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Cystic brosis (CF) is characterized by chronic airway in ammation, yet clinical
observations have revealed more favorable COVID-19 outcomes than originally
predicted. Several studies demonstrated a signi cant decrease of SARS-CoV-2
replication in CF-mutated bronchial cells suggesting that CFTR dysfunction may
interfere with viral replication, though the underlying mechanisms remain unclear.
To elucidate these mechanisms we performed transcriptomic pro ling of SARS-
CoV-2-infected bronchial epithelial cells with wild-type (WT) or mutated CFTR,
using both immortalized and primary airway models. RNA-seq was performed on
WT and CF cellular models before and at 24, 48, and 72-hours post-infection. The
differentially expressed genes (DEGs) were de ned as genes with a log2 fold
change>1 between groups (p<0.05) and signi cant DEGs were subjected to Gene
Ontology and KEGG enrichment analysis (p<0.05). Our results reveal that CFTR
de ciency impairs SARS-CoV-2 replication not by altering receptor availability
(e.g., ACE2, TMPRSSR but through widespread intracellular remodeling defects.
CF cells failed to activate key antiviral and in ammatory responses, including
interferon signaling, AP-1 transcriptional complex, and IL-6-mediated pathways.
Furthermore, they exhibited defective unfolded protein response, altered calcium
signaling, and disrupted ER-mitochondrial communication. Crucially, pH
dysregulation and impaired expression of V-ATPase subunits and autophagy-
related genes hindered vesicle acidi cation, double-membrane vesicle formation,
and viral assembly. These intrinsic alterations also blunted virus-induced
senescence programs. Collectively, our ndings indicate that CF cellular
environment is intrinsically unfavorable to SARS-CoV-2, limiting its replication
and propagation. This study provides a mechanistic basis for the reduced viral
burden observed in CF and highlights intracellular pH regulation and organelle
homeostasis as potential therapeutic targets against SARS-CoV-2 infection.
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1 Introduction

Cystic  brosis (CF) is a multisystem genetic disorder primarily
affecting the lungs, pancreas, gut, liver and exocrine glands (Ratjen et al.,
2015). It is caused by mutations in the CFTR (Cystic Fibrosis
Transmembrane Conductance Regulator) gene, which encodes a
chloride channel involved in ion transport across epithelial surfaces.
This genetic alteration promotes chronic infection, especially in the
respiratory tract, due to thick and sticky mucus. In this context, mucus
obstruction and progressive airway functional decline were detectable
(Davis et al., 1996; Sch gler et al., 2016; Stanford et al., 2021). Therefore,
people with CF (pwCF) were initially presumed to be at high risk for
severe COVID-19 outcomes (Fainardi et al., 2020). Contrary to
expectations, several multinational cohort studies reported relatively
low SARS-CoV-2 infection rates and milder clinical courses in pwCF
compared to the general population (Colombo et al., 2021; Cosgriff et al.,
2020; Mathew et al., 2021; McClenaghan et al., 2020). Recent in vitro

ndings further support this clinical observation, thus demonstrating
that CFTR-de cient epithelial cells exhibit reduced susceptibility to
SARS-CoV-2 infection, although the mechanisms remain elusive
(Bezzerri et al., 2023a; Lagni et al., 2023; Lotti et al., 2022).

A hallmark of CF pathology is the disruption of intracellular chloride
and bicarbonate transport due to mutations in the CFTR gene (Collawn
and Matalon, 2014), which leads to hyperacidi cation of organelles,
including the endoplasmic reticulum (ER), Golgi apparatus, and endo-
lysosomal compartments (Chen et al., 2009; Walker et al., 2016). This
altered pH environment affects numerous cellular processes, including
protein folding, protein glycosylation, traf cking, and host-pathogen
interactions. Given that SARS-CoV-2 relies on a functional secretory
pathway (Ameen et al., 2006; Yoo et al., 2002) and proper organelle pH
homeostasis for the glycosylation and maturation of its spike protein
(Ehrlich et al., 2020; Liang et al., 2022), as well as for ACE2 receptor
processing, the intracellular acidi cation characteristic of CF cells may
impair critical steps in the viral life cycle, ranging from entry and
replication to assembly and egress (Badawi and Ali, 2021; Vickers et al.,
2002). Moreover, CF is associated with defective autophagy, a pathway
that the virus exploits to form double-membrane vesicles (DMVs)
involved in the viral replication. Impaired autophagy may therefore
hinder DMV formation and limit viral replication in CFTR-de cient
cells (Ji et al., 2023; Luciani et al., 2010; Marat and Haucke, 2016).

In this study, we investigate the molecular basis of SARS-CoV-2
restriction in CF by conducting a transcriptomic analysis of wild-type
and CFTR-mutant bronchial epithelial cells, both under baseline
conditions and following viral infection. By investigating alterations in
intracellular traf cking, organelle acidi cation, and autophagy-related
pathways, we investigated the cellular mechanisms that may contribute
to the reduced susceptibility to SARS-CoV-2 detected in pwCF.

2 Materials and methods
2.1 Cells

The CFBE410" cell line, immortalized with a pSVori plasmid,
was employed. Cells stably expressing either wt-CFTR (WT) or

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2026.1754083

F508del-CFTR (DF) were used (Bebok et al., 2005; Bruscia et al.,
2002; lllek et al., 2008). Cells were maintained in Minimum
Essential Medium (MEM, Gibco) supplemented with 10% Fetal
Bovine Serum (FBS, Euroclone), 1% Glutamine (Gibco), and
puromycin for selection.

To validate CFBE410™ cell line results, the MucilAir ~ model
(Epithelix S rl), consisting of a fully differentiated 3D bronchial
epithelium derived from primary human cells and cultured at an
air-liquid interface (ALI), was employed. Models derived from
healthy, non-smoking donors (MucilAir ~ WT; n = 3, mean age
46 — 16, sex: 1 male and 2 female, origin: one Caucasian and two
African) and from non-smoking CF patients homozygous for
DF508 (MucilAir ~ F508del”*; n = 3, mean age 28 — 10, all
female, origin not speci ed) were included. All donor-derived
cultures displayed mucus production.

For MucilAir  experiments, biological replicates were de ned
as independent donor-derived cultures (n=3 per condition),
technical replicates (n=3) consisted of independent cultures
derived from the same donor, which were separately infected and
processed for all downstream analyses.

For MucilAir  experiments, biological replicates were de ned
as independent donor-derived cultures (n = 3 per condition), while
technical replicates (n = 3) consisted of independent cultures
generated from the same donor, which were separately infected
and processed for all downstream analyses.

2.2 SARS-CoV-2 infection and RNA
extraction

The SARS-CoV-2 B.1 strain (hCoV-19/Italy/BO-VB12/2020|
EPI_ISL_16978127) was used to inoculate cells at a multiplicity of
infection (MOI) of 1 (Ogando et al., 2020). Cells were harvested
before infection and at 24-, 48-, and 72-hours post-infection (hpi).
Total intracellular RNA was extracted using the ReliaPrep RNA Cell
Miniprep System (Promega, Madison, WI, USA). RNA quantity
and integrity were assessed via Qubit Fluorometric Quanti cation
(ThermoFisher, Waltham, MA, USA) and Fragment Analyzer
system (Agilent, Santa Clara, CA, USA), respectively. Four
independent biological experiments were performed using
CFBE410™ cells, and three independent biological experiments
were performed using MucilAir  cultures. Each biological
experiment included three technical replicates.

2.3 RNA sequencing

Total RNA quality was assessed using the Agilent 2100
Bioanalyzer and samples with RIN > 6.0 were processed. Library
preparation was performed using poly(A) selection and paired-end
sequencing (2 150 bp) was carried out by Genewiz (Leipzig,
Germany) on Illumina HiSeq (CFBE4lo ) or NovaSeq
(MucilAir ) platforms, generating 20-30 million reads per
sample ( 80% bases with Q30). Reads were trimmed with
Trimmomatic v0.36 to remove adapters and low-quality bases
and aligned using STAR v2.5.2b to a combined reference genome
(human GRCh38.p7, ENSEMBL release 87 + SARS-CoV-2 Wuhan-
Hu-1 NC_045512.2). Only uniquely mapped reads were retained.
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2.4 Bioinformatics and differential
expression analysis

Gene-level quanti cation was performed using featureCounts
(Subread v1.5.2) with ENSEMBL GRCh38.87 annotation.
Differential expression analysis was conducted using DESeq2
v1.30.1. The Wald test was used to generate p-values and log2
fold changes. Genes with adjusted p-value < 0.05 and log2 fold
change > 1 were considered differentially expressed. Functional
enrichment analysis was performed using WebGestalt (WEB-based
GEneSeTAnaLysis Toolkit) (Liao et al., 2019) using GO and KEGG
databases through Over-Representation Analysis (ORA) and Gene
Set Enrichment Analysis (GSEA). The Benjamini—Hochberg
method was applied for multiple testing correction (FDR < 0.05).

2.5 RT-gPCR validation of RNA-seq data

SARS-CoV-2 RNA in culture supernatants was quanti ed using
the multiplex real-time PCR Allplex  2019-nCoV assay (Seegene,
Seoul, Republic of Korea), targeting the E, RdRp/S, and N genes,
according to the manufacturer instructions.

RNA was retrotranscribed (Improm-1ITM Reverse
Transcriptase System, Promega) and gPCR was performed on a
CFX96 Real-Time System (Bio-Rad, California, USA) using
GoTaq® gPCR Master Mix (Promega). Selected deregulated genes
were validated using GAPDH as the reference gene. Primers are
indicated in Table 1.

Data are presented as the mean — SD from three independent
experiments in triplicate. Statistical analysis was performed using 2-
way ANOVA in GraphPad Prism version 10 (GraphPad software
Inc., La Jolla, CA, USA), with p < 0.05 considered signi cant.

3 Results

3.1 Baseline transcriptomic differences
between CFBE41o™ DF and WT cells re ect
altered intracellular environment and pH
regulatory pathways

In the rst set of experiments, we evaluated the mRNA
expression in CFBE410™ DF cells (where the CFTR gene carries a

TABLE 1 Primers used for RT-qPCR.
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deletion of the phenylalanine residue at position 508) and
CFBE410™ wild type (WT) cells (Figure 1A).

To determine whether the CFBE410™ DF cells transcriptional
pro les are intrinsically different from WT cells, mock-infected
baseline CFBE410” WT and DF were analyzed for differential gene
expression (Figures 2A, B) by RNA-seq procedure.

At baseline, we observed 2125 DEGs between mock-infected DF
and WT CFBE410™ cells (781 downregulated, 1344 upregulated in
DF). GO analysis showed that response to nutrient levels, cellular
response to biotic stimulus, type 2 immune response, regulation of
organelle assembly, defense response to symbiont, and response to
virus were downregulated in DF cells, suggesting a downregulation
of immune, metabolic, and environmental response
pathways (Figure 2C).

At baseline, CFBE41o™ DF showed a transcriptional pro le
consistent with heightened innate immune activation. Key
signaling components such as SYK, CD14, and CD11b were
upregulated, together with in ammatory mediators including
IL17D, CCDC88B, and SCARA3, indicating enhanced readiness
for leukocyte recruitment and in ammatory ampli cation. Several
interferon-stimulated genes (IFITM2, IFITM10, IFI16, IFI44) were
also induced, pointing to higher immune sensing. In contrast,
classical antiviral restriction factors such as SLFN5, MLKL,
SAMDOL, and APOBEC3B were suppressed, suggesting that CF
cells combine exaggerated pro-in ammatory priming with reduced
antiviral competence.

Top DEGs (Figure 2B; Table 2) included developmental
regulators (SOX1, WT1, ZNF135), which point to
dedifferentiation and reactivation of morphogenetic pathways
silenced in mature airway epithelium (Kreidberg, 2010; Venere
et al., 2012), and genes for ion transport and pH
regulation (SLC4A4).

Downregulation of the ER-localized, pH-sensitive hydroxylase
ASPH suggested defects in calcium signaling and protein
maturation, key processes in the airway antimicrobial defense
system. ASPH is most active at neutral to slightly alkaline pH
(Brewitz et al., 2020). Cellular pH affects ASPH-related processes
like cell migration and epithelial-to-mesenchymal transition (EMT)
(Zou et al., 2018).

Alterations of these signatures can impair vesicle maturation,
endosomal traf cking, and mucosal hydration, suggesting a deep
dysregulation of intracellular and mucosal functional regulation. A
hallmark of this derangement is related to the differential mMRNA

Gene Forward (5° 37) Reverse (5’ 3)

OAS1 AGGAAAGGTGCTTCCGAGGTAG GGACTGAGGAAGACAACCAGGT
OAS2 GCTTCCGACAATCAACAGCCAAG CTTGACGATTTTGTGCCGCTCG

CASP1 GCTGAGGTTGACATCACAGGCA TGCTGTCAGAGGTCTTGTGCTC

CALML5 TGGAAACGGCACCATCAATGCC ACTCCTGGAAGCTGATTTCGCC

EGR3 GACTCGGTAGTCCATTACAATCAG AGTAGGTCACGGTCTTGTTGCC

FOS GCCTCTCTTACTACCACTCACC AGATGGCAGTGACCGTGGGAAT
GAPDH TCAAGAAGGTGGTGAAGCAGG CAGCGTCAAAGGTGGAGGAGT
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Data Interpretation and Data Interpretation and
Visualization Visualization
FIGURE 1

Schematic work ow describing experimental procedure and transcriptomic analysis. (A) CFBE41o™ stably expressing wt-CFTR (CFBE410™ WT) and
F508del-CFTR (CFBE41o™ DF) were utilized. CFBE410~ were established for infection with SARS-CoV-2 B.1 strain at MOI 1. At 48 h post-infection,
RNA was isolated and processed for library preparation. Sample libraries were sequenced on the lllumina HiSeq 2000 platform. Differentially
expressed genes were identi ed and analyzed through Over-Representation Analysis (ORA) and Gene Set Enrichment Analysis (GSEA) to determine
the over-represented or under-represented biological pathways. (B) Schematic work ow on WT and F508del*’* MucilAir™.

expression in genes involved in vesicular traf cking and membrane
organization, such as RPH3AL, a Rab effector promoting vesicle
exocytosis (Martinez-Arroyo et al., 2021), and ephrin receptor
kinases EPHB1, EPHB3, EPHB6, and EPHA4 (Stallaert et al.,
2018), which orchestrate cytoskeletal remodeling and intracellular
signaling. The actin regulator PHACTR3 and mitochondrial anchor
SNPH further implicate dysfunction in cytoskeleton-mitochondria
coordination, essential for organelle positioning and energy
distribution (Caino et al., 2017; Itoh et al., 2014).

We also observed deregulation of glycosylation enzymes
(GALNT14, GALNT13, HS6ST2), consistent with the altered
glycosylation pattern reported in CF airways, affecting also mucin
processing and extracellular matrix remodeling (Scanlin and Glick,
2001; Schulz et al., 2007), as well as cytoskeletal regulators (MSN)
re ecting chronic cytoskeletal remodeling that can interfere with
vesicle mobility and apical organization (Abiatari et al., 2010).

Transporters such as SLCO1B3 and metabolic enzymes like
PID1 and UGTS8 were also differentially expressed, indicating shifts
in solute handling and mitochondrial stress adaptation (Hao et al.,
2023; Marin et al., 2024; Zhang et al., 2024).

The analysis of RNA-seq results also displayed a differential
expression in several genes involved in autophagy and senescence
regulation. Interestingly, different genes involved in autophagy were
dysregulated in DF cells; MAP1LC3A, USP13, CHMP4B and SQLE
were downregulated, suggesting a potential reduction in
autophagosome formation and autophagic ux (Zhen et al., 2020).

Senescence-associated genes (CDKN1A, IGFBP5, DUSP1) were
upregulated, indicating a pro-senescent phenotype (Alessio et al.,
2024; Cheng et al., 2018; Lopez-Dominguez et al., 2021). Similarly,
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PTGS2 was also upregulated, supporting the presence of a pro-
in ammatory senescence-associated secretory phenotype (SASP) in
DF cells (Goncalves et al., 2021). MMP9 was downregulated in DF
cells, suggesting the onset of premature senescence (Rao
et al., 2007).

In addition to broad alterations in immune and intracellular
homeostatic pathways, analysis of cilia-associated transcripts
revealed baseline modulation of genes involved in ciliary structure
and assembly in CFBE4lo™ DF cells. Several axonemal and
intra agellar transport components (IFT88, DNAI1, DNAH11,
CCDC40, CFAP74), indicating gene-speci ¢ deregulation of cilia-
related transcripts under baseline conditions. Importantly, these
changes did not indicate activation of a coordinated ciliogenesis
program but rather a heterogeneous modulation of structural ciliary
components, consistent with altered epithelial organization
associated with CFTR dysfunction.

Together, these transcriptional changes suggest a strong altered
state in epithelial homeostasis in CFBE410™ DF cells, characterized
by disorganized intracellular architecture, impaired immune
readiness, and altered intracellular acidi cation.

3.2 Transcriptomic pro ling of SARS-CoV-
2-infected bronchial epithelial cells reveals
a major direct virus-host interaction at 48

hours post-infection

In the next series of experiments, we carried out RNA-seq

analysis in the previously described cell lines infected with SARS-
CoV-2 to investigate the viral impact in these cellular contexts. To
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characterize the temporal dynamics of the host response to SARS-
CoV-2 infection, we performed transcriptomic analyses of
CFBE41o™ models at 24, 48, and 72 hpi (Figure 3A).
Transcriptomic pro ling of SARS-CoV-2-infected WT and DF
CFBE410™ cells revealed peak host gene deregulation at 48 hpi,
sustained but more heterogeneous by 72 hpi, with no-statistically
signi cant changes at 24 hpi. At 48 hpi, both cell models showed
deregulation of interferon-stimulated genes, chemokines, pro-
apoptotic markers, and activation of antiviral pathways, including
interferon signaling, immune activation, cellular stress responses,
and autophagy. By 72 hpi, transcriptional pro les shifted toward
homeostatic and developmental programs (Figures 3B, C).

We also assessed the time-dependent expression dynamics of
viral genes in CFBE410™ DF vs WT cells (Figure 3D). We observed
that viral expression levels were higher at 24 hpi in CFBE41o™ DF
cells compared to WT cells, suggesting more ef cient viral entry
and/or in the early development of infection. However, viral gene
expression markedly decreased in DF cells at 48 hpi while it
increased in WT cells, a trend that persists at 72 hpi.

To complement intracellular viral gene expression analyses,
SARS-CoV-2 RNA levels were quanti ed in culture supernatants
at 24, 48, and 72 hpi (Figure 3E). At 24 hpi, viral RNA levels were
low and close to background in both CFBE410™ WT and F508del**
cells. By 48 hpi, WT cells exhibited an increase in viral RNA
detected in the supernatant, whereas CFTR-de cient cells showed
persistently low viral loads. At 72 hpi, WT cultures continued to
exhibit increasing viral RNA levels in the supernatant, while
F508del*’* cells showed a limited increase and maintained
markedly reduced viral loads compared to WT.

In combination with the intracellular viral gene expression
pro les, these results indicate that, although early phases of
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® CFBE410-WT mock-i

® CFBE410° AF mo

Mock-infected CFBE410" WT vs mock-infected-inf

d CFBE410" AF

rlog-normalized counts

Transcriptomic alterations between mock-infected CFBE41o™ WT and DF cells. (A) Principal component analysis (PCA) of samples based on rlog-
normalized gene expression values. Samples are projected onto the rst two principal components, which explain the largest sources of variance in
the dataset. (B) A bi-clustering heatmap visualizing the expression pro le of the top 30 DEGs of mock-infected CFBE41o™ WT vs DF cells sorted by
their adjusted p-value. Colors represent rlog-normalized expression values, where higher (yellow) and lower (purple) intensities correspond to
relatively up- or down-regulated genes across the two conditions. (C) Gene Ontology Enriched gene set enrichment analysis (GSEA). In grey, the
terms with positive normalized enriched score (NES), whereas in white the terms with negative NES.

infection can be initiated in CFTR-de cient cells, sustained
productive viral replication and/or release becomes progressively
impaired at later stages, consistent with the establishment of a non-
permissive intracellular environment as already suggested in our
previous work (Lagni et al., 2023).

Altogether, these results establish the infection time of 48 hours
as the optimal window for studying the direct transcriptional
impact of SARS-CoV-2 in airway epithelia, capturing peak
antiviral activity before later cell-intrinsic and tissue remodeling
mechanisms emerge. In line with other studies (Blanco-Melo et al.,
2020; Ravindra et al., 2021; Wyler et al., 2021), we focused our
additional analyses on this time point.

3.3 SARS-CoV-2 induces extensive
transcriptional remodeling in CFBE410™ WT
cells targeting immune regulation, ion
transport and intracellular organization

Analysis of response pro les in viral infected CFBE410™ WT
cells indicates that SARS-CoV-2 differentially modulated the
expression of several genes at 48 hpi, inducing 805 DEGs (724
up, 93 down) (Figure 4).

The response included strong upregulation of innate immune
and in ammatory genes (IL6, TGFB1, NFKBIZ, BCL6, JAK3),
typical of an early epithelial viral response (Blanco-Melo et al.,
2020; Ravindra et al., 2021). In contrast, genes governing adaptive
immunity, such as those involved in T cell activation, leukocyte
adhesion, and lymphocyte differentiation, were notably
downregulated, suggesting an unbalanced immune response and
impaired recruitment or activation of immune cells, features also
observed in severe COVID-19 (Lucas et al., 2020).
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TABLE 2 Top deregulated genes for the most relevant functional category in mock-infected CFBE410™ DF cells respect to CFBE410o™ WT.

Functional category Gene Function Log2FC
Adhesion CDH13 Atypical cadherin; modulates cell adhesion and signaling -7,815265
MAPILC3A Microtubule-associated protein 1 light chain 3 alpha -1.7311
TFEB Transcription Factor EB 1.9788
Autophagy
USP13 Ubiquitin-speci ¢ peptidase 13 -1.0983
SQLE Squalene epoxidase -1.1215
CDKN1A Cyclin Dependent Kinase Inhibitor 1A (p21) 14721
PTGS2 Prostaglandin-Endoperoxide Synthase 2 (COX-2) 2.7802
MMP9 Matrix Metallopeptidase 9 -3.3913
Senescence
IL6R Interleukin 6 Receptor 1.4705
DUSP1 Dual Speci city Phosphatase 1 1.7848
IGFBP5 Insulin-like Growth Factor Binding Protein 5 4.5874
Cytoskeleton MSN Membrane-cytoskeleton linker protein; structural integrity -6,45504
EPHA4 Ephrin receptor; cell architecture and signal transduction 1,7378148
EPHB1 Ephrin receptor; modulates cytoskeletal dynamics and intracellular signaling 2,6390818
Cytoskeleton/signaling EPHB3 Ephrin receptor; involved in organelle traf cking and remodeling 1,0080119
EPHB6 Ephrin receptor; cytoskeletal rearrangement and morphogenesis 1,7282556
PHACTR3 Actin regulator; modulates cytoskeleton and phosphatase activity 1,692313
EYA2 Cofactor in developmental signaling and organogenesis 5,6154076
SOX1 Transcription factor regulating neural and epithelial fate 6,5038101
Developmental regulation WT1 Key transcriptional regulator of development and cell survival 5,6982634
ZNF135 Zinc nger protein involved in transcri.ptional repression and chromatin 5623648
remodeling
ER function/pH regulation ASPH ER-localized hydroxylase; invr(:\éztii icnagzlr::ium homeostasis and protein 1204045
GABRE GABA-A receptor subunit; modulates chloride ion transport 5,583859
lon transport
SLC4A4 Sodium bicarbonate transporter; regulates intracellular pH 6,6758604
Metabolism PID1 Modulates insulin signaling and mitochondrial metabolism 55724741
Lipid metabolism UGTS UDP-galactose ceramide galacto:]/(lett;abn;fiz:se; involved in myelination/lipid 57876219
Mitochondrial organization SNPH Mitochondrial anchor protein; regulates organelle positioning and transport 1,316564
Transport SLCO1B3 Organic anion transporter; involved in bile acid and drug transport 6,0281557
Vesicle traf cking RPH3AL Vesicle exocytosis regulator; linked to synaptic-like secretory pathways -6,98074
pH regulation/Amino acid transport SLCTAL4 Solute carrier family member; rieg::ctzlsld)(::)spoglal amino acid homeostasis and 7576354

SARS-CoV-2 infection induced signi cant changes in
intracellular organization and stress adaptation. Notably, we
observed upregulation of ATP6V1B1, a subunit of the vacuolar
ATPase (V-ATPase) complex, along with ion transporters KCNN1,
GABRP, and TRPV6, implicating a shift toward endolysosomal
acidi cation that may promote viral entry (Bestle et al., 2020;
Ikeuchi et al., 2024). In particular, elevated ATP6V1B1 expression
has been associated with lysosomal hyperacidi cation, a feature the
virus may exploit to enhance its replication environment.

SARS-CoV-2 infection also promoted changes in cytoskeletal
architecture, with increased transcription of PRPH and TPPP3,
indicating reorganization of intermediate laments and
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microtubule-associated proteins likely promoting intracellular
viral transport and virion assembly (Lim et al, 2021, hman
et al., 2009).

A hallmark of the host response was upregulation of the AP-1
transcription factor complex (JUNB, FOS, FOSB), which drives
stress-induced reprogramming, in line with other studies showing
AP-1 activation as a downstream consequence of SARS-CoV-2-
mediated MAPK and oxidative stress pathways (Bouhaddou et al.,
2020; Jiang et al., 2022). AP-1 induction also links to a senescence-
like phenotype, with upregulation of CDKN1A, CDKN2B, and IL6,
key SASP components, suggesting that viral infection not only
arrests cell proliferation but also promotes a chronic in ammatory
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FIGURE 3

DEGs in response to SARS-CoV-2 infection in CFBE41o™ WT and DF cells at 48 and 72 hpi. (A) Venn diagrams illustrate the overlap of DEGs between
48 and 72 hpi in CFBE410™ WT (top) and in CFBE410™ DF (bottom) cells. (B) Heatmaps with expression pro les of DEGs common to both time points
for WT and DF cells, divided by their function. (C) Bar charts reporting the top 10 enriched GO terms for genes speci cally regulated in CFBE41o™ WT
(left) and CFBE410™ DF (right) cells. (D) Bar plots with the log, fold change of viral gene expression at 24, 48, and 72 hpi in CFBE410™ DF vs WT cells.
(E) Quanti cation of SARS-CoV-2 viral load in culture supernatants from CFBE410~ WT and F508del*’* cells at 24, 48, and 72 hpi, measured by
multiplex real-time PCR (Seegene). The data are presented as the mean + SD from independent experiments (n = 4; *p < 0.05).

state, consistent with senescence induction detected in epithelial 3.4 SARS-CoV-2 induces transcriptional

and endothelial models of SARS-CoV-2 infection (Lee et al., 2021). remode"ng in CFBE410™ DF cells without
Additionally, a robust autophagy-related program was perturbing autophagy, ER stress, or

triggered, with an upregulation of several core autophagy genes  jntracellular organization

(MAP1LC3A, ATG9B, ATG16L2, LAMP3) and stress-responsive

autophagy pathway genes (TP53INP1/2, FOXO1/4), suggesting We next analyzed the RNAseq data to assess the transcriptomic

enhanced autophagosome formation and lysosomal fusion. These  response CFBE410™ DF cells after 48 hours post SARS-CoV-2

ndings align with previous reports indicating that SARS-CoV-2 infection. A total of 789 (620 upregulated, 169 downregulated)

can manipulate autophagic ux, both as a mechanism of immune  DEGs were observed in the CFBE410™ DF cells response to SARS-

evasion and to facilitate replication (Gassen et al., 2021; Miao  CoV-2 (Figure 5).

et al., 2021). In CFBE410o™ DF bronchial epithelial cells, SARS-CoV-2
In summary, in CFBE410™ WT cells, SARS-CoV-2 infection infection triggered a limited transcriptional response marked by

triggers a targeted response (Table 3) involving immune activation, — modest innate immune activation and early stress signaling

intracellular acidi cation, AP-1 transcription, and autophagy/  (Figures 5C, D). Although type Il interferons (IFNL2, IFNL3),

senescence pathways. These changes re ect both antiviral defense  CCL5, and antiviral effectors such as IFITM1 were upregulated, the

and potential viral subversion, reshaping epithelial function |L6 signaling axis (IL6R, SERPINB1, SMAD3, MUC5AC, LRG1,

through disrupted ion transport, immune signaling, and stress-  ATP6V1C2, and S100A9 genes), a core component of the early

related pathways. in ammatory response, was suppressed. This muted immune
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based on rlog-normalized gene expression values. Samples are projected onto the rst two principal components, which explain the largest sources
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expression pro les across samples. Colors represent rlog-normalized expression values, where higher (yellow) and lower (purple) intensities
correspond to relatively up- or down-regulated genes across the two conditions. (C) GO Biological Process enrichment analysis of unique DEGs in
SARS-CoV-2-infected vs mock-infected CFBE410™ WT cells. (D) KEGG pathway enrichment analysis of the same DEGs, displaying normalized
enrichment scores (NES) for the top enriched (grey bars) and depleted (white bars) pathways.

pro le contrasts with the robust cytokine response typically
observed in WT epithelial cells and in COVID-19 airway models
(Oliva et al., 2025).

Notably, the virus still triggered upregulation of early
transcription factors, including JUN, ATF3, BATF EGR2, and
NR4A1, components of the AP-1 complex, even though with a
lower magnitude respect with WT cells. Still this early stress signal
appeared uncoupled from key downstream reprogramming events
like autophagy, senescence, or pH remodeling, highlighting the
functional constraints in the CF cellular environment.

A de ning feature was the absence of transcriptional
remodeling of lysosomal acidi cation pathways. Unlike SARS-
CoV-2-infected WT cells, DF cells showed no signi cant changes
in this pathway, likely re ecting the pre-existing hyper-acidi ed
state of intracellular compartments. This baseline state may also
explain the failure to activate autophagy-related genes, which were
strongly induced in SARS-CoV-2-infected WT cells.

The absence of autophagy activation suggests that the virus cannot
exploit a defective system. Similarly, key senescence and unfolded
protein response genes remained unchanged, possibly because these
stress pathways are already constitutively engaged in CF (Ribeiro and
Boucher, 2010), and SARS-CoV-2 may be unable to further amplify
these constitutively engaged or dysfunctional pathways.

Altogether, these ndings indicate that pre-existing intracellular
acidi cation and impaired homeostatic exibility in CFBE410™ DF
cells blunt the transcriptional remodeling typically induced by
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SARS-CoV-2, limiting viral manipulation of host defense, vesicle
traf cking, and organelle function. This restricted response may
contribute to altered viral dynamics and epithelial pathophysiology
in CF airways (Table 4).

3.5 Transcriptomic interaction analysis
reveals an attenuated regulation of host
pathways required for SARS-CoV-2
replication in CFBE41o™ DF cells compared
to CFBE41o™ WT cells

To understand how SARS-CoV-2 affects CFBE41o™ DF cells
differently from CFBE41o™ WT cells, an interaction analysis, which
compares how gene expression changes after infection in each cell
type, was performed. Each cell response to infection was calculated
relative to its own baseline, and these changes were then compared
across the two cell types. This approach highlights genes and
pathways that are speci cally altered by SARS-CoV-2 in a cell-
dependent way, revealing how CFTR dysfunction impacts the viral
infection response.

Transcriptomic analysis of CFBE41o™ WT and DF cells revealed
at 48 hpi both shared and divergent transcriptional programs,
emphasizing the functional consequences of CFTR dysfunction
on host antiviral defenses and potential viral replication dynamics.

A total of 789 DEGs were identi ed in the DF cells response, and
805 in the WT cells response. While there was considerable overlap
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TABLE 3 Top 20 DEGs divided by their function in SARS-CoV-2-infected respect to mock-infected CFBE410™ WT cells.

Functional category Gene N[e] (=5 log2FC

TCIM Whnt/b-catenin signaling coactivator 451
FOSB Immediate early gene; in ammation/stress 391

response
FOS Immediate early gene; stress, in ammation 3.38

. . i . Transcription factor; immune & neuronal

Transcriptional regulation & immediate early EGR2 P sionalin 3.67

response g g
LMO1 Transcriptional regulator; development 3.78
NRAAL Nuclear receptor; |mmun_e response, 391

metabolic regulation

SAMDI1 Putative transcription regulator; apoptosis- 395

related
GABRP GABA-A receptor subunit; ion transport 411
KCNNL Calcnum—actlvated. K+ chanr'1el; membrane 405

lon transport & membrane potential potential regulation

TRPV6 Calcium-selective ion channel 3.16
ATP6V1B1 V-ATPase subunit; lysosomal acidi cation 3.76
BIRCT Inhibitor of apopt03|.s protein (1AP); cell 346

Cell survival, apoptosis, immune modulation survival
VTCN1 B7-H4 immune checkpoint; T cell inhibition 3.79
PRPH Intermediate lament protein; cell structure 3.79

Cytoskeletal & structural proteins Tubulin polymerization protein; cytoskeletal

TPPP3 - 3.40

stability
AKRIB1S Aldo-keto reductase; detoxi cation, redox 382

processes

Metabolism, redox, and enzymatic activity - : -
CPXM1 Carboxypeptidase-like; e_xtracellular matrix 393
remodeling
IFNL1 Type Il interferon; antiviral defense 2.82
Immune/antiviral cytokine IENL2 Type Il interferon; antiviral defense at 282
mucosal surfaces

IFNL3 Type 11 interferon; similar to IFNL2 2.45

(400 shared DEGS), WT cells exhibited a slightly higher number of
unique DEGs (405) compared to DF (389) (Figure 6).

Analysis revealed both shared and genotype-speci ¢ responses
to SARS-CoV-2 in CFBE41o™ WT and DF cells, with CFTR
dysfunction dampening several key antiviral and stress-related
pathways. CFBE41o™ DF cells exhibited reduced activation of
endolysosomal acidi cation genes, including ATP6V1B1,
re ecting defective vesicular acidi cation known to occur in CF
(Barasch et al., 1991, Haggie and Verkman, 2009). This likely
impairs viral uncoating, antigen presentation, and lysosomal
degradation. Genes involved in vesicular traf cking and
cytoskeletal remodeling (MYOZ1, PRPH) were also more strongly
induced in CFBE4lo™ WT cells, suggesting compromised
intracellular transport and viral traf cking in the CF context.
KCNN1, a Ca *-activated potassium channel affecting vesicle
fusion and in ammasome signaling, was among the most
upregulated genes in WT but showed limited induction in DF
cells, further implicating disrupted ion-dependent pathways.

The AP-1 transcription factor complex (JUN, FOS, ATF3)
showed enhanced activation in WT cells, consistent with stronger
engagement of MAPK signaling and cellular stress responses. This
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was paralleled by a more robust proin ammatory response in WT,
with higher expression of interferons (IFNB1, IFNL1-3), Interferon
stimulating genes (ISGs) (IFITM1-3, OAS1/2, 1SG15), and
chemokines (CXCL10, CCL5, CXCL2), indicating more effective
viral sensing and immune priming. In contrast, DF cells mounted a
weaker interferon response and showed reduced induction of
upstream immune sensors (DDX60, TLR4, UBAT), suggesting
attenuated innate immune activation. Importantly, autophagy-
related (AMBRAL, ATG9B), senescence-associated genes,
including SASP components and regulators (CXCL10, ANG,
EREG, HGFAC), were also dampened in DF cells, pointing to
impaired antiviral reprogramming.

Furthermore, DF cells showed weaker induction of endoplasmic
reticulum (ER) stress and unfolded protein response (UPR) genes
(HSPA5, ATF4, DDIT3), which are typically hijacked by SARS-
CoV-2 for replication and protein folding.

Cilia-related genes were also analyzed to determine whether
SARS-CoV-2 triggers genotype-dependent changes in ciliary
differentiation or axonemal organization. Infected CFTR-de cient
cells showed upregulation of FOXJ1 and DNAH7 together with
strong downregulation of the dynein-arm assembly/traf cking
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factor DAW1, whereas infected WT cells preferentially upregulated
DNAH1 and the ciliated/epithelial differentiation marker TPPP3.
ZMYND10 and LRRC56 were induced in both conditions. Overall,
these changes re ect gene-speci ¢ modulation rather than a
coordinated, directional program, indicating the absence of a
coordinated activation of broad ciliogenesis or axonemal
remodeling programs in either genotype. Altogether, these
ndings suggest that CFTR de ciency not only impair AP-1
signaling and pH-sensitive traf cking processes but also
compromises vesicle traf cking and stress adaptation, ultimately
altering host-virus interactions in the cystic brosis airway
epithelium (Table 5).

3.6 Corroboration of unique transcriptome
regulation in response to SARS-CoV-2 in
MucilAir™ WT and F508del*’* models

To validate our ndings in a model that better represents the
human airway epithelium, we assessed transcriptomic response to
SARS-CoV-2 infection in MucilAir ~ F508del** and WT patient-
derived cell models (Figure 1B).

An initial comparison between CFBE410™ and MucilAir  cells
was conducted to evaluate the consistency of their responses to
SARS-CoV-2 infection. The analysis demonstrated that both cell
models exhibit overlapping deregulated pathways and gene
expression pro les following infection (Supplementary Figure 1),
thereby supporting the use of MucilAir as a complementary
system to con rm results obtained from CFBE410™ cells.
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enrichment scores (NES) for the top enriched (grey bars) and depleted (white bars) pathways.

Following the same approach used for CFBE4lo™ cells, we
analyzed SARS-CoV-2-infected MucilAir  cultures at 24, 48, and
72 hpi. Host responses included early metabolic and structural
changes, followed by peak antiviral activity at 48 hpi, then a shift
toward regulatory processes by 72 hpi (Figure 7).

As observed in cell lines, at 24 hpi viral gene expression was
overall higher in F508del™* than in WT cells, suggesting enhanced
viral entry in the CF background (Figure 7D). However, the
expression levels became lower in F508del*”* compared to WT
cells at 48 hpi, a difference that persisted at 72 hpi, indicating in CF
impaired viral replication or progression at later stages. Notably,
orflab and E gene represented exceptions, as their expression levels
were lower in F508del™’* models compared with WT models at 24
hpi. This nding contrasts with the cell line model, where all viral
genes exhibited increased expression in CF cells with respect to WT
at early stages of infection. Such discrepancy may be explained by
the cellular heterogeneity of primary airway cultures, where the
contribution of different epithelial subtypes to infection dynamics
could in uence viral transcription pro les. In addition, the earlier
restriction of orflab and E gene expression suggests that primary CF
cells impose gene-speci ¢ limitations on viral replication
and assembly.

Moreover, even in this cellular model, 48 hpi emerged as
optimal to capture direct viral effects, driving our focus for
subsequent analyses.

Venn diagram at 48 hpi (Figure 8A) was used to compare genes
that were uniquely and commonly modulated between F508del™*
response and WT response to SARS-CoV-2 infection in
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TABLE 4 Top 20 DEGs divided by their function in SARS-CoV-2-infected CFBE410™ DF cells with respect to mock-infected cells.

Functional category Gene Notes log,FC
Cell adhesion VIT Extracellular matrix pro.tein;-involved in adhesion and 408
signaling
Cytoskeleton/muscle MYOZ1 Z-disc protein; regulates muscle contraction and structure 2.88
FOSB AP-1 family; marker of acute cellular response 4.02
FOS AP-1 transcription factor; rapidly induced by stress 3.52
Immediate earlf);izr:e/transcription EGR2 Regulates cell differentiation and growth 322
NR4A1L Nuclear receptor; modulates in ammation and apoptosis 3.02
EGR3 Involved in immune regulation and stress response 2.75
IFNL2 Type 11 interferon; antiviral defense at mucosal surfaces 242
Immune/antiviral cytokine

IFNL3 Type 11 interferon; similar to IFNL2 2.45
Immune/antiviral defense IFITM1 Blocks viral entry; membrane-associated protein 1.36
Immune/chemokine CCL5 Recruits T and NK cells; involved in antiviral response 240
Immune/checkpoint VTCN1 Inhibits T cell activation; immune regulatory role 2.74
lon transport GABRP GABA-A receptor subunit; chloride ion transporter 3.37
Long non-coding RNA LINCO2518 Regulator of gene;:f;ﬁ:es:i(;r:dfunction not well 328
Metabolism/glucose SLC2A14 Facilitates glucose uptake; insulin-independent transporter 2.35
Metabolism/hormone SULT1EL Sulfotransferase involved in estrogen metabolism 3.56
Non-coding RNA AC025259.3 Putative non-coding RNA; function unknown 3.73
Pseudogene HCG4P11 Pseudogene; unclear biological function 237
APCDDI Whnt pathway inhibi_tor; regul_ates proliferation and 275

Wht signaling differentiation
WNT6 Role in the early development of embryos 2,33
Whnt signaling/growth WISP2 Wt target gene; involved in cell growth and tissue repair 259

MucilAir . A total of 192 DEGs were observed in the MucilAir
WT response to SARS-CoV-2, and 225 DEGs in the MucilAir
F508del™* response (Figure 8B). Although there was considerable
overlap between the groups (91 common DEGS), there were more
unique DEGs speci ¢ to the MucilAir ~ F508del™* response (134
DEGs) compared to the WT response (101 DEGsS).

The results con rmed a pivotal divergence in the WT and
F508del*”* MucilAir  response to SARS-CoV-2, with differences
emerging in immune regulation and pathways affected by
intracellular pH. Although both cell types exhibited deregulation
of metabolic pathways and responses to hypoxia, the magnitude
and composition of the response were markedly attenuated in CF
cells, especially for genes involved in immune response and cellular
remodeling (Figures 8C and 9).

Similar to the CFBE41o™ model, SARS-CoV-2 infection in
MucilAir ~ WT elicited a robust antiviral response, with marked
upregulation of classical 1SGs (OAS1-3, MX1/2, IFIT1-3, ISG15),
chemokines (CXCL10, CXCL11, CCL5), and upstream sensors.
This response was blunted in MucilAir  F508del*’*, which
showed limited 1SG and chemokine induction.

In MucilAir  cultures, SARS-CoV-2 infection induced
deregulation of AP-1 transcription factors, which orchestrate
oxidative stress, ER stress, and tissue remodeling responses.
MucilAir ~ WT showed robust upregulation of canonical AP-1
components (FOS, FOSB, BATF2, EGR2, NR4Al), re ecting
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activation of stress- and in ammation-responsive transcriptional
programs. By contrast, CFTR-de cient models exhibited a globally
repressed AP-1 pro le, with downregulation of JUN, JUND,
FOSL2, ATF3, and MAFF, indicative of impaired stress sensing
and transcriptional activation.

Notably, CF models also upregulated developmental markers
(WNT5A, SNAI2, LEF1), suggesting a shift toward tissue
remodeling and a compensatory effort to preserve barrier
integrity during infection.

ER stress and cytoskeletal responses were also differentially
regulated. WT models activated canonical UPR genes (HSPAS,
DDIT3), while F508del™* models showed a more limited or altered
proteostasis response, marked by deregulation of HSPALL,
HSPA1B, ATF3, and DDIT4. Similarly, UPR activation was
reduced in CFBE41o™ DF cells, potentially restricting ER-derived
resources for viral replication. MucilAir ~ WT cells also
upregulated cytoskeletal and ion transport genes (MYOZ1,
PRPH), supporting intracellular viral traf cking. These responses
were absent in F508del*”* model.

A striking difference was detected in the expression of genes
involved in vesicular acidi cation and traf cking, processes
critically dependent on intracellular pH and essential for viral
entry and antigen presentation. WT models upregulated the V-
ATPase subunit ATP6V1B1, while this response was absent in CF
models. Genes for vesicle traf cking and endocytosis (ADM, TF,
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FIGURE 6

Comparison of SARS-CoV-2-induced transcriptional responses in CFBE410™ WT and DF cells. (A) Venn diagram comparing the differentially
expressed genes (DEGs) between CFBE410™ WT cells (green; WT SARS-CoV-2 infected vs WT mock-infected cells) and CFBE41o™ DF cells (blue; DF
SARS-CoV-2-infected vs DF mock-infected cells) response to SARS-CoV-2 infection. A total of 400 DEGs were common between WT and DF
response to viral infection. (B) The number (y-axis) and direction of change (upregulated = positive y-axis, downregulated = negative y-axis) of DEGs
(JLog,FCJ1.0, adjusted p-value < 0.05) of WT and DF CFBE410™ cells response to SARS-CoV-2 infection (x-axis). (C) The relative expression genes
that are commonly differentially expressed (Log,FoldChange>1.0, adjusted p-value < 0.05) in CFBE41o™ WT and DF cells after SARS-CoV-2 infection.

ARRDC3/4) were downregulated in F508del™”* models indicating
compromised endosomal sorting and intracellular routing of
viral particles.

Unlike WT models, which upregulated the autophagy regulator
SAMDOL, CF cells failed to induce this key gene. CF models also
showed downregulation of stress and senescence and SASP-related
markers like CDKN1C, ATF3, and DDIT4, indicating a blunted
activation of these host defense mechanisms.

Analysis of cilia-related transcripts revealed selective differences
between CFTR-de cient and WT cells. ELFN2 and CATSPER2 were
downregulated, whereas the multiciliated cell fate regulator GMNC
was upregulated in CF cells; junctional and polarity-associated genes
(CLDNB, GJA4) were also differentially expressed. No induction of
axonemal dyneins, intra agellar transport components, or
FOXJlassociated ciliogenesis markers were detected at baseline.

Following SARS-CoV-2 infection, cilia-related genes showed
limited, gene-speci ¢ modulation in both WT and F508del*’*
MucilAir  cultures. FLRT3 and EDAR were upregulated in both
conditions, while CFTR-de cient cultures displayed reduced
expression of LMOD1, IQCN, and DNHD1, indicating the
absence of a broad ciliogenesis or axonemal remodeling program
in either condition.

These ndings highlight a fundamental difference in SARS-
CoV-2 response between WT and CF epithelial cells (Table 6). WT
models mount a strong antiviral response while activating processes
that may support viral replication, including ER expansion,
cytoskeletal remodeling, and autophagy. In contrast, CFTR-
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de cient models show a dampened immune and remodeling
response, with increased stress adaptation and metabolic shifts,
suggesting a less permissive environment for viral replication,
potentially explaining the lower viral burden observed in some
CF individuals.

3.7 gPCR genes validation shows high
consistency with RNA-seq data

Validation of RNA-seq data using RT-qPCR consistently
con rmed the differential expression of key genes in both
CFBE410 cells and the MucilAir  models following SARS-CoV-
2 infection (Figure 10). Speci cally, OAS1 and OAS2, which are
crucial components of the interferon-induced antiviral response,
along with CASP1 and CALMLS5, involved in in ammation/
pyroptosis and calcium signaling respectively, were signi cantly
upregulated in infected WT CFBE410" cells, with only modest or no
signi cant changes in DF cells. This distinct response highlights
differences in antiviral and in ammatory pathway activation
between WT and CFTR-de cient epithelial cells. In contrast, FOS,
a component of the AP-1 transcription factor complex associated
with stress and immune responses, exhibited signi cant
upregulation in both WT and DF CFBE41o cells upon infection,
indicating a shared activation of this pathway regardless of CFTR
status. Interestingly, EGR3, a transcription factor implicated in
immune regulation and cell proliferation, was uniquely and
signi cantly upregulated in SARS-CoV-2-infected CFBE41o™ DF
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