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Abstract

Non-steroidal anti-inflammatory drugs (NSAID) are not recommended for use against pneu-
monia in humans, but are commonly utilised against bovine respiratory disease. This study
aimed to determine if the use of NSAIDs in the early phase of bovine respiratory syncytial
virus (BRSV)-infection limits pulmonary inflammation. Four to nine-week old calves were
infected with BRSV by aerosol and were treated with either meloxicam intravenously on day
(D)4 (n =5, MEL), acetylsalicylat-DL-lysin intravenously on D4 and D5 (n = 5, ASA), or were
left untreated as controls (n = 5, CTR). Clinical signs were monitored daily until necropsy on
D7, BRSV-RNA was detected in nasal swabs and bronchoalveolar lavage (BAL) by RT-
gPCR, inflammatory cells and proteins were identified in BAL by cytology and label-free
quantitative mass spectrometry-based proteomics, respectively, and oxylipids were quanti-
fied in BAL and plasma by liquid chromatography tandem mass spectrometry with triple
quadrupole mass detectors. The calves developed mild to moderate signs of respiratory dis-
ease and, with the exception of one MEL-treated and one ASA-treated calf, limited lung
lesions. None of the treatments had a significant effect on virus replication, clinical signs or
lung lesion extent. Relative to controls, both treatments initially induced a downregulation of
proteins in BAL. Immunoglobulin (lg)-related proteins, such as the Ig kappa and lambda
locus and the joining chain of IgA and IgM, were downregulated in MEL-treated calves com-
pared to controls. In addition, meloxicam induced an increased neutrophil influx in BAL in
response to BRSV, possibly related to a reduction in plasma prostaglandin, and to a down-
regulation of The Liver X Receptor/ Retinoid X Receptor (LXR/RXR), the Farnesoid X
Receptor (FXR)/RXR and the 24-Dehydrocholesterol Reductase (DHC24) signalling
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pathways in the lung. The risk of NSAIDs to increase neutrophil activity during stimulation
with BRSV or other toll-like receptor 4 agonists needs to be investigated further. Since aug-
mented neutrophil responses can be detrimental, the results of the present study do not sup-
port the use of NSAIDs to prevent the clinical expression of BRSV-infection.

Introduction

Respiratory disease is a major problem and a common reason for antimicrobial treatment in
intensively reared calves. Besides immediately affecting animal welfare, the presence of lung
lesions can have long term consequences, such as impaired growth and an increased risk of
culling before first parturition [1-3]. The aetiology of the disease is multifactorial: it involves
pathogens as well as factors related with environment and husbandry, including stress and
insufficient passive immunity. Viral infections often precede bacterial infection of the lung,
but bacteria seem also to act alone, because the usage of antibiotics in a very early stage leads to
an improved recovery [4, 5]. However, a large proportion of animals with early clinical signs
are also able to heal spontaneously and the application of a too prompt treatment is therefore
not the most sustainable strategy. Antibiotics needs to be administered in time to avoid exten-
sive lesions and excessive inflammation but should be reserved to individuals that do not
recover quickly on their own [6].

Along with the application of stricter policies regarding antibiotic use in Europe, non-ste-
roidal anti-inflammatory drugs (NSAIDs) appear more often used alone and in the early stages
of respiratory disease in cattle. These drugs decrease the rectal temperature, but very few stud-
ies show any effect on the neutrophil influx in the lung and lung lesions [7]. Some studies dem-
onstrated that treating calves with NSAIDs alone at the very early stage of the disease can
increase the risk for repeated periods of disease, compared to treating with antibiotics [5, 8].
However, it is difficult to conclude whether NSAIDs alone is better or worse than no medical
treatment at all, because untreated control animals were not included in these studies.

In contrast to the extensive use of NSAIDs in cattle, NSAIDs are not included in the USA
or European guidelines on the management of community-acquired pneumonia in humans
[9]. This is mainly due to digestive and cardio-vascular adverse effects, combined with a lack
of effect against respiratory symptoms [10]. Furthermore, worsened complications from pneu-
monia have been reported with NSAID treatment [11, 12], likely because i) the masking of
fever can delay antibiotic treatments, ii) fever is protective per se and iii) NSAIDs decrease the
production of molecules that are involved in the recovery [12-14]. Indeed, prostaglandin E2
(PGE2) and prostacyclin (PGI2), the production of which are inhibited by NSAID, protect
against free radicals, suppress the inflammatory cell recruitment in the lung and induce tissue
repairing processes in rats and human [15-18]. Therefore, NSAIDs might augment the neutro-
phil influx, activity and life-span.

The inflammatory response plays an important role in the pathogenesis of BRSV, similarly
to respiratory bacterial infections. The virus induces an excessive neutrophil response, charac-
terised by extracellular DNA, mucus and neutrophil secretory proteins that generate lung fibre
destruction and airway plugs (neutrophil extracellular traps, NETSs) [19, 20]. This study aimed
to determine if the use of NSAID in the early phase of BRSV-infection is beneficial in calves
and if it limits pulmonary inflammation.

Effects of two NSAIDs were investigated in 4-to-9-week old calves that were infected with
BRSV by aerosol: meloxicam (Metacam®), which at least in humans preferentially inhibits
COX-2 [21], and DL-lysine acetylsalicylate (Aspirin®), which acetylates COX-1 to a larger
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extent than COX-2 [21, 22]. The aspirin-mediated acetylation is irreversible and inhibits the
function of COX-1, however in COX-2, it may induce a switch to the generation of aspirin-trig-
gered specialised proresolving mediators (SPM) with anti-inflammatory and healing properties
[23]. Effects on clinical signs, viral replication and lung lesions, as well as proteomic and lipido-
mic profiles in BAL and plasma were evaluated, to characterise the effects of meloxicam and
DL-lysine acetylsalicylate (hereafter called aspirin) on the inflammation induced by BRSV.

Materials and methods
Challenge virus

Foetal bovine turbinate cells (CRL-1390™, ATCC, UK), propagated as described previously
[24], were used for virus isolation and culture. The cells were free from bovine viral diarrhoea
virus as determined by immunostaining using polyclonal antisera (PA0042, VLA, UK).

The challenge virus consisted of a BRSV field strain (GenBank accession number
MG947594) that belonged to genotype subgroup II [25, 26]. This virus had been isolated from
the nasal secretions of a 3-month-old dairy calf during an outbreak of respiratory disease
(BRSV/Sweden/HPIG-SLU-620-Lovsta/2016) and had been passed six times in cell culture
and twice in calves. The virus was free from nucleic acid coding for Mycoplasma bovis, Man-
nheimia haemolytica, Pasteuella multocida, Hemophilus somni, bovine coronavirus and bovine
parainfluenza virus type 3, as determined by RT-PCR, LSI VetMaxTM Screening Pack, Rumi-
nant Respiratory Pathogens (Life technologies, France, and DNA /RNA extraction using the
DNeasy Blood & Tissue Kit and the RNAeasy® Mini kit (Qiagen, Sweden) respectively,
according to the manufacturers’ instructions. Sweden is free from bovine herpes virus type 1,
bovine leucosis virus and bovine viral diarrhoea virus since 1995, 2001 and 2014, respectively.

Animals and experimental design

Fifteen 4-to-9-week-old healthy female dairy calves (Swedish red and white and Swedish Hol-
stein breeds) without history of disease were transported from Lovsta research farm of SLU,
Uppsala, Sweden, to the Swedish Veterinary Agency, Uppsala, Sweden. An outbreak of BRSV
had occurred in the herd 19 months earlier and BRSV infections had then been ruled out by
serological monitoring of young stock in the herd, as previously described [27]. Based on serol-
ogy on milk of first parity cows performed within a voluntary surveillance programme, the
herd was considered free from Streptococcus agalactie, Salmonella and Mycoplasma bovis.
Calves were allocated according to age, bodyweight (BW) and BRSV-specific maternally
derived antibodies (MDA) to three treatment groups and five group pens that contained one
calf per treatment group (Fig 1).

Between D-5 and D-1, all calves were treated intramuscularly with 40 mg procaine benzyl-
penicillin per kg BW. On DO, all calves were challenged with 10* TCIDs, BRSV by aerosol, as
described previously (Blodérn et al 2013) [33]. Treatments were randomly allocated to the
treatment groups. Calves received either 0.5 mg/kg meloxicam (MEL, Metacam® ) for cattle,
swine and horse, 20 mg/ml, Boehringer Ingelheim Animal Health, Denmark) intravenously
on D4 post-infection (n = 5), 20 mg/kg acetylsalicylat-DL-lysin (ASA, Aspirin® i.v., 100 mg/
ml, Bayer, Germany) intravenously on D4 and D5 (n = 5), or no treatment (n = 5, CRT). The
calf allocation and experiment layout are illustrated in Fig 1.

Monitoring of clinical signs of disease and sampling in vivo

Clinical signs of disease were monitored and scored on a daily basis, as described (Blodérn
2013). Nasal swabs (UTM® Copan, Italy) were collected from DO to D7 and bronchoalveolar
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BRSV-MDA, titre Bodyweight, kg Age, days

Group Calfid mean (range) mean (range) mean (range)
Acetylsalicylat-DL-lysin(ASA)l 1 2 3 4 5 178 (116-265) 64 (50-73) 42 (26-57)
Meloxicam(MEL)l 6 7 8 9 10 181 (100-206) 61 (54-68) 33 (26-41)
No treatment (CTR)[ 11 12 13 14 15 183 (99-360) 61 (57-68) 41 (27-63)
Challenge Necropsy

J

Days post infection |-5 4 <3 2 4 % 1 2 8 4 5 B >

Acetylsalicylat-DL-lysin (ASA calves only)
Meloxicam (MEL calves only)
Benzyl penicilin (allcalves) X X X X X
Nasal swab (BRSV-RNA) X X X X X
Plasma (oxylipids) X
BAL (cytology, proteome, oxylipids, BRSV-RNA) X
Lung tissue (gross-/ histopathology)

X

XX

XXX

XX [X|X

Fig 1. Experiment design. Calves were infected with BRSV by aerosol on day (D)0 and were treated with either meloxicam intravenously on D4 (n =5,
MEL), acetylsalicylat-DL-lysin intravenously on D4 and D5 (n = 5, ASA), or were left untreated (n = 5, CTR). Clinical signs were monitored daily until
necropsy on D7. Samplings and analyses were performed as indicated.

https://doi.org/10.1371/journal.pone.0309609.g001

lavages (BAL) were performed D-1 and D5, as described (Valarcher et al 2021). Four ml of
peripheral blood was collected from the jugular vein on D0, D5 and D7, in tubes containing
7.2 mg EDTA (BD Vacutainer®).

Preparation of plasma and BAL collected in vivo

The blood was centrifuged within 10 minutes of sampling at 3000 xg for 10 min and 4°C and
the resulting plasma was immediately frozen on dry ice, before storage at -75°C until oxylipid
analysis. The BALs were immediately filtered through sterile gauze and aliquoted. For each
BAL, one aliquot was frozen on dry ice and then stored at -75°C until oxylipid analysis, one
was prepared using cytospin for cytological evaluation, one received glycerol (G5516, Sigma-
Aldrich) to a final concentration of 15% and was stored at -75°C until bacterial culture. Other
aliquots of filtered BAL were centrifuged at 200 xg for 10 min and 4°C and the supernatant
was removed and stored at -75°C until analysed by mass spectrometry-based proteomics. The
cell pellets were resuspended in 500 pl PBS and stored at -75°C until BRSV-RNA extraction
and RT-qPCR analysis.

Post mortem sampling and histology

Post mortem BALs were performed as described previously [28] and prepared as above and
the extent of macroscopic lung lesions were drawn on a lung chart and quantified by Image J
(free software, version 1.52a). Lung tissue was obtained from the cranial lobe, preferentially
from areas with lesions, and was stored in 10% neutral buffered formalin solution for 24 hours
until dehydration with ethanol and paraffin embedding. Histopathological analyses were per-
formed on 5 pm thick sections. The sections were stained with hematoxylin and eosin, the
inflammation was characterised and the presence of neutrophils (intraepithelial and in air-
ways, i.e. in bronchial, bronchiolar, and alveolar lumen) was scored between 0 and 3 by a
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pathologist (EL) who was blind to treatment groups. An average of the two scores was calcu-
lated and expressed as lung histology neutrophil score.

Detection of virus and bacteria

Ribonucleic acid was extracted from 200 ul nasal swab medium or BAL cells in PBS using an
automated nucleic acid platform (Maelstrom™ 9600, TAN-BEAD, Taiwan) and the IndiMag
Pathogen kit (SP947257, Indical Bioscience, Germany). Virus RNA was detected by RT-qPCR
by using BIO-T KIT® BRSV & PI3 (Biosellal, France), according to the manufacturer’s
instructions. The unit TCIDs5, equivalent (T'CIDs5, eq.) was used as the standard curve used in
the assay was based on a BRSV-infected cell lysate with a known titer. Bacterial culture was
performed on BAL in the routine diagnostic in a blind manner at the Swedish National Veteri-
nary Agency according to SS-EN ISO/IEC 17025, by enrichment, aerobic culture and typing
by matrix-assisted laser desorption/ionisation.

Cytology

The BALs were processed at Clinical Pathology Laboratory, University Animal Hospital, Swed-
ish University of Agricultural Sciences within 2 hours of collection. The total nucleated cell
count was determined using Advia 2120 (Siemens Healthcare GmbH, Ashburn, Germany).
Cytospins were performed by using 100 pl BAL fluid or resuspended BAL cells (prepared by
centrifuging 10 ml BAL at 500 x g for 5 min) diluted 1:5 in albumin solution (1 g bovine serum
albumin and 0.002 g NaN3 dissolved in 10 ml of 0.9% NaCl) and loaded in cytocentrifuge cas-
settes (Thermo Scientific Cytospin 4 centrifuge, Thermo Fisher Scientific, Waltham, Massa-
chusetts, US). Slides were stained with May-Griinwald-Giemsa and evaluated by a clinical
pathologist (AH), who was blinded for group assignment and other information about the
calves. A 400 differential count was performed and cells were classified as macrophages, lym-
phocytes, neutrophils, mast cells or eosinophils, expressed as a percentage. Results from calf 2,
3,5, 10 and 14 obtained from samples collected on D-1 were discarded because the collection
of BAL was not successful.

Label-free quantitative mass spectrometry-based proteomics

Proteins in BAL supernatants (in a volume corresponding to 7 ug of total protein) were identi-
fied and semi-quantified by liquid chromatography and tandem mass spectrometry (LC-MS/
MS), as previously described [29]. Briefly, after reduction, alkylation, in-solution digestion by
trypsin, purification by Pierce C18 Spin Columns (Thermo Scientific) and drying, the peptides
were resolved in 0.1% formic acid. The peptides were separated in reversed-phase by using an
EASY-nLC 1000 system, a C18 Spin Column (Thermo Scientific, Germany) and a 90 min long
gradient, and were electrosprayed online to a Q Exactive Plus Orbitrap mass spectrometer
(Thermo Finnigan, Germany). Tandem mass spectrometry was performed applying higher-
energy collisional dissociation fragmentation. All samples were analysed on the same column
to allow comparisons. Database searches were performed in the MaxQuant software (version
1.5.3.30). Proteins were identified by searching against the database Bos taurus proteome,
extracted from Uniprot 2021-01-13. Fixed modification was carbamidomethyl, and variable
modifications were oxidation and deamidation. A decoy search database, including common
contaminants and a reverse database, was used to estimate the identification false discovery
rate. The RAW-data files were quantitatively analysed by the quantification software Max-
Quant 1.5.3.30 and the results of all fractions were combined to a total label free intensity anal-
ysis for each sample.
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The label-free protein-quantities (LFQ) in BAL from D5 and D7 were analysed according
to Aguilan et al. (2020) [30]. Briefly, the data was first filtered by including only proteins that
were identified in at least four calves within at least one out of two groups compared. The data
was then transformed by log2 and normalised by scaling each value against the average of all
proteins in a given sample. The normalisation aimed to correct for artificial biases and to allow
comparison of relative abundance of individual proteins, since the total protein content for the
conditions compared was the same. To be able to calculate fold changes, the probabilistic mini-
mum imputation method was used, in which empty cells were replaced with artificial distribu-
tion of values close to the limit of detection but with a variability comparable to the detected
values [30]. Pathway analysis was performed by using the software Ingenuity Pathway Analysis
(version 90348151, 2023 QIAGEN).

Lipidomics
Oxylipids were detected in BAL and plasma by using liquid chromatography/tandem mass
spectrometry (LC/MS/MS) with triple quadrupole mass detectors.

Initial analyses were performed within the Metabolomics unit, SciLifeLab Infrastructure,
Sweden, by using an ultra-performance LC system (Agilent Infinity 1290) coupled with an
electrospray ionisation source to a triple quadrupole mass detector (Agilent 6495, Agilent
Technologies, Santa Clara, CA, USA) equipped with iFunnel Technology, as previously
described [31]. Because the set of BALs obtained on D-1 was not complete, and due problems
with the metabolite separation in BAL from D7 using columns (Waters BEH C18), only results
for plasma (D0, D5 and D7) and for BAL collected on D5 were considered valid.

Additional analyses were thereafter performed on BAL collected on D5 and D7, by Ambio-
tis, France, according to methods described previously [32]. Briefly, after protein precipitation
with methanol, the samples were extracted by solid-phase extraction using oasis HLB 96-wells
plates (Waters, Europe) and lipids mediators were eluted with methanol and methyl formate.

Statistical methods

Analyses of the BAL proteomic data were performed in Excel, Microsoft Office 2016 with a
plugin available at http://www.real-statistics.com. The Shapiro-Wilk normality test was used,
followed by the Mann-Whitney test for non-normally distributed data and the two sample T
test for normally distributed data. The F-test was used to check if the data was homosedastic or
heterosedastic. Criteria used for differential expression were p-values <0.05 (-log2 p-value
>4.3219) and > 2 fold change (>1 log2 fold change) [30]. This method was chosen to reveal
patterns of changes induced by treatment on the BAL proteome of BRSV-infected calves, for
further analysis of biological pathways by IPA and consequent creation of new hypotheses to
be verified in further studies. The remaining data were analysed in Minitab (version 16) by
using the mixed effects model for repeated measures with the restricted maximum likelihood
estimation method and Kenward-Roger approximation for fixed effects. Calf identity was used
as random factor and day as well as treatment were used as fixed factors. Data that were not
normally distributed were log transformed and Tukeys’ test with 95% confidence was used to
correct for multiple testing.

Ethics

Approval was obtained from the Ethical Committee of the district court of Uppsala, Sweden
(Ref. no. 5.8.18-13628 _2021). The calves were housed in a biosafety level 2 facility, in group
pens on a thick layer of sawdust to have a good lying comfort. They were frequently and gently
handled to reduce stress during injections and samplings. Bronchoalveolar lavage were
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performed under local anesthesia (lidocaine 2%, gel and spray). Hay and water were given ad
libitum and the calves received 6 litres of milk replacer (Delikat, Svenska Foder AB, Lidképing,
containing 2750 ppm alpha-linolenic acid per kg) per day. Sacrifice was performed by an over-
dose of general anesthesia administered intravenously (0.1 mg/kg BW xylazine, 15 mg/kg BW
ketamine and 30 mg/kg BW pentobarbital), followed by exsanguination.

Results

Neither aspirin, nor meloxicam improved clinical signs induced by BRSV

The calves developed mild to moderate clinical signs of respiratory disease including increased
rectal temperature, tachypnea, wheezing on lung auscultation and serous to mucopurulent
nasal discharge. No significant differences were observed between groups with regard to clini-
cal score, rectal temperature or respiratory rate (Fig 2).

20+ -

154

sum of clinical scores

& rectal temperature (C°)
&
(5,

T T T T T T T T 1

T
3 2 1 0 1 2 3 4 5 6 7
day post infection

~ respiratory rate (breaths/ min)

2]

Fig 2. Lack of effect of early treatment with NSAIDs on clinical parameters following BRSV-infection of calves.
Mean (+ SD) (A) clinical scores (B) rectal temperatures and (C) respiratory rates of calves infected with BRSV by
aerosol on day (D)0 and treated with either meloxicam intravenously on D4 (n = 5, MEL), acetylsalicylat-DL-lysin
intravenously on D4 and D5 (n = 5, ASA), or untreated (n = 5, CTR).

https://doi.org/10.1371/journal.pone.0309609.g002
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DO D-14 D-1 DO-4 D5-7 DO-7 DO-7 DO-3 D4-7 D5 D7 D5 D7 D7 D7
Serum NS NS BAL BAL BAL BAL Lung Lung
AGE MDA BW CLINIC CLINIC CLINIC CLINIC BRSV-RNA BRSV-RNA BRSV-RNA BRSV-RNA NEU NEU Lesion NEU
calfid group days titre kg sum score sum score peak RR/min peak RT (C°) AUC TCIDSO eq TCIDS0 eq % %
1 ASA 57 116 77 12 1 ] 55 3,4
ASA 49 103 79 ) 27 | 8349 53 5,9
3 ASA 47 193 76 | 37 83 13,7
4 ASA 32 214 61 7 5] 2,7
5 ASA 26 265 56 | I 8715 78 2,9
6 MEL | 41 100 73 | 79
i MEL 38 157 60
8 MEL 32 135 67
9 MEL 27 310 60

10 MEL 26 206 7.
11 CTR 63 99 74
12 CTR 45 183 68
13 CTR 35 158 63
14 CTR 33 114 66
15 CTR 27 360 63

Fig 3. Individual clinical, virological, pathological and inflammatory outcomes following BRSV-infection and NSAID-treatment of calves. Calves were
infected with BRSV by aerosol on day (D)0 and were treated with either meloxicam intravenously on D4 (n = 5, MEL), acetylsalicylat-DL-lysin intravenously
on D4 and D5 (n = 5, ASA), or were left untreated (n = 5, CTR). Clinical signs were monitored and scored daily until necropsy on D7. BRSV-RNA was
detected in nasal swabs (NS) and bronchoalveolar lavage (BAL) by RT-qPCR, macroscopic lesions and neutrophils were quantified in BAL and lung tissue.
MDA; maternally derived antibodies, RR; respiratory rate, RT; rectal temperature, AUC; area under the curve, NEU; neutrophil.

https://doi.org/10.1371/journal.pone.0309609.g003

The calves with highest peak respiratory rate and sum of clinical scores D5-D7 (calf 3 and
10, Fig 3) and those with highest peak rectal temperature (calf 5 and 10) were among those
treated with either meloxicam (calf 10) or aspirin (calf 3 and 5).

Neither aspirin, nor meloxicam significantly affected BRSV replication

All calves shed virus from D2 or D3 throughout D7 and there were no significant differences
in the quantity of BRSV-RNA detected, neither in nasal swabs, nor in BAL, between calves in
different treatment groups (Fig 4A and 4B, respectively).

Among meloxicam-treated calves and controls, those with the lowest BRSV-specific mater-
nally derived antibody (MDA) titer at challenge had the highest quantity of BRSV-RNA in
BAL on D7 (calf no. 6 and 11, Fig 3), but this was not the case among aspirin-treated calves
(calf no. 2, Fig 3).

The calves with highest peak respiratory rate and sum of clinical scores D5-D7 (calf 3 and
10, Fig 3), did not have the highest quantity of BRSV-RNA, neither in nasal secretions D4-7,

10000 10000
1000
100

N ASA
m MEL
m CTR

1000

-
o

100

TCIDg, eqyml (l0g40)
e
TCIDs, eq/ml (10g40)

-
o

0.01
0.001 + T T T T T
A 0 1 2 3 4 5 6 7 B A1 5 7
day post infection ) day post infection
Fig 4. Lack of effect of early treatment with NSAIDs on BRSV replication in calves. Mean (+ SD) (A) 50% Tissue Culture Infection Dose equivalent units
(TCIDs, eq), estimated from BRSV-RNA quantity detected by RT-qPCR in nasal swabs and (B) broncho alveolar lavage (BAL) calves infected with BRSV by

aerosol on day (D)0 and treated with either meloxicam intravenously on D4 (n = 5, MEL), acetylsalicylat-DL-lysin intravenously on D4 and D5 (n = 5, ASA), or
untreated (n = 5, CTR).

https://doi.org/10.1371/journal.pone.0309609.9004
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Fig 5. White cells in bronchoalveolar lavage of BRSV-infected calves. Mean concentration (+ SD) of (A) neutrophils (B) macrophages and (C) lymphocytes,
or mean proportion (+ SD) of (D) neutrophils (E) macrophages and (F) lymphocytes in bronchoalveolar lavage (BAL) of calves infected with BRSV by aerosol
on day (D)0 and treated with either meloxicam intravenously on D4 (n = 5, MEL), acetylsalicylat-DL-lysin intravenously on D4 and D5 (n = 5, ASA), or
untreated (n = 5, CTR). For significance, please see text.

https://doi.org/10.1371/journal.pone.0309609.g005

nor in BAL D7 (Fig 3). However, calf 10 had the highest quantity of BRSV-RNA in BAL on D5
(Fig 3), despite that it had high BRSV-specific MDA titers at challenge.

Clinical signs and lesions were not associated with bacterial infection

No bacterial respiratory pathogen was detected in the BAL of any calf at D7. Furthermore, no
bacterium was detected in BALs from calves with peak respiratory rate and/or rectal tempera-
tures (calves no. 3, 5 and 10, Fig 3 and S1 Table), or in those with highest proportion of BAL
neutrophils and lung lesions (calves no. 3 and 10, Fig 3 and S1 Table). However, some of the
BALs at D7 contained sparse bacteria that were detected by culture (in 1/5 aspirin treated
calves; in 4/5 meloxicam-treated calves and in 3/5 controls, S1 Table), but not by cytology.

Meloxicam-treated calves had increased neutrophil influx in BAL

BRSV induced an influx of inflammatory cells in the airway lumen, which consisted mainly of
neutrophils, but also of macrophages and, to a lesser extent, of lymphocytes (Fig 5A-5C, please
note that the scales of the Y-axes differ).

The proportion of neutrophils in BALs successively increased, whereas the proportion of mac-
rophages and lymphocytes decreased (Fig 5D-5F). By comparing two groups at a time, day by
day in a two sample T-test, Meloxicam-treated calves had significantly higher proportion of neu-
trophils and lower proportion of macrophages in BAL compared to aspirin-treated calves on D5
(p=0.037 and p = 0.041, respectively) and compared to untreated controls on D7 (p = 0.01 and
p = 0.018, respectively). Furthermore, in the mixed model effect analysis for repeated measures,
which included all groups and multiple samplings, the effect of treatment on the proportion of
neutrophils and macrophages was significant (p = 0.036 and p = 0.035, respectively).

By additionally correcting for multiple comparisons in Tukeys test, meloxicam-treated
calves D7 were the only with a significantly higher proportion of neutrophils than all groups of
calves D-1 and than aspirin-treated calves and controls on D5. Conversely, meloxicam-treated
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calves D7 were the only with a significantly lower proportion of macrophages than all calves
D-1, and than aspirin-treated calves and controls on D5. By this method, although the effect of
treatment on the proportion of neutrophils was significant, the differences between treatment
groups on the same day were not significant.

Macroscopic lesions were limited in most calves

Overall, the gross pathological lung lesions were limited, except in one calf treated with aspirin
and in one calf treated with meloxicam (no. 3 and 10, Figs 3 and 6), in which broncho-intersti-
tial pneumonia was observed.

Ventral Dorsal

Fig 6. Lung lesions in BRSV-infected, meloxicam- or asprin-treated calves and untreated controls. Photographs of
lung lesions D7 post infection, represented by the individual with the most extensive lesion within its group (please see
Fig 3). The brightness was adjusted in the same manner for all photographs. Calves were infected with BRSV on day
DO and treated with either meloxicam intravenously on D4 (MEL), acetylsalicylat-DL-lysin intravenously on D4 and
D5 (ASA), or untreated (CTR).

https://doi.org/10.1371/journal.pone.0309609.9006
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Opverall, gross pathologic lesions included a slightly collapsed parenchyma and densification
of parts of cranial and medial pulmonary lobes, along with mucopus in the bronchus and
bronchi. The mean (range) extent of lesions was 6% (3% - 14%), 9% (0.2% - 31%) and 2%
(0.2% - 5%) for aspirin-treated calves, meloxicam-treated calves and controls, respectively, but
this difference was not significant (Figs 3 and 6).

Neither aspirin, nor meloxicam reduced the number of neutrophils in lung
tissue

According to histopathological analyses, the pulmonary inflammation was characterized as
interstitial in calf 1 (aspirin-treated), 4 (aspirin-treated), 12 (control), 13 (control) and 15 (con-
trol), and as bronchointerstitial in the rest of the calves. The histopathological neutrophil
scores did not differ significantly between groups, but the average score was highest in meloxi-
cam-treated calves. The two calves with the most extensive lung lesions (calf 3 and 10) had the
highest overall neutrophil score, together with one control with high quantities of BRSV-RNA
in BAL on D7 (calf 11) and one meloxicam-treated calf (calf 7, Fig 3).

Both aspirin and meloxicam affected the protein expression in the airways

A large number of proteins was identified in BAL by Label-free Quantitative Mass Spectrome-
try-Based Proteomics (268-939 proteins per calf and sampling occasion).

Opverall, only a few proteins differed significantly and more than two-fold between groups
(i.e. were considered as differentially expressed). On D5 (24 h post treatment), a majority of
these proteins were downregulated in both aspirin- and meloxicam-treated calves relative to
controls (14/16 for ASA and 33/34 for MEL, Fig 7A and 7B). In addition, meloxicam mainly
downregulated proteins relative to aspirin (Fig 7C).

On D7, proteins were either mainly upregulated in treated calves (aspirin, 19/20, Fig 7D) or
were both up and downregulated (meloxicam, 14 up, 14 down, Fig 7E), compared to controls.
Meloxicam downregulated the majority of the differentially expressed proteins relative to aspi-
rin (Fig 7F).

In the total filtered BAL proteome, 19 neutrophil-related proteins were identified and quan-
tified. The average relative quantities of these proteins were consistently higher on D7 than on
D5 and were on average highest in meloxicam-treated calves (Fig 8). By using the mixed
model effect analysis for repeated measures, corrected for multiple comparisons, meloxicam-
treated calves had significantly higher proportion of cathelicidin 5 (CATHLS5, p = 0.045) and
tended to have higher proportion of azurocidin (AZU]1, p = 0.076) compared to controls. At
91% (but not 95%) confidence, meloxicam-treated calves had significantly higher relative
quantity of AZU1 compared to controls on D7 and compared to all groups on D5.

Opverall, proteins that were related to immunoglobulins, several of which were unmapped
(i.e. not recognised) by the IPA software, were downregulated in the BAL of meloxicam-
treated calves. The immunoglobulin kappa and lambda lokus (IGK and IGL@) and the Ig-like
domain-containing protein G3MXB5 were significantly downregulated in meloxicam-treated
calves relative to untreated controls on D5 (Fig 7B). The meloxicam-treated calf 10 (the calf
with the most extensive lung lesions) was the only calf in which IGL@ was not detected on D5.
Similarly, relative to aspirin-treated calves, there was a downregulation or consumption of the
IGK and JCHAIN in meloxicam-treated calves on D5 (Fig 7C).

On D7, the joining chain of multimeric IgA and IgM (JCHAIN) and the Ig-like domain-
containing protein AOA3Q1M1Z4 were downregulated in meloxicam-treated calves relative to
untreated controls (Fig 7E). Moreover, the Ig-like domain-containing proteins AOA3Q1M1Z4,
A0A4W2BTF0 and G3MXBS, serpin B1, D1 and G1 and complement C4A were
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Fig 7. Differentially expressed proteins in bronchoalveolar lavage of BRSV-infected, aspirin- or meloxicam-treated calves and controls. Proteins detected
by label-free quantitative mass spectrometry-based proteomics, with differential expression in bronchoalveolar lavage (BAL) collected on day (D)5 post
infection, between (A) aspirin-treated calves and controls (B) meloxicam-treated calves and controls and (C) aspirin-treated and meloxicam-treated calves.
Proteins with significantly differential expression in BAL collected on D7 post infection, between (D) aspirin-treated calves and controls (E) meloxicam-treated
calves and controls and (F) aspirin-treated and meloxicam-treated calves. The p-value is expressed in log2 and the fold-change is based on log2-transformed,
normalised, label-free quantitation units, after imputation. Dots in red and blue colour represent proteins that are upregulated and downregulated, respectively,
with regard to the former group relative to the latter group, which are named on the X-axis. For example, TMSB4 is downregulated in aspirin-treated calves
relative to controls on D5 (A).

https://doi.org/10.1371/journal.pone.0309609.9007

downregulated in meloxicam-treated calves relative to aspirin-treated calves (Fig 7F). The
complete list of differently regulated proteins is presented in S2 Table.

On D5, no Ingenuity canonical (metabolic and cell-signaling) pathway that included more
than three proteins was identified as significant in aspirin- or meloxicam-treated calves com-
pared to controls.

In the comparison between aspirin-treated relative to meloxicam-treated calves, two
such pathways were identified (S100 family signaling pathway and neutrophil degranulation,
with 4/5 and 2/4 proteins downregulated in meloxicam-treated calves, p = 7.6x10 and
p=17x10").

On D7, no Ingenuity canonical pathway that included more than three proteins was identi-
fied as significant in aspirin-treated calves relative to controls.

For meloxicam-treated calves relative to controls on D7, the top three Ingenuity canonical
pathways with highest significance and that contained more than three proteins were:

+ LXR/RXR Activation (7/8 proteins downregulated, p = 4.14x10"'%)
« FXR/RXR Activation (7/8 proteins downregulated, p = 5.04x10"%)
« DHCR24 Signaling Pathway (7/8 proteins downregulated, p = 9.95x10™')

For meloxicam-treated calves relative to aspirin-treated calves on D7, only one significant
pathway was identified that contained more than three proteins, namely acute phase response
signaling (4/4 proteins downregulated in meloxicam-treated calves, p = 1.6 x10°°).
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Fig 8. Neutrophil-related proteins in bronchoalveolar lavage of BRSV-infected, aspirin- or meloxicam-treated
calves and controls. Mean relative quantity of neutrophil-related proteins detected by label-free quantitative mass
spectrometry-based proteomics in bronchoalveolar lavage (BAL) collected on day (D)5 and D7 post infection.

https://doi.org/10.1371/journal.pone.0309609.9008

The quantity of BRSV-RNA D5 and neutrophil-related proteins D7 in BAL
correlated with the extent of lung lesions

Correlation analyses were performed including all calves in the same analysis between the
extent of lesions and i) BRSV-RNA in nasal secretions and BAL on D5 and D7, ii) neutrophils
in BAL on D5 and D7, and iii) neutrophil- or immunoglobulin-related proteins detected by
label-free quantitative mass spectrometry-based proteomics. The extent of lung lesions tended
to have a linear association with the proportion of neutrophils in BAL on D7 and a significant
association was detected between lesions and BRSV-RNA in BAL D5, as well as with the rela-
tive quantity of 10/18 neutrophil-related proteins in BAL D7 (Table 1). In contrast, this associ-
ation was not identified for immunoglobulin-related proteins. The calf with the most extensive
lung lesions (no. 10, meloxicam-treated) had the highest quantity of BRSV-RNA in BAL on
D5 and the highest relative quantity of AZU1, ELANE and MMP9 in BAL on D7 among all
calves. In contrast to calf 10, which had relatively low quantities of BRSV-RNA in BAL on D7,
the control calf with the most extensive (although limited) lung lesions within its group (no.
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Table 1. Linear association between lung lesions of BRSV-infected meloxicam-or aspirin-treated calves and
untreated controls and BRSV-RNA, neutrophils and neutrophil-related proteins in airways.

R p-value
Neutrophil-related CATHL1 0.76 o
proteins in BAL D7 CATHIL2 0.47 ns (0.08)
CATHL3 0.61 *
CATHL4 0.60 *
CATHL5 0.17 ns
CATHL6 0.70 o
CATHL7 -0.03 ns
DEFB13 0.70 *
DEFB4 0.50 ns
DEFB405 0.68 ns
S100A12 -0.13 ns
S100A8 -0.01 ns
S100A9 0.07 ns
AZU1 0.65 o
ELANE 0.75 o
MMP9 0.80 o
MPO 0.56 *
PRTN3 0.32 ns
RETN 0.72 o
BRSV RNA nose D5 0.01 ns
BAL D5 0.57 o
nose D7 -0.15 ns
BAL D7 -0.01 ns
Neutrophils in BAL (%) D5 -0.11 ns
(1016/L) D5 0.24 ns
(%) D7 0.49 ns (0.07)
(10n6/L) D7 -0.28 ns

R, Pearson’s correlation coefficient

BAL, bronchoalveolar lavage; nose, nasal secretions collected on day (D)5 or D7 post-infection

Significant differences between treatment groups are indicated by asterisks (p<0.05 (*) and p<0.01 (**)). P-values
within 0.05 > p < 0.1 are given within brackets.

https://doi.org/10.1371/journal.pone.0309609.t001

11) had the highest levels of BRSV-RNA within its group in BAL on D7, as is usually observed
within this model [24, 33].

Aspirin and meloxicam induced a shift in eicosapentaenoic acid-derived
oxylipids in BAL
Results of oxylipid analyses of BAL that were run by the two laboratories were in excellent
agreement for leukotriene B4 (LTB4), PGE2, thromboxane B2 (TXB2) and 15-hydroxyeicosa-
tetraenoic acid (HETE, Spearman correlation coefficient 0.85-0.98), but less for 12-HETE
(Spearman correlation coefficient 0.63). The infection induced significantly higher concentra-
tions of all oxylipids on D7 compared to on D5 (0.000 > p <0.026, Fig 9), except for RVE1
and RVE2, for which the increase was not significant (S1 Fig).

On D7, arachidonic acid-derived precursor metabolites 12- and 15-HETE as well as the
docosahexaenoic acid-derived precursor metabolites 14- and 17-hydroxydocosahexaenoic
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Fig 9. Oxylipids in bronchoalveolar lavage of BRSV-infected, aspirin- or meloxicam-treated calves and controls.
Mean concentration of oxylipids detected by liquid chromatography tandem mass spectrometry with triple quadrupole
mass detectors in bronchoalveolar lavage (BAL) collected on day (D)5 and D7 post infection. Please note that the scales
differ.

https://doi.org/10.1371/journal.pone.0309609.g009

acid (HDOHE) and the eicosapentaenoic acid-derived precursor metabolite 18-hydroxyicosa-
pentaenoic acid (HEPE) were detected at higher average concentrations than their end prod-
ucts (SPM: LXA4 and LXB4, maresins, MAR, protectins, PD and resolvins, RV, Fig 9). By
using the mixed model effect for repeated measures, corrected for multiple comparisons, treat-
ment significantly affected the concentration of RVD1 (p = 0.006) and tended to do so for
RVD2 (p = 0.091). The following differences were significant between treatment groups on the
same day: meloxicam-treated calves had significantly higher concentrations of RVD1 than
aspirin-treated calves on D7 (and tented to have so for RVD2) and aspirin-treated calves had
first significantly lower, and then significantly higher concentrations of RVE2 than controls on
D5 and D7, respectively (S1 Fig, due to the different effect of aspirin on different days com-
pared to no treatment, the overall effect of treatment on RVE1 was not significant).
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The concentrations of 15-epi-LXA4, 17-epi-RVD1, 17-epi-RVD3 and 17-epi-PD1, which
belong to aspirin-triggered specialised pro-resolving mediators, were very close to, or below,
the limit of detection and did not differ significantly between calves of the different groups
(S1 Fig).

The oxylipid pattern in plasma differed from that in BAL

In general, oxylipids were detected at lower levels in plasma than in BALs (Figs 9 and 10). For
example, the highest detected concentration of PGE2 was 14 pg/ml in plasma and 467 pg/ml
in BAL (D5 and D7, respectively, in the control calf 14) and the highest detected concentration
of TXB2 was 144 pg/ml in plasma and 4567 pg/ml in BAL (D5 and D7, respectively, in the con-
trol calf 12). The overall kinetics of TXB2, PGs and leukotriene B4 in plasma is presented in S2
and S3 Figs. Despite that 29 oxylipids were quantified in plasma, only a few differed signifi-
cantly between treated calves and controls.

The following significant differences were detected by using the mixed model effect for
repeated measures and by correcting for multiple comparisons: meloxicam-treated calves had
significantly lower plasma concentrations of 6-keto-PGF1a (a stable metabolite of PGI) than
controls on D5 (p = 0.001) and aspirin-treated calves had significantly lower plasma concen-
trations of TBX2 and 12(S)-HEPE than controls on D5 (p = 0.019) and D7 (p = 0.025),
respectively.

Discussion

This study investigated the effects of NSAIDs administered early in the course of a BRSV infec-
tion in calves. The experiment was designed to mimic a situation in which medication is
administered to prevent inflammation before it establishes. With this approach, neither aspi-
rin, nor meloxicam reduced clinical signs or lung lesions induced by BRSV. In contrast, rela-
tive to untreated controls, meloxicam appeared to induce a downregulation of proteins related
to immunoglobulins, and an augmented neutrophil influx in BAL in response to BRSV. Due
to the small number of animals included in the study, this would need to be further explored
in a larger study population including different genetics.

Although a rapid neutrophil response is likely to lead to virus neutralisation and protection
against clinical signs, a neutrophil activity that is too strong and prolonged is associated with
exaggerated RSV disease (through obstruction of airways and destruction of lung elastin fibres
by neutrophilic products [34]). The increased neutrophil influx in the lungs of the meloxicam-
treated calves agrees with previous studies. In one study, flunixin meglumine induced exten-
sive pulmonary neutrophil infiltration in Mycoplasma bovis-infected, enrofloxacin-treated
calves [35]. Moreover, in cows, meloxicam induced earlier and stronger average milk somatic
cell count compared to placebo after LPS challenge [36]. Both LPS and viruses such as RSV
and SARS-CoV2 act as toll-like receptor 4 (TLR4) agonists, which stimulate neutrophil migra-
tion and formation of NET's, and may therefore induce an exaggerated inflammation [19, 34,
37-39]. This reaction is further augmented in over-conditioned individuals, through macro-
phage infiltration of tissues and cytokine production [40, 41].

The relative abundance of neutrophil-related proteins in BAL, such as resistin and myelo-
peroxidase, was linearly associated with the extent of lung lesions. Although the small animal
number affected the reliability of this analysis, this finding is in agreement with previous stud-
ies using a similar model [20]. Resistin sensitises neutrophils to TLR4 activation by LPS, to
induce NET formation and pro-inflammatory cytokines [42], and since the fusion protein of
RSV similarly activates TLR4 [19], resistin is probably important in RSV pathogenesis. The
plasma concentrations of resistin increases during lipolysis in the early lactation of dairy cows
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Fig 10. Oxylipids in plasma of BRSV-infected, aspirin- or meloxicam-treated calves and controls. Mean
concentrations of A) prostaglandins, leukotriene and thromboxane, and B) other oxylipids detected by liquid
chromatography tandem mass spectrometry with triple quadrupole mass detectors in plasma collected on day (D)0,
D5 and D7 post infection.

https://doi.org/10.1371/journal.pone.0309609.g010
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[43] and this may contribute to the sensitivity of these individuals to both bacterial and pri-
mary BRSV infections.

The Liver X Receptor/ Retinoid X Receptor (LXR/RXR) pathway, the Farnesoid X Receptor
(FXR)/RXR pathway and the 24-Dehydrocholesterol Reductase (DHC24) signaling pathway
were highly significantly downregulated in meloxicam-treated calves relative to controls in
BAL on D7. These are all involved in cholesterol metabolism and are activated in macrophages
and hepatocytes through TLR4 stimulation, such as by BRSV, or during negative energy bal-
ance [44-46].

A potential adverse effect of meloxicam is the inhibition of negative feedback systems in
inflammation. The downregulation of the LXR/RXR pathway in meloxicam-treated calves
may partly explain the reinforcement of the neutrophilic responses to BRSV. Indeed, in mice,
LXR controls Th17 responses and neutrophil recruitment to the lung and induces an anti-
inflammatory macrophage phenotype, with diminished production of cytokines involved in
exaggerated inflammation [47, 48]. In addition, LXR augments insulin-sensitisation and the
intracellular concentrations of lipids with anti-inflammatory effects, such as 20:5n3 (eicosa-
pentaenoic acid, EPA) and 22:6n3 (docosahexaenoic acid, DHA) produced from 18:3n3
(alpha-linolenic acid, ALA) [40]. The intracellular lipid and lipoxid concentrations were
unfortunately not measured in the present experiment, due to limitations in the funding.

Neutrophils are not only activated through TLR-4 stimulation, but also by a multitude of
additional systems, such as by isoprostanes produced during oxidative stress [49], complement
factors (C3a, C5a), cytokines (e.g. IL-8, IL-17), bradykinin [50] and leukotriene B4 [51]. Single
proteins involved in the complement and the bradykinin response (C4, KNG1) were downre-
gulated in meloxicam-treated animals, and leukotriene B4 did not increase significantly com-
pared to controls, in contrast to what was previously reported for meloxicam in cattle [52] and
for aspirin, ibuprofen and meloxicam in humans [53-55]. Leukotriene B4 acts as a chemoat-
tractant for neutrophils and primes neutrophils to an activated state, but it is rapidly metabo-
lised, and thus difficult to quantify over time [56, 57]. In future studies, it might therefore be
more useful to study cysteinyl leukotriene in the urine, as performed in studies of human
asthma [58].

The inflammatory phase, during which neutrophils perform phagocytosis and release
NETSs, must rapidly be succeeded by a resolution phase, during which further neutrophil infil-
tration is stopped and dead cells are removed (reviewed by [59]). The resolution is driven by
PGE2, PGI2 and 15-PG]J, which activate EP4 receptors on macrophages in the airways [60]
and induce SPM production, neutrophil apoptosis and efferocytosis [15]. In addition, PGE2
and PGI2 regulate the pulmonary endothelial barrier integrity, decrease the vascular and bron-
chial resistance and induce re-epithelialisation [16-18, 61]. Overall, PGE2 was detected in high
concentrations relative to other oxylipids in BAL, but the concentrations did not differ
between treated calves and untreated controls. However, meloxicam reduced the plasma con-
centrations of 6-keto-PGF1o, a stable metabolite of PGI2. This may have contributed to an
activation of neutrophils, but did not seem to suppress the induction of RVD1 and RVD2 in
BAL.

Because the study terminated on D7, the resolution of inflammation could not be studied
in detail. Consequently, the precursors were consistently detected in higher amounts than the
corresponding SPMs. Although concentrations of different SPMs were very low and untreated
calves had only limited lung lesions and therefore no reason for healing, RVD1 was induced at
higher concentrations in meloxicam-treated calves than in aspirin-treated calves. At this dose-
regimen and timing of sampling, aspirin-triggered SPMs could not be detected. In humans, a
low, but not high doses of aspirin induced aspirin-triggered 15-epilipoxin A4 [61 mg, but not
325 mg or 650 mg aspirin in toto, i.e. 1, but not 5 or 9 mg/kg at 70 kg BW] [62]. It is therefore
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possible that the aspirin dose used herein, which was based on a previous study in cattle [63],
was too high to induce aspirin-triggered SPMs.

Both aspirin and meloxicam affected oxylipid concentrations in plasma, possibly because
the drugs were administered parenterally. The intravenous route of drug administration was
chosen because it generates less individual variation in plasma concentration than the subcuta-
neous or oral route in calves [64, 65] and aspirin was administered twice because, although it
acetylates the COX enzymes in an irreversible manner, it is rapidly cleared from the circulation
[63]. In contrast, as therapeutic plasma concentrations of meloxicam can remain in calves for
several days [64], a single dose was applied.

The downregulation immunoglobulin-related proteins in meloxicam-treated calves agrees
with one study, in which meloxicam reduced the IgM, IgG and serum neutralising responses
six days post SARS-CoV2-infection in mice [66], but disagrees with another, in which meloxi-
cam induced improved antibody responses against vaccination immediately after international
transport of beef cattle [67]. In the present study, the early detection of immunoglobulin-
related proteins in controls indicates that these were parts of natural antibodies, which are
mostly of the IgM isotype and which recognise conserved structures in a polyreactive manner.
Natural antibodies are potent activators of the complement system and, when aggregated to
complement factors and antigen, initiate adaptive humoral responses efficiently (reviewed by
[68]).

Calf 10, the calf with the highest sum of clinical scores, the highest quantity of BRSV-RNA
in BAL on D5, the highest lung neutrophil score and the most extensive lung lesions on D7,
was the only calf in which immunoglobulin lambda was not detected on D5. A meloxicam-
induced immunoglobulin lambda downregulation in this calf may have contributed to an
insufficient protection of the lower airways and a strong neutrophil response induced by
BRSV, which probably contributed to clinical signs and lesions, but also to the limitation of
further virus replication in the lung.

In summary, treatment with meloxicam or aspirin early in the course of a BRSV-infection
did not decrease clinical signs or the extent of lung lesions induced by BRSV. Meloxicam
induced an increased proportion of pulmonary neutrophils and downregulation of proteins
that were likely included in natural antibodies in BAL. The extent of lung lesions was associ-
ated to the early replication of BRSV, and to the relative abundance of neutrophil-related pro-
teins in BAL. These results do not support the use of NSAID early in the course of a BRSV-
infection in cattle.

Supporting information

S1 Table. Bacteria detected in bronchoalveolar lavage D7 post mortem.
(DOCX)

$2 Table. List of differentially expressed proteins in BAL.
(XLSX)

S1 Fig. Specialised proresolving mediators in BAL.
(TIF)

S2 Fig. Kinetics of TBX2 in plasma.
(TIF)

$3 Fig. Kinetics of prostaglandins in plasma.
(TIF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0309609 November 15, 2024 19/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0309609.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0309609.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0309609.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0309609.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0309609.s005
https://doi.org/10.1371/journal.pone.0309609

PLOS ONE

Effect of NSAIDs on the pulmonary proteome and oxylipids during BRSV infection

$4 Fig. Kinetics of oxylipids in plasma.
(TIF)

Acknowledgments

We thank Dr. Claudia von Bromssen, Centre for statistics, SLU, for her advices on statistical
analyses. We are grateful to the staff at the Swedish Livestock Research Centre and the Clinical
Science laboratory, SLU, as well the Swedish Veterinary Agency, for valuable help with animals
and laboratory work. We would also like to thank the cells for life platform, SLU, for providing
facilities and equipment, and the Metabolomics unit, SciLifeLab Infrastructure, Umed, Swe-
den, for oxylipid analyses.

Author Contributions

Conceptualization: Sara Hagglund, Jean Frangois Valarcher.
Data curation: Sara Hagglund, Jean Francois Valarcher.
Formal analysis: Sara Hagglund.

Funding acquisition: Sara Hégglund, Jean Francois Valarcher.

Investigation: Sara Hagglund, Eve Laloy, Ignacio Alvarez, Yongzhi Guo, Gabriella Hallbrink
Agren, Haleh Yazdan Panah, Anna Widgren, Jonas Bergquist, Anna Hillstrém, Vincent
Baillif, Laure Saias, Marc Dubourdeau, Edouard Timsit, Jean Francois Valarcher.

Methodology: Sara Higglund, Eve Laloy, Anna Widgren, Jonas Bergquist, Anna Hillstr6m,
Vincent Baillif, Laure Saias, Marc Dubourdeau, Jean Frangois Valarcher.

Project administration: Sara Hagglund, Jean Frangois Valarcher.
Resources: Sara Higglund, Jean Francois Valarcher.
Supervision: Sara Higglund, Jean Francois Valarcher.
Validation: Sara Higglund, Jean Francois Valarcher.
Visualization: Sara Hagglund.

Writing - original draft: Sara Hagglund.

Writing - review & editing: Sara Higglund, Eve Laloy, Ignacio Alvarez, Yongzhi Guo, Gab-
riella Hallbrink Agren, Haleh Yazdan Panah, Anna Widgren, Jonas Bergquist, Anna Hill-
strom, Vincent Baillif, Laure Saias, Marc Dubourdeau, Edouard Timsit, Jean Francois
Valarcher.

References

1. Teixeira AGV, McArt JAA, Bicalho RC. Thoracic ultrasound assessment of lung consolidation at wean-
ing in Holstein dairy heifers: Reproductive performance and survival. J Dairy Sci. 2017; 100(4):2985—
91. https://doi.org/10.3168/jds.2016-12016 PMID: 28215891

2. Cuevas-Gomez |, McGee M, Sanchez JM, O’Riordan E, Byrne N, McDaneld T, et al. Association
between clinical respiratory signs, lung lesions detected by thoracic ultrasonography and growth perfor-
mance in pre-weaned dairy calves. Ir Vet J. 2021; 74(1):7. https://doi.org/10.1186/s13620-021-00187-1
PMID: 33766106

3. Buczinski S, Achard D, Timsit E. Effects of calfhood respiratory disease on health and performance of
dairy cattle: A systematic review and meta-analysis. J Dairy Sci. 2021; 104(7):8214—-27. https://doi.org/
10.3168/jds.2020-19941 PMID: 33896639

4. Singh K, Ritchey JW, Confer AW. Mannheimia haemolytica: bacterial-host interactions in bovine pneu-
monia. Vet Pathol. 2011; 48(2):338—48. https://doi.org/10.1177/0300985810377182 PMID: 20685916

PLOS ONE | https://doi.org/10.1371/journal.pone.0309609 November 15, 2024 20/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0309609.s006
https://doi.org/10.3168/jds.2016-12016
http://www.ncbi.nlm.nih.gov/pubmed/28215891
https://doi.org/10.1186/s13620-021-00187-1
http://www.ncbi.nlm.nih.gov/pubmed/33766106
https://doi.org/10.3168/jds.2020-19941
https://doi.org/10.3168/jds.2020-19941
http://www.ncbi.nlm.nih.gov/pubmed/33896639
https://doi.org/10.1177/0300985810377182
http://www.ncbi.nlm.nih.gov/pubmed/20685916
https://doi.org/10.1371/journal.pone.0309609

PLOS ONE

Effect of NSAIDs on the pulmonary proteome and oxylipids during BRSV infection

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Mahendran SA, Booth R, Bell NJ, Burge M. Randomised positive control trial of NSAID and antimicro-
bial treatment for calf fever caused by pneumonia. Vet Rec. 2017; 181(2):45. https://doi.org/10.1136/vr.
104057 PMID: 28432193

Bassel LL, Tabatabaei S, Caswell JL. Host Tolerance to Infection with the Bacteria that Cause Bovine
Respiratory Disease. Vet Clin North Am Food Anim Pract. 2020; 36(2):349-59. https://doi.org/10.1016/
j.cvfa.2020.03.003 PMID: 32451029

Francoz D, Buczinski S, Apley M. Evidence related to the use of ancillary drugs in bovine respiratory dis-
ease (anti-inflammatory and others): are they justified or not? Vet Clin North Am Food Anim Pract.
2012; 28(1):23-38, vii-viii. https://doi.org/10.1016/j.cvfa.2011.12.003 PMID: 22374115

Mahendran SA. Use of fever detection in combination with thoracic ultrasonography to identify respira-
tory disease, and compare treatments of antimicrobials and NSAID: a randomised study in dairy calves.
Vet Rec Open. 2020; 7(1):e000415. https://doi.org/10.1136/vetreco-2020-000415 PMID: 33194211

Woodhead M, Blasi F, Ewig S, Garau J, Huchon G, leven M, et al. Guidelines for the management of
adult lower respiratory tract infections—full version. Clinical microbiology and infection: the official publi-
cation of the European Society of Clinical Microbiology and Infectious Diseases. 2011; 17 Suppl 6:E1-
59. https://doi.org/10.1111/j.1469-0691.2011.03672.x PMID: 21951385

Kim SY, Chang YJ, Cho HM, Hwang YW, Moon YS. Non-steroidal anti-inflammatory drugs for the com-
mon cold. Cochrane Database Syst Rev. 2015(9):CD006362. https://doi.org/10.1002/14651858.
CD006362.pub4 PMID: 26387658

Messika J, Sztrymf B, Bertrand F, Billard-Pomares T, Barnaud G, Branger C, et al. Risks of nonsteroidal
antiinflammatory drugs in undiagnosed intensive care unit pneumococcal pneumonia: younger and
more severely affected patients. J Crit Care. 2014; 29(5):733-8. https://doi.org/10.1016/j.jcrc.2014.05.
021 PMID: 24997726

Micallef J, Soeiro T, Jonville-Bera AP, French Society of Pharmacology T. Non-steroidal anti-inflamma-
tory drugs, pharmacology, and COVID-19 infection. Therapie. 2020; 75(4):355-62. https://doi.org/10.
1016/j.therap.2020.05.003 PMID: 32418728

Sunden-Cullberg J, Rylance R, Svefors J, Norrby-Teglund A, Bjork J, Inghammar M. Fever in the Emer-
gency Department Predicts Survival of Patients With Severe Sepsis and Septic Shock Admitted to the
ICU. Crit Care Med. 2017; 45(4):591-9. https://doi.org/10.1097/CCM.0000000000002249 PMID:
28141683

Wrotek S, LeGrand EK, Dzialuk A, Alcock J. Let fever do its job: The meaning of fever in the pandemic
era. Evol Med Public Health. 2021; 9(1):26-35. https://doi.org/10.1093/emph/eocaa044 PMID:
33738101

Meriwether D, Jones AE, Ashby JW, Solorzano-Vargas RS, Dorreh N, Noori S, et al. Macrophage
COX2 Mediates Efferocytosis, Resolution Reprogramming, and Intestinal Epithelial Repair. Cell Mol
Gastroenter. 2022; 13(4):1095-120. https://doi.org/10.1016/j.jcmgh.2022.01.002 PMID: 35017061

Serhan CN, Levy BD. Resolvins in inflammation: emergence of the pro-resolving superfamily of media-
tors. The Journal of clinical investigation. 2018; 128(7):2657—69. https://doi.org/10.1172/JCI97943
PMID: 29757195

Dorris SL, Peebles RS Jr. PGI2 as a regulator of inflammatory diseases. Mediators Inflamm. 2012;
2012:926968. https://doi.org/10.1155/2012/926968 PMID: 22851816

Peters T, Henry PJ. Protease-activated receptors and prostaglandins in inflammatory lung disease. Brit-
ish journal of pharmacology. 2009; 158(4):1017-33. https://doi.org/10.1111/j.1476-5381.2009.00449.x
PMID: 19845685

Cortjens B, de Boer OJ, de Jong R, Antonis AF, Sabogal Pineros YS, Lutter R, et al. Neutrophil extracel-
lular traps cause airway obstruction during respiratory syncytial virus disease. The Journal of pathology.
2016; 238(3):401-11. https://doi.org/10.1002/path.4660 PMID: 26468056

Hagglund S, Bloddrn K, Naslund K, Vargmar K, Lind SB, Mi J, et al. Proteome analysis of bronchoalveo-
lar lavage from calves infected with bovine respiratory syncytial virus-Insights in pathogenesis and per-
spectives for new treatments. PLoS One. 2017; 12(10):e0186594. https://doi.org/10.1371/journal.pone.
0186594 PMID: 29036182

FitzGerald GA, Patrono C. The coxibs, selective inhibitors of cyclooxygenase-2. N Engl J Med. 2001;
345(6):433—42. https://doi.org/10.1056/NEJM200108093450607 PMID: 11496855

Blobaum AL, Marnett LJ. Structural and functional basis of cyclooxygenase inhibition. J Med Chem.
2007; 50(7):1425—-41. https://doi.org/10.1021/jm0613166 PMID: 17341061

De Matteis R, Flak MB, Gonzalez-Nunez M, Austin-Williams S, Palmas F, Colas RA, et al. Aspirin acti-
vates resolution pathways to reprogram T cell and macrophage responses in colitis-associated colorec-
tal cancer. Sci Adv. 2022; 8(5):eabl5420. https://doi.org/10.1126/sciadv.abl5420 PMID: 35108049

PLOS ONE | https://doi.org/10.1371/journal.pone.0309609 November 15, 2024 21/24


https://doi.org/10.1136/vr.104057
https://doi.org/10.1136/vr.104057
http://www.ncbi.nlm.nih.gov/pubmed/28432193
https://doi.org/10.1016/j.cvfa.2020.03.003
https://doi.org/10.1016/j.cvfa.2020.03.003
http://www.ncbi.nlm.nih.gov/pubmed/32451029
https://doi.org/10.1016/j.cvfa.2011.12.003
http://www.ncbi.nlm.nih.gov/pubmed/22374115
https://doi.org/10.1136/vetreco-2020-000415
http://www.ncbi.nlm.nih.gov/pubmed/33194211
https://doi.org/10.1111/j.1469-0691.2011.03672.x
http://www.ncbi.nlm.nih.gov/pubmed/21951385
https://doi.org/10.1002/14651858.CD006362.pub4
https://doi.org/10.1002/14651858.CD006362.pub4
http://www.ncbi.nlm.nih.gov/pubmed/26387658
https://doi.org/10.1016/j.jcrc.2014.05.021
https://doi.org/10.1016/j.jcrc.2014.05.021
http://www.ncbi.nlm.nih.gov/pubmed/24997726
https://doi.org/10.1016/j.therap.2020.05.003
https://doi.org/10.1016/j.therap.2020.05.003
http://www.ncbi.nlm.nih.gov/pubmed/32418728
https://doi.org/10.1097/CCM.0000000000002249
http://www.ncbi.nlm.nih.gov/pubmed/28141683
https://doi.org/10.1093/emph/eoaa044
http://www.ncbi.nlm.nih.gov/pubmed/33738101
https://doi.org/10.1016/j.jcmgh.2022.01.002
http://www.ncbi.nlm.nih.gov/pubmed/35017061
https://doi.org/10.1172/JCI97943
http://www.ncbi.nlm.nih.gov/pubmed/29757195
https://doi.org/10.1155/2012/926968
http://www.ncbi.nlm.nih.gov/pubmed/22851816
https://doi.org/10.1111/j.1476-5381.2009.00449.x
http://www.ncbi.nlm.nih.gov/pubmed/19845685
https://doi.org/10.1002/path.4660
http://www.ncbi.nlm.nih.gov/pubmed/26468056
https://doi.org/10.1371/journal.pone.0186594
https://doi.org/10.1371/journal.pone.0186594
http://www.ncbi.nlm.nih.gov/pubmed/29036182
https://doi.org/10.1056/NEJM200108093450607
http://www.ncbi.nlm.nih.gov/pubmed/11496855
https://doi.org/10.1021/jm0613166
http://www.ncbi.nlm.nih.gov/pubmed/17341061
https://doi.org/10.1126/sciadv.abl5420
http://www.ncbi.nlm.nih.gov/pubmed/35108049
https://doi.org/10.1371/journal.pone.0309609

PLOS ONE

Effect of NSAIDs on the pulmonary proteome and oxylipids during BRSV infection

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hégglund S, Hu K, Vargmar K, Pore L, Olofson AS, Blodorn K, et al. Bovine respiratory syncytial virus
ISCOMs-Immunity, protection and safety in young conventional calves. Vaccine. 2011; 29(47):8719—
30. https://doi.org/10.1016/j.vaccine.2011.07.146 PMID: 21864616

Chang Y, Yue H, Tang C. Prevalence and Molecular Characteristics of Bovine Respiratory Syncytial
Virus in Beef Cattle in China. Animals (Basel). 2022; 12(24). https://doi.org/10.3390/ani12243511
PMID: 36552433

Valarcher JF, Schelcher F, Bourhy H. Evolution of bovine respiratory syncytial virus. Journal of Virology.
2000; 74(22):10714-28. https://doi.org/10.1128/jvi.74.22.10714-10728.2000 PMID: 11044116

Hagglund S, Naslund K, Svensson A, Lefverman C, Enul H, Pascal L, et al. Longitudinal study of the
immune response and memory following natural bovine respiratory syncytial virus infections in cattle of
different age. PLoS One. 2022; 17(9):e0274332. https://doi.org/10.1371/journal.pone.0274332 PMID:
36112582

Taylor G, Thomas LH, Furze JM, Cook RS, Wyld SG, Lerch R, et al. Recombinant vaccinia viruses
expressing the F, G or N, but not the M2, protein of bovine respiratory syncytial virus (BRSV) induce
resistance to BRSV challenge in the calf and protect against the development of pneumonic lesions.
Journal of General Virology. 1997; 78 (Pt 12):3195-206.

Valarcher JF, Hagglund S, Naslund K, Jouneau L, Malmstrom E, Boulesteix O, et al. Single-Shot Vac-
cines against Bovine Respiratory Syncytial Virus (BRSV): Comparative Evaluation of Long-Term Pro-
tection after Immunization in the Presence of BRSV-Specific Maternal Antibodies. Vaccines (Basel).
2021; 9(3). https://doi.org/10.3390/vaccines9030236 PMID: 33803302

Aguilan JT, Kulej K, Sidoli S. Guide for protein fold change and p-value calculation for non-experts in
proteomics. Mol Omics. 2020; 16(6):573-82. https://doi.org/10.1039/d0mo00087f PMID: 32968743

Gouveia-Figueira S, Spath J, Zivkovic AM, Nording ML. Profiling the Oxylipin and Endocannabinoid
Metabolome by UPLC-ESI-MS/MS in Human Plasma to Monitor Postprandial Inflammation. PLoS One.
2015; 10(7):e0132042. https://doi.org/10.1371/journal.pone.0132042 PMID: 26186333

Le Faouder P, Baillif V, Spreadbury I, Motta JP, Rousset P, Chene G, et al. LC-MS/MS method for rapid
and concomitant quantification of pro-inflammatory and pro-resolving polyunsaturated fatty acid metab-
olites. J Chromatogr B Analyt Technol Biomed Life Sci. 2013; 932:123-33. https://doi.org/10.1016/j.
jchromb.2013.06.014 PMID: 23831705

Blodérn K, Hagglund S, Fix J, Dubuquoy C, Makabi-Panzu B, Thom M, et al. Vaccine safety and effi-
cacy evaluation of a recombinant bovine respiratory syncytial virus (BRSV) with deletion of the SH gene
and subunit vaccines based on recombinant human RSV proteins: N-nanorings, P and M2-1, in calves
with maternal antibodies. PLoS One. 2014; 9(6):e100392. https://doi.org/10.1371/journal.pone.
0100392 PMID: 24945377

Geerdink RJ, Pillay J, Meyaard L, Bont L. Neutrophils in respiratory syncytial virus infection: A target for
asthma prevention. The Journal of allergy and clinical immunology. 2015; 136(4):838—47.

Dudek K, Bednarek D, Ayling RD, Kycko A, Reichert M. Preliminary study on the effects of enrofloxacin,
flunixin meglumine and pegbovigrastim on Mycoplasma bovis pneumonia. BMC Vet Res. 2019; 15
(1):371. https://doi.org/10.1186/s12917-019-2122-3 PMID: 31655595

Caldeira MO, Bruckmaier RM, Wellnitz O. Effects of local or systemic administration of meloxicam on
mammary gland inflammatory responses to lipopolysaccharide-induced mastitis in dairy cows. J Dairy
Sci. 2021; 104(1):1039-52. https://doi.org/10.3168/jds.2020-18691 PMID: 33189275

Funchal GA, Jaeger N, Czepielewski RS, Machado MS, Muraro SP, Stein RT, et al. Respiratory syncy-
tial virus fusion protein promotes TLR-4-dependent neutrophil extracellular trap formation by human
neutrophils. PLoS One. 2015; 10(4):e0124082. hitps://doi.org/10.1371/journal.pone.0124082 PMID:
25856628

Andonegui G, Bonder CS, Green F, Mullaly SC, Zbytnuik L, Raharjo E, et al. Endothelium-derived Toll-
like receptor-4 is the key molecule in LPS-induced neutrophil sequestration into lungs. The Journal of
clinical investigation. 2003; 111(7):1011-20. https://doi.org/10.1172/JCI16510 PMID: 12671050

Sahanic S, Hilbe R, Dunser C, Tymoszuk P, Loffler-Ragg J, Rieder D, et al. SARS-CoV-2 activates the
TLR4/MyD88 pathway in human macrophages: A possible correlation with strong pro-inflammatory
responses in severe COVID-19. Heliyon. 2023; 9(11):€21898. https://doi.org/10.1016/j.heliyon.2023.
21893 PMID: 38034686

Li P, Spann NJ, Kaikkonen MU, Lu M, Oh DY, Fox JN, et al. NCoR repression of LXRs restricts macro-
phage biosynthesis of insulin-sensitizing omega 3 fatty acids. Cell. 2013; 155(1):200-14. https://doi.
org/10.1016/j.cell.2013.08.054 PMID: 24074869

De Koster J, Strieder-Barboza C, de Souza J, Lock AL, Contreras GA. Short communication: Effects of
body fat mobilization on macrophage infiltration in adipose tissue of early lactation dairy cows. J Dairy
Sci. 2018; 101(8):7608-13. https:/doi.org/10.3168/jds.2017-14318 PMID: 29885887

PLOS ONE | https://doi.org/10.1371/journal.pone.0309609 November 15, 2024 22/24


https://doi.org/10.1016/j.vaccine.2011.07.146
http://www.ncbi.nlm.nih.gov/pubmed/21864616
https://doi.org/10.3390/ani12243511
http://www.ncbi.nlm.nih.gov/pubmed/36552433
https://doi.org/10.1128/jvi.74.22.10714-10728.2000
http://www.ncbi.nlm.nih.gov/pubmed/11044116
https://doi.org/10.1371/journal.pone.0274332
http://www.ncbi.nlm.nih.gov/pubmed/36112582
https://doi.org/10.3390/vaccines9030236
http://www.ncbi.nlm.nih.gov/pubmed/33803302
https://doi.org/10.1039/d0mo00087f
http://www.ncbi.nlm.nih.gov/pubmed/32968743
https://doi.org/10.1371/journal.pone.0132042
http://www.ncbi.nlm.nih.gov/pubmed/26186333
https://doi.org/10.1016/j.jchromb.2013.06.014
https://doi.org/10.1016/j.jchromb.2013.06.014
http://www.ncbi.nlm.nih.gov/pubmed/23831705
https://doi.org/10.1371/journal.pone.0100392
https://doi.org/10.1371/journal.pone.0100392
http://www.ncbi.nlm.nih.gov/pubmed/24945377
https://doi.org/10.1186/s12917-019-2122-3
http://www.ncbi.nlm.nih.gov/pubmed/31655595
https://doi.org/10.3168/jds.2020-18691
http://www.ncbi.nlm.nih.gov/pubmed/33189275
https://doi.org/10.1371/journal.pone.0124082
http://www.ncbi.nlm.nih.gov/pubmed/25856628
https://doi.org/10.1172/JCI16510
http://www.ncbi.nlm.nih.gov/pubmed/12671050
https://doi.org/10.1016/j.heliyon.2023.e21893
https://doi.org/10.1016/j.heliyon.2023.e21893
http://www.ncbi.nlm.nih.gov/pubmed/38034686
https://doi.org/10.1016/j.cell.2013.08.054
https://doi.org/10.1016/j.cell.2013.08.054
http://www.ncbi.nlm.nih.gov/pubmed/24074869
https://doi.org/10.3168/jds.2017-14318
http://www.ncbi.nlm.nih.gov/pubmed/29885887
https://doi.org/10.1371/journal.pone.0309609

PLOS ONE

Effect of NSAIDs on the pulmonary proteome and oxylipids during BRSV infection

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Jiang S, Park DW, Tadie JM, Gregoire M, Deshane J, Pittet JF, et al. Human resistin promotes neutro-
phil proinflammatory activation and neutrophil extracellular trap formation and increases severity of
acute lung injury. J Immunol. 2014; 192(10):4795-803. https://doi.org/10.4049/jimmunol. 1302764
PMID: 24719460

Reverchon M, Rame C, Cognie J, Briant E, Elis S, Guillaume D, et al. Resistin in dairy cows: plasma
concentrations during early lactation, expression and potential role in adipose tissue. PLoS One. 2014;
9(3):93198. https://doi.org/10.1371/journal.pone.0093198 PMID: 24675707

Gross JJ, Kessler EC, Albrecht C, Bruckmaier RM. Response of the cholesterol metabolism to a nega-
tive energy balance in dairy cows depends on the lactational stage. PLoS One. 2015; 10(6):e0121956.
https://doi.org/10.1371/journal.pone.0121956 PMID: 26034989

LiN, LiY, Han X, Zhang J, Han J, Jiang X, et al. LXR agonist inhibits inflammation through regulating
MyD88 mRNA alternative splicing. Front Pharmacol. 2022; 13:973612. https://doi.org/10.3389/fphar.
2022.973612 PMID: 36313296

Watanabe Y, Jiang S, Takabe W, Ohashi R, Tanaka T, Uchiyama Y, et al. Expression of the LXRalpha
protein in human atherosclerotic lesions. Arterioscler Thromb Vasc Biol. 2005; 25(3):622-7. https://doi.
org/10.1161/01.ATV.0000154489.53077.4e PMID: 15625283

Cui G, Qin X, Wu L, Zhang Y, Sheng X, Yu Q, et al. Liver X receptor (LXR) mediates negative regulation
of mouse and human Th17 differentiation. The Journal of clinical investigation. 2011; 121(2):658-70.
https://doi.org/10.1172/JC142974 PMID: 21266776

Glaria E, Letelier NA, Valledor AF. Integrating the roles of liver X receptors in inflammation and infection:
mechanisms and outcomes. Current opinion in pharmacology. 2020; 53:55-65. https://doi.org/10.1016/
j.coph.2020.05.001 PMID: 32599447

Fontana L, Giagulli C, Cominacini L, Pasini AF, Minuz P, Lechi A, et al. Beta2 integrin-dependent neu-
trophil adhesion induced by minimally modified low-density lipoproteins is mainly mediated by F2-iso-
prostanes. Circulation. 2002; 106(19):2434—41. https://doi.org/10.1161/01.cir.0000037223.92135.38
PMID: 12417539

Kenne E, Rasmuson J, Renne T, Vieira ML, Muller-Esterl W, Herwald H, et al. Neutrophils engage the
kallikrein-kinin system to open up the endothelial barrier in acute inflammation. FASEB journal: official
publication of the Federation of American Societies for Experimental Biology. 2019; 33(2):2599-609.
https://doi.org/10.1096/fj.201801329R PMID: 30281335

Boutet P, Bureau F, Degand G, Lekeux P. Imbalance between lipoxin A4 and leukotriene B4 in chronic
mastitis-affected cows. J Dairy Sci. 2003; 86(11):3430-9. https://doi.org/10.3168/jds.S0022-0302(03)
73947-2 PMID: 14672172

Bednarek D, Kondracki M, Friton GM, Trela T, Niemczuk K. Effect of steroidal and non-steroidal anti-
inflammatory drugs on inflammatory markers in calves with experimentally-induced bronchopneumonia.
Berl Munch Tierarztl Wochenschr. 2005; 118(7-8):305-8. PMID: 16048041

White AA, Stevenson DD. Aspirin-Exacerbated Respiratory Disease. N Engl J Med. 2018; 379
(11):1060-70. https://doi.org/10.1056/NEJMra1712125 PMID: 30207919

Montuschi P, Macagno F, Parente P, Valente S, Lauriola L, Ciappi G, et al. Effects of cyclo-oxygenase
inhibition on exhaled eicosanoids in patients with COPD. Thorax. 2005; 60(10):827-33. https://doi.org/
10.1136/thx.2004.035592 PMID: 16192367

Hudson N, Balsitis M, Everitt S, Hawkey CJ. Enhanced gastric mucosal leukotriene B4 synthesis in
patients taking non-steroidal anti-inflammatory drugs. Gut. 1993; 34(6):742—7. https://doi.org/10.1136/
gut.34.6.742 PMID: 8390958

Eun JC, Moore EE, Banerjee A, Kelher MR, Khan SY, Elzi DJ, et al. Leukotriene b4 and its metabolites
prime the neutrophil oxidase and induce proinflammatory activation of human pulmonary microvascular
endothelial cells. Shock. 2011; 35(3):240—4. https://doi.org/10.1097/SHK.0b013e3181faceb3 PMID:
20926984

Davino-Chiovatto JE, Oliveira-Junior MC, MacKenzie B, Santos-Dias A, Almeida-Oliveira AR, Aquino-
Junior JCJ, et al. Montelukast, Leukotriene Inhibitor, Reduces LPS-Induced Acute Lung Inflammation
and Human Neutrophil Activation. Arch Bronconeumol (Engl Ed). 2019; 55(11):573-80. https://doi.org/
10.1016/j.arbres.2019.05.003 PMID: 31257011

Sanak M. Eicosanoid Mediators in the Airway Inflammation of Asthmatic Patients: What is New? Allergy
Asthma Immunol Res. 2016; 8(6):481-90. https://doi.org/10.4168/aair.2016.8.6.481 PMID: 27582398

Recchiuti A, Mattoscio D, Isopi E. Roles, Actions, and Therapeutic Potential of Specialized Pro-resolv-
ing Lipid Mediators for the Treatment of Inflammation in Cystic Fibrosis. Front Pharmacol. 2019;
10:252. https://doi.org/10.3389/fphar.2019.00252 PMID: 31001110

Birrell MA, Maher SA, Dekkak B, Jones V, Wong S, Brook P, et al. Anti-inflammatory effects of PGE2 in
the lung: role of the EP4 receptor subtype. Thorax. 2015; 70(8):740-7. https://doi.org/10.1136/
thoraxjnl-2014-206592 PMID: 25939749

PLOS ONE | https://doi.org/10.1371/journal.pone.0309609 November 15, 2024 23/24


https://doi.org/10.4049/jimmunol.1302764
http://www.ncbi.nlm.nih.gov/pubmed/24719460
https://doi.org/10.1371/journal.pone.0093198
http://www.ncbi.nlm.nih.gov/pubmed/24675707
https://doi.org/10.1371/journal.pone.0121956
http://www.ncbi.nlm.nih.gov/pubmed/26034989
https://doi.org/10.3389/fphar.2022.973612
https://doi.org/10.3389/fphar.2022.973612
http://www.ncbi.nlm.nih.gov/pubmed/36313296
https://doi.org/10.1161/01.ATV.0000154489.53077.4e
https://doi.org/10.1161/01.ATV.0000154489.53077.4e
http://www.ncbi.nlm.nih.gov/pubmed/15625283
https://doi.org/10.1172/JCI42974
http://www.ncbi.nlm.nih.gov/pubmed/21266776
https://doi.org/10.1016/j.coph.2020.05.001
https://doi.org/10.1016/j.coph.2020.05.001
http://www.ncbi.nlm.nih.gov/pubmed/32599447
https://doi.org/10.1161/01.cir.0000037223.92135.38
http://www.ncbi.nlm.nih.gov/pubmed/12417539
https://doi.org/10.1096/fj.201801329R
http://www.ncbi.nlm.nih.gov/pubmed/30281335
https://doi.org/10.3168/jds.S0022-0302%2803%2973947-2
https://doi.org/10.3168/jds.S0022-0302%2803%2973947-2
http://www.ncbi.nlm.nih.gov/pubmed/14672172
http://www.ncbi.nlm.nih.gov/pubmed/16048041
https://doi.org/10.1056/NEJMra1712125
http://www.ncbi.nlm.nih.gov/pubmed/30207919
https://doi.org/10.1136/thx.2004.035592
https://doi.org/10.1136/thx.2004.035592
http://www.ncbi.nlm.nih.gov/pubmed/16192367
https://doi.org/10.1136/gut.34.6.742
https://doi.org/10.1136/gut.34.6.742
http://www.ncbi.nlm.nih.gov/pubmed/8390958
https://doi.org/10.1097/SHK.0b013e3181faceb3
http://www.ncbi.nlm.nih.gov/pubmed/20926984
https://doi.org/10.1016/j.arbres.2019.05.003
https://doi.org/10.1016/j.arbres.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31257011
https://doi.org/10.4168/aair.2016.8.6.481
http://www.ncbi.nlm.nih.gov/pubmed/27582398
https://doi.org/10.3389/fphar.2019.00252
http://www.ncbi.nlm.nih.gov/pubmed/31001110
https://doi.org/10.1136/thoraxjnl-2014-206592
https://doi.org/10.1136/thoraxjnl-2014-206592
http://www.ncbi.nlm.nih.gov/pubmed/25939749
https://doi.org/10.1371/journal.pone.0309609

PLOS ONE

Effect of NSAIDs on the pulmonary proteome and oxylipids during BRSV infection

61.

62.

63.

64.

65.

66.

67.

68.

Barnthaler T, Maric J, Platzer W, Konya V, Theiler A, Hasenohrl C, et al. The Role of PGE(2) in Alveolar
Epithelial and Lung Microvascular Endothelial Crosstalk. Sci Rep. 2017; 7(1):7923. https://doi.org/10.
1038/s41598-017-08228-y PMID: 28801643

Chiang N, Bermudez EA, Ridker PM, Hurwitz S, Serhan CN. Aspirin triggers antiinflammatory 15-epi-
lipoxin A4 and inhibits thromboxane in a randomized human trial. Proc Natl Acad Sci U S A. 2004; 101
(42):15178-83. https://doi.org/10.1073/pnas.0405445101 PMID: 15471991

Whittem T, Freeman DA, Parton K, Hanlon DW. The pharmacokinetics of salicylate in dairy cattle are
not altered by simultaneous intravenous ceftiofur sodium and DL-lysine-acetyl salicylate (aspirin). J Vet
Pharmacol Ther. 1996; 19(2):104-8. https://doi.org/10.1111/j.1365-2885.1996.tb00020.x PMID:
8735416

Jokela A, Nyrhila A, Adam M, Salla K, Raekallio M, Aho R, et al. Pharmacokinetics of meloxicam in pre-
ruminant calves after intravenous, oral, and subcutaneous administration. J Vet Pharmacol Ther. 2023.
https://doi.org/10.1111/jvp.13412 PMID: 37897203

Coetzee JF, Gehring R, Bettenhausen AC, Lubbers BV, Toerber SE, Thomson DU, et al. Attenuation of
acute plasma cortisol response in calves following intravenous sodium salicylate administration prior to
castration. J Vet Pharmacol Ther. 2007; 30(4):305—13. https://doi.org/10.1111/j.1365-2885.2007.
00869.x PMID: 17610403

Chen JS, Alfajaro MM, Chow RD, Wei J, Filler RB, Eisenbarth SC, et al. Non-steroidal anti-inflammatory
drugs dampen the cytokine and antibody response to SARS-CoV-2 infection. J Virol. 2021; 95(7).
https://doi.org/10.1128/JV1.00014-21 PMID: 33441348

Compiani R, Grossi S, Morandi N, Rossi CAS. Evaluation of meloxicam included in a modern health
management of beef cattle adaptation phase. Large Anim Rev. 2020; 26(4):155-8.

Boes M. Role of natural and immune IgM antibodies in immune responses. Molecular immunology.
2000; 37(18):1141-9 https://doi.org/10.1016/s0161-5890(01)00025-6 PMID: 11451419

PLOS ONE | https://doi.org/10.1371/journal.pone.0309609 November 15, 2024 24/24


https://doi.org/10.1038/s41598-017-08228-y
https://doi.org/10.1038/s41598-017-08228-y
http://www.ncbi.nlm.nih.gov/pubmed/28801643
https://doi.org/10.1073/pnas.0405445101
http://www.ncbi.nlm.nih.gov/pubmed/15471991
https://doi.org/10.1111/j.1365-2885.1996.tb00020.x
http://www.ncbi.nlm.nih.gov/pubmed/8735416
https://doi.org/10.1111/jvp.13412
http://www.ncbi.nlm.nih.gov/pubmed/37897203
https://doi.org/10.1111/j.1365-2885.2007.00869.x
https://doi.org/10.1111/j.1365-2885.2007.00869.x
http://www.ncbi.nlm.nih.gov/pubmed/17610403
https://doi.org/10.1128/JVI.00014-21
http://www.ncbi.nlm.nih.gov/pubmed/33441348
https://doi.org/10.1016/s0161-5890%2801%2900025-6
http://www.ncbi.nlm.nih.gov/pubmed/11451419
https://doi.org/10.1371/journal.pone.0309609

