~4-
fold in response to RSV infection (Figure 6C). Although the level of
basal IRF1 was resistant to IRF1 KD, RSV inducible recruitment
was substantially inhibited in IRF1 KD cells to levels seen in mock-
infected cells (Figure 6C).

Examining the presence and regulation of pSer2 Pol II binding
to BST2, we observed a 50-fold enrichment of constitutive pSer2 Pol
1T signals over that of control IgG in mock-infected WT cells (0.002
+ 0.0002 in IgG precipitates vs 1.02 + 0.01 in pSer2 Pol II
precipitates; Figure 6D). In response to RSV infection, pSer2 Pol
1.1- fold in WT cells (Figure 6D).
Importantly, the level of RSV induced pSer2 Pol II was
substantially reduced in IRF1 KD cells to 1.8 + 0.5-fold,
indicating that recruitment of pSer2 Pol II binding to BST2 was
dependent on IRF1 (Figure 6D).

Similarly, we observed 3.3 + 0.4-fold induction of IRF1 binding
to the IFITM1 promoter in WT cells that was reduced to 1.5 + 0.4-
fold after IRF1 KD (P<0.05, Figure 6E). Next we examined pSer2

+

II binding increased 3.1

10.3389/fimmu.2024.1366235

Pol II binding to the IFITMI promoter and found that significant
constitutive levels of pSer2 Pol II binding, with 1.0 + 0.14 fold pSer2
Pol II immunoprecipitates vs 0.024 + 0.02 fold in IgG precipitates
(Figure 6F). pSer2 Pol II binding was highly inducible by RSV,
increasing by 10.1+ 2.8-fold in WT cells. Interestingly, in contrast to
that seen on BST2, this high level of RSV-induced pSer2 Pol II
binding was not significantly affected by IRF1 KD (Figure 6F).
These data suggested that there were both IRF1 dependent and
independent modes of pSer2 Pol II recruitment to the intrinsic
IIR genes.

3.6 BRD4 chromatin remodeling complex
is inducibly recruited to intrinsic
response genes

The findings that IRF1 expression alone is insufficient to fully
activate the intrinsic IIR to levels seen by RSV, and the pSer2 Pol II
recruitment is IRF1-independent suggested to us that additional
activation mechanisms controlling regulated transcriptional
elongation are playing a role. Our earlier work implicated the
atypical acetyltransferase BRD4 as important mediator for
recruitment of RNA polymerase -directed kinases to target genes,
promoting transcriptional elongation (29, 45, 56-58). These studies
elucidated the interaction of BRD4 with innate-responsive NFkB/
RelA and activating protein-1 transcription factor (59). However,
the effects of BRD4 interaction with IRFI are not fully understood.

We therefore explored the functional interaction between BRD4
and IRF1. Highly selective small molecule inhibitors of BRD4
(BRD4i) have been developed that enable the study of the
functional role of BRD4 bromodomain interactions (53, 60-62).
Examining the effect of BRD4i on ~390 known ISGs, we found that
a large cluster of >150 intrinsic IIR genes were highly RSV inducible
and sensitive to the effect of BRD4i (Figure 7).

We next explored the interaction between IRF1 and BRD4 in
mock and RSV-infected cell states. Of particular interest here, in
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FIGURE 7
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BRD4 is a master controller of the induced intrinsic innate response. Hierarchical clustering of RNA-Seq from WT hSAECs + BRD4i treatment was
performed. Four biological replicates of RNA-Seq from three hSAEC treatment conditions were analyzed: 1. mock-treated hSAECs, 2. RSV infected
hSAECs or 3. RSV infected hSAECs treated with BRD4i (ZL0454, 10 uM). Gene expression patterns for the intrinsic innate response genes were
extracted, Z-score scaled and subjected to hierarchical clustering. The major cluster (*) is highly induced by RSV infection and BRD4 dependent.
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Nuclei are counterstained with DAPI (blue). Scale marker is 30 um. (C, D) IRF1 Wild type (WT) or IRF1 KD hSAECs were mock- or RSV infected (MOI 1,
24 h). XChlIP was performed to measure BRD4 binding to (C) BST2 and (D) /FITM1 proximal promoters. Shown are fold enrichment by Q-gPCR.

*, P<0.05, ***, P< 0.001.

mock-infected WT cells, we observed that an IRF1-BRD4 complex
was detected in less than 1% of uninfected cells by PLA (0.03 + 0.3
Figure 8A). By contrast, RSV infection increased both the number
of IRF1-BRD4 foci/cell and percentage of cells with

IRF1-BRD4 complexes (19.9 + 13% of cells in 3 high power
fields, n=50 cells/field; P=0.02, t-test; Figure 8B). These data
suggested BRD4 may play a role in RSV-inducible RNA Pol II
activation on IRF1 dependent IIR genes.

To determine whether BRD4 is recruited to intrinsic ITR genes
and whether the interaction with IRF1 influenced its genomic
targeting, XChIP assays were performed in WT and IRF1 KD
cells. In mock infected WT cells, BRD4 binding was detected on
the BST2 promoter (0.01 + 0.1 in IgG vs 1.2 £ 0.3-fold in BRD4 IPs,
P<0.05, post-hoc), a value which increased to 2.8 + 1.2-fold after
RSV infection (P=0.012, post-hoc, Figure 8C). In mock-infected
IRF1 KD cells, a similar level of BRD4 binding was seen as that in
WT controls, and in response to RSV infection was a trend for
increase of BRD4 binding, but this difference was not significant
(3.3 + 1.4-fold, P<0.05, post-hoc; Figure 8C).

A distinct pattern of inducible BRD4 interaction was observed
on IFITMI. Like BST2, significant signal of BRD4 binding to the
IFITM]I promoter could be detected in mock-infected cells over that
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of IgG controls (P<0.001; Figure 8D). In response to RSV, a 4.1
+ 0.7-fold increase in BRD4 binding was produced in WT cells and
a 3.5 + 0.7-fold increase in IRF1 KD cells (P<0.001 vs mock infected
KD cells; Figure 8D). The increased induction of BRD4 to IFITM1
was indistinguishable between WT and IRF1 KD cells.

From these data, we conclude that: 1. BRD4 is engaged on
intrinsic IIR genes; 2. RSV induces IRF1 to bind the BRD4 CRG; 3.
RSV induces BRD4 loading on the IIRs; and 4. BRD4 targeting to
the intrinsic IIR gene is largely independent of IRF1.

3.7 IRF1 and BRD4 independently
cooperate in the intrinsic innate response

We next explored the nature of interaction between IRF1 and
BRD4 in the intrinsic innate response. BRD4 contains two highly
conserved N-terminal bromodomains (BDs), BD1 and BD2, which
mediate RSV-inducible interactions with ~100 proteins including
transcription factors, chromatin regulators, spliceosome
components, mediator proteins and polymerases (63-65); note in
this analysis, IRF1 was not observed in the BRD4 CRC). We
hypothesized that BRD4 BD serves to recruit coactivator
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complexes that function independently of its interaction with the
PTEF-b complexes; complexes that interact with the COOH
terminal BET domain (66).

For this purpose, we examined the mechanism of effect of a
potent competitive inhibitor of the BRD4 BDs-1 and -2, ZL0454, on
the intrinsic IIR. ZL0454 binds to the BRD4 BDs-1 and -2 with
nanomolar affinity with 30-fold higher specificity for BRD4 over
other BET family members (36, 67). In previous studies we have
determined the saturating inhibitory dose of ZL0454 for BRD4
inhibition in RSV infection to be 10 UM, a concentration used in
subsequent experiments (63). WT, IRFIKD cells were mock or RSV
infected in the absence or presence of BRD4i, and expression of the
core intrinsic innate response genes were measured.

We observed that BRD4i reduced RSV-induced expression of
BST2mRNA in WT cells vs solvent treated cells from 795 + 116 fold
in RSV-infected to 90 + 8-fold in BRD4i-treated cells (P<0.001;
Figure 9A). Similarly, IRF1 KD reduced RSV inducible BST2
expression by 2-fold, to 425 + 50-fold (P<0.0001; note that data
are plotted on log-transformed scale to demonstrate dynamic
changes in expression). Importantly for this analysis, the addition
of BRD4i to IRF1 KD further inhibited BST2 mRNA expression
over that produced by BRD4i alone or IRF1 KD alone (Figure 9A).

A similar pattern of inhibition was observed for RSV-induced
IFITMI and TLR3 mRNA expression, with BRD4i treatment alone
producing a greater magnitude of inhibition than that produced by
IRF1 KD alone, and the addition of BRD4i in the context of IRF1
KD produces a greater inhibition than either BRD4i alone or IRF1
KD alone (Figures 9B, C). These findings suggested that IRF1 and
BRD4 work synergistically for the expression of intrinsic IIR genes.

3.8 BRDA4i disrupts BRD4 pSer2 Pol li
complex formation

Our previous XChIP experiments concluded that BRD4 is
recruited to innate response genes independently of IRF1. As a
component of the PTEF-b complex, BRD4 plays a central role in
transcriptional elongation through its ability to potentiate the
phosphorylation of RNA Pol II (58). Our previous affinity
purification-MS studies of the RSV-induced BRD4 interactome

10.3389/fimmu.2024.1366235

discovered that RSV induced BRD4 binding to two components
of the RNA Polymerase complex, POLR2A and POL2RD.
Interestingly, these two subunits demonstrated differential
sensitivity to BRD4i, with the POL2RA/220 kDa RNA Pol II
subunit as being induced into the BRD4 complex in a manner
resistant to BRD4i, whereas the POL2RD subunit was disrupted by
BRD4i. However, these studies were not designed to identify
whether BRD4i interfered with pSer2-modified POL2RA binding
to BRD4.

To extend these data, we examined the effect of BRD4i on pSer2
Pol II binding to BRD4 using PLA. In mock-infected cells, we were
unable to observe significant BRD4-pSer2 Pol II complexes
(Figure 10A, and quantitation in Figure 10B). By contrast, RSV
infection induced a 19-fold induction of BRD4 - pSer2 Pol II
complexes, with >80% of cells demonstrating BRD4-pSer2 Pol II
foci (P=0.03, post-hoc; Figure 10A). Strikingly, the association of
BRD4 with pSer2 Pol IT in RSV infected cells was nearly completely
inhibited by BRD4i (19 + 13-fold vs ND, Figure 10A). These data
provide a direct mechanism for how BRD4i silences the expression
of intrinsic IIR genes by disrupting the formation of- or stability of
BRD4-pSer2 Pol II complexes.

3.9 BRDA4i disrupts BRD4 recruitment to
the core intrinsic IIR genes

The mechanisms controlling BRD4 CRC targeting to the
intrinsic ITR genes are not understood; using nonselective BET
inhibitors, it has been observed that BRD4 binds super enhancers
and cell type specification genes through its acetyl-histone binding
domain (68). As a separate mechanism, we earlier described that
BRD4 is recruited to viral inducible cytokine genes through
association with the sequence specific binding activities of the
RelA/NFkB transcription factor (31). To provide further
understanding for the IRFl-independent effect of BRD4i, we
examine the effect of BRD4i on RSV-inducible BRD4 recruitment.
For these studies, BRD4 binding to innate response genes was
measured in response to RSV in the absence or presence of BRD4i
by XChIP.
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FIGURE 9

BRD4 BD interactions cooperate with IRF1 in the intrinsic immune response. Wild type (WT) or IRF1 KD hSAECs were treated in the presence or
absence of BRD4i (ZL0454, 10 uM). mRNA expression was measured by Q-RT-PCR. Shown is fold change normalized to PPIA. (A) BST2; (B) IFITM1;

(C) TLR3 mRNA *** P< 0.001; **, P<0.01.
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of pSer2 Pol Il binding by Q-gPCR. ***, P< 0.001

In response to RSV infection, BRD4 binding to BST2 increased
3.8 + 0.9-fold in solvent treated cells, but was reduced by BRD4i to
1.8 £ 0.3-fold (P<0.0001, post-hoc, Figure 10C). A similar effect was
seen on BRD4 binding to the IFITM1 promoter, where a 5.8 + 0.9-
fold increase in response to RSV was reduced to 2.6 + 0.1-fold by
BRD4i (P<0.0001, post-hoc; Figure 10D).

These reductions in BRD4 binding were mirrored by the
reduction in pSer2 Pol II binding to the intrinsic IIR genes.
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For BST2, the RSV-induced 2.8 + 0.2-fold increase in pSer2
Pol IT binding was reduced to 1.5 + 0.3-fold in the presence of
BRD4i (P=0.002, post-hoc; Figure 10E). BRD4i reduced the
22.2 £ 4.6-fold increase in pSer2 Pol II binding to IFITM]I to
7.8 + 0.7-fold (P=0.0009, post-hoc, Figure 10F). These data
indicate that the BRD4 BD is required for both BRD4
interaction with pSer2 Pol II and RSV-induced pSer2 Pol II
gene recruitment.
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3.10 BRD4 BD mediates IRF1 interaction
with pSer2 Pol Il

We were surprised to see the dramatic inhibition of BRD4i
pSer2 Pol II binding, since IRF1 is engaged with pSer2 Pol II in the
absence of viral infection, and pSer2 Pol II binding to intrinsic IIR
genes is IRF1-dependent (Figure 6). To potentially explain these

A IRF1-BRD4

DMSO

BRD4i

B IRF1-pSer2 Pol lI
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observations, we hypothesized that IRF1 interaction with BRD4 was
disrupted by the BRD4i, displacing pSer2 Pol II.

To test this, we examined the effect of BRD4i on BRD4-IRF1 and
IRF1-pSer2 Pol II complex formation using PLA. Mock or RSV
infected hSAECs were treated with solvent (DMSO) or BRD4i and
BRD4-IRF1 complexes quantitated by PLA. We found that the 25 +
5-fold increase in BRD4-IRF1 complex formation by RSV infection
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BRD4 BD mediates IRF1 interaction with pSer2 Pol Il. Proximity ligation assays were performed with mouse anti-IRF1 and rabbit anti-BRD4 Abs on
mock or RSV infected hSAECs (MOI 1, 24 h) in the absence (solvent) or presence of BRD4i. Nuclei are counterstained with DAPI (blue). (A) Scale
marker is 30 um. (B) Scale marker is 50 pm. (C) Quantitation of IRF1-BRD4 complexes. IRF1-BRD4 complex intensity was quantitated in independent
fields, normalized to cell count. Each symbol represents an independent high-powered field (n>20 cells/field; 3 fields). (D) Quantitation of IRF1-pSer2
Pol Il complexes. Complex intensity was quantitated in independent fields, normalized to cell count. Each symbol represents an independent high-

powered field (n>20 cells/field; 4 fields). ***, P<0.001; n.s., not significant
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was unaffected by BRD4i (P=n.s; Figure 11A and quantitated in
Figure 11C). And surprisingly, the BRD4i dramatically reduced the
25 + 8-fold RSV-induced IRF1-pSer2 Pol II complex to levels less
than seen in mock-infected cells (P<0.001, post-hoc; Figure 11B and
quantitated in Figure 11D). These data indicate that RSV induces
IRF1 interaction with BRD4 independent of the BD-1 and -2
domains, yet disrupts the RSV induced interactions with pSer2 Pol IL.

4 Discussion

RSV is a major human pathogen that preferentially infects
highly differentiated airway epithelial cells. Here we demonstrate
the presence of an intrinsic innate core program in TP63*/KRT5"/
KRT14"-expressing airway basal cells capable of differentiating into
ciliated and club-cell-like cells. Using next generation sequencing,
we observe that these small airway basal cells show a striking
conservation of the intrinsic IIR seen in multipotent
mesenchymal, neuronal and pancreatic tissue cells. Here we
identify a core of the intrinsic IIR as including BST2, TLR3 and
IFITM]; these are direct IRF1 targets because: 1) their expression is
inhibited by IRF1 KD; 2) they are activated by IRF1 expression; and
3) IRF1 binds directly to their promoters in chromatin
immunoprecipitation. Moreover, this core of intrinsic IIR genes
are in a metastable state under ambient IRF1 control, engaged with
activated RNA Pol II and capable of being activated or suppressed
by changes in IRF1 expression. In mock-infected cells, we find that
pSer2 Pol II is engaged with the core proximal promoters, a
hallmark of polymerase processivity. Using in situ PLA and
XChIP in wild type and IRF1 KD cells, we find that not only does
IRF1 complex with pSer2 Pol II in uninfected cells, but stable
association of pSer2 Pol IT on core promoters is dependent on IRF1
expression. However, IRF1 ectopic expression at levels exceeding
those produced by viral replication are insufficient for full activation
of the intrinsic IIR genes. Our data indicates that, in response to
RSV infection, the synergistic role of BRD4 amplifies the
mechanism of activation by transcriptional elongation. Here,
BRD4 complexes with IRF1 and loads onto the intrinsic core
promoters, where its bromodomain interactions are then required
for inducible association of pSer2 Pol II. These findings indicate
IRF1 and BRD4 cooperate to regulate the intrinsic core promoters
by regulating pSer2 Pol II loading and provide new mechanistic
insights into the multiple and cooperative pathways of the IIR.

4.1 The intrinsic IIR mediates anti-
viral protection

In elegant studies employing in vitro differentiation models of
pluripotent stem cells, earlier work has shown that the intrinsic
innate pathway mediates broad anti-viral protection (25),. Here,
pluripotent stem cells are markedly resistant to a variety of RNA
and DNA viruses. Interestingly, the intrinsic IIR pathway consists of
a subgroup of the spectrum of IFN stimulated genes that lack effects
on cell cycle progression. As these cells commit to differentiation
programs, the intrinsic IIR is silenced and IFN-inducible ISG
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become the primary anti-viral defense mechanism. Although
previously elucidated for mesenchymal, neuronal and pancreatic
tissue cells, the presence and characteristics of intrinsic IIR in
airway basal cells is not fully understood (25).

In natural infections and human and animal models, RSV has
tropism for differentiated and ciliated epithelium, where it produces
inflammation, ciliary dysfunction, necrosis and epithelial sloughing
(11, 12, 69, 70). RSV replication in the lower respiratory tract is
particularly significant, as this regionalized epithelium is
responsible for expression of neutrophilic chemokines, airway
remodeling factors and triggering epithelial plasticity (13, 71). In
response to viral induced necrosis of the lower airway, TP63+ basal
cells undergo epithelial plasticity to repopulate the lower airway and
alveolar surfaces (21, 23, 24). Protection of this basal cell population
from viral infection is important for the regeneration of the
epithelial surface. Previous work in ALI models have shown that
basal cells are relatively resistant to RSV infection (69), but become
RSV sensitive after physical or chemical disruption of the
epithelium (33). In addition, in basal cells, RSV replicates to
lower titers than in highly differentiated epithelial cells. These
data suggest that both the environmental niche and intrinsic
properties of basal cells are mechanisms used to protect basal
cells from natural infections.

In our hierarchical clustering studies, we observe that a number
of intrinsic IIRs are constitutively expressed in airway basal cells
that mediate anti-viral effects. It is well established that deficiency in
IFIT cluster expression (25) and/or IRF1 are associated with
enhanced replication of RSV, vesicular stomatitis virus and
influenza virus in culture systems (72). However, the focus of this
study was on the mechanism of IRF1 in regulating intrinsic IIR
expression, not the specific mechanisms of the anti-viral mediators.

4.2 A core of the intrinsic IIR genes are
direct IRF1 targets

We describe here that IRF1 is constitutively expressed in basal
cells of the small airway, and extend this finding to demonstrate that
its ambient levels are responsible for expression of a core of intrinsic
IIR with potent anti-viral activity. Noted earlier, the presence of
auto- and feed-forward amplification ensures a robust innate
response to pathogen challenge (72, 73), but makes the
identification of ISGs directly under IRF1 control difficult. Here
we focus our mechanistic studies by using a rigorous criteria to
identify BST2, IFITM1 and TLR3 as direct IRF1 gene targets.
Interestingly our findings suggest that IRF1-dependent genes are
under two modes of regulation; one through IRF1 priming and
recruitment of pSer2 Pol II in the uninfected state, and the second
through the BRD4 CRC recruiting pSer2 Pol II in the setting of
RSV infection.

Although the core intrinsic IIR genes have low levels of
expression and are engaged with IRF1 in uninfected cells, our
time course RNA seq studies demonstrate that these are still
highly inducible by RSV infection. However, despite
supraphysiological levels of IRF1 expression, IRF1 expression
alone does not fully activate intrinsic IIR genes to the same levels
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produced by RSV infection. These data are consistent with recent
work that implicate IRF1 plays a role in priming inducible type III
IFNs and ISGs (73, 74). Our earlier work found that IRF1
expression is in a metastable state, whose constitutive and
inducible expression is regulated by epigenetic control of
enhancer accessibility (30). Our experiments were not designed to
examine changes in chromatin topology, but this will be the focus of
future studies to understand how the intrinsic IIR is regulated
during the epithelial differentiation program. These data suggest the
IRF1-intrinsic IIR gene network is undergoing active chromatin
remodeling during differentiation programs.

4.3 IRF1 complexes with activated Pol Il in
uninfected cells

We extend understanding of intrinsic IIR in the airway by
demonstrating that constitutive expression the core anti-viral
program is dependent on ambient IRF1 levels. Our studies
indicate that a fraction of IRF1 is nuclear and in a form engaged
with IIR promoters. In embryonic fibroblasts, co-
immunoprecipitation experiments demonstrate that IRF1 binds to
Pol II (75). However, whether RNA Pol II is in the activated form
was not examined. Here we extend this understanding to
demonstrate that IRF1 binds to the transcriptionally elongation
competent-pSer2 Pol II. Using phospho-specific antibodies in PLA,
we are able to demonstrate that IRF1 binds to RNA Pol II in multi-
potent airway epithelial cells. That IRFI1-pSer2 Pol II complex is
functional is supported by our observations that inhibition of IRF1
reduces pSer2 Pol II binding as well as expression of the core
intrinsic IIR genes.

Constitutive IRF1 activity has been implicated in intrinsic IIR
hepatitis A infection in hepatocytes (74). However, this study did
not investigate differences in the intrinsic IIR between stem cells
differentiated hepatocytes. Our work builds on and extends this
earlier work by placing basal IRF1 expression in controlling
intrinsic IIRs in multi-potent stem cells of the airway epithelium.
The understanding of how intrinsic IIR regulated RSV replication
in the lower airway is incomplete, yet understanding this
coordinated response is important because the initial magnitude
of replication determines disease severity, inflammation and mucus
production in human challenges (7).

4.4 Inducible IRF1 cooperates with BRD4
for a high level ISG response

Despite its ambient levels of expression in uninfected cells, IRF1
is induced ~3-fold by RSV replication. In earlier studies we showed
that IRF1 is activated by an 5 upstream enhancer binding NFxB
(30) cooperating with the spliced X Box binding protein (XBP1s)
(76). That this enhancer was functional was demonstrated using
site-specific targeting of a potent KRAB repressor domain to the
IRF1 enhancer, where we found suppression of RSV-inducible IRF1
expression and downregulation of type III IFNs, also direct IRF1
targets (76). This work has elucidated IRF1 is a signal integrator in
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innate response, through a complex 5" enhancer sequence regulated
RSV (76). Our earlier findings that topology of this enhancer
sequence is affected by changes in epithelial cell-state may
provide insights into how the intrinsic IIR is silenced by
differentiation state.

Interpreted collectively, our data suggest that IRF1 may
function in two modes- one controlling ambient intrinsic IIR
genes through direct basal activation and the second cooperating
with the BRD4 CRC in the induction of ISGs in response to viral
challenge. There is substantial evidence that activated IRF1 activates
genes through cooperative recruitment of RNA Pol II in
mechanistically distinct ways. For example, others have shown
that IRF1 activates the IFNy-inducible Guanylate Binding Protein
2 (gbp2) gene cooperatively with STAT1. In this study, each
transcription factor independently participates in Pol II
recruitment (75). In a parallel mechanism, we propose here that
IRF1 complexes with- and functionally cooperates with- the BRD4
CRC in activation of intrinsic IIR genes. Although BRD4 binding
does not require IRFI, both BRD4 and IRF1 contribute to the
recruitment of RNA Pol II, because inhibition of either IRF1
expression or disruption of BRD4 BD reduces pSer2 Pol II
interaction with intrinsic response genes.

4.5 The BRD4 CRC plays multiple roles in
highly inducible gene expression

In differentiated cells, the BRD4 CRC is constitutively engaged
with cell-type specification genes and super enhancers across the
genome. In response to RSV infection, the BRD4 CRC is recruited
to the intrinsic IIR and epithelial plasticity genes. RSV infection
increases ~100 proteins to bind the BRD4 complex (64, 77).
Through these associated proteins, BRD4 plays multiple
functional roles in the coordinate genome innate response,
including transcriptional elongation, stimulating enhancer
remodeling, and mediating alternative mRNA splicing (65).

In the context of RSV infection, we have shown that BRD4
mediates immediate-early cytokine gene expression through its
atypical acetyltransferase- and RNA polymerase -directed kinase
activities that promote transcriptional elongation (56-58).
Transcriptional elongation is a regulated step in ISG expression
mediated by pSer2 Pol II formation, inducing rapid, processive,
gene expression (29, 31, 32, 45, 47-53). BRD4 binds the PTEFb-
CDK complex that cooperatively phosphorylates the RNA Pol II
CTD. Our earlier affinity purification (AP)-MS studies
demonstrated that BRD4 also interacts with RNA Pol II subunits,
POL2RA and POLR2D (64). Our PLA studies here extend these
findings to show BRD4 binds to the activated pSer2 Pol II form,
consistent with its role in mediating transcriptional elongation.
Finally, the atypical acetyltransferase activity of BRD4 further
promotes transcriptional elongation by acetylating histones within
the core nucleosome, destabilizing their binding on gene bodies,
further promoting Pol II translocation (57).

Other actions of the BRD4 complex are mediated through
interactions with the enhancer binding complexes, Med and AP2,
enabling enhancer coupling to proximal promoters for gene
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activation. The roles of enhancer coupling in the intrinsic IIR are
not fully understood, although we have found that BRD4 is involved
in autoregulatory and amplification loops of many of these
enhancer binding proteins.

In a distinct mechanism, we have recently demonstrated that
BRD4’s interaction with spliceosome promotes alternative mRNA
splicing of a subset of IIR genes (65). One of these pathways
controlled by BRD4 alternative splicing is the unfolded protein
response, a critical pathway in the intrinsic IIR and metabolic
adaptations to RSV infection (34, 76). These studies indicate that
BRD4 complex play multiple roles in activating enhancer-
dependent, transcriptional elongation and RNA processing of
target genes. Whether intrinsic innate genes are alternatively
spliced was not addressed in this study and will require
further investigation.

4.6 The BRD4-IRF1 interaction is enhanced
in response to RSV

Here we extend the understanding of a functional protein
interaction between BRD4 and IRF1 using a highly sensitive PLA.
PLAs have the advantage in preserving protein-protein interactions
in situ that may not survive a conventional immunoprecipitation
enrichment experiment, and because of the distance constraints of
cross-linking for PLA signal (e.g., less than 10 A), suggest that the
IRF1 and BRD4 proteins are directly interacting. IRF1 recruitment
into the BRD4 CRC was not observed in this earlier study, probably
due to the lability of the interaction or stochastic nature of MS
sample acquisition. Our findings extend the understanding that
IRF1 weakly binds BRD4 constitutively, but robustly interacts with
BRD4 in RSV infection. BRD4 protein interactions are mediated by
diverse mechanisms including acetylated lysine recognition by the
bromodomain and independent interactions through the COOH
Terminal Bromo and Extraterminal (BET) domain. The
mechanisms driving IRF1 binding to BRD4 complex has not been
systematically studied. Because of its resistance to BRD4i, we doubt
that this interaction is driven by acetylated lysine modifications of
IRF1. More work will be required to identify the domains of BRD4
interacting with IRF1.

4.7 BRD4 recruitment to intrinsic response
genes is BD-dependent

The mechanisms controlling BRD4 recruitment to target genes
are not fully understood. Although BRD4 interacts with acetylated
Histone H3 and H4 side chains (57) to bind to superenhancers and
cell type specification genes (78), BRD4 CRC is a dynamically
restructured upon RSV infection. In the setting of innate activation,
BRD4’s association with sequence specific transcription factors,
such as RELA/NFkB (78) and AP1 (64) may provide independent
mechanisms for targeting the BRD4 CRC to inducible ISGs. Our
observations that the BRD4 CRC is recruited to intrinsic innate
response genes in response to RSV reproduces earlier studies (31).

Frontiers in Immunology

18

10.3389/fimmu.2024.1366235

An important mode of inducible protein interaction is mediated
by acetylated lysine-modified transcription factor binding to the
BRD4 bromodomain (BD). Acetylated protein interactions enable
dynamic reconfiguration of the BRD4 CRC in response to
extracellular signals, differentiation states and viral infections (66).
For example, the innate responsive NF-kB/RELA transcription
factor is induced by RSV by K310 acetylation that is recognized
through both BDs. Here we use a highly selective BRD4i to probe
the interactions between IRF1, pSer2 Pol IT and BRD4. This BRD4i
interacts with both BDs of BRD4 with nM affinity and displaces
acetylated histones from the complex (62). Interestingly, we find
that BRD4i disrupts the interaction of IRF1 with pSer2 Pol II
without affecting the interaction of IRF1 with BRD4. This suggests
that BRD4i may disrupt chromatin complexes during evolution of
the intrinsic IIR.

Our work extends this acetyl-lysine targeting mechanism by
demonstrating BRD4 binding is BD-dependent and IRF1
independent, as RSV-induced BRD4 binding is inhibited by
BRD4i and yet occurs effectively in IRF1 KD cells. However,
based on the complexity of BRD4-protein interactions, multiple
modes of BRD4 targeting to chromatin may exist in other cell types
and in response to distinct stimuli.

5 Conclusions

The mechanisms of innate protection of the airway basal cell are
critical for repopulating the airway after RSV infection, but
incompletely understood. Using a model lower airway basal cell,
we observe that the basal cell exhibits a highly conserved intrinsic
IIR. Here, ambient levels of IRF1 is constitutively complexed with
pSer2 Pol II on intrinsic innate IIR genes maintaining them in a
‘primed’ state for activation. Upon viral infection, IRF1 are induced,
complexes with BRD4 and both factors load pSer2 Pol II onto target
gene promoters. Using small molecule antagonist of the BRD4 BD,
we observe that IRF1 interacts with BRD4 independently of the BD,
yet stable association of pSer2 Pol II requires both BRD4 and IRF1.
These data indicate the coordination between IRF1 and the BRD4
CRC in regulating intrinsic immunity.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbi.nlm.nih.gov/geo
GSE179353; and https://www.ncbi.nlm.nih.gov/geo GSE161849.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
Ethical approval was not required for the studies on animals in

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo
https://doi.org/10.3389/fimmu.2024.1366235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

XX: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Writing — original draft, Writing -
review & editing. DQ: Investigation, Methodology, Writing -
original draft, Writing - review & editing. AB: Investigation,
Methodology, Writing - original draft, Writing - review &
editing, Conceptualization, Data curation, Formal analysis,
Funding acquisition, Resources, Supervision, Visualization.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was partially supported by NIH grants AI062885 (ARB), NCATS
UL1TR002373 (ARB) and NIAID UO01 AI136994 (ARB). The
funders had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1. Fauroux B, Simoes EAF, Checchia PA, Paes B, Figueras-Aloy ], Manzoni P, et al.
The burden and long-term respiratory morbidity associated with respiratory syncytial
virus infection in early childhood. Infect Dis Ther. (2017) 6:173-97. doi: 10.1007/
s40121-017-0151-4

2. Stockman LJ, Curns AT, Anderson LJ, Fischer-Langley G. Respiratory syncytial
virus-associated hospitalizations among infants and young children in the United
States, 1997-2006. Pediatr Infect Dis J. (2012) 31:5-9. doi: 10.1097/
INF.0b013e31822e68e6

3. Shi T, McAllister DA, O'Brien KL, Simoes EAF, Madhi SA, Gessner BD, et al.
Global, regional, and national disease burden estimates of acute lower respiratory
infections due to respiratory syncytial virus in young children in 2015: a systematic
review and modelling study. Lancet. (2017) 390:946-58. doi: 10.1016/S0140-6736(17)
30938-8

4. Sigurs N, Aljassim F, Kjellman B, Robinson PD, Sigurbergsson F, Bjarnason R,
et al. Asthma and allergy patterns over 18 years after severe RSV bronchiolitis in the
first year of life. Thorax. (2010) 65:1045-52. doi: 10.1136/thx.2009.121582

5. Allinson JP, Chaturvedi N, Wong A, Shah I, Donaldson GC, Wedzicha JA, et al.
Early childhood lower respiratory tract infection and premature adult death from
respiratory disease in Great Britain: a national birth cohort study. Lancet. (2023)
401:1183-93. doi: 10.1016/S0140-6736(23)00131-9

6. Rosas-Salazar C, Chirkova T, Gebretsadik T, Chappell JD, Peebles RS]r., Dupont
WD, et al. Respiratory syncytial virus infection during infancy and asthma during
childhood in the USA (INSPIRE): a population-based, prospective birth cohort study.
Lancet. (2023) 401(10389):1669-1680. doi: 10.1016/S0140-6736(23)00811-5

7. DeVincenzo JP, Wilkinson T, Vaishnaw A, Cehelsky J, Meyers R, Nochur S, et al.
Viral load drives disease in humans experimentally infected with respiratory syncytial
virus. Am ] Respir Crit Care Med. (2010) 182:1305-14. doi: 10.1164/rccm.201002-
02210C

8. Ganesan S, Comstock AT, Sajjan US. Barrier function of airway tract epithelium.
Tissue Barriers. (2013) 1:¢24997. doi: 10.4161/tisb.24997

9. Lambrecht BN, Hammad H. Allergens and the airway epithelium response:
gateway to allergic sensitization. J Allergy Clin Immunol. (2014) 134:499-507.
doi: 10.1016/j.jaci.2014.06.036

10. Whitsett JA, Alenghat T. Respiratory epithelial cells orchestrate pulmonary
innate immunity. Nat Immunol. (2015) 16:27-35. doi: 10.1038/ni.3045

11. Johnson JE, Gonzales RA, Olson S], Wright PF, Graham BS. The histopathology
of fatal untreated human respiratory syncytial virus infection. Modern Pathol. (2007)
20:108-19. doi: 10.1038/modpathol.3800725

Frontiers in Immunology

10.3389/fimmu.2024.1366235

Acknowledgments

The authors acknowledge the support of the UW Electron
Microscopy Facility for transmission electron microscopy.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

12. Jozwik A, Habibi MS, Paras A, Zhu J, Guvenel A, Dhariwal J, et al. RSV-specific
airway resident memory CD8+ T cells and differential disease severity after experimental
human infection. Nat Commun. (2015) 6:10224. doi: 10.1038/ncomms10224

13. Zhao Y, Jamaluddin M, Zhang Y, Sun H, Ivanciuc T, Garofalo RP, et al.
Systematic analysis of cell-type differences in the epithelial secretome reveals insights
into the pathogenesis of respiratory syncytial virus-induced lower respiratory tract
infections. J Immunol. (2017) 198:3345-64. doi: 10.4049/jimmunol.1601291

14. Tian B, Yang J, Zhao Y, Ivanciuc T, Sun H, Wakamiya M, et al. Central role of
the NF-kappaB pathway in the scgblal-expressing epithelium in mediating respiratory
syncytial virus-induced airway inflammation. J Virol. (2018) 92:e00441-00418.
doi: 10.1128/JV1.00441-18

15. Brownsword M]J, Locker N. A little less aggregation a little more replication:
Viral manipulation of stress granules. WIREs RNA. (2023) 14:e1741. doi: 10.1002/
wrna.1741

16. Lindquist ME, Lifland AW, Utley TJ, Santangelo PJ, Crowe JE Jr. Respiratory
syncytial virus induces host RNA stress granules to facilitate viral replication. J Virol.
(2010) 84:12274-84. doi: 10.1128/jvi.00260-10

17. Liu P, Jamaluddin M, Li K, Garofalo RP, Casola A, Brasier AR. Retinoic acid-
inducible gene I mediates early antiviral response and Toll-like receptor 3 expression in
respiratory syncytial virus-infected airway epithelial cells. J Virol. (2007) 81:1401-11.
doi: 10.1128/JV1.01740-06

18. Seth RB, Sun L, Ea C-K, Chen ZJ. Identification and characterization of MAVS, a
mitochondrial antiviral signaling protein that activates NF-xB and IRF3. Cell. (2005)
122:669-82. doi: 10.1016/j.cell.2005.08.012

19. Liu P, Lu M, Tian B, Li K, Garofalo RP, Prusak D, et al. Expression of an
IKKgamma splice variant determines IRF3 and canonical NF-kappaB pathway
utilization in ssRNA virus infection. PloS One. (2009) 4:€8079. doi: 10.1371/
journal.pone.0008079

20. Brasier AR, Qiao D, Zhao Y. The hexosamine biosynthetic pathway links innate
inflammation with epithelial-mesenchymal plasticity in airway remodeling. Front
Pharmacol. (2021) 12:808735. doi: 10.3389/fphar.2021.808735

21. Beppu AK, Zhao J, Yao C, Carraro G, Israely E, Coelho AL, et al. Epithelial
plasticity and innate immune activation promote lung tissue remodeling following
respiratory viral infection. Nat Commun. (2023) 14:5814. doi: 10.1038/s41467-023-
41387-3

22. Rock JR, Randell SH, Hogan BLM. Airway basal stem cells: a perspective on their
roles in epithelial homeostasis and remodeling. Dis Models Mech. (2010) 3:545-56.
doi: 10.1242/dmm.006031

frontiersin.org


https://doi.org/10.1007/s40121-017-0151-4
https://doi.org/10.1007/s40121-017-0151-4
https://doi.org/10.1097/INF.0b013e31822e68e6
https://doi.org/10.1097/INF.0b013e31822e68e6
https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.1136/thx.2009.121582
https://doi.org/10.1016/S0140-6736(23)00131-9
https://doi.org/10.1016/S0140-6736(23)00811-5
https://doi.org/10.1164/rccm.201002-0221OC
https://doi.org/10.1164/rccm.201002-0221OC
https://doi.org/10.4161/tisb.24997
https://doi.org/10.1016/j.jaci.2014.06.036
https://doi.org/10.1038/ni.3045
https://doi.org/10.1038/modpathol.3800725
https://doi.org/10.1038/ncomms10224
https://doi.org/10.4049/jimmunol.1601291
https://doi.org/10.1128/JVI.00441-18
https://doi.org/10.1002/wrna.1741
https://doi.org/10.1002/wrna.1741
https://doi.org/10.1128/jvi.00260-10
https://doi.org/10.1128/JVI.01740-06
https://doi.org/10.1016/j.cell.2005.08.012
https://doi.org/10.1371/journal.pone.0008079
https://doi.org/10.1371/journal.pone.0008079
https://doi.org/10.3389/fphar.2021.808735
https://doi.org/10.1038/s41467-023-41387-3
https://doi.org/10.1038/s41467-023-41387-3
https://doi.org/10.1242/dmm.006031
https://doi.org/10.3389/fimmu.2024.1366235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

23. Zheng D, Limmon GV, Yin L, Leung NH, Yu H, Chow VT, et al. Regeneration of
alveolar type I and II cells from Scgblal-expressing cells following severe pulmonary
damage induced by bleomycin and influenza. PloS One. (2012) 7:¢48451. doi: 10.1371/
journal.pone.0048451

24. Zuo W, Zhang T, Wu DZ, Guan SP, Liew AA, Yamamoto Y, et al. p63(+)Krt5(+)
distal airway stem cells are essential for lung regeneration. Nature. (2015) 517:616-20.
doi: 10.1038/nature13903

25. Wu X, Dao Thi VL, Huang Y, Billerbeck E, Saha D, Hoffmann HH, et al.
Intrinsic immunity shapes viral resistance of stem cells. Cell. (2018) 172:423-438.e425.
doi: 10.1016/j.cell.2017.11.018

26. Bertolusso R, Tian B, Zhao Y, Vergara L, Sabree A, Iwanaszko M, et al. Dynamic
cross talk model of the epithelial innate immune response to double-stranded RNA
stimulation: coordinated dynamics emerging from cell-level noise. PloS One. (2014) 9:
€93396. doi: 10.1371/journal.pone.0093396

27. Czerkies M, Korwek Z, Prus W, Kochanczyk M, Jaruszewicz-Blonska J, Tudelska
K, et al. Cell fate in antiviral response arises in the crosstalk of IRF, NF-kappaB and
JAK/STAT pathways. Nat Commun. (2018) 9:493. doi: 10.1038/s41467-017-02640-8

28. Tian B, Widen SG, Yang J, Wood TG, Kudlicki A, Zhao Y, et al. The NFkappaB
subunit RELA is a master transcriptional regulator of the committed epithelial-
mesenchymal transition in airway epithelial cells. J Biol Chem. (2018) 293:16528-45.
doi: 10.1074/jbc.RA118.003662

29. Tian B, YangJ, Zhao Y, Ivanciuc T, Sun H, Garofalo RP, et al. BRD4 couples NF-
kappaB/RelA with airway inflammation and the IRF-RIG-I amplification loop in
respiratory syncytial virus infection. J Virol. (2017) 91:e0007-17. doi: 10.1128/
JVI1.00007-17

30. Yang J, Tian B, Sun H, Garofalo RP, Brasier AR. Epigenetic silencing of IRF1
dysregulates type III interferon responses to respiratory virus infection in epithelial to
mesenchymal transition. Nat Microbiol. (2017) 2:17086. doi: 10.1038/
nmicrobiol.2017.86

31. Brasier AR, Tian B, Jamaluddin M, Kalita MK, Garofalo RP, Lu M. RelA Ser276
phosphorylation-coupled Lys310 acetylation controls transcriptional elongation of
inflammatory cytokines in respiratory syncytial virus infection. J Virol. (2011)
85:11752-69. doi: 10.1128/jvi.05360-11

32. Yang J, Zhao Y, Kalita M, Li X, Jamaluddin M, Tian B, et al. Systematic
determination of human cyclin dependent kinase (CDK)-9 interactome identifies novel
functions in RNA splicing mediated by the DEAD box (DDX)-5/17 RNA helicases. Mol
Cell Proteomics. (2015) 14:2701-21. doi: 10.1074/mcp.M115.049221

33. Persson BD, Jaffe AB, Fearns R, Dana.hay H. Respiratory syncytia.l virus can
infect basal cells and alter human airway epithelial differentiation. PloS One. (2014) 9:
€102368. doi: 10.1371/journal.pone.0102368

34. Qiao D, Skibba M, Xu X, Garofalo RP, Zhao Y, Brasier AR. Paramyxovirus
replication induces the hexosamine biosynthetic pathway and mesenchymal transition
via the IRElalpha-XBP1s arm of the unfolded protein response. Am J Physiol Lung Cell
Mol Physiol. (2021) 321:L576-94. doi: 10.1152/ajplung.00127.2021

35. Liu Z, Chen H, Wang P, Li Y, Wold EA, Leonard PG, et al. Discovery of orally
bioavailable chromone derivatives as potent and selective BRD4 inhibitors: scaffold
hopping, optimization, and pharmacological evaluation. ] Med Chem. (2020) 63:5242—
56. doi: 10.1021/acs.jmedchem.0c00035

36. Tian B, Liu Z, YangJ, Sun H, Zhao Y, Wakamiya M, et al. Selective antagonists of
the bronchiolar epithelial NF-kappaB-bromodomain-containing protein 4 pathway in
viral-induced airway inflammation. Cell Rep. (2018) 23:1138-51. doi: 10.1016/
j.celrep.2018.03.106

37. Nowak DE, Tian B, Brasier AR. Two-step cross-linking method for identification
of NF-kappaB gene network by chromatin immunoprecipitation. BioTechniques.
(2005) 39:715-25. doi: 10.2144/000112014

38. Tian B, Yang J, Brasier AR. Two-step cross-linking for analysis of protein-
chromatin interactions. Methods Mol Biol. (2012) 809:105-20. doi: 10.1007/978-1-
61779-376-9_7

39. Kreuger F. Trim galore. Available online at: https://github.com/FelixKrueger/
TrimGalore.

40. Patro R, Duggal G, Love M, Irizarry RA, Kingsford C. Salmon provides fast and
bias-aware quantification of transcript expression. Nat Methods. (2017) 14:417-9.
doi: 10.1038/nmeth.4197

41. Tian B, Li X, Kalita M, Widen SG, Yang J, Bhavnani SK, et al. Analysis of the
TGFbeta-induced program in primary airway epithelial cells shows essential role of NF-
kappaB/RelA signaling network in type II epithelial mesenchymal transition. BMC
Genomics. (2015) 16:529. doi: 10.1186/s12864-015-1707-x

42. Xu X, Qiao D, Dong C, Mann M, Garofalo RP, Keles S, et al. The SWI/SNF-
related, matrix associated, actin-dependent regulator of chromatin A4 core complex
represses respiratory syncytial virus-induced syncytia formation and subepithelial
myofibroblast transition. Front Immunol. (2021) 12:633654. doi: 10.3389/
fimmu.2021.633654

43. Bilodeau C, Shojaie S, Goltsis O, Wang ], Luo D, Ackerley C, et al. TP63 basal
cells are indispensable during endoderm differentiation into proximal airway cells on
acellular lung scaffolds. NPJ Regenerative Med. (2021) 6:12. doi: 10.1038/s41536-021-
00124-4

44. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

Frontiers in Immunology

10.3389/fimmu.2024.1366235

45. Tian B, Yang J, Zhao Y, Ivanciuc T, Sun H, Garofalo RP, et al. Bromodomain
containing 4 (BRD4) couples NFkB/relA with airway inflammation and the IRF-RIG-I
amplification loop in respiratory syncytial virus infection. J Virol. (2017) 91(6):e0007.
doi: 10.1128/JV1.00007-17

46. Xu X, Mann M, Qiao D, Brasier AR. Alternative mRNA processing of innate
response pathways in respiratory syncytial virus (RSV) infection. Viruses. (2021) 13:
p218. doi: 10.3390/v13020218

47. Brasier AR. RSV reprograms the CDK9*BRD4 chromatin remodeling complex
to couple innate inflammation to airway remodeling. Viruses. (2020) 12:472.
doi: 10.3390/v12040472

48. Nowak DE, Tian B, Jamaluddin M, Boldogh I, Vergara LA, Choudhary S, et al.
RelA Ser276 phosphorylation is required for activation of a subset of NF-kappaB-
dependent genes by recruiting cyclin-dependent kinase 9/cyclin T1 complexes. Mol Cell
Biol. (2008) 28:3623-38. doi: 10.1128/mcb.01152-07

49. Tian B, Zhao Y, Kalita M, Edeh CB, Paessler S, Casola A, et al. CDK9-dependent
transcriptional elongation in the innate interferon-stimulated gene response to
respiratory syncytial virus infection in airway epithelial cells. J Virol. (2013) 87:7075-
92. doi: 10.1128/jvi.03399-12

50. Tian B, Zhao Y, Sun H, Zhang Y, Yang J, Brasier AR. BRD4 mediates NFkB-
dependent epithelial-mesenchymal transition and pulmonary fibrosis via
transcriptional elongation. Am ] Physiol -Lung Cell Mol Physiol. (2016) 311:L1183—
201. doi: 10.1152/ajplung.00224.2016

51. Tian B, Patrikeev I, Ochoa L, Vargas G, Belanger KK, Litvinov J, et al. NFkappaB
mediates mesenchymal transition, remodeling and pulmonary fibrosis in response to
chronic inflammation by viral RNA patterns. Am ] Respir Cell Mol Biol. (2016).
doi: 10.1165/rcmb.2016-02590C

52. Tian B, Zhao Y, Sun H, Zhang Y, Yang J, Brasier AR. BRD4 mediates NF-
kappaB-dependent epithelial-mesenchymal transition and pulmonary fibrosis via
transcriptional elongation. Am ] Physiol Lung Cell Mol Physiol. (2016) 311:L1183—
201. doi: 10.1152/ajplung.00224.2016

53. Tian B, Hosoki K, Liu Z, Yang J, Zhao Y, Sun H, et al. Mucosal bromodomain-
containing protein 4 mediates aeroallergen-induced inflammation and remodeling. J
Allergy Clin Immunol. (2019) 143:1380-1394.e1389. doi: 10.1016/j.jaci.2018.09.029

54. Xu X, Qiao D, Pan L, Boldogh I, Zhao Y, Brasier AR. RELA-8-oxoguanine DNA
glycosylasel is an epigenetic regulatory complex coordinating the hexosamine
biosynthetic pathway in RSV infection. Cells. (2022) 11:2210. doi: 10.3390/
cells11142210

55. Bagchi S, Fredriksson R, Wallen-Mackenzie A. In situ proximity ligation assay
(PLA). Methods Mol Biol. (2015) 1318:149-59. doi: 10.1007/978-1-4939-2742-5_15

56. Brasier AR, Boldogh I. Targeting inducible epigenetic reprogramming pathways
in chronic airway remodeling. Drugs Context. (2019) 8:p2019-8-3. doi: 10.7573/
dic.2019-8-3

57. Devaiah BN, Case-Borden C, Gegonne A, Hsu CH, Chen Q, Meerzaman D, et al.
BRD4 is a histone acetyltransferase that evicts nucleosomes from chromatin. Nat Struct
Mol Biol. (2016) 23:540-8. doi: 10.1038/nsmb.3228

58. Devaiah BN, Lewis BA, Cherman N, Hewitt MC, Albrecht BK, Robey PG, et al.
BRD4 is an atypical kinase that phosphorylates serine2 of the RNA polymerase II
carboxy-terminal domain. Proc Natl Acad Sci U.S.A. (2012) 109:6927-32. doi: 10.1073/
pnas. 1120422109

59. Zhang Y, Sun H, Zhang J, Brasier AR, Zhao Y. Quantitative assessment of the
effects of trypsin digestion methods on affinity purification-mass spectrometry-based
protein-protein interaction analysis. ] Proteome Res. (2017) 16:3068-82. doi: 10.1021/
acs.jproteome.7b00432

60. Zhao Y, Tian B, Sun H, Zhang ], Zhang Y, Ivannikov M, et al.
Pharmacoproteomics reveal novel protective activity of bromodomain containing 4
inhibitors on vascular homeostasis in TLR3-mediated airway remodeling. ] Proteomics.
(2019) 205:103415. doi: 10.1016/j.jprot.2019.103415

61. Tian B, Liu Z, Litvinov J, Maroto R, Jamaluddin M, Rytting E, et al. Efficacy of
novel highly specific bromodomain-containing protein 4 inhibitors in innate
inflammation-driven airway remodeling. Am J Respir Cell Mol Biol. (2019) 60:68-83.
doi: 10.1165/rcmb.2017-04450C

62. Liu Z, Li Y, Chen H, Lai HT, Wang P, Wu SY, et al. Discovery, X-ray
crystallography, and anti-inflammatory activity of bromodomain-containing protein
4 (BRD4) BD1 inhibitors targeting a distinct new binding site. ] Med Chem. (2022).
doi: 10.1021/acs.jmedchem.1c01851

63. Xu X, Mann M, Qiao D, Li Y, Zhou J, Brasier AR. Bromodomain containing
protein 4 (BRD4) regulates expression of its interacting coactivators in the innate
response to respiratory syncytial virus. Front Mol Biosci. (2021) 8:728661. doi: 10.3389/
fmolb.2021.728661

64. Mann M, Roberts DS, Zhu Y, Li Y, Zhou J, Ge Y, et al. Discovery of RSV-induced
BRD4 protein interactions using native immunoprecipitation and parallel
accumulation-serial fragmentation (PASEF) mass spectrometry. Viruses. (2021) 13
(3):454. doi: 10.3390/v13030454

65. Mann MW, Fu Y, Gearhart RL, Xu X, Roberts DS, Li Y, et al. Bromodomain-
containing Protein 4 regulates innate inflammation via modulation of alternative
splicing. Front Immunol. (2023) 14:1212770. doi: 10.3389/fimmu.2023.1212770

66. Brasier AR. Orchestrating epigenetic readers: Progress in understanding the
functions of bromodomain-containing protein 4 complexes. Mol Ther - Nucleic Acids.
(2023) 32:340-2. doi: 10.1016/j.0mtn.2023.03.024

frontiersin.org


https://doi.org/10.1371/journal.pone.0048451
https://doi.org/10.1371/journal.pone.0048451
https://doi.org/10.1038/nature13903
https://doi.org/10.1016/j.cell.2017.11.018
https://doi.org/10.1371/journal.pone.0093396
https://doi.org/10.1038/s41467-017-02640-8
https://doi.org/10.1074/jbc.RA118.003662
https://doi.org/10.1128/JVI.00007-17
https://doi.org/10.1128/JVI.00007-17
https://doi.org/10.1038/nmicrobiol.2017.86
https://doi.org/10.1038/nmicrobiol.2017.86
https://doi.org/10.1128/jvi.05360-11
https://doi.org/10.1074/mcp.M115.049221
https://doi.org/10.1371/journal.pone.0102368
https://doi.org/10.1152/ajplung.00127.2021
https://doi.org/10.1021/acs.jmedchem.0c00035
https://doi.org/10.1016/j.celrep.2018.03.106
https://doi.org/10.1016/j.celrep.2018.03.106
https://doi.org/10.2144/000112014
https://doi.org/10.1007/978-1-61779-376-9_7
https://doi.org/10.1007/978-1-61779-376-9_7
https://github.com/FelixKrueger/TrimGalore
https://github.com/FelixKrueger/TrimGalore
https://doi.org/10.1038/nmeth.4197
https://doi.org/10.1186/s12864-015-1707-x
https://doi.org/10.3389/fimmu.2021.633654
https://doi.org/10.3389/fimmu.2021.633654
https://doi.org/10.1038/s41536-021-00124-4
https://doi.org/10.1038/s41536-021-00124-4
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1128/JVI.00007-17
https://doi.org/10.3390/v13020218
https://doi.org/10.3390/v12040472
https://doi.org/10.1128/mcb.01152-07
https://doi.org/10.1128/jvi.03399-12
https://doi.org/10.1152/ajplung.00224.2016
https://doi.org/10.1165/rcmb.2016-0259OC
https://doi.org/10.1152/ajplung.00224.2016
https://doi.org/10.1016/j.jaci.2018.09.029
https://doi.org/10.3390/cells11142210
https://doi.org/10.3390/cells11142210
https://doi.org/10.1007/978-1-4939-2742-5_15
https://doi.org/10.7573/dic.2019-8-3
https://doi.org/10.7573/dic.2019-8-3
https://doi.org/10.1038/nsmb.3228
https://doi.org/10.1073/pnas.1120422109
https://doi.org/10.1073/pnas.1120422109
https://doi.org/10.1021/acs.jproteome.7b00432
https://doi.org/10.1021/acs.jproteome.7b00432
https://doi.org/10.1016/j.jprot.2019.103415
https://doi.org/10.1165/rcmb.2017-0445OC
https://doi.org/10.1021/acs.jmedchem.1c01851
https://doi.org/10.3389/fmolb.2021.728661
https://doi.org/10.3389/fmolb.2021.728661
https://doi.org/10.3390/v13030454
https://doi.org/10.3389/fimmu.2023.1212770
https://doi.org/10.1016/j.omtn.2023.03.024
https://doi.org/10.3389/fimmu.2024.1366235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

67. Liu Z, Tian B, Chen H, Wang P, Brasier AR, Zhou J. Discovery of potent and
selective BRD4 inhibitors capable of blocking TLR3-induced acute airway
inflammation. Eur ] Med Chem. (2018) 151:450-61. doi: 10.1016/j.ejmech.2018.04.006

68. Loveén ], Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, et al. Selective
inhibition of tumor oncogenes by disruption of super-enhancers. Cell. (2013) 153:320-
34. doi: 10.1016/j.cell.2013.03.036

69. Zhang L, Peeples ME, Boucher RC, Collins PL, Pickles RJ. Respiratory syncytial
virus infection of human airway epithelial cells is polarized, specific to ciliated cells, and
without obvious cytopathology. J Virol. (2002) 76:5654-66. doi: 10.1128/jvi.76.11.5654-
5666.2002

70. Aherne W, Bird T, Court SD, Gardner PS, McQuillin J. Pathological changes in
virus infections of the lower respiratory tract in children. J Clin Pathol. (1970) 23:7-18.
doi: 10.1136/jcp.23.1.7

71. Brasier AR. Mechanisms how mucosal innate immunity affects progression of
allergic airway disease. Expert Rev Respir Med. (2019) 13:349-56. doi: 10.1080/
17476348.2019.1578211

72. Panda D, Gjinaj E, Bachu M, Squire E, Novatt H, Ozato K, et al. IRF1 maintains
optimal constitutive expression of antiviral genes and regulates the early antiviral
response. Front Immunol. (2019) 10:1019. doi: 10.3389/fimmu.2019.01019

Frontiers in Immunology

21

10.3389/fimmu.2024.1366235

73. Feng H, Zhang Y-B, Gui J-F, Lemon SM, Yamane D. Interferon regulatory factor
1 (IRF1) and anti-pathogen innate immune responses. PloS Pathog. (2021) 17:
€1009220. doi: 10.1371/journal.ppat.1009220

74. Yamane D, Feng H, Rivera-Serrano EE, Selitsky SR, Hirai-Yuki A, Das A, et al.
Basal expression of interferon regulatory factor 1 drives intrinsic hepatocyte resistance to
multiple RNA viruses. Nat Microbiol. (2019) 4:1096-104. doi: 10.1038/s41564-019-0425-6

75. Ramsauer K, Farlik M, Zupkovitz G, Seiser C, Kroger A, Hauser H, et al. Distinct
modes of action applied by transcription factors STAT1 and IRF1 to initiate
transcription of the IFN-gamma-inducible gbp2 gene. Proc Natl Acad Sci U.S.A.
(2007) 104:2849-54. doi: 10.1073/pnas.0610944104

76. Qiao D, Xu X, Zhang Y, Yang J, Brasier AR. RSV replication modifies the XBP1s
binding complex on the IRF1 upstream enhancer to potentiate the mucosal anti-viral
response. Front Immunol. (2023) 14:1197356. doi: 10.3389/fimmu.2023.1197356

77. Mann M, Brasier AR. Evolution of proteomics technologies for understanding
respiratory syncytial virus pathogenesis. Expert Rev Proteomics. (2021) 18:379-94.
doi: 10.1080/14789450.2021.1931130

78. Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH, et al.
Master transcription factors and mediator establish super-enhancers at key cell identity
genes. Cell. (2013) 153:307-19. doi: 10.1016/j.cell.2013.03.035

frontiersin.org


https://doi.org/10.1016/j.ejmech.2018.04.006
https://doi.org/10.1016/j.cell.2013.03.036
https://doi.org/10.1128/jvi.76.11.5654-5666.2002
https://doi.org/10.1128/jvi.76.11.5654-5666.2002
https://doi.org/10.1136/jcp.23.1.7
https://doi.org/10.1080/17476348.2019.1578211
https://doi.org/10.1080/17476348.2019.1578211
https://doi.org/10.3389/fimmu.2019.01019
https://doi.org/10.1371/journal.ppat.1009220
https://doi.org/10.1038/s41564-019-0425-6
https://doi.org/10.1073/pnas.0610944104
https://doi.org/10.3389/fimmu.2023.1197356
https://doi.org/10.1080/14789450.2021.1931130
https://doi.org/10.1016/j.cell.2013.03.035
https://doi.org/10.3389/fimmu.2024.1366235
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Cooperative interaction of interferon regulatory factor -1 and bromodomain—containing protein 4 on RNA polymerase activation for intrinsic innate immunity
	1 Introduction
	2 Materials and methods
	2.1 Cell cultures and siRNA transfection
	2.2 RNA isolation and quantitative real time-PCR
	2.3 IRF1 CRISPR-Cas9 knockdown
	2.4 Expression plasmids
	2.5 Western blot
	2.5 Immunofluorescence microscopy and Electron microscopy
	2.6 Proximity ligation assay
	2.7 Two-step chromatin IP-Quantitative genomic PCR
	2.8 Statistical analyses

	3 Results
	3.1 hSAECs are model multipotent airway stem cells
	3.2 hSAECs exhibit the “intrinsic” IIR program of tissue stem cells
	3.3 IRF1 maintains constitutive expression of intrinsic innate response genes
	3.4 Ambient IRF1 is rate-limiting for expression of a core of intrinsic IIR genes
	3.5 IRF1 interacts with activated RNA Pol II
	3.6 BRD4 chromatin remodeling complex is inducibly recruited to intrinsic response genes
	3.7 IRF1 and BRD4 independently cooperate in the intrinsic innate response
	3.8 BRD4i disrupts BRD4 pSer2 Pol II complex formation
	3.9 BRD4i disrupts BRD4 recruitment to the core intrinsic IIR genes
	3.10 BRD4 BD mediates IRF1 interaction with pSer2 Pol II

	4 Discussion
	4.1 The intrinsic IIR mediates anti-viral protection
	4.2 A core of the intrinsic IIR genes are direct IRF1 targets
	4.3 IRF1 complexes with activated Pol II in uninfected cells
	4.4 Inducible IRF1 cooperates with BRD4 for a high level ISG response
	4.5 The BRD4 CRC plays multiple roles in highly inducible gene expression
	4.6 The BRD4&middot;IRF1 interaction is enhanced in response to RSV
	4.7 BRD4 recruitment to intrinsic response genes is BD-dependent

	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


