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Introduction: The unfolded protein response (UPR) has emerged as an important
signaling pathway mediating anti-viral defenses to Respiratory Syncytial Virus
(RSV) infection. Earlier we found that RSV replication predominantly activates the
evolutionarily conserved Inositol Requiring Enzyme lo (IRE1o)-X-Box Binding
Protein 1 spliced (XBP1s) arm of the Unfolded Protein Response (UPR) producing
inflammation, metabolic adaptation and cellular plasticity, yet the mechanisms
how the UPR potentiates inflammation are not well understood.

Methods: To understand this process better, we examined the genomic
response integrating RNA-seq and Cleavage Under Targets and Release Using
Nuclease (CUT&RUN) analyses. These data were integrated with an RNA-seq
analysis conducted on RSV-infected small airway cells + an IREloc RNAse
inhibitor.

Results: We identified RSV induced expression changes in ~3.2K genes; of these,
279 required IREloe and were enriched in IL-10/cytokine signaling pathways.
From this data set, we identify those genes directly under XBP1s control by
CUT&RUN. Although XBP1s binds to ~4.2 K high-confidence genomic binding
sites, surprisingly only a small subset of IL10/cytokine signaling genes are directly
bound. We further apply CUT&RUN to find that RSV infection enhances XBP1s
loading on 786 genomic sites enriched in AP1/Fra-1, RELA and SP1 binding sites.
These control a subset of cytokine regulatory factor genes including IFN
response factor 1 (IRF1), CSF2, NFKB1A and DUSP10. Focusing on the
downstream role of IRF1, selective knockdown (KD) and overexpression
experiments demonstrate IRF1 induction controls type | and -llI interferon
(IFN) and IFN-stimulated gene (ISG) expression, demonstrating that ISG are
indirectly regulated by XBP1 through IRF1 transactivation. Examining the
mechanism of IRF1 activation, we observe that XBP1s directly binds a 5
enhancer sequence whose XBP1s loading is increased by RSV. The functional
requirement for the enhancer is demonstrated by targeting a dCas9-KRAB
silencer, reducing IRF1 activation. Chromatin immunoprecipitation shows that
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XBP1 is required, but not sufficient, for RSV-induced recruitment of activated
phospho-Ser2 Pol Il to the enhancer.

Discussion: We conclude that XBP1s is a direct activator of a core subset of IFN
and cytokine regulatory genes in response to RSV. Of these IRF1 is upstream of
the type Il IFN and ISG response. We find that RSV modulates the XBP1s binding
complex on the IRF1 5" enhancer whose activation is required for IRF1 expression.
These findings provide novel insight into how the IREla-XBP1ls pathway
potentiates airway mucosal anti-viral responses.

KEYWORDS

inositol requiring enzyme (IRE1), X-box binding protein 1 (XBP1), interferon regulatory
factor 1, innate immunity, Cleavage Under Targets and Release Using Nuclease (CUT&RUN)

1 Introduction

The host-restricted orthopneumovirus, respiratory syncytial virus
(RSV), is an important etiological pathogen in human lower respiratory
tract infections producing substantial acute- and long-term morbidity.
As a highly infectious pathogen, RSV is transmitted via large droplet
spread. In children less than five years of age, sequelae of RSV
infections are the most common cause of pediatric hospitalization
(1) and responsible for 1/3 of lower respiratory tract infections (LRTIs)
globally (2). A large observational cohort study concluded that severe
LRTTs were associated with a 2-fold increased risk of premature adult
death from respiratory disease (3). Prior to the COVID pandemic, RSV
was responsible for seasonal outbreaks of respiratory tract infections
worldwide (4), but its mode of transmission is now changing (5).

Studies in naturally acquired (6) and experimentally induced (7)
infections have shown that RSV infects epithelial cells derived from the
upper and lower airways triggering an anti-viral response consisting of
coordinate waves of cytokine (8, 9), IEN (10), and damage-associated
pattern secretion (11). Although RSV replicates in diverse epithelial
types, it is RSV replication in small bronchiolar epithelium that is
pathogenic for severe disease (inflammation and remodeling) because
of cell-type differences in anti-viral response. Here, secretoglobin
(Scglal+)- expressing Club cell progenitors in the small bronchioles
produce greater amounts of neutrophilic-, T helper 2 (Th2)-polarizing-
, and mucogenic cytokine production (12, 13). In addition, genetic
knockouts of innate signaling in the Scglal+ population substantially
reduces RSV induced neutrophilia and airway obstruction (12, 13).
This mechanism explains the observations that, in fatal cases of RSV
LRTT, small bronchiolar epithelial giant cell formation, necrosis and
mucus plugs produce small airway obstruction, ventilation-perfusion
mismatching, and acute hypoxic respiratory failure (6).

The mechanisms of innate signaling response to RSV infection
have been intensively studied. Replicating in the cytoplasm, RSV
ribonucleoprotein formation induces cytoplasmic stress granule
formation; these dynamic, membraneless organelles are closely
associated with the ER membrane and are sites for viral
transcription/assembly and the initiation of the innate immune
response (14, 15). Here, RSV RNA, RNA-binding proteins,
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translationally stalled cellular mRNAs accumulate and interact with
cytoplasmic anti-viral sensors [pattern recognition receptors (PRRs)].
Active RSV transcription produces cytoplasmic dsRNAs and 5’
phosphorylated RNAs that represent pathogen-associated molecular
patterns that coordinately activate the cytoplasmic retinoic acid
inducible gene-I (RIG-I) and the membrane Toll-like receptor 4
(TLR4) (10). These PRRs trigger activation of mitogen activated
protein (MAP) kinases, TANK-Binding Kinase and IxB Kinase
(IKK) signalsomes resulting in AP1, IRF3 and NFkB activation
(16, 17).

The innate anti-viral response is closely linked to the unfolded
protein response (UPR) in RSV infection (18, 19). In cells replicating
RSV, a rapid influx of RSV-encoded glycoproteins accumulate in the
ER lumen, activating ER sensors, including inositol requiring enzyme
(IRE1)o endonuclease, PKR-like ER kinase and activating transcription
factor 60 (ATF60) (20). Of these pathways, the IRE10.-XBP1s pathway
is the primary pathway responsible for activating hexosamine
biosynthesis, epithelial plasticity and secretion of innate response
proteins and is the focus of this study. RSV triggers IRElo activation
by the accumulation of viral glycoproteins in the ER lumen that
dissociate the immunoglobulin-binding chaperone Heat Shock
Protein Family A (Hsp70) Member 5/BiP from IREla (21),
triggering its autophosphorylation and activation of RNase activity.
The IRE1la RNase alternatively splices a 26 nt fragment from X-box-
binding protein 1 (XBP1) mRNA, forming a potent transcription factor
that binds to GC-rich promoters recruiting activated RNA Polymerase
(19). In this process, IRE10i-XBP1s pathway activates the hexosamine
biosynthesis, shifting glycolysis to uridine diphosphate N-
acetylglucosamine production (19, 22), enabling protein N-
glycosylation, resolving proteotoxic stress by enabling basement
membrane remodeling and processing viral glycoproteins (22). In
parallel, IRE10.-XBP1s signaling supports epithelial mesenchymal
plasticity (EMP) through activation of mesenchymal transcription
factors ZEB1 and SNAI1. EMP promotes airway remodeling through
ECM production and stimulation of myofibroblast formation in
subepithelial fibroblasts (23).

Less well understood is how the UPR potentiates inflammatory
and anti-viral responses (24). Earlier work has shown that the
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IRElo RNase activity enhances the production of dsRNA patterns
from cleaved cellular mRNAs enhancing MAP, TBK1 and IKK
signaling (25). Others have found that XBP1s potentiates anti-viral
signaling in response to TLR3/4, and IFNP induction in
macrophages by inducing assembly of a downstream enhancer
enriched in IRF3 and p300 (26, 27). However, genome profiling
studies using Cleavage Under Targets and Release Using Nuclease
(CUT&RUN) have not been able to identify this IFNP enhancer in
epithelial cells (28). It is known that XBP1s binds pleiotropic
sequence motifs affecting gene regulatory networks influenced by
cell-type and stimulus-dependent control (29, 30). Hence the
mechanisms how IREI-XBPls activate anti-viral signaling in
small airway epithelial cells are enigmatic.

Our preliminary work has observed that the IRElo-XBPls
pathway of the UPR dramatically influences expression of anti-
viral cytokines in RSV-infected small airway epithelial cells (19).
Based on its pleotropic binding patterns, we hypothesize that XBP1s
is repositioned in the genome by the effects of RSV infection to
potentiate the anti-viral response. To investigate this hypothesis, we
integrated RNA-seq studies with CUT&RUN genomic profiling in
small airway epithelial cells in the absence or presence of RSV
infection. Quite strikingly, RSV activates a robust anti-viral gene
regulatory network; however, surprisingly, these genes lack
identifiable XBP1s binding peaks. We further identify ~786 genes
whose XBP1s binding is modulated by RSV signaling. These XBP1s
binding regions are enriched in AP-1, RELA and SP1-binding
sequences. Of these, computational inference predicts XBP1s
directly controls a core of cytokine regulatory factors that include
interferon regulatory factor 1 (IRF1), colony stimulated factor
(CSF)2, NFxB Inhibitor Alpha (NFKBIA), and dual specificity
phosphatase (DUSP)10 genes; these genes influence innate
signaling through diverse mechanisms. Here we focus on the role
of IRF1; using knockdown and expression approaches, we
demonstrate that IRF1 controls a type I and III IEN stimulated
gene (ISG) network. XBP1s binds to the IRF1 upstream enhancer,
which we demonstrate is functionally involved in IRF1 expression
using site-specific targeting of the Kriippel associated box (KRAB)
silencer. XBP1s binding to the IRF1 enhancer mediates XBP1s
transactivation of IRF1 by recruitment of activated phospho-Ser2
Pol II. These data provide further mechanistic understanding how
the IRE10i-XBP1s potentiates innate anti-viral signaling.

2 Materials and methods
2.1 Epithelial cell culture and treatment

Immortalized primary human small airway epithelial cells hRSAECs
and type II transformed alveolar carcinoma (A549) cells were obtained
from American Type Culture Collection (ATCC, Gaithersburg, MD,
USA). hSAECs were grown in SAGM (Lonza) and A549 in DMEM/
F12 (Gibco supplemented with 10% FBS) in a humidified 5% CO,
environment (19, 23). RSV Long strain was prepared by sucrose
cushion ultracentrifugation and titered by methylcellulose plaque
assay (19). hSAECs were infected for 24 h at a multiplicity of
infection (MOI) of 1.0 prior to harvest. For pharmacological
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induction of the UPR, hSAECs were treated for indicated times with
various standard concentrations of tunicamycin (TM, 0.5-1 pg/ml) or
thapsigargin (Tg, 50-100 nM). The kinase-inhibiting RNase attenuator
(KIRA)-8, a selective IRE10. RNase inhibitor, was directly added to the
SAGM at a concentration of 10 uM (31). The reagent was from
MedChemExpress (South Brunswick Township, NJ, USA).

2.2 RNA isolation and quantitative
RT-PCR (Q-RT-PCR)

Total cellular RNA was isolated and subjected to DNase digestion
(Qiagen). Complementary DNAs (cDNAs) were synthesized with
SuperScript III First Strand ¢cDNA Synthesis Kit (Thermo Scientific).
Q-RT-PCR assays were performed using SYBR Green Master Mix
(Bio-Rad) and gene-specific primers (Table 1). IFITI, IFITMI and
PPIA mRNAs were analyzed by Tagman primers, Thermo
Hs03027069_s1, Hs00705137_s1 and Hs04194521_sl, respectively.
Data are presented as fold change normalizing to internal control
PPIA using the AACt method.

TABLE 1 Q-RT-PCR primers. Primer pairs used for SYBR Green Q-RT-
PCR of mRNA expression.

Gene Primers

IRF1 F: 5-GAGGAGGTGAAAGACCAGAGCA-3’
R: 5-TAGCATCTCGGCTGGACTTCGA-3’

CSF2 F: 5-GGAGCATGTGAATGCCATCCAG-3
R: 5-CTGGAGGTCAAACATTTCTGAGAT-3’
INHBA F: 5-GGATGACATTGGAAGGAGGGCA-3’
R: 5-ACTGACAGGTCACTGCCTTCCT-3
NFKBIA F: 5-TCCACTCCATCCTGAAGGCTAC-3’
R: 5-CAAGGACACCAAAAGCTCCACG-3’
DUSPI0 F: 5-CAGCCACTTCACATAGTCCTCG-3’
R: 5-TGGAGGGAGTTGTCACAGAGGT-3’
IL15 F: 5-AACAGAAGCCAACTGGGTGAATG-3
R: 5-CTCCAAGAGAAAGCACTTCATTGC-3’
IFNL2 F: 5-TCGCTTCTGCTGAAGGACTGCA-3
R: 5-CCTCCAGAACCTTCAGCGTCAG-3’
IL29 (IFNL1) F: 5-GGAGTTGCAGCTCTCCTGTC-3
R: 5-CAGCGGACTCCTTTTTGGGG-3’
MX1 F: 5-CTTGTGAACGAAGATAAGTG-3
R: 5-TCTACCTCTGAAGCATCC-3’
IFNL3 F: 5-TCGCTTCTGCTGAAGGACTGCA-3’
R: 5-CCTCCAGAACCTTCAGCGTCAG-3’
OAS1 F: 5-CAAGCTCAAGAGCCTCATCC-3’
R: 5-TGGGCTGTGTTGAAATGTGT-3’
TLR2 F: 5-TTGCAAGCAGGATCCAAAGGA-3’
R: 5-CAAGACCCACACCATCCACA-3
IFITM1 F: 5-GGCTTCATAGCATTCGCCTACTC-3’
R:5-AGATGTTCAGGCACTTGGCGGT-3
BST2 F: 5-CAGAGAAGGCCCAAGGACAA-3’
R:5-GTCCGCGATTCTCACGCTTA-3
PPIA F: 5-CGCGTCTCCTTTGAGCTGTT-3

R: 5-CCATAGATGGACTTGCCACCA-3’

F, forward; R, reverse.
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2.3 Next generation RNA sequencing

Short-read ¢cDNA libraries were synthesized using the TruSeq
Stranded mRNA (Illumina) and subjected to paired-end sequencing
(Ilumina HiSeq 2000). The trimming software Trimgalore was used
to preprocess fastq files. FastQC was used to generate QC statistics.
The trimmed, paired-end reads were aligned using Salmon 1.3
against human genome hg38 and separately against RSV transcripts
(32). Mapped paired-end reads for were counted in each sample
using RNA-Seq by Expectation Maximization (RSEM). Contrasts
were compared for virus infection and treatment conditions using
DESeq2 (33).

2.4 Expression plasmids

The 3XFLAG-XBP1s ¢cDNA was cloned in a lentiviral vector
driven by a CMV promoter as previously described (28). The hIRF1
lentivirus expression vector in the pLV-tetO-CMV-SV40-Puro-
LoxP expression plasmid was also previously described (34).
Lentiviruses expressing FLAG-XBP1s (FXBP1s), the empty vector
(pCT) and hIRF1 were generated by calcium phosphate
precipitation transfection of HEK293T cells. The cells were
cultured for 48 h and the virus-containing medium was collected,
centrifuge-clarified and stored at -80 °C. Transduction othSAECs
was performed in the presence of 10 pg/ml polybrene at an MOI of
2.0. The medium was changed, and cells cultured for an additional
24-48 h prior to further treatment.

2.5 Western immunoblot

Trypsinized cells were pelleted and washed with ice-cold
phosphate-buffered saline (PBS). Cells were lysed in cell lysis
buffer (10 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 20 mM Na,P,0;, 1 mM B-glycerol phosphate, 0.1% SDS,
0.5% sodium deoxycholate, 1% Triton X-100, 10% glycerol, 2 mM
activated Na3;VO,;, 1 mM NaF and freshly added 1x protease
inhibitor cocktail), and centrifuged at 16,000x g at 4 °C for
10 min. Proteins were then resolved on 4-15% Criterion TGX
precast SDS-PAGE gels (Bio-Rad) and electro-transferred to
PVDF membranes (Bio-Rad Trans-Blot Turbo transfer system).
Primary antibodies (Abs) were anti-FLAG M2 (Sigma Aldrich
F1804), anti-XBP1s (Clone 143F, BioLegend) and anti-TBP
(TATA-box binding protein) Abs. TBP was used as a loading
control. Blots were imaged and quantified using Image].

2.6 Immunofluorescence microscopy

hSAECs were plated on coverslips, infected or treated as
indicated, fixed with paraformaldehyde (4% vol/vol) and
permeabilized with Triton X-100 (0.2% vol/vol). Afterwards, cells
were blocked with 10% goat serum and incubated with primary
anti-FLAG M2 Ab overnight at 4 °C. Afterwards, coverslips were
washed and incubated with Alexa fluor-conjugated goat secondary
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Ab. After 1 h, cells were washed and mounted using ProLong
Diamond Antifade Mountant with 4',6-diamidino-2-phenylindole
(DAPI, Thermo Fisher). The cells were visualized in an ECHO
fluorescence microscope.

2.7 Cleavage Under Targets and Release
Using Nuclease (CUT&RUN)

FLAG-XBP1s (FXBP1s) lentiviral-transduced cells (MOI = 2.0,
48 h) were prepared in triplicates. RSV infection was with MOI =
1.0, 24 h; pCT-transduced cells, mock infected were negative
controls. Cells were trypsinized (4 x 10° cells/point), and
incubated in 1 ml of nuclear extraction buffer (20 mM HEPES,
pH 7.9, 10 mM KCl, 0.1% Triton X-100, 20% glycerol, 1x cOmplete
proteinase inhibitor, 1x protein phosphatase inhibitor cocktail and
0.5 mM spermidine) for 10 min on ice. Nuclei were pelleted at 600x
g, 5 min at 4°C and washed in wash buffer (WB; 20 mM HEPES,
pH7.5, 150 mM NaCl, 0.05% Triton X-100, 0.1% BSA, 1x cOmplete
proteinase inhibitor, 1x protein phosphatase inhibitor cocktail and
0.5 mM spermidine). Prior to Ab binding, the isolated nuclei were
nutated in WB containing 2 mM EDTA at 4°C for 5 min. The nuclei
were resuspended in antibody buffer produced by diluting 5 ug anti-
FLAG M2 Ab (Sigma) in 500 ul of detergent-free WB, and nutated
overnight at 4°C. After washing 3X in 500 pl of WB on ice (10
minutes each time), the nuclei were incubated in 50 pl of WB
containing 2.5 ul of EpiCypher pAG-MNase 20x stock (EpiCypher,
NC) at 4°C for 1 h. After washing as above, chromatin cleavage was
then conducted by incubating the nuclei in 150 ul of BSA-free WB
containing 2 mM CaCl, on ice for 1 h. The cleavage was terminated
by adding 150 ul of stop buffer (300 mM NaCl, 20 mM EDTA, 4
mM EGTA and 0.5 ng of E. coli Spike-in DNA (EpiCypher, NC) per
150 ul). The samples were nutated for 1 h at 4°C, centrifuged at
16,000x g for 5 min at 4°C and the supernatant collected. DNA was
extracted by phenol-chloroform, precipitated with glycogen and
DNA fragments dissolved in 20 pl of 0.1x TE buffer.

DNA was quantitated by a Qubit fluorometer, CUT&RUN
DNA libraries were prepared using NEBNext Ultra II DNA
Library Prep Kit for Illumina (NEB, MA) per the manufacturer’s
instruction, with modification in SPRI bead clearance of adaptor
ligation and library amplification reactions to retain small-sized
DNA fragments. The DNA library quality was confirmed by Agilent
TapeStation HS DNA assay (Agilent, Santa Clara, CA, USA), and
paired-end Illumina NGS was carried out on NovaSeq 6000 with 5
million reads per sample.

Quality metrics were generated using fastQC. Adapter
trimming was by TrimGalore. Genome alignment to the
GRCh38.p13 (hg38) genome assembly (NCBI) was by MACS2
(35). SEACR was used for peak calling with top 20% peaks (36).

2.8 Short hairpin RNA (shRNA)
gene silencing

shRNA silencing was performed using lentivirus transduction
for XBP1 or IRE1 (Sigma Mission shRNA lentiviral vector).
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Populations of transduced hSAECs were selected in 2 ug/ml
puromycin. The most effective silencing lentivirus was identified
by Q-RT-PCR and used in subsequent experiments. sShRNA target
sequences were: XBP1, 5-GCCTGTCTGTACTTCATTCAA-3’;
IRE1, 5-GCAGGACATCTG GTATGTTAT-3". Non-targeting
luciferase shRNA lentiviral vector was used as negative control
(Sigma, cat. SHC007).

2.9 IRF1 deletion

The lentivirus for IRF1 knockout was prepared with the
lentiCRISPRv2 vector with the guide RNA (gRNA) sequence 5'-
CACCTCCTCGATATCTGGCA-3’ targeting exon 4 of the human
IRF1 gene (37). A549 cells were infected with virus supernatant in
the presence of 10 ug/ml polybrene and selected 48 h later with 2
ug/ml puromycin. Empty lentiCRISPRv2 -transduced A549s were
puromycin-selected and used as a negative control. IRF1 silencing
was confirmed by Q-RT-PCR.

2.10 KRAB/dCAS9-mediated silencing of
IRF1 Enhancer in hSAECs (CRISPRI)

The single guide (sg) RNAs were designed for IRF1 target regions
using CHOPCHOP (http://chopchop.cbu.uib.no). A human genome
non-targeting gRNA was used as a negative control. Synthesized
oligonucleotides (Integrated DNA Technologies) were annealed and
cloned into the Esp3I restriction sites of lentiviral expression vector
Lenti_sgRNA_EFS_GFP (Addgene plasmid # 65656 (38)). Sanger
sequencing confirmed sgRNAs insertion. The gRNA target sequences
are non-targeting, 5-GTTCCGCGTTACATAACTTA-3’, and IRF1
enhancer targeting, 5- TCGGCGCGCAGGCACTCAGA-3’.

Lentivirus was produced in HEK293FT cells used to transduce
target cells in the presence of 4 ug/mL polybrene (Sigma). For IRF1
Enhancer silencing, hSAECs were first transduced with the
lentiviral vector pHR-SFFV-KRAB-dCas9-P2A-mCherry
(Addgene plasmid # 60954 (38)). The vector expresses a fusion
protein of mammalian codon-optimized Streptococcus pyogenes
dCas9 (DNA 2.0) fused at the N terminus with the Kox1 KRAB
domain and two SV40 nuclear localization sequences at the C
terminus. mCherry-expressing hSAECs were transduced with the
lentiviral sgRNA expression vector. Two days later, the dual
mCherry and GFP-expressing cells were sorted and cultured for
RSV infection experiments.

2.11 Two-step chromatin IP (XChIP)-
Quantitative genomic PCR (Q-gPCR)

Two-step XChIP was performed using sequential protein
crosslinking with DSG (2 mM, 45 min at 22°C) followed by
protein-DNA cross-linking with formaldehyde (39). Equal
amounts of sheared chromatin were immunoprecipitated (IPed).
After overnight IP, complexes were collected using protein G-
conjugated magnetic beads (40 UL, Dynal Inc), extensively washed
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and eluted in elution buffer for 15 min at 65 °C. Following de-
crosslinking and phenol-chloroform DNA purification, gene
enrichment was determined using region-specific PCR primers in
Q-gPCR. The Q-gPCR primers specific for the Enhancer region of
human IRF1: 5-CTCCAAGTCATGTTCGGGGA-3’ (forward), 5-
AGCTAAGGGGTTTGAGGGTG-3’ (reverse). SNAII primers were
previously reported (19). The fold change of DNA in each IP was
determined by normalizing to input DNA reference and calculating
the fold change relative to unstimulated cells (40).

2.12 Statistical analyses

Statistical analyses of Q-RT-PCR assays 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, 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.

Differential peak occupancy in CUT&RUN was determined
using DIFFBIND v 4.2 (41) using DESEQ2 (33). Significance of
differential occupancy was estimated by adjusted p values (pAdj)
controlling for multiple hypothesis testing. Significance was met for
pAdj <0.05. Enrichment analysis of known transcription factors was
performed with HOMER software v 4.11 using position-weight
matrices using hg38 as reference (42). Hierarchical clustering was
using Z-score normalized transcripts per million (TPM) across
rows using Euclidian distance.

3 Results

3.1 The UPR has complex effects on RSV
transcription and innate signaling

Previous work has shown that IRElo plays important roles in
anti-viral defenses (43) as well as modifying the innate response to
RSV replication (19). To understand this interrelationship in more
detail, we explored effects of activation and inhibition of the IRE1ot-
XBP1s pathway on RSV transcription in human epithelial cells. For
this analysis, we focused on telomerase-transformed Scgblal®
human small airway epithelial cells (hSAECs), a cell type
permissive for RSV infection and replication (19, 23). A body of
evidence shows that hSAECs stably maintain genomic and
proteomic innate signatures representative of primary SAECs in
the basal and RSV-infected states (12), where RSV activates the
UPR activating the hexosamine biosynthetic pathway, producing
cell-state transition and extracellular matrix remodeling
characteristic of in vivo RSV-infections (44-47).

To understand the effects of IREla. activation or inhibition on
RSV replication and the innate response, hSAECs were pre-treated
with vehicle (solvent) alone, or a selective IRElot RNase inhibitor
(IRElad, KIRAS (31)) for 2 h to inhibit the UPR. Cells were then
adsorbed with RSV for 3 h in the continued presence of vehicle or
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IRElad. In parallel, the UPR was activated by treatment with
thapsigargin (Tg, 50 nM) administered during the RSV adsorption
phase. Cells were washed and activation of the IRElo-XBPls
pathway was analyzed by Q-RT-PCR by measurement of XBPls
formation as well as monitoring the expression of unspliced XBP1
(XBP1u) using our validated PCR assays (19). We observed that RSV
replication induced a 16.9 + 3-fold increase in XPBls (P<0.001,
post-hoc, (Figure 1A). A smaller, but significant induction of 2.9 +
0.2-fold increase in XBP1lu mRNA was also observed (Figure 1B),
suggesting that XBP1 is regulated by both changes in gene expression
as well as mRNA processing. This finding is consistent with our
previous finding that XBP1 mRNA expression is autoregulated by
XBP1s binding to its proximal promoter (19). However, the
formation of XBPls was relatively enhanced as shown by
examining the ratio of the fold change inductions, where an
increase in XPBls over that of XBPlu is seen (Figure 1C). The
potent effect of the IRE1ai is seen where both XPB1s, XBP1lu mRNA
are completely inhibited (Figures 1D, E), and there is no induction of
XBP1s relative to XBPlu (Figure 1F). Finally, the 3 h Tg pre-
treatment during the RSV adsorption was a potent inducer of
XBPIs splicing, producing a 47 + 7-fold increase in XBPIs over
solvent-treated controls (Figure 1G), a 1.8 +/- 0.2-fold increase in
XBP1u (Figure 1H), and 95-fold increase in XBP1s/u ratio (Figure 11;
this ratio is overestimated due to the reduction in XBP1u at 0 h). At
24 h the XBP1s/u ratio apparently falls, due to combined effects of
XBP1lu expression and cellular toxicity (Figure 1I). Nevertheless,
these data indicated that RSV activated the UPR, but much less
potently than Tg, and that the IRE1ci was highly effective antagonist
of RSV-induced UPR activation.

To understand the dynamics of the innate response to RSV
replication a time course of gene expression in cells with activated
or inhibited IRE1 o was conducted. As noted earlier, Tg was a potent
inducer of XBP1s splicing throughout the 24 h time course
(Figure 2A). In contrast, RSV induced a gradual increase in
XPB1s formation, rising to 16.9 + 3-fold at 24 h (P<0.001, post-
hoc, Figure 2A). Expectedly, the IRE10i reduced basal (uninfected)
XBP1s to 15% that of untreated cells, and completely suppressed
XBP1s formation throughout the time course (Figure 2A).

To understand the effect of the UPR on RSV transcription, the
abundance of RSV N transcript was measured. Here a time-
dependent increase in RSV transcription was observed where
transcription was slightly increased in the Tg-treated cells after
16 h, but was significantly reduced at 24 h relative to the untreated
and IRElai treated cells (188 + 21-fold vs 115 + 13 fold, P<0.01;
Figure 2B). These data suggested that activation of the IREla
pathway initially facilitated RSV transcription, but at later times,
reduced its transcription. Finally, the IRE1ai-treated hSAECs had
slightly less levels of RSV transcription relative to solvent treated
cells at 16 h, but were indistinguishable at 24 h (n.s.; Figure 2B).

To examine how these changes affected the innate anti-viral
pathway, we conducted kinetic measurements of type I and III IFNs
and IFN stimulated genes (ISGs) over 24 h of RSV infection. We
noted a complex effect of IRE1oui and Tg treatments on the ISG anti-
viral response. In solvent-treated cells, the type I IFN, IFNp,
increased to 90 + 19-fold at 8 h relative to mock-infected cells
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(P<0.001, Figure 2C), and was substantially inhibited by either
IREloi or Tg (Figure 2C). By contrast, at 16 h and 24 h, the level of
IFNP expression in Tg-treated cells was significantly higher than
that of solvent- or IRE1c treated cells. In particular, at 24 h, IFN3
expression in the Tg-treated cells was 144 + 13-fold, whereas the
solvent-treated cells, IFNf expression was at 78 + 9-fold. And by
contrast, the level of IFNP in the IRE1aii-treated cells was less than
either treatment at all time points (Figure 2C).

We similarly explored the effect of UPR activation on RSV-
induced type III IEN, IFNL2. In a manner similar to the effect on
IFENB, Tg treatment produced a delayed induction of IFNL2,
peaking at 16 h at a level significantly higher than that of solvent-
treated cells (47,700 + 8,400 vs 15,700 + 3,600-fold, P<0.01,
Figure 2D). And, by contrast, IREl0i significantly reduced IFNL2
expression relative to solvent-treated hSAECs at all points in the
time course (Figure 2D). Finally, the ISG, MXI, expression was
enhanced by Tg at the 16 h time point, but not significantly different
from solvent-treated cells at 24 h (Figure 2E). These data indicate to
us that the Tg-induced UPR enhances type I and IIT IFN expression
in response to RSV, resulting in reduced RSV transcription at 24 h
of infection. And although IRE1ai reduces IFN expression, there is
no detectable effect on RSV transcription at 24 h. Collectively these
data illustrate a complex, dynamic relationship between the UPR,
RSV replication and pathways of the innate response.

3.2 ldentification of an IRE1a-XBP1s
dependent innate regulatory network

To identify the direct effects of the IRE1a-XBP1 pathway on
anti-viral response, we focused on the 24 h point, where RSV
transcription is unaffected by IRElai, enabling us to control
differences in viral transcription in the data analysis. Here, we
integrated RNA-Seq profiling with chromatin occupancy analysis
using CUT&RUN. Identification of XBP1s binding alone will not
provide information on the functional regulation of target genes,
and analysis of RNA expression alone is unable to differentiate
direct targets vs indirect targets.

hSAECs were mock-infected or RSV infected for 24 h in the
absence or presence of a IREloi using n = 4 independent biological
replicates, and RNA-seq was conducted. After filtering and QC
analysis, differential gene expression between groups was estimated
using an established negative binomial distribution model (33). We
found that the replicates were highly correlated with each other,
falling into clearly separable RSV-infected, RSV + IRElai-treated
and mock-infected (Control) treatment patterns (Figures 3A, B).
Differentially expressed genes were those that demonstrated a 1.5-
fold change and met an adjusted pValue (pAdj) cut-off of <0.05 to
control for multiple hypothesis testing. Using this criteria, we
compared gene expression in RSV vs mock-infected cells. Here,
1,538 genes were significantly downregulated and 1,723 genes
upregulated by RSV infection (Figure 3C). Principal components
analysis (PCA) showed RSV infection produced 93% of the variance
of the data (Figure 3B), suggesting that RSV infection exerted the
most profound effect on epithelial genome of the conditions tested.
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These findings are consistent with earlier findings demonstrating
RSV produces a global effect on cellular gene expression programs
(8,9,23).

To identify those genes regulated by IRE10i-XBP1s pathway, we
next compared gene expression between the RSV and RSV+IRE10i-
treated groups. Interestingly to us, in analysis of the PCA plot, the

10.3389/fimmu.2023.1197356

effect of IREloi was detected only by the second principal
component accounting for ~7% of the variance, indicating that
the IRE1-XBP1s pathway accounted for a small fraction of the RSV-
induced genomic response (Figure 3B). Application of the same 1.5-
fold change and pAdj criteria, we found that 218 genes were
inhibited by IRElai (Figure 3D). The IREloi-sensitive genes were
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FIGURE 1

RSV activates XBP1s. hSAECs were pre-treated with solvent (DMSO) or selective IREla kinase inhibitor RNase attenuator (KIRA8, 10 uM) (31) for 2 h,
followed by 3 h RSV adsorption in continued presence of DMSO or KIRA8 (MOI = 1.0). Separately, hSAECs were treated with solvent (DMSO) or 50
nM Tg to directly activate the UPR during the 3h RSV adsorption as above. After the 3 h RSV adsorption, cells were washed and either harvested (0 h)
or cultured for additional 24 h in continued presence of solvent, KIRA8 or Tg. Q-RT-PCR was used to quantitate changes in XBP1s (A, D, G) and
unspliced XBP1 (XBP1u) mRNAs (B, E, H). The ratio of fold induction XBP1s to XBP1u was calculated (C, F, I). Error bars are mean + SD with four
independent replicates. n.s., not signifiicant; *, P<0.05; **, P<0.01; ***, P<0.001; post-hoc analysis
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The IRE1la-XBP1s pathway has complex effects on RSV replication and the innate immune response. hSAECs, treated with solvent (DMSO) or
selective IREla kinase inhibitor RNase attenuator (KIRA8, 10 uM) (31) for 2 h, were infected by RSV at an MOI of 1.0 for 3 h with continued presence
of DMSO or KIRA8. Separately, hSAECs were infected by RSV (MOI=1.0) for 3 h in the presence of DMSO or 50 nM Tg activating the UPR. After 3 h
viral adsorption, cells were washed and at O h or cultured for an additional 4, 8, 16 or 24 h in the presence of DMSO, KIRA8 or Tg as indicated. Q-
RT-PCR was carried out for the mRNA levels of XBP1s (A), RSV N (B), IFN (C), IFNL2 (D) and MX1 (E). Error bars are mean + SD with four

independent replicates. **, P<0.01, post-hoc analysis.

subjected to semantic Disease Ontology analysis, and biological
pathways by Panther Pathways. Prominent disease pathway nodes
were identified as “nasal polyps”, “inflammation”, “tumor
vasculature”, and “infectious lung disorder”, consistent with RSV
infection. Importantly, a number of inflammatory and anti-viral
cytokines were identified including CXCL10, CD69, EGF, CXCLS,
IFNL2, CSF2 and TNF (Figure 3E). Biological Pathway enrichment
in Panther identified a predominance of “IL-10” and “cytokine
signaling” pathways indicating that IRE10-XBP1 signaling affected
a broad network of cytokine networks in RSV infection (Figure 3F).

3.3 Identification of genes directly
occupied by XBP1s binding

The RNA expression profiling includes genes directly regulated
by XBP1s as well as those indirectly activated by RSV infection. To
more precisely identify direct targets of XBPls, we applied a
validated CUT&RUN assay, where high resolution of XBPls
binding sites could be identified by high-throughput sequencing.
Although CUT&RUN enables selective cleavage of XBP1s binding
within a native chromatin environment, the antibody affinity is a
critical component of success of this approach. Available XBP1s
antibodies have either poor affinity or inherent cross-reactivity with
XBP1u and/or unrelated proteins, which makes the interpretation
of binding sites using native antibody enrichment problematic.

To address this problem, we validated expression of a 3X FLAG
epitope-tagged XBP1s (FXBP1s), where FXBP1s expression levels can
be controlled by the multiplicity of infection (MOI). We first
confirmed FXBPls expression levels were comparable to that
produced by activation of the endogenous UPR. Here, FXBP1s
expression levels were compared to endogenous XBP1s produced
by tunicamycin (TM) or thapsigargin (Tg) treatment. FXBP1s was
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quantified using anti-FLAG, anti-XBP1ls Abs and anti-TATA Box
Binding Protein (TBP) Ab staining in Western blot (anti-TBP
staining was loading control). Relative to empty virus (pCT)-
transduced cells, FXBP1s was detected by anti-FLAG Ab as a ~60
kDa nuclear protein. Importantly, this protein cross-reacted with
anti-XBP1s Ab (Figure 4A, middle panel). Staining was undetectable
in untreated or pCT-transduced cells (Figure 4A, top). We confirmed
that TM or Tg treatment similarly induced robust accumulation of
nuclear XBP1s, and noted that the lentivirus-encoded FXBPIls
expression was ~60% of the XBPIs levels induced by TM
(Figure 4A, middle panel). In parallel, immunofluorescence staining
and microscopy confirm that the FXBP1s protein was concentrated
in the nucleus, determined by co-localization with the nuclear DAPI
marker, and identifiable in >50% of the cells (Figure 4B). These data
indicate that FXBP1s expression was physiologically comparable to
that produced by endogenous UPR activation by the IRE10. RNase
and localized to the nucleus.

3.4 Profiles of XBP1s binding to the
hSAEC genome

To identify genomic binding sites of XBP1ls and determine
whether RSV influences its genomic binding patterns, CUT&RUN
profiling was performed in empty vector-transduced cells, FXBP1s
transduced cells mock-infected with RSV and FXBP1s transduced
cells infected with RSV. The NGS sequencing reads were subjected
to quality control, which indicated high-confidence base calling of
>150 base pairs with Phred scores > 30 (not shown). After trimming
sequencing primers, numbers of counts, library size, fraction of
reads in peaks (FRiP) and fragment size were examined. The data
were mapped to 1,226,706 intervals, with FRiP of 0.28 + 0.022
(Table 2). We observed that control fragment sizes were
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monotonically distributed at ~90 nt in both violin plots (Figure 5A),
and by histogram (Figure 5B). By contrast, both the mock infected
and RSV infected FXBP1s-transduced cells produced fragment sizes
binomially distributed at ~70 and ~160 nt in length (Figures 5A, B).
We interpreted this analysis to indicate our data showed consistent,
high-quality reads across replicates with anticipated inter-
nucleosomal cleavage pattern.

Correlation analysis was used to establish replicate similarity.
Here we found that the DNA fragments co-clustered by treatment
type, with empty vector-transduced, mock-infected controls (C1-
C3) clustering together and distinctly apart from either FXBP1s-
transduced, mock-infected (MM1-MM3) or FXBP1s-transduced,
RSV-infected replicates (RM1-RM3, Figure 5C). Statistically
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significant peaks occupied by FXBP1ls were identified using
DESEQ?2 in DiffBind where FXBP1s bound 4,252 peaks in mock
infected-FXBP1s expressing cells vs controls (the DESEQ2 pAdj
<0.05 was used as a cut-off to accommodate for multiple
hypothesis-testing). The occupancy and statistical confidence for
the 4,252 peaks difterent between MMI1-MM3 vs. C1-C3 were
analyzed by Volcano plot where the number of increased peaks
outnumbered those decreased, as well as the magnitude of fold
change was skewed, with a greater number of high confidence peaks
appearing in the MM samples vs. nonspecific peaks in the
controls (Figure 5D).

Previous work has found that XBPIs binds to pleiotropic
sequences, such as the unfolded protein response element (UPRE)

(9]
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An IL10 cytokine network is mediated by IRE1-XBP1s signaling in RSV infection. (A) Correlation plots of individual RNA-seq experiments. Four
independent replicates of short-read RNA-seq were analyzed from mock-treated, or RSV infected cells in the absence (DMSO) or presence of a
selective IRE1lo kinase inhibitor RNase attenuator (KIRA8, 10 uM) (31). Scale of correlation is shown in the inset. (B) Principal Component (PC)
analysis of short-read RNA-seq replicates. Each point represents an independent replicate. Note the similar clustering of RSV and RSV_KIRA8 along
PC 1, accounting for 91% of the experimental variance. (C) Volcano plot of differentially expressed genes (DEGs) in uninfected WT vs RSV infected
cells. X axis, logzFold Change of transcripts/million (TPM). Y axis, -log10 (adjusted p value using benjamini-hochberg, padj). Green symbols, genes
downregulated by RSV infection; Red symbols, genes upregulated by RSV infection. Selected cytokine genes are labeled. (D) Volcano plot of RSV vs
RSV_KIRAS treated cells. X and Y axis are as in (C). Green symbols, genes upregulated by KIRA8 in RSV infection; Red symbols, genes downregulated
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Node color indicates fold change in RNA expression by KIRA8 administration. (F) Gene Set Enrichment Analysis (GSEA) of KIRA8-regulated genes.
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Expression of functionally active FLAG epitope-tagged XBP1s (FXBP1s). (A) FXBP1s expression. Western immunoblot of hSAECs transduced with
empty (pCT) or FXBP1s-expressing lentiviral vector at an MOI of 2.0 for 48 h, or mock-treated or treated with tunicamycin (TM, 0.5 ug/ml for 8 h) or
thapsigargin (Tg, 50 nM for 6 h) as indicated. Nuclear extracts were prepared and stained with anti-FLAG M2 Ab (top) or anti-XBP1s antibodies
(middle panel). TATA box binding protein (TBP) was used as loading control (bottom panel). Molecular weight (MW) markers (in kDa) are shown.
Ratio, the relative intensities of XBP1s immunoblotting signals normalized to TBP. Note the selective anti-FLAG M2 staining of ~60 kDa protein
encoded by the FXBP1s expression vector and the significantly higher reactivity of the anti-FLAG M2 antibody (Sigma) than the anti-XBP1s antibody
(BioLegend). Note TM and Tg induce significantly higher levels of XBP1s than that produced by FXBP1s transduction. (B) Immunofluorescence
microscopy was performed to assess FXBP1s transduction efficiency and nuclear translation. Cells were infected with empty (pCT) or FXBP1s-
expressing lentivirus (MOI=2). 24 h later, cells were mock or RSV infected (MOI=1) for an additional 24 h before fixation and staining with anti-FLAG
M2 (red). Nuclei were counter-stained with DAPI (blue). Top panel, anti-FLAG M2 staining; Bottom panel, anti-FLAG M2 and DAPI staining are
merged. Scale bar of 50 um is shown. Note the >50% transduction of the cell population and nuclear localization.

and ER stress response element (ERSE) motifs in a manner
determined, in part, by heterotypic interactions with other bZIP
DNA-binding proteins that are under cell-type, differentiation-state
and stimulus-dependent control (29, 30, 48). To first infer the
binding sites enriched in FXBPIs-bound fragments in mock-
infected epithelial cells, we conducted motif enrichment analysis
on the 4,252 high-confidence FXBP1s peaks by scanning for 441
known transcription factor binding by determining binding
probability using position weight matrices (42). We observed
enrichment of >20 sequence motifs relative to background
sequences. The top 10 ranking peaks identified included Fos-
related antigen (Fra 1) motifs (containing the TGA-G/C-CTCA
core recognized by Jun factors) present in 15% of all sequences, GC-
box (containing GCCCCGCCC sequences found in 11% of

TABLE 2 Fractions of reads in peaks (FRiP).

sequences) and CREB motifs (GCCACGT core found in 6% of
sequences; Figure 5E). These data suggest that FXBP1s interacts
with DNA binding domains enriched in AP-1/CREB motifs in the
absence of RSV infection.

To identify the preferential location of FXBP1s binding sites in
mock-infected cells, a heat map was constructed relative to length-
normalized genes. A strong peak in the proximal promoters was
identified (Figure 6A); by contrast, a significantly weaker
association of binding over gene bodies was seen between the
transcriptional start sites (TSS) and transcriptional end sites
(TES) (Figure 6B). To identify biological processes, we next
analyzed the FXBPIs-binding peaks using Genomic Regions
Enrichment of Annotations Tool (GREAT) (49). GREAT maps
CUT&RUN peaks to regulated genes by incorporating chromatin

ID Antibody Condition Replicate Intervals Reads FRiP
ci FLAG Mock pCT 1 1226706 7768023 024
Cc2 FLAG Mock pCT 2 1226706 7742521 0.24
c3 FLAG Mock pCT 3 1226706 10792713 027
MMl FLAG Mock FXBPls 1 1226706 9299732 027
MM2 FLAG Mock FXBP1s 2 1226706 8792937 0.3

MM3 FLAG Mock FXBP1s 3 1226706 959858 03

RM1 FLAG RSV FXBP1s 1 1226706 7914061 029
RM2 FLAG RSV FXBP1s 2 1226706 9080509 029
RM3 FLAG RSV FXBPls 3 1226706 11009478 029

For each CUT&RUN sample, the FRiP was calculated and tabulated below. pCT, empty lentivirus, FXBP1s, FLAG-XBP1s expressing lentivirus.

Frontiers in Immunology

10

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1197356
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Qiao et al.

interaction and gene proximity information into a rule-based
algorithm, improving the detection of biologically relevant peaks
(49). In a manner consistent with our heat map analysis, GREAT
mapped the majority of FXBP1s peaks to + 500 kbp centered on the
TSS of regulated genes (Figure 6C). Collectively these data indicate
that FXBP1s primarily binds 5” regulatory elements in hSAECs.
Two major Genome Ontology (GO) biological processes were
identified by GREAT, that included histone acetyl transferase
binding and PI3K regulatory activity (Figure 6D). Peaks were also
analyzed by GO molecular pathways. Strikingly, 6 of the top 10 GO
molecular pathways were highly enriched in “IRE1-mediated UPR”,
“ER UPR”, and “UPR” (Figure 6E). In addition, we noted that these
pathways lacked IL10 cytokine signaling that represented the
dominant functions identified by RNA Seq (cf Figures 6E, 2F).

10.3389/fimmu.2023.1197356

3.5 Characteristics of RSV-modulated
XBP1s binding motifs

Our experimental design also enabled us to compare differences
in XBPls occupancy between RSV-infected vs. mock-infected
FXBP1s cells. Only 786 peaks were different between these two
groups, which were also asymmetrically skewed towards increased
binding after RSV infection (Figure 7A). De novo motif analysis of
these RSV-modulated peaks showed that these sequences were
enriched in Fra-1 motifs (now present in 28% of total peaks) and
appearance of REL targets (5% of total peaks), along with SP1-box
sequences (containing the CCGCCC core; (Figure 7B). These data
suggest enrichment of XBP1s binding to AP1 and RELA sequences
activated by RSV infection.
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CUT&RUN Analysis of FLAG-XBP1s Binding. (A) CUT&RUN analysis was applied to pCT (C1-C3) or FXBP1-transduced cells in the absence (M1-M3) or
presence of RSV infection (R1-R3; MOI =1, 24h). Shown are violin plots of fragment length distribution of cleavage fragments after removal of
adapters. Note the distinct 70 and 180 nt pattern in the M-series and R-series for FXBP1s fragments that are absent in the nonspecific cleavage
pattern of the control series. (B) Linear plot of fragment length of CUT&RUN data illustrating the 180 nt cut pattern, consistent with nucleosomal
distribution. (C) Correlation plots of individual CUT&RUN binding. Each individual replicate from empty vector pCT (CON1-CON3) or FXBP1
transduced cells in the absence (MM1-MM3) or presence of RSV infection (RM1-RM3; MOI =1, 24h). Note the high cross-correlation of the MM1-
MM3 and RM1-RM3 with each other in the same replicate treatment that are distinct from that of control. (D) Volcano plot of FXBP1s peaks in
uninfected vs RSV infected hSAECs. Differential analysis of FXBP1s binding was determined after normalization to library depth and differential
analysis using DIFFBIND. X axis, Fold Change of binding occupancy. Y axis, -logl0(adjusted p value using benjamini-hochberg, padj). Green symbols,
FXBP1s peaks reduced by RSV infection; Red symbols, FXBP1s peaks upregulated by RSV infection. (E) Motif enrichment of FXBP1s binding sites.
Motifs are rank ordered by the frequency of binding sites. On the left is the sequence logo followed by the JASPAR matrix name. For each, the p
value of enrichment is also shown (symbol). Note enrichment of Fos-related protein 1 (Fral) and GC sequences (POL-GC, CREB and NFY).
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The enrichment of GO pathways for the RSV-modulated XBP1s
sequences was also analyzed by GREAT. Here we observed that
RSV-modulated peaks regulated gene networks controlling
“regulation of cell adhesion”, “regulation of hemopoiesis”,
“regulation of leukocyte differentiation” and “T-cell
differentiation” (Figure 7C). The most enriched GO molecular
functions included “cadherin binding” and “MAP kinase tyrosine/
serine/threonine phosphatase activity” (Figure 7D). These data
indicated that RSV modulated XBP1s binding to a small subset of
genes controlling cell adhesion and cytokine activity.

10.3389/fimmu.2023.1197356

3.6 A core of directly XBP1s-regulated
genes includes the anti-viral IRF1
transcription factor

We identified individual genes contained within the GO
pathways, and found a common core set of cytokine regulatory
genes that were directly regulated by XBP1s. These genes include
interferon regulatory factor (IRF)I, CSF2, NFKBIA, DUSPI0, and
IL15. IRF1 is a ubiquitous and inducibly expressed nuclear
transcription factor that maintains the basal transcription of a suite
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of antiviral ISGs (50). NFKBIA is a cytoplasmic inhibitor of IKK-
RELA pathway controlling RELA translocation, mediating
inflammatory cytokine activation in RSV-infected cells (51).
DUSPI10 is a MAP Kinase phosphatase that inactivates p38 and
JNK implicated in RSV disease (52). Because this group of cytokine
regulators have broad impact on innate signaling, we focused on this
core set of genes, examining their expression patterns and sites of
XBP1s binding.

To further understand the effects of dysregulation of the IRE1ct-
XBP1s pathway on direct vs indirectly regulated genes, we examined
cytokine expression profile of 27 genes identified within the IL-10/
cytokine signaling pathway using hierarchical clustering. The
expression values of these genes were normalized by Z-score and
plotted (Figure 8A). Here, the majority of IFNs (IFNB, IFNL2) and

10.3389/fimmu.2023.1197356

IFN-stimulated genes (ISGs), such as 2’-5’-Oligoadenylate
Synthetase 1 (OAS)-1/2, MX Dynamin Like GTPase 1 (MX1), toll
like receptor (TLR)3, CXCL2 co-clustered with IRFI as RSV-
upregulated genes. We noted that expression of this cluster was
significantly reduced by the IREloi treatment. By contrast, the
expression of only 2 genes, IL18 and RNASEL were reduced by RSV
infection, and restored to baseline after inhibition of IRElo
(Figure 8A). Collectively these data indicate that the robust
induction of ISG gene pathway is dependent on IRElo-XBPls
signaling in RSV infection.

Expression patterns of the directly activated cytokine regulatory
factors were analyzed in more detail. In mock-infected hSAECs,
IRFI mRNA was expressed 18.2 + 0.7 transcripts per million
(TPM), increasing by 3.2-fold to 59.7 £ 2.3 TPM after RSV
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infection (P <0.0001, post-hoc t test. Figure 8B). Treatment with 3.7 FXBP1s direct[y binds to the core

IREloi reduced IRFI mRNA to 30.2 + 1.2 TPM (P <0.0001. network of cytokine regulatory factors
Figure 8A). Similarly, CSF2 mRNA increased from 1.2 + 0.3 TPM

to 108 + 23.4 TPM after RSV, and was reduced to 36.6 + 12.4 TPM To better understand how XBP1s transactivates the cytokine
after IRElai treatment (P <0.0001, both contrasts, post-hoc t-test,  regulatory factors, we mapped XBPls-associated fragmentation
Figure 8C). Similarly, RSV induced INHBA expression by 40-fold,  patterns from the CUT&RUN analysis to the IRFI, CSF2,
NFKBIA by 6.5-fold, DUSP10 by 3-fold, and IL15 by 5.3-fold, all of ~ INHBA, NFKBIA, IL15, and DUSPI0 genomic loci; these are
which were significantly inhibited by IREloi (Figures 8D-G). displayed using the IGV viewer. In this visualization, we also
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displayed Lys-acetylated H3K27 (H3K27Ac) peaks H3K27Ac
marks as a measure of transcriptionally active chromatin (53).

In the absence of RSV infection, XBP1s binds primarily to a 5
regulatory element of the IRFI gene, with few peaks located in the
proximal promoter (Figure 9A, top track). By contrast, RSV
enhanced binding on the enhancer changing the envelope of
distribution of cleavage sites with broadly increased loading on
the enhancer and further 5 upstream (Padj<0.05, DESEQ2,
Figure 9A, middle track). We also noted that this region lies
within open chromatin with broadly distributed H3K27Ac peaks
(Figure 9A bottom track).

Similar patterns of constitutive and increased loading were
observed for the proximal promoter of CSF2 (Figure 9B), the
intron of INHBA (Figure 9C), the proximal promoter and gene
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body of NFKBIA (Figure 9D), the intron of IL15 (Figure 9E) and the
DUSPI0 intron (Figure 9F). We conclude that FXBP1s binds to the
proximal promoters of this group of cytokine regulators within
transcriptionally active chromatin domains.

3.8 IRF1 mediates type Il IFN expression
and a subset of ISGs in RSV infection

The discrepancy between the RNA-seq and small number of
core regulators identified as direct XBP1s targets suggested to us
that the core regulators may be involved in the regulation of
downstream gene regulatory networks.

To explore this phenomenon, we focused on the role of IRF1 in
RSV induced type I-III IFN expression. For this purpose, we
depleted IRF1 selectively using IRF1 knockdown. hSAECs
transfected with scrambled or IRF1-selective siRNA were mock-
or RSV infected (MOI=1, 24 h) and the abundance of IRF1 was
determined by Western immunoblot. A specific 50 kDa IRF1 band
was detected in mock infected cells that increased 2-fold in response
to RSV infection (Figure 10A). The abundance of IRF1 was depleted
by RNAi by >50% in mock infected cells, and substantially reduced
in RSV infected cells to control levels. Confirmation of knockdown
was confirmed by measurement of IRFI mRNA by Q-RT-PCR
(Figure 10B). The same samples were assayed for type I and III IFNs
and ISGs. We observed that IFNL2 sharply increased to a 25-fold
increase 10 h after infection and fell to 12-fold at 24.h. This
induction was significantly reduced by IRF1 knockdown at both
10 and 24 h (Figure 10C). We observed a similar rapid IL29 mRNA
induction with significant inhibition by IRF1 silencing. The
expression of ISGs, MXI, OASI, TLR2, IFIT1 and IFITM]I
demonstrated peak expression at 24 h, and were substantially
reduced by IRF1 depletion (Figures 10D-I, respectively).
Collectively, these data indicate that IRF1, a direct XBP1s target,
is an upstream mediator of type I-IIT IFN-ISG pathway.

To address the direct effect of IRF1 on ISG expression, we
explored the effect of IRF1 expression. Recognizing that earlier
studies found that high levels of ectopic IRF1 induces programmed
cell death (54), we developed a physiological IRF1 expression system.
Here, hIRF1 was expressed in IRF1-deficient A549 cells produced by
CRISPR/Cas9-directed recombination (A549 cells are a well-
established model for study of RSV-induced innate responses and
were used because these cells tolerated multiple passages required for
selection after CRISPR/Cas9-directed recombination). IRF17~ cells
were transduced with empty lentivirus or hIRF1-expressing lentivirus
expression of type I and III IFNs quantitated. Transduction with the
hIRF1 vector produced a 3.6 + 0.04-fold increase in IRFI expression,
consistent with a physiological induction and produced no
discernable programmed cell death (Figure 11A). Importantly,
IRF1 expression induced a 9.9 + 0.04-fold increase of IFNfi mRNA
(Figure 11B); a 83 + 18-fold induction of IFNL2 mRNA (Figure 11C),
a 2.9 £ 0.1-fold induction of IFITMI mRNA (Figure 11D) and a
robust 186-fold 50-fold induction of MXI (Figure 11E). Interpreting
the KD and physiological expression experiments together, these
experiments provide strong evidence that IRF1 is a direct
transactivator of type I and III IFNs and ISGs in epithelial cells.
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IRFI is a member of a family of inducible transcription factors
whose expression co-regulate the type I IFN response, mediate
oncogenic transformation and activate adaptive immunity (55). Of
these family members, our work has shown that the IRF3
transcription factor has also been implicated in as an auxiliary
transcription factor mediating the coordinated ISG response RSV in
human airway epithelial cells (10, 17, 34). To better understand the
contribution of IRF3 in the IREI1-XBPIs induction of ISGs, we
conducted a series of experiments depleting IRF3 using siRNA.
hSAECs were transfected with IRF3 siRNA or scrambled siRNA
and infected for various times (10, 24 h) with RSV (MOI=1).
Consistent with earlier findings, JRF3 mRNA was not induced
after 10 h of RSV infection and only increased by 1.7 + 0.7-fold
increase after 24 h of infection. In these experiments, IRF3 was
effectively silenced at all time points measured, where IRF3 mRNA
was 20 + 2% in mock-infected IRF3 KD cells vs scrambled
transfectants at 10 h, and 26 + 0.5% at 24 h (Figure 12A).

We further examined the effects of IRF3 KD on type I and
IIT IFNs. Here we noted that the robust 13.6 + 2.6-fold increase
in IFN expression in control transfectants at 10 h was reduced

10.3389/fimmu.2023.1197356

to 3.6 + 0.6-fold in the IRF3 KDs (Figure 12B). And similarly,
IRF3 KD reduced IFNP expression at the 24 h time
point (Figure 12B).

In striking contrast, IRF3 KD had an initial effect on the type III
IFN, IFNLI after 10 h of infection, but did not affect its later
expression at 24 h (Figure 12C). There was no detectable effect on
IFNL2 and IFNL3 expression either at the 10 h or 24 h of RSV
infection (Figures 12D, E). IRF3 KD reduced the early response of
BST2 and IFITM1 mRNAs, but did not affect the 24 h time points
(Figures 12F, G) and had no detectable effect on the MX1 gene
(Figure 12H). IRF3 KD interfered with cellular anti-viral response
to RSV as shown by the 2.5-fold increase in RSV replication after
24 h (Figure 12I). These findings indicate that IRF3 plays an
important anti-viral role mediating primarily IFNP expression
and the early response of the ISGs, BST2 and IFITMI, but does
not play a significant role in type III IFNL-1,-2 or -3 mRNA
response or late responses of MXI, BST2 or IFITMI1. We
conclude the type IIT IFN genes are primarily driven by the
IRE10i-XBP1s-IRF1 pathway, consistent with the RNA seq studies
of IRF1-deficient epithelial cells (56).
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3.9 Validation of IRE1la-XBP1s in RSV-
induced IRF1 expression

We sought to provide direct, independent evidence that the
IRE10.-XBP1s pathway was required for IRFI mRNA expression.
IRElo and XBP1 were depleted separately using shRNA using an
established knockdown system where RSV-induced XBPIls mRNA
was reduced by ~60% and ~85%, respectively (19). In the presence
of RSV infection, both IREIa and XBPI silencing significantly
reduced the expression of IRFI mRNA (by ~50% and ~45%,
respectively) (Figures 13A-C). These data indicate that XBPIs
contributes to RSV-inducible IRF1 expression.

3.10 Functional activity of the XBP1s
binding site in the IRF1 enhancer

Our CUT&RUN data demonstrates that XBP1ls binds to a
putative regulatory element in the 5 flanking sequence of the
IRF1 gene whose fragmentation pattern is significantly modified
by RSV infection (see Figure 9). To determine whether the XBP1s-
binding enhancer is functionally required for inducible IRF1
expression, we tested the effect of targeting the enhancer sequence
with a potent Kriippel-associated box (KRAB) repressor domain

10.3389/fimmu.2023.1197356

(38, 57). In this experiment, hSAECs expressing KRAB-dCas9 were
transduced with non-targeting or IRFI 5 enhancer-targeting single
guide RNA (sgRNA; Figure 13D). Cells were then infected with RSV
for 0, 18 and 24 h and expression of IRFI mRNA determined by Q-
RT-PCR. We observed that the 15.2 + 1.7-fold induction of IRFI
mRNA at 18 h was significantly reduced to 6.4 + 1-fold in the
presence of IRF1 enhancer targeting sgRNA (P<0.0001, post-hoc t
test, Figure 13E). Similarly, the 10 + 1.4-fold increase of IRFI
mRNA at 24 h was reduced to 5.2 + 0.3-fold in the presence of IRFI-
specific sgRNA (p<0.001). We interpret these data to indicate that
the XBP1s binding enhancer element is functionally required for
RSV-induced IRF1 activation.

3.11 XBP1s mediates phospho-Ser 2 Pol II
recruitment to the IRF1 enhancer in the
setting of RSV infection

We next conducted chromatin immunoprecipitation (XChIP)
experiments of the IRFI enhancer in the absence or presence of RSV
infection, or after FXBP1s transduction. Here we observed that RSV
infection enhanced XBP1s binding to the IRFI enhancer.
Additionally, XBP1s binding was significantly reduced by the
treatment with the IRElo inhibitor (Figure 13F). Separately,
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transduction with the FXBP1s-expressing lentivirus produced 5-
fold increase in XBP1s binding over that of empty vector controls
(Figure 13F). These data directly confirm that XBP1s interacts with
IRF1 enhancer, as suggested by the CUT&RUN binding peaks (cf
Figures 13F, Figure 9).

XChIP experiments were next conducted for phospho-Ser 2
RNA Pol II (p-Ser2 Pol II) binding to the IRF1 enhancer. We found
that RSV infection induced a 1.6-fold increase of p-Ser2 Pol II
binding that was completely inhibited by IRElo inhibition
(Figure 13G). Strikingly, despite the strong induction of FXBPIs
binding, FXBP1s transduction alone did not result in recruitment of
p-Ser2 Pol II to the IRF1 enhancer. These data indicate to us that
XBP1s binding is necessary, but not sufficient, for p-Ser2 Pol II
recruitment to the IRF1 enhancer.

4 Discussion

RSV is a major human pathogen that causes hospitalizations in
young children and is associated with a 2-fold increased risk of

10.3389/fimmu.2023.1197356

premature death from respiratory causes in adults (3). Because RSV
replicates to high levels in lower airway epithelial cells, where the
timing and character of the innate immune response mediates the
pathogenesis of disease and resolution, understanding the innate
response in small airway bronchiolar cells is important to
understanding the pathogenesis of disease. In epithelial cells, RSV
replicates in ER-proximal stress granules where it activates innate
pathways controlled by kinase complexes activating MAPK, IKK
and TBKI that exhibit significant cross-talk. In addition to these
well-established innate pathways, our studies have begun to
elucidate the important role of the cellular UPR in the viral stress
response. Here, RSV activation of the highly evolutionarily
conserved IRE1-XBPls arm of the UPR pathway activates
hexosamine biosynthesis to reduce proteotoxicity, induces cellular
plasticity and activates type I (IFNf) and III (IFNL) IFN expression
and hence represents the focus of this study. Type I/IIT IFNs are
epithelial-secreted proteins that activate ~300 ISGs that play
complex roles in limiting RSV infection and spread through
autocrine and paracrine mechanisms to induce an anti-viral

response, regulate translation and control apoptosis (58, 59).
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FIGURE 12

IRF3 mediates type |, but not type Il IFNs in RSV-induced anti-viral response. hSAECs were transfected overnight by control or human IRF3-specific
SiRNA (Dharmacon SMARTpool, 25 nM) using DharmaFECT 1 (2.0 ul per 24-well), followed by 48 h culture in fresh medium. The siRNA transfected
cells were then mock- or RSV-infected for 10 or 24 h. Q-RT-PCR was performed for the mRNA levels of IRF3 (A), IFNB (B), IFNL1 (C), IFNL2 (D),
IFNL3 (E), BST2 (F), IFITM1 (G), MX1 (H) and RSV N (l). Error bars are + SD with four independent replicates. **, P<0.01; ***, P<0.001, post-hoc
analysis. Note the significant reduction in RSV-induced IFNB in IRF3-silenced cells, the lack of effect on IFL2, 3 mRNAs and the promoting effect of
IRF3 knockdown on RSV replication in 24 h. n.s., not significant; *, P<0.05, post-hoc analysis.
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In this study, we integrated RNA-seq and CUT&RUN analyses
to provide insights into gene regulatory networks directly
activated by the IRElo-XBP1s pathway. Strikingly, although
RSV activates ISG expression in a manner sensitive to IRElod
treatment, few ISGs are directly bound by XBP1s. Instead, we are
able to identify a subset of core cytokine regulators that play
important regulatory functions in major signaling pathways

10.3389/fimmu.2023.1197356

important in RSV-induced transcriptional response, including
the MAP kinase, IKK-RelA and TBK1-IFN signaling pathways.
Here we focus on the activation and downstream role of IRF1 on
type I/III IFNs and ISGs. Additional studies will be required to
dissect the role of this group completely, but we are able to
demonstrate the critical role of XBP1s-IRF1 signaling in RSV
activation of type I and III IFNs and ISGs.
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FIGURE 13

IRE1-XBP1s requirement in RSV-induced IRF1 expression. The requirement for IRE1o.-XBP1s in [RFI mRNA expression was examined in hSAECs after
lentiviral silencing. (A) Experimental schematic. (B) Effect of IREla silencing. Nontargeting shRNA and IRElo-targeted shRNA expressing hSAECs were
RSV infected for 24 h (MOI=1) and IRF1 gene expression determined by Q-RT-PCR. Shown are 10-90% interquartile ranges of mRNA fold change
relative to mock infected hSAECs. (C) Effect of XBP1 silencing. Nontargeting and XBP1-targeting lentivirus shRNA transduced cells were infected with
RSV and IRF1 mRNA measured as above. ***, P<0.001, post-hoc analysis. (D) Role of IRF1 enhancer in RSV-induced IRF1 expression. Experimental
schematic. hSAECs expressing NH2-terminal fusion of Krox KRAB repressor domain with enzymatically inactive Cas9 (dCas9) were transduced with
nontargeting or IRF1 5'-enhancer-targeting single guide RNA (sgRNAs). The IRF1-specific sgRNA guides KRAB-dCas9 to the IRF1 5'-enhancer for
transcriptional repression. (E) Effect of KRAB-dCas9 on RSV-induced IRF1 mRNA expression. KRAB-dCas9 expressing hSAECs were transduced with non-
targeting or IRF1 5'-enhancer-targeting sgRNAs. Cells were RSV infected and IRF1 mRNA measured at 0, 18 and 24 h after infection. ***, P<0.001, post-
hoc analysis. (F, G) XBP1s primes phospho-Ser2 Pol Il binding to the /RF1 enhancer. XChIP for XBP1s and p-Ser2 Pol Il binding on the /RF1 5'-enhancer.
hSAECs were mock- or RSV infected (MOI=1, 24 h) in the absence or presence of KIRA8, or transduced with empty lentiviral vector or FXBP1s for 48 h.
For each XChIP, Q-gPCR for IRF1 5'-enhancer abundance was performed. Data are presented as fold change over mock-infected cells. Individual
symbols are biological replicates. (F) XBP1s binding; (G) p-Ser2 Pol Il binding. Error bars are + SD. **, P<0.01, post-hoc analysis.
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Our study identifies IRF1 as a key upstream mediator of the
epithelial anti-viral ISG response, supported by the extensive IRF1
depletion and physiological overexpression experiments. IRF1 is
one of the highly inducible IRF family members in epithelial cells,
whose expression is triggered by IFN-independent and IFN-
dependent mechanisms. Our earlier mechanistic studies have
found that one of the potent IFN-independent, IRF1 activating
pathways was mediated by an inducible NFkB-bromodomain
containing 4 (BRD4) complex. Here, RSV replication triggers the
IkB kinase (IKK) to releasing phosphorylated RelA from
sequestered cytoplasmic stores (51). pRelA is coupled to p300/
PCAF acetylation, promoting Lys310 Ac-RelA to form a complex
with the positive transcription elongation factor, BRD4/CDKO9. The
RelA BRD4 CDKO9, in turn, complex binds to the proximal IRF1
promoter, triggering phospho-Ser 2 carboxy-terminal domain
(CTD) RNA polymerase (Pol) II formation to express IRF1 via a
transcriptional elongation pathway.

The data in this study adds to the complex mode of IRF1
regulation that involves activation by the IRE1o-XBP1s pathway
through a key transcriptional control element in the 5 IRFI
enhancer. Our findings extend this observation to demonstrate
that XBP1s is a component of RSV-inducible enhancer
controlling IRF1 expression, necessary for recruitment of p-Ser2
Pol II. This sequence is enriched in AP1 and RELA sequences,
whose cognate transcription factors are also activated by RSV
infection. This region is therefore a complex regulatory enhancer
binding a myriad of inducible transcription factors.

Using sgRNA-guided site-specific targeting of a potent KRAB
repressor domain to the chromatin, we are the first to demonstrate
that the XBP1s-binding 5-enhancer element of IRFI is functionally
required for viral inducible activation of IRF1 expression. Interestingly,
although XBP1s binds to the IRFI enhancer either in the absence or
presence of RSV infection (Figures 8, 12), ectopic XBPls alone is
incapable of recruiting the activated p-Ser2 Pol IT as does RSV-induced
IRE1-XBP1s. These chromatin immunoprecipitation experiments
suggest that XBP1s is necessary, but not sufficient alone, for RSV-
induced recruitment of activated phospho-Ser2 Pol II to the IRF1 gene.
This phenomenon may suggest that the UPR functions to “prime” the
IFN pathway for robust activation by incorporating a second signal
generated by the PRRs.

Previous work in macrophages have shown that XBP1s alone
does not activate robust IFN production, but, instead, potentiates
IFN expression signaling downstream of TLR3 and TLR4 ligands
(26). Our finding that XBP1s binds to the IRF1 5 enhancer,
producing enhanced cleavage, yet these cleavage patterns are
enhanced by RSV replication suggests that XBP1s binding is
modified by RSV signaling for full activation of the IRF1 gene.
Further understanding of the nature of the RSV-assembled
complexes will require significant advances in chromatin
proteomics of the XBP1s-containing domains.

DNA binding and PCR selection studies seeking to define
XBP1s binding motifs suggests that XBP1s binds to highly
pleiotropic DNA sequences, and that these sequence preferences
are affected by extracellular stimulus, cell-type and differentiation
state. Our experimental design allows us to isolate the effect of
innate stimulus on XBP1s binding patterns, where we find some ~

Frontiers in Immunology

10.3389/fimmu.2023.1197356

786 XBP1s binding sites are affected by RSV infection versus mock-
infected cells. We note that these sequences are enriched in AP-1
and Rel motifs, pathways known to be activated by RSV replication.
We speculate that this phenomenon may be a consequence of RSV
inducing expression of bZIP proteins that could function as XBP1s
heterodimeric partners, such as ATF6 or NFY, affecting sequence
recognition (48, 60). In this regard, we note that XBP1s binding to
an AP-1/CRE element has been reported in the regulation of brain
natriuretic peptide in cardiomyocytes (61). Whether this binding
complex was an XBP1s homodimer or a heterodimeric XBP1s-AP1
complex was not determined. We interpret the enrichment of AP-1/
RelA sequences to suggest that XBP1s cooperates with multiple
other RSV inducible cis regulatory elements in the formation of a
functional IRFI upstream enhancer, likely a transactivating ‘hub’
domain (62). More work will be required to understand how this
complex regulatory element affects other RSV-inducible genes.

Alternatively, the RSV-induced modification of the XBP1
binding on the IRFI enhancer may be the consequence of XBP1s
complexing with non-DNA binding chromatin regulatory proteins.
The innate signaling pathways activated by RSV show extensive
cross-talk with interactions between UPR with MAPK, TBK1 and
IKK signaling complexes. Of significance, we recently found that
IKKP directly complexes with and phosphorylates XBP1s in
response to TGFf stimulation (63). Whether XBP1s-IKKf
complex is formed in response to RSV infection or interacts with
the IRFI 5’-enhancer is an exciting question and will be the focus of
future investigation.

Once induced, IRF1 mediates a dramatic ISG amplification,
activating IRF transcription factors, IFNs and PRRs (10, 17, 64).
With upregulation of the RIG-I and TLR PRRs, additional molecular
patterns formed by RSV replicating in the cytoplasmic stress granule
further amplify the ISG response. This IFN positive-feedback loop
enables a robust response to replicating virus, and their secretion
primes neighboring epithelial cells to elicit a protective antiviral state,
commit to apoptosis, or activate macrophages, NK cells, and DCs that
play important roles in adaptive immunity. Earlier work has
identified the presence of STAT- and IRF1 binding enhancers that
serve as a transcription factor “hub” important in IFNo-and LPS-
responsive gene clusters (62). These data suggest that the XBPls-
catalyzed IRF1 expression may induce substantial genomic structural
rearrangement to promote anti-viral immunity. The role of IRFI in
chromatin looping and formation of transcription factor “hubs” will
be subjects of future investigation.

The actions of IRF1 on type I and IIT IFNs and ISG expression
are further underscored by experiments employing silencing IRF1
and physiological expression of IRF1. Both of these experiments
converge on the conclusion that IRF1 is functionally a direct
transactivator of ISGs in epithelial cells, further strengthening the
conclusions of this study. Our previous work examining the role of
IRF1 clearly demonstrates that IRFI is responsible for substantial
anti-viral protection from RSV and RV infection in the type III IFN
(34). Finally, our findings from IRF3 silencing show that IRF3 has
little effect on type III IFN expression indicates the IRF3 and IRF1
pathways are complementary to a full antiviral response.

In summary, we advance the understanding of the IRE10--XBP1s
pathway in activation of the IIR. We demonstrate XBP1s regulates the
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expression of a group of cytokine regulators, including IRF1 through
a 5 enhancer. Using chromatin IP and genome-targeting KRAB
repressor domain, the IRF1 enhancer and its binding by XBP1s are
shown to be required for IRF1 expression, providing novel insights
into how the UPR mediates inflammation and anti-viral activity in
response to RSV infection in the small airways.
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