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Abstract

The first line of defense against respiratory viruses relies on the antiviral
and proinflammatory cytokine response initiated in infected respiratory epi-
thelial cells. The cytokine response not only restricts virus replication and
spreading, but also orchestrates the subsequent immune response. The epi-
thelial Dual Oxidase 2 (DUOX2) has recently emerged as a regulator of the
interferon antiviral response. Here, we investigated the role of DUOX2 in
the inflammatory cytokine response using a model of A549 cells deficient in
DUOX2 generated using Crispr-Cas9 and infected by Sendai virus. We found
that the absence of DUOX2 selectively reduced the induction of a restricted
panel of 14 cytokines and chemokines secreted in response to Sendai virus
by 20 to 89%. The secreted factors produced by epithelial cells upon virus
infection promoted the migration, adhesion, and degranulation of primary
human neutrophils, in part through the DUOX2-dependent secretion of TNF
and chemokines. In contrast, DUOX2 expression did not impact neutrophil
viability or NETosis, thereby highlighting a selective impact of DUOX2 in
neutrophil functions. Overall, this study unveils previously unrecognized
roles of epithelial DUOX2 in the epithelial-immune cells crosstalk during
respiratory virus infection.
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1 | INTRODUCTION

Human respiratory virus infections are associated with
high morbidity and mortality that represent a heavy global
health burden."* Most respiratory viruses that affect hu-
mans have a genome composed of RNA.? They primarily
infect and replicate in respiratory epithelial cells (ECs)
along the respiratory tract, which constitute a physical
barrier to the outside environment. ECs are equipped with
pathogen recognition receptors that sense RNA viruses to
trigger the earliest events of the innate host defense via
secretion of mucus and soluble mediators. Among the lat-
ter, cytokines and chemokines are major determinants of
the outcome of the infection and host recovery.* ECs se-
crete antiviral type I and type III interferons (IFN), which
through autocrine and paracrine actions limit virus repli-
cation and spreading. They also secrete a broad panel of
proinflammatory cytokines and chemokines involved in
the recruitment and activation of leukocytes in the air-
way mucosa.”® The capacity of respiratory RNA viruses to
modulate the rate, magnitude, and quality of antiviral and
proinflammatory responses is associated with the severity
of the pathogenesis. Specifically, they are known to antag-
onize the antiviral IFN response, while inducing an ex-
aggerated proinflammatory response often characterized
by an accumulation of neutrophils in the airway tract.””’
Therefore, the understanding of the innate responses of
infected ECs and how they mediate leukocytes recruit-
ment to the airway mucosa is key.

Reactive oxygen species (ROS) of various sources reg-
ulate multiple aspects of virus-host interactions, includ-
ing virus replication, host defense and pathogenesis.'*"2
NADPH oxidases (NOX1-5, DUOX1-2) produce intracel-
lular and extracellular superoxide and hydrogen peroxide
(H,0,) in various organisms. The distinct isoforms that are
widely expressed in various tissues play a role in a broad
range of cellular processes,lz’13 including host defense,
acid production, fluid homeostasis, regulation of mucin
expression, and cell death. ROS produced by NADPH ox-
idases are increasingly appreciated as critical regulators of
the innate antiviral response in the respiratory tract.'*™3
The expression of the DUOX2 isoform, and its maturation
factor DUOXA2, was shown to be highly upregulated and
the most abundant source of regulated amount of H,0, in
respiratory ECs in response to various RNA viruses, includ-
ing influenza virus (IAV), respiratory syncytial virus (RSV),
rhinovirus, Sendai virus (SeV).'*'>'71%2* DUOX2 was also

antiviral, cytokines, DUOX2, epithelial cells, inflammation, neutrophils, redox, respiratory, virus

found among the top 10 most upregulated metabolic genes
in SARS-CoV-2-infected ECs.” The DUOX2/DUOXA2 gene
induction was found to result from the synergistic action of
IFNB with TNF or IL1p . Compelling evidence has im-
plicated DUOX2 in various aspects of the innate antiviral
response. Notably, DUOX2 contributes to the increased ex-
pression of pathogen recognition receptors.* Additionally,
we and others have shown that extracellular H,0, pro-
duced by DUOX2 restricts SeV, RSV, and IAV replication in
part through a positive feed-back regulation on IFNf and
IFN levels.'>! Furthermore, intranasal administration of
DUOX2-encoding DNA in mice reduced IAV replication in
the airways.” In the present study, we aimed to determine
whether DUOX2 also contributes to the regulation of the
inflammatory arm of the cytokine response mounted by
ECs in response to virus infection.

Using DUOX2-deficient A549 cells generated through
Crispr/Cas9-mediated genomic modification, we un-
veiled a selective role of DUOX2 in the induction of a
selected group of secreted cytokine and chemokine lev-
els during infection by the respiratory virus, SeV. Soluble
mediators secreted by infected ECs were found to con-
tribute to the activation of the innate immune response
through the enhancement of neutrophils chemotaxis,
NETosis and expression of markers of adhesion and de-
granulation. We demonstrate that SeV-infected ECs drive
neutrophil attraction and activation, in part through the
DUOX2-dependent secretion of TNF and chemokines.
Altogether, these findings point to previously unrecog-
nized roles of epithelial DUOX2 in the epithelial-immune
cells crosstalk during respiratory virus infection.

2 | MATERIAL AND METHODS

2.1 | Reagents

Dextran-500, adenosine deaminase (ADA) and catalase
from bovine liver were from Sigma-Aldrich, Oakville,
ON, Canada. R7050, AZD5069, AMG487, Cenicrivoc,
Phorbol 12-myristate 13-acetate (PMA) were from
Cayman Chemical, Ann Arbor, MI, USA. Calcein-AM
and SYTOX green were from Invitrogen, Eugene, OR,
USA. Anti-human G-CSF and recombinant IFNf and
TNF were from R&D Systems, Minneapolis, MN, USA.
Anti-human GM-CSF was from Biolegend, San Diego,
Ca, USA. Human immunoglobulins (IgGs) were from
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Innovative Research, Inc., Novi, MI, USA. Human Fc-
Block, BV421-labeled mouse anti-human CD35 (Clone
E11), APC-labeled mouse anti-human CD11b (Clone
ICRF44), PE-labeled mouse anti-human CD63 (Clone
H5C6), FITC-labeled mouse anti-human CD66b (Clone
G10F5) and PerCP-Cy™s5.5-labeled mouse anti-human
CD16 (Clone 3G8) were all from BD Biosciences, San
Jose, CA, USA. General chemicals were from Bioshop,
Burlington, ON, Canada.

2.2 | Generation of A549 cells deficient
in DUOX2

A549 cells (American Type Culture Collection, ATCC)
and derivatives were grown in Ham F12 medium
(GIBCO) supplemented with 1% L-Glutamine (GIBCO)
and 10% heat-inactivated Fetalclone III serum (HI-FCI-
III, Hyclone) at 37°C and 5% CO,. Cultures were tested
negative for mycoplasma contamination (MycoAlert
Mycoplasma Detection Kit, Lonza) every 2months.
For generation of A549 deficient in DUOX2 (A549-
DUOX2"" and control cells (A549-Ctrl), A549 cells were
seeded in a 12-well plate for co-transfection with 1.6 pg
of Cas9 Nuclease Expression Plasmid (Dharmacon,
#U-005200-120), 50nM TracrRNA (Dharmacon,
#U-002000-20) and 50nM crRNA specific to either
exon 4 of human DUOX2 (Gene ID: 50506; sequence:
ATACACACCGTCGGCGTAAT) or non-targeting con-
trol (Dharmacon, #U-007501-05 and #U-007502-05)
using 40 pg/ml Dharmafect DUO transfection reagent
(Dharmacon, #T-2001-02). After 48h, 2 pg/ml puro-
mycin (Sigma-Aldrich) was added to select for Cas9
expression plasmid and culture was pursued for 7 days.
Monoclonal populations were obtained by seeding 40
cells/15cm plates followed by isolation of clones using
cloning rings. Gene editing was confirmed by Sanger
sequencing at the Génome Québec Innovation Centre
(McGill University, Montréal, QC). CRISP-ID web ap-
plication tool was used to locate the targeted region and
monitor the insertions/deletions within the gene. Lack
of expression of DUOX2 was confirmed by immunoblot.

2.3 | Cellinfection and treatment

Subconfluent A549-Ctrl or A549-DUOX2P  cells
were infected with SeV (Cantell strain, Charles River
Laboratories) at 40 hemagglutinin units (HAU)/ 10°
cells in serum free Ham F12 medium (SFM) containing
1% Glutamine for the first 2 h before addition of 10%
HI-FCI-III. The infection was pursued for the indicated
time. For cytokine stimulation, cells were treated with
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recombinant IFNJ or TNF at 1000 U/ml and 10 ng/ml,
respectively, in Ham F12 medium containing 1% glu-
tamine and 2% HI-FCI-III (F12-2%HI-FCI-IIT) for the
indicated times.

2.4 | Protein extraction and
Immunoblots

For analysis of signaling pathways, cells were har-
vested in cold dPBS (GIBCO), pelleted by centrifugation
at 16200g for 30s and resuspended in pre-chilled lysis
buffer composed of 50 mM Hepes pH 7.4, 150 mM Nacl,
5mM EDTA, 10% glycerol, and 1% IGEPAL (Sigma-
Aldrich) completed with 1 ug/ml of leupeptin, 2 ug/ml
of aprotinin, 5mM of sodium fluoride, 1 mM of activated
Na,;VO,, 2mM of p-nitrophenyl phosphate, and 10 mM
b-Glycerophosphate pH 7.5. After incubation on ice for
20 min and three freeze/thaw cycles, lysates were clarified
at 16200 g for 20 min at 4°C. The supernatant was isolated
and used as the whole cell extract (WCE). Quantification
of proteins was performed using a Bradford assay
(Biorad). Thirty micrograms of WCE were resolved by
electrophoresis on SDS-PAGE and immunoblotted on
a nitrocellulose membrane according to the method de-
tailed by Robitaille et al.?® The following primary anti-
bodies were used: anti-IRF-3-phospho-Ser396 (described
in Servant et al.?’), anti-IRF-3 (Active Motif, cat.#39033),
anti-P65-phospho-Ser536 (Cell Signaling, cat.#3033),
anti-p65 (Santa Cruz, cat.#SC-372), anti-phospho-
IxBa-Ser32 (Cell Signaling, cat.#2859), anti-IkBa (Cell
Signaling, cat.#9242), anti-phospho-STAT1-Tyr701
(Cell Signaling, cat.#7649), anti-STAT1 (Cell Signaling,
cat.#9176), anti-SeV (MBL life Science, cat #PD029), and
anti-actin (clone AC-15, Sigma, cat#A5441) diluted in ei-
ther PBS containing 0.5% Tween (MP Biomedicals, PBS-
T) completed with 5% Bovine Serum Albumin (Millipore
Sigma, cat# A7906) or 5% milk (Carnation).

For DUOX2 immunoblots, cells were washed with
dPBS before addition of chilled dPBS completed at
the time of use with 1 mM phenylmethylsulfonyl fluo-
ride (Bioshop, cat. #PMS123.5), 0.0l mM chymostatin
(Sigma, cat. #C7268) and 10 pl/ml protease inhibitor
cocktail (Sigma-Aldrich, cat. #P8340) directly to the
plates. Cells were scraped and sonicated (3 x 20 pulses)
on ice. The lysates were centrifuged at 16200g for
20min at 4°C. The supernatant was ultracentrifuged
at 100000g in a S120AT3-0172 rotor at 4°C for 30 min.
The pellet was resuspended in 125mM Tris-HCI, 10%
Glycerol, 2% SDS containing 1 mM phenylmethylsulfo-
nyl fluoride (Bioshop, cat. #PMS123.5), 0.0l mM chy-
mostatin (Sigma, cat. #C7268) and 10 pl/ml protease
inhibitor cocktail (Sigma-Aldrich, cat. #P8340), 0.1 M
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dithiothreitol and protein concentration quantified
using Protein Quantification RC DC method (Biorad).
SDS-PAGE electrophoresis  (6.5% acrylamide/bis-
acrylamide resolving gel) were conducted immediately
using 30 pg of membrane extracts after addition of 1%
bromophenol blue. Immunoblots were performed as
described above using recombinant anti-NaK ATPase
(ABCAM, cat. #AB76020) and anti-DUOX1/2 (obtained
from Dr. Miot, Belgium) primary antibodies diluted in
PBS-T containing 5% milk.

2.5 | Epithelial cell-derived conditioned
medium generation

For preparation of EC-derived conditioned medium (Co-
SN), A549-Ctrl and A549-DUOX2P °f cells were left unin-
fected or infected with SeV in F12-2%HI-FCI-III for 24 h.
Where indicated, 400 U/ml catalase was added 4 h before
supernatant collection. Supernatants were collected and
clarified for 5 min at 1000 g followed by a 10 min centrifu-
gation at 10 000g. Where indicated, Co-SN were treated
with UV for 20min to inactivate SeV.

2.6 | Cytokine and chemokine
quantification

Cytokine and chemokine quantification was performed
on Co-SN by Eve technologies, Calgary, AB, Canada,
using Luminex-based human Cytokine multiplex Assays.
IFNp was quantified by ELISA using the Human IFN-beta
Quantikine QuickKit ELISA (R&D Systems).

2.7 | Human neutrophils isolation and
incubation with conditioned medium

The Université Laval ethics committee approved all
experiments involving human tissues (2021-5336).
Informed consent was obtained in writing from all
donors. Data collection and analyses were performed
anonymously. Neutrophils were isolated under sterile
conditions at room temperature, essentially as described
in Fiset et al.?® Briefly, 200 ml of venous blood on isoci-
trate anticoagulant solution from healthy volunteers
were collected and distributed in 50-ml conical tubes and
were centrifuged at 400g for 10 min; resulting platelet-
rich plasma was discarded. Leukocytes were obtained
following sedimentation of erythrocytes with 10ml of
2% (w/v) Dextran-500. Neutrophils were separated from
other leukocytes by centrifugation at 600g for 20min
on a 10 ml lymphocyte separation medium (Wisent,

St-Bruno, QC, Canada). Contaminating erythrocytes
were removed using 20s of hypotonic lysis. Purified
granulocytes (>95% neutrophils, <5% eosinophils, ba-
sophils) contained less than 0.2% monocytes. Viability
was greater than 98%, as determined by trypan blue dye
exclusion. Neutrophils were resuspended (107 cells/ml)
at 37°C in F12-2%HI-FCI-III and exposed to EC-derived
Co-SN. Each experiment was entirely performed with
neutrophils from the same donor. Conversely, distinct
independent experiments were performed with neu-
trophils from different donors. In specific experiments,
neutrophils were pre-incubated for 30 min at 37°C with
2 pM TNF receptor-I antagonist R-7050, 100nM CXCR2
antagonist AZD5069, 1 pM CXCR3 antagonist AMG487,
or 1 pM CCR2-CCRS5 antagonist Cenicrivoc either indi-
vidually or in combination as indicated. Alternatively,
EC-derived Co-SN were pre-treated for 30 min at 37°C
with 10 pg/ml anti-G-CSF or anti-GM-CSF neutralizing
antibodies before further use.

2.8 | Neutrophil viability

Neutrophil viability was assessed using a FITC Annexin V
Apoptosis Detection Kit (BD Biosciences). Neutrophils (10
cells/ml) were incubated with EC-derived Co-SN diluted 1:1
with F12 medium, for 24 h at 37°C. Samples were centrifuged
and resuspended in 100 pl annexin binding buffer. Annexin
V and propidium iodide (5 pl each) were added to samples
and incubated for 15min in the dark before the addition of
400 pl of annexin binding buffer. Analysis was performed by
flow cytometry using a FACS Canto II flow cytometer with
FACSDiva software, version 6.1.3 (BD Biosciences).

2.9 | Chemotaxis

Neutrophil chemotaxis was monitored as described in
Frevert et al.*’ with modifications. Briefly, neutrophils were
resuspended (107 cells/ml) in RPMI 1640 containing 10%
decomplemented FBS and supplemented with 0.1 U/ml
ADA, to prevent accumulation of endogenous adenosine in
the medium, thus minimizing its previously demonstrated
modulating effects on neutrophils.*® Neutrophils were in-
cubated with 5 pg/ml calcein-AM for 30 min at 37°C in the
dark with agitation, washed twice and resuspended in F12
medium supplemented with ADA at 5x10° cells/ml. The
bottom chamber of ChemoTx 101-5 plates (Neuro Probe,
Gaithersburg, MD) was filled with Co-SN diluted 1:1 in F12-
2%HI-FCI-III to a total of 31pl. A polycarbonate filter was
positioned in each well and neutrophils were placed on the
top (30 pul; 3% 10° cells/ml). Neutrophils were allowed to mi-
grate for 1 h at 37°C and 5% CO, in the dark. Non-migrating
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neutrophils were removed by gently wiping the filter with a
tissue. Total fluorescence from a known number of neutro-
phils was determined by placing 30l of each concentration
(ie., 0.125, 0.25, 0.5, 1.0, 2.0, 3.0, and 5.0%x10° neutrophils/
ml) in wells of the plate bottom chamber. Cell migration
was measured with a microplate fluorescence reader (ex/
em: 485/530nm) with bottom-read configuration (FL600;
Bio-Tek Instruments, Winooski, VT).

2.10 | Measure of neutrophil
production of reactive oxygen species

Neutrophil ROS production was measured as previously
described in Fossati et al.>! with modifications. Briefly,
Co-SNs (100 pl) were placed in 96-well white microplates
(BrandTech® Scientific, Inc., Essex, CT, USA). Neutrophils
(2x10° cells/ml; 100pl) in F12-2%HI-FCI-III supple-
mented with ADA in the presence of 20 pM luminol were
added. Samples were incubated at 37°C in the microplate
reader Infinite M1000 PRO with i-control 2.0 software
(Tecan, Morrisville, NC, USA). Luminescence intensity
was monitored every 5 min for 120 min. Heat-aggregated
immunoglobulin G (HA-IgG; 1 mg/ml) was used as a posi-
tive control for ROS induction.

2.11 | Measurement of NET production
NET formation was performed essentially as in Gray
et al.>? with modifications. Briefly, 100pl of Co-SN, or
control F12-2%HI-FCI-III, were placed in 96-well white
microplates (BrandTech® Scientific, Inc., Essex, CT, USA)
before the addition of neutrophils (5 x 10° cells/ml; 100 pl)
in F12-2%HI-FCI-III supplemented with ADA. Plates
were incubated at 37°C, 5% CO, for 4 h before the addition
of 5 pM SYTOX green. NET formation was evaluated by
measuring the fluorescence (ex/em: 504/523nm) in each
well after subtraction of the background fluorescence.
PMA (10 nM) was used as a positive control.

212 | Neutrophils surface
marker analysis

Following incubation of neutrophils (1x10” cells/ml)
with Co-SN diluted 1:1 with F12-2%HI-FCI-III for 30 min
at 37°C, cells were spun and resuspended in Hank's
Balanced Salt Solution (HBSS) containing 10mM HEPES
pH 7.4,1.6mM Ca**, no Mg”* and human Fc-Block. Cells
were incubated with BV421-labeled mouse anti-human
CD35, APC-labeled mouse anti-human CDI11b, PE-
labeled mouse anti-human CD63, FITC-labeled mouse
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anti-human CD66b and PerCP-Cy™S5.5-labeled mouse
anti-human CD16, for 30 min in the dark at 4°C. Samples
were fixed with 1% paraformaldehyde before analysis with
a FACS Canto II flow cytometer with FACSDiva software,
version 6.1.3 (BD Biosciences). The gating strategy is pre-
sented in Figure S1.

2.13 | Statistical analyses

Statistical comparisons were performed with Prism 8 soft-
ware (GraphPad) using the indicated tests. p-values were
considered significant when <0.05.

3 | RESULTS

3.1 | Epithelial DUOX2 genomic
knockdown does not affect key innate
immune signaling pathways

In our previous study, we evaluated the contribution of
respiratory epithelial DUOX2 in the antiviral response
against RNA viruses using an RNA silencing approach.15
To further study the role of DUOX2, we used a CRISPR-
Cas9 approach to generate monoclonal A549 cells
deficient in DUOX2 (A549-DUOX2P%) as well as the cor-
responding ctrl cells (A549-Ctrl). Previous data showed
that DUOX2 expression is inducible upon virus infection
in ECs.!*!>17"19°3 Ipfection by SeV induced the expression
of DUOX2 in A549-Ctrl cells, but not in A549-DUOX2 ¢!
cells (Figure 1A), confirming that the CRISPR-Cas9 edit-
ing strategy was successful.

Using these cells, we first assessed the activation of
the NF-kB and IRF-3 transcription factors, which have a
major role in the regulation of antiviral and proinflamma-
tory cytokine and chemokine encoding genes.*> DUOX2
knockout did not alter the phosphorylation of IRF-3 and
NF-kB induced by SeV infection (Figure 1B,C). Because
NF-xB and STAT1 signaling mediate the expression of
immunoregulatory, inflammatory, and antiviral genes in-
duced by TNF and IFN-I produced during virus infection,
respectively,***> we next investigated the functionality of
these pathways. Phosphorylation of IxkBa induced by TNF
(Figure 1D) and of STAT1 triggered by IFNp (Figure 1E),
were induced similarly in A549-DUOX2"*" and A549-
Ctrl cells. Together, these data indicate that epithelial
DUOX2 is not required for the activation of key signaling
cascades involved in the innate immune defense. To mit-
igate potential clonal effects, the four clones of A549-Ctrl
or A549-DUOX2¢, respectively, were pooled to generate
polyclonal cell lines that were used in subsequent experi-
ments. (Figure 1F).
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FIGURE 1 Innateimmune signaling in DUOX2-deficient A549 cells infected with Sendai virus. A549 cells were genetically modified
using Crispr/Cas9, either with a ctrl gRNA(A549-Ctrl) or DUOX2-targeting gRNA (A549-DUOX2f). Monoclonal cell populations were
isolated. In (A-C), A549-Ctrl and A549-DUOX2 clones were infected with SeV (40 HAU/10° cells) for the indicated times. In (D), A549-
Ctrl and A549-DUOX2 ! clones were treated with TNF (10 ng/ml) for 1 hr. In (E), clones were treated with IFN (1000 U/ml) for 4 h. (F)
Pools of A549-Ctrl and A549-DUOX2 % clones were pooled and infected with SeV (40 HAU/10° cells) for 24 h. In (A and F), Membrane
extracts were immunoblotted using a DUOX1/2-specific antibody to monitor DUOX2 protein levels and anti-NaK ATPase antibodies

were used as a loading control. In (B-E), WCE were immunoblotted using anti-IRF-3-P-Ser396, anti-IRF-3, anti-p65-P-Ser536, anti-p65,
anti-IkBa-P-Ser32, anti-IkBa, anti-STAT1-P-Tyr701 and anti-STAT1. Anti-Actin was used as a loading control. (G) A549-Ctrl (violet) and
A549-DUOX2" (blue) pools were infected with SeV (40 HAU/10° cells) for 24 h and the production of IFNf was quantified by ELISA (n = 6
independent experiments). Statistical comparisons were performed using a ratio-paired ¢-test. The geometric mean of ratios and p-value are

indicated.
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3.2 | Epithelial DUOX2 shapes the
profile of cytokines and chemokines
secreted in response to SeV

ECs in the respiratory tract secrete a wide range of cy-
tokines and chemokines initiating the recruitment and
activation of inflammatory cells upon virus infection.*®*’
We previously documented that DUOX2 in respiratory
ECs is required for the sustained production of IFNf in re-
sponse to respiratory RNA viruses.'® We confirmed in our
CRISPR-Cas9 genome-edited model that secreted IFN
levels were significantly impaired in A549-DUOX2Pt
infected with SeV compared to control cells (Figure 1G).
We then sought to determine if the role of DUOX2 in the
modulation of cytokine levels extended beyond IFN.
Therefore, we analyzed the supernatant of A549-Ctrl or
A549-DUOX2" cells left uninfected or infected cells with
SeV for 24 h against a panel of cytokines and chemokines
using Luminex-based multiplex assays. Several cy-
tokines and chemokines were significantly induced in
SeV-infected A549-Ctrl compared to uninfected cells
(Figure 2A,C and Figure S2). Eleven of these cytokines/
chemokines, namely G-CSF, GM-CSF, CXCL10, CCL3,
CCL4, CCL5, CCL7, IL-1a, IL-6, TNF, and FGF2, were
strongly induced, and stood out with increases of 22.83
to 725.5 folds (Figure 2A,C). The comparison of A549-
DUOX2P cells and A549-Ctrl cells showed that the in-
duction of a restricted panel of 14 cytokines/chemokines
induced by SeV infection is dependent on the expression
of DUOX2. The production of G-CSF, GM-CSF, CXCL1,
CXCL10, CCL3, CCL7, IL-la, FGF-2, and TNF was
most severely impaired in the absence of DUOX2 with
a reduction between 86% and 46% compared to control
cells, while induction of CX3CL1, IL-1p, IL-4, IL-15, and
PDGF-AA was reduced by 20%-40% (Figure 2B,C and
Figure S2). Of note, TGFa exhibited an increasing trend
in DUOX2-deficient cells (Figure 2B,C), although it re-
mained produced at a very low level (Figure 2B,C). We
next sought to determine whether the role of DUOX2 in
the regulation of the cytokine and chemokine profile is
dependent on H,0,. We analyzed the levels of some of
the DUOX2-dependent cytokines and chemokines in the
supernatant of A549-Ctrl cells left uninfected or infected
cells with SeV for 24 h in the absence or presence of cata-
lase. We observed a similar trend with catalase than that
observed in the absence of DUOX2 providing evidence to-
ward H,0,-dependent regulation (Figure 3). Overall, our
results suggest that DUOX2 deficiency is remodeling the
profile of a specific panel of cytokines and chemokines se-
creted by A549 cells in response to SeV hence hinting at a
role of epithelial DUOX2 in the cytokine-driven immune
response.
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3.3 | DUOX2-dependent secreted factors
attract human neutrophils and upregulate
activation markers

Neutrophilia in the lungs is associated with the pathogen-
esis of several respiratory viral infections. Epithelium-
neutrophil interactions have recently begun to attract
interest in understanding the regulation of the innate im-
mune response.’®** Analysis of the DUOX2-dependent
cytokine profile secreted upon infection of A549 cells with
SeV pointed to a potential for regulating neutrophil phe-
notype. For instance, G-CSF and GM-CSF promote the
production and proliferation of neutrophils, while CXCL1,
CXCL10, CCL7, CCL3, and TNF, among others, attract
neutrophils and promote functions such as adhesion and
degranulation.*** Therefore, we sought to evaluate the
impact of epithelial DUOX2-deficiency on neutrophils by
using an ex-vivo system in which isolated primary human
neutrophils are exposed to conditioned media (Co-SN)
from either A549-DUOX2" or A549-Ctrl cells left unin-
fected or infected by SeV (Figure 4A). We then assessed
neutrophil viability, chemotaxis, ROS production, forma-
tion of extracellular traps (NET), and surface expression
of adhesion and degranulation markers.

Regardless of the Co-SN to which neutrophils were
exposed, viability after 24h was similar (Figure 4B), in-
dicating that neither SeV-infection of A549 cells, nor
DUOX2-deficiency, impact neutrophil viability within
this time frame. On the other hand, Co-SN from infected
A549-Ctrl cells (Ctrl-SeV) significantly increased neutro-
phil chemotaxis compared to Co-SN from uninfected cells
(Ctrl-Mock). However, chemotaxis induced by Co-SN from
infected A549-DUOX2 cells (DUOX2"*-SeV) was signifi-
cantly lower compared to infected Ctrl cells (Figure 4C),
showing that the potential of factors secreted from SeV-
infected ECs to attract neutrophils, partially depends on
DUOX2. Analysis of ROS production by neutrophils re-
vealed significant induction by Ctrl-SeV Co-SN compared
to Ctrl-Mock Co-SN, but the levels were marginal com-
pared to heat-aggregated IgG (HA-IgG), a classic inducer
of oxidative burst.* While DUOX2"*-SeV Co-SN exhibited
an apparently stronger ability to stimulate ROS produc-
tion by neutrophils compared to Ctrl-SeV Co-SN, the levels
remained very low (Figure 4D). Ctrl-SeV Co-SN signifi-
cantly stimulated NETosis compared to Co-SN from unin-
fected cells although to a modest level compared to PMA,
a well-known NET inducer. No significant difference was
observed when using Co-SN from A549-DUOX2P%" cells
(Figure 4E), indicating that NETosis induced by secreted
factors derived from SeV-infected ECs is not dependent
on DUOX2. Finally, we monitored surface markers which
provide insights into the adhesion (CD11b), degranulation
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FIGURE 2 DUOX2 isrequired for the epithelial expression of a panel of cytokines induced by SeV infection. A549-Ctrl and A549-
DUOX2 cells were left uninfected or infected with SeV (40 HAU/10° cells) for 24 h and the release of cytokines and chemokines was
quantified using Luminex-based multiplex assays. (A) Radar plot of cytokine and chemokine levels in SeV-infected A549-Ctrl (Ctrl-SeV)
represented as fold over uninfected A549-Ctrl (Ctrl-Mock) condition (green). Cytokines significantly induced (n>4; p <0.05) are represented
in yellow. Non-significant variations are shown in gray. (B) Radar plot of cytokine levels in A549-DUOX2 ¢ infected with SeV (DUOX2
SeV) represented as fold over SeV-infected A549-Ctrl (Ctrl-SeV) condition (violet). Cytokines that vary significantly in the absence of
DUOX2 are represented in blue (n>4; p <0.05). Non-statistically significant variations are shown in gray. (C) Scatter plot of DUOX2-
dependent cytokines and chemokine levels. DUOX2-independent cytokines and chemokines levels are shown in Figure S2. Statistical
comparisons were performed using a ratio-paired ¢-test with n>4 independent replicates. In (C), Geometric mean of ratios and significant

p-value (<0.05) are indicated.

(CD63, CD35, CD66b), and interaction with immune com-
plexes (CD16) status of neutrophils.*® Neutrophils exposed
to Ctrl-SeV Co-SN exhibited a significant increase of the
surface mean expression of all five markers (Figure 4F).
The absence of epithelial DUOX2 significantly impaired
the capacity of Co-SN to induce surface mean expression
of all markers but CD16 (Figure 4F). Results expressed in
the percentage of positive cells follow the same trend al-
though without reaching significance for most markers
(Figure S3). This observation supports that adhesion and
degranulation phenotypes of neutrophils induced by infec-
tion of ECs are DUOX2-dependent. Taken together, these
results reveal previously unrecognized roles of DUOX2 in
regulating soluble mediators secreted upon infection of
ECs, which are important drivers of primary human neu-
trophil recruitment, adhesion, and degranulation.

3.4 | Epithelial DUOX2-dependent
modulation of cytokines drives the
activation and migratory phenotype of
primary human neutrophils

Given the intriguing impact that epithelial DUOX2 dis-
played on neutrophil attraction and activation (Figure 2),
we intended to further characterize this phenomenon. First,
we tested whether replicating SeV in Co-SN contributed to
the neutrophil phenotypes. Neutrophils were exposed to
Ctrl-SeV Co-SN irradiated with UV to impair virions rep-
lication capacity."® No significant differences in neutrophil
chemotaxis or surface marker expression were observed
in response to UV-treated or untreated Ctrl-SeV Co-SN
(Figure 5A,B), indicating that SeV replication is not respon-
sible for changes observed in neutrophils phenotypes.
Several of the DUOX2-dependent cytokines/chemo-
kines identified from the supernatants of SeV-infected
A549 cells are classic neutrophil chemoattractants, includ-
ing CXCL1, CXCL10, CCL7, CCL3, and TNF. The use of
several chemokine receptor antagonists in chemotaxis as-
says showed that the blockade of CXCR2 using AZD5069
or CCR2/CCR5 by Cenicrivoc, but not CXCR3 using
AMG487 or TNFR1 using R7050, significantly diminished

neutrophil directed movement (Figure 6A). Combined
chemokine receptor antagonists had an additive effect on
preventing neutrophil chemotaxis, by 38.5%, pointing to
the concerted action of more than one receptor in driving
neutrophil movement.

In the case of surface markers, blockade of TNFR1
diminished the expression of CD35, CD63, and CD11b
induced by Ctrl-SeV Co-SN to a level similar to neutro-
phils exposed to Ctrl-Mock Co-SN, but not that of CD66b
(Figure 6B). Finally, the combined antagonism of CXCR2,
CXCR3, and CCR2/CCRS selectively blocked the upreg-
ulation of CD11b (Figure 6B). Antagonism of G-CSF or
GM-CSF did not reduce the expression of surface markers
(Figure 6B) but rather resulted in an increased tendency.
Altogether, these results demonstrate that SeV-infected ECs
drive neutrophil migration and activation, in part through
the DUOX2-dependent secretion of TNF and chemokines.

4 | DISCUSSION

Numerous studies have documented the key role of respir-
atory ECs in the early cytokine response and increasingly
point to a major role in the recruitment and activation of
different immune cell populations to the site of viral infec-
tion.>**”*® In line with this, we observed that A549 cells
infected by SeV, used as a model of ssRNA virus, produce
a mixture of soluble mediators, including cytokines and
chemokines, that contribute to the activation of the innate
host response through significant enhancement of neutro-
phils chemotaxis, NETosis, and expression of markers of
adhesion and degranulation. The generation of DUOX2-
deficient A549 cells using CRISPR-Cas9-mediated gene
ablation enabled us to specifically address the role of
DUOX2-dependent mechanisms in the response of ECs to
virus infection. We first confirmed previous observations
made by us and others using siRNA, that DUOX2 is es-
sential for sustained levels of secreted IFNf. Additionally,
this model allowed us to highlight the selective role of
DUOX2 in the control of the levels of a restricted panel of
secreted cytokines and chemokines during the infection
by SeV. The DUOX2-dependent secreted factors promote
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FIGURE 3 Catalase reduces the cytokine response induced by SeV infection in epithelial cells. A549-Ctrl cells were left uninfected or
infected with SeV (40 HAU/10° cells) for 24 h in the absence (violet) or presence (yellow) of catalase (400 U/ml). Cytokines and chemokines
release was quantified using Luminex-based multiplex assays. Statistical comparisons were performed using a ratio paired t-test with n>5

independent replicates. The geometric mean of ratios and significant p-value (<.05) are indicated.

neutrophil chemotaxis, adhesion, and degranulation. In
contrast, DUOX2 expression did not impact neutrophil
viability or NETosis, thereby highlighting a selective im-
pact of DUOX2 in neutrophil functions. Factors secreted
by DUOX2-deficient ECs induced more neutrophil ROS
production than those obtained from infected control
cells. One might speculate that the absence of DUOX2
relieves negative feedback of ROS production by neutro-
phils. However, this response was extremely marginal, es-
pecially when compared to responses to classical agonists
such as IgG aggregates, making physiological significance
unlikely. Overall, this study unveils a new role of epithe-
lial DUOX2 in early innate responses to virus infection.
The profile of the cytokines induced in our model of
A549 cells infected with SeV, among which those whose

secreted levels were strongly dependent on DUOX2,
namely G-CSF, GM-CSF, CXCL1, CXCL10, CCL3, CCL7,
IL-1a, FGF-2, and TNF, strongly overlaps with those ob-
served in different models of ECs, including differentiated
primary ECs, infected by viruses such as IAV and RSV.***’
The observation that epithelial DUOX2 controls the levels
of a selected group of inflammatory cytokines and chemo-
kines adds to our understanding of the role of DUOX2 in
the immune response developed in response to RNA vi-
ruses. Previous data had documented the role of DUOX2
in the sustained production of type I and III IFNs follow-
ing RSV and IAV infection.”!” In mouse models, induc-
tion of DUOX2 by rhinovirus (RV1B) and IAV protects
against severe disease and lung pathology, in part through
induction of the pathogen recognition receptors, RIG-I



KASUMBA ET AL.

11 0f 17
I;ASEB;OURNALJ—O

( A) A549-Ctrl (B)
100
MOCK — « Viability 80
Conditioned « Chemotaxis <& . -
< 24h Meda ~—> —> -ROS * 60
(Co-SN) «NET 40
> « Surface activation markers
AOHAUHO ook 9 Clirhonk N:t:jtrrg;;ils 201 5 ﬁ A B8 F§|
cels & Cti-SeV 0 rﬁ 1 S 0 o 89 B
A549-Duox20e! -0 DUOX2%-Mock Viable Early Late apoptosis /
& DUOX2Pel.SeV apoptosis necrosis
20 10. 58
100 100 N o v HAIGG & p=00025
~ 904 p=00123 X 15 25 - ® 8
S S = 84
2 91 50 210 N : °
= i 3 @« i = 44
Rl afo € s 2 g,
2 60- = = e z 2
3 X o x 0
2 50 ] 0 ) T o e am w515 Co-SN
Co-SN i q 2 Time (s) o
B 40 [ 2 6 v -
] 100+ prs * p=0.0219 = q s
£ 304 [ 3 < 5 — = =104 o
k) ) p=00014 o g i 2 g ®—a
= 7] 2 44 z s =] * 6
<50 0.5 2 5| p=0.0029 57 9]
10 ﬁ 250 :i? o 5 m g 4]
24 a
0 o ﬁ lﬁ 24
g 1 & z
-10 T T T 0 T T 0T T T T % 0 '_é T T T T o T T
013
Co-SN Co-SN 0 2000 4000 6000 e _—————— PMA Co-SN
Time (s) CosN Co-SN
15.,CD35 15 _CD63 & .CD66b 5 CD11b 150_CD16
L [ 4 ]
[}
10 | 1.0 | 4 100 |
B ° o 3
3 ° °
) o 8 o a| ©
X @ 9 2
o L 5]
= 5 0.5 2 L4 50 |
o| |® ) o °
14
0 0 L 0 . 0 . . o
Co-SN Co-SN Co-SN Co-SN
15 15 15 1222 15 09231 1267 6 0.8901 5 1.326 5 08141 150
1282 083 p=00075 p=00039 p=00141 p=0.0400 4 p=00048 p=00042
p=0.0220 =00229
s 1 0d ? 10 ™ 4 P 3 g -\m 100
< 2 2
T s 5 05 05 2 2 50 50
= 1 1
o T o T 0 T T 0 T T 0 0 T T 0 T T 0 ¥ T 0 T T o T T
Co-SN Co-SN Co-SN Co-SN Co-SN Co-SN Co-SN Co-SN Co-SN Co-SN

FIGURE 4 DUOX2-dependent epithelial responses to SeV drive neutrophils migration, and expression of adhesion and degranulation
surface markers. (A) Schematic representation of the experimental design. (B) Viability of neutrophils was assessed using Annexin V/

PI staining. Data are shown as mean +SEM, n = 4 independent experiments. (C) Neutrophils were allowed to migrate towards Co-SN in a
chemotaxis system. Results are presented as percentages of migrated neutrophils and shown as mean+SEM of n = 4 independent experiments.
(D) Production of ROS by neutrophils was monitored using luminol for 120 min and expressed as relative light units (RLU). The top-right
panel shows a representative experiment of the levels produced by neutrophils in response to heat aggregated (HA)-IgG or Co-SN (inside

the dotted line rectangle). The latter are zoomed in the central panel. The bottom-right panel presents the mean +SEM of the corresponding
areas under the curves (AUC) from n = 4 independent experiments. (E) NET production was assessed using SYTOX green and expressed as
relative fluorescence units (RFU). PMA stimulation was used as a positive control. The mean+SEM of n = 4 independent experiments are
shown. (F) Selected surface marker expression was measured by flow cytometry. Mean + SEM of mean fluorescence intensities (MFI) from

n = 4 independent experiments are shown. Statistical comparisons were performed using a ratio paired t-test. The geometric mean of ratios and
p-value are indicated. Co-SN: Conditioned supernatant. Ctrl-Mock (green circle): A549-Ctrl, uninfected; Ctrl-SeV (violet square): A549-Ctrl,
infected SeV; DUOX2P*-Mock (orange circle): A549-DUOX2", uninfected; DUOX2P*LSeV (blue square): A549-DUOX2 <, infected with SeV.

and MDA5."?"** Qur finding that DUOX2 controls only
a selective number of cytokines and chemokines among
those induced by SeV was intriguing. Interestingly, in a
mouse model, epithelial DUOX1 was also shown to shape

the early cytokine response to IAV in the lung through
the upregulation of CCL27, IL-1f, and CXCL5 and to a
lesser extent IL-2, CCL1, CCL3, CCL11, CCL19, CCL20,
and CXCL1." It is noteworthy that there is minimal
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FIGURE 5 Replicating SeV is not responsible for changes observed in neutrophil phenotypes. Neutrophils were treated with epithelial
cell-derived conditioned media (Co-SN) pre-treated or not with UV. (A) Neutrophil migration quantified using a chemotaxis system is
expressed as % of migrated neutrophils. The mean +SEM of n = 4 independent experiments is shown. (B) Expression of DUOX2-dependent
surface markers (as determined in Figure 4) was monitored by flow cytometry. The mean +SEM of the mean fluorescence intensities is
shown (n = 4 independent experiments). Statistical comparisons were performed using a ratio-paired t-test. The geometric mean of ratios
and p-value are indicated. Co-SN used: Ctrl-Mock (green circle); Ctrl-SeV (violet square); Ctrl-SeV treated with UV (pink triangle).

overlapping in the cytokines and chemokines found regu-
lated by DUOX1 and the ones regulated by DUOX2 iden-
tified in this study. This argues toward a model in which
both DUOX have non-redundant roles in the regulation
of chemokine and cytokine response following respiratory
viral infections. This prompts future studies to address this
hypothesis and determine the underlying mechanism,
which may rely on distinct localization or expression lev-
els throughout the kinetics of viral infection.

Oxidative stress induced by O; has been reported to
trigger neutrophil lung recruitment through the tran-
scriptional regulation CCL7 and CXCL10 in BALB/C
mice model.* Similarly, we previously observed a NOX2-
dependent transcriptional regulation of antiviral genes in
ECs infected with SeV and RSV.** In this study, the NF-kB,
IRF-3, and Jak/STAT inflammatory signaling pathways

known to control the transcription of induced immuno-
regulatory genes in response to RNA viruses in the airway
epithelium were not affected by the absence of DUOX2.
This observation is consistent with our previous report
that DUOX2 silencing in A549 cells and primary NHBE
did not alter the induction of IFNf, IFNA, or TNF mRNAs
by SeV, while decreasing their secreted levels.'® This in-
dicates a DUOX2-dependent regulatory mechanism that
does not involve key immune signaling pathways. A pos-
sible alternative mechanism could be the regulation of
cytokine trafficking. Indeed, a recent study in human
macrophages subjected to substance P highlighted the
role of DUOX2 in the production of the soluble extracellu-
lar form of CX3CL1 via the H,0,-dependent activation of
the metalloprotease activity of ADAM10/17.* Similarly,
DUOX1-mediated oxidative activation of Src kinase and

FIGURE 6 DUOX2-dependent cytokines secreted by SeV-infected ECs drive neutrophil migratory and activation phenotype.
Neutrophils were pre-treated with 2 pM TNF receptor-I antagonist R7050, 100nM CXCR2 antagonist AZD5069 (AZD), 1 pM CXCR3
antagonist AMG487 (AMG), 1 pM CCR2-CCR5 antagonist Cenicrivoc (CVC), alone or in combination as indicated before stimulation with
conditioned supernatant (Co-SN). Alternatively, neutrophils were exposed to Co-SN preincubated with 10 pg/ml anti-GM-CSF (anti-GM) or
anti-G-CSF (anti-G) neutralizing antibodies. (A) Percentages of migrated neutrophils in a chemotaxis system are shown as mean +SEM of
n = 4 independent experiments. (B) Expression of DUOX2-dependent surface markers was quantified by flow cytometry. Mean fluorescence
intensities are shown as the mean + SEM of n = 4 independent experiments. Statistical comparisons were performed using a ratio-paired
t-test. The geometric mean of ratios and p-value are indicated. Co-SN used: Ctrl-Mock (green circle); Ctrl-SeV (violet square); Ctrl-SeV + the

indicated antagonist (yellow triangle).
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EGFR was shown to be critical for calpain-2-dependent
IL-33 secretion in airway ECs challenged with allergens.*
Further studies will be required to elucidate the molecular
mechanisms involved in DUOX2-dependent regulation of
selected cytokines and chemokines in virus-infected ECs.

Timely neutrophil attraction to the site of infection re-
sults from the complex and coordinated action of multiple
chemoattractive factors.’? Our data suggest an additive
effect of CXCR2- and CCR2/CCR5-ligands present in ECs-
derived Co-SN. Among chemokines that bind to these
receptors that were induced in ECs upon SeV infection,
CXCL1, CCL7, and CCL3 were dependent on DUOX2,
but not CXCL8, CCL2, CCL4, CCLS5, or CCLS. This is con-
sistent with the observation that the absence of DUOX2
in ECs only partially impaired neutrophil chemotaxis.
This points towards a complex regulation of neutrophil
migration by a combination of DUOX2-dependent and
DUOX2-independent factors secreted by ECs. Although
chemokines are clearly important for the recruitment of
neutrophils, H,0, is also a potent neutrophil chemoattrac-
tant.>*>* Notably, DUOX-derived H,0, was shown to form
a concentration gradient, guiding neutrophil toward the
wound in zebrafish and drosophila models.>>>* Although
this function remains to be demonstrated in the mamma-
lian respiratory tract, one might speculate that DUOX2
could contribute to neutrophils’ attraction to infected ECs,
both through the regulation of chemokines and H,O,.

In addition to chemotaxis, EC-secreted DUOX2-
dependent factors were also found to upregulate neutro-
phil adhesion and degranulation markers, suggesting that
epithelial DUOX2 is also important for the activation of
infiltrated neutrophils. Among the cytokines and chemo-
kines secreted in a DUOX2-dependent manner, TNF ap-
pears to be key for the induction of both CD11b adhesion
marker and exocytosis of secretory vesicles and azuro-
philic granules as assessed by CD35 and CD63 surface
expression, while chemokine binding to CXCR2 and/or
CCR2/CCRS5 receptors have a limited impact and act only
on the induction of the adhesion marker CD11b. Of note,
G-CSF and GM-CSF, which ranked among the most neg-
atively affected secreted factors in DUOX2-deficient ECs
infected by SeV, were not found to be major contributors
to the surface expression of any of the adhesion and de-
granulation markers.

Neutrophils, the most abundant circulating innate im-
mune cells, are present in healthy lungs in low numbers
but rapidly accumulate as a result of respiratory virus in-
fection.”*®* They concentrate at specific foci coincident
with virus-positive epithelium®°® where they contribute
to the control of virus infections through diverse effector
functions, namely phagocytosis,***’ oxidative burst,”® exo-
cytosis of secretory vesicles and azurophilic and specific
granules that increase responses to PAMPs and release

myeloperoxidase and proteases®’® and NETosis.”*"®
Although beneficial for antiviral immunity, inappropriate
and/or prolonged neutrophil activation is thought to be
implicated in adverse host effects. This is consistent with
observations that neutrophilia is positively correlated
with disease severity associated with several respiratory
viral infections, including IAV-induced ARDS, bronchiol-
itis associated with RSV infection, and COVID-19 caused
by SARS-CoV-2.”"% Notably, neutrophils have been im-
plicated in tissue damage and epithelial integrity disrup-
tion, as well as obstruction of the airway and limitation
of gas exchange during severe respiratory viral infec-
tions.>>®%#285 This paradox pinpoints the importance of a
finely tuned neutrophilic response for achieving effective
immune protection while avoiding detrimental damage.*®

Our results reveal previously unrecognized roles of
epithelial DUOX2 in the regulation of soluble mediators
secreted during EC infection. Our findings also highlight
the importance of this role of DUOX2 as a decisive host
factor contributing to the recruitment, adhesion, and de-
granulation of neutrophils in respiratory infections. This
novel role of DUOX2 in the epithelial-neutrophil cross-
talk opens future avenues of research toward a better
understanding of the mechanisms that determine the
degree and quality of neutrophil response in the lung
during respiratory virus infection. This could guide future
interventions aimed at preventing events that may lead
to unbridled inflammation responsible for severe disease.
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