Articles

Mechanistic analysis of an IRF7-dependent pathway in virus-
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Summary

Background Chronic lung allograft dysfunction (CLAD) significantly limits long-term survival of lung transplant
recipients, with viral infections acting as critical contributors to its pathogenesis. The mechanisms linking viral
infections to CLAD-associated airway fibrosis remain incompletely understood. This study investigates the role of
the type I interferon (IFN) master regulator IRF7 in virus-induced airway fibrogenesis.

Methods CLAD (Bronchiolitis obliterans syndrome (BOS)), Stable LTx, and non-transplanted lung tissues were
analysed by spatial transcriptomics (GeoMx; n = 5 CLAD (BOS), n = 3 Stable LTx, n = 3 controls), Western
blotting, and immunostaining. Primary bronchial epithelial cells in air-liquid-interface (ALI) culture and a
human precision-cut lung slice (PCLS) ex vivo model were exposed to Influenza A virus (IAV) with or without
IRF7 silencing, IL-33 blockade, or MMP-9 inhibition. Group comparisons used Mann-Whitney tests and one-way
ANOVA with Tukey’s post hoc test; spatial differential expression used linear models with Benjamini-Hochberg
correction (o = 0.05).

Findings Spatial transcriptomics identified enrichment of IFN-stimulated genes including IRF7, STAT1, IFI44L, and
GBP1 in the CLAD (BOS) epithelial compartment alongside antiviral effector genes (DDX58, TLR3) and pro-fibrotic
programmes (TGFB1, SMAD2/3, ACTA2). Western blotting confirmed significantly increased IRF7 and
phosphorylated IRF7 with airway-centric distribution in CLAD (BOS) (p < 0.01; n = 3-4). IAV exposure
upregulated IRF7, a-SMA, SMAD2/3, and soluble collagen in ALI cultures (all p < 0.01; n = 3-6); IRF7 silencing
attenuated these markers and reduced virus-induced IL-33 at mRNA and protein levels (p < 0.05). IL-33 blockade
independently reduced a-SMA (p < 0.05), confirming IL-33 as a downstream IRF7 mediator. IAV increased
MMP-9 secretion (p < 0.0001); IRF7 or IL-33 blockade attenuated MMP-9, while MMP-9 inhibition reduced
a-SMA (p < 0.0001). All findings were replicated in human PCLS (p < 0.05; n = 5-6).

Interpretation These findings delineate an IRF7-1L-33-MMP-9 axis linking viral infections to airway fibrogenesis,
offering mechanistic insight into CLAD (BOS) pathogenesis. Therapeutic targeting of this pathway may mitigate
fibrotic remodelling in lung transplant recipients.
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Research in context

Evidence before this study

We searched PubMed, Embase, Web of Science, and bioRxiv/
medRxiv from Jan 1, 2000 to Sept 18, 2025 (no language
limits), and hand-searched reference lists. Terms included
“lung transplant*”, “CLAD”, “bronchiolitis obliterans”, “viral
infection”, “type | interferon”, “IRF7", “IL-33", “MMP-9”,
“epithelium”, and “spatial transcriptomics”. Prior work linked
antiviral/IFN signalling with epithelial injury and remodelling,
but direct causal data connecting IRF7 to an IL-33-MMP-9
pathway in human allografts were lacking; spatial studies
were few, small, and largely descriptive.

Added value of this study
Using human transplant tissue with concise spatial profiling
plus orthogonal functional models (virus-injury ALl and

Introduction

Lung transplantation remains the only curative therapy
for patients with end-stage lung diseases who are
deemed candidates, yet long-term survival is curtailed
by chronic lung allograft dysfunction (CLAD), affecting
more than half of recipients within five years.'”
Importantly, pulmonary viral infections, particularly
cytomegalovirus (CMV) and community-acquired res-
piratory viruses including influenza, respiratory syncy-
tial virus and human metapneumovirus among others,
as key contributors to CLAD onset.“* These viral path-
ogens inflict direct cytopathic injury on the graft and
precipitate exuberant host inflammation leading to
acute lung injury and activating downstream fibro-
genesis.”* However, the molecular circuitry that links
host-viral response to progressive airway fibrosis is not
well delineated.

Type I interferons (IFNs) coordinate first-line anti-
viral defence, with interferon-regulatory factor-7 (IRF7)
acting as the master transcriptional amplifier of this
pathway.”"® Paradoxically, chronic IRF7 activation has
been associated with extracellular matrix deposition and
fibrotic remodelling in lung disease,''? suggesting a
double-edged role in tissue repair. Downstream, the
epithelial alarmin interleukin-33 (IL-33) is induced by
viral infections and can propagate epithelial-to-
mesenchymal transition and extracellular-matrix turn-
over via matrix metalloproteinase-9.”* Whether an
IRF7-driven IL-33/MMP-9 axis underlies virus-induced
airway fibrosis in lung allografts has not been explored.

Here, we combine spatial transcriptomics of CLAD-
afflicted lung explants, in vitro air-liquid interface
epithelial model, and ex vivo precision-cut lung slices
(PCLSs) exposed to influenza A to test the hypothesis
that viral infection activates an IRF7-dependent IL-33/
MMP-9 feed-forward loop that drives airway fibro-
genesis and contributes to CLAD (BOS). Defining this

human PCLS), we identify and intervene on an IRF7-IL-33-
MMP-9 axis driving epithelial inflammation and profibrotic
remodelling relevant to CLAD (BOS). Genetic/pharmacologic
modulation of pathway nodes attenuates key inflammatory
and matrix-remodelling readouts, moving beyond
association and towards causality.

Implications of all the available evidence

Findings support a translational framework in which
transient modulation of IRF7/IL-33/MMP-9 after viral injury
may reduce airway remodelling and CLAD(BOS) risk. This axis
yields candidate airway biomarkers for risk stratification and
druggable targets compatible with post-transplant care,
motivating prospective biomarker-guided studies and early-
phase trials to preserve long-term graft function.

pathway may reveal therapeutic windows in which tar-
geted IRF7 inhibition preserves antiviral immunity
while attenuating profibrotic signalling.

Methods

Ethics

The study was approved by the Institutional Review
Board at Massachusetts General-Brigham (MGB)
(IRB#2022P000210) and University of South Florida
(Pr000032158). Demographics and characteristics of the
study participants are presented in Supplementary
Tables S1 and S2. Written informed consent was pro-
vided by all participants. This study was conducted in
accordance with the ethical principles of the Declara-
tion of Helsinki.

Subjects, and human specimens

Lung tissue used for our spatial transcriptomics in-
cludes (1) explanted allograft tissue from lung trans-
plant recipients undergoing repeat transplantation for
CLAD-bronchiolitis obliterans syndrome phenotype
(CLAD-BOS), (2) transbronchial biopsies (from pa-
tients with no CLAD at 5 years post-lung transplant
and no prior episodes of acute rejection, or antibody
mediated rejection (hence referred as stable LTx), (3)
lung tissues from non-transplanted organ donors
(hence referred to as controls). For the in vitro exper-
iments, we utilised CLAD explant tissues (re-trans-
plantation of CLAD-BOS subjects) and Stable LTx
(from autopsy of Stable LTx recipients with non-lung
related deaths, details in Supplementary Table S1).
The pathology core processed both CLAD explants and
control specimens using the same processing protocol.
These lung tissues were processed and used for
downstream experiments using previously published
methodology.’
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GeoMX digital spatial profiling

Using our previously published methodology,'*'” paraffin-
embedded tissues (CLAD (BOS) n = 5, Stable LTx n =3
and controls, n = 3) were processed and analysed using a
combination of fluorescently labelled antibodies, anti-
CD31, PanCK, CD45 (Supplementary Table S3). Selec-
tion of regions of interest (ROI, 9-12 per patient) was
performed wusing immunofluorescent staining, the
cellular immunofluorescent profile, and the pathological
features of CLAD observed in the H&E-stained sections
based on established protocol.® Sequencing with the
Nanostring GeoMx platform was performed on the RNA
probe tag and not on the transcript itself, providing less
sequencing bias and a more accurate transcript count.
Downstream Dbiostatistical analyses were conducted on
the total spatial transcriptome (unsegmented), compart-
ments and details are provided in statistical analyses
section below and in the Supplementary Text. Portions of
the spatial transcriptomic cohort analysed in this study
were included in our prior publication describing AP-
1-associated transcriptional programmes in chronic lung
allograft dysfunction (CLAD)." The present study ad-
dresses a distinct biological question focused on epithelial
interferon/IRF7 signalling and incorporates additional
mechanistic validation experiments.

Generation of precision-cut lung slices, infection
exposure and shRNA silencing

Control lungs were used to generate PCLS using pre-
viously published methodology. Sections were revived
in DMEM supplemented with antibiotics and grown for
72 h, when virus (A/Hong Kong/8/1968 H3N2, ATCC)
in MOI of 1.0 was added for 7 days. IRF7 shRNA
plasmid complete kit (Origene, cat. TR315487) was
used to suppress IRF7 expression in PCLS and were
transfected with either IRF7-specific or control shRNA
plasmid in the absence of antibiotics in the culture
media. After 3 days of transfection, IRF7 expression
was assessed using immunofluorescence microscopy.

Generation of air-liquid interface epithelial cell
culture model

PBECs (Lonza, Catalogue CC-2540) were cultured in
BGEM medium, transfected with IRF7-specific or con-
trol shRNA, and IRF7 knockdown was confirmed by
Western blot. Cells were seeded onto 12-well transwells
(0.4 pm, Sigma-Aldrich) and, after reaching confluency,
differentiated at the air-liquid-interface (ALI) using
PneumaCult ALl medium (STEMCELL Technologies).
After two weeks, cultures were either mock-treated or
infected with H3N2 virus every other day for one week.
Supernatants were collected, and soluble collagen was
quantified using the Sircol Assay (Biocolour).

Immunofluorescence and trichome staining

PCLS and ALI sections were immunostained following
PBS washes and overnight incubation at 4 °C with
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antibodies against IRF7, a-SMA, MUCS5AC, and H3N2
haemagglutinin (HA) in blocking buffer. Sections were
then incubated with secondary antibodies: anti-rabbit
IgG Fab2 Alexa Fluor® 488 (Cell Signalling), goat
anti-mouse IgG Alexa Fluor® 594 (Abcam), and
donkey anti-goat IgG Alexa Fluor Plus 594. Mounting
was performed with VECTASHIELD® Antifade with
DAPI (Vector Labs). Fluorescent images were acquired
using an Olympus VS120 microscope at 40X for ALI
and 25X for PCLS and analysed in FIJI-Image]. PCLS
were stained with the Abcam Trichrome Staining Kit
(ab150686). Images were deconvoluted and thresholded
in Image] to quantify the stained area. For immuno-
fluorescence quantification, 3—4 image fields per pa-
tient were acquired to capture all visible airways and
averaged to yield a single value per biological specimen.
Details of antibodies are provided in Supplementary
Table S3.

Western blotting and real time PCR

Proteins from cell lysates were separated by SDS-PAGE,
transferred to PVDF membranes, and probed with spe-
cific primary and HRP-conjugated secondary antibodies.
Bands were visualised using a gel documentation sys-
tem, and densitometry was performed with Image],
normalised to GAPDH. For gene expression analysis,
RNA from virus-treated IRF7-shRNA and control PBECs
was reverse transcribed, and qPCR was performed using
SYBR Green. Relative expression was calculated using
the 2-AACt method. Antibody (Supplementary
Table S3) and primer (Supplementary Table S4) details
are provided in the Supplementary Text.

MMP-9 ELISA

Processed ALI culture supernatants in the lower
compartment of 12 well trans well plates treated with
virus (H3N2) in presence or absence of MMP-9 blocker
and anti ST2 were harvested and quantified for with
Human MMP-9 ELISA Kit - Quantikine (Catalogue #
DMP900) using the Manufacturer’s instructions.

Statistics

For statistical testing of experimental data, normality
was assessed by the Shapiro—Wilk test followed by an
unpaired t-test or Mann-Whitney test for two-group
comparisons, or one-way ANOVA with Tukey’s multi-
ple comparison post-test for analyses involving more
than two groups. A 2-tailed alpha cutoff of 0.05 was
used for statistical significance. For GeoMx spatial
transcriptomic analyses, ROIs were excluded if they
exhibited less than 80% sequencing alignment, 50%
sequencing saturation, or fewer than 100 nuclei. Outlier
probes were identified using Grubbs’ test. The limit of
quantification (LOQ) was defined as two geometric
standard deviations above the geometric mean of
negative probes. Segments with a gene detection rate of
less than 10% were excluded from further analysis, and
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genes were filtered if their counts fell below the LOQ in
at least 10% of the remaining segments.

Raw transcript counts were normalised using the
75th percentile (Q3) method and subsequently log,
transformed. Differential gene expression (DGE) be-
tween CLAD (BOS), Stable LTx, and controls was per-
formed using the limma linear modelling framework.
To account for technical variation across the cohort,
slide-to-slide variation was incorporated as a blocking
factor in the design matrix. Empirical Bayes moderation
was applied using the eBayes function to identify sig-
nificant differentially expressed genes (DEGs). Genes
were considered significant at a Benjamini-Hochberg
adjusted p < 0.05. For volcano plot highlighting and
pathway visualisation, an additional absolute log, fold
change threshold of >0.5 was utilised to prioritise bio-
logically relevant candidates. Functional enrichment
and pathway analysis were conducted using cluster-
Profiler and Enrichr, querying the KEGG 2021, GO
Biological Process, and Reactome databases. Likewise,
for validation purposes Single-cell RNA sequencing
data from CLAD and control lung transplant recipients
were obtained from the Gene Expression Omnibus
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(GEO; accession GSE224210).”; BAM files were con-
verted to FASTQ format using the 10x Genomics
bamtofastq utility and processed with Cell Ranger
(v5.0.1, 10x Genomics). SoupX was used to estimate
ambient RNA and adjust counts; Seurat objects were
created from the corrected count matrices, retaining
cells with >500 features and >800 UMI, <20% mito-
chondrial reads, and <2.5% haemoglobin gene expres-
sion (HBA1, HBB). scDblFinder was used to identify
and remove doublets. Data were normalised, variable
features selected and PCA performed. Samples were
merged into a Seurat object. Cell types were annotated
using a previously published dataset” using the Seurat
FindTransferAnchors and TransferData functions. For
pathway analysis, two epithelial cell subsets were
defined: (1) club and ciliated cells, and (2) all epithelial
cell types (club, ciliated, alveolar type 1, alveolar type 2,
goblet, mucous, ionocyte, basal, differentiating basal,
proliferating basal, and proximal basal cells). Within
each subset, differential gene expression between
CLAD and CTRL was assessed using the FindMarkers
Seurat (v5) function (Wilcoxon) with no log2FC
requirement and minimum detection rate of 5%. Genes
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Fig. 1: Spatial transcriptomic analysis reveals compartment-resolved enrichment of interferon-stimulated and antiviral genes in CLAD.
(A) Representative immunofluorescence images of compartment region of interest (ROI) selection in Stable LTx and CLAD (BOS) lung tissue
sections, using CD-31 (red, endothelial), Pan-CK (green, epithelial), and CD-45 (purple, immune) markers. (B) Differential expression of
canonical IFN-stimulated genes (ISGs) in the epithelial (Pan-CK+) compartment visualised using hierarchical clustering. CLAD (BOS) samples
show distinct enrichment of type I interferon (IFN) signature genes relative to Stable LTx. Pathway colour bar indicates gene family: IRF
Family (blue), JAK-STAT (cyan), IFN Receptor (purple), ISG (orange), Feedback (green), Other (grey). SOCS3 upregulation in CLAD (BOS)
reflects feedback inhibition of chronic IFN activation. Colour scale indicates relative gene expression (log2-transformed counts). (C) Differ-
ential expression of antiviral response genes in the epithelial compartment visualised using hierarchical clustering. CLAD (BOS) samples show
enrichment of PRR/Sensing (red), Antiviral Effector (orange), NF-kB/Signalling (blue), Antigen Presentation (purple), Cytokines (green), and
Other (grey) pathway genes relative to Stable LTx. Colour scale indicates relative gene expression (log2-transformed counts).
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were ranked by average log2 fold-change, with positive
values indicating higher expression in CLAD.
Pre-ranked gene set enrichment analysis (GSEA) was
performed using fgsea with a minimum gene set size of
10 and a maximum of 500. Gene sets were from the
Molecular Signatures Database via the msigdbr R
package: all 50 Hallmark gene sets and a curated
subset of Reactome pathways selected for relevance to
interferon/IRF signalling, innate and adaptive immu-
nity, fibrosis and extracellular matrix remodelling,
epithelial injury, apoptosis, and inflammatory signal-
ling. Normalised enrichment scores (NES) were
computed to enable comparison across gene sets of
different sizes; positive NES indicates pathway
enrichment among genes upregulated in CLAD, and
negative NES indicates enrichment among genes
downregulated in CLAD. Statistical significance was
assessed using the Benjamini-Hochberg-adjusted p-
value (FDR), with thresholds of FDR <0.05 (*), FDR
<0.01 (**), and FDR <0.001 (***). Results visualised as
horizontal bar plots displaying the NES for the top
significant pathways in each direction, with gene
counts annotated within bars. Illustrations were
generated using R, BioRender and Illustrator.
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Role of funders
Funders had no role in study design, data collection,
data analysis, interpretation, or writing of the report.

Results

Spatial transcriptomic analysis reveals enrichment
of antiviral immune pathways and elevated
expression of type | interferon-stimulated genes in
CLAD

To determine whether antiviral immunity and specif-
ically type I IFN signalling was dysregulated in CLAD,
we performed spatial transcriptomic profiling on CLAD
(BOS) explants, stable LTx transplant tissue, and con-
trols. Compartment-specific ROIs were defined using
immunofluorescence for CD31 (endothelial), Pan-CK
(epithelial), and CD45 (immune cells) (Fig. 1A,
Supplementary Figs. S1-S3). Gene set enrichment
analysis of the total spatial transcriptome (unseg-
mented) revealed significant upregulation of several
immune and fibrotic pathways in CLAD compared to
Stable LTx tissue, including TNF signalling, IL-17 sig-
nalling, AGE-RAGE signalling, and NF-«B signalling,
alongside pathways related to antiviral immunity
(Supplementary Fig. S4). More granular compartment-
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Fig. 2: IFN response, antiviral, and fibrotic gene programmes are enriched in the bulk spatial compartment in CLAD (BOS). (A) Heatmap
showing differential expression of IFN response genes in the bulk compartment across CLAD (BOS), Stable LTx, and control groups. Pathway
colour bar indicates gene family: IRF Family (blue), JAK-STAT (cyan), IFN Receptor (purple), ISG (orange), Feedback (green), Other (grey).
Colour scale indicates relative gene expression (log2-transformed counts). (B) Heatmap showing differential expression of antiviral response
genes in the bulk compartment across CLAD (BOS), Stable LTx, and control groups. Pathway colour bar indicates: PRR/Sensing (red), Antiviral
Effector (orange), NF-xB/Signalling (blue), Antigen Presentation (purple), Cytokines (green), Other (grey). Colour scale indicates relative gene
expression (log2-transformed counts). (C) Heatmap showing differential expression of fibrotic pathway genes in the bulk compartment across
CLAD (BOS), Stable LTx, and control groups. Pathway colour bar indicates: Collagen (red), ECM Marker (orange), TGF-p Signalling (blue), ECM
Remodelling (green), Other (grey). Colour scale indicates relative gene expression (log2-transformed counts).
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resolved analysis demonstrated marked enrichment of
type I IFN-stimulated genes (ISGs) in the epithelial
compartment of CLAD, including IRF7, IRF1, IRF9,
STAT1, IF144L, IF127, and GBP1, consistent with an
activated type I IFN response (Fig. 1B). Distinct antiviral
effector genes including RSAD2, DDX58, ZC3HAV1,
and TLR3 were similarly enriched in the CLAD epithelial
compartment, suggesting active innate viral sensing
(Fig. 1C). SOCS3, a known negative regulator of JAK-
STAT signalling, was significantly upregulated in
CLAD, suggesting compensatory feedback regulation of
the type I IFN response. These IFN and antiviral signa-
tures were similarly enriched in endothelial and im-
mune compartments in CLAD (Supplementary Fig. S5).
Importantly, bulk compartment analysis also revealed
upregulation of profibrotic gene programmes in CLAD,
including collagens (COL1A1, COL3A1), TGF-p pathway
components (TGFB1, TGFBR1/2, SMAD2/3), and ECM
remodelling markers (ACTA2, FN1, VCAN), consistent
with active fibrogenesis co-localising with the innate
immune response (Fig. 2A-C). Further, to validate some
of our observations, we conducted gene set enrichment
analyses of club + ciliated epithelial cells from an inde-
pendent publicly available scRNA-seq dataset
(GSE224210)* that showed interferon and innate
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immune pathways significantly enriched in CLAD
airway epithelium compared to controls, confirming
increased IFN and innate immune signatures in
epithelial cells (Supplementary Fig. S6).

Taken together, these spatial transcriptomic data
demonstrate that antiviral immune activation and type I
IFN signalling are broadly enriched in CLAD, and are
accompanied by upregulation of profibrotic gene pro-
grammes, supporting a mechanistic link between viral
immune sensing and fibrosis in CLAD.

CLAD-afflicted lungs show increased IRF7
expression

Given the increase of type 1 IFN activation in CLAD
spatial transcriptomic analyses and the central role of
type 1 IFN in antiviral immunity, we further explored
the role of type 1 IFN master regulator IRF7 in CLAD.
IRF7 is key to the activation of downstream IFN-
stimulated genes.”” To confirm whether type 1 IFN
response was indeed upregulated in CLAD, we first
measured the protein expression of IRF7 (as a surro-
gate for increased type 1 IFN response) along with the
active form of IRF7 and phosphorylated IRF7 (pIRF7)
in CLAD and Stable LTx whole lung lysates. Western
blot analyses showed increased IRF7 (p < 0.01,
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Fig. 3: IRF7 and pIRF7 are increased in human CLAD (BOS). (A) Representative Western blot images showing IRF7 and pIRF7 in CLAD (BOS)
and Stable LTx whole lung lysates. Densitometric analyses of the above blots (fold change relative to Stable LTx) showing protein expression
of (B) IRF7 and (C) pIRF7 in CLAD (BOS) and Stable LTx whole lung tissue (Stable LTx n = 3, CLAD (BOS) n = 4). Error bars represent
mean + SEM. **p < 0.01, unpaired t-test. (D) Representative immunofluorescence images showing H&E, Trichrome, DAPI (blue), IRF7
(magenta), and merged DAPI/IRF7 channels in Stable LTx and CLAD (BOS) lung tissue sections, demonstrating airway-centric distribution and
increased IRF7 expression in CLAD (BOS). (E) Corresponding Integrated Intensity/cell of IRF7 in human CLAD (BOS) and Stable LTx specimens.
Each data point represents the mean integrated IRF7 intensity/cell averaged across 3-4 image fields per patient (Stable LTx n = 3, CLAD (BOS)
n = 4); group data presented as mean + SEM; *p = 0.017, unpaired t-test.
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unpaired t test) and pIRF7 expression (p < 0.01, un-
paired t test) in CLAD (Fig. 3A-C). Next, to localise the
distribution of IRF7 in the lung, we conducted immu-
nostaining. Our results demonstrated an airway-centric
distribution and increased IRF7 expression in CLAD
(p = 0.017, unpaired t test) (Fig. 3D). Antibody speci-
ficity for IRF7 immunofluorescence was confirmed by
secondary-only controls, and increased pIRF7 expres-
sion in CLAD was further validated by immunohisto-
chemistry (Supplementary Fig. S7).

Virus exposure induces IRF7 expression and
fibrogenesis, while IRF7 silencing attenuates it
Type 1 IFN responses are key to viral immunity; how-
ever, their activation can also impact downstream pro-
fibrotic and pro-inflammatory signalling pathways.**
Emerging literature has implicated a role for IRF7 in
fibrosis.?** As a proof of concept, we used Influenza A
(IAV) to delineate the impact of viruses on IRF7 acti-
vation and downstream fibrogenesis. We used an ALI
primary bronchial epithelial cell (PBEC) model to
mirror the airway epithelium and explore the role of
viruses on IRF7 activation and fibrogenesis. Exposure
to IAV resulted in significant upregulation of IRF7

comparison test) and key fibrotic markers, including
aSMA, SMAD 2/3, and collagen (Fig. 4A-E). To deter-
mine whether IRF7 was contributory to ongoing fibro-
genesis, we conducted shRNA-mediated IRF7 silencing
followed by IAV exposure. We detected a significant
reduction in fibrogenesis with IRF7 silencing (Fig. 4A
and B), as evidenced by reduced aSMA (p < 0.01,
Mann-Whitney U test), SMAD 2/3 (p < 0.05,
Mann-Whitney U test), and collagen (p < 0.01,
Mann-Whitney U test) (Fig. 4C-E). Further IRF
silencing also attenuated airway mucogenesis
(MUCSAC expression) in our ALI model (Fig. 4F).
Next, to validate and elucidate its human translational
relevance, we repeated the same exposures in a human
PCLS ex vivo model, in which airway (f-tubulin+) and
vascular (vWF+) compartments were confirmed by
immunofluorescence (Supplementary Fig. S8). Viral
infection of PCLS was confirmed by haemagglutinin
(HA) immunofluorescence (Supplementary Fig. S9).
Similar to our ALI model, IAV exposure significantly
upregulated IRF7 (p < 0.01, Mann-Whitney U test) and
activated fibrogenic markers (aSMA, p < 0.01,
Mann-Whitney U test) (Fig. 5A and B), while IRF7
blockade (Fig. 5C) attenuated the development of

(p < 0.01, one-way ANOVA with Tukey’s multiple  fibrosis (Collagen-Trichome staining), p < 0.05,
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Fig. 4: Virus exposure induces IRF7 and airway fibrogenesis in the air-liquid-interface PBEC model, and IRF7 silencing attenuates it. (A)
Representative Western blots showing protein expression of IRF7, a-SMA, and SMAD2/3 in stably expressing control (Ctr) shRNA and IRF7
shRNA primary bronchial epithelial cell (PBEC) cell line air-liquid-interface (ALI) cultures in the presence and absence of Influenza A virus (IAV).
Densitometric analyses of the above blots showing protein expression of (B) IRF7, (C) a-SMA, and (D) SMAD2/3 in Ctr shRNA and IRF7 shRNA
PBEC cell line ALI cultures (n = 6 each). Error bars represent mean + SEM. *p < 0.05, **p < 0.01, Mann-Whitney test for 2 samples, one way
Anova with Tukeys multiple comparison test for >3 groups (E) Sircol assay showing fold change soluble collagen content in the ALI culture
supernatants from the above experiments (n = 3 each). Error bars represent mean + SEM. **p < 0.01, Mann-Whitney test. (F) Representative
immunofluorescence images showing DAPI (blue) and MUCSAC (red) of stably expressing control shRNA and IRF7 shRNA cell line ALI cultures
exposed to IAV, demonstrating attenuation of airway mucogenesis with IRF7 silencing.
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Mann-Whitney U test (Fig. 5C and D, Supplementary
Fig. $10).

Influenza a exposure induces IL-33 and IRF7
blockade attenuvates it

Previously, we reported elevated levels of IL-33 in CLAD
and a regulatory role for IL-33 in microbe induced
airway fibrogenesis.” Due to IRF7 being a well-known
regulator of IL-33 expression,” we further delineated
intercurrent mechanisms by exploring the IL-33
response upon IAV exposure in our ALI model and
identified IL-33 induction (p < 0.05, one way Anova,
with Tukey’s multiple correction test) occurred with
viral exposure (Fig. 6A and B). To decipher whether
viral-induced IRF7 and IL-33 activations were inter-
linked, we conducted IRF7 shRNA blockade and
repeated the virus exposure and found a significant
reduction in IL-33 expression (p < 0.05, one way Anova,
with Tukeys multiple correction test) at both mRNA
and protein levels compared to controls, suggesting a
regulatory role of IRF7 in viral-induced IL-33 produc-
tion (Fig. 6A and B, Supplementary Fig. S11). Next, to
determine if IL-33 was downstream of IRF7 in activa-
tion of pro-fibrotic responses, we conducted IL-33
blockade with and without IRF7 silencing in the

presence of virus exposure. IL-33 blockade alone in the
virus-exposed ALI model attenuated aSMA protein
expression (p < 0.05, one way Anova, with Tukeys
multiple correction test (Fig. 6C blot lane 2 and 6,
Fig. 6D Bar 1 and 3). However, no significant change in
aSMA protein expression with virus exposure was
observed in IL-33 blockade, once IRF7 was blocked
(Fig. 6C blot lane 4 and 8, Fig. 6D Bar 2 and 4) sug-
gesting the upstream regulatory role of IRF7 in this
cascade. Likewise, no significant change in aSMA
protein expression was observed in virus exposed to
ctrshRNA versus IRFShRNA ALI model with IL-33
blockade (Fig. 6D Bar 3 and 4). These data suggest
that IL-33 is a downstream mediator to IRF7 in viral-
induced fibrogenesis.

MMP-9 blockade attenuates virus-mediated
fibrogenesis

Matrix metalloproteinase (MMP) 9 cleaves latent TGFb
to the active form and activates the TGFb/SMAD
fibrogenic axis, thus is a key contributor to lung
fibrosis.” By directly degrading extracellular matrix and
activating repair and regenerative processes, MMP-9
augments fibrogenesis.” Moreover, IL-33 induces and
regulates MMP-9 secretion.” Taken together, we
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Fig. 6: Virus induces IL-33 via IRF7 and IL-33 blockade attenuates virus-induced fibrogenesis. (A) Representative Western blots showing
protein expression of IRF7 and IL-33 in stably expressing control shRNA and IRF7 shRNA primary bronchial epithelial cell (PBEC) cell line air-
liquid-interface (ALI) cultures in the presence and absence of Influenza A virus (IAV). (B) Densitometry fold change protein expression of IL-33
in control shRNA and IRF7 shRNA PBEC cell line ALl cultures in the presence and absence of IAV (n = 4 each). Error bars represent
mean + SEM. *p < 0.05, 1-way ANOVA with Tukey’s multiple comparison post-test. (C) Representative Western blots showing protein
expression of IRF7 and a-SMA in stably expressing control shRNA and IRF7 shRNA PBEC cell line ALI cultures in the presence and absence of
IAV and IL-33 blockade. (D) Densitometry fold change of a-SMA protein expression in stably expressing control shRNA and IRF7 shRNA PBEC
cell line ALl cultures in the presence and absence of IAV and IL-33 blockade (n = 4 each). Error bars represent mean = SEM. *p < 0.05,
**p < 0.01, ns = not significant, 1-way ANOVA with Tukey’s multiple comparison post-test.

investigated mechanisms involved in viral-mediated
fibrogenesis by evaluating MMP-expression after IAV
exposure. We discovered MMP-9 expression increased
(p < 0.0001, 1-way ANOVA with Tukey’s multiple
comparison post-test) with virus exposure (Fig. 7A, B,
and D), and IRF7 or IL-33 blockade attenuated this
response (p < 0.0001, 1-way ANOVA with Tukey’s
multiple comparison post-test) (Fig. 7B and C), indi-
cating MMP-9 activation was downstream of both IRF7
and I[L-33. To further delineate this pathway, we
measured MMP-9 protein levels in cell culture super-
natants of our IRF7-silenced ALI model exposed to IAV
with and without IL-33 blockade and found no differ-
ence in secreted MMP-9 levels between the 2 groups
(Fig. 7D). Therefore, our findings suggest that IRF7 is
upstream of IL-33 followed by MMP-9 distally. Finally,
we sought to identify whether MMP-9 was the distal
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mediator in viral-induced fibrogenesis. To ascertain
that, we conducted MMP-9 small molecule blockade in
our viral-exposed ALI model and found that MMP-9
blockade attenuated oSMA protein expression
(p < 0.01, 1-way ANOVA with Tukey’s multiple com-
parison post-test) (Fig. 7E and F), suggestive of MMP-9
being a distal mediator of viral-induced fibrogenesis.

Discussion

Viral exposure is a well-recognised risk factor for the
development of CLAD after lung transplantation.’ Yet,
the profibrotic signals that convert acute injury into
airway remodelling and fibrosis remain poorly defined.
Leveraging spatial transcriptomics, explanted CLAD
tissue, and complementary ALI and PCLS models of
viral exposure, we delineate an IRF7-centered type I


http://www.thelancet.com

Articles

10

157 sokkok Aok
A o c 1 5 B C 15 Aok
Qg —
= . E 101 E
o 91.0 o 5 10
oa ; c
3 s 5 3 . 5
5505 | = =
=1 0
]
L T 0.0 S . 00—
CtrSh IRF7Sh $ & & L &
Virus Ctrsh IRF7sh 4\ A—
D 1o0- ns IL33 blocker
8_ o a * | E F 25_ ****
£ . ‘ (] MMP9 blocker 2.0
261 ! . NT Virus NT Virus P
o e
o <) 1.5
s o e . asMA |G €00 G 8 2k £ %
= .
N 5 g 1.0
GAPDH| wmmw = ssme @ |37KD S = 0.5
0 ; T r G
& ) & o y S
AR < <& 0 S & & &
IL33 blocker < =\
RF7sh MMP9 blocker
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a-SMA in virus-exposed ALI PBEC model with and without MMP-9 blockade. (F) Densitometry fold change protein expression of a-SMA in
IAV-exposed ALl PBEC model with and without MMP-9 blockade (n = 5 each). ****p < 0.0001, **p < 0.01, ns = not significant, 1-way ANOVA

with Tukey’s multiple comparison post-test.

IFN activation programme that drives the IL-33-MMP-
9 cascade culminating in airway fibrosis (Fig. 8).
Blocking individual nodes in this axis IRF7, IL-33, or
MMP-9 attenuated collagen deposition and myofibro-
blast activation in our models. However, IRF7 blockade
and IL-33 neutralisation did not fully normalise fibrotic
markers, indicating that parallel pathways also
contribute and that IRF7 represents one important
component within a broader fibrogenic network.

Our transcriptomics data revealed broad enrichment
of IFN-stimulated genes and the negative regulator
SOCS3 in CLAD (BOS) compared with stable LTx re-
cipients and controls, consistent with chronic type I
IFN activity.*>** While prior work from our group using
this cohort identified coordinated AP-1 activation across
lung compartments, the present study extends these
observations by providing mechanistic evidence that an
epithelial IRF7-IL-33-MMP-9 axis links antiviral re-
sponses to airway fibrogenesis.® Compartment-
resolved analysis further demonstrated that this IFN
and antiviral immune activation was present across
epithelial, endothelial, and immune cell fractions,

suggesting a coordinated, tissue-wide innate immune
response rather than an epithelium-restricted phe-
nomenon. Notably, profibrotic gene programmes,
including collagens, TGF-$/SMAD components, and
ECM remodelling markers were co-enriched in the
same spatial compartments as the IFN signature in
CLAD, providing transcriptomic evidence that antiviral
immune activation and fibrogenesis are spatially
coupled in the allograft. Beyond the IFN/antiviral
signature, our pathway analyses revealed the enrich-
ment of TNF, IL-17, NF-kB, and AGE-RAGE pathways
in CLAD explants. These pathways are typically trig-
gered by viral sensing through innate immune re-
ceptors such as toll-like receptors (TLRs) and RIG-I-like
helicases and are amplified by type I IEN signalling.**
Together, they promote epithelial injury, sustained
inflammation, and fibrotic remodelling. IRF7, the
master amplifier of this pathway** was up-regulated in
CLAD explants and localised predominantly to the
airway epithelium, where its phosphorylated form was
abundant in our analysis. Although genetic deficiencies
in IRF7 can increase susceptibility to respiratory viral
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and culminating in fibrogenesis and extracellular matrix remodelling.

infections,” its activation is well-known to promote the
formation of complexes with SMAD?3 to enhance type I
IEN activity, which has been implicated in the patho-
genesis of fibrotic diseases including idiopathic pul-
monary fibrosis (IPF) and systemic sclerosis.?>***

To elucidate the mechanisms behind virus-driven
fibrogenesis, we exposed ALI cultures to IAV, which
resulted in up-regulation of IRF7, a-SMA, and phos-
phorylated SMAD2/3 and increased soluble-collagen
release. Silencing IRF7 suppressed all three read-outs,
confirming its regulatory role in virus-triggered fibro-
genesis. 1L-33, a pleiotropic alarmin that augments
antiviral responses via type I IFN signalling,”* is also
transcriptionally governed by IRF7.2* We previously
described that IL-33 accelerates airway fibrogenesis and
heightens CLAD risk,” aligning with reports that it
drives  epithelial-to-mesenchymal  transition in
fibrosis.>*! IRF7 knock-down also blunted epithelial IL-
33 induction; conversely, IL-33 neutralisation reduced
a-SMA without additional benefit when combined with
IRF7 silencing, placing IL-33 downstream of IRF7.
Both IRF7 and IL-33 blockade diminished MMP-9
secretion, and pharmacologic MMP-9 inhibition
further curtailed collagen accumulation, identifying
MMP-9 as a distal effector. This is consistent with
MMP-9 being a well-characterised mediator of extra-
cellular matrix remodelling in fibrosis.”** Importantly,
incomplete normalisation of MMP-9 and a-SMA with
IRF7 or IL-33 blockade alone suggests that additional
pathways  including  direct TLR3/RIG-I-NF-xB
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activation, TNF-a and IL-1B-driven MMP induction, and
TGF-p/MAPK signalling contribute to the residual
fibrogenic response following viral injury. To establish
clinical relevance, we employed a human PCLS model
that preserves tissue-resident immune and structural
cell.”* IRF7 blockade in this model markedly reduced
collagen deposition in virus-exposed PCLS, under-
scoring the pathway’s translational significance.
Together, these data support a feed-forward IRF7 — IL-
33 > MMP-9 circuit that converts antiviral signalling
into progressive airway remodelling. Targeting this
pathway may attenuate post-viral fibrogenesis in the
lung. Nonetheless, type I IFNs are indispensable for
viral clearance; therapeutic modulation must be tem-
poral rather than absolute. Future in vivo mechanistic
work should define the precise post-infection window
during which IRF7 inhibition preserves viral clearance
while minimising downstream profibrotic signalling.
Data from other investigators have also identified
the importance of the IRF7-IL-33-MMP-9 axis for im-
mune activation and fibrogenesis. IRF7 promotes IL-33
release in diseases caused by autoimmunity.”**
Blocking IRF7 pathways reduced chronic fibroin-
flammatory responses by suppressing type I IFN re-
sponses, specifically IL-33.* Moreover, IL-33 blockade
reduces fibrogenesis, inflammation, and MMP-9 levels
in animal models of chronic injury."*** This evidence
suggests that the IRF7-IL-33-MMP-9 axis is a key
contributor to fibroinflammatory processes. Alongside
these findings, complementary mechanisms have been
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described in CLAD including aberrant TGF-p/SMAD
signalling driving myofibroblast differentiation,**
TNF-o-mediated airway epithelial apoptosis,” and NK
cell and cytotoxic CD8+ T cell accumulation promoting
basal cell loss,**? all of which may act in concert with or
independently of the viral IRF7 axis to perpetuate
airway obliteration. The relative contribution of each
pathway likely varies with CLAD subtype, viral trigger,
and immunosuppressive background, underscoring the
need for mechanistic studies across a broader range of
clinical contexts. Our data reveal a post-viral inflam-
matory pathway that drives fibrogenesis, suggesting
that the IRF7-IL-33-MMP-9 axis may be broadly rele-
vant to chronic fibrotic lung diseases well beyond the
transplant setting.

Our study has some limitations. The spatial cohort
was small and potentially subject to selection bias, as
BOS-CLAD tissue was derived from patients who un-
derwent re-transplantation; however, BOS represents
the predominant CLAD phenotype (~70-80% of cases),
and the limited cohort size precluded multivariate or
subgroup analyses beyond CLAD vs. Stable LTx and
compartment-specific comparisons. Future studies
should evaluate role of IFN responses in other CLAD
subtypes such as RAS and mixed phenotype. IAV was
used as a model virus, which may not fully capture
mechanisms driven by other relevant pathogens
including community-acquired respiratory viruses and
CMV. Experiments were performed without immuno-
suppression, and future studies should confirm
pathway behaviour under clinically relevant regimens
given the potential impact of calcineurin inhibitors,
mTOR inhibitors, and corticosteroids on IRF7 signal-
ling. Cross-sectional tissue sampling limits causal
inference, and longitudinal studies accounting for
intercurrent viral infections are needed to establish
IRF7’s role in CLAD progression. IRF7 knockdown and
IL-33 blockade reduced but did not fully normalise
MMP-9 levels, implicating parallel pathways, including
TLR3/RIG-I-NFkB, TNF-a/IL-1, and TGF-$/MAPK
in residual fibrogenic signalling. Influenza exposure in
the PCLS model was applied to the entire slice rather
than the airway alone, so these experiments demon-
strate tissue-level engagement of the IRF7-dependent
fibrogenic pathway rather than airway-restricted local-
isation; consistently, spatial data identified IFN and
antiviral enrichment across endothelial and immune
compartments as well as the epithelium, suggesting the
broader innate response in CLAD extends beyond the
airway and warrants further investigation. Further-
more, as HA staining was not performed in the IRF7-
shRNA condition, we cannot formally exclude a
modest effect of IRF7 blockade on viral replication in
the PCLS model; this will be addressed in future
studies.

In conclusion, we identified a pathway linking viral
infections to airway fibrogenesis in CLAD, centred on

IRF7 activation, IL-33 signalling, and MMP-9 activity,
operating within a broader network of innate immune
and fibrogenic dysregulation. Targeting the IRF7-IL-
33-MMP-9 axis represents a promising but likely
complementary therapeutic strategy that may reduce
the fibrotic consequences of viral infections when used
alongside approaches targeting parallel pathways.
These findings provide a basis for future studies aimed
at defining optimal therapeutic windows and combi-
nation strategies to improve long-term outcomes in
lung transplant recipients.
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