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Abstract

Infectious bronchitis virus (IBV) is a significant respiratory pathogen that affects chickens worldwide. As an avian coronavirus, 
IBV leads to productive infection in chicken macrophages. However, the effects of IBV infection in macrophages on cyclooxy-
genase-2 (COX-2) expression are still to be elucidated. Therefore, we investigated the role of IBV infection on the production 
of COX-2, an enzyme involved in the synthesis of prostaglandin E2 (PGE2) in chicken macrophages. The chicken macrophage 
cells were infected with two IBV strains, and the cells and culture supernatants were harvested at predetermined time points 
to measure intracellular and extracellular IBV infection. IBV infection was quantified as has been the COX-2 and PGE2 produc-
tions. We found that IBV infection enhances COX-2 production at both mRNA and protein levels in chicken macrophages. When 
a selective COX-2 antagonist was used to reduce the COX-2 expression in macrophages, we observed that IBV replication 
decreased. When IBV-infected macrophages were treated with PGE2 receptor (EP2 and EP4) inhibitors, IBV replication was 
reduced. Upon utilizing a selective COX-2 antagonist to diminish PGE2 expression in macrophages, a discernible decrease in 
IBV replication was observed. Treatment of IBV-infected macrophages with a PGE2 receptor (EP2) inhibitor resulted in a reduc-
tion in IBV replication, whereas the introduction of exogenous PGE2 heightened viral replication. Additionally, pretreatment with 
a Janus-kinase two antagonist attenuated the inhibitory effect of recombinant chicken interferon (IFN)-γ on viral replication. 
The evaluation of immune mediators, such as inducible nitric oxide (NO) synthase (iNOS), NO, and interleukin (IL)−6, revealed 
enhanced expression following IBV infection of macrophages. In response to the inhibition of COX-2 and PGE2 receptors, we 
observed a reduction in the expressions of iNOS and IL-6 in macrophages, correlating with reduced IBV infection. Overall, IBV 
infection increased COX-2 and PGE2 production in addition to iNOS, NO, and IL-6 expression in chicken macrophages in a time-
dependent manner. Inhibition of the COX-2/PGE2 pathway may lead to increased macrophage defence mechanisms against IBV 
infection, resulting in a reduction in viral replication and iNOS and IL-6 expressions. Understanding the molecular mechanisms 
underlying these processes may shed light on potential antiviral targets for controlling IBV infection.

INTRODUCTION
Infectious bronchitis virus (IBV) is an avian virus belonging to the Coronaviridae family. IBV primarily affects the chicken 
respiratory tract, resulting in respiratory distress, reduced production, and increased susceptibility to secondary bacterial 
infections [1, 2]. Like the challenges posed by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [3], the IBV 
exhibits a diverse range of serotypes and genotypes, contributing to the reduced reliability of vaccination-based control 
strategies [3–7]. Although IBV targets epithelial cells in the respiratory, urogenital, gastrointestinal, and reproductive tracts 
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[8], it has been shown that lymphoid cells such as monocytes [9] and macrophages [10] are also infected, leading to produc-
tive infections, which are vital for viral pathogen recognition and clearance [11]. These phagocytic cells not only engulf and 
present viral antigens and clear virus particles but also release antiviral mediators and various effector molecules that regulate 
the immune response [12–15].

Cyclooxygenases (COXs) catalyse the rate-limiting step in the production of prostaglandins (PGs) [16]. The COX-1 is the 
constitutively expressed isoenzyme in the plasma membrane of the cells, whereas COX-2 is the inducible form expressed in the 
membrane of endoplasmic reticulum [16, 17]. The enzyme COX-2 is involved in the production of PGs and their downstream 
product prostaglandin E2 (PGE2) in particular, which appears to play various roles in cellular processes, including inflammation 
[18, 19]. COX-2 purification and cloning has opened the gate for a possible synthesis of selective blockers that reduce inflammation 
without removing the protective PGs in the stomach and kidney made by COX-1 [20]. COX-2 expression and subsequent PGE2 
production in macrophages are regulated in response to various inflammatory and viral agents [21, 22].

PGE2 has been recognized for its immunosuppressive properties [21, 23]. PGE2 receptors play crucial roles in mediating various 
physiological processes in birds [24]. Mammals possess several types of PGE2 receptors, which are classified into four main 
subtypes: EP1, EP2, EP3, and EP4. Among these subtypes, EP2, EP3 and EP4, are proposed to play crucial roles under both 
physiological and pathological conditions in chickens, whereas EP1 is highly likely to be lost in the avian lineage [25, 26].

The role of COX-2 in avian herpesvirus infections, such as Marek’s disease virus (MDV) infection, has been demonstrated [27, 28]. 
These studies indicate that MDV activates the COX-2/PGE2 pathway both in chickens and in vitro using a chicken embryonic 
fibroblasts model, leading to immunosuppression characterized by a reduction in T-cell proliferation. Consequently, this results in 
an increase in viral replication, actions attributed to the activation of the PGE2 receptors 2 (EP2) and 4 (EP4) signalling pathways.

In an in vivo study involving the IBV DMV/1639 strain, it was shown that IBV replicates in both the primary and secondary 
immune organs of newly hatched chicks, resulting in significant structural alterations correlating with augmented COX-2 mRNA 
expression in the spleen and thymus [29]. Moreover, in mature chickens, IBV inoculation resulted in elevated mRNA expression 
of COX-2 and heightened levels of PGE2 in the uterine mucosa [30].

Much like mammals, birds harbour diverse viral-sensing pattern recognition receptors (PRRs), notably toll-like receptors 
(TLRs). Avian TLR3 and TLR7 are central to RNA virus recognition [31]. Infection with IBV, as a single stranded RNA 
virus, may trigger the activation of the TLR7 signalling pathway in the target tissue [32, 33], like many viruses leading to the 
activation of the nuclear transcription factor NF-κB and ultimately resulting in the induction of proinflammatory cytokine 
production [34]. Inducible nitric oxide synthase (iNOS) and interleukin (IL)-6 are also pivotal components of the chicken’s 
immune response against IBV infection [35, 36]. The enzyme iNOS catalyses the production of nitric oxide (NO), which 
is known for its antiviral defence role [37]. Upregulation of iNOS expression in response to viral infections, including IBV, 
leads to increased NO levels via inhibiting viral proteases suppressing its replication and spread [38, 39]. Elevated IL-6 levels 
in IBV-infected chickens further underscore its role in orchestrating the immune response, activating essential downstream 
immune pathways involving B and T cells for effective antiviral defence [36, 37]. IL-6 serves as a signalling molecule that 
triggers various downstream immune responses, including the activation of B and T cells, which are essential for mounting 
an effective antiviral response [40].

IBV targets macrophages, leading to modulation of macrophage responses [10, 41]. However, the influence of IBV replication 
in the COX-2/PGE2 pathway is unknown. Hence, investigating the role of molecules involved in the COX-2/PGE2 pathway in 
IBV-infected macrophages is crucial for unravelling the interplay between the IBV and avian macrophages. The objective of the 
study was to determine if IBV is capable of inducing molecules involved in the COX-2/PGE2 pathway and to investigate the 
impact of these molecules on IBV replication in avian macrophages.

METHODS
The virus
Two strains of IBV, Canadian IBV DMV/1639 (DMV/1639) and Connecticut (Conn A5968) were used. The molecular characteri-
zation and titration of the IBV DMV1639 strain has been described previously in detail [42, 43]. The IBV Conn A5968 strain was 
purchased from the American Type Culture Collection (ATCC, Manassas, Virginia, USA) and used in previous studies [10, 32].

Chicken macrophage cells
The chicken macrophage cell line MQ-NCSU [44] was kindly provided by Dr Shayan Sharif (University of Guelph, ON, Canada). 
As previously described [10], the macrophage cell line was grown in an LM-Hahn medium, supplemented with 8 % fetal bovine 
serum (FBS), 10 % chicken serum, 1 % antibiotic/antimycotic, and 10 µM 2-Mercaptoethanol. All cell culture reagents were 
purchased from Gibco Life Technologies Corporation (Gibco Life Technologies, Burlington, ON, Canada).
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Reagents
The subsequent pharmaceuticals, including the selective COX-2 inhibitor SC-236, PGE2, Janus Kinase (JAK)-I inhibitor 420 099, 
and JAK-II inhibitor SP600125, were procured from Millipore Sigma (Sigma Aldrich, Burlington, Massachusetts, USA). All 
compounds were dissolved in dimethyl sulfoxide (DMSO; Thermo Fisher Scientific, Rockford, Illinois, USA).

Experimental design
The MQ-NCSU cells were seeded in 12-well plates at 1.5×106 ml−1 complete media and incubated at 40 °C for 24 hours (h) in a 
humidified incubator (5 % CO2). After 24 h, the LM-Hahn complete media was replaced with serum-free media and IBV was 
inoculated at 0.1 multiplicity of infection (MOI), including mock infected controls that received Dulbecco’s phosphate-buffered 
saline (dPBS, Sigma Aldrich, Burlington, Massachusetts, USA). At 3, 6, 12, 24 and 48 h post-infection (hpi), the culture super-
natants were collected, and the cells were washed three times with dPBS before being homogenized in Trizol reagent (Invitrogen 
Canada Inc., Burlington, ON, Canada). The homogenates and culture supernatants were frozen at −80 °C for further analyses.

RNA extraction and reverse transcription
Total cellular and culture supernatant RNA were extracted using Trizol reagent according to the manufacturer’s protocol (Invit-
rogen Canada Inc., Burlington, ON, Canada). Purified RNA was quantified by the Nanodrop 1000 spectrophotometer (Thermo 
Scientific, Wilmington, DE, USA). A complementary (c)DNA was synthesised from 2 µg of cellular RNA and 1 µg of culture 
supernatant fluid RNA using the SuperScript IV Reverse Transcriptase kit (Thermo Fisher Scientific, Rockford, Illinois, USA).

Determination of IBV genome load and immune gene mRNA expression
Real-time quantitative polymerase chain reaction (qPCR) (CFX Opus Realtime PCR systems, BioRAD, USA) assay was used for 
amplifying the IBV genome load and immune gene mRNA expressions in 96-well plates (VWR, AB, Canada). All samples were 
run in duplicate following the reaction protocol: 95 °C for 20 seconds (s), 39 cycles of extension/amplification 95 °C for 3 s, and 
60 °C for 30 s, and then annealing at 95 °C for 10 s. The primer sequences used were published previously [29]. SYBR green qPCR 
assay format was used and included three segment melt-curve analyses at 95 °C for 3 s, 65 °C for 5 s, 9 °C for 5 s, respectively. Based 
on a linear dynamic range of 1–7 log10 copies/reaction, we calculated the number of viral genome copies. The relative mRNA 
expressions of COX-2, iNOS, IL-1β, and IL-6 were calculated based on normalized individual values for the housekeeping gene 
β-actin.

Indirect immunofluorescence assay
Double immunofluorescence staining for colocalization of IBV-antigen and COX-2 protein was carried out in macrophages as 
previously described [45, 46]. The cells were grown on glass coverslips (VWR International, Radnor, Pennsylvania, USA) in 12-well 
plates (Corning Incorporated, Corning, New York, USA). The cells were washed twice with dPBS to remove non-adherent cells 
and then fixed with 3.6 % paraformaldehyde (Sigma Aldrich, Burlington, Massachusetts, USA) at the indicated time points. The 
MQ-NCSU cell wall was stained with 10 µg ml−1 wheat germ agglutinin conjugated to Alexa fluor 350 (Sigma Aldrich, Burlington, 
Massachusetts, USA) for 30 minutes (min) at room temperature in darkness. Then, the cells were washed with Hanks’ Balanced Salt 
Solution (HBSS, Gibco, Thermo Fisher Scientific, Grand Island, New York, USA) to remove the stain. The cells were permeabilized 
by adding 200 µl of 0.2 % Triton-X100 (Sigma Aldrich, Burlington, Massachusetts, USA) (in HBSS) per well. Non-specific bindings 
were blocked by 1 h incubation with 1 ml per well of 2.5 % horse serum at room temperature. Then, the cells were incubated with 
the primary monoclonal antibodies against the IBV-N antigen (Novus Biologicals, Centennial, Colorado, USA), and COX-2 (Cell 
Signalling Technology, Danvers, Massachusetts, USA) at a dilution of 1 : 400 in 2.5 % horse serum was applied for 1 h at room 
temperature. The cells were washed twice in Tris-buffered saline solution (TBSS) and once in HBSS. The cells were incubated with 
the VectaFluor Excel Amplified Kit, anti-Mouse IgG, DyLight 594 for the IBV antigen and with the VectaFluor Horse Anti-Rabbit 
IgG, DyLight 488 Antibody Kit for the COX-2 protein, respectively (Vector Laboratories, Burlingame, California, USA). The 
incubation was for 15 min with the antibodies and 20 min with the amplifiers. Finally, the coverslips were fixed by VECTASHIELD 
Vibrance antifade mounting medium with 4′,6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Burlingame, California, 
USA). Subsequently, the cells were subjected to incubation with the VectaFluor Excel Amplified Kit, anti-Mouse IgG, DyLight 
594 targeting the IBV antigen and with the VectaFluor Horse Anti-Rabbit IgG, DyLight 488 Antibody Kit targeting the COX-2 
protein, respectively. The incubation period lasted 15 min for the antibodies and 20 min for the amplifiers. Lastly, coverslips were 
affixed using VECTASHIELD Vibrance antifade mounting medium containing DAPI for nuclear staining (Vector Laboratories, 
Burlingame, California, USA). They were then stored in a dark environment at 4 °C for imaging purposes. Visualization of cells 
was performed by Nikon Spectral Confocal Microscopy System (Nikon Corporation, Tokyo, Japan).

Five different microscopic fields with the highest fluorescent signals for IBV-N antigens and COX-2 proteins were captured per 
replicate together with the relevant nuclear stained (DAPI) areas. The area percentage of fluorescent signals was calculated using 
Image-J software (National Institute of Health, Bethesda, Maryland, USA), as previously described [10].
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Western blot
MQ-NSCU cells were seeded in a six-well plate at 1.5×106 ml−1 and kept for 24 h until they reached >90 % confluence, as previ-
ously described [44]. The cells were scraped after adding 300 µl of a cocktail of cell lytic buffer (cellytic mt cell lysis reagent: 
Sigma-Aldrich, St. Louis, Missouri, USA) and protease inhibitor (Millipore Sigma, Sigma Aldrich, Burlington, Massachusetts, 
USA). The cell lysate was incubated at 37 °C on a shaking platform for 15 min, and then spun down at 12 000 g for 15 min. Protein 
content was measured using the Pierce Rapid Gold BCA protein assay kit (Thermo Scientific, Rockford, Illinois, USA). Laemllii 
buffer (5 x, Bio-Rad Laboratories, Hercules, California, USA) was added, and the mixture was denatured by heating at 95 °C for 
10 min. Aliquots of samples containing 20 µg of protein were loaded onto 10 % acrylamide gel (Bio-Rad Laboratories, Hercules, 
California, USA). They were electrophoresed at 80 V for 20 min followed by 200 V for 60 min. The protein was transferred to 
a methanol-activated PVDF membrane (0.45 µm) (Merck Millipore Corporation Inc., Darmstadt, Germany) in a semi-dry 
chamber (Bio-Rad Laboratories, Hercules, California, USA). The electrical transfer was set up at 2.5 A and 25 V for 45 min. The 
membrane was blocked by incubation in 4 % goat serum at RT for 1 h on a rocking platform. It was then incubated for 1 h on 
a rocking platform with 1 : 25 000 goat anti-mouse β-actin (Sigma-Aldrich Corporation, St. Louis, Missouri, USA) and 1 : 1000 
goat anti-rabbit COX-2 monoclonal antibodies (Sigma-Aldrich Corporation, St. Louis, Missouri, USA). After five washes with 
TBSS, the secondary antibodies were applied for 1 h with shaking, and then the blot was exposed to a further five washes. The 
ChemiDoc Imaging System (Bio-Rad Laboratories, Inc., Hercules, California, USA) was used to visualize the plot after 5 min 
immersion in the chemiluminescence dye (Immobilon R Forte Western HRP substrate: Merck Millipore Corporation, Burlington, 
Massachusetts, USA).

Extracellular PGE2 ELISA
Prostaglandin E2 (PGE2) levels in the culture supernatant of MQ-NCSU cells were measured using the PGE2 assay kit (R and D 
Systems, Minneapolis, Minnesota, USA). The PGE2 assay was performed according to the manufacturer’s guidelines. This included 
blank wells, standards, and positive and negative controls. The absorbance was read at 450 nm in the horizontal microplate reader 
(680 XR, Microplate Reader, Bio-Rad, Hercules, California, USA), and PGE2 concentrations in the culture supernatant were 
calculated based on the generated standard curve.

Intracellular COX-2 assay
Cell lysates were prepared according to the instructions in the COX-2 Simple-Step ELISA Kit (Abcam, Cambridge, Massachusetts, 
USA). Samples were run in duplicate and the data were plotted against the linear standard curve of the recombinant COX-2 
protein provided in the kit.

Nitric oxide (NO) production
The NO production was measured in the culture supernatants using a nitrate/nitrite colorimetric assay kit (Cayman Chemical 
Company, Ann Arbor, Michigan, USA). Nitrite (NO2) net amounts were obtained from the sum of both nitrite and nitrate after 
subtracting them from a cell-free medium, according to the manufacturer’s recommendations. All samples were run in duplicate, 
and the NO2 was calculated based on linear standard NO2 curve absorbance at 595 nm in a plate reader (680 XR, Microplate 
Reader, Bio-Rad, Hercules, California, USA).

Statistical analysis
GraphPad Prism software (version 9.5.1; 733, GraphPad Software, San Diego, California, USA) was used to perform the statistical 
analysis. Two-way ANOVA was selected for the two IBV strains or treatments×multiple time-points experiments, and one-way 
ANOVA was selected for the two strains or multiple treatments×one time-point experiments. ANOVA was followed by Bonfer-
roni’s post-hoc test for multiple comparisons. The differences between means were considered significant if P<0.05 %.

RESULTS
IBV replication in chicken macrophages
The time-dependent expression patterns of the viral genome load for IBV DMV/1639 and IBV Conn A5968 strains are illustrated 
in Fig. 1a, b. The intracellular IBV Conn A5968 strain viral genome load was significantly higher than the IBV DMV/1639 
genome load at 3, 6, and 12 hpi (Fig. 1a: P<0.0001, and P<0.0001) and at 12 and 48 hpi in the culture supernatants (Fig. 1b: 
P<0.0001 and P<0.0001). While the detection of the IBV-N antigen showed relatively low signalling at three hpi compared 
to other time points, as detailed in Figs 1d and S1 a–j, available in the online version of this article the percentage of IBV-N 
protein staining for the IBV Conn A5968 strain was significantly higher than that of the DMV/1639 strain at both 6 and 48 hpi 
(Fig. 1b, c: P<0.0001 and P<0.0001, respectively). The immunofluorescence images depict the IBV-N antigen localization inside 
the IBV-infected MQ-NCSU cells at 3, 6, 12, 24, and 48 hpi compared to the isotype control (Fig. 1d). These data indicate that 
the N-antigen of two strains of IBV – DMV/1639 and Conn A5968 – had a different expression pattern in chicken macrophages.
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The IBV infection in chicken macrophages leads to COX-2 production
To investigate whether COX-2 was induced in chicken macrophages infected with IBV, we determined the intracellular expression 
of COX-2 mRNA and protein (Fig. 2). Two-way ANOVA results revealed a significant difference between macrophages infected 
with IBV DMV/1639 and Conn A5968 strains in upregulation of COX-2 mRNA at 3, 6, and 12 hpi (Fig. 2a: treatments×time points 
versus control-non-treated and non-infected cells: P<0.0001). The data showed that infection with the IBV DMV/1639 strain 
induced about ten-fold higher COX-2 mRNA transcripts compared to infection with the IBV Conn A5968 strain or treatment 
with IFN-γ (100 ng ml−1) in macrophages at 3 and 6 hpi (Fig. 2a: P<0.0001, and P<0.0001). In parallel, a quantitative assessment 
of intracellular COX-2 protein by a competitive ELISA in Fig. 3b demonstrated that levels of COX-2 protein were significantly 
higher in IBV-infected MQ-NCSU cells compared to non-treated and non-infected controls at all time points (Fig. 2b: P<0.0001, 
and P<0.0001). Similarly, the COX-2 protein level was elevated more than two-fold in IBV DMV/1639-infected MQ-NCSU than 
in mock control cells (P<0.0001). The efficacy of recombinant chicken IFN-γ was evaluated across a range of concentrations (0, 
10, 100, 200, 250, 500, and 1000 ng ml−1), revealing a significant inhibitory effect on cell viability at 250, 500, and 1000 ng ml−1 
(Fig. S2a). Subsequent analysis of COX-2 mRNA expression, normalized against the β-actin housekeeping gene, demonstrated 
that IFN-γ at 100 ng ml−1 exhibited greater effectiveness compared to 250 ng ml−1 (Fig. S2c). The images of confocal microscopy 

Fig. 1. Replication of IBV in avian macrophages. MQ-NCSU cells were seeded at 1.5×106 cells ml−1 in 12-well culture plates and infected with IBV 
DMV/1639 or IBV Conn A5968 at an MOI of 0.1 maintaining uninfected controls. The IBV genome load was quantified in cells (a) and culture supernatants 
(b) at 3, 6, 12, 24, and 48 hpi following RNA extraction and cDNA synthesis. (c) The graph in panel C shows the mean fluorescence intensities of IBV-N 
protein expression. The data presented herein represents the mean±SD of two independent experiments, each conducted in triplicate. Statistical 
analysis using Bonferroni post-hoc testing following a two-way ANOVA revealed significant differences among means with distinct superscripts. 
Statistical significance was established at a threshold of P<0.05. (d) Representative confocal microscopy images depict the intracellular viral protein. 
For c and d, macrophages were cultured on glass coverslips in 12-well plates before being infected with IBV. At the indicated time points, the cell 
membranes were stained with wheat germ agglutinin (10 µg ml−1) conjugated to Alexa fluor 350 (blue in colour) for 30 min before being fixed with 
4 % cold paraformaldehyde and stained for IBV-N antigen (Dylight 594). Nuclei were stained with DAPI included in the anti-fade mounting medium. 
The white arrows point to the cells, and the yellow arrows point to IBV-N protein. Data represent mean±SD of two independent experiments done in 
triplicate. The means with different superscripts were significantly different. Statistical significance was considered when P<0.05.
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Fig. 2. Induction of expression of COX-2 following IBV infection of chicken macrophages. MQ-NCSU cells were seeded at 1.5×106 cells ml−1 in 12-well 
culture plates and infected with IBV DMV/1639 or IBV Conn A5968 at an MOI of 0.1 along with IFN-γ (100 ng ml−1)-treated and PBS-treated control cells. 
The expression of COX-2 mRNA was analysed by qPCR assay following total cellular RNA extraction and cDNA synthesis at indicated time points. The 
expressions of COX-2 mRNA (a) at indicated time points are illustrated. The expression of COX-2 mRNA was analysed by qPCR assay following total 
cellular RNA extraction and cDNA synthesis at 3, 6, 12, 24, and 48 hpi. The expressions of COX-2 mRNA (a) at indicated time points are illustrated. An 
ELISA kit was used for quantitative measurement of COX-2 protein in macrophage lysates at indicated time points (b). The immunofluorescence signals 
of COX-2 protein/DAPI in isotype control, IFN-γ (100 ng ml−1)-treated, and IBV-inoculated cells (MOI=0.1) are quantified and illustrated in (c). The confocal 
images depict the double immunostaining of COX-2 protein and IBV-N antigen (d). At the indicated time points, the cell membranes were stained with 
a wheat germ agglutinin (10 µg ml−1) conjugated to Alexa fluor 350 (blue in colour) for 30 min before being fixed with 4 % cold paraformaldehyde and 
double-stained for IBV-N antigen and COX-2 protein that were visualized by Dylight 594 (IBV shown as red dots) and Dylight 488 (COX-2 shown as green 
dots), respectively. The merge of IBV-N antigen with COX-2 protein is shown as yellow dots. Nuclei were stained with the DAPI included in the anti-fade 
mounting medium. The white arrows indicate the cells, while the yellow arrows highlight the colocalization of IBV-N protein with COX-2 protein. The 
data in (d) represent one of two independent experiments. Two-way ANOVA followed by Bonferroni post-test were used for data analysis. Mean±SD 
values are accompanied by superscripts or asterisks when P<0.05.
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in Fig. 2d depict COX-2 protein colocalization with IBV-N antigen in macrophages at all indicated time points. Analysis of 
normalized florescence signals of COX-2/DAPI under 60× power oil lenses was shown in Fig. 2c (P<0.0001, and P<0.0001). 
Taken together, these data suggest that IBV infection in macrophages induces the expression of COX-2 mRNA and protein.

Inhibition of COX-2 expression decreases IBV infection in chicken macrophages
The selective COX-2 inhibitor SC-236 was used to further investigate the role of COX-2 expression in IBV infection in chicken 
macrophages. The impact of the selective COX-2 inhibitor SC-236 on macrophage viability was assessed at concentrations of 0, 
5, 10, 20, 50, and 100 µg ml−1, revealing a notable reduction in cell viability at concentrations ≥20 µg ml−1 (Fig. S2c). Non-infected 
or IBV-infected macrophages were treated with SC-236 (10 µg ml−1), and COX-2 protein levels were measured in equal amounts 
of cellular lysates at 3, 6, 12, and 24 hpi using the ELISA technique (Fig. 3b). Subsequent investigations focused on SC-236 
concentrations of 5 and 10 µg ml−1 to assess their inhibitory effects on IFN-γ (100 ng ml−1)-induced COX-2 mRNA expression at 6 
and 12 h post-treatments (Fig. S2d). Notably, the inhibitory effects of SC-236 on COX-2 mRNA expression were more pronounced 
at 10 µg ml−1 compared to 5 µg ml−1.

The data in Fig. 3c highlight a noteworthy reduction in COX-2 protein levels after treatment with SC-236 in IBV DMV/1639-
infected macrophages at 3, 6, 12, and 24 hpi (P<0.0001). Similarly, SC-236 exerted significant inhibitory effects at all indicated 
time points in IBV Conn A5968-infected macrophages compared to in non-treated controls (Fig. 3b: P<0.0001, and P<0.0001 for 
treatment and time points, respectively). The dose-dependent effects of IFN-γ and SC-236 on macrophage viability was assessed by 
MTT assay (Fig. S2a and b). The maximum inhibitory dose of SC-236 was screened by RT-qPCR for COX-2 mRNA expressions 
at 6 h and 12 h after treatment of MQ-NCSU cells with IFN-γ (100 ng ml−1) (Fig. S2c and d). The extension of the inhibitory effect 
of SC-236 on COX-2 production in IBV-infected MQ-NCSU cells was also confirmed by Western blot analysis and compared to 
non-treated and non-infected cells at 6 and 12 hpi (Fig. 3c).

To further investigate the effects of COX-2 reduction on IBV genome loads in chicken macrophages, IBV DMV/1639 and IBV 
Conn A5968-infected macrophages were treated with SC-236 (10 µg ml−1) for 24 h, including untreated controls, and IBV genome 

Fig. 3. Inhibition of COX-2 expression reduces IBV infection in chicken macrophages. (a) Schematic presentation outlines, the substrate (black), the 
metabolite (green box), the target enzyme (yellow box) and the inhibitor (red). MQ-NCSU cells infected with IBV-DMV/1639 or IBV Conn A5968 (MOI=0.1) 
were treated with a selective COX- inhibitor (SC-236 at 10 µg ml−1) maintaining untreated controls. IBV-DMV/1639 or IBV Conn A5968-infected MQ-
NCSU cells (MOI=0.1) were either treated with a selective COX-2 inhibitor (SC-236 at 10 µg ml−1) maintaining untreated controls, and intracellular 
levels of COX-2 protein were visualized through Western blotting compared to IFN-γ (100 ng ml−1)-treated and PBS-treated control cells. (b) Western 
blot analysis demonstrated COX-2 protein expression at 6 and 12 hpi against an internal control, β-actin. (c)  Intracellular levels of COX-2 protein 
were quantified by ELISA at 3, 6, 12, 24, and 48 hpi. The data in (c) were analysed by two-way ANOVA followed by Bonferroni post-test for multiple 
comparisons. IBV genome loads were quantified in cells and culture supernatant fractions by qPCR following RNA extraction and cDNA synthesis. The 
data represents the Mean±SD of three independent experiments done in quadruplicate (d, e). The data in d and e were analysed by one way ANOVA 
followed by Bonferroni post-test. Values are indicated by a different superscript when P<0.05.
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loads were measured in cells and in cell culture supernatant fractions (Fig. 3d, e). The data presented in Fig. 3d, e demonstrate a 
substantial decrease in IBV genome loads in cells treated with SC-236 compared to non-treated control cells at 24 hpi, regardless 
of the IBV strain (DMV/1639 or Conn A5968; P<0.0001). A similar trend was observed in Fig. 3e, with P<0.0001. Taken together, 
these results indicated that the antagonism of COX-2 production reduces IBV replication in macrophages.

Influence of PGE2 production on IBV infection in chicken macrophages
In order to investigate the consequences of enhanced COX-2 production in IBV-infected macrophages, the active metabolic 
product of COX-2 activity PGE2 was measured in culture supernatants at 3, 6, 12, 24, and 48 hpi using an ELISA assay (Fig. 4b). 
The outcomes in Fig. 4b reveal a significant increase in PGE2 release in the culture supernatant of macrophages infected with 
IBV at 3, 6, 12, and 24 hpi compared to controls (P=0.0024 for time points, and P<0.0001 for treatments). Non-infected cells 
were simultaneously treated with IFN-γ (100 ng ml−1) as a positive control. Consistently, IBV DMV/1639-infected macrophages 
showed higher PGE2 production than those infected with IBV Conn A5968 strain at 3 and 6 hpi (P=0.003, P<0.0001, respec-
tively). However, no significant differences were observed between infected and non-infected control cells at 48 hpi (P>0.05). 
Furthermore, we studied the effect of selective COX-2 inhibitor SC-236 on PGE2 release in IBV-infected macrophages at 3, 6, 
12, and 24 hpi. The findings in Fig. 4c indicated an augmented production of PGE2 in IBV DMV/1639 or Conn A5968-infected 
macrophages, a response significantly attenuated by treatment with the selective COX-2 inhibitor SC-236 (10 µg ml−1) at the 
specified time points (P=0.02 for time points, and P<0.0001 for treatments). Taken together, these data indicate that IBV infection 
increases PGE2 release through COX-2 production in MQ-NCSU cells in a time- and strain-dependent manner.

Fig. 4. Influence of PGE2 production on IBV infection in chicken macrophages. Schematic presentation in (a) illustrates PGE2 (in green box), two of 
its receptors PE2 and EP4 (blue), and their corresponding selective inhibitors (red). (b, c) The culture supernatant fluid (SNF) was collected from 
macrophages at 3, 6, 12, 24, and 48 hpi with IBV (MOI=0.1), compared to IFN-γ (100 ng ml−1)-treated and PBS-treated control cells. PGE2 in the culture 
SNF was quantified by an ELISA technique. Two-way ANOVA Bonferroni post-test revealed significant increases of PG2 production at 3, 6, 12, and 
24 hpi following IBV infection of macrophages (b). PGE2 production was reduced by treatment with a selective COX-2 inhibitor (SC-236 : 10 µg ml−1) 
(c). (d–g) After 1 h adsorption with IBV, infected MQ-NCSU cells were either 24 h-treated or not with exogenous PGE2 (5 µg ml−1), EP2 and EP4 receptors 
inhibitors TG4-155 (4 µM) and L-161 (8 µM), respectively, and viral genome loads were quantified in macrophages and culture SNF by q-PCR following 
RNA extraction and cDNA synthesis at 24 hpi with IBV. Data in (d–g) were analysed by one-way ANOVA followed by Bonferroni post-test, and represent 
the mean±SD of three separate experiments, and all samples were run in quadruplicates. Significant differences are indicated by asterisks or 
superscripts when P<0.05.
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Because PGE2 release was considered a vital metabolic product of COX-2 activity, and PGE2 was increased in the IBV-
infected macrophages, we further investigated its role on IBV genome loads. IBV DMV/1639 or IBV Conn A5968-infected 
macrophages were exposed to 24 h treatment with exogenous PGE2 (5 µg ml−1). An initial assessment of the dose-dependent 
impact of PGE2 on macrophage viability was conducted through a 24 h MTT assay (Fig. S3a). The percentage of cell viability 
in DMSO-treated control cells was established as 100%, and all drug-treated cell viabilities were normalized accordingly. 
The results indicated a minimum inhibitory concentration of 20 µg ml−1 on cell viability, whereas the dose employed in the 
present study was 5 µg ml−1. The results illustrated in Fig. 4d demonstrate a remarkable elevation in IBV DMV/1639 genome 
loads after 24 h of PGE2 treatment compared to non-treated cells (P<0.001). Similarly, the inhibitory effects of EP2 inhibitor 
(TG4-155) and EP4 inhibitor (L-161) were dose-dependent, resulting in declines in cell viability at concentrations of 16 µM 
(Fig. S3b and c). This led to further investigations at lower concentrations, ensuring a comprehensive understanding of the 
dose-response relationship.

A similar pattern was observed in Fig. 4e, with P<0.0001. Furthermore, we studied the IBV genome loads after antagonizing 
the PGE2 (EP) receptors in IBV DMV/1639-infected macrophages. Concurrently, the results from the analysis of Fig. 4d–g 
indicate that the 24 h treatment of IBV DMV/1639-infected MQ-NCSU cells with selective EP2 and EP4 receptors inhibitors, 
TG 4–155 (4 µM) and L-161 (8 µM), respectively, significantly diminished the IBV DMV/1639-genome loads in both cell and 
culture supernatant fractions (P<0.0001 for Fig. 4d and P=0.0013 for Fig. 4e). The dose-dependent impacts of these inhibitors 
on MQ-NCSU cell viability were exhibited at micromolar concentrations (refer to Fig. S3b and c), with the doses employed in 
this experiment representing half of the inhibitory concentration on cell viability. The observed effects for EP2 and EP4 receptors 
inhibitors on IBV DMV/1639-infected macrophages were also reproduced in IBV Conn A5968 strain (Fig. 4f, P=0.015, and 
Fig. 4g, P<0.0001). To sum, these results suggested that IBV-genome loads were suppressed by chemical inhibitors of COX-2, 
PGE2 receptor antagonists; EP2 and EP4 inhibitor. To investigate the effect of one of the upstream signalling of COX-2 synthesis, 
we used the selective chemical inhibitors to JAK-1 and JAK-II 420099 (15 nM) and SP600125 (40 nM), respectively, in IBV-
infected macrophages (Fig. 4d, e). The dose-dependent effects of JAK-I inhibitor (420099) and JAK-II inhibitor (SP600125) were 
explored at concentrations ranging from 0 to 100 µM, respectively, (Fig. S3d and e). The inhibitory effects revealing declines in 
cell viability at 3 µM and 10 µM (Fig. S3d and e, respectively). Consequently, subsequent investigations were conducted at lower 
concentrations to delineate the intricate details of the observed inhibitory effects. The 24 h treatment of IBV DMV/1639 and 
IBV Conn A5968-infected MQ-NCSU cells with the JAK-II inhibitor SP600125 (40 nM) led to a significant reduction in viral 
genome loads within the cells, as revealed by statistical analysis (Fig. 4d, f: P=0.0027, P<0.0001) and in the culture supernatant 
(Fig. 4e, g: P<0.0021, P=0.0006) as well. But such significant effects on IBV-genome loads were not found in case of 24 h treatment 
with JAK-I inhibitor 420 099 (15 nM), either intracellularly (Fig. 4d, f) or extracellularly (Fig. 4e, g). In summary, these results 
suggested that IBV-genome loads were suppressed by chemical inhibitors of COX-2, PGE2 receptor antagonists EP2 and EP4 
and by JAK-II inhibitor.

In Fig. 5 (a–b), our findings reveal a significant impact of IBV DMV/1639 strains on PGE2 production in macrophages compared 
to non-infected controls (Fig. 4a). This effect is not observed with the IBV Conn A5968 strain (Fig. 4b). Additionally, 24 h treat-
ments with IFN-γ significantly increase PGE2 release compared to mock treatments, and this effect is not observed in the case of 
Conn A5968-infected cells. However, the treatment of infected cells with the JAK-I inhibitor (420099; 15 nM) robustly increases 
PGE2 release in both strains, and this effect is not observed after JAK-II treatment (SP600125; 40 nM).

Furthermore, a 30 min pretreatment with the JAK-1 inhibitor, followed by IFN-γ after IBV infection, mitigates the observed 
increase in PGE2 production (Fig. 4a, b). While a 24 h treatment of IBV-infected cells with the JAK-II inhibitor is associated with 
a reduction in PGE2 release compared to non-treated cells, a 30 min pretreatment of IFN-γ-treated and infected macrophages is 
linked to a recovery in PGE2 production.

In Fig. 5 (c–d), our results demonstrate potent inhibitory effects of IFN-γ on IBV genome loads, observed both intracel-
lularly and in the culture supernatant. To assess the activation of the JAK-STAT pathway by IFN-γ in IBV-infected chicken 
macrophages, we utilized pharmacological antagonists targeting JAK-1 or JAK2. Exploring the impact of upstream signalling on 
COX-2 synthesis, we employed selective chemical inhibitors for JAK-1 and JAK-II: 420 099 and SP600125, respectively, in IBV-
infected macrophages (see Fig. 4d, e). The impact of these inhibitors on MQ-NCSU cell viability was illustrated in micromolar 
concentrations, and the chosen doses for 420 099 (15 nM) and SP60025 (40 nM) were well within a safe range, as demonstrated 
in Fig. S3d and e. The analysis outcomes revealed that the 24 h treatment of IBV DMV/1639 and IBV Conn A5968-infected 
MQ-NCSU cells with the JAK-II inhibitor SP600125 (40 nM) resulted in a significant reduction in viral genome loads within 
the cells (P=0.0027 for Fig. 5d, P<0.0001 for Fig. 5f) and in the culture supernatant (P<0.0021 for Fig. 4e, P=0.0006 for Fig. 4g). 
However, such noteworthy effects on IBV genome loads were not observed with a 24 h treatment of the JAK-I inhibitor, 420 099 
(15 nM), either intracellularly (Fig. 5d, f) or extracellularly (Fig. 5e, g). These observations contribute valuable insights into the 
intricate regulatory mechanisms underlying IFN-γ responses in IBV-infected chicken macrophages. Taken together, the previous 
findings suggested that IBV-genome loads were suppressed by chemical inhibitors of COX-2, PGE2 receptor antagonists; EP2 
and EP4, and by JAK-II inhibitor.
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Fig. 5. Impact of IFN-γ treatment and pharmacological inhibition of Janus Kinases (JAK) on PGE2 production and IBV infection in chicken macrophages. 
Following IBV adsorption (MOI=0.1), MQ-NCSU cells were subjected to a 24 h treatment with IFN-γ (100 ng ml−1) and JAK-I and JAK-II inhibitors; 420 099 
(15 nM) and SP600125 (40 nM), respectively, or left untreated. Subsequently, the culture supernatant fluid (SNF) was collected, and PGE2 levels were 
quantified using an ELISA technique. Significant increases in PGE2 production at 24 hpi were observed following IBV infection of macrophages in 
DMV/1639 (a) but not after Conn A5968 strains (b), as revealed by a one-way ANOVA Bonferroni post-test. The data in (a) and (b) are derived from two 
independent experiments, with each experiment represented in ELISA by triplicates. PGE2 production was measured after treatment with 420 099 (15 
nM) and SP600125 (40 nM), respectively (c, f). Viral genome loads were quantified at 24 hpi in both macrophages and culture SNF using q-PCR after 
RNA extraction and cDNA synthesis (d-g). Data were analysed using one-way ANOVA followed by Bonferroni post-test. The results in (d-g) represent the 
mean±SD of three independent experiments, with all samples run in quadruplicate. Significant differences are denoted by asterisks or superscripts 
when P<0.05.
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Influence of IBV infection and COX-2/PGE2 pathway on NO production in chicken macrophages
To assess the impact of IBV-induced activation of the COX-2/PGE2 pathway on one of the macrophage host defence mechanisms, 
measurements of NO production were conducted, evaluating iNOS mRNA expression and its active metabolite NO2 levels after 
IBV infection. The results obtained from the experimental interventions across five distinct time points revealed a noteworthy 
upregulation in iNOS mRNA expression in IBV DMV/1639 and Conn A5968-infected macrophages at 6 hpi (Fig. 6a, P<0.012, 
P=0.011, respectively). This increase in iNOS mRNA expression subsequently translated into heightened concentrations of NO2 
in both viral strains at 12, 24, and 48 hpi (Fig. 6b, P<0.0001). Likewise, the selective COX-2 inhibition with SC-236 (10 µg ml−1) 
demonstrated substantial inhibitory effects on iNOS mRNA expression at 24 hpi in DMV/1639 – but not for IBV Conn A5968-
infected macrophages compared to in untreated controls (Fig. 6c: P<0.0001, P<0.042, respectively). Furthermore, a consistent 
inhibitory effect on NO2 concentration was observed when selective COX-2 inhibition (SC-236) was used in IBV-infected cells 
compared t controls (Fig. 5d: P<0.0001, P<0.0001).

Furthermore, we investigated the influence of selective inhibitors targeting EP2, EP4, JAK-I, and JAK-II on iNOS mRNA expres-
sion (Fig. 6e, g) and NO2 release (Fig. 6f, h) in IBV-infected macrophages at 24 hpi. The results of the statical analysis revealed 
a significant decrease in iNOS mRNA expression, coupled with reduced NO release in the culture supernatant of both IBV 
DMV/1639 and Conn A5968-infected and inhibitor-treated macrophages, compared to their infected, non-treated counterparts 
(Fig. 6e, g; P<0.0001 for iNOS mRNA expression, Fig. 6f, h; P<0.0001 for NO production). Concurrently, exposure to PGE2 
(5 µg ml−1) for a duration of 24 h markedly mitigated both iNOS mRNA expression and NO2 release in IBV DMV/1639 and 
IBV Conn A5968-infected macrophages (Fig. 6e, g: P<0.0001, P<0.0001, respectively). Notably, the suppressive effects of PGE2 
on iNOS mRNA expression in IBV Conn A5968- and NO2 release in DMV/1639-infected cells were found to be statistically 
insignificant (Fig. 6e, h: P>0.05). Furthermore, the conspicuous inhibitory impacts observed with the selective COX-2 inhibitor 
SC-236, exogenous PGE2 treatment, selective PGE2 receptor blockers (EP2, EP4), JAK-I, and JAK-II inhibitors on both iNOS 
mRNA expression and NO2 concentrations (Fig. 6e–h, P<0.0001) provide valuable insights into potential targets for modulating 
host defence responses in IBV-infected macrophages.

Influence of IBV infection and COX-2/PGE2 pathway on IL-6 mRNA expression in chicken macrophages
A substantial surge in IL-6 mRNA expression was observed, particularly at 3 hpi following infection with IBV DMV/1639 and IBV 
Conn A5968 strains (Fig. 7a, P<0.0001), and persisting the increase at 6 hpi (Fig. 7a, P<0.0001). Administration of the selective 
COX-2 inhibitor SC-236 (10 µg ml−1) demonstrated marked inhibitory effects on IL-6 mRNA expression at 24 hpi in both IBV 
DMV/1639 and IBV Conn A5968-infected macrophages, as compared to untreated and infected controls (Fig. 7b, P<0.0001, 
P<0.0001).

The inhibitory impact of EP2 and EP4 receptor antagonists on IL-6 mRNA expression in IBV DMV/1639-infected macrophages 
was consistently reproduced in the IBV Conn A5968 strain. Similarly, the administration of selective chemical antagonists for 
JAK-I and JAK-II, namely 420 099 (15 nM) and SP600125 (40 nM) respectively, elicited comparable inhibitory effects in both IBV 
DMV/1639 and IBV Conn A5968-infected macrophages (Fig. 7c, d; P<0.0001, P<0.0001, respectively). In contrast, exogenous 
PGE2 demonstrated an enhancing effect on IL-6 mRNA expression in IBV-infected macrophages (For IBV DMV/1639 and IBV 
Conn A5968, the P-values were both <0.0001; Fig. 7c, d). These findings underscore the upregulation of IL-6 expression during 
IBV infection, with EP2, EP4 receptors, JAK-I, and JAK-II pathways playing crucial roles in IL-6 mRNA modulation. Additionally, 
the impact of exogenous PGE2 highlights the multifaceted nature of host-virus interactions in IBV-induced immune response.

DISCUSSION
The study was conducted to investigate the effect of IBV infection of chicken macrophages on the synthesis of COX-2 and its 
main metabolite, PGE2, and to explore the consequences of COX-2 and PGE2 induction on IBV replication. Moreover, we 
investigated the effect of modulation of the COX-2/PGE2 pathway on the IBV infection in macrophages and the expression of 
pro-inflammatory mediators such as NO and IL-6. In our study, we observed that IBV significantly elevates the production of 
COX-2, both in terms of mRNA and protein levels, within chicken macrophages. Subsequently, treatment with a specific COX-2 
antagonist effectively suppressed COX-2 synthesis and the release of PGE2. Furthermore, when IBV-infected MQ-NCSU cells 
were subjected to treatment with COX-2 inhibitor PGE2 receptors blockers (EP2 and EP4), or JAK-II inhibitor, we observed a 
notable reduction in both intracellular and extracellular loads of the IBV genome as well as the expression of pro-inflammatory 
mediators (NO and IL-6). We also observed that IBV infection increases the expression of NO and IL-6 in chicken macrophages. 
These findings strongly suggest a significant role of COX-2/PGE2 signalling in the replication of IBV and modulation of pro-
inflammatory signalling. Our findings contribute to a better understanding of the chicken macrophage–IBV interaction and 
establish check points for intervention to decrease IBV infection in macrophages.

Chicken macrophages play a pivotal role during IBV infection. Not only does IBV target macrophages in vitro and in vivo for 
replication, but it also alters the host responses induced by macrophages [10, 46]. Previous studies examining IBV replication in 
avian macrophages reveals strain-dependent responses. For instance, Sun et al. [41] and Han et al. [47] demonstrated successful 
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Fig. 6. Influence of IBV infection and the COX-2/PGE2 pathway on NO production in chicken macrophages. Quantification of iNOS mRNA and NO active 
metabolite NO2 in IBV-DMV/1639 or IBV Conn A5968-infected MQ-NCSU cells (MOI=0.1) treated with IFN-γ (100 ng ml−1) as a positive control, and 
PBS-treated cells. Macrophages and culture supernatants were collected at 3, 6, 12, 24, and 48 hpi (a, b). The data, analysed using two-way ANOVA 
Bonferroni post-test, represent two independent experiments with all samples run in triplicate. After 1 h of adsorption with IBV, MQ-NCSU cells were 
treated or not for 24 h with exogenous PGE2 (5 µg ml−1), EP2 and EP4 receptors inhibitors (TG4-155, 4 µM, and L-161, 8 µM, respectively), or JAK-I and 
JAK-II inhibitors (420099, 15 nM, and SP600125, 40 nM, respectively) (d–g), while maintaining DMSO-treated controls (c-h). iNOS mRNA and NO2 were 
measured at 24 hpi. The data in (c, d) are from three independent experiments, with all samples run in quadruplicate, while those in (e, h) are from 
two independent experiments, with all samples run in quadruplicate. Data were analysed by one-way ANOVA Bonferroni post-test, and values are 
accompanied by superscripts when P<0.05.
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Fig. 7. Influence of IBV infection and pharmacological inhibition of COX-2/PGE2 and Janus kinases (JAK) on IL-6 mRNA expression in chicken 
macrophages. IL-6 mRNA expression was assessed in MQ-NCSU cells infected with IBV-DMV/1639 or IBV Conn A5968 at an MOI=0.1, collected at 3, 6, 
12, 24, and 48 hpi, in comparison to IFN-γ (100 ng ml−1)-treated and PBS-treated control cells (a). The data in (a) are from two independent experiments, 
subjected to analysis through two-way ANOVA and Bonferroni post-test, with all samples executed in triplicates. (b–d) Following 1 h adsorption with 
IBV, infected MQ-NCSU cells were either treated or untreated for 24 h with a selective COX-2 antagonist (SC-236 at 10 µg ml−1), exogenous PGE2 
(5 µg ml−1), EP2 and EP4 receptors inhibitors (TG4-155 at 4 µM and L-161 at 8 µM, respectively), or inhibitors of JAK-I and JAK-II (420 099 at 15 nM and 
SP600125 at 40 nM, respectively), while maintaining DMSO-treated controls (b-d). IL-6 mRNA expression was evaluated at 24 hpi. The data presented 
in (b) are from three independent experiments, with all samples analysed in quadruplicates, while those in (c,d) are from two independent experiments, 
with all samples analysed in quadruplicates. Statistical analyses were performed using one-way ANOVA Bonferroni post-test, and values are denoted 
by superscripts when P<0.05.
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replication of IBV strain M41 in chicken macrophage cell line HD11, accompanied by upregulated expression of IFN-α, IL-1β, 
and IL-6 [41, 47]. Amarasinghe et al. [10] observed replication of M41 and Conn A5968 IBV strains in macrophages, leading to 
modulation of macrophage responses. In agreement with previous observations, in our investigations, we observed robust IBV 
replication in avian macrophages, with notable differences between IBV strains DMV1639 and Conn A5968.

First, IBV as a single-stranded RNA virus may trigger a series of signalling pathways in chicken macrophages following infection 
[31, 32, 36], but its role in triggering a COX-2/PGE2 pathway in macrophages is still unclear. The IBV can induce expression 
of various immune receptors, including TLRs [32], which recognize viral components. Activation of these receptors initiates 
intracellular signalling cascades that culminate in the upregulation of COX-2 gene expression [9, 10]. It is pertinent to note 
that IBV inoculation of chickens led to an increase in COX-2 mRNA expression within the spleen and thymus, as reported in a 
recent study [29]. Additionally, in mature chickens, IBV infection elicited heightened levels of both COX-2 mRNA expression 
and PGE2 production in the uterine mucosa [24]. Although the role of the COX-2/PGE2 pathway during IBV infection is not 
known, this pathway has been shown to suppress the immune response to mammalian viral infections, such as herpes simplex 
virus, rotavirus, influenza A virus, human immunodeficiency virus (HIV) [11–13], and avian viruses, such as MDV [27, 28].

In the current study, we found that selective COX-2 antagonist SC-236, 4-[5-(4-chlorophenyl)-3-(trifluoromethyl)-1-pyrazol-1-l] 
benzenesulfonamide [48, 49], has inhibitory effects on both COX-2 production and viral genome loads in IBV-infected chicken 
macrophages with both strains of IBV: DMV/1639 and Conn A5968. By blocking COX-2 activity, these antagonists can effectively 
reduce the production of PGE2, which is synthesized by COX-2 [16]. Consequently, the selective COX-2 antagonist would be 
expected to decrease COX-2 production in IBV-infected chicken macrophages due to their well-investigated inhibitory action on 
nuclear factor kappa B (NF-κB) [19]. COX-2-derived PGE2 has been shown to modulate immune responses during viral infections 
[21]. In the current study, by inhibiting COX-2 by using selective COX-2 antagonists can alter the balance of pro-inflammatory 
and anti-inflammatory mediators during IBV replication, as has been seen for gamma herpesvirus mediated tumorigenesis [49]. 
The observed action of COX-2 inhibitor SC-236, may be attributed to its suppressive influence on NF-κB activation, as well as the 
phosphorylation of p38 mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase, and c-Jun N-terminal 
kinase. This mechanism, illustrated in human mast cell line cells, extends beyond COX-2 specificity, affecting the expression of 
TNF-α, IL-6, IL-8, vascular endothelial growth factor, COX-2, and iNOS in such cells [49], as well as in murine fibroblast cells 
[50, 51]. Moreover, this antagonistic effect on NF-κB was consistently observed in the chicken macrophage cell line [52].

The reversal of impact of treatment with exogenous PGE2 treatment on IBV replication has been validated by using pharmaco-
logical inhibitors to EP2 and EP4 receptors, TG4-155 and L1-161, respectively (Fig. 4c–f). Furthermore, the rescue effects of IFN-γ 
on IBV replication has been reversed by 30 min treatment with JAK-II antagonist SP60025 (Fig. 5c–f). The downstream signalling 
of COX-2 production leads to PGE2 production, and that exerts significant biological activities through PGE2 receptors EP2 
and EP4 in chickens [26–28] and mammals [20]. Since EP1 receptors in chickens have not been identified so far, in the current 
study, the selective chemical antagonists of PGE2 receptors (EP) targeting EP2 and EP4 were applied to examine the role of PGE2 
in IBV-infected macrophages. Our results showed that blocking of both EP2 and EP4 significantly reduced the intracellular and 
extracellular viral genome loads in IBV-infected macrophages. Therefore, it is likely that the COX-2/PGE2 pathway, particularly 
PGE2, influences the viral genome load of IBV-infected chicken macrophages.

Our study demonstrated that JAK–II inhibitor SP600125 is capable of reduction of IBV-genome loads both intracellularly and in 
the culture supernatant of IBV-infected macrophages. An effect was noticed in both IBV strains, though such an effect was not 
observed in the case of treatment with JAK-I inhibitor 420 092, and this is difficult to explain. Overall, our data indicated that 
inhibition of JAK-II decreases the IBV loads in macrophages, and our observation in this regard agrees with the observations made 
on other host viral models involving SARS-CoV-2, and Middle East respiratory syndrome coronavirus (MERS-CoV) [53, 54].

Our results in Fig. 5 highlights the distinctive impact of IBV DMV/1639 strains on PGE2 production in macrophages, contrasting 
with the negligible effect observed in the IBV Conn A5968 strain. Additionally, the heightened PGE2 release following 24 h IFN-γ 
treatments is specific to non-mock conditions, as Conn A5968-infected cells do not exhibit this response. Notably, the JAK-I 
inhibitor (420099; 15 nM) significantly amplifies PGE2 release in both IBV strains, while JAK-II treatment (SP600125; 40 nM) 
fails to induce a similar effect. Furthermore, our study reveals that a 30 min pretreatment with the JAK-1 inhibitor, followed by 
IFN-γ post-IBV infection, effectively attenuates the observed increase in PGE2 production (Fig. 4a, b). Conversely, a 24 h treatment 
with the JAK-II inhibitor in IBV-infected cells leads to a reduction in PGE2 release, yet a 30 min pretreatment of IFN-γ-treated 
and infected macrophages results in a notable recovery in PGE2 production. These nuanced responses underscore the complex 
interplay between IBV strains, interferon signalling, and JAK inhibition in regulating PGE2 dynamics in macrophages.

In Fig. 5 (c–f), our study unveils the potent inhibitory influence of IFN-γ on IBV genome loads, both intracellularly and in 
the culture supernatant. To unravel the involvement of the JAK-STAT pathway triggered by IFN-γ in IBV-infected chicken 
macrophages, we employed pharmacological antagonists targeting JAK-I or JAK-II. By using selective chemical inhibitors for 
JAK-I and JAK-II – 420 099 and SP600125, respectively – in IBV-infected macrophages (refer to Fig. 4d, e), we assessed their 
impact on upstream signalling and COX-2 synthesis. The chosen doses for 420 099 (15 nM) and SP60025 (40 nM) were well within 
a safe range, as illustrated in Fig. S3d and e, depicting the effect of these inhibitors on MQ-NCSU cell viability.
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Intriguingly, such noteworthy effects on IBV genome loads were not observed with a 24 h treatment of the JAK-I inhibitor, 420 099 
(15 nM), either intracellularly (Fig. 5d, f) or extracellularly (Fig. 5e, g). These observations contribute valuable insights into the 
intricate regulatory mechanisms governing IFN-γ responses in IBV-infected chicken macrophages, shedding light on the potential 
therapeutic avenues for modulating viral replication dynamics.

Our results demonstrate a notable increase in iNOS mRNA expression and elevated concentrations of NO, particularly in IBV 
DMV/1639-infected macrophages at certain time points. The use of exogenous PGE2 treatment and PGE2 receptor antago-
nists (EP2, EP4) indicated that iNOS mRNA expression and NO concentrations are induced downstream of PGE2 production, 
highlighting the regulatory role of the COX-2/PGE2 pathway in the context of IBV-induced immune responses. PGE2 has 
demonstrated an ability to elevate viral genome load, and reciprocally viral infection has been shown to increase the cellular 
PGE2 release [21], an effect that was associated with reduced NO production [39, 55].

The observed significant surge in IL-6 mRNA expression following IBV infection aligns with previous studies of Sun et al. [41], 
which consistently highlighted a substantial upregulation of various pro-inflammatory genes, including IL-6, in IBV-infected 
chicken macrophages. The use of exogenous PGE2 treatment and PGE2 receptor antagonists (Ep2, EP4) indicated that IL-6 

Fig. 8. Model of COX-2/PGE2 activation and pharmacological inhibition in IBV-infected chicken macrophages. A schematic representation illustrating 
the systematic modulation of the COX-2/PGE2 pathway by IBV in avian macrophages. Upon IBV infection, macrophages undergo upregulation of 
COX-2 synthesis, resulting in increased production and release of PGE-2 (a). Pharmacological intervention with a selective COX-2 inhibitor, SC-236, 
leads to a reduction in both PGE-2 production and IBV-genome load (b). Conversely, exogenous PGE2 treatment exacerbates IBV load, while inhibition 
via chemical inhibitors targeting PGE2 receptors (EP2) or JAK-II mitigates viral genome loads (c). Whereas treatment of the infected cells with JAK-I 
(420099) inhibitor was associated with enhanced PGE2 release and reactivation of infection (d).  Solid blue arrows signify activation, and dashed 
grey arrows signify inhibition. This schematic serves as a model portraying the intricate interplay of COX-2/PGE2 pathways during IBV infection in 
avian macrophages. The depicted pathways involve well-established molecular components, and directional arrows signify activation or inhibition 
processes. Abbreviations; IBV; infectious bronchitis virus, COX-2; cyclooxygenase-2, PGE2; prostaglandin E2, IL-6; interleukin-6, iNOS; inducible nitric 
oxide synthase, NO; nitric oxide.
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mRNA is induced downstream of PGE2 production, highlighting the regulatory role of the COX-2/PGE2 pathway, particularly 
PGE2 in the context of IBV-induced immune responses.

Based on the findings of the current study and the observations of others [32, 41, 46, 47], we propose the model of induction of 
COX-2/PGE2 and pro-inflammatory mediators as illustrated in Fig. 8. Briefly, IBV infection potentially increases the expression 
of TLR 3 and 7, leading to recognition of IBV RNA molecules in chicken macrophages. This TLR 3 and 7 recognition of IBV 
RNA activates the downstream signalling molecules, such as MAPK and JAK, leading to the production of COX-2 and mRNA 
expression of iNOS and IL-6. The expressions of COX-2 and iNOS lead to the production of PGE2 and NO. These mediators are 
associated with an increase in IBV replication in chicken macrophages. When PGE2 binding to relevant receptors is blocked, 
mRNA expressions of iNOS and COX-2 are reduced along with the reduction of IBV genome loads in chicken macrophages. 
Inhibition of the COX-2/PGE2 pathway at the level of MAPK and JAK-II also results in a reduction of IBV genome loads in 
chicken macrophages.

In the HTC chicken macrophage cell line, investigations into the effects of natural phenolic COX-2 inhibitors, specifically 
quercetin, have revealed suppression of lipopolysaccharide-induced IL-1β expression. This suppression occurs through 
intricate signalling pathways involving NF-κB, MAPK, and cyclic adenosine monophosphate [48]. The biological activi-
ties of selective COX-2 inhibitor SC-236 have been demonstrated in MDV-infected chicken embryonic fibroblast cells, 
as evidenced by studies of Boodhoo et al. [27]. Furthermore, oral administration of an FDA-approved COX-2 inhibitor, 
meloxicam, during MDV infection has shown inhibitory effects on COX-2 activation. This intervention also successfully 
rescued T cell proliferation at day 21 post-infection, as indicated in the relevant literature [28]. Moreover, the anticipated 
activity of pharmacological JNK2 inhibition using SP60025 (20 µM) is evident in the reduction of lipopolysaccharide 
(LPS)-induced IL-1β expression. Additionally, this inhibition is associated with the induction of host β-defensin nine 
gene through the MAPK pathway in the HTC chicken macrophage cell line [52]. Another anticipated activity that the 
pharmacological inhibition of PGE2 receptors by EP2, as it has been reported that chemical antagonists of EP2 and EP4 
substantially improved survival against lethal Influenza A virus (IAV) infection, whereas PGE2 administration reversed this 
phenotype in IAV infection and improved the viability of IAV-infected murine macrophage [56], plus it has ben reported 
IBV-induced apoptosis in chicken macrophage cell line, therefore, it would be a plausibly accepted anticipation that these 
inhibitor improve cell viability in IBV-infection by blocking PGE2. These findings collectively demonstrate the anticipated 
activity of pharmacologic COX-2 inhibitors in chicken macrophages and support the potential immunomodulatory effects 
of these compounds in avian immune responses.

In conclusion, IBV infection leads to activation of the COX-2/PGE2 as well as pro-inflammatory pathways in chicken macrophages. 
The upregulation of COX-2 expression and subsequent PGE2 production as well as pro-inflammatory signalling can facilitate 
IBV replication in chicken macrophages. Inhibition of the COX-2/PGE2 pathway not only leads to a reduction in IBV infection 
in macrophages but also decreases the expression of pro-inflammatory mediators. Further studies are necessary to elucidate the 
role of the COX-2/PGE2 pathway in the pathogenesis of IBV infection in vivo.
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