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a b s t r a c t 

Background: Cystic fibrosis (CF), a genetic disease caused by mutations of the cystic fibrosis transmem- 

brane conductance regulator ( CFTR ) gene, is characterized by dysfunction of the immune response in the 

airway epithelium that leads to prolonged infection, colonization and exacerbated inflammation. In this 

study, we determined the gene expression profile of airway epithelial cells knockdown for CFTR (CFTR 

KD) in response to bacterial and viral challenges. 

Methods: In a first approach, polarized CFTR KD and their control counterpart (CFTR CTL) cells were 

stimulated with P. aeruginosa -derived virulence factor flagellin. Next, we developed a model of Influenza 

A virus (IAV) infection in CTL and CFTR KD polarized cells. mRNA was collected for transcriptome analysis. 

Results: Beside the expected pro-inflammatory response, Gene Set Enrichment Analysis highlighted key 

molecular pathways and players involved in IAV and anti-viral interferon signaling. Although IAV replica- 

tion was similar in both cell types, multiplex gene expression analysis revealed changes of key immune 

genes dependent on time of infection that were found to be CFTR-dependent and/or IAV-dependent. In- 

terferons are key signaling proteins/cytokines in the antibacterial and antiviral response. To evaluate their 

impact on the altered gene expression profile in CFTR responses to pathogens, we measured transcrip- 

tome changes after exposure to Type I-, Type II- and Type III-interferons. 

Conclusions: Our findings reveal target genes in understanding the defective immune response in the CF 

airway epithelium in the context of viral infection. Information provided in this study would be useful to 

understand the dysfunctional immune response of the CF airway epithelium during infection. 

© 2020 The Author(s). Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Cystic fibrosis (CF) is caused by mutations in the gene encoding

he cystic fibrosis transmembrane conductance regulator (CFTR), a

hloride ion channel that has an impact on airway surface hydra-

ion, mucociliary clearance, polymicrobial infections and inflam-

ation. Complex bacterial communities, including opportunistic

athogens like Pseudomonas aeruginosa and Staphylococcus aureus ,

re common in airways of CF patients and the contribution of the

F microbiome to the airway disease is under investigation [1] .

lthough the molecular mechanisms underlying the disease have

een elucidated, early events in the anamnesis of CF patients that
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ight determine the clinical path of disease development are less

nderstood. 

Respiratory viral infections of the airway are known to alter the

linical status of patients with CF [2,3] . Nasal airway surface liquid

eficiency has been recently described to counteract viral infection

n the new-born CF pig [4] . Influenza A virus (IAV) is a common

uman respiratory pathogen causing seasonal "flu", which mainly

ffects children, the elderly and immunocompromised patients [5] ,

ut also patients with chronic respiratory disease. A major com-

lication of IAV infection is bacterial superinfection, whereby an

nitial viral infection primes the airway epithelium for a secondary

evere bacterial infection that exacerbates lung inflammation and

amage [6] . Recent studies have demonstrated a positive correla-

ion between virus presence and a higher prevalence of traditional

F pathogens such as P. aeruginosa and S. aureus [7] . These reports

uggest the importance of respiratory viral infections as risk factors

or CF lung disease progression. 
Fibrosis Society. This is an open access article under the CC BY license. 

l., Immune response of polarized cystic fibrosis airway epithelial 

oi.org/10.1016/j.jcf.2020.08.012 

https://doi.org/10.1016/j.jcf.2020.08.012
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jcf
http://creativecommons.org/licenses/by/4.0/
mailto:marc.chanson@unige.ch
https://doi.org/10.1016/j.jcf.2020.08.012
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcf.2020.08.012


2 A. Sofoluwe, A. Zoso and M. Bacchetta et al. / Journal of Cystic Fibrosis xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JCF [m5G; August 29, 2020;17:36 ] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

w  

m  

c  

t  

t  

s  

t  

c  

g  

p  

t  

t  

n  

v  

K  

e  

o  

d

 

a  

t  

c  

w  

n  

r  

s  

p  

p  

a  

i  

n  

s  

(  

i  

κ  

C

 

t  

i  

l  

i  

a  

s  

t  

i  

r  

d

3

 

i  

a  

0  

i  

i  

r  

(  

I  

m  

e  

i  

i  

4  

m  
In the CF lungs, pathogens outcompete each other causing in-

fections with prolonged inflammation that creates irreversible lung

damage. New strategies for early treatment of infection in CF pa-

tients are thus essential to reduce the morbidity of this lung dis-

ease. Here, we used a recently established airway epithelial cell

model and transcriptomic analysis to investigate the immune re-

sponse after P. aeruginosa -derived flagellin stimulation, IAV infec-

tion and the response to interferons (IFNs) after CFTR silencing. 

2. Methods 

2.1. Cell culture and transduction 

The detailed procedure is provided in the supplementary Ma-

terials and Methods. Briefly, Human airway epithelial Calu-3 cells

(ATCC® HTB-55 TM ) were transduced with CRISPR lentiviral vector

particles containing Cas9-HA-GFP sequence and single-guide RNA

targeting CFTR exon 2 to generate CFTR Control (CFTR CTL) and

CFTR knockdown (CFTR KD) cells [8] . 10 5 cells were transferred on

0.33 cm 

2 Transwell filters (Corning, #3470) and cultured for 14-21

days to generate polarized epithelium. 

2.2. RNA-seq analysis and qPCR 

mRNA was collected from samples with various treatments. The

procedure is provided in the Supplementary Materials and Meth-

ods. Analysis was performed as described [9] . qPCR was performed

using SYBR primers (Supplementary Table 1). 

2.3. Virus infection and plaque assay 

Polarized CFTR KD and counterparts were infected with IAV at

a multiplicity of infection (MOI) 0.05. Apical medium from sam-

ples were collected, plaque assays were performed and analyzed

according to the protocol described in the Supplementary Materi-

als and Methods. 

2.4. Transcription factor pathway analysis 

The network of interactions between transcription factors and

target genes, based upon Reactome repositories, was performed

with NetworkAnalyst ( http://www.networkanalyst.ca/ ), using the

Jasper database. 

2.5. Statistical analysis 

Statistical analyses were performed using Prism 8.0.2 (Graph

Pad Prism) with data expressed as mean ± standard error of the

mean (SEM). One-way ANOVA or student t test were used for anal-

ysis. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001 were considered signifi-

cant. Heat maps of differentially expressed genes were generated

with Prism software. 

3. Results 

3.1. CFTR inhibition in Calu-3 cells reveals dysregulated immune 

response with flagellin stimulation 

The knockdown of CFTR by CRISPR-Cas9 in the Calu-3 submu-

cosal gland airway epithelial cell line (CFTR KD) has been previ-

ously described [8] . To investigate the consequence of CFTR dele-

tion on global gene expression, we compared the transcriptomic

profiles of polarized CFTR CTL and CFTR KD stimulated with or

without flagellin. P. aeruginosa -derived flagellin (virulence factor)
Please cite this article as: A . Sofoluwe, A . Zoso and M. Bacchetta et a
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as used to mimic P. aeruginosa infection and stimulate an inflam-

atory host response. The experiment was performed in dupli-

ates, multi-dimensional scaling plots reveals the similarities be-

ween the samples used (Supplementary Fig. 1A). Distances on

he plot represent coefficient of variation in expression between

amples. The differential expression analysis was performed for

he genes annotated in hg19 and the counts were normalized ac-

ording to the library size and filtered. We obtained 23,420 raw

ene numbers, the differential expressed gene (DEG) counts are

rovided in Supplementary Table 2. Supplementary Fig. 1B shows

he distribution of the DEGs across the sample sets, revealing

he commonly expressed and uniquely expressed genes in our

on-stimulated (NS) or flagellin-stimulated (F) samples (CTL_NS

s KD_NS-green, CTL_F vs KD_F-yellow, CTL_NS vs CTL_F-pink and

D_NS vs KD_F-violet). Heat maps also show the changes in the

xpression of genes in CFTR CTL and CFTR KD unstimulated cells

r when stimulated with flagellin (Supplementary Fig. 1C) for the

uplicate experiments. 

PANTHER analysis revealed protein classes that include “cell

dhesion molecule”, “extracellular matrix”, “structural protein” in

he comparison between unstimulated CFTR CTL and CFTR KD

ells. Interestingly, PANTHER analysis revealed protein classes that

ere associated with the immune response, which include “sig-

aling molecule”, “defense immunity”, “transmembrane receptor

egulatory/adaptor protein” in the comparison between flagellin-

timulated CFTR CTL and CFTR KD cells ( Fig. 1 A and B). Volcano

lots showed that flagellin stimulation induced important gene ex-

ression changes in both CFTR CTL and CFTR KD cells ( Fig. 1 C

nd D), although the transcriptome response appeared fairly sim-

lar between the two cell lines (red dots-upregulated genes in

on-stimulated cells, blue dots-upregulated genes in flagellin-

timulated cells). Not surprisingly, Gene Set Enrichment Analysis

GSEA) predicted pathways associated with inflammation, includ-

ng “cytokine-cytokine receptor interaction”, “TNF signaling”, “NF-

B signaling”, Toll-like receptor” or “IL-1 signaling” in both CFTR

TL and CFTR KD cells exposed to flagellin ( Fig. 1 E). 

Less expected pathways, usually associated with viral infec-

ion, were also enriched such as “Influenza A”, “JAK/STAT signal-

ng”, “RIG-I like receptor signaling”, “Type-II IFN signaling”, “NOD

ike receptor signaling” or “Type-I IFN signaling” ( Fig. 1 F). Interest-

ngly, GSEA of the flagellin-induced pathways between CFTR CTL

nd CFTR KD cells suggested up-regulation and down-regulation of

ome “pro-inflammatory” and “viral-associated” pathways, respec-

ively ( Fig. 1 G). A list of the genes contributing to these pathways

s provided in Supplementary Table 3. Hence, flagellin stimulation

evealed potential dysregulation of signaling pathways involved in

efense against viral infection. 

.2. IAV infection of CFTR CTL and CFTR KD cells 

The RNA-seq data prompted us to develop a protocol to mon-

tor viral infection with Influenza A virus. To this end, CFTR CTL

nd CFTR KD cells grown on Transwell filters were infected at MOI

.05 with IAV PR8 (H1N1) and monitored up to 72 h. As shown

n Fig. 2 A, the release of virus particles was detected 18 h post-

nfection by plaque assay and reached a plateau after 24 h. These

esults were confirmed by the detection of the IAV nucleoprotein

NP) by Western blot ( Fig. 2 B). We observed a slight increase in

AV NP in CFTR KD cells that was however not reflected in the

easurement of virus particle release using plaque assays. We also

valuated whether the integrity of the CFTR CTL and CFTR KD ep-

thelium was affected by IAV infection by measuring the transep-

thelial electrical resistance (TEER). TEER dropped in both cell lines

8 h post-infection ( Fig. 2 C). Infection was also verified with im-

unofluorescence detection of the IAV nuclear protein ( Fig. 2 D).
l., Immune response of polarized cystic fibrosis airway epithelial 
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Fig. 1. Transcriptomic profile of flagellin CFTR CTL and CFTR KD stimulated cells. Pie Charts representing PANTHER Protein Class analysis in (A) CTL_NS vs KD_NS and (B) 

CTL_F vs KD_F conditions. (C) Volcano plots showing differentially expressed genes in CTL_NS v CTL_F conditions (D) and KD_NS v KD_F conditions (blue- upregulated in 

flagellin-stimulated cells, red-upregulated in non-stimulated cells). (E, F) Bar charts showing normalized enrichment scores of flagellin pathways in CFTR CTL (blue) and 

CFTR KD cells (red). (G) Bar chart showing normalized enrichment scores of flagellin pathways differentially modulated in CFTR KD cells as compared to CFTR CTL cells. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 

Please cite this article as: A . Sofoluwe, A . Zoso and M. Bacchetta et al., Immune response of polarized cystic fibrosis airway epithelial 
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Fig. 2. IAV infection of CFTR CTL and CFTR KD cells. (A) Viral titer analysis of IAV infected CFTR CTL and CFTR KD cells 2, 6, 18, 24, 48 and 72 h post infection (hpi), MOI 

0.05 ( n = 6). (B) Western blot showing IAV nuclear protein (NP) expression 2, 6, 18, 24 and 48 hpi. (C) Transepithelial electrical resistance (TEER) measurements of mock and 

IAV infected CFTR CTL (black) and CFTR KD (grey) cells at 48 hpi. (D) Immunofluorescence of IAV NP (magenta), nuclei staining with DAPI (blue) in mock and IAV infected 

CFTR CTL and CFTR KD cells, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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Thus, no apparent difference in virus particle processing was ob-

served between CFTR KD and CFTR CTL cells. 

To gain insights in the immune response of CFTR CTL and CFTR

KD cells to IAV infection, we used a multiplex gene expression

analysis with a panel of 579 immunology related genes. Relative

changes of gene expression in response to time (24, 48 and 72

h) of viral (V) infection in both cell lines (CTL V24, CTL V48, CTL

V72 and KD V24, KD V48, KD V72) was normalized to uninfected

CTL cells (CTL Mock). Venn diagrams illustrating the unique and

common genes modulated by IAV infection between CFTR CTL and

CFTR KD cells is shown in Supplementary Fig. 2. Fig. 3 A shows

the distribution of fold changes (Log2FC) in gene expression for

all conditions. Using qPCR, we confirmed the expression of key

marker genes of the response to viral infection at 48h, including

IL-8 ( CXCL8 ), IL-6 and IP10 ( CXCL10 ) ( Fig. 3 B–D). mRNA of the M1

protein, which plays a critical role in virus replication, was moni-

tored as a control of infection ( Fig. 3 E). As shown in Fig. 3 , mRNAs

for these genes were strongly induced in both cell lines but to sim-

ilar extent, suggesting that the host-response to viral infection was

apparently not different between CFTR CTL and CFTR KD cells. 

3.3. Immune gene profile of CFTR KD cells induced by IAV infection 

Supplementary Table 4 shows all gene expression changes

in response to IAV infection of CFTR CTL and CFTR KD cells.

IAV induced at all-time points strong expression of genes
Please cite this article as: A . Sofoluwe, A . Zoso and M. Bacchetta et a

cells infected with Influenza A virus, Journal of Cystic Fibrosis, https://
ypical of viral responses, including C-C motif (CCL20/MIP3 α,

CL22) and C-X-C motif (CXCL10/IP10) chemokines, IFNs (IFN β1,

L29/IFN λ3, IL28A/IFN λ2, IL28A/B/IFN λ), IFN-associated molecules

BST2/Tetherin, CXCL11/I-TAC) and histocompatibility complex anti-

en receptors (HLA-DPA1, HLA-DPB1, HLA-DQA1) in both cell types.

ompared to control cells, CFTR KD cells exhibited gene expres-

ion differences under basal and/or IAV-infected conditions. Fig. 4 A

hows a heat map of the genes with fold-changes of their expres-

ion below or above 2. The effect of CFTR knockdown on gene ex-

ression changes in uninfected cells can be appreciated when com-

aring KD mock versus CTL mock conditions in Fig. 4 A (last col-

mn). For example, BCL2, CYBB/NOX2, IL11RA, IRF5 and TLR9 were

ownregulated (blue arrows) in CFTR KD cells while CCL2/MCP1

nd DEFB4A ( β-defensin2) were upregulated (red arrows). Interest-

ngly, there are genes in CFTR KD cells that also show differences

n their expression as compared to CFTR CTL cells during IAV in-

ection. These include CCL13/MCP4, CD1D, CD22, CIITA, GBP5, IL18R1,

L1A, IL2RG, LCP2, LY96, NLRP3, TBX21, TNF, TNFRSF1B, XCL1 and ZEB1

 Fig. 4 A). CCL2 and CCL5 , the expression of which is affected by

FTR silencing, were also differently modulated between CTL and

FTR KD cells infected by IAV. 

.4. Immune gene profile induced by IFN in CFTR KD cells 

Altered signaling of CF airway epithelial cells in response to

FN has been reported in various studies. This was also predicted
l., Immune response of polarized cystic fibrosis airway epithelial 
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Fig. 3. Immune gene profile of IAV infected CFTR CTL and CFTR KD cells. (A) Dot plots showing distribution of immune gene expression in IAV infected CFTR CTL cells 

(CTL V) at time points 24, 48, 72 hpi (V24, V48, V72) and IAV infected CFTR KD cells (KD V) at time points 24, 48, 72 hpi (V24, V48, V72) normalized to CFTR CTL mock 

(CTL Mock). (B) Violin plot of IL8 mRNA expression, (C) IL6 mRNA expression, (D) IP10 mRNA expression and (E) IAV matrix protein M1 mRNA expression in Mock and IAV 

infected CFTR CTL (blue) and CFTR KD (red) cells. No difference in gene expression shown in B-E was observed between both cell types. (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.). 
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y our GSEA of CFTR CTL and CFTR KD cells exposed to flagellin

 Fig. 1 G). To determine if CFTR inactivation directly affect IFN-

ependent signaling pathways in Calu-3 cells, we also performed

ANOSTRING analysis on cells stimulated with different types of

FN, including IFN- α2B (Type I), IFN- γ (Type II) and IFN- λ3 (Type

II). We first verified the efficiency of the stimulation of CFTR CTL

nd CFTR KD cells by measuring IP10/CXCL10 mRNA levels, which

ere similar in response to all three types of IFN (Supplementary
Please cite this article as: A . Sofoluwe, A . Zoso and M. Bacchetta et a

cells infected with Influenza A virus, Journal of Cystic Fibrosis, https://d
ig. 3). Supplementary Table 4 shows all gene expression changes

n CFTR CTL and CFTR KD cells stimulated with IFN- α2B, IFN- λ3

nd IFN- γ . Genes of interest are highlighted in the heatmap shown

n Fig. 4 B, suggesting that CFTR silencing is associated with altered

FN signaling. 

Type I and type III are IFNs are released by IAV-infected air-

ay epithelial cells. To gain information on the potential factors

egulating the expression of the immune genes, genes modulated
l., Immune response of polarized cystic fibrosis airway epithelial 

oi.org/10.1016/j.jcf.2020.08.012 
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Fig. 4. Heat map profiles of dysregulated genes in IAV infected and IFN stimulated CFTR CTL and CFTR KD cells. (A) Heat map showing selected immunology related genes 

and expression in IAV infected (CTL V24, V48 and V72, KD V24, V48, V72 and KD Mock) normalized to CTL Mock. Blue arrows point to some genes whose expression was 

affected by CFTR silencing under uninfected condition. Red arrows indicate genes whose expression is differently affected by IAV infection in CFTR CTL and CFTR KD cells. 

(B) Heat map showing selected immunology related genes and expression in CFTR CTL and CFTR KD cells with IFN- α2b, IFN- λ3 and IFN- γ stimulation, normalized to CTL 

Mock. Red arrows indicate IFN- α2b dependent genes, blue arrows indicate IFN- λ3 dependent genes, and green arrows indicate genes affected by all IFN types (Type I, II and 

III). Gene expression values are in log2 scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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by IFN- α2B and IFN- λ3 were subjected to a “transcription factor

network” analysis. To this end, differentially expressed genes by

IFNs between CFTR CTL and CFTR KD cells were uploaded in the

NetworkAnalyst software to interrogate the Reactome repositories

regarding potential interactions with CFTR . The analysis revealed

the interaction between hubs of genes constituted of CFTR, SYK,

PRDM1 and CXCL13/BLC for IFN- α2B ( Fig. 5 A) and IFN- λ3 (Supple-
Please cite this article as: A . Sofoluwe, A . Zoso and M. Bacchetta et a

cells infected with Influenza A virus, Journal of Cystic Fibrosis, https://
entary Figure 4A) stimulations. The figure captions ( Fig. 5 A and

upplementary Fig. 4A) indicate the transcriptions factors known

o interact with these genes, directly or indirectly. These tran-

cription factors, as well as their gene targets in the NANOSTRING

ene panels, are listed in Fig. 5 B for IFN- α2B and in Supplemen-

ary Figure 4B for IFN- λ3. A good relationship was observed with

hanges in gene expression in KD CFTR cells (up and down) de-
l., Immune response of polarized cystic fibrosis airway epithelial 

doi.org/10.1016/j.jcf.2020.08.012 
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Fig. 5. (A) Figure caption of transcription factor network revealed with NetworkAnalyst ( http://www.networkanalyst.ca/ ), which identified SYK, PRDM1 and CXCL13 as hub 

genes interacting with CFTR . The network of transcription factors regulating the expression of these hub genes is indicated. (B) The hub genes ( CFTR, SYK, PRDM1 and CXCL13 ) 

and their associated transcription factors for IFN- α2B stimulation are highlighted. Next to each hub gene are indicated the transcription factors known to regulate their 

activity. Each transcription factor is visualized by a horizontal bar with its identity indicated on top. Below the bars are listed other target genes of these transcription 

factors. Whether hub and target genes were down- or upregulated, as revealed by NANOSTRING, is indicated (red, downregulated in CF; blue, upregulated in CF) PRDM1 is 

as a hub gene and a transcription factor. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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ected by NANOSTRING approach for both IFN- α2B ( Fig. 5 B) and

FN- λ3 (Supplementary Fig. 4B). For example, in Fig. 5 B, CFTR

s transcriptionally regulated by PPAR γ and RUNX2, which serve

s transcriptions factors for CLEC7A and CD1D . In CFTR KD cells,

oth genes are downregulated. In contrast, SYK, PRDMI and CXCL13

re upregulated in CFTR KD cells as well as other target genes.

he results highlight complex immune gene transcriptional net-
 m  
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cells infected with Influenza A virus, Journal of Cystic Fibrosis, https://d
ork regulation and suggest that IFN signaling is altered in CFTR

D cells. 

. Discussion 

We took advantage of a widely used airway epithelial cell line

odel (Calu-3 cells), where CFTR was inactivated by CRISPR-Cas9
l., Immune response of polarized cystic fibrosis airway epithelial 
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system [8] . Transcriptomic analysis was performed after stimula-

tion with flagellin, which is a potent bacterial virulence factor in

the airways of CF patients. Similar to other studies, RNA-seq anal-

ysis of CFTR CTL and CFTR KD cells showed that CFTR inhibition

primarily affects expression of key genes required for the immune

response. The data suggests that CFTR inactivation leads to a pro-

inflammatory state in stimulated CFTR KD cells. This was hypothe-

sized in clonal cell lines expressing CFTR to those without [10] . It

is interesting to note that these key differences and dysregulation

of the immune response are also highlighted in flagellin-stimulated

primary cultures of airway epithelial cells from CF and non-CF pa-

tients [9] . 

Flagellin stimulation of Calu-3 cells enhanced pathways in-

volved in viral infection in the bioinformatic analysis, suggesting

that our CFTR KD cell model could be useful to investigate the

host cell response to viruses. We used a low MOI of infection to

preserve the integrity of the airway epithelium grown on Tran-

swell filters and monitored viral growth over time. We did not

observe differences in viral replication or particle release between

CFTR CTL and CFTR KD cells. However, robust pro-inflammatory re-

sponse was induced, as evidenced by the IL -8, IL -6 and IP10 gene

transcripts. Multiplex gene expression analysis confirmed the over-

all immune response of Calu-3 cells infected with IAV, as demon-

strated by the enhanced expression of HLA-Class I and II molecules.

Of note, genome wide association studies revealed robust signa-

tures for HLA genes with CF disease severity [11] . 

Multiplex gene array analysis of CFTR inactivated Calu-3 cells

revealed downregulated genes of interest that could play a role

in the hyperinflammatory state of the CF airways. For example,

BCL2 , a cell death regulator, is downregulated in CFTR KD cells.

BCL2 modulates cell death to variable outcomes for apoptosis, as

previously reported in Calu-3 cells and other cell types [12,13] . In-

terestingly, the dysregulation of the IFN signaling pathway in CFTR

KD cells was also observed. IRF5, which is a member of the IFN

regulatory factor (IRF) family, is downregulated with IAV infec-

tion. This group of transcription factors has diverse roles, including

virus-mediated activation of IFN, modulation of cell growth, dif-

ferentiation, apoptosis and immune system activity. TLR9 , which

is expressed within the endosomal compartments, functions to

alert the immune system of viral and bacterial infections by bind-

ing to DNA rich in CpG motifs. These observations are in line

with the finding that there are diminished IFN and IFN-stimulated-

gene levels in CF bronchial epithelial cells infected with Rhinovirus

[14] . Upregulated genes in CFTR KD cells include the C-C motif

chemokine/monocyte attractant CCL2/MCP1 . Importantly, the ex-

pression of CCL2/MCP1 was strongly induced with IAV in CFTR KD

cells. CCL2/MCP1 was previously shown to be associated with CFTR

mutation in pancreatitis-associated disease in CF patients [15] and

upregulated in primary cultures of CF airway epithelial cells in-

fected with P. aeruginosa [16] . 

We also observed IAV-dependent genes that were upregulated

in the later time points of infection in CFTR KD cells. Among these

genes, CCL13/MCP4 , which is regulated by IL-1 and TNF α, is in-

teresting as the cytokine is reported to be an asthma biomarker

[17] . CD1D , which helps to present lipid antigens at the cell sur-

face, can activate natural killer T (NK T) cells. When activated, NK T

cells rapidly produce cytokines, typically represented by IFN- γ and

IL-4 production. CIITA encodes the HLA-class II transactivator and

has been shown to interact with MAPK1. Although the functional

consequences are unknown, the upregulation of a major regula-

tor of HLA-class II molecules may affect antigen presentation by

CF airway epithelial cells. Of note, a previous study reported that

reduced IFN- γ induced HLA-DQ expression in immune cells from

CF patients [18] . In contrast to our results, these authors showed

decreased expression of CIITA , suggesting that IFN- γ -dependent

signaling was impaired in CF. Importantly, IL-4 and IFN- γ were
Please cite this article as: A . Sofoluwe, A . Zoso and M. Bacchetta et a

cells infected with Influenza A virus, Journal of Cystic Fibrosis, https://
hown to orchestrate an epithelial polarization in the airways me-

iated by clustering of transcription factor hubs involving TBX2 and

EB1 [19] , two genes that are also upregulated by IAV in our ex-

eriments. NLRP3 is upregulated in our CFTR KD cells during IAV

nfection, which may contribute to the increased inflammation ob-

erved in CFTR KD cells [20] . This is also highlighted by the in-

reased expression of IL18R1 and IL1A , two components of IL-1 sig-

aling that are pro-inflammatory, and of GBP5, an activator of the

LRP3 inflammasome. These results are in agreement with the hy-

othesis that inflammasome-dependent inflammation is enhanced

n CF [21,22] . 

Type I and III IFNs play a major role in the antiviral defense

f the airway epithelium. Comparing the “transcription factor net-

ork” associated with changes in the expression of the immune

enes in CTL and CFTR KD cells stimulated with IFN- α2B and IFN-

3, we found hubs of genes interacting with CFTR , namely SYK,

RDM1 and CXCL13 . SYK (spleen tyrosine kinase), a non-receptor

yrosine kinase, has been reported to regulate CFTR localization at

he plasma membrane by phosphorylation of residue Y512 [23] . In

he presence of pathogens, SYK can activate the inflammasome and

F- κB-mediated transcription of pro-inflammatory mediators [24] .

YK is also expressed by lung epithelial cells, thus, SYK inhibition

as been proposed as a therapeutic strategy for dampening severe

nflammation caused by P. aeruginosa infection [25] . SYK activation

as shown to induce the tumor suppressor B-lymphocyte-induced

aturation protein-1 (Blimp-1), which is encoded by PRDM1 , and

hought to be a critical regulator of IFN signaling cascades. In

ammary epithelial cells, Blimp-1 regulates the expression of viral

efense, IFN signaling and MHC class I pathways, and directly tar-

ets the transcriptional activator STAT1 [26] . Of note, phosphoryla-

ion of STAT1, which activates IFN-mediated signaling was reported

o be impaired in CF airway epithelial cells [27] . 

Both SYK and PRDM1 associate with CXCL13 through the SRF

serum response factor) and POU2F2 (POU domain, class 2, tran-

cription factor 2) transcription factors. CXCL13 and its receptor,

XCR5, play fundamental roles in inflammatory, infectious and im-

une responses. It is mostly known to exert important functions

n lymphoid neogenesis. In a murine model, expression of CXCL13

as enriched in lymphoid aggregates that developed in lungs dur-

ng Respiratory Syncytial virus [28] and persistent P. aeruginosa or

. aureus airway infection [29] . 

In summary, our findings reveal target genes in understanding

he defective immune response in the CF airway epithelium in the

ontext of viral infection. The results also confirm defective IFN

ignaling responses that could contribute to the dysregulated tol-

rance of airway epithelial cells against pathogens. It is however

cknowledged that this study only presents predictions from tran-

criptomic analysis in a simple, though polarized, airway epithelial

ell model. Further investigation at the protein level is required to

etermine and validate the role of the identified genes in the CF

irway immune response. 
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