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Abstract

Mammalian type | interferons (IFdMB) are known to modulate inflammatory processes in
addition to their antiviral properties. Indeed,usfinduced type | interferons regulate the
mammalian phagocyte immune response to bacterimgdwuperinfections. However, it
remains unresolved whether type | IFNs similarlypauot the chicken macrophage immune
response. We first evidenced that tFBnd IFN3 act differently in terms of gene expression
stimulation and activation of intracellular sigmajipathways in chicken macrophages. Next,
we showed that priming of chicken macrophages WHNo increased bacteria uptake,
boosted bacterial-induced ROS/NO production and tiedan increased transcriptional
expression or production MOS2/NO, IL1B/IL-1p, and notablyiFNB/IFNB. Neutralization

of IFNB during bacterial challenge limited IleNnduced augmentation of the pro-
inflammatory response. In conclusion, we demonrstréihat type | IFNs differently regulate
chicken macrophage functions and drive a pro-infletory response to bacterial challenge.

These findings shed light on the diverse functioingype | IFNs in chicken macrophages.

Keywords: Avian pathogenicE. coli; chicken; inflammation; interferon stimulated gsne

macrophages; type | interferons
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1. Introduction

Interferons (IFNs) are key cytokines within the ate immune response. They were first
discovered in 1957 due to their capacity to inhibituenza virus replication in embryonated
chicken eggs (Isaacs and Lindenmann, 1957). IFBlglarded into three subgroups: type I,
II, and Il IFNs. Type | IFNs, including various Istypes of IFN, IFNB, and some “minor”
IFNs (i.e. IFNs, IFNg, IFNk, IFNt, and IFNb), are produced during viral and bacterial
infections (Bogdan et al., 2004; de Weerd and Ngug012; Ivashkiv and Donlin, 2014). In
mammals, most cell types are able to produce]kitluding non-immune cells, while [FN

is mainly produced by hematopoietic cells, espgclsmacytoid dendritic cells (lvashkiv
and Donlin, 2014). IFM and IFN3 bind to the same receptor, Interferon-alpha Recept
(IFNAR), which is composed of two subunits (IFNARfGd IFNAR2) and expressed in the

majority of tissues (de Weerd and Nguyen, 2012).

Binding of type | IFNs to IFNAR entails the rapidtivation of different signalling pathways
for the regulation of Interferon-Stimulated Gen&33s) (Hervas-Stubbs et al., 2011), many
of which play a critical role in the limitation ofiral replication (Schneider et al., 2014). In
addition, type | IFNs have been shown to enhancéigampresentation, regulate
inflammasome activation and upregulate pro-inflaama cytokines production in
mammalian species (Hervas-Stubbs et al., 2011;rétlli and Kanneganti, 2013; Simmons
et al., 2012). In humans, dysregulated type | IFéponses were shown to be associated to
immune disorders such as chronic infection, autammen and inflammatory diseases
(Ivashkiv and Donlin, 2014; Trinchieri, 2010). Théare, a tight regulation is required to
shape the outcome of type | IFN responses in amechieve the balance between IFN-

mediated protective immunity and exacerbated IEMaling (Trinchieri, 2010).
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Virus-induced type | IFNs have been associatednjmaired host immune responses such as
decreased bactericidal functions of phagocyticscé€lhepardson et al., 2016), granulocyte
apoptosis (Merches et al., 2015; Navarini et @06}, over-activation of the Nod1/Nod2
pathway (Kim et al.,, 2011), decreased chemokinereien (Nakamura et al., 2011;
Shahangian et al., 2009), and attenuation of aatohial peptides expression (Lee et al.,
2015). Consequently, certain cell populations saEimacrophages may become affected by
an enriched type | IFNs environment that is typifal viral infections (Shepardson et al.,
2016). These cellular and molecular events arbebtigin of the well-established principle
that primary viral infections may predispose thethto bacterial superinfections (McCullers,
2014; Metzger and Sun, 2013). This observatiorotg@stricted to humans and experimental
mammalian models, since poultry species, includjatiiform birds, are often impacted by
viral/bacterial co-infections (Ariaans et al., 20@0ss, 1990; Kodihalli et al., 1994; Matthijs
et al., 2009; Nakamura et al., 1994). However, pgeflulations and cytokines involved in the

pathogenesis of co-infections affecting poultry stikk poorly characterized.

In galliform birds, viral infections such as thosaused by low pathogenic avian influenza
virus (LPAIV) may lead to a type | IFN response @has et al., 2009; Cornelissen et al.,
2012). However, it remains unclear whether thipoese contributes to predisposing animals
to bacterial superinfection through a dysregulateatrophage function. Nevertheless, it is
well established that macrophages play a key raolend LPAIV infection and that they are
efficiently responding to type | IFNs (Kodihalli at., 1994; Qu et al., 2013). In turkeys, it has
been demonstrated that LPAIV infection compromipetmonary macrophages function,
which would likely predispose birds to secondargtbaal infections (Kodihalli et al., 1994).
These studies underscore the relevance of macrephagd their crucial role in the early

phases of infection for the priming of an efficiesmtiviral host response to limit viral
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dissemination (Abdul-Cader et al., 2017; Duan gt24117; Fujisawa et al., 1987). In addition,
macrophages appear to have an important role isdhtrol of avian colibacillosis, which is
caused by avian pathogeiiiccoli (APEC) strains (Guabiraba and Schouler, 2015; Afelét
al., 2003). Colibacillosis is the most relevant ogppnistic bacterial infection of poultry. Its
severity is frequently correlated to a primary Virafection, notably in regard to its
pulmonary manifestation (Ariaans et al., 2008; Migtet al., 2009; Mosleh et al., 2017,

Nakamura et al., 1994; Nolan et al., 2008; Umal.e2018; Umar et al., 2017).

In the present study, we provided first insightshom chicken macrophages respond to type |
IFNs. In addition, we have set up amvitro model based on IR priming of chicken
macrophages followed by stimulation wHhcoli lipopolysaccharide (LPS) or infection with
avian pathogeni&. coli (APEC) to assess the impact of type | IFNs on rfecrophage
response to bacterial challenge. Our data provide mformation on the cellular and
molecular determinants of chicken macrophage fanstin an inflammatory milieu likely to

be encountered during viral/bacterial co-infectiopoultry.

2. Materials and methods

2.1. Reagents

Lipopolysaccharide (LPS, fror&. coli O55:B5) was purchased from Sigma-Aldrich, UK.
Chicken IFNt and IFN3 were produced irE. coli and purified as previously described
(Schultz et al., 1995a; Schultz et al., 1995b)iffédr rabbit anti-chicken IFBl antiserum was
obtained as previously described (Schwarz et 8042 Recombinant chicken type | IFNs
and IFN3 antiserum were tested negative for endotoxin comation using HEK-Blue™

TLR4 cells designed for studying the stimulationTdfR4 by monitoring the activation of
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NF-«xB and AP-1 (InvivoGen, USA). SB-203580 (p38 MAP H#&e inhibitor) and
Wortmannin (PI3-kinase/Akt inhibitor) were purchd$eom Tocris Bioscience, UK. BAY11-
7082 (kB-a inhibitor) and BX795 (TBK1/IKK inhibitor) were purchased from InvivoGen,
USA. During the experiments, LPS, IENIFNB and IFN3-antiserum were diluted in RPMI
1640 medium (Gibco, UK). Inhibitors were diluted dimethyl sulfoxide (DMSO, Sigma-
Aldrich, UK) and RPMI 1640 medium. Final concenwatof DMSO in cell culture wells

never exceeded 0.1%.
2.2. Cell culture

HD11, an avian myelocytomatosis virus (MC29)-transfed chicken macrophage-like cell
line (Beug et al., 1979)yas cultured in RPMI 1640 medium (Gibco, UK), sugpénted with
10% heat-inactivated fetal calf serum (FCS, Gildid), 25 mM HEPES, 2 mM L-glutamine,
100 U/ml penicillin and 10Qug/ml streptomycin (GE Healthcare, USA). HD11 cellsre

routinely grown in 75-ciflasks (Corning, USA) at 41°C and 5% £0

An HD11-NKB luciferase reporter cell line was constructed ibfection of cells with

replication-incompetent, lentivirus-based pseudd\particles harboring a vector containing a
basal promoter element (TATA box) and tandem repeatan NikB consensus sequence
fused to a luciferase reporter gene (Cignal Lentpdtters, SABiosciences, Frederick,
Maryland, USA). Cell lines expressing the repoffiggsion were selected under puromycin
selection according to the manufacturer’s instomsti and individual clones purified by
limited dilution. Clones were subsequently screefoedNF«B activation in response to LPS
and those showing high induction ratios with a Isignal/noise ratio were retained. Cells
were routinely cultured in DMEM F-12 (1:1) mediu@ibco, UK), supplemented with 10%

heat-inactivated FCS, 15 mM HEPES, 2 mM L-glutamib@0 U/ml penicillin, 10Qug/ml
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streptomycin and 5 pg/ml puromycin (Sigma-AldridbK), and incubated as described

above.

The CEC32-Mx-Luc and the CEC32-NB-Luc reporter cell lines are quail fibroblast cell
lines carrying the luciferase gene under the comtr@ahicken Mx promoter (Schwarz et al.,
2004) or carrying an N&B-regulated luciferase reporter gene (Gyorfy et &003),
respectively. CEC32-Mx-Luc and the CEC32«8-Luc were kindly provided by Prof. Peter
Staheli (University of Freiburg, Germany). CEC32ilerase reporter cells were cultivated in
DMEM GlutaMAX"-I supplemented with 8% heat-inactivated FCS, 2%t-heactivated
chicken serum (Gibco, UK), 4.5 g/l D-glucose, 10@nUpenicillin, 100ug/ml streptomycin
and 50 pg/ml geneticin (G418) (Gibco, UK) and grawr25-cnf flasks (Corning, USA) at

41°C and 5% C®

Chicken bone marrow derived macrophages (chBMDMewgenerated from bone marrow
cells using recombinant chicken colony-stimulatfagtor 1 (CSF-1) (Garceau et al., 2010)
produced in COS-7 cell$ibroblast-like cell line derived from monkey kidnéssue, ATCC,
USA) transfected with a pTArget vector (Promega,)@kpressing chicken CSF-1 (kindly
provided by Prof. Pete Kaiser, The Roslin Institutk). Briefly, femurs and tibias of 4
week-old White Leghorn B13/B13 histocompatible &eits were removed, both ends of the
bones were cut and the bone marrow was flushed RN 1640 supplemented with 100
U/ml penicillin and 100ug/ml streptomycin. Cells were washed and re-susggkma RPMI
1640 medium then loaded onto an equal volume ofoH&ue-1077 (Sigma-Aldrich, UK)
and centrifuged at 409 for 20 min. Cells at the interface were collecéedi washed twice in
RPMI 1640 medium. Purified cells were seeded atOixdells/ml in sterile 60 mm
bacteriological petri dishes in RPMI 1640 mediunpemented with 10% heat-inactivated
FCS, 25 mM HEPES, 2 mM L-glutamine, 100 U/ml pdhici 100 ug/ml streptomycin and

COS-7 supernatant containing chicken CSF-1 at 4if€€C5% CQ. Half of the medium was
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replaced with fresh medium containing chicken CS-dlay 3. At day 6 adherent cells were
harvested and washed in phosphate buffered s&iB&,(Gibco, UK) supplemented with 2
mM Ethylenediaminetetraacetic acid (EDTA, Sigma+Add, UK) and re-suspended in RPMI
1640 supplemented with 10% heat-inactivated FCSnRBHEPES, 2 mM L-glutamine, 100

U/ml penicillin and 10Qug/ml streptomycin.

Chicken lung macrophages were obtained from tramedards expressing the fluorescent
mApple reporter under control of promoter and ewkarelements of the chicken CSF1R
locus (Balic et al., 2014) as described previo§dpnsen et al. 2010). Briefly, lungs from 4
week-old MacRed chickens were removed, cut intecgse and incubated with a DNAse
l/collagenase A mix (1 mg/ml and 3 mg/ml, respeaily Sigma-Aldrich, UK) diluted in
supplement free RPMI 1640 medium for 30 min at 441 5% CQ. The digested tissue
suspension was filtered through a 70 um strainashed with PBS, and leukocytes were
purified using a density gradient as described ab@ells at the interface were collected and
washed twice in PBS. Cells were cultured at 1.8xd€lls/ml in 6-well plates in a final
volume of 5 ml with RPMI 1640 medium supplementeithwl0% heat-inactivated FCS, 2
mM L-glutamine, 100 U/ml penicillin, 10Qg/ml streptomycin and 200 ng/ml of CSF-1 at
41°C and 5% Co©for 24h. The next day, culture medium containimg+adhered cells was
removed and replaced with fresh complete RPMI 16#&dium without CSF-1 for the
experimental treatment. The number of adherent opherges was evaluated in parallel by

flow cytometry and was approximately 5x1lls per well.
2.3.1n vitro stimulation protocol

HD11 and chBMDM cells were seeded in 12-well plaaes5x106 cells/well and 7.5x10
cells/well, respectively, and incubated at 41°C &f6l CQ overnight prior to stimulation.

Chicken lung macrophages at 5Xt@lls/well were obtained as described above andeaiot
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seeded. Next, the cells were pretreated for 16h whicken recombinant IFIN(50 ng/ml)
unless otherwise indicated. Cells were gently wastiéh PBS prior to stimulation with RN
(50 ng/ml), LPS (10 ng/ml), purified IHNantiserum (17.5 pg/ml) or IFN(50 ng/ml) at
different treatment combinations and at differeimetpoints. In all experiments, mock
controls were treated with medium or medium with9%9. DMSO (when pharmacological
inhibitors were used). Supernatants were harvesteldstored at -20°C after stimulation for
further analysis. HD11 cells and chBMDM were washedBS and lysed with RNA lysis
buffer (Macherey-Nagel, Germany) containing 2-mpteathanol (Merck Millipore,
Germany), snap frozen in liquid nitrogen and stdc&e-80°C until RNA extraction. Chicken
lung macrophages were washed in PBS and lysedRiiA lysis buffer (Qiagen, Germany)
containing 2-mercaptoethanol. For protein dosage waestern blot analysis, cells were
washed in PBS followed by cell lysis using LaemrSiample Buffer (BioRad, USA)
containing a proteases inhibitors cocktail (SantazCBiotechnology, USA) and 2.5% 2-

mercaptoethanol, and stocked at -20°C.
2.4. Experimental design forin vitro infection

HD11 were seeded in 12-well plates at 5x&6lls/well and chicken lung macrophages were
used at a final number of 5x16ells/well in 6-well plates (in which they weretaimed) in
complete RPMI 1640 medium, and incubated at 41°@eub% CQ overnight. The APEC
strains used for infections were BEN2908 (O2:K1:Hbihalidixic acid-resistant derivative of
strain MT78 which was isolated from the trachea chicken with respiratory infection (Dho
and Lafont, 1982) or BEN2908 harboring pFPV25.pl@smid expressing GFP) (Valdivia
and Falkow, 1996). Bacteria were diluted at therappate concentration in supplement-free
RPMI 1640 medium, and cells were infected at a iplidity of infection (MOI) of 10
followed by incubation at 41°C under 5% £€®@he mock control group received supplement-

free RPMI 1640 medium without bacteria. After llki{asion period), one group of APEC-
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infected HD11 cells were washed with PBS then lysgtd PBS containing 0.1% Triton X-
100 (Sigma-Aldrich, UK). Bacteria in the cell lysatwere plated onto LB agar plates to
evaluate the number of adherent bacteria (colonyiftg units). For the other groups, HD11
or chicken lung macrophages were gently washed RBI$ and remaining extracellular
bacteria were killed by incubating cells with FG8ef medium containing gentamicin (100
ug/ml) for 1h 30 min. Cells were then lysed with PBS containing 0.1% Triton X-100 or
harvested in FACS buffer (PBS supplemented with [28at-inactivated FCS and 2 mM
EDTA) for further flow cytometry analysis. Remaiginntracellular viable bacteria were
plated onto LB agar to determine the number ofasgHular bacteria. For gene expression
analysis, an additional group of HD11 cells werecdted as described above, and incubated
with medium containing gentamicin (1@/ml) for 6h. Cells were washed with PBS then

lysed with RNA lysis buffer (Macherey-Nagel, Gerngan
2.5. Flow cytometry analysis

Cell viability following different stimuli was asssed using the chicken Annexin V
Fluorescein kit (Kingfisher Biotech, USA) and thé&udrescent DNA intercalator 7-
aminoactinomycin D (7-AAD, BD Biosciences, USA) markers of apoptosis and necrosis,
respectively. HD11 cells were seeded at 2xcIs/well in 24-well plates and pretreated with
IFNa (50 ng/ml) (unless otherwise indicated). Followstgnulation with IFMN (50 ng/ml) or
LPS (10 ng/ml) for 6h, supernatants were discaatetithe cells were harvested and washed
in PBS. Cells were stained according to the manufacs protocol and the viability was
analyzed by flow cytometry (BD FACS Calibur). Dat@re expressed as the percentage of
cells undergoing late apoptosis/necrosis (Annexin7vAAD™) over total acquired events

(50,000 cells).
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Expression of co-stimulation markers on the chickeacrophage HD11 cell line was also
assessed. HD11 cells were treated as describec amul harvested in FACS buffer (PBS
supplemented with 2% heat-inactivated FCS and 2 EIDTA). Cells were washed and
incubated for 45 min at 4°C with a mouse anti-caitiCD40 antibody (BioRad, USA) at a
1:200 dilution or with the respective isotype coh{BioRad) at a 1:200 dilution. Cells were
again washed and incubated for 45 min with a ratraause 1gG-specific secondary antibody
coupled to fluorescein isothiocyanate (FITC, Theramsher Scientific, USA). In a separate
staining protocol, cells were also stained with ause anti-chicken MHC class Il FITC
(BioRad) or with the respective isotype controlqBad) at a 1:200 dilution for 45 min. HD11
cells were washed and re-suspended in FACS bufiar o analysis. Data were expressed as
Mean Fluorescence Intensity (MFI) from FITCell populations over total acquired events

(50,000 cells).

Bacterial fluorescence was assessed by flow cytymBtiefly, chicken lung macrophages
(5x10 cells/well in 6-well plates) were pretreated wilte different stimuli and infected as
described above. Lung macrophages were detached tire plate using TrypLE Express
(Invitrogen, USA) for 15 min, washed, and harvestedFACS buffer prior to analysis (BD
LSRFortessa™). SYTOX Blue Dead Cell Stain (InviengUSA) was added to discriminate
live and dead cells. Data were expressed as MasreRcence Intensity (MFI) from GFP

cell populations over total acquired events (50,089cells).
2.6. Gene expression analysis

Total RNA from HD11 cells and chBMDM was extractedm frozen cell lysates using the
NucleoSpif RNA kit (Macherey-Nagel, Germany) according to theanufacturer's
instructions, while total RNA from lung macrophagess extracted using the RNe&3ylini-

Kit (Qiagen, Germany). Both protocols containedMA3e treatment step. RNA quality and
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concentration were determined by NanoDrop spectimphetric measurement (Thermo
Scientific, USA). Total RNA (up to 1 pg per reactjovas reverse transcribed using iScript
Reverse Transcription Supermix for RT-gPCR (Bio-Rd8A). Quantitative Real-time PCR
(QRT-PCR) was performed on a CFX96 machine (Bio;RH8IA). The reaction mixture was
composed of cDNA, iQ SYBR Green Supermix (Bio-Re&A), primer pairs (Eurogentec,
Belgium) and nuclease-free water (Sigma-Aldrich,)Ka total volume of 1Ql. gRT-PCR
data were analyzed using the CFX Manager softwdrdBo-Rad, USA). Gene expression
for each target gene was normalized to gene expressvels of chicken hypoxanthine-
guanine phosphoribosyltransferase (HPR¥F2-microglobulin $2M) and/or glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). A list of pripairs utilized in the present study is
given inTable 1 Relative normalized expression was calculatedgutie 2AACt method
and data are represented as fold increase as cetnfmacontrol (or mock) groups. Baseline
cycle threshold (Ct) values for the target genesHiD1l cells, chBMDM and lung

macrophages are shownSupplementary Table 1
2.7. NO and ROS production

Nitrite (NaNQ,) concentration, as an index of nitric oxide (N®@dguction, was determined
by spectrophotometry in cell culture supernatasiagia standard Griess assay according to
the manufacturer’s instructions (Promega, UK). Hibsorbance was read at 550 nm in a
Multiskan Ascent plate reader (Thermo Fisher SdientJSA). The nitrite concentration was

calculated using a sodium nitrite standard curve.

ROS (Reactive Oxygen Species) production was eteduby flow cytometry using the
CellROX® Green Reagent kit (Invitrogen, USA) accordinghe manufacturer’s instructions.
Briefly, HD11 cells were seeded at 2x1€ells/well in 24-well plates and pretreated with

IFNa (50 ng/ml) for 16h (unless otherwise indicatedgxi cells were gently washed with
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PBS then incubated with fresh medium containing E®ng/ml) or IFN (50 ng/ml) for 6h
before the addition of Cel ROXGreen Reagent for 30 min. Cells were washed, kteddn
FACS buffer and ROS production was determined bw ftytometry analysis (BD FACS
Calibur). Data were expressed as Mean Fluoresdetmasity (MFI) from green fluorescént

cell population over total acquired events (50,60ls).
2.8. Western blot

Total protein was quantified using a Quick Start™dBord Protein Assay (Bio-Rad, USA).
15 pL of protein-containing lysates were separateda 12% polyacrylamide gel in Tris-
Glycin-SDS buffer (25 mM, 200 mM and 0.5% respesllyy and transferred to Porablot®
nitrocellulose membranes (0.45 um) (Macherey-Nag@ekmany) using a Mini Trans-Blot®
cell (Bio-Rad) in 1X CAPS (3-(cyclohexylamino)-legmanesulfonic acid) buffer. Following
overnight immersion at 4°C in a blocking solutio8% non-fat milk powder in buffer
containing 10 mM Tris, 150 mM NaCl and 0.1% Twed)), Zhe membranes were washed
and incubated for 1h at RT with a mouse anti-GAP&itbody (MAB374, Millipore, USA)

at a 1:500 dilution (3% milk powder in Tris-NaCl-&en buffer), a rabbit anti-p38 antibody
(#9212, Cell Signaling, USA) at a 1:1000 dilutioa, rabbit anti-phospho-p38 antibody
(#9211, Cell Signaling) at a 1:1000 dilution, a m@wanti-STAT1 antibody (1/Statl, BD
Bioscience, USA) at a 1:1000 dilution, a rabbiti-gmospho-STAT1 antibody (15H13L67,
Life Technologies, USA) at a 1:1000 dilution, abatanti-Akt (pan) antibody (#4691, Cell
Signaling) at a 1:1000 dilution, a rabbit anti-pblos-Akt1/2/3 antibody (sc-7985-R, Santa
Cruz Biotechnology) at a 1:1000 dilution, a mousé-phospho-tBa (Ser32/36) antibody
(#9246, Cell Signaling) at a 1:1000 dilution, ab@lanti-p44/42 MAPK (Erk1/2) antibody
(#4695, Cell Signaling) at a 1:1000 dilution oradbit anti-phospho-p44/42 MAPK (Erk1/2)
antibody (#4377, Cell Signaling) at a 1:1000 ddati Membranes were washed three times

and incubated for 1h at RT with a mouse or ralg§-kpecific secondary antibody coupled to
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horseradish peroxidase (HRP, Sigma) at a dilutidli10000 (3% milk powder in Tris-NaCl-
Tween buffer). After washing, the membranes wererlaid with the WesternBright® ECL
peroxidase substrate (Advansta) and chemiluminesceras visualized using a Fusion-FX

imaging platform (Vilber Lourmat, France).

2.9. Luciferase reporter assays

Type | IFN and ILPB production in supernatants of stimulated chickeD1H cells or
chBMDM was measured using luciferase-based Mx- oFkBNreporter bioassays,
respectively (Gyorfy et al., 2003; Schwarz et 2004). Briefly, CEC32-Mx or CEC32-NiB
cells were seeded at 2.5%1g&lIs/well in 24-well plates and incubated at 41f@ler 5% CQ
overnight. The next day, cells were incubated forwgth the diluted supernatants (1/10 of
total volume) from stimulated HD11 or chBMDM cellltures. Medium was removed and
cells were washed twice with PBS. Cells were lygsohg the Cell Culture Lysis Reagent
(Promega, USA), according to the manufacturer'sricsions, and luciferase activity was
measured using the Luciferase assay reagent (Pegrd&f) and a GloMax-Multi Detection
System (Promega, USA). Data were expressed af B¥NL1p activity (fold increase as

compared to control group).

For NRB activity measurement in HD11 cells, HD11+#B-reporter cells were seeded at
2.5x10 cells/well in 24-well dishes and incubated at 41f@er 5% C@overnight. The next
day, HD11-NKkB cells were incubated for 6h with the indicatedhsti and inhibitors at the
appropriate concentration. Next, medium was rema@reticells were treated as described for
CEC32-Mx or CEC32-NkB cells. Data are expressed asxBFactivity (fold increase

relative to the control or mock group).

2.10. Phagocytosis and endocytosis assay
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Phagocytosis or endocytosis (fluid-phase pinocgtasid receptor-mediated endocytosis)
capacity of HD11 cells were evaluated by flow cy&m using pHrodo™ Greek. coli
BioParticles® Conjugate or pHrodo™ Green Dextranvi{ffogen, USA), respectively.
Briefly, HD11 cells were seeded in 48-well platé2=al® cells/well and incubated at 41°C
under 5% CQ overnight. Then, cells were pretreated with d~(80 ng/ml) for 16h (unless
otherwise indicated). The next day, cells were lgeanaished with PBS then incubated with
fresh incomplete RPMI 1640 containing pHrodd@reen Dextran at 50 pg/ml or with
incomplete RPMI 1640 containing unopsonized pHrodGreen E. coli BioParticle$
Conjugate at 333 pug/ml for 30 min and 1h, respettivCells were washed then harvested
with pre-warmed FACS buffer and subsequently amalyhy flow cytometry (BD FACS
Calibur). Data were expressed as the percentagelfdo greeh cell populations over total

acquired events (50,000 cells).
2.11. Statistical analysis

Comparisons between two groups were performed wstag-tailed unpaired Student’s t test.
Multiple groups were compared using a one-way ANO&talysis followed by a Tukey
multiple comparison post-hoc test. Values for abasurements are expressed as mean *
SEM. P<0.05 was considered statistically signific&ata are representative of at least two
independent experiments unless otherwise indic&tdistical analysis was performed using

the GraphPad Prism 6.0 software (GraphPad Softws8,).

3. Results

3.1. IFNa and IFNp elicit different intracellular responses in chicken

primary macrophages
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To gain first insights into the functional rolesapéd by type | IFNs in chicken primary
macrophages, we compared the expression profilesvamious ISGs, IFN-regulatory
transcription factors and the pro-inflammatory asges elicited by IF& and IFNS. At 2h
(data not shown) and 6h following type | IFNs stiaiion, chBMDM showed increased
expression of the ISGs 2’-5’ oligoadenylate syrdBetQASL), myxovirus resistance protein
(MX1), double-stranded RNA-activated protein kinaSH-2AK?2) and signal transducer and
activator of transcription 1S[AT1) as compared to the mock control groifgure 1A).
Among the ISGs and associated transcription factonty the expression of interferon
regulatory factor 71RF7) proved to be more elevated after [FStimulation at the tested
time-points, while all other ISGs were more effitlg induced by IFM. Yet, pro-
inflammatory genes such &s1B, IFNB, IL6 andIL8L2 were markedly up-regulated upon
IENB treatment as compared to cells treated withalKRigure 1B). Our data therefore
demonstrated that, at least at early time-poird#) bype | IFNs play a role in triggering ISGs
expression, but IFPl has a more pronounced effect on pro-inflammatopkine gene

expression in chBMDM.

In mammals, STAT1, mitogen-activated protein kisa@dAPKs) p38 and p44/42 (Erkl/2),
PI3K/Akt, and NkB pathways have been shown to be involved in typeN signalling
(Hervas-Stubbs et al., 2011). We therefore perfdriwestern blot analyses to investigate
whether some of these signalling pathways weregergd by type | IFNs in chBMDM.
STATL1 expression was strongly induced from 6h tb @gon exposure to IFdNas compared

to the mock control grougFigure 2A). These results confirmed that the upregulation of
STATL1 protein is correlated to the gene expressiata (Figure 1A). Furthermore, IFN
stimulation markedly induced early phosphorylatimmd activation of STAT1 (pSTAT1),

which lasted for up to 24h, as compared to the noocirol group. In contrast to the situation
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in cells stimulated with IFd, STAT1 and pSTAT1 were only slightly induced byI[F; both

displaying a modest, yet sustained induction at@@8i-stimulatior{Figure 2A).

We also found that p38 MAPK, p44/42 MAPK and Aktreieonstitutively expressed in
chBMDM (Figure 2A). The p38 MAPK phosphorylated form (pp38) was egpeel from 30
min to 6h following stimulation with IFiX or IFNB. Only low levels of pp38 were detected
24h after stimulation with both type | IFNs, sugyes that the p38 MAPK pathway is
activated only at early time-points following stifation. In contrast to the rapid and clear
expression pattern observed for pp38, pp44/42 exmme was weakly induced from 2h to 24h
following stimulation with IFNv or IFNB. This might suggest a minor (or indirect) role of
these cytokines in the activation of this pathwaychBMDM. In regard to the PI3K/Akt
pathway, pAkt expression was weakly induced bydFNowever, stimulation with IFpI
markedly upregulated pAkt expression as early awith a quick decrease to mock control
group levels after 2h. Therefore, the PI3K/Akt pedly is likely to be better activated by
IFNB as compared to IFiNin chBMDM. Finally, we investigated the role ofpy | IFNs in
the expression of proteins involved in the actmatiof NFcB. Activation occurs via
phosphorylation ofdBa at Ser32 and Ser36 followed by proteasome-medi@dégdadation
that results in the release and nuclear transtmtati active NkB (Hayden and Ghosh,
2008). Although we could not detect the expressibikBa in chBMDM using the present
western blot protocol and commercially availabletitaodies (data not shown), we
demonstrated that I\ but not IFN, induced a marked expression ok (Ser32/36) at

6h post-stimulatiorfFigure 2A).

To better characterize the potential activatiorkBlby type | IFNs, we used an HD11-NB
luciferase reporter cell line. Cells were stimutater 6h with IFNy or IFNB, and LPS
treatment was included as a positive control. Azeeted, and consistent with its incapacity to

directly induce a pro-inflammatory profile, the KB pathway was not triggered by IeNIn
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contrast, it was strongly activated by IfFlds compared to the mock control grdifgure

2B), which is in line with its ability to induce phdsmrylation of IkBx at 6h(Figure 2A). In
addition, we observed that pharmacological intoitof the intracellular signalling pathways
p38 MAPK, PI3K/Akt and TBK1/IKk partially reduced the activation of NB induced by
IENB (Figure 2B). The 7-AAD staining protocol revealed that nonetleg inhibitors were
found to be cytotoxic (necrotic cell death) at dmmcentrations used (data not shown). These
data suggest that the signalling pathways studiedilely to be involved in the activation of

NF«B following stimulation with IFNS.

Taken together, our results revealed thatdFXd IFN3 play different roles in the induction
of chicken macrophage intracellular signalling mpakis upstream of the transcriptional

regulation of ISGs or pro-inflammatory genes.

3.2. IFNa elicits similar response patterns in a chicken maophage cell line

and in lung macrophages

IFNa is the best studied type | IFN in birds (Giotisaét 2016; Goossens et al., 2013; Roll et
al., 2017; Santhakumar et al., 2017). We therefomaplemented our findings by assessing
the impact of IFN in the well-established chicken macrophage ce# HD11 (Beug et al.,
1979). Incubation of HD11 cells with IFNfor 6h led to a marked increase in the expression
of the ISGSOASL, MX1 andEIF2AK2 as compared to the mock control grdéjgure 3A).

The interferon-regulated transcription facttRé-7 and STATL1 likewise showed a significant
increase in their transcriptional expression (3 @&nfibld, respectivelyFigure 3A). IFNa
stimulation did not altelL1B, NOS2, IFNA andIFNB gene expression and nitric oxide (NO)

production in HD11 supernatantsigure 3B). Furthermore, we confirmed by flow cytometry
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analysis using Annexin V and 7-AAD staining thatNH was not cytotoxic (late

apoptosis/necrosis) to HD11 cells after 6h or 16timulation Eigure 3C).

To better improve our knowledge on the responsegesl by IFNx in chicken macrophages,
gene expression data for HD11 cells were compavetthdse obtained from chicken lung
macrophages at a matching time-point (6h). ExceptdASL, ISGs expression in lung
macrophages was significantly higher (307%, 1549893 and 100% foEIF2AK2, MX1,
IRF7 andSTATL1, respectivelyjhan those found in HD11 cellBigure 3D). Interestingly, the
baseline Ct values for the aforementioned ISGsegixtor OASL) are very similar between
HD11 cells and lung macrophagesupplementary Table 3. Similarly to HD11 cells, no

increase in pro-inflammatory gene expression wasiied (data not shown).

Consequently, the HD11 cell line was used in mgpegments of the present study, because
of its easy accessibility, handling, and mainteeamevertheless, the most relevant findings

were further confirmed using chicken primary matwages.

3.3. IFNa priming potentiates the pro-inflammatory responseto E. coli LPS

in chicken macrophages

As demonstrated in chicken lung macrophages aadciill line, IFN: strongly induced ISGs
but a negligible pro-inflammatory gene expressioofife. Indeed, IFN. has been used in
priming strategies to assess the impact of typENslin cellular responses to cytokines,
pathogen-associated molecular patterns (PAMPskatirogens in chickens and mammalian
species (Doughty et al., 2001; Jiang et al., 20di; et al., 2001; Sharif et al., 2004). We
therefore asked whether a type | IFN enriched enwrent, likely to be encountered during
viral infections, could modulate the chicken matrage inflammatory response o coli

LPS. We stimulated HD11 cells by incubating thenthwiFNa for 16h (priming time).
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Shorter and longer exposition times were testedsawgved to be less effective in inducing a
non-cytotoxic priming activity in this macrophagaldine (data not shown). HD11 cells were
subsequently stimulated for 6h with coli LPS (Figure 4A), a time point where gene

expression or NO production were peaking or prodwmasistently reproducible data.

We observed that IFNpriming followed by LPS stimulation (IFiNprm + LPS) markedly
upregulatedIL1B, NOS2 and IFNB gene expression, concomitant with NO and ROS
production, as compared to the group treated WRB klongFigure 4B and 4C) The same
stimulating effect was observed for the expressibthe genes of interest at 2h (data not
shown). As expected, IFNpriming (IFNo. prm) alone and IFd stimulation (6h) had no
effect on pro-inflammatory gene expression and vieeffective in promoting ROS or NO
production (Figure 4B and 4C) We next used a bioassay to verify whether HRRB
upregulation was associated to [F-production by chicken macrophages. Under all tneat
conditions testedlFNA gene expression was assed using different prirags gdata not
shown) and was found to be never induced in HD1ls,cguggesting that the type | IFN
bioactivity determined in the bioassay would laygedst on IFN production. Corroborating
the gene expression data, we observed that mor§ Mwdks produced following LPS
stimulation when HD11 cells were previously prinveith IFNa (Figure 5A). Although IFNx
priming potentiated the pro-inflammatory resporsé&RS, no additional cytotoxic effect was
observed when both molecules were added to the aslicompared to the group receiving

LPS alongFigure 5B).

In addition, we evaluated the impact of kicldnd/or LPS on the expression of co-stimulation
markers by HD11 cells. Only LPS was able to upratgulCD40 expression, whereas tFN
priming had no potentiating effe@igure 5C). However, MHC Il expression was increased

by IFNo priming (16h), but not by IF& stimulation (6h). The addition of LPS did not
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increase MHC Il expression in priming or mock cdiadis at the same time-poinfSigure

5C).

We confirmed these results by using chBMDM and wpplthe same experimental approach.
IL1B, NOS2, IFNB expression, and NO, IFNand IL-13 production (as assessed using the
CEC32-NKB reporter cell line), were all upregulated wherBRIDM were primed with
IFNa for 16h and then challenged with LPS for 2h (dada shown) or 6l {Supplementary
Figure 1A and 1B) Interestingly, we observed that IkNstimulation inducedL1B and
NOS2 expression concomitant with NO production, whiapidly decreased to control group
levels. Notably, neither gene expression nor NQlpction was observed in the IeNrimed
group (16h), therefore excluding any potential clative effects on the priming approach.
Strikingly, the bioassay revealed that [FFMas also produced in the leNdrimed group.
However, HD11 cells were washed with PBS afterpiiening to avoid any contamination of
IFNa in the culture supernatant, therefore suggestisgsséained secretion of IB\oy these

cells(Supplementary Figure 1B)

In conclusion, IFM priming favours the development of an increaseatipilammatory
response toE. coli LPS in chicken macrophages without entailing apat effects.
Moreover, IFNt increases MHC Il expression on the HD11 cell Iswggesting an increased

antigen presentation potential.

3.4. IFNp mediates the increased pro-inflammatory responsetE. coli LPS
in chicken macrophages following IFN priming
We observed that IHNproduction induced by LPS was strongly enhancetFblg priming

in chicken macrophages. Previous studies have dsnaded that IFR is involved in

different pro-inflammatory processes in mammals ahttkens (de Weerd and Nguyen,



496  2012; Hervas-Stubbs et al., 2011; Santhakumar.ef@l7). We therefore speculated that
497  IFNp could be involved in the onset of a pro-inflamnmgtstate induced by IFNpriming. To
498 test this, HD11 cells were treated as describetieeaand a rabbit anti-chicken IFN
499  antiserum was added along with LPS in order toraémé IFN3 released into the medium. As
500 shown inFigure 6A, in the group primed with IFNand subsequently challenged with LPS
501 for 2h (data not shown) and 6h, the addition of fFitiserum (right bars) virtually
502 abrogated the potentiation effects of the primingtqrol on IL1B, NOS2 and IFNB
503 expression, and on NO and IBNroduction. Importantly, IFBtantiserum did not affect the
504 pro-inflammatory response induced by LPS al({fiigure 6A), and IFNB-antiserum was not

505  cytotoxic for chicken macrophag@sigure 6B).

506 The same experiments were also performed using @MMin which IFNB-antiserum

507 addition similarly abrogated the potentiating effetIFNo priming on the LPS-induced pro-
508 inflammatory responséSupplementary Figure 2) To corroborate our findings, we also
509 incubated chBMDM with LPS and IHN We observed that, when added together, LPS and
510 IFNB mimicked the potentiating pro-inflammatory efféctiuced by IFN. priming (Figure

511 6C).

512  Our data thus suggest that IFi¢ a key mediator of the increased pro-inflammatesponse

513 to LPS observed in chicken macrophages previoustyga with IFNu.
514
515 3.5. IFNa priming potentiates chicken macrophage pro-inflamnatory

516 responses to APEC infection paralleled by an incre®d phagocytosis

517 capacity
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Since IFNx priming potentiates the chicken macrophage priasimfatory response t. coli

LPS, we next explored whether IENbriming modulates the macrophage response to avian
pathogenicE. coli (APEC) infection. HD11 cells were primed with IENor 16h then
infected with the highly adhesive/invasive APECastrBEN2908 at an MOI of 10 for 6h.
Cells primed with IFM and infected with the APEC strain (IkNdbrm + APEC) showed an
up-regulation ofiFNB expression, concomitant with an increased NO &MNp Iproduction,
when compared to the non-primed BEN2908-infectedigri{ APEC)(Figure 7A). IL1B was

also up-regulated in the primed group, but no stiatl difference was seen compared to the

non-primed APEC groufFigure 7A).

In addition, we counted intracellular bacteria htalhd 2h 30 min post infection in order to
assess the number of adhered and intracellulaet@ctespectively. Bacterial adhesion was
not affected by IFM priming (Figure 7B) whereas the number of viable intracellular baateri

was significantly increased when macrophages wemgep with IFNy (Figure 7C).

We next asked whether the increased intracelludatdnial load could be mediated by an
IFNa-dependent enhancement of the endocytic or phagocgpacity of HD11 cells.
Subsequent to several pilot experiments to identifg best time-points and reagents
concentrations to be used in these experiments (ulait shown), endocytosis (fluid-phase
pinocytosis and receptor-mediated endocytosis) @majocytosis were evaluated by flow
cytometry using fluorescent particles. We foundt thBNa priming did not impact
endocytosigFigure 7D) but it was able to significantly enhance the pltgytmsis capacity of

chicken macrophages (20% increa$eyure 7E).

The increase in intracellular bacterial uptake ol in HD11 cells following IFN priming
was confirmed in experiments with chicken lung matiages using a BEN2908 strain

expressing the GF@Figure 7F). In addition, intracellular bacterial fluorescerweas assessed
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by flow cytometry and found to be higher in lungaraphages primed with IFN(Figure

7G).

Altogether, these results evidenced that dFpriming potentiates the pro-inflammatory
response to APEC infection in chicken macrophagesligled by an increased phagocytic

activity, without detectable bactericidal consequesn

4. Discussion

Macrophage functions such as pathogen recognifibagocytosis and cytokine expression
have been shown to be greatly impacted by typeNkIlh mammalian systems (Lee et al.,
2015; Nakamura et al., 2011; Shahangian et al.9;288epardson et al., 2016). In chickens,
although extensive work have been done to undetdigoe | IFN biology and their inhibitory
effects on virus replication (Giotis et al., 200@ng et al., 2011; Mo et al., 2001; Pei et al.,
2001; Roll et al., 2017), many aspects of the ty[feN response remain unexplored, notably
in regard to macrophages and their inflammatorgaese. Our data revealed that for chicken
primary macrophages IFklNwas a more potent inducer of ISGs expressiohS MX1, PKR
andSTAT1) when compared to IHNat 6h post stimulation. In contrast, at the same point
post stimulation, IFIR proofed to be a better inducer of pro-inflammatoggokine gene
expressionI(1B, IFNB, IL6 andIL8L2). A previous study using the DF-1 chicken fibrala
cell line showed that IF& stimulation entails a strong antiviral profile, imig through a
marked upregulation of ISGs associated to robustvieal activity (Qu et al., 2013). In
contrast, IF appears to rather drive an immune modulatory mesgpoOur data obtained
with chicken macrophages are in good agreement thithobservation. Several hypothesis
have been made to explain these differential effentluding putative different affinities of

type | IFNs to the subunits of their cognate recefFNAR1 and IFNAR2) (Santhakumar et
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al., 2017). However, type | IFN signalling and ttesulting gene expression patterns are
likely to be different between chicken macrophages fibroblasts, due to the different

biological functions of these cells.

The distinct activity profiles observed for typ&Ns in the present study might be explained
by differences in the activation of intracellulagrealling pathways. In mammals, STAT1 is
an important mediator of the JAK/STAT pathway ipeyl IFNs signalling, leading to the
transcription of I1SGs (Hervas-Stubbs et al., 201lh). chicken macrophages, STAT1
phosphorylation was only weakly induced by [FNbut remained on a steady level
throughout the stimulation period. In contrast, ¢Hfdpidly induced STAT1 phosphorylation.
We speculate that the differences in ISGs exprassiduced by the two type | IFNs is
directly linked to differential STAT1 pathway aditvon. Conversely, the p38 MAPK
pathway exhibited the same activation kineticseisponse to both IFdiNand IFN3. The role

of this signalling pathway for the induction of IS@nd other genes downstream of the type |
IFN receptor IFNAR has been demonstrated in mi¢es(lal., 2004), but remains unclear in

birds.

Although 6h and 16h stimulation with IkNalone was not found to strongly induce
transcriptional expression Gf1B, NOS2, andIFNB in HD11 cells and primary macrophages,
it potentiated the pro-inflammatory responsé&taoli LPS, APEC LPS (data not shown) and
APEC infection. We hypothesize that l&kNnay prime or modify intracellular events in the
macrophages, such as increasing the expressiodugiiton and/or activation of so far

unrecognized transcription factors, thereby prongptihe IFNS over-production observed

after challenge with bacterial molecular patterimis.mammals, type | IFNs act through
JAK/STAT, CRB, PI3K/Akt, NkB and MAPK signalling pathways (Hervas-Stubbs et al
2011), which are still largely unexplored in chinkedue to the lack of species-specific

pharmacological inhibitors and antibodies. One thés previously demonstrated that
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chicken IFNt and IFN3 promoters share binding regions for transcriptextors of the IRF
family, and that the IFBl promoter has an additional ME binding site (Sick et al., 1998).
We demonstrated here that ohBNB gene expression was induced after bacterial cigdle
in agreement with previously published data (Bagje®t al., 2014). IFplis known to induce
NF«B activation (Hervas-Stubbs et al., 2011). We tfewecassume that the NB pathway
may be involved in IFR production induced by LPS and in the inflammatoggponses
elicited by IFNB. In fact, when we compared the effects of d=dhd IFN3 using the HD11-
NF«B reporter cell line and by assessing the phospdwton of IkBa, we observed that IFiN
did not activate this pathway, contrary to what whserved for IFIR. On the other hand, in
chicken primary macrophages, I&kNstimulation led to increasetl1B and NOS2 gene
expression, all of which have been shown to bedaduby the NEB pathway upon LPS
stimulation in mammals and chickens (Aktan, 2004nt@ssot et al., 2012; He and Kogut,
2003; Weining et al., 1998). This suggests thatrdgulation of the NkB pathway in an

immortalized cell line and in primary macrophagesrss to be different.

NF«B activation by IFN in chicken macrophages is partially dependenthenp88 MAPK,
PI3K/Akt and/or TBK1/IKKe signalling pathways. To our knowledge, this is finst time
that such a mechanism of action has been descfdred type | IFN in chickens. Since
pharmacological inhibition of these pathways did cmmpletely abrogate NB activation in
the HD11 cell line, other pathways involved in tlistivation remain to be identified. In
addition, IFNB induced the expression tRF7 and could therefore potentially activate this
transcription factor. Since both NB and IRF7 may bind to specific binding motifs mesin
the IFNB promoter (Sick et al., 1998), we assume thatpliaRNght be able to enhance its own
expression through an amplification loop involvithg aforementioned signalling pathways.
Bacterial LPS activates Toll-like receptor 4 (TLRdhd triggers intracellular signalling

pathways leading to NB activation via Myd88-dependent or the Myd88-inelegent
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TRIF/TRAM-dependent pathways in mammals (Takeda &kira, 2007). It is well
established in mammals that the TRIF/TRAM-depengeatitway also activates IRF3, which
results in IFNB induction (Kawai and Akira, 2010). Previous stsdieave demonstrated that
LPS-induced IF is crucial for LPS-dependent NO production (Vatbeeet al., 2000), pro-
inflammatory cytokine and chemokine expression (fas et al., 2006), and LPS-derived
ISGs expression (Sheikh et al., 2014) in murineroftages. In chickens, little is known
regarding the contribution of IANto LPS-induced inflammatory responses. Moreovar, a
orthologue of thelicam2 gene (encoding TRAM) appears to be missing froen dhicken
genome, suggesting that TLR4 signalling through FFRRAM might not be functional or
ineffective in LPS-stimulated chicken cells (Keastind van Putten, 2008). Nevertheless, our
findings demonstrated th&. coli LPS or APEC are able to induce IFNbroduction in
chicken macrophages, corroborating previous dataird with the MQ-NCSU chicken

macrophage cell line (Barjesteh et al., 2014).

Although all the molecular events involved in li=hduced macrophage reprogramming
could not be identified, we demonstrated that tReotactivated STAT1 and p38 MAPK
signalling pathways are likely to play a role imdering macrophages more prone to mount
an inflammatory response (via IBNbroduction) after bacterial challenge. Based andaua,

we assume that the cross-talk between signallitignzeys downstream of TLR4 (e.g. NB,

p38 MAPK and IRF7) and IFNAR leads to the potertigproduction of IFR, which in turn
activates NkB via p38 MAPK, PI3K/Akt, TBK1/IKKe, and eventually other unidentified

pathways, ultimately resulting in the potentiatedduction of pro-inflammatory mediators.

Previous studies demonstrated that dFtimulation increases mouse peritoneal macrophage
phagocytosis and bacterial adhesion through padentodifications of membrane surface
receptors such as Fc or C3b receptors (Rollag,et@84). In the present study, we observed

that bacterial adhesion remained unchanged upo Biishulation. Therefore, we surmise
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that specific and non-specific bacterial recepfetg. scavenger receptors) may not account
for the enhancement in macrophage phagocytosi&ddition, Fc receptors do not appear to
be involved in this phenomenon since neither becteor bio-particles were opsonized. We
thus assume that IFNstimulation is able to induce unrecognized metabwlodifications
within chicken macrophages that led to an incregdedjocytic activity. This mechanism is
likely to be IFN3-independent since IFNantiserum treatment did not reduce phagocytic

activity of IFNa-primed macrophages (data not shown).

A recent study demonstrated that a preceding LPAISN2 infection increased innate
immunity-related gene expression in response to tflenge in the HD11 cell line (Qi et
al., 2016). Here we showed that a type | IFN emclenvironment, likely to be present in
mucosal surfaces (respiratory and intestinal tradgcted with LPAIV, was sufficient to
reproduce this phenomenon in chicken macrophagewetkr, in the LPAIV infection-LPS
challenge systemFNA and TLR4 expression was found to be upregulated, a phenameno
that was not observed in the present work, sugggshiat these responses could be type |
IFN-independent. It would be challenging to testetier this pro-inflammatory response
might also occutin vivo in an LPAIV-APEC superinfection model. Yet, prevsostudies
indicated that LPAIV infection may pave the way @inical colibacillosis in poultry (Bano
et al., 2003; Mosleh et al., 2017; Umar et al.,80Even though type | IFNs are produced
during viral infections, including low pathogenician influenza, the pathogenesis of
viral/bacterial co-infections may be very differatgpending on the viral pathogen or strain.
For example, during infectious bronchitis virus VIBinfection, the type | IFN response
remained unchanged between co-infectedrabli infected groups, suggesting that a type |

IFN response was not involved in the exacerbatfarolibacillosis (Ariaans et al., 2008).

Altogether, our data provide the first evidence foe role of type | IFNs in modifying

chicken macrophage homeostasis, which may transi&dea prominent pro-inflammatory
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phenotype mediated by IBNwhen these cells encounter bacteria. Our findpmst to an
eminent role of this mechanism in the pathogenesisiral/bacterial co-infections in the
chicken that warrants further investigation by ardepth analysis of the innate immune

response in experimentally (co-)infected animals.
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Figure Legends

Figure 1. IFNa and IFNp elicit different responses in chicken primary macophages.
chBMDM were stimulated with IFd (50 ng/ml) or IFNs (50 ng/ml) for 6h before qRT-PCR
analysis.(A) OAS/IOASL, Mx/MX1, PKREIF2AK2, STAT1/STAT1 and IRF7/RF7 gene
expression(B) IL-1B/IL1B, IFNB/IFNB, IL-6/1L6, CXCLi2/IL8L2 gene expression. qRT-

PCR data are expressed as relative normalized ssipre (as compared to mock control



883  group). Values are = SEM. *P < 0.05, *P < 0.01}P*< 0.001 or ***P < 0.0001 when
884 compared to mock control group. #P < 0.05, ##P04,04##P < 0.001 or ####P < 0.0001
885 when compared to IR group. Data are representative of two independsperiments

886  performed in triplicates.

887

888  Figure 2. IFNa and IFN differently modulate chicken primary macrophages gnalling
889  pathways. (A) chBMDM were stimulated with IF& (50 ng/ml) or IFNs (50 ng/ml) for 30
890 min, 1h, 2h, 6h or 24h, then western blot analys@s performed on cell lysates.
891 Representative immunoblotting revelations of STATASTAT1, p38, ppP38, p44/42,
892  pp44/42, Akt, pAkt and pBa are shown. Protein molecular weight is indicatath wlack
893 arrows. GAPDH was used as loading cont{B). HD11-NFB reporter cells were incubated
894  with IFNa (50 ng/ml), LPS (10 ng/ml) or IHN(50 ng/ml) alone or in combination with
895 pharmacological inhibitors (SB-203580 at 10 uM, W@nnin at 2 uM, BX795 at 2 uM and
896 BAY11-7082 at 10 uM) for 6h then luciferase acywtas measured. Data are expressed as
897 fold increase in NkB activity, as compared to control groups, and eslare + SEM. **P <
898 0.01, **P < 0.001 or ***P < 0.0001 when comparé&al mock control group. #P < 0.05, ##P
899 < 0.01, ##P < 0.001 or ####P < 0.0001 when cordparéhe IFN group (left graph) or the
900 IFNP group (right graph). Data are representative o &) or three (B) independent

901 experiments performed in triplicates.

902

903 Figure 3. IFNa elicits similar response patterns in a chicken maophage cell line and in
904 lung macrophagesHD11 cells(A, B, andC) or macrophages from chicken lun@®) were
905 stimulated with IFN. (50 ng/ml) for 6h before qRT-PCR analysis, nimkide (NO) dosage

906 or flow cytometry analysis for cell viability(A) PKR/EIF2AK2, Mx/MX1, OASIOASL,
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IRF7ARF7 and STATI1ETAT1 gene expressiorn(B) IL-1B/IL1B, IFNo/IFNA, IFNB/IFNB,
INOSNOS2 gene expression (left Y axis) and NO productiomghfr Y axis). (C)
Representative dot plot of HD11 double positive ydapon for Annexin V and 7AAD,
canonical markers of cell death, and histogram &hgpwhe percentage of double positive
populations as compared to mock control grqiy. PKREIF2AK2, Mx/MX1, OAS/OASL,
IRF7ARF7 and STAT1ETAT1 gene expression. Values are + SEM. gRT-PCR data ar
expressed as relative normalized expression (apa@u to mock control group). *P < 0.05,
**P < 0.01, ***P < 0.001 or ***P < 0.0001 when copared to mock control group. Data are
representative of two (C and D) or three (A andiglependent experiments performed in

duplicates (A, B and C) or triplicates (D).

Figure 4. IFNa priming potentiates the pro-inflammatory responseto E. coli LPS in
chicken macrophages(A) Experimental protocol: HD11 cells were primed wiliNa (50
ng/ml) or mock treatments for 16h. The medium waamaved and cells were washed before
receiving LPS (10 ng/ml), IFN (50 ng/ml) or mock stimulation for 6K{B) IL-1p/IL1B,
INOSINOS2, IFNa/IFNA, IFNB/IFNB gene expression and NO production. gRT-PCR data ar
expressed as relative normalized expression (aspa@u to mock control group)C)
Reactive Oxygen Species (ROS) production measwdbbl cytometry using a fluorescent
probe. Data are expressed as Mean Fluorescensityt¢kiFl). All values are £ SEM. ***P

< 0.001 or ***pP < 0.0001 when compared to mock wohgroup. ###P < 0.001 or ####P <
0.0001 when compared to LPS group. Data are remase of four (B) or two (C)

independent experiments performed in triplicates.
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Figure 5. IFNa priming boosts MHC class Il expression and IFI§ production in
response tokE. coli LPS stimulation without exerting any measurable ciotoxic effect on
chicken macrophages. (AJFNP production was quantified in HD11 supernatantsugh a
bioassay using a CEC32-Mx luciferase reporter logdl- Data are expressed as fold increase
in IFNB activity as compared to control groug8) Cell viability was assessed by flow
cytometry using 7-AAD. Data are expressed as thegpéage of dead cells (7AAD positive).
(C) CD40 or MHC class Il expression was analyseddy tytometry. Data are expressed as
Mean Fluorescence Intensity (MFI) from FITEells. All values are + SEM. *P < 0.05, **P <
0.01, **P < 0.001 or ***P < 0.0001 when compared mock control group. ####P <
0.0001 when compared to LPS group. Data are remase of two independent experiments

performed in triplicates.

Figure 6. IFNp mediates the increased pro-inflammatory responseotE. coli LPS in
chicken macrophages following IFN priming. HD11 cells(A and B) or chBMDM (C)
were primed with IFNM (50 ng/ml) or mock treatments for 16h, then stabed for 6h with
LPS (10 ng/ml) and/or IFptantiserum (17.5 pg/ml), and/or IBN50 ng/ml) or IFN (50
ng/ml). IL-1B/IL1B, IFNB/IFNB, INOSNOS2 gene expression and NO production in HD11
(A) and in chBMDM(C). gRT-PCR data are expressed as relative normadizpession (as
compared to mock control grougB) Cell viability was assessed by flow cytometry gsif
AAD. Data are expressed as the percentage of ddisd ¢AAD positive). Values are = SEM.
*P < 0.05, *P < 0.01 or ****P < 0.0001 when compalto mock control group. #P < 0.05 or
####P < 0.0001 when compared to LPS group. Dataepresentative of two (B and C) or

three (A) independent experiments performed inidaf#s.
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Figure 7. IFNa priming potentiates the chicken macrophage pro-ifemmatory response

to APEC infection paralleled by an increased phagagdosis capacity.HD11 cells(A, B, C,

D andE) or chicken lung macrophagés andG) were primed with IFN (50 ng/ml) or mock
treatments for 16h, then cells were infected withMOI of APEC BEN2908 or BEN2908
GFP respectively, for 1h (adhesion assessment)t, Meks were treated with gentamycin to
kill extracellular bacteria for 1h 30 min (intraleéhr bacterial load assessment) and incubated
for up to 6h (for transcriptomic analysigh) IL-1p/IL1B and IFN3/IFNB gene expression, as
assessed by qRT-PCR, and NO andfifModuction as assessed through nitrite dosage and
CEC32-Mx bioassay, respectively. The number of esthéacteria(B) and intracellular
bacteria(C and F) was evaluated through colony-forming units (CFOumts. Endocytosis
(D) and phagocytosiE) capacities were evaluated by flow cytometry. Cekse pre-treated
with IFNa (50 ng/ml) or mock treatments for 16h, and incatlaor 30 min with pHrodo
Green dextran (endocytosis) or for 1h with pHrod8reenE. coli BioParticle§ Conjugate
(phagocytosis) at 50 pg/ml and 333ug/ml, respelgtii@ata are expressed as the percentage
of pHrodo Greehcells.(G) The fluorescence from intracellular GFP-express$iacteria was
evaluated by flow cytometry and is expressed asnVidaorescence Intensity (MFI) from
GFF cells. Values are + SEM. *P < 0.05, **P < 0.01}P*< 0.001 or ****P < 0.0001 when
compared to mock control group. ####P < 0.0001 wdwenpared to APEC group. Data are
representative of two (F and G) or three (A, B,[OC,and E) independent experiments

performed in triplicates.
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Target genes Forward primers 5’-3' Reverse primers’-3’

B2M (B2M) CGTCCTCAACTGCTTCGCG TCTCGTGCTCCACCTTGC
HPRT (HPRT) TGGTGGGGATGACCTCTCAA GGCCGATATCCCACACTTCG
GAPDH (GAPDH) | GTCCTCTCTGGCAAAGTCCAAG CCACAACATACTCAGCACTGC

EIF2AK2 (PKR) GGGACATGATTGAGCCAAAGCAAGA | GAGCGTGGGGGTCTCCGKA

MX1 (Mx) ACGTCCCAGACCTGACACTA TTTAGTGAGGACCCCAAGCG

OASL (OAS) CTTCGGAGTCAGCATCACCA TCCTGAATCACCTGCCCCAG

IRF7 (IRF7) TGCCTCAGGCGTCCCCAATG TGTGTGCCCACAGGGTTGGC

976
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STAT1 (STATY)

AAGCAAACGTAATCTTCAGGATAAC

TTTCTCTCCTCTTTCASACAGTTG

IL1B (IL1B) AGGCTCAACATTGCGCTGTA CTTGTAGCCCTTGATGCCCA
IFNA (IFNa) CAACGACACCATCCTGGACA GGGCTGCTGAGGATTTTGAA
IFNB (IFNB) TCCTGCAACCATCTTCGTCA CACGTCTTGTTGTGGGCAAG
NOS2 (iNOS) CCACCAGGAGATGTTGAACTATGTC | CCAGATGTGTGTTTTCRTGCA
IL6 (IL6) GCTTCGACGAGGAGAAATGC GCCAGGTGCTTTGTGCTGTA
IL8L2 (CXCLi2) CTGCGGTGCCAGTGCATTAG AGCACACCTCTCTTCCATCC

Table 1.Primer pairs used in the present study for gRT-RE&ysis
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Highlights:

Type | IFNs differently regulate intracellular events in chicken macrophages

IFNa priming boosts the macrophage inflammatory response to bacterial challenge

This boost in the inflammatory response is mediated by IFNf

Bacterial uptake isincreased if chicken macrophages are primed with IFNa



