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Role of Influenza D Virus in Bovine
Respiratory Disease

Abstract

This thesis investigates the role of Influenza D virus (IDV) in bovine respiratory
disease (BRD), with a focus on detection of IDV in Sweden and interactions with
other respiratory pathogens. BRD is a multifactorial disease with a significant impact
on cattle health and productivity. The presence of IDV in cattle is increasingly
detected worldwide and is considered a potential co-pathogen in BRD. The work
included seroepidemiological surveillance using bulk tank milk and ELISA,
phylogenetic characterization of Swedish IDV isolates by RT-qPCR and whole
genome sequencing, and experimental models used to study coinfections with
Mycoplasmopsis (Mycoplasma) bovis, bovine respiratory syncytial virus and bovine
parainfluenza virus 3. Proteomic and lipidomic analyses of bronchoalveolar lavage
samples from co-infected calves revealed alterations in host immune responses and
inflammatory pathways. /n vitro studies further demonstrated that IDV changed the
expression of key innate immune regulators, particularly during coinfections. These
findings support a modulatory role for IDV in BRD pathogenesis and highlight its
importance in surveillance.

Keywords: Influenza D virus, Bovine Respiratory Disease, Coinfection, Sweden,
Proteomic, Phylogenetic, Immune modulation.






Role of Influenza D Virus in Bovine Respiratory Disease.
Implications of Coinfections and Detection in Sweden

Abstract

Denna avhandling undersoker influensa D-virusets (IDVs) roll vid luftvigssjukdom
hos notkreatur, med sérskilt fokus pa detektion av IDV i Sverige och interaktioner
med andra luftviagspatogener. Lunginflammationer har en betydande péverkan pa
notkreaturs hilsa och produktivitet. IDV pévisas i dkande grad hos notkreatur
virlden Over och betraktas som en potentiellt saminfekterande patogen vid
luftvagssjukdom. Arbetet omfattade seroepidemiologiska studier baserade pa
antikroppsdetektion i tankmjolk med hjélp av ELISA, fylogenetisk karakterisering
av svenska IDV-isolat med RT-qPCR och helgenomsekvensering, samt
experimentella modeller f6r analys av saminfektioner med Mycoplasmopsis
(Mycoplasma) bovis, bovint respiratoriskt syncytialt virus och bovint parainfluenza
virus typ 3. Analyser av proteiner och oxylipider i arkiverade lungskéljprover fran
saminfekterade kalvar visade fordndringar i immunsvar och inflammation. n vitro-
studier indikerade att IDV dndrar uttrycket av viktiga regulatorer inom det medfodda
immunforsvaret, sirskilt vid saminfektioner. Dessa resultat tyder pa att IDV kan ha
en modulerande roll vid luftvdgssjukdom och understryker betydelsen av
virusdvervakning.

Keywords: Influensa D-virus, Luftvigssjukdom, Saminfektion, Sverige, Proteomik,
Fylogeni, Immunmodulation
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1. Introduction

1.1 Bovine respiratory disease

Bovine respiratory disease (BRD) is a generic term that applies to a
number of respiratory disorders that are caused by infectious agents in cattle.
Respiratory disease is one of the most prevalent diseases in the cattle industry
and presents significant challenges beyond animal health and welfare,
including potential human health risks associated with the inappropriate use
of antibiotics, the development of antimicrobial resistance, and the economic
impact. Respiratory disease in cattle is multifactorial, resulting from a
complex interplay between pathogens, host immunity and environmental
factors. The onset of BRD, which often occurs at young age, is largely due
to disturbances in this sensitive multifactorial balance. Young calves rely on
passive immunity obtained from colostrum, which provides essential
antibodies during the early stages of life. Any deficiency in this passive
transfer can dramatically increase their susceptibility to infection. As calves
grow, their active immunity begins to develop, but this can be compromised
by environmental stressors such as extreme weather conditions, humidity,
poor housing and overcrowding. These stressors not only weaken the
immune response, but also facilitate the spread of pathogens, making
effective management and prevention strategies critical to maintaining herd
health (Taylor et al. 2010).

The presence of BRD is influenced by several factors, including
geographic location, animal age, herd management practices, and specific
pathogens. One way to measure the prevalence of BRD worldwide is through
the assessment of lung lesions in slaughterhouses. In the United States,
researchers found that 32.3% of slaughtered veal calves (n=19.229) had BRD
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lesions in the lungs, while in Europe, a study carried out in France, the
Netherlands and Italy demonstrated that 21.6% of veal calves (n=100) had
pneumonic lesions (Brscic et al. 2012; Rezac et al. 2014). In Spain, 17.9%
of culled cattle (n=1101) had lung lesions consistent with BRD (Fernandez
et al. 2020).

Despite implementing biosecurity measures and policies, along with
successful disease eradication programs for diseases like Bovine Viral
Diarrhea, Brucellosis, Enzootic Bovine Leukosis, Infectious Bovine
Rhinotracheitis and Tuberculosis, as well as not having detected a case of
Paratuberculosis since 2005, Sweden continues to face concerns related to
BRD (Emmi Andersson 2022). In 2023, BRD lesions were identified at
slaughter in 9% (n = 128,908) of young bulls (Jonasson 2023). In Sweden,
only healthy animals are permitted for slaughter and consequently, the
lesions observed at slaughter represent subclinical disease or healing
processes rather than active disease, which may partly explain the lower
prevalence compared to other countries. Respiratory infections accounted for
57% and 58% of antibiotic treatments administered to heifer and bull calves
respectively, aged 0—6 months in 2021. This positions BRD as the primary
reason for antibiotic use within this age group (VAXA 2021).

1.2 Pathogen diversity and interaction in bovine
respiratory disease

Bovine respiratory disease is influenced by a wide number of factors,
including the presence of microorganisms in the respiratory tract. The
respiratory microbiome plays a crucial role in cattle health and their
susceptibility to BRD. The microbiota, consisting of commensal microbes,
some of which are potential pathogens, inhabit the mucosal surface of the
respiratory tract (Man et al. 2017; Perez-Cobas et al. 2021). These microbial
communities are established early, strongly influenced by maternal
microbiota at birth, and undergo changes throughout the life (Timsit et al.
2020). Particularly during stressful events like transport or changes in the
environment, these microorganism communities can be disrupted (Holman
et al. 2015a; Holman et al. 2015b; Lima et al. 2019; Timsit et al. 2020). It
appears that a higher bacterial load of Pasteurella (P.) multocida,
Manhemmia (M.) haemolytica and Mycoplasmopsis (M). bovis in the
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nasopharynx, increases susceptibility to BRD in steers (Timsit et al. 2018).
In contrast, in healthy steers the microbial community was enriched with
Mycoplasma dispar, Lactococcus lactis and Lactobacillus casei, suggesting
that the presence of these bacterial genera could have a protective effect
against opportunistic pathogens. This understanding has opened the door to
potential BRD prevention strategies, including the use of probiotics to
maintain or restore healthy microbiota, thereby reducing BRD incidence
(Amat et al. 2017). This knowledge of the bovine respiratory microbiome in
healthy cattle is important for understanding the complex pathogen
interactions in the respiratory tract, and for targeting specific pathogens
involved in BRD. Several pathogens can induce BRD, including viruses,
bacteria, parasites, and fungi. However, not all these pathogens are equally
pathogenic, and viruses and bacteria have a much more established role and
prevalence than parasites and fungi. In addition, the complexity of the
pathogenesis of BRD is reflected in the fact that not all potential pathogens
identified in the respiratory tract, are always considered to be either causative
or contributory. Among viruses, bovine respiratory syncytial virus (BRSV),
bovine coronavirus (BCoV), bovine herpesvirus 1 (BoHV-1), bovine
parainfluenza virus 3 (BPIV-3) and bovine viral diarrhea virus (BVDV) are
generally well-established pathogens, while influenza D virus (IDV)
emerged as a new potential player of BRD in recent years (Fulton 2020).
Bacteria are present mainly in the upper respiratory tract as normal
commensal organisms, but when the immunity of the animal declines, they
take the opportunity to colonise the lower respiratory tract causing lesions in
the lung and evident respiratory clinical signs, leading to the use of
antibiotics. The main bacterial components of BRD include P. multocida, M.
haemolytica, Histophilus (H.) somni and M. bovis (Griffin et al. 2010).

The dynamics within the disease process are further complicated by
interactions among multiple pathogens. The advance of molecular diagnostic
tools has further expanded our understanding of the polymicrobial nature of
BRD, revealing that the presence of multiple pathogens is more strongly
associated with disease severity than single-pathogen infections.
Surveillance studies show that at least two pathogens are detected
simultaneously in 41-58% of BRD cases, highlighting the significance of
pathogen interactions in disease pathogenesis (Murray et al. 2017; Headley
et al. 2018; Saegerman et al. 2022). The most common BRD scenario
involves a primary viral infection followed by a secondary bacterial
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infection, a combination that often results in severe disease (Gaudino et al.
2022b). Experimental studies have shown that animals exposed to a virus-
bacteria combination have more extensive and severe lung lesions and
increased clinical signs than single viral infections (Ganheim et al. 2003;
Gershwin et al. 2005; Prysliak et al. 2011; Lion et al. 2021). Several in vitro
studies have been carried out to elucidate the involved mechanism
underlying the enhanced clinical signs and pathological lesions in the field.
One of the most accepted mechanisms is the enhancement of bacterial
adherence resulting from prior viral infection. Through different studies
Sudaryatma et al. have demonstrated that BRSV infection significantly
increases the adherence of P. multocida to cells in the trachea, bronchi, and
lungs. This enhanced bacterial adherence is facilitated by the upregulation of
IL-6 mRNA and the platelet-activating factor receptor (PAFR). IL-6, a key
pro-inflammatory cytokine, likely modifies the cellular environment to favor
bacterial attachment. Simultaneously, increased concentration of of PAFR, a
receptor known to mediate bacterial binding, were detected, suggesting an
enhanced potential for bacterial adherence. Additionally, the same
researchers found that the adherence of P. multocida increased viral
replication during subsequent infection with BCoV. This increase correlated
with elevated levels of PAFR and Intercellular Adhesion Molecule-1
(ICAM-1), suggesting a common mechanism among viruses that cause BRD.
ICAM-1, a cell surface glycoprotein, plays a crucial role in enhancing cell-
cell interactions by facilitating the binding and stabilization of these
connections. This includes promoting the attachment of pathogens such as
P. multocida to host cells, thereby increasing the complexity of the infection
(Sudaryatma et al. 2018; Sudaryatma et al. 2019; Sudaryatma et al. 2020;
Fahkrajang et al. 2021). An in vivo study with BRSV and H. somni resulted
in significantly increased cytotoxicity in alveolar epithelial cells. This
interaction also facilitated greater transmigration of H. somni across the
alveolar barrier. Additionally, there was an amplified expression and activity
of the matrix metalloproteinases MMP1 and MMP3. These enzymes broke
extracellular matrix components, compromising the structural integrity of the
epithelial barrier. Consequently, the barrier became more permeable, making
it more vulnerable to bacterial transmigration and invasion (Gershwin et al.
2005). The combination of BRSV and M. haemolytica increases 1L-17
production compared to single infections, promoting neutrophil recruitment
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and inflammation, which further intensifies lung damage (McGill et al.
2016).

Virus-virus interactions are also involved in the pathogenesis of BRD
however these interactions are much less explored. Studies show that pre-
infection with BVDV exacerbates the effects of subsequent viral infections,
such as BoHV-1 or BRSV (Elvander et al. 1998; Chase 2013). Molecular
mechanisms include increased TNFa secretion, reduced IL-10 production,
delayed IFNy response, and inhibited CD8+ and CD4+ T lymphocyte
activity, which together impair local cell-mediated immunity (Risalde et al.
2011; Risalde et al. 2015; Romero-Palomo et al. 2017). This leads to more
severe clinical signs, prolonged viral shedding, and greater lung damage. The
timing of the secondary infection significantly influences disease severity.
Experimental studies demonstrated that calves infected with BVDV
followed by BoCV 6 days later exhibited more pronounced lung lesions
compared to those infected after 3 or 9 days, indicating that an intermediate
interval between viral exposures may result in more severe respiratory
disease (Ridpath et al. 2020).

Bacterial-bacterial interactions in BRD are the least explored
combination. However, studies indicate that coinfections can worsen disease
outcomes. Calves simultaneously infected with M. bovis and M. haemolytica
exhibited severe lung consolidation, up to 60%, compared to no lung
consolidation in calves that had been single infected with M. haemolytica
(Gourlay & Houghton 1985). Molecular mechanisms driving these severe
outcomes likely involve enhanced inflammatory responses and tissue
damage. In vitro studies suggest that some bacterial strains can enhance or
inhibit the growth of others. For example, M. haemolytica growth was
inhibited by physical separation from P. multocida, indicating a contact-
dependent mechanism (Bavananthasivam et al. 2012). Additionally, H.
somni and P. multocida were shown to co-exist in biofilms, potentially
complicating treatment and management (Petruzzi et al. 2020). However,
whether these interactions are consistently synergistic or antagonistic
remains unclear, highlighting the need for further research.
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1.3 Influenza viruses in cattle

Influenza viruses, members of the Orthomyxoviridae family, are negative-
sense, single-stranded RNA viruses known for causing respiratory disease
across a broad range of hosts worldwide, including humans. The viruses are
categorised into four main types: Influenza A (IAV), B (IBV), C (ICV), and
D (IDV) (Yu et al. 2021).

Influenza A and B viruses are characterized by their eight RNA segments
that encode essential viral proteins such as the polymerase proteins (PB2,
PB1, and PA), hemagglutinin (HA), nucleoprotein (NP), neuraminidase
(NA), and matrix (M) and non-structural (NS) proteins (Figure 1) (Yu et al.
2021). Influenza A is particularly known for its ability to undergo high
genetic reassortment, which contributes to its broad host range and pandemic
potential. Highly pathogenic strains within the H5 and H7 subtypes of
Influenza A can cause severe disease due to a HA protein that allows the
virus to infect multiple organs, leading to systemic infections (Charostad et
al. 2023). In contrast, Influenza B evolves more slowly and primarily causes
seasonal epidemics in human populations.

a

Influenza A/B virus Influenza C/D virus

HEF

NA

PB2
PB& RNA polymerase
A/P3
A 4
T
L

NP
M1

=N

M2

Figure 1. The structural differences of the four types of influenza viruses. Extracted from
Yuetal,2021.

Influenza C and D, with seven RNA segments, include polymerase proteins,
nucleoprotein, matrix proteins, and a distinctive hemagglutinin-esterase-
fusion (HEF) protein that combines receptor binding, membrane fusion, and
esterase activity (Yu et al. 2021).
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Historically, influenza has not significantly impacted cattle as it has for other
species (Sreenivasan et al. 2019). Only sporadic and non-mortal natural
outbreaks, mainly related with IAV, and some experimental studies were
described in cattle (Fatkhuddinova et al. 1973; Tanyi et al. 1974; Lopez &
Woods 1984; Sreenivasan et al. 2019) . This relatively low pathogenicity in
cattle may stem from host-dependent restriction factors in the respiratory
tract, which can hinder the replication and adaptation of influenza viruses
(Sreenivasan et al. 2019). In addition to the restriction factors in the
respiratory tract, studies have highlighted that certain serum components and
secretory proteins in bovines exhibit significant anti-influenza properties.
Among these protective agents are lactoferrin and antimicrobial peptides
such conglutinin and collectin. These proteins are particularly effective at
inhibiting viral replication by interfering with the ability of the virus to enter
and replicate in the host cells. (Lanni et al. 1949; Curtain & Pye 1955; Ng et
al. 2010; Ammendolia et al. 2012). Thus, until recently, it was believed that
the limited susceptibility of cattle to influenza could be due to physiological,
cellular, or immune-related factors inherent to this particular species.
However, recent developments have challenged this understanding. The
emergence of IDV in 2011, characterized by significant serological and
molecular detection in cattle, alongside the recent outbreaks of Highly
Pathogenic Avian Influenza Virus (HPAI) H5NI1 in the US, has shown that
cattle are less resilient to influenza virus than previously thought (Caserta et
al. 2024; Sreenivasan et al. 2024; Lang et al. 2025). Regarding the HPAI
outbreaks, the first detection was made in March 2024 and by April 2025,
1020 cases in 17 states have been affected (United States Department of
Agriculture 2025). Affected cattle exhibited symptoms including fever,
lethargy, dry/tacky feces or diarrhea, mastitis and a marked decrease in milk
production. In addition, the virus was detected at high concentrations in raw
milk. The current hypothesis suggests transmission from wild birds,
potentially facilitated by environmental contamination or using poultry
manure/litter in cattle feed, a practice that is not heavily regulated in the
United States. This situation, coupled with the frequent detection of IDV in
cattle, underscores the need for continuous research into the impact of
influenza viruses on cattle.
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1.4 Influenza D virus

IDV was first isolated in April 2011 in Oklahoma, USA, from a pig
exhibiting clinical signs similar to those of swine influenza (Hause et al.,
2013). Initially thought to be ICV due to genetic similarity, further analysis
revealed that the virus belonged to a new, distinct genus within the
Orthomyxoviridae family, later classified as Deltainfluenzavirus.

While IDV shares structural similarities with ICV, particularly in the HEF

protein, the HEF of IDV exhibits enhanced stability across a variety of
environmental conditions, including temperature and pH fluctuations. Under
acidic conditions with a pH of 3.0 for 30 minutes, IDV retains about 80% of
its original infectivity, demonstrating a significant resistance. In contrast,
IAV, IBV and ICV are completely inactivated when are exposed to the same
conditions (Yu et al. 2017). This increased stability of the virus not only
facilitates the survival outside its primary host but also broadens its tissue
tropism. The ability of IDV to maintain the integrity of its HEF protein in
different tissues allows it to successfully infect and replicate in diverse cell
types, expanding its host range.
Serological studies have revealed that IDV is widespread in cattle
populations around the world, having been retrospectively identified in U.S.
cattle as early as 2003 (Luo et al., 2017). Since this first detection, IDV has
been detected in several countries across North America, South America,
Europe, and Asia, with varying prevalence rates (Table 1). In Europe, IDV
was first identified in France in 2015, and subsequent studies have reported
its presence in cattle herds across several European countries (Ducatez et al.,
2015; Oliva et al., 2019; Chiapponi et al., 2019). The virus has also been
detected in a range of other animals, including horses, small ruminants, wild
boar, buffalo, camels, and even humans, particularly those with close contact
with cattle (Sreenivasan et al., 2021).
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Country, Year = Method Prevalence Prevalence Total Reference

BRD (n)! healthy (n)?
(n)?
FR, 2011-2014 HI - 4.5% - (Ducatez et al. 2015)
(134)
FR, 2014-2018 HI - - 47.2% (Oliva et al. 2019)
(3326)
IT 2014-2016 PCR 1.3% (150) - - (Chiapponi et al.
2016)
IT 2018-2019 PCR 10.6% - - (Chiapponi et al.
(936) 2019)
IE, 2014-2016 HI 64.9% 94.6% - (O'Donovan et al.
(1183) (1219) 2019)
IE, 2014-2016 PCR 5.62% - - (Flynn et al. 2018)
(320)
LU, 20122016 HI - 80.2% - (Snoeck et al. 2018)
(450)
CH, 2016 PCR - - 4.1% (Studer et al. 2021)
(764)
UK, 2017-2018 PCR 8.7% - - (Dane et al. 2019)
(104)

Table 1. Summary of bovine IDV prevalence across Europe. FR: France, IT: Italy, IE: Irland, LU: Luxemburg,
CH: Switzerland, UK: United Kingdom, DK: Denmark. ' Animals displaying respiratory clinical signs.> Animals
without respiratory clinical signs.? Total count of animals, both with and without respiratory clinical signs

IDV is primarily transmitted among cattle through direct contact and aerosol
routes, similar to other respiratory viruses. The virus can spread rapidly
within cattle herds, particularly in confined environments such as feedlots or
housing systems. The mean duration of IDV excretion in infected cattle is
approximately 6 to 8 days, with peak viral replication occurring around day
4 post-infection (dpi). Recently, IDV has also been detected in feces,
suggesting that fecal-oral transmission could be a possible route of spread
(Ferguson et al., 2016; Salem et al., 2019). Calves develop detectable
antibody titers as early as 6 dpi, but the duration of these antibodies remains
unclear (Ferguson et al., 2016).

IDV generally causes mild to moderate respiratory disease in cattle, with
clinical signs appearing from 4 to 10 dpi and peaking around 8 dpi. Clinical
signs are typically resolved by 12 dpi. The most commonly observed clinical
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signs include dry cough, nasal and ocular discharge, depression, and mild to
moderate tachypnea. In more severe cases, dyspnea and abnormal lung
sounds, such as wheezing, may occur (Ferguson et al., 2016; Salem et al.,
2019).

IDV primarily affects the upper respiratory tract, though it can also infect
the lower respiratory tract, particularly in cases complicated by coinfections.
An ex vivo study conducted by Gaudino et al., using a precision-cut lung slice
model, demonstrated that IDV can infect a broad range of cell types within
bovine lungs. The authors observed that IDV primarily infects bronchial
epithelial cells, alveolar pneumocytes, and bronchiolar exocrine (Club) cells.
In addition, endothelial cells and MHC-II expressing cells were also infected,
though less frequently (Gaudino ef al. 2023a).

Macroscopically, IDV infection is characterized by red, patchy areas of
mild interstitial pneumonia, often located in the right cranial lobe of the lung.
Microscopically, infected tissues exhibit inflammatory lesions along the
respiratory airways, including neutrophil infiltration in the trachea and
bronchi, and bronchointerstitial pneumonia characterized by neutrophilic
and macrophagic alveolitis, and peribronchial and septal lymphoplasmocytic
infiltration in the lung (Ferguson et al., 2016; Salem et al., 2019; Lion et al.,
2021).

IDV diagnosis relies on direct and indirect techniques. Serological assays,
like hemagglutination inhibition (HI) and enzyme-linked immunosorbent
assays (ELISA), are employed to detect antibodies against IDV. Molecular
techniques such as reverse transcription-polymerase chain reaction (RT-
PCR), which target conserved genes, like the PB1 gene, are used for virus
detection. Nasal swabs are commonly used for sampling because they
provide a high amount of viral material, enhancing the likelihood of
detection. Additionally, bronchoalveolar lavage fluids, transtracheal washes,
and lung tissue samples can be used for diagnosis. While viral isolation is a
valid option, its use has been primarily restricted to research purposes due to
its labour intensive, time-consuming process as well as its lower sensitivity
and specificity compared to other techniques. For diagnostic purposes, RT-
PCR is the most suitable and widely used test. Histopathological examination
using  haematoxylin and  eosin  staining, combined  with
immunohistochemistry, can identify microscopic lesions and confirm the
presence of the virus in tissue samples (Ferguson et al., 2016; Salem et al.,
2019).
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1.5 Phylogenetic diversity of IDV

Phylogenetic analyses have revealed that IDV circulates globally In two
major lineage D/OK-2011 and D/660-2013, and eight minor Clade
D/France-2012, D/Yamagata-2016, D/Texas-2017, D/Yamagata-2019,
D/Australia-2019, D/Michigan-2019 and D/California-2019 based on the
HEF phylogeny and additional genotype based on the reassortant of the
internal genes. (Murakami ef al. 2020; Yu et al. 2021; Molini et al. 2022;
Ruiz et al. 2022; Yu et al. 2022) (Figure 2). Additionally, new viral strains
from potentially novel lineages continue to be identified, as seen in recent
cases from California, Brazil, or Turkey (Huang et al. 2021; da Silva et al.
2022; Yesilbag et al. 2022)
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Figure 2. Phylogenetic analyses based on the hemagglutinin-esterase-fusion gene.

The D/OK lineage, first identified in North America, remains commonly
present in both swine and cattle in that region. In Europe, the D/OK clade
was also the first to be identified through virus surveillance (Ducatez et al.
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2015; Chiapponi et al. 2016; Foni et al. 2017; Flynn et al. 2018). In contrast,
the D/660 clade was only recently detected in Europe, with its first
appearance in Italy in 2019, suggesting a more recent introduction of this
lineage (Chiapponi ef al. 2019).

In in vitro studies on tissue tropism within the respiratory tract of farmed
and wild animals, Nemanichvili et al. discovered that receptors for both
D/OK and D/660 strains are present in all farm animals. However, they
proposed that Bovidae species contain either a specific subset of 9-O-Ac
sialic acid receptors that D/OK is unable to recognize or a subset that is
highly preferred by D/660. (Nemanichvili et al. 2021; Nemanichvili et al.
2022). Serum from cattle infected with either the D/OK or D/660 lineage
exhibits different hemagglutination inhibition (HI) titers when tested against
homologous and heterologous virus strains, indicating that the immune
response is only partially cross-reactive. This suggests that even though these
lineages can reassort, their antigenic profiles remain distinct, influencing the
immune system ability to recognize and react to each lineage effectively.

The nucleotide substitution rate of the IDV HEF glycoprotein was found
to be significantly higher than that of the HEF in ICV (Gaudino ef al. 2022a).
Viral strains from lineages D/OK and D/660 have been reported to frequently
reassort with each other, and recent research has highlighted the emergence
of reassortant strains within the D/660 lineage, incorporating gene segments
from the D/OK lineage (Goecke et al. 2022). This suggests active co-
circulation and reassortment between these lineages in certain European
regions.

1.6 Immune response during bovine respiratory disease

During BRD, a complex interplay is activated between the host immune
system, including both innate and adaptive immune responses, and the
diverse range of pathogens that challenge the host. The mucosal defense
serves as the initial barrier against these pathogens, with airway epithelial
cells playing a crucial role. These cells control the mucociliary system, which
effectively clears a significant number of respiratory pathogens through
ciliary action (Lopez et al. 1982)

Additionally, bovine airway epithelial cells secrete antimicrobial peptides
such as tracheal antimicrobial peptide (TAP), lingual antimicrobial peptide
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(LAP), and bovine myeloid antimicrobial peptide (BMAP-28) (Al-Haddawi
et al. 2007; Berghuis et al. 2014). These peptides exhibit bactericidal
activities against key pathogens like M. haemolytica, H. somni and P.
multocida (Taha-Abdelaziz et al. 2013). The production of these peptides is
upregulated in response to pathogen-associated molecular patterns (PAMPs)
through Toll-like receptors (TLRs), which are found on epithelial cells,
macrophages, and dendritic cells. These triggers signaling pathways that lead
to the production of pro-inflammatory cytokines such as IL-1, TNF-a, and
IL-6, promoting the recruitment of neutrophils and other immune cells to the
site of infection (Ackermann et al., 2010). The adaptive immune system is
activated subsequently, involving antigen presentation and the activation of
T and B cells, which leads to a more targeted response through the production
of antibodies and the activation of cytotoxic T cells (Czuprynski, 2009).
The specific lung response to bacterial infections in BRD is characterized
by a robust neutrophilic infiltration. Neutrophils play a critical role in
controlling bacterial infections by releasing antimicrobial peptides and
forming neutrophil extracellular traps (NETSs) that capture and kill bacteria
(Czuprynski, 2009). Similarly, an overreaction of neutrophils has been
observed in BRSV infections (Cortjens et al. 2016; Hagglund et al. 2017) ,
which lead to excessive tissue damage, contributing to the pathology
observed in BRD. Bacteria such as M. haemolytica and H. somni are major
pathogens in BRD, known for their ability to induce severe inflammatory
responses. M. haemolytica, for instance, produces leukotoxin (LKT) that
binds to B2 integrins on the surface of bovine leukocytes, leading to cell
death and the release of additional inflammatory mediators, which
exacerbate lung tissue damage (Czuprynski, 2009). This intense
inflammation often results in fibrinous pleuropneumonia, a characteristic
lesion of severe BRD. Additionally, H. somni infection is associated with
vasculitis and thrombosis due to its ability to alter endothelial cell function,
further contributing to the severity of lung pathology in BRD (Czuprynski,
2009).
During viral infection, type I interferons (IFN-o and IFN-B) are quickly
produced by epithelial and immune cells in the respiratory tract. These
cytokines are important for the control of viral replication, the upregulation
of interferon-stimulated genes (ISGs), and the activation of immune effectors
like natural killer (NK) cells and cytotoxic T lymphocytes (Ackermann et al.
2010; McGill & Sacco 2020). However, the interferon response can also act
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by amplifying inflammation. IFN-a has been shown to enhance the release
of pro-inflammatory cytokines (e.g., IL-1, TNF-a, IL-8) by alveolar
macrophages, which can exacerbate lung damage in the presence of
pathogens such as M. haemolytica (Ellis 2001). Some pathogens, including
BVDV and BRSV, have developed mechanisms to suppress type I IFN
signaling, facilitating immune evasion (Srikumaran et al. 2007; McGill &
Sacco 2020). Coinfections can modulate IFN effects. For example, H. somni
has been shown to induce a type I IFN response that protects epithelial cells
from BRSV infection, suggesting a complex role for interferons in BRD
pathogenesis (McGill & Sacco 2020).

Another key mechanism in the host response is the complement system,
which triggers a series of reactions that opsonize pathogens, enhance
phagocytosis, and lyse pathogens or infected cells through the membrane
attack complex. These processes are essential for preventing significant
infections in the respiratory tract (Detsika et al. 2024). A recently published
study highlights that calves with severe signs of disease have compromised
complement activity, increasing their susceptibility to infections and leading
to worse outcomes (Flores ef al. 2023). These calves struggle to counteract
the damaging effects of extracellular histones released during cell injury,
which can intensify lung tissue damage. This inability to manage histone-
related damage indicates that a strong complement response is vital for
controlling the severity and progression of respiratory diseases, underscoring
the role of the complement system not only in defense against pathogens but
also in regulating lung inflammation.

An important group of immune mediators related to lung inflammation
are the lipid mediators (LM) (Basil & Levy 2016; Sandhaus & Swick 2021).
These mediators are a crucial group of bioactive lipids derived from the
oxidation of polyunsaturated fatty acids (PUFAs). They have a key role in
inflammation, immune responses, and tissue homeostasis. Lipid mediators
can be pro-inflammatory or pro-resolving, influencing distinct physiological
and pathological functions. Pro-inflammatory LM, such as certain
prostaglandins (PG), leukotrienes, and thromboxanes can enhance vascular
permeability, recruit immune cells, induce bronchoconstriction, and promote
inflammatory responses while pro-resolving PM like PGE2, prostacyclin,
lipoxins, resolvins, protectins, and maresins play key roles in the resolution
phase of inflammation in the lung. They inhibit neutrophil recruitment,
stimulate the clearance of apoptotic cells, and reduce cytokine production
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and leukocyte infiltration (Heller et al. 1998; Levy et al. 2001). These actions
help restore tissue integrity and function, promoting healing and tissue
regeneration.

1.7 The role of IDV as a co-pathogen and its impact on
the host immune response

Initially, the main concern with IDV was its impact on BRD as a single
pathogen. However, recent studies have increasingly highlighted its potential
role as an important co-pathogen. Coinfections between IDV and other
pathogens in cattle, such as BVDV, M. bovis and M. haemolytica, have
demonstrated the complex interactions and diverse outcomes that these
coinfections can produce. For example, a study by Meyer et al. (2023)
demonstrated that calves previously exposed to BVDV-2 had prolonged IDV
shedding and elevated IDV RNA quantity. These calves also exhibited
thymic atrophy and weakened T-cell responses, particularly reduced CD8+
and IFN-y-expressing cells following IDV stimulation. Such
immunosuppression is likely to exacerbate the course of IDV infection, as
reflected by increased viral loads and impaired immune defenses. These
findings highlight how BVDV-2 coinfection can compromise host immunity
and exacerbate respiratory disease severity, potentially making IDV an
emergent co-pathogen in cattle.

In terms of IDV-bacteria interactions, the effects of coinfection with M. bovis
and M. haemolytica have been extensively studied both in cattle and in vitro
(Zhang et al. 2019; Lion et al. 2021; Gaudino et al. 2023). Coinfection with
IDV and M. bovis resulted in more severe clinical signs and increased lung
lesions. This increased severity was attributed to IDV's ability to deviate the
host's innate immune response, in particular by downregulating pro-
inflammatory cytokines and chemokines essential for bacterial
clearance(Lion et al. 2021). In in vitro studies using precision-cut lung slices
(PCLS), IDV interfered with the NF-kB pathway controlling the cytokine
production. In addition, activation of the Retinoic Acid-Inducible Gene I
(RIG-I) and Melanoma Differentiation-Associated Protein 5 (MDAS)
pathway by IDV likely desensitized the TLR2 pathway, which is critical for
fighting bacterial infections, thereby facilitating bacterial proliferation and
exacerbating disease severity (Gaudino et al. 2023a).
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Contrasting results have been observed with M. haemolytica. Under
experimental conditions, IDV infection preceding M. haemolytica did not
result in increased clinical disease severity or lung pathology compared to
M. haemolytica infection alone in calves. Although IDV caused mild
respiratory symptoms and tracheal inflammation, the expected synergistic
effect was not observed. These findings suggest that IDV may not
significantly enhance the virulence of M. haemolytica in BRD, at least under
the controlled conditions of this study (Zhang et al. 2019). A recent study by
Saipinta et al (2022) investigated the role of IDV in calves with BRD and
found that IDV may play a protective role in reducing the severity of the
disease (Saipinta et al. 2022). The study demonstrated that calves infected
with IDV had a lower risk of culling or death compared to those without IDV
infection. This was against the general expectation that viral infections would
worsen the outcome of BRD. The results suggest that IDV may reduce
susceptibility to viral or bacterial coinfections or secondary infections,
possibly by inducing antiviral immune responses that protect the host from
severe outcomes (Saipinta et al. 2022).
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2. Aim

The general aim of this thesis was to investigate the role of Influenza D Virus
as a co-pathogen in bovine respiratory disease, as well as to detect and
characterize the virus in Sweden.

The specific objectives were to:

Study I: Determine the presence and spatio-temporal distribution of IDV
antibodies in selected Swedish dairy herds using an in-house indirect ELISA
on bulk tank milk samples.

Study II: Detect IDV in respiratory samples of cattle with respiratory
disease and perform a phylogenetic characterization of IDV strains that are
circulating in Sweden

Study III: Investigate the early protein response and the kinetics of the
lipidomic profile in calves infected with IDV, M. bovis, or both, to contribute
to the elucidation of the role of IDV as a co-pathogen in BRD.

Study IV: Begin to evaluate the impact of IDV on replication, cytopathic

effects and innate immune responses of bovine nasal turbinate cells when co-
infected with BRSV and BPIV-3 in vitro.
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3. Materials and methods

A general review of material and methods is described in this section. For
more information on specific studies, please see papers I-1V.

3.1 Study design and sample collection (study I, Il, IIl,
V)

Study I: A total 0of 461 and 338 bulk tank milk (BTM) samples were collected
in the spring of 2019 and 2020, respectively, as part of the Swedish
surveillance program for bovine viral diarrhea virus conducted by the
Swedish Veterinary Agency (SVA). These samples were collected according
to a risk-based and blinded design in dairy herds throughout the country.
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Figure 2. Study Design for Study I. A total of 799 bulk tank milk samples were collected
from different regions in Sweden between 2019 and 2020 and analyzed using an in-house
indirect ELISA.

Study II: A total of 1,763 archived respiratory samples from cattle with
clinical signs of respiratory disease were analyzed. These samples, collected
from January 1, 2021, to June 30, 2024, and submitted by field veterinarians
to the routine diagnostics within the Swedish Veterinary Agency, included
nasal swabs and lung tissues initially tested for other respiratory pathogens.
Pooled samples from the same herd, were first screened for IDV using RT-
gPCR targeting the NP-coding gene. IfIDV was detected, individual samples
within the positive pools were tested again and subsequently used for
phylogenetic analysis. Positive samples were retested in triplicate using a
second RT-qPCR assay targeting the polymerase-coding gene (PB1) to
confirm results. IDV-RNA-positive samples with cycle threshold (Ct) values
<30 was selected for whole genome sequencing using Illumina MiSeq
platform.
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Figure 3. Study Design for Study II. A total of 1,763 samples were collected from
different regions in Sweden from 2021 to 2024 and analyzed by RT-PCR for the
detection of IDV, followed by sequencing.

Study III: The study was based on archived samples from an experiment
including 29 Normand and Holstein calves aged 3 to 8 weeks (Lion et al.
2021). The calves were screened for M. haemolytica, P. multocida, M. bovis,
H. somni, BCoV, IDV, BRSV, and BPIV-3 in nasal swab samples using real-
time PCR (Bio-T respiratory qPCR kits; BioSellal, France). The absence of
BVDV was confirmed by analysis of the non-structural protein 3 (NS3)
antigen in serum by ELISA (SERELISA BVDV-BD; Synbiotics, Lyon,
France). Before the experimental challenge, the calves were also confirmed
negative for M. bovis- and IDV-specific antibodies using ELISA (Bio K 302;
BioX diagnostics, Belgium) and a HI assay, respectively.

The calves were divided into four groups, with age distributions
harmonized across groups, and housed in separate rooms: control
(uninfected), IDV-infected, M. bovis-infected, and co-infected (IDV and M.
bovis), with eight calves in each infected group and five in the control group.
Infections were administered via nebulization using 107 TCIDso of IDV
and/or 10'° CFU of M. bovis in 10 ml of DMEM, whereas calves in the
control group received DMEM only. Clinical examinations were performed,
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and nasal swabs, blood samples and bronchoalveolar lavage (BAL) fluid
samples were collected at 2, 7, and 14 dpi, as described previously (Lion et
al. 2021). The BAL samples were filtered through two layers of sterile gauze,
and the BAL cells and supernatant were separated by centrifugation, as
previously described. The supernatants were stored at —75 °C, prior to mass
spectrometric analyses for proteomic and lipidomic profiling (Hagglund et
al. 2017). Samples from three calves per group, which were sacrificed on
day 6, were excluded from the se analyses.
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KR e N T o I o B0 B 5 B AN E RS A
T %W ER I TN % a0 %
I |
|
Infection
W“, BAL BAL BAL
+™
JL 1 Samlp ) I > ‘"”’"" '/’ ;:
t 7/ } + —>
day 2 day7 day 14 Broncho alveolar lavage
(BAL)

< [ l.

g

Sample Preparation MS-Detection Data Analysis

Figure 4. Study design for study III. Experimental setup involving 20 calves categorized
into four groups: control (non-infected), IDV-infected, M. bovis-infected, and co-
infected (IDV and M. bovis). Calves in each group were housed separately and subjected
to infections with IDV, M. bovis, or DMEM (for control). Bronchoalveolar lavage
samples were collected on days 2, 7, and 14 post-infections. The BAL supernatants were
then analyzed using mass spectrometry for both proteomic and lipidomic profiling

Study IV: In vitro infections were performed in 12-well plates using
bovine turbinates cells (ATCC 3190). Each pathogen (IDV, BRSV, BPIV-
3), including single and coinfections were assigned to separate plates, with
an additional plate reserved for uninfected cells (control). Three wells per
plate were sampled daily for each pathogen combination (replicate (R)1-R3).
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Supernatants were used for viral titration and qPCR analysis. For
transcriptomic studies, cell samples were collected and preserved in QIAzol
Lysis reagent (Qiagen, Cat. No. 79306, Hilden, Germany).

In the IDV and BPIV-3 coinfection experiment, supernatant samples were
collected at 12-, 48-, and 72-hours post-infection (hpi) for titration and qPCR
analysis. In contrast, for the IDV and BRSV coinfection experiment, samples
were collected at 12, 24, 48, 72, and 96 hpi. Transcriptomic sampling times
were adjusted based on the extent of cytopathic effects observed. For the
IDV and BPIV-3 experiment, cells were collected at 12 and 24 hpi, while for
the IDV and BRSV experiment, cells for transcriptomic analysis were
collected at 12, 24, 48, and 72 hpi. This strategy ensured that transcriptomic
analyses were performed on samples without significant loss of cells.

The morphology of the cell monolayers was examined using brightfield
microscopy at 4x and 20x magnification. Confocal microscopy was used to
determine the localization of viruses within the cells.
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Figure 5. Experimental design of in vitro infections in bovine turbinate cells with IDV,
BRSV, BPIV-3, and coinfections. Samples were collected at multiple time points for RT-
PCR, virus titration, microscopy, and transcriptomic analyses. R1, R2, and R3 indicate
biological replicates for each condition.
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3.2 Indirect ELISA (study I)

The ELISA used was previously described by Salem et al. (Salem et al.
2019). Briefly, 96-well plates were coated with lysates from cells infected
with a French IDV strain (D/bovine/France/5920/2014) and uninfected cells
using 0.05 M sodium carbonate-bicarbonate buffer. This coating was
followed by an overnight incubation at 4°C. The plates were then washed
twice with a wash buffer containing phosphate-buffered saline (PBS) and
0.05% Tween 20 (PBS-T), before blocking with the same buffer for 1 h at
room temperature. Milk samples and control sera were diluted 1:50 with
wash buffer and 100 pL of the diluted samples were added to each well.
Plates were then incubated at 37°C for 1 hour and washed three times with
PBS-T. A conjugate (BRSV-AD kit; INDICAL, Svanova) was diluted 1:2 in
PBS-T and 100 pL was added to each well, followed by incubation at 37°C
for 1 hour. After incubation, the plates were washed as described above.
Then 100 pL of 3,3'.5,5'-tetramethylbenzidine substrate (INDICAL
Svanova) was added per well and incubated for 10 min at room temperature.
Finally, 50 pL of Stop Solution (INDICAL, Svanova) was added per well
and the optical density (OD) was measured at 450 nm using a
spectrophotometer. Corrected OD values (COD) were determined by
subtracting the OD values of sera tested on the control antigen from those
obtained when the same sera were tested on the IDV antigen. The positive
control used in the present study was an IDV antibody positive serum
obtained from a calf experimentally infected with IDV strain
D/bovine/France/5920/2014 (HI titer: 1/1024).

3.3 Sequencing and phylogenetic analysis (study II)

Samples included nasal swabs, tracheal and lung tissues that were initially
tested for other respiratory pathogens as part of routine diagnostics. RNA
was extracted using the IndiMag Pathogen Kit (INDICAL Bioscience). For
each extraction, 200 puL of sample and 20 pL of Proteinase K were processed
with 500 pL of lysate mixture. Extraction was performed using a Maelstrom-
9600 extraction robot (TANBead). IDV detection was performed by rRT-
PCR targeting the NP gene, with positive samples retested by a second rRT-
PCR targeting the PB1, as previously described (Hause et al. 2013; Henritzi
et al. 2019). Briefly, RNA was amplified using the AG-Path-ID™ One-Step
RT-PCR Kit (Ambion). The primer sequences for the NP gene were as
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follows: forward primer 5'-CTTGAAAGATTGCAAATGCAG-3', reverse
primer 5-GTTGGGTTTCAGTGCCATTC-3', and probe 5'-HEX-
CACTACATTTCCCAGCTGTTGACTCC-BHQI1-3". The thermocycling
conditions for the NP assay included an initial reverse transcription at 45°C
for 10 minutes, denaturation at 95°C for 10 minutes, followed by 42 cycles
of 95°C for 15 seconds, 55°C for 20 seconds, and 72°C for 30 seconds.

For the PB1 gene, the primers used were: forward primer 5'-
GCTGTTTGCAAGTTGATGGG-3', reverse primer 5'-
TGAAAGCAGGTAACTCCAAGG-3', and probe 5'-
TTCAGGCAAGCACCCGTAGGATT-3'". The thermocycling conditions for
the PB1 assay consisted of reverse transcription at 45°C for 10 minutes,
denaturation at 95°C for 10 minutes, followed by 47 cycles of 95°C for 15
seconds and 60°C for 45 seconds. Positive samples with Ct values between
20 and 30 were selected for whole genome sequencing (WGS) using the
[Nlumina MiSeq instrument. Library construction was performed using the
NEXTERA-XT kit (Illumina Inc.), and quality assessment was performed
using the Agilent 2100 Bioanalyzer. Sequencing was performed using a
MiSeq Reagent Kit v3 in a 600-cycle paired-end run. Data was analyzed
using CLC Genomics Workbench v21. Phylogenetic trees were constructed
for each gene segment using relevant sequences from GenBank, with
phylogenetic analysis performed using maximum likelihood (ML) in
MEGA7, and robustness assessed by bootstrap analysis with 2000 replicates.

3.4 Proteomic and lipidomic analysis (study IlI)

Proteins in filtered BAL supernatant collected at 2 dpi were identified and
semi-quantified using a MS/MS analysis performed with a Thermo Fisher
Scientific QExactive Plus Orbitrap mass spectrometer at the Science for Life
Laboratory, Mass Spectrometry Based Proteomics Facility, Uppsala,
Sweden. Prior to mass spectrometric analysis, sample volumes were reduced
using a Speedvac (Thermo Fisher Scientific, Waltham, MA, USA), and the
total protein concentration was measured by the Bradford Protein Assay,
using bovine serum albumin as the standard. Samples were subjected to
reduction, alkylation and trypsin treatment. After purification, peptides were
reconstituted and analysed by Nano Liquid Chromatography-Tandem Mass
Spectrometry (nano-LC-MS/MS). Protein identification was performed
using MaxQuant software against a combined database of the Bos taurus
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proteome, IDV and M. bovis. The proteins were semi-quantified by using
label-free intensity, which allows for comparison of the quantity of the same
protein in different samples. Data filtering retained only proteins identified
and quantified in at least four calves in at least one of the two groups
compared. Label-free protein quantities were log2 transformed, normalized
and missing values imputed using a minimum probabilistic imputation
technique according to Aguilan et al. (2020) (Aguilan ef al. 2020). Proteins
with a differential fold change of less than -1 or greater than 1 and a p-value
of 0.05 were further analyzed using Ingenuity Pathway Analysis (IPA)
software.

Lipid mediators (LM) were analyzed in BAL filtered samples collected at 2-
, 7- and 14-days dpi at Ambiotis SAS, Toulouse, France. In summary, protein
precipitation with methanol was followed by sample extraction using Oasis
HLB 96-well plates (Waters) via solid phase extraction. Lipid mediators
were then eluted with a combination of methanol and methyl formate.
Quantification of results was expressed in picograms per milliliter (pg/ml) of
fluid.

3.5 In vitro infection (study V)

Bovine turbinates cells (ATCC, CRL-1390) were cultured in 12- and 24-well
plates at a seeding density of 30,000 cells/cm? and inoculated with IDV,
BRSV, BPIV-3 and coinfections with these viruses at a multiplicity of
infection (MOI) of 0.1. An additional plate was left uninfected to serve as a
control. For coinfection studies, cells initially infected with IDV were co-
infected with either BRSV or BPIV-3 after two hours of incubation. After
inoculation, all cells were incubated at 37°C in a 5% CO, atmosphere in
Dulbecco's minimum essential medium (DMEM, Lonza, Belgium)
supplemented with 2% gamma-irradiated heat-inactivated fetal calf serum
(FCS, Sigma-Aldrich, F3885), 20 mL 1 M HEPES buffer solution (VWR,
BioWhittaker BE17-737F), 10 mL 200 mM L-glutamine (VWR,
BioWhittaker BE17-605F), 60 mg penicillin G (Sigma-Aldrich, P3032), and
100 mg streptomycin sulfate salt (Sigma-Aldrich, S6501-5G). The virus
strains used were isolated from naturally infected calves. These included the
influenza D virus strain D/bovine/France/5920/2014, the BRSV strain
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BRSV/Sweden/HPIG-SLU-620-Lovsta/2016, and the BPIV-3 strain BPIV-
3/France/ICSA-11/2013(Ducatez et al. 2015; Gaudino et al. 2023b) .

3.6 Viral quantification and fluorescence microscopy
(study IV)

The following methods were used for virus quantification and fluorescence
microscopy:

Virus titration was performed using the 50% tissue culture infection dose
(TCIDS50) assay in a 96-well plate and confirmed by immunostaining and
fluorescence microscopy (Karber 1931). Immunostainings were conducted
using virus-specific antibodies targeting the HEF protein of IDV and the F
protein of BRSV, which were kindly provided by Dr. Ana Moreno from the
Istituto Zooprofilattico Sperimentale della Lombardia e dell'Emilia
Romagna, Brescia, Italy, and Dr. Geraldine Taylor from The Pirbright
Institute, United Kingdom, respectively. For the IDV, the primary antibody
used was the monoclonal 3G3, which targets the HEF protein, employed at
a 1:10 dilution. For BRSV, the monoclonal antibody 16, targeting the F
protein, was used at a 1:200 dilution. The secondary antibodies utilized
included goat anti-mouse 488 (Abcam, Cat # ab15011) for IDV and IgG1
clone M1-14D12 FITC conjugate (Thermo Fisher, Cat # 11-4015-82) for
BRSV, both diluted 1:400. For BPIV-3 detection, a monoclonal FITC-
conjugated antibody from a commercial kit (BioX Diagnostics, Cat. #BIO
290) was used at a 1:20 dilution. Additionally, fluorescein isothiocyanate
(FITC)-labeled polyclonal sheep anti-mouse immunoglobulin antibody
(BioX Diagnostics, Cat. #BIO 407) was also used at a 1:20 dilution.

During the immunofluorescence staining, infected cells and controls were
first washed with PBS and then fixed using 4% paraformaldehyde for 15
minutes at room temperature. After fixation, cells were washed three times
with PBS and blocked for 45 minutes at room temperature in PBS containing
5% fetal calf serum. Primary antibodies were then added, and the cells were
incubated for 1 hour at room temperature. Following this incubation, the cells
were washed three times with PBS to remove any unbound primary
antibodies. Secondary antibodies were subsequently applied, and the cells
were incubated for another hour at room temperature. Finally, the cells were
washed three times with PBS to remove the excess of secondary antibodies.
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For wviral quantification, RNA extraction was performed using the
RNAeasy® Mini Kit (Qiagen, Sweden) according to the manufacturer's
guidelines. A commercial TagMan RT-qPCR kit (LSI VetMAX™ Screening
Pack-Ruminants Respiratory Pathogens, Life technologies, France) was used
for the detection and quantification of BRSV and BPIV-3. For IDV, an RT-
gPCR protocol targeting the PB1 gene was used, described previously
(Hause et al. 2013). Virus quantification was achieved by using a standard
curve generated from an IDV, BRSV and BPIV-3 infected cell-lysate with
known virus titer. The RT-qPCR experiments were performed on a BioRAD
CFX96™ Touch (Bio-Rad Laboratories Inc., Hercules, CA, USA) and the
results were analyzed using the CFX Maestro™ software program. Results
were expressed as equivalent TCID50.

3.7 Confocal microscopy (study V)

Confocal microscopy was conducted using a Stellaris Leica confocal
microscope equipped with LAS X software (version 4.6.1.27508). Imaging
was done at various magnifications. For high-resolution imaging, a 63x oil-
immersion objective (HC PL APO CS2 63x%/1.40 OIL, numerical aperture
1.4) was utilized. Lower magnification images were taken with a 10x dry
objective (HC PL APO CS2 10x/0.40 DRY, numerical aperture 0.4).

Cell cultures were set up in an 8-well chamber slide (Thermo Scientific Nunc
Lab-Tek II). Infection was carried out using a GFP-tagged BRSV virus
(replacing the previously mentioned BRSV/Sweden/HPIG-SLU-620-
Lovsta/2016). Uninfected cells serve as control. The multiplicity of infection
(MOI), as well as primary and secondary antibodies, were employed as
outlined in prior descriptions (Section 3.6 Viral quantification and
fluorescence microscopy).

Spectral imaging settings included capturing fluorescence signals across
three channels at spectral ranges of 420-470 nm, 492—-580 nm, and 595-750
nm. Each channel was exposed once to gather the imaging data.
Post-acquisition image processing was performed to adjust brightness and
contrast uniformly using the Leica LAS X software, ensuring consistent data
presentation
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3.8 Transcriptomic analysis

For the investigation of transcriptomic alterations, cells infected with the
virus were preserved in QIAzol Lysis reagent (Qiagen, Cat. No. 793006,
Hilden, Germany) and stored at -80°C until analysis. Infected cells and
controls were collected at 12- and 24-hip in triplicate for the IDV and BPIV-
3 study. In the IDV and BRSV study, sample collections occurred at 12-, 24-
, and 48- hpi. Total RNA was isolated from the cell culture supernatants
using QIAzol Lysis reagent (Qiagen, Cat. No. 79306, Hilden, Germany) and
the RNeasy Mini Kit (Qiagen, Hilden, Germany).

RNA integrity was verified using the Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). The transcriptomic analyses were performed by
Novogene Europe, United Kingdom. mRNA was isolated using poly-T
oligo-attached magnetic beads. Libraries for both strand-specific and non-
strand-specific sequencing were prepared according to established protocols.
Library quality and size distribution were assessed using the Qubit
fluorometer, real-time PCR, and the Bioanalyzer. Sequencing was conducted
on either the Illumina platform (Life Technologies) using the lon 540 OT2
and Chip Kit.

Sequence data processing was performed with fastp for adapter removal
and quality filtering. The cleaned, high-quality reads were then aligned to the
reference genome with HISAT2 (v2.0.5). StringTie (v1.3.3b) was used for
the identification of novel transcripts. Gene expression levels were
quantified using featureCounts, and differential expression analysis was
conducted with DESeq2 or edgeR. Enrichment analyses for Reactome were
performed using the clusterProfiler R package, with significant terms defined
as p < 0.005.

3.9 Statistical analyses (study III)

Study III: Lipidomic data were analyzed using Kruskal-Wallis test with
Dunn's multiple comparison. For proteomic data, normality was assessed
with Shapiro-Wilk test. If both replicates showed normal distribution, the F-
test was used to test homogeneity of variance, and an appropriate t-test (equal
or unequal variance) was selected for comparison. Proteins with significant
deviation from normal distribution, determined by Shapiro-Wilk test, were
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analyzed with Mann-Whitney test. Graphs were generated using GraphPad
9.5.0 (La Jolla, CA, USA).
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4. Results and discussion

4.1 Study | — IDV Antibodies in Swedish Dairy Herds

In summary, the article presents the results of a study of IDV presence in
Swedish dairy herds based on IDV-specific IgG antibody detection in BTM
samples collected in 2019 and 2020. The results indicate the presence of
IDV-specific antibodies in the northern region (Norrland) for the first time
in 2020, while the southern region (Gétaland), particularly Halland County,
consistently exhibited high antibody prevalence in both years. Moreover,
there was an increase in IDV-antibody positive BTM samples from 32% in
2019 to 40% in 2020.

Contrasting with international findings, the IDV seroprevalence in
Sweden was relatively low. In Japan, Argentina, and Luxembourg, herd-
level IDV-antibody positivity rates of 50%, 75%, and 97.7%, respectively,
have been reported (Horimoto et al. 2016; Snoeck et al. 2018; Alvarez et al.
2020).

The higher prevalence in regions like Halland County suggests that herd
density and farm proximity may play a critical role in the spread of IDV and
other BRD viruses. Halland has been identified in previous studies as part of
a southern Swedish cluster with consistently high seroprevalence of BRSV
and BCV (Ohlson et al. 2014). These observations align with a study
conducted by Saegerman et al, on IDV in Europe and other studies on bovine
respiratory viruses showing that geographic location, farm density, and
biosecurity measures significantly influence seroprevalence patterns.
(Beaudeau et al. 2010a; Beaudeau et al. 2010b; Wolff et al. 2015; Saegerman
et al. 2021). To establish definitive causal relationships, however, detailed
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epidemiological studies that incorporate data on farm management practices,
animal movement patterns, and biosecurity measures are required.

In terms of methodology, while BTM testing offers a practical, non-
invasive, and cost-effective tool for herd-level surveillance, it may
underestimate the true prevalence of IDV. This limitation is often due to
dilution effects if only a small number of cows in a herd are seropositive, the
antibody concentration in pooled milk may fall below the detection threshold
(Sekiya et al. 2013; Lanyon ef al. 2014). In addition, antibody levels in milk
are typically 30 times lower than in serum and can be influenced by factors
such as stage of lactation, maternal status, milk yield, and animal age (Sekiya
et al. 2013; Milovanovic et al. 2020)

These variables complicate the interpretation of negative results and
highlight the importance of considering within-herd seroprevalence when
using BTM ELISA in surveillance contexts. Some studies suggest that a
minimum within-herd seropositivity of 20-25% is often required before
antibodies are detectable in bulk milk (Booth et al. 2013; Sekiya et al. 2013).
Despite these limitations, regular BTM screening remains a valuable tool
identifying high-risk herds, and supporting region-wide surveillance
programs, especially when complemented by individual testing.

To achieve a nationwide determination of IDV seroprevalence, several

considerations are essential. First, a statistically robust sampling design is
needed to ensure representativeness across all regions, accounting for the
total number of cattle in Sweden. This would involve calculating the required
sample size based on herd-level prevalence estimates, expected variability,
and desired confidence intervals.
The study highlights the use of BTM as a practical and non-invasive
surveillance tool, although potential variations in antibody concentrations in
milk suggest a need for follow-up testing. The observed shift in positive rates
between years may be due to differences in sample size or that seasonality
influences IDV prevalence. Overall, this study provides insights into the
circulation of IDV in Swedish dairy cattle, highlighting possible regional
differences and the importance of continued surveillance.
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4.2 Study ll- Detection and phylogenetic characterization
of IDV in Sweden

A total of 51 animals tested positive for IDV in nasal swabs, with the
majority detected during the 2020-2021 influenza season (1 of October-30™"
of September). These positive samples originated from 14 different farms
and predominantly involved calves between 2 and 16 weeks of age,
consistent with patterns observed for other respiratory pathogens, likely due
to waning maternal antibodies, the mix of calves from different herds and the
increased susceptibility to infections. Dual infections were common, with P.
multocida and BCoV being the most frequent IDV co-infecting pathogens,
highlighting the role of IDV as a potential co-pathogen in the BRD.
Geographical data from 2021 to 2024 showed variable detection across
municipalities. In addition, notable spikes of positive samples during the
2020-2021 and 2023-2024 seasons were detected. Whereas a more extended
study period is needed to assess the possibility of a cyclic or “wave-like”
pattern, the detection of positive animals during the colder months of 2021
and 2023/2024 suggests some degree of seasonality or annual occurrence,
similarly to what has been observed in several influenza studies, including
those on IDV (Horimoto et al. 2016; Trombetta et al. 2020; Yu et al. 2021).
Positive cases were identified in municipalities such as Gotland, Klippan,
and Varberg, reflecting a heterogeneous distribution of the virus.
Phylogenetic analysis revealed distinct genetic lineages circulating over
time. While strains from 2021 belonged exclusively to the D/OK lineage,
those from 2023-2024 exhibited reassortment with the D/660 lineage,
particularly in gene segment 1 (PB2). The reassortment observed in the
Swedish IDV strains between the D/OK and D/660 lineages in the PB2 gene
segment shows an active viral evolution in the cattle population. This genetic
mixing is likely due to coinfection with multiple lineages within individual
cattle, especially in regions with high herd density and frequent animal
movement. However, cross-species transmission may also play a role, as
shown in studies from France where reassortant IDV strains were identified
in pigs on mixed pig-cattle farms, suggesting that close interspecies contact
may allow coinfection and reassortment in non-reservoir hosts (Gorin et al.
2024). Similar findings in Denmark further emphasize that animal trade and
ecological interfaces contribute to the spread and evolution of reassortant
strains (Goecke et al. 2022). Although IDV and IAV have segmented
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genomes, reassortment between them is highly unlikely. This is primarily
due to incompatible packaging signals that prevent the correct incorporation
of gene segments during viral assembly. Studies of A-B reassortment have
shown that even when segments are transcribed, incompatible signals block
genome packaging (Baker et al. 2014). This, combined with different host
ranges and protein incompatibility, makes reassortment between IDV and
IAV almost impossible.

The geographical distribution of IDV-positive cases aligns with regions
where serological data from BTM samples indicated high antibody
prevalence, particularly in southern regions such as Halland County (study
I). This alignment supports the reliability of the sampling strategy and
diagnostic assays. Overall, these findings highlight the dynamic of IDV
circulation in Swedish cattle, emphasizing the need for continued
surveillance to monitor the evolution of the virus and the potential impact on
bovine health.

4.3 Study lll- Proteomic and lipidomic characterization of
bronchoalveolar lavage from calves infected with IDV
and M.bovis

4.3.1 Proteins

Our observations suggest that during infection with IDV, certain pathways
of the innate immune response, particularly those related to the acute phase
response and coagulation, are initially suppressed. This early suppression
appears to counteract the activation of the host response to M. bovis and
consequently the clearance of this pathogen during coinfection.

At 2 dpi, proteomic results revealed early host responses to the pathogens,
showing significant changes in the expression of proteins directly involved
in innate immunity. These proteins have a significant role in coagulation and
the acute-phase response, highlighting the critical pathways affected by the
infections.

While M. bovis infection alone significantly upregulated the coagulation
pathway (represented by protein F2, FGB, FGG, KNG1 and SERPINC1),
the presence of IDV in co-infected calves resulted in the downregulation of
this response (represented by protein A2M, FGA, FGB, FGG, KNC1, PLC,
SERPINCI). This suggests that IDV may have a modulatory effect on the
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coagulation processes triggered by M. bovis, potentially affecting the
progression and severity of clinical outcomes. These findings align with
observations in human medicine, where respiratory pathogens such as
Mycoplasma pneumoniae have been linked to enhanced coagulation
responses in severe cases (Li ef al. 2023).

In addition, proteins associated with the acute phase response showed
differential expressions between infected calves. The single infection with
IDV compared to uninfected calves resulted in a downregulation of the acute
phase response (represented by protein A2M, AGT, APOA2, C4A, C4B, C5,
FN1, HRG, ITIH2, SERPINDI1), in contrast to the upregulation observed
with M. bovis single infection (represented by protein C9, F2, FGB, FGG).
Reviewed literature does not report significant downregulation of acute
phase proteins in response to influenza infection, suggesting that the
observed reduction in the IDV-infected calves may be specific (Perez 2019).
The addition of IDV to the M. bovis infection showed a downregulation of
the acute phase response (represented by protein A2M, AMBP, C4A, C4B,
FGA, FGB, FGG, FNI1, PLG). This suggests that IDV primarily
downregulates innate immune pathways induced by M. bovis infection
potentially impairing early host defense mechanisms. These findings align
with those reported by Gaudino et al., where precision-cut lung slices served
as an organotypic model to illustrate the inhibitory effect of IDV on the
innate immune response to M. bovis. This inhibition was characterized as
reduced levels of pro-inflammatory cytokines and chemokines, including IL-
8, IL-1p, and IL-17 (Gaudino et al. 2023a)

4.3.2 Lipids mediators

Lipidomic analysis of infected calves and controls revealed the production
of several key LM generated by COX-1, COX-2 and LOX enzymes across
different time points. It should be noted that the lipidomic profile may vary
depending on the viral strain studied and the affected host. For example, Tam
et al. demonstrated different lipid expression patterns between high- and low-
pathogenic strains of Influenza A virus infection in mice, where resolution-
phase metabolites were delayed or dysregulated in more virulent infections
(Tam et al. 2013).

At 2 dpi, levels of PGE2 were significantly elevated in IDV and M. bovis
co-infected calves compared to controls. A comparable rise in PGE- was also
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observed in a bovine BRSV model, where ibuprofen treatment led to
decreased PGE-: levels, partial clinical improvement, increased BRSV
shedding and loss of one calf, further confirming its early involvement in
infection-induced inflammation (Walsh et al. 2016)

In our study, at 7 dpi, calves co-infected with both pathogens exhibited
the highest total LM expression, predominantly derived from arachidonic
acid. This period closely aligns with the peak of clinical signs observed at
8.6 = 1.3 dpi in these calves. However, the correlation between high LM
concentrations and severity of clinical signs was not straightforward,
indicating that LMs might not directly cause clinical signs. This aligns with
the findings by Newson et al., who demonstrated that PGE: generated via
COX-1/mPGES-1 during the resolution phase may suppress local immunity
and sustain tolerance rather than drive acute symptoms (Newson et al. 2017).
Instead, these variations suggest individual differences in immune response,
regulatory feedback mechanisms, or compensatory anti-inflammatory
processes, potentially reflecting specific immunological pathways or tissue
responses rather than direct clinical manifestations. Mattmiller et al. (2013)
suggested that these variations may also be influenced by selenium status, as
selenoproteins such as glutathione peroxidase modulate eicosanoid
biosynthesis, potentially explaining some of the inter-individual variation in
LM levels (Mattmiller et al. 2013). In the double-infected calves by 7 dpi,
increases in TXB, LTB4 and PGE2 were observed, suggesting the activation
of COX-1, COX-2, and LOX-5 pathways. This suggests that the use of
selective inhibition drugs of a single pathway may not entirely suppress
inflammation. Some co-infected calves also exhibited elevated levels of
RVDI, indicating ongoing tissue repair and resolution of inflammation.
These observations are in line with Tam et al., where specialized pro-
resolving mediators such as resolvins were elevated during the resolution
phase, contributing to tissue repair and inflammatory clearance (Tam et al.
2013).

By day 14, a significant decrease in LM levels was noted, pointing to a
reduction in the inflammatory process. These findings underscore the
complex interplay of COX and LOX pathways in shaping the inflammatory
response during coinfections.
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4.4 Study IV-In vitro interaction of IDV and other bovine
respiratory viruses

441 Viral replication

The replication profiles of IDV, BRSV and BPIV-3, either alone or in
coinfection, revealed a clear viral interference suggesting that IDV can
suppress the replication of BRSV and BPIV-3. In the IDV and BRSV
coinfections, IDV RNA quantity were significantly reduced at 24, 48, and 72
hours hpi compared to in single infections, although infectious titers
remained unchanged at all time points. The same trend was observed in
IDV/BPIV-3 coinfections, with significantly reduced IDV RNA quantity at
24 and 48 hpi in the single infection, but no significant changes in infectious
titers. In contrast, both BRSV and BPIV-3 showed a significant reduction in
RNA abundance and infectious titers during coinfection with IDV. For
BRSYV, viral RNA quantity were significantly lower in co-infected scenarios
at 24, 72, and 96 hpi, in addition to lower titers at 72 hpi Similar patterns
were observed for BPIV-3, with RNA quantity and viral titers being lower
in coinfected conditions compared to single infections. Single infections
yielded higher RNA quantities at 24, 48, and 72 hpi, and significantly higher
titers at 48 and 72 hpi. There was no evidence of increased replication of
either BRSV or BPIV-3 during coinfection, neither by RT-PCR, nor by titer,
reinforcing the suppressive effect of IDV. These data are strongly indicative
of viral interference mechanisms, in which the presence of IDV appears to
hinder the replication of other co-infecting respiratory viruses. This aligns
with known scenarios in human virology, where interaction among
respiratory viruses can impact on their replication (Babawale & Guerrero-
Plata 2024). These results can be also linked to findings from animal
surveillance data, such as the work of Saipinta et al., which reported lower
BRD-related mortality in IDV-positive calves (Saipinta et al. 2022). This
supports the hypothesis that IDV may contribute to altered pathogenesis by
interfering with the replication of more pathogenic respiratory viruses,
thereby modulating disease severity and progression in naturally co-infected
hosts.

442 Cytopathic effect

Microscopic evaluation of the CPE provided further insight into the
functional consequences of viral challenges. At 72 hpi, single BRSV
infections induced pronounced morphological changes in approximately
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30% of the cell monolayer, increasing to 50% at 96 hpi. In contrast, co-
infected cultures (IDV and BRSV) showed only 10% CPE at 72 hpi and 20%
at 96hpi, highlighting a significant attenuation of cellular damage in the
presence of IDV. This attenuation correlates with the reduced replication of
BRSYV in coinfection and may reflect a broader modulation of host cellular
responses. Similar protective effects have been observed in both
experimental and clinical settings. In human airway epithelial models, prior
rhinovirus infection reduces influenza A virus replication by stimulating
interferon-mediated responses, particularly through the induction of
interferon-stimulated genes (Wu ef al. 2020; Babawale & Guerrero-Plata
2024). In the case of IDV and BPIV-3 coinfections, a similar pattern was
observed. BPIV-3 affected approximately 30% of the monolayer at 48 hpi,
while in IDV and BPIV-3 coinfections, the CPE was attenuated, to 10% at
the same time point. This attenuation suggests that IDV also exerts a
protective or moderating influence during BPIV-3 infection. These outcomes
are consistent with the viral RNA data. The CPE data supports the hypothesis
that IDV interferes with both viral replication and associated cellular
pathology, possibly through mechanisms such as innate immune activation
or altered host cell signaling. Prior studies in human respiratory coinfections
support this concept. In particular, rhinovirus infection has been shown to
protect airway epithelial cells from subsequent damage by more virulent
pathogens such as influenza A virus. This protection is mediated through the
robust induction of interferon-stimulated genes (ISGs), which establish an
antiviral state in the epithelium and significantly inhibit [AV replication (Wu
et al. 2020). Taking together, these results suggest that the degree of
cytopathogenic attenuation by IDV may be virus-specific and shaped by the
nature of the co-infecting virus and its interaction with the host antiviral
machinery.

4.4.3 Confocal microscopy

Confocal microscopy of IDV and BRSV coinfected cultures confirmed that
both viruses are capable of infecting the same cell population. While a
quantitative analysis was not performed, visual examination suggested an
approximate 10% coinfection rate at the cellular level. Dual infection was
evident, with no dominance of one virus over the other, using equal MOI
used for both. Based on the low number of co-infected cells, it can be
hypothesized that viral interference is more likely driven by a host-mediated
response to infection and potential intercellular communication, rather than
direct intracellular competition for replication resources. In the study
performed by Wu et al., researchers showed that rhinovirus infection of
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airway epithelial cells significantly inhibited subsequent influenza A virus
replication, even though most cells were not co-infected (Wu et al. 2020).
The protective effect was lost when interferon signaling was
pharmacologically blocked, underscoring the role of intercellular antiviral
signaling rather than direct virus-virus interaction.

4.4.4 Transcriptomic

Transcriptomic analysis in single and coinfection models demonstrated
different time and virus-specific patterns of host response regulation. At 12
hpi, BRSV significantly upregulated a subset of interferon-stimulated gene
(ISG)-associated pathways, consistent with the known ability of the virus to
induce a transient early innate immune response. In contrast, IDV alone did
not activate these pathways at this time point. At 12 hpi, the addition of IDV
to BRSV did not enhance ISG signaling but rather induced a significant
upregulation in signaling through the receptor tyrosine kinase TrkA. The
TrkA signaling, which is activated by its ligand NGF, has been implicated in
promoting viral replication and driving inflammatory responses in
respiratory infections, including influenza A virus (Verma et al. 2022). TrkA
promotes proinflammatory cytokine production and viral RNA synthesis in
airway epithelial cells, supporting its dual role in viral pathogenesis and
immune modulation.

At 24 hpi, BRSV exhibited a marked downregulation of genes controlled
by nuclear factor erythroid 2-related factor 2 (NFE2L2/NRF2), a key
regulator of antioxidant defense (Komaravelli et al. 2017). Suppression of
NRF2 reduces the expression of antioxidant enzymes, exacerbating oxidative
stress and inflammation in infected airways. In contrast to BRSV, IDV
showed a delayed but significant induction of interferon responses at 24 hpi.
Furthermore, IDV coinfection enhanced interferon pathway activation
compared to BRSV alone at the same time point, suggesting that IDV may
temporally reprogram host antiviral signaling to inhibit BRSV replication.
This modulation may underline the observed suppression of BRSV
cytopathic effects in coinfection models, as late-phase interferon signaling
has been shown to suppress viral replication. At 48 and 72 hpi, all infection
models exhibited a strong activation of ISG pathways, although the
coinfection condition induced a broader and stronger upregulation of several
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DEGs compared to BRSV alone. These results suggest a synergistic
enhancement of antiviral defenses over time in the presence of IDV.

The transcriptomic profile in the IDV and BPIV-3 coinfection model
showed a distinct pattern. At 12 hpi, both viruses activated cytokine and
interleukin signaling compared to uninfected controls. By 24 hpi, interferon
responses were also enhanced. Downregulated pathways were primarily
associated with cytoskeletal and structural remodeling, suggesting a
suppression of cellular maintenance functions during active viral replication.
There were few DEGs that distinguished coinfection from BPIV-3 alone,
however, a downregulation of NGF-stimulated transcription occurred at 12
hpi. This may reflect a suppression of neurogenic inflammation by the virus,
as NGF is known to enhance the biosynthesis of proinflammatory
neurotransmitters such as substance P and to sensitize neural circuits
associated with cough and bronchial hyperreactivity (Chiaretti ez al. 2013).

Taken together, these results demonstrate how coinfection with IDV
alters the dynamics of host immune and stress responses. The suppression of
NRF2 by BRSV and the enhanced late-phase IFN response in coinfection
suggest a complex interplay that may ultimately limit viral replication. The
IDV-mediated modulation of NGF- and TrkA-associated pathways suggests
an additional layer of immuno-neural regulation that may influence both
disease severity and symptomatology.
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Conclusion

This work provides new insights into the emerging role of IDV in the
pathogenesis of bovine respiratory disease. The detection of IDV in Swedish
cattle herds confirmed its circulation within the national livestock population
and revealed a broader global epidemiological presence. Phylogenetic
analyses indicated that several lineages of IDV, including reassortant strains,
are actively co-circulating in Sweden, highlighting its genetic diversity and
evolutionary dynamics. Previous experimental infection studies have shown
that IDV can alter disease progression and immune response in calves,
especially in coinfections with M. bovis. Proteomic and lipidomic profiling
of bronchoalveolar lavage samples revealed alterations in key inflammatory
pathways, suggesting a modulatory effect of IDV on host innate immune
mechanisms. In addition, in vitro coinfection models with BRSV and BPIV-
3 further confirmed the ability of IDV to enhance antiviral signaling and to
attenuate replication and the cytopathic severity depending on the pathogen
combination. This work highlights the importance of recognizing IDV as a
contributing co-pathogen that can alter disease outcomes in BRD. These
findings enhance our understanding of virus interactions and provide a basis
for future research into BRD and immunomodulation strategies. Given the
demonstrated prevalence and biological impact of IDV, its inclusion in
diagnostic panels for BRD is reasonable.
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5. Future perspectives

Future research should focus on further dissecting the immunomodulatory
mechanisms by which IDV alters the host-pathogen interaction, particularly
in the context of mixed infections. Longitudinal field studies are needed to
determine the seasonal dynamics and transmission patterns of IDV in
different cattle production systems. In addition, the reassortment ability and
the zoonotic potential of the virus should be prioritized, given the sporadic
detection in humans. IDV surveillance actions could help to better
understand and follow the impact of IDV.
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Popular science summary

Cattle often suffer from respiratory diseases caused by a combination of
viruses and bacteria. One of the more recently identified viruses, known as
Influenza D virus (IDV), appears to contribute to the development of such
diseases. This research investigates the impact of IDV on cattle health,
particularly when it occurs with other respiratory pathogens such as
Mycoplasmopsis (Mycoplasma) bovis, bovine respiratory syncytial virus and
bovine parainfluenza virus type 3. By detecting antibodies in milk samples
collected from Swedish farms, this work demonstrated that IDV is present
and widespread in the Swedish cattle population. In addition, using
preliminary laboratory studies, we showed that the virus can enhance the
immune responses and interfere with the effects of other respiratory
pathogens. These findings contribute to a better understanding of the
complexity of the development of bovine respiratory disease in cattle and to
considering the presence of IDV as a modulating factor in the disease.
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Popularvetenskaplig sammanfattning

Notkreatur drabbas ofta av luftvigssjukdomar som orsakas av en
kombination av virus och bakterier. Ett av de mer nyligen identifierade
virusen, influensa D-virus (IDV), verkar bidra till utvecklingen av sddana
sjukdomar.

Denna forskning undersoker IDVs effekt pa notkreaturens hilsa, sarskilt nér
viruset forekommer tillsammans med andra smittimnen sasom
Mycoplasmopsis (Mycoplasma) bovis, bovint respiratoriskt syncytialt virus
och bovint parainfluensavirus typ 3.

Genom att pavisa antikroppar i mj6lkprover insamlade fran svenska gérdar,
visade detta arbete att IDV finns och ar utbrett i den svenska
noétkreaturspopulationen.

Dessutom visade vi, med hjilp av prelimindra laboratoriestudier, att viruset
kan forstdrka immunresponsen och paverka effekterna av andra smittimnen.
Dessa resultat bidrar till en béttre forstielse av komplexiteten i utvecklingen
av luftvagssjukdomar hos notkreatur och till att beakta IDV's nédrvaro som en
modulerande faktor i sjukdomsférloppet.
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Abstract: Influenza D virus (IDV) has been detected in bovine respiratory disease (BRD) outbreaks,
and experimental studies demonstrated this virus’s capacity to cause lesions in the respiratory tract.
In addition, IDV-specific antibodies were detected in human sera, which indicated that this virus plays
a potential zoonotic role. The present study aimed to extend our knowledge about the epidemiologic
situation of IDV in Swedish dairy farms, using bulk tank milk (BTM) samples for the detection of
IDV antibodies. A total of 461 and 338 BTM samples collected during 2019 and 2020, respectively,
were analyzed with an in-house indirect ELISA. In total, 147 (32%) and 135 (40%) samples were
IDV-antibody-positive in 2019 and 2020, respectively. Overall, 2/125 (2%), 11/157 (7%) and 269/517
(52%) of the samples were IDV-antibody-positive in the northern, middle and southern regions of
Sweden. The highest proportion of positive samples was repeatedly detected in the south, in the
county of Halland, which is one of the counties with the highest cattle density in the country. In
order to understand the epidemiology of IDV, further research in different cattle populations and in
humans is required.

Keywords: Influenza D; cattle; serology; bovine respiratory disease; ELISA; bulk tank milk

1. Introduction

Bovine respiratory disease (BRD) is one of the most common and extensively studied
diseases in the cattle industry worldwide, with a negative impact on production, animal
welfare and health [1]. Several factors, such as host immunity, environmental conditions
and a wide diversity of pathogens, interact and promote the onset of the disease [2]. Thanks
to the extended use of molecular tools, Influenza D virus (IDV) was recently identified
as a new virus involved in BRD [3,4]. This member of the Orthomyxoviridae family was
first detected in pigs with respiratory symptoms, but subsequently to epidemiological
analyses that revealed a high seroprevalence in cattle, bovidae was proposed to be the main
reservoir [5].

Investigations based on the detection of both IDV-specific antibodies and virus demon-
strated that IDV is present in cattle herds on several continents and in numerous cases
with high infection rates [6~12]. The role of IDV in the pathogenesis of BRD is still unclear,
but experimental infections of calves suggested that IDV alone can cause respiratory signs
and lesions and that this virus has the ability to replicate in both the upper and lower
respiratory tracts. However, IDV can also be detected in healthy animals, and the potential
role of IDV in co-infections should be studied further [7,13-15].

To address the zoonotic role that IDV can represent, IDV was shown to replicate well in
human airway epithelial cells, and seroepidemiological studies demonstrated IDV-specific
antibodies in up to 95% of occupational workers in contact with cattle in USA, as well as in
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the general human population in Italy [16-19]. On the other hand, 3300 archived human
respiratory samples collected in Scotland were tested for IDV by PCR, and no IDV-RNA
was detected [20].

The enzyme-linked immunosorbent assay (ELISA) is well recognized as a robust tech-
nique with a good performance for the detection of antibodies against different pathogens
in serum. Furthermore, the combination of ELISA with the use of bulk tank milk (BTM)
samples provides a powerful tool to detect and monitor the prevalence of pathogens.
However, there are potential risks of false negative results caused, for example, by a low
seroprevalence in milked cows and the dilution effect caused by including a high num-
ber of seronegative animals in the BTM. Nevertheless, since the assay is simple, rapid
and cheap, performing ELISA on BTM is considered an excellent option to detect and
monitor the presence of infections in dairy cattle for surveillance and control programs’
purposes [21-23].

Based on the lack of information about the existence of IDV in Sweden and the potential
importance that this pathogen might have for cattle production and human health, this study
aimed to determine the presence and spatio-temporal distribution of IDV antibodies in the
Swedish cattle population using an in-house indirect ELISA on bulk tank milk samples.

2. Materials and Methods
2.1. Sample Collection

During the spring of 2019 and 2020, 461 and 338 BTM samples, respectively, were
collected following a risk-based design within the framework of the Swedish Surveillance
Program for bovine viral diarrhea virus. The samples were collected from dairy herds
across the country in a blinded manner and focused on counties with the highest cattle
density. The counties were categorized into 3 regions: Norrland (North), Svealand (Central)
and Gotaland (South). The milk was collected from the bulk tank in vials containing
bronopol as the preservative and transported to the National Veterinary Institute for further
processing. At arrival, the vials were centrifuged at 3000 RPM to facilitate the removal of
the cream fraction. Samples were stored at —20 °C until they were tested.

2.2. Indirect ELISA

An in-house indirect ELISA was performed to detect the presence of IDV-specific IgG
antibodies, as described previously [15]. We previously demonstrated that the sensitivity
and specificity of this test were 87% and 100%, respectively, when analyzing serum and
using a haemagglutination inhibition assay as the gold standard [24]. The positive control
used in the present study was an IDV-antibody-positive serum obtained from a calf that
had been experimentally infected with IDVstrain D/bovine/France/5920/2014 (HI titer:
1/1024). This positive IDV control serum had been serially diluted tenfold in both IDV
antibody-negative milk and sera from cattle and had been analyzed with both HI and
ELISA. The dilution that resulted in an OD value 10% higher than the mean OD value of
the negative sera, plus three standard deviations, was used as the positive control. Samples
were considered IDV-antibody-positive if the corrected optical density (COD = ODgample —
ODyjank) Was >10% of the COD of the positive control.

2.3. Map Design

Choropleth maps showing Sweden with the different counties and regions were
created by using the software QGIS (3.26.0-Buenos Aires).

3. Results

Overall, 147 (32%) and 135 (40%) BTM samples collected in 2019 and 2020, respectively,
were IDV-antibody-positive. In 2019, all the BTM samples from the region of Norrland
were negative for IDV-specific antibodies; however, in 2020, the presence of two positive
samples in the counties of Viasterbotten and Jamtland within the region of Norrland allowed
us to also confirm the presence of the virus in the most northern region of the country
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(Table 1). No IDV-specific antibodies were detected in Norrbotten (Norrland), Gévleborg
(Norrland), Vésternorrland (Norrland), Vastmanland (Svealand), Stockholm (Svealand),
Uppsala (Svealand) or Kronoberg (Gotaland). Counties located in the southern region of
Sweden (Goétaland), and in particular in the county of Halland, had the highest proportion
of antibody-positive samples (84% and 77% in 2019 and 2020, respectively, Table 1, Figure 1).
Whereas the proportion of positive samples increased by 22% between 2019 and 2020 in the
southern region, it increased by only 8.1% in the country.

Table 1. Sample size, number and proportion of herds with IDV-specific antibody in bulk tank milk
in different Swedish counties.

2019 2020 Overall
Region County Sample Size NPS? (%) ® Sample Size NPS? (%) ® Sample Size NPS 2 (%) ®
Gévleborg 13 0(0) 7 0(0) 20 0
Norrland Norrbotten 5 0(0) 6 0(0) 11 0
&” :1‘1‘) Vésterbotten 14 0(0) 41 124 55 1(1.8)
or Vésternorrland 14 0(0) 6 0(0) 20 0
Jamtland 5 0(0) 14 1(7.1) 19 1(5.3)
Total Norrland 51 0(0) 74 2(27) 125 2(1.6)
Orebro 8 2(25) 13 3(23.1) 21 5(23.8)
Véastmanland 10 0(0) 3 0(0) 13 0
Svealand Dalarna 14 0(0) 12 1(83) 26 1(3.8)
{Conter) Virmland 16 2(13) 10 1(10) 26 3(11.5)
Stockholm 5 0(0) 7 0) 12 0
Uppsala 13 0(0) 12 0 25 0
Sodermanland 19 0(0) 15 2(13.3) 34 2(5.9)
Total Svealand 85 4(47) 72 7(9.7) 157 11(7)
Ostergotland 16 6(38) 6 0(0) 2 6(27.3)
Vistra Gotaland 76 51 (67) 57 39 (68.4) 133 90 (67.7)
Gotaland 24 5(21) 7 5 (71.4) 31 10 (32.2)
Gotaland Halland 37 31 (84) 13 10 (76.9) 50 41(82)
South) Blekinge 5 0(0) 7 1(14.3) 12 1(8.3)
Skéne 56 33 (59) 40 25 (62.5) 96 58 (60.4)
Kalmar 47 15 (32) 61 46 (75.4) 108 61 (56.5)
Jonkoping 40 2(5) 1 0(0) 41 2(4.9)
Kronoberg 24 0(0) 0 0 24 0
Total Gotaland 325 143 (44) 192 126 (65.6) 517 269 (52)
Total Sweden 461 147 (31.8) 338 135 (39.9) 799 282 (35.2)

2 Number of positive samples P Percentage of positive samples.

Figure 1. Maps of Sweden displaying the counties and the borders of the northern, central and
southern regions. (a) The proportion of bulk milk samples in which IDV-specific IgG antibodies
were detected in 2019, (b) the proportion of bulk milk samples in which IDV-specific IgG antibodies
were detected in 2020, and (c) dairy cow density. The blue lines highlight the border of the different
regions.
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4. Discussion

These results demonstrate, for the first time, a circulation of IDV among Swedish
dairy cattle. The southern region of the country (Gotaland) consistently contained the
highest number of antibody-positive herds, which suggests a high circulation of virus in
that area. This was previously additionally demonstrated for bovine respiratory syncytial
virus and bovine coronavirus and may be explained by the high density of animals [25].
Moreover, the shorter distance between farms may facilitate the transfer of animals between
herds, more human contacts and animal professional visits in a higher number of herds
per day. In addition, the connection with continental Europe might constitute an increased
risk of transmission of infectious diseases. Halland, the county with the highest IDV-
seroprevalence, has the highest density of dairy cows in Sweden (419 dairy cows per
100 kmz) and is situated very close to the border with Denmark. In contrast, no IDV-specific
antibodies were detected in samples from the county of Norrbotten, which has the lowest
dairy cow density in Sweden (4.59 dairy cows per 100 km?) and which is situated at the
opposite extreme of the border. Although not much information is available on the potential
routes of transmission for IDV, experimental studies have shown that aerosol transmission
within a building is possible [15]. Since IDV antibodies were detected in humans and in a
wide range of animals, including wild animals such as wild boar, these may additionally
contribute to the spread of the virus [26-29]. However, considering the fragility of influenza
viruses in the environment, any human or animal species probably needs to be in the same
building, and perhaps even in close contact with cattle, for the virus to spread.

Several serological studies conducted worldwide show a divergent seroprevalence in
animals, but few of those studies report a seroprevalence at the herd level. Japan, Argentina
and Luxembourg showed 50%, 75% and 97.7% IDV-antibody-positive farms among those
sampled, respectively [8,12,24]. The broad sample design of this study, involving areas
with a low and high animal density, and the high biosecurity level of the farms in Sweden
may explain why the prevalence was not as high as in other countries.

To our knowledge, this is the first IDV-specific antibody survey performed by using
BTM. Although adult cows are commonly less susceptible to respiratory viral infections
than calves, the fact that they are kept in herds for a long period of time turns them into
good sentinel animals for this kind of surveillance. Bulk tank milk samples can be obtained
in a fast, inexpensive and non-invasive way and are an excellent option for the mass
screening of diseases, as long as no classic vaccine has been used, as in the case of IDV. On
the other hand, although immunoglobulin G is the most abundant immunoglobulin found
in milk, the antibody concentrations are considerably lower than those found in serum [30].
The dilution effect that is generated when samples from pooled milk are analyzed does not
allow one to exclude with precision the presence of a positive animal. In addition, several
authors point out that antibody levels in milk may fluctuate depending on different factors,
such as the stage of lactation in which the animal is at the time of sampling, subclinical
mastitis, the season, the feeding system, the breed, and the age [31-33]. Regarding IDV,
no studies have yet established the time during which the antibodies can be detected in
milk. Consequently, it is possible that the rates reported in this study are underestimated.
Therefore, once the herd has been identified as positive by BTM samples, follow-up tests
with individual serum samples can be performed to further identify animals exposed to
IDV. In addition, IDV-RTqPCR can be routinely carried out on nasal swabs to improve
detection and confirm or exclude viral circulation in herds in which the virus is circulating.

The observed shifts in the positive rate between 2019 and 2020 could be explained by
differences in the sample size of each county for each year. However, if we consider the
seasonality of influenza cases in humans, it is possible to hypothesize that this same pattern
also occurs for Influenza D in the cattle population. Therefore, a variation in positive rates
can be expected depending on the season and the year in which the sample is collected.
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5. Conclusions

The present study demonstrates that IDV is present in Swedish dairy herds and with a
higher prevalence in the south of the country. Further studies should focus on the detection
of IDV in BRD outbreaks and on the duration of IgG antibodies in milk and serum. In
addition, it is necessary to study the prevalence of IDV in other species including humans
in order to gain a deeper understanding of the epidemiological pattern of this virus.
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Abstract: Increased evidence suggests that cattle are the primary host of Influenza D virus
(IDV) and may contribute to respiratory disease in this species. The aim of this study was
to detect and characterise IDV in the Swedish cattle population using archived respiratory
samples. This retrospective study comprised a collection of a total 1763 samples collected
between 1 January 2021 and 30 June 2024. The samples were screened for IDV and other
respiratory pathogens using real-time reverse transcription quantitative PCR (rRT-qPCR).
Fifty-one IDV-positive samples were identified, with a mean cycle threshold (Ct) value of
27 (range: 15-37). Individual samples with a Ct value of <30 for IDV RNA were further
analysed by deep sequencing. Phylogenetic analysis was performed by the maximum
likelihood estimation method on the whole IDV genome sequence from 16 samples. The
IDV strains collected in 2021 (n = 7) belonged to the D/OK clade, whereas samples from
2023 (n = 4) and 2024 (n = 5) consisted of reassortants between the D/OK and D/660 clades,
for the PB2 gene. This study reports the first detection of IDV in Swedish cattle and the
circulation of D/OK and reassortant D/OK-D/660 in this population.

Keywords: influenza D virus; cattle; bovine; PCR; Sweden; co-infection; phylogeny; sequencing;
reassortment

1. Introduction

In 2011, a virus similar to influenza C was identified in pigs with respiratory symptoms
in the USA [1]. Due to its distinct genetic profile and lack of cross-reactivity with influenza
C, it was reclassified as a new genus, now recognised as influenza D virus (IDV).

IDV can infect and transmit across several species, with cattle identified as the primary
host. The presence of IDV in both healthy and sick animals suggests limited virulence
in cattle [2,3]. However, metagenomic studies have implicated IDV in bovine respiratory
disease (BRD) [4,5]. While experimental intranasal infections in calves have induced mild
lesions in the respiratory tract, co-infections with Mycoplasma bovis have resulted in more
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severe lesions and clinical signs, suggesting a potential role of IDV as a co-pathogen in
BRD [6].

Despite the limited or null virulence of IDV reported in other animal species to date,
there is still reason to be concerned about the potential role of IDV in humans as a zoonotic
disease. Several studies have shown the presence of IDV antibodies in human sera, with a
wide range of positivity among different geographical and professional populations [7-9].
In Florida, a seroprevalence of 97% was reported among cattle workers, compared to
18% among individuals without cattle contact, while in Italy, 46% of serum samples were
IDV antibody-positive by HI assay in 2014 [7,9]. In addition to serological tests, IDV has
been detected once in a bioaerosol from a hospital and in an airport, and in vitro studies
demonstrate the ability of IDV to replicate in human respiratory epithelial cells and also to
infect and transmit in ferrets, mice, and guinea pigs, which are common models used to
study influenza infection in humans [1,10-14].

The virulence potential of influenza viruses is strongly linked to genetic characteristics
allowing spreading between different hosts. Since their discovery, IDV strains have been
divided based on the hemagglutinin-esterase fusion (HEF) gene into four major lineages.
In Europe, two major lineages have been detected so far, D/OK and D/660 [15]. In 2022,
Gaudino et al. demonstrated that the HEF glycoprotein of IDV has a significantly higher
nucleotide substitution rate compared to the HEF of human influenza C virus, suggesting
the possibility for reassortment and the emergence of new strains [15]. Genetic reassortant
patterns in IDV, comprising gene segments from both D/OK and D/660, have previously
been observed in Italy, USA, Canada, and France [16-19].

Previously in Sweden, the circulation of IDV was indicated by the detection of IDV-
specific antibodies in 282 out of 799 (35%) bulk milk samples from Swedish dairy farms, but
the IDV strains circulating in the cattle population were not detected or phylogenetically
characterised [20]. This study aimed to screen respiratory samples collected from cattle
with respiratory signs by IDV real-time reverse transcription quantitative PCR (RT-qPCR),
to determine the presence of IDV in sampled animals and to perform a phylogenetic char-
acterisation to improve the understanding of the evolutionary dynamics of IDV in Sweden.

2. Materials and Methods

A total of 1763 respiratory samples collected from bovine clinical cases exhibiting
respiratory signs were retrospectively analysed for the presence of IDV. These samples,
submitted to the Swedish Veterinary Agency between 1 January 2021, and 30 June 2024,
consisted of lung tissue and individual or pooled nasal swabs, with each pool containing
samples from up to five animals. Samples were collected in 248, 258, 248, and 239 herds in
2021, 2022, 2023, and 2024, respectively. The farms were geographically spread through the
whole country and were located in 172 municipalities from the Overtorned Municipality
(66°23'17"" N 23°39'13" E) in the North to the Trelleborg Municipality (55°22' N 13°10’ E) in
the Southern part of the country. The samples were initially screened for a range of the most
common respiratory pathogens, including bovine coronavirus (BCoV), bovine respiratory
syncytial virus (BRSV), bovine parainfluenza virus type 3, Mycoplasma bovis, Pasteurella
multocida, Histophilus somni, and Mannheimia haemolytica, as part of routine diagnostics and
veterinary care investigation and stored at —80 °C until tested for IDV. If IDV was detected
in any pooled samples, a confirmatory PCR test was performed on individual samples
from that pool. This step not only reconfirmed the presence of IDV, but also determined
the extent of positive animals among that pool. Positive samples for IDV were then used
for phylogenetic analysis.

RNA was extracted using the IndiMag Pathogen Kit (INDICAL Bioscience, Leipzig,
Germany). For each extraction, 200 pL of the sample and 20 pL of proteinase K were
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transferred to a Deep Well-96 plate, followed by the addition of 500 uL of lysate mix,
prepared according to the manufacturer’s instructions. The extraction process was carried

out using a Maelstrom-9600 (TANBead, Taoyuan City, Taiwan) extraction robot. The
presence of IDV was detected using RT-qPCR, targeting the NP gene of IDV, as previously

described [21]. Positive samples were retested in triplicate using a second RT-qPCR assay

targeting the polymerase gene of influenza D viruses to confirm the results [1]. IDV-RNA-
positive samples with Ct values <30 were selected for whole-genome sequencing. These

samples underwent metagenomic next-generation sequencing using the Illumina MiSeq

instrument (Illumina Inc., San Diego, CA, USA). Library construction was performed with

the NEXTERA-XT kit (Illumina Inc., San Diego, CA, USA), according to the manufacturer’s

instructions. The quality of the libraries was assessed using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Sequencing was conducted on a MiSeq
instrument using a MiSeq Reagent Kit v3 in a 600-cycle paired-end run. The generated data
were analysed with CLC Genomics Workbench v21 (CLC bio, Aarhus, Denmark).

Phylogenetic trees were constructed for each gene segment using relevant nucleotide
sequences from GenBank. Blast homology searches were performed to retrieve the top
100 homologous sequences for the sequenced gene segments. Phylogenetic analysis was
conducted using the maximum likelihood method implemented in MEGA7: Molecular Evo-
lutionary Genetics Analysis version 7.0.26. The robustness of the ML trees was evaluated
by bootstrap analysis with 2000 replicates.
Choropleth maps showing Sweden with the positive municipalities and regions were

created by using the R version 4.4.1.

3. Results

A total of 51 animals were positive for IDV. Of these, 36 positive samples were identi-
fied during the 2020-2021 influenza season (1st of October—30th of September), while the
remaining 15 were detected during the 2023-2024 season (Figure 1). The mean Ct value for
IDV-positive samples was 27, with a range from 15 to 37.

FLU SEASON FLU SEASON FLU SEASON FLU SEASON
2020-2021 L 2021-2022 L 2022-2023 o 2023-2024
L 1 I L
120

[72]

o

2 80

€

(]

2]

-

(o]

s

[

Ke)

£ 40

z
c o S 5 >c S5 oapg 299 cot s >cs500o0ag 20 cos s >c 35008 2090cao5 5 >c
5222833538628 322283528562883222833528028382283

Tested samples Il Positive samples

Figure 1. Number of tested and positive samples from 2021 to 2024, categorised by influenza seasons
(October-September). Positive samples were detected during the 20202021 and 2023-2024 seasons.
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Positive samples were collected from 14 different farms, 9 of which were fattening
farms (Table 1). Regarding the age distribution, 38/51 (75%) positive samples were from
calves younger than 16 weeks (Table 1).

Table 1. Laboratory results and sample information, including farm production type, sample type,
and age of sampled calves. F = fattening farm, S = suckler cow, and D = dairy farm n.d = no data.
NS = Nasal swabs and Lung= lung tissue. W = Week, Y = year. The results are presented as the Pos
(+) and Neg (—) of the corresponding RT-qPCR for IDV.

. Number of Numbe.r ?f
Farm ID Production Type Sample Type Age Group Tested Animals IDV-I"osmve
Animals
1 F NS 3-6w 4 4
2 S NS ly 4 4
3 F NS 12-14w 4 4
NS 35w 3 3
NS 828w 3 3
NS 4w 4 4
NS 8w 3 3
NS 4w 3 3
4 F NS 8-12w 3 1
5 nd NS nd 1 1
6 F NS 28 w 1 1
7 F NS n.d 4 2
8 F NS 4-14w 4 4
9 Fand S Ns 49w 1 1
10 D NS 2-6w 4 4
11 nd NS nd 1 1
12 F NS 4-14w 3 3
13 n.d Lung 4y 1 1
14 F NS 816w 4 4

Among the 51 samples that tested positive for IDV, only one animal was likely single
infected with IDV, while the remaining 50 showed co-infections with at least two other
pathogens from the respiratory panel. Specifically, P. multocida was the most common
bacteria, detected in 45 IDV-positive samples (88%), whereas BCoV was the most common
virus, detected in 31 IDV-positive samples (60%, Table S1). Regarding the simultaneous
detection of several viruses, nine samples were positive for IDV, BCoV, and PIV-3, eight
samples were positive for IDV, BCoV, and BRSV, and six samples were positive for IDV,
BRSV, and PIV-3.

In 2021, positive samples were detected in six municipalities: Mjolby, Falkoping,
Mellerud, Vanersborg, Kristinehamn, and Gotland. In 2023, Tomelilla and Klippan were
the only two municipalities with positive samples. However, in 2024, the number increased
again, with positive samples detected in four different municipalities: Gotland, Varberg,
Klippan, and Sjobo (Figure 2).

Phylogenetic analysis of the seven gene segments of IDV revealed distinct patterns.
Strains collected in 2021 (n = 7) clustered within the D/OK lineage. In contrast, strains
collected in 2023-2024 (n = 9) were reassortants between the D/OK and D/660 lineages.
Specifically, gene segment 1, which encodes the PB2 protein, clustered within the D/660
lineage (Figure 3), while the rest of the gene segments remained within the D/OK gene
pool (Figure S1).
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Figure 3. Phylogenetic trees of Influenza D virus collected in Sweden. The trees illustrate the
relationships of the gene segments encoding the HEF and PB2 proteins with reference strains from
the D/OK and D/660 lineages. Strains collected analysed based on HEF protein analysis clustered
within the D/OK lineage. However, samples collected in 2023 and 2024 showed reassortment, with
genetic material from both the D/OK and D/660 lineages, specifically with gene segment 1 clustering

within the D/660 lineage.
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4. Discussion

In this study, we confirmed the presence of IDV by detecting the virus genome in
samples from animals with respiratory disease and identified two genetic variants of
influenza D viruses among cattle in Sweden. The viruses circulating in 2021 had their
complete genome constructed of segments of the D/OK lineage gene pool, while segment 1
(Polymerase Basic 2-PB2 gene) of the detected viruses in the 2023-2024 season belonged to
the D/660 lineage gene pool, representing a novel genotype and reassortants between the
D/OK and D/660 lineages. The low detection rate suggests that IDV is not a major health
concern in Swedish cattle production. Regarding age and based on our results, it seems
that IDV follows the same pattern as other respiratory pathogens, being predominantly
detected in calves younger than 4 months. This coincides with the time when maternal
antibodies have decreased and calves are exposed to stressors [22]. The higher detection
rate of positive calves in fattening farms may be linked to common conditions in this type
of production, such as the mixing of calves from different farms, transportation stress,
changes in diet, new housing environment, and high animal density.

Only 1 out of 51 IDV-positive animals was found to be single infected with IDV,
whereas the remaining 50 were positive for at least two other pathogens from the respiratory
panel. Several of the detected bacteria are part of the normal nasal flora and may not
contribute to clinical signs. This underscores the challenges in distinguishing between
commensal presence and pathogenic impact and highlights the limitation in the use of
the molecular detection of pathogens in nasal secretions for diagnostics. Several studies
have identified IDV in nasal swabs of asymptomatic animals, suggesting that subclinical
infections are common. While much research on BRD focuses on interactions between
viruses and bacteria, our findings indicate that co-infections involving multiple established
respiratory viruses are also common. This aspect of BRD has been relatively understudied,
and our results emphasise the need for further investigation into the implications of such
viral interactions.

While a more extended study period is needed to assess the possibility of a cyclic or
“wave-like” pattern, the detection of positive animals during the colder months of 2021
and 2023/2024 suggests some degree of seasonality or annual occurrence, similarly to
what has been observed in several influenza studies, including those on IDV [7,23-25].
In this study, it is challenging to distinguish between the effects of the winter season on
immune status and the increased presence of the virus. During winter, when temperatures
drop and daylight is limited, especially in a country like Sweden, several factors could
contribute to the higher detection rates. The use of indoor housing systems, more common
in colder seasons, likely increases viral transmission due to closer animal proximity, reduced
ventilation, and increased viral survival in the environment [26].

The discrepancy between the prevalence of IDV antibodies in the previous serological
study and the limited detection of the pathogen by RT-qPCR in the present study may be
due to the use of different approaches (indirect vs. direct virus detection), different sample
types (bulk milk vs. respiratory samples), and differences in the study population (cows
vs. calves). Bulk milk reflects the antibody status of the adult cow population, the group
with the longest pathogen exposure on a dairy farm. Although the duration of antibody
responses against IDV is not well defined, it is reasonable to assume that IDV-specific
antibodies can remain detectable for several years, as was demonstrated for IAV virus in
humans and BRSV in cattle [27-29]. In addition, limited information is available regarding
the persistence or clearance of IDV in different tissues and samples. Based on three studies
with experimental infections, the clinical signs of IDV are mild and peak between 5 and
8 days post-infection (dpi) [6,30,31]. In one of these studies, Ferguson et al. demonstrated
that at 4 dpi, IDV RNA was present in both the upper and lower respiratory tracts of
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infected calves, but by 6 dpi, it was only detected in nasal tissue [31]. Moreover, Lion et al.
reported that five out of five animals infected with IDV tested positive in nasal swabs at
8 dpi, but only two out of those five were positive at 10 dpi, and only one was at 12 dpi [30].
These results suggest that the detection window for IDV in the respiratory tract is very short.
It is important to note that these studies involved experimental infections, where the viral
load and the direct induction of the infection in the upper respiratory tract were probably
different than under natural field conditions. The inability to detect mild clinical signs,
combined with delays in sampling until more severe clinical signs, likely due to secondary
infections, could explain the limited detection of animals infected with IDV. The detection
of positive samples in 2021, followed by their re-emergence in 2023-2024, might serve as an
example of the infection-immunity-reinfection model that can explain the cyclic pattern of
IDV. After an IDV outbreak, a significant portion of the population likely develops a partial
and temporary immunity, which reduces the viral circulation in the following years. As this
immunity declines or new susceptible individuals are introduced into the population, the
risk of viral re-emergence increases, facilitating the viral return. Sweden is characterised by
a lower cattle density and higher biosecurity standards compared to other countries, which
help to limit and prevent the introduction and spread of various pathogens [32].

Monitoring the genetic characteristics of IDV is crucial for tracking viral variation
and understanding its impact on the clinical expression of infections, as well as tissue and
animal species tropism. Phylogenetic analysis of the sequenced samples revealed that IDV
strains collected in 2021 belonged to the D/OK lineage, whereas the sequenced samples
from 2023 consisted of reassortants between the D/OK and D/660 lineages. Although a
limited number of strains were identified, this suggests an ongoing genetic reassortment
and evolution of the virus in the Swedish cattle population. Similar results have been
observed in Denmark, where a shift in the circulating IDV lineage from D/OK to D/660
has been detected in recent years [33]. This shift is particularly significant when discussing
influenza viruses because, in the case of IDV, it has been shown that the D/OK and D/660
lineages do not generate a fully cross-reactive immune response [16,34]. Although it is
difficult to predict the exact impact of the PB2 gene reassortment, this could significantly
influence the behaviour and epidemiology of the virus, potentially altering its replication
and hence its virulence and transmission dynamics [35,36].

Given the current understanding of the role of IDV in bovine respiratory disease, it
would be recommended to include IDV in routine diagnostic respiratory panels. This would
provide opportunities to follow the prevalence and virulence, gain a more comprehensive
insight into the respiratory disease complex of cattle, and improve disease management
strategies in the field.

In conclusion, although IDV currently appears to have a limited impact on cattle
health in Sweden, its potential role as a co-pathogen and the ongoing genetic evolution
highlights the need for continued surveillance.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/v17010017/s1, Table S1. Results of the laboratory analyses.
Samples of nasal swabs (nasal swabs-NS, pooled nasal swabs-pNS-each pool containing three to
five individual samples) and lung tissue. The production type is F = Fattening farm, S = Suckler cow
and D = Dairy farm. Positive results of pooled and individual samples are presented as the Pos/Neg
of the corresponding PCR; BCoV = Bovine Coronavirus, BRSV = Bovine Respiratory Syncitia virus,
PIV-3 = Bovine Parainfluenza 3, M.Bovis = Mycoplasma Bovis, P. multocida = Pasturella multocida,
M. haem = Mannheimia haemolytica, H.somnia = Histophilus somni, IDV = Influenza D virus,
Pos. = positive qPCR result, Neg. = Negative qPCR. Table S2. Accession Number for the Sequenced
Strain. Figure S1. Phylogenetic trees illustrating the relationships of the gene segments encoding
the PB1, P3, NP, P42, and NS proteins with reference strains from the D/OK and D/660 lineages.
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Figure S2. Philogenetic trees illustrate the relationships of the gene segments encoding the HEF and
PB2 proteins with reference strains from the D/OK and D/660 lineages.
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Abstract: The role of Influenza D virus (IDV) in bovine respiratory disease remains unclear. An
in vivo experiment resulted in increased clinical signs, lesions, and pathogen replication in calves
co-infected with IDV and Mycoplasma bovis (M. bovis), compared to single-infected calves. The present
study aimed to elucidate the host-pathogen interactions and profile the kinetics of lipid mediators in
the airways of these calves. Bronchoalveolar lavage (BAL) samples collected at 2 days post-infection
(dpi) were used for proteomic analyses by liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Additionally, lipidomic analyses were performed by LC-MS/MS on BAL samples collected
at 2,7 and 14 dpi. Whereas M. bovis induced the expression of proteins involved in fibrin formation,
IDV co-infection counteracted this coagulation mechanism and downregulated other acute-phase
response proteins, such as complement component 4 (C4) and plasminogen (PLG). The reduced
inflammatory response against M. bovis likely resulted in increased M. bovis replication and delayed
M. bovis clearance, which led to a significantly increased abundance of oxylipids in co-infected calves.
The identified induced oxylipids mainly derived from arachidonic acid; were likely oxidized by
COX-1, COX-2, and LOX-5; and peaked at 7 dpi. This paper presents the first characterization of BAL
proteome and lipid mediator kinetics in response to IDV and M. bovis infection in cattle and raises
hypotheses regarding how IDV acts as a co-pathogen in bovine respiratory disease.

Keywords: Influenza D; Mycoplasma bovis; proteomics; lipidomics; oxylipids; eicosanoids; bovine
respiratory disease; cattle; co-infection

1. Introduction

The increased use of molecular technologies has allowed for the discovery of previ-
ously unknown viruses, such as Influenza D virus (IDV), in the upper respiratory tract of
cattle [1-3]. In addition, the widespread detection of high IDV-specific antibody titers in
cattle on different continents suggests that cattle are the primary reservoir for IDV [4-11].
Although the precise role of IDV in bovine respiratory disease (BRD) remains unclear,
several epidemiologic and molecular studies indicated that this virus is associated with res-
piratory clinical signs in calves [1-3,7,12]. In addition, experimental studies demonstrated
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that IDV induces respiratory clinical signs and replicates in both the upper and lower
respiratory tract of calves [13,14]. To date, IDV has also been studied during co-infection
with S. aureus in mice, M. ovipneumoniae in lambs, and M. haemolytica and M. bovis in cattle,
with conflicting results [13,15-17]. In mice, a primary infection with IDV did not cause any
signs of disease and did not increase the susceptibility to a secondary S. aureus infection. In
lambs, IDV alone did not induce clinical signs, but previous exposure to M. ovipneumoniae
enhanced the inflammatory response induced by IDV. Furthermore, Zhang et al. infected
calves intranasally with IDV and five days later intratracheally with M. haemolytica. The
co-infected calves developed fewer clinical signs and less severe lesions than those infected
with M. haemolytica alone, suggesting that IDV can reduce disease as a co-pathogen [17].

Among the different co-infections studied so far, the interaction between IDV and M.
bovis showed the most negative impact on the health of the animals. Compared with calves
infected with IDV or M. bovis alone, the IDV and M. bovis co-infected calves developed
more severe clinical signs and more extensive pathological lesions in the respiratory tract.
In addition, IDV co-infection increased the replication of M. bovis. The interaction between
IDV and M. bovis was additionally studied in ex vivo models using precision-cut lung
slices by Gaudino et al. [18]. The results suggested that a primary IDV infection promoted
M. bovis superinfection by increasing bacterial replication and by causing damage to lung
pneumocytes. Additional experiments using cytosolic helicase and Toll-like receptor (TLR)
agonists indicated that IDV increases the susceptibility of cattle to bacterial superinfections,
such as M. bovis, by impairing the innate immune response [18].

As the interaction between IDV and M. bovis was demonstrated to be particularly
detrimental, understanding the disease mechanisms involved in this process is crucial.
Proteomic analysis provides insights into the immune response and allows us to identify
proteins or pathways involved in host defense or pathogenic mechanisms of a novel virus
such as IDV [19]. On the other hand, lipidomic profiling at multiple time points after
infection enables us to describe the processes involved in the induction and resolution of
inflammation during the course of infection. Anti-inflammatory drugs that are used to
treat BRD act by inhibiting cyclooxygenase (COX) enzymes that oxidize lipids involved
in both inflammatory and resolutive pathways. A better characterization of the oxylipid
response in the context of infection would improve our understanding of these responses
and can ultimately guide both the application of medication and drug development. When
used in combination, proteomic and lipidomic techniques can provide a better picture of
host—pathogen interactions and disease progression. In this study, we aimed to investigate
the early protein response and the kinetics of the lipidomic profile in bronchoalveolar
lavage (BAL) supernatants from calves infected with IDV, M. bovis, or both, to elucidate the
role of IDV as a co-pathogen in BRD.

2. Materials and Methods
2.1. The Animal Experiment Design and Sample Collection

A total of 29 Normand and Holstein calves were included in an experimental infection
study performed at the Research Platform of Infectious Disease (PFIE, National Institute for
Agronomic Research, INRAE, Nouzilly, France) in accordance with an ethical agreement
(number APAFIS 16364-2018080211232403; French Ministry of Agriculture, Ethics Com-
mittee no. 019, approval date October 31th, 2018), as described previously in detail [13].
Briefly, calves were transferred to the facilities when they were between 3 and 6 days old
and were demonstrated to be negative for M. haemolytica, P. multocida, M. bovis, H. somni,
bovine coronavirus, IDV, bovine respiratory syncytial virus, bovine parainfluenza virus
type 3, and bovine viral diarrhea virus. The absence of M. bovis and IDV-specific serum
antibodies was confirmed using ELISA (Bio K 302; BioX diagnostics, Belgium) and hemag-
glutination inhibition (HI) assays, respectively. The calves were divided into four separate
groups according to age and were infected by nebulization with IDV (n = 8), M. bovis
(n = 8), or IDV and M. bovis (n = 8) or were similarly inoculated with non-infected cell
culture medium (n = 5). The inoculum consisted of 107 TCID50 of Influenza virus strain
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D/bovine/France/5920/2014 and/or 10'° CFU of M. bovis strain RM16 in a 10 mL volume
of Dulbecco modified eagle medium (DMEM). Daily clinical examinations were performed,
and nasal swabs were collected daily from day 3 pre-infection until 21 days post-infection
(=3 to 21 dpi). Blood samples were collected from all calves at —1, 3, 7, 10, 14, and 21 dpi,
and bronchoalveolar lavage (BAL) fluid samples were obtained from five calves per group
at —5,2,7, and 14 dpi, as described previously [13]. Three calves per group, which were
sacrificed on day 6, were excluded from the BAL sampling.

The clinical and pathological findings are summarized in the introduction above, and
these data were described previously in detail [13]. As additionally previously described,
IDV-RNA was detected in all IDV-infected calves, in both nasal swabs and BAL samples,
and M. bovis DNA was detected in all co-infected calves in nasal swabs. Moreover, M. bovis
DNA was detected in BAL samples from two out of five single M. bovis-infected calves and
four out of five co-infected calves. Significantly higher concentrations of M. bovis DNA
copies were detected in co-infected than in single-infected calves—in nasal secretions 4 dpi
and in BAL samples 7 dpi. All non-infected calves were found negative for both pathogens
by RT-qPCR in both nasal swabs and BAL samples.

2.2. Sample Processing

The BAL samples were filtered through two layers of sterile gauze, and the BAL
cells and supernatant were separated by centrifugation, as previously described [20]. The
supernatants were stored at —75 °C, prior to mass spectrometric analyses.

2.3. Proteomics

Bronchoalveolar lavages collected at 2 dpi were analyzed by mass spectrometry. Prior
to analysis, sample volumes were reduced using Speedvac (Thermo Fisher Scientific,
Waltham, MA, USA), and the total protein concentration was measured by the Bradford
Protein Assay using bovine serum albumin, as standard. Aliquots containing 7 pug of
protein were digested by trypsin overnight at 37 °C after reduction and alkylation. Before
MS analysis, the peptides were purified and desalted by Pierce C18 Spin Columns (Thermo
Fisher Scientific). These columns were activated by 2 x 200 uL of 50% acetonitrile (ACN)
and equilibrated with 2 x 200 uL of 0.5% trifluoroacetic acid (TFA). The tryptic peptides
were adsorbed to the media using two repeated cycles of 40 uL sample loading and the
column was washed using 3 x 200 uL of 0.5% TFA. Finally, the peptides were eluted in
3 x 50 uL of 70% ACN and dried.

The dried peptides were reconstituted in 50 pL of 0.1% formic acid and diluted
threefold for nano-LC-MS/MS analysis. The samples were analyzed using a QExactive
Plus Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped
with a nano-electrospray ion source. The peptides were separated by reversed-phase liquid
chromatography using an EASY-nLC 1000 system (Thermo Fisher Scientific). A set-up
of a precolumn and an analytical column was used. The precolumn was a 2 cm EASY-
column (1D 100 pm, 5 um C18) (Thermo Fisher Scientific), while the analytical column
was a 10 cm EASY-column (ID 75 pm, 3 pm, C18; Thermo Fisher Scientific). Peptides
were eluted with a 90 min linear gradient from 4% to 100% ACN at 250 nL min/L. The
mass spectrometer was operated in positive ion mode, acquiring a survey mass spectrum
with a resolving power of 70,000 (full-width half maximum), n/z = 400-1750 using an
automatic gain control (AGC) target of 3 x 106. The 10 most intense ions were selected
for higher-energy collisional dissociation (HCD) fragmentation (25% normalized collision
energy), and MS/MS spectra were generated with an AGC target of 5 x 105 at a resolution
of 17,500. The mass spectrometer worked in data-dependent mode.

The acquired data (RAW files) were processed in MaxQuant version 1.5.3.30, and
database searches were performed using the implemented Andromeda search engine.
MS/MS spectra were correlated to a FASTA database containing proteins from the Bos
taurus proteome, IDV, and M. bovis. A decoy search database, including common contami-
nants and a reverse database, was used to estimate the identification false-discovery rate
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(FDR). An FDR of 1% was accepted. The search parameters included: maximum 10 ppm
and 0.6 Da error tolerances for the survey scan and MS/MS analysis, respectively; the
enzyme specificity was trypsin; a maximum of one missed cleavage site was allowed; and
cysteine carbamidomethylation was set as static modification and oxidation (M) was set as
variable modification. The search criteria for protein identification were set to at least two
matching peptides. Label-free quantification was applied for comparative proteomics.

The results from all fractions were combined for a total label-free intensity analysis of
each sample. The collected data were filtered to include only proteins that were identified
and quantified in at least four calves within at least one of the two groups compared, as
previously described [21]. As previously described by Aguilan et al., label-free protein
quantities (LFQ) were log2-transformed and normalized by scaling each value against the
average of all proteins within a given sample [21]. A probabilistic minimum imputation
technique based on the normal distribution was used to address missing values. Proteins
with a differential fold change of less than —1 or greater than 1 and a p-value of 0.05 (—log2
p-value > 4.3219) were further analyzed using Ingenuity Pathway Analysis (IPA) software
(version 90348151, 2023 QIAGEN).

2.4. Lipidomics

Lipids mediators were analyzed in BAL samples collected at 2, 7 and 14 dpi. The extrac-
tion protocol and LC-MS/MS analysis were performed as described in Le Faouder et al. [22].
Briefly, after protein precipitation with methanol, the samples were extracted by solid phase
extraction using Oasis-HLB 96-well plates (Waters). Lipids mediators were eluted with
methanol and methyl formate. The results were expressed in pg/mL of fluids.

2.5. Statistics

Statistical analyses of the lipidomic results were performed using the Kruskal-Wallis
test with Dunn’s multiple comparisons. For proteomic data, the normality was assessed
using the Shapiro-Wilk test. If both replicates showed a normal distribution, the F-test
was used to determine the homogeneity of variance, and the appropriate f-test (with
equal or unequal variance) was then chosen for statistical comparison. Proteins with a
significant deviation from a normal distribution, as determined by the Shapiro-Wilk test,
were analyzed using the Mann-Whitney test. All graphs were created by GraphPad 9.5.0
(La Jolla, San Diego, CA, USA).

3. Results
3.1. IDV Suppresses the Coagulation and the Acute-Phase Response Induced by M. bovis

In total, 1188 proteins were detected in the BAL samples of infected and non-infected
calves. The average (range) number of semi-quantified proteins were 480 (321-590), 527
(371-796), 462 (304-618), and 489 (440-545) in controls, IDV-, M. bovis-, and IDV+M. bovis-
infected calves, respectively.

In order to identify the variance of the total protein expression for each animal 2 dpi,
a principal component analysis (PCA) was performed. Although individual variability
between calves was observed, a tendency of clustering according to treatment was de-
tected as early as 2 dpi, with a similar pattern observed in the control and co-infected
calves. (Figure 1).

Next, we examined the differences in protein expression in BAL samples from infected
calves and controls and analyzed the probability of the activation or inhibition of biological
pathways using IPA. For each comparison, the top-five pathways with the highest p-values
were illustrated (Figure 2). The pathway named “Role of Tissue Factor in Cancer” was
excluded from the analysis comparing M. bovis-infected calves and control calves due to
the lack of relevance to acute infectious respiratory disease in calves.
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Figure 1. Proteomic principal component analysis (PCA) plot illustrating the distribution of bron-
choalveolar proteome in calves at 2 dpi. The black, pink, orange, and red dots correspond to the BAL
samples of the controls, IDV—, M. bovis— and IDV+M. bovis-infected calves, respectively, and are
labeled with the calf identity number.

Four different comparisons were made to investigate the host response to IDV and M.
bovis as single infections or the role of IDV and M. bovis as co-pathogens: IDV vs. control;
M. bovis vs. control; IDV+M. bovis vs. M. bovis; and IDV+M. bovis vs. IDV. Overall, a
total of eight canonical pathways were identified, which included the coagulation system,
intrinsic prothrombin activation, extrinsic prothrombin activation, LXR/RXR activation,
FXR/RXR activation, the neutrophil extracellular trap, acute-phase response signaling, and
airway pathology in chronic obstructive pulmonary disease. Due to the small number of
differentially expressed proteins in IDV+M. bovis- vs. IDV-infected calves, no pathways
were identified in this comparison.

A total of 59 proteins were differentially expressed between IDV-infected calves and
controls. Compared to the controls, the BAL samples of IDV-infected calves contained 22
downregulated proteins and 37 upregulated proteins (Figure 2, Supplement S1). Of these,
nineteen proteins were found to be involved in the top-five most significant pathways.
Among these 19 proteins, 7 were associated with the acute-phase response and 10 were
downregulated. The acute-phase response pathway was the most significantly affected
pathway, with a —log (p-value) of 12.2 (Figure 2). In particular, APOA2 was strongly
downregulated by IDV, with a fold change of —5 and a —log 10 (p-value) of 6.12. On the
other hand, seven proteins were implicated in the neutrophil extracellular trap pathway,
six of which were upregulated (Figure 2).

Opverall, 25 proteins were differentially expressed between M. bovis-infected calves and
controls, with 15 proteins downregulated and 10 proteins upregulated by M. bovis (Figure 3).
Of these, seven proteins were found to be involved in the top-five affected pathways. The
coagulation system pathway emerged as the most significantly upregulated pathway, with
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a —log (p-value) of 9.75 (Figure 3). Unlike in IDV-infected calves, the acute-phase response
pathway was activated by the upregulation of four proteins: C9, F2, FGB, and FGG).
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Figure 2. Comparative analysis of protein expression and associated biological pathways in bron-
choalveolar lavage of IDV-infected calves vs. controls. Upregulated proteins and pathways are
illustrated in red, whereas downregulated proteins and pathways are represented in green. Pathways
exhibiting both upregulated and downregulated proteins are indicated in light blue. The proteins in-
volved in the top-five significantly affected pathways are identified by their gene name. All illustrated

proteins are listed in the supplementary information (Supplement S1).
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Figure 3. Comparative analysis of protein expression and associated biological pathways in bron-
choalveolar lavage of M. bovis-infected calves vs. controls. Upregulated proteins and pathways are
illustrated in red, whereas downregulated proteins and pathways are represented in green. Pathways
exhibiting both upregulated and downregulated proteins are indicated in light blue. The proteins in-
volved in the top-five significantly affected pathways are named with their gene name. All illustrated
proteins are listed in the supplementary information (Supplement S1).

To investigate the effect of IDV during co-infection with M. bovis, we compared
the proteome of IDV+M. bovis-infected calves and M. bovis-infected calves. A total of
58 differentially expressed proteins were detected, of which 17 were downregulated and 41
were upregulated by the addition of IDV (Figure 4). Despite being able to identify thirty-
seven of the upregulated proteins, the software was not able to find any of these proteins
among the top-five pathways. By performing a manual analysis of each of the upregulated
proteins, six proteins (GPI, CD177, OSTF1, S100A11, CTSD, and GSTP1) can be associated
with neutrophil degranulation. A total of thirteen downregulated proteins were identified
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in the five most significantly expressed pathways. The coagulation pathway was observed
to be the most significantly affected pathway, with a —log 10 (p-value) of 12, similar to
M. bovis-infected calves when compared to controls. However, whereas this pathway was
upregulated by M. bovis during a single infection, it appeared downregulated by IDV
during co-infection. The acute-phase response signaling pathway contained the highest
number of detected proteins, with a total of nine proteins: A2M, AMBP, C4A /C4B, FGA,
FGB, FGG, FN1, and PLG. Plasminogen was particularly differentially expressed, with a p-
value of 0.004, and, similar to FGA, AMBP, and FETUB, was differentially expressed only in
the comparison between IDV+M. bovis-infected calves vs. M. bovis-infected calves (Table 1).
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Figure 4. Comparative analysis of protein expression and associated biological pathways in bron-
choalveolar lavage of IDV+M. bovis-infected calves vs. M. bovis-infected calves. Downregulated
proteins and pathways are represented in green. The proteins involved in the top-five significantly
affected pathways are named with their gene name. All illustrated proteins are listed in the supple-
mentary information (Supplement S1).
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Table 1. Proteins that were differentially expressed only by the addition of IDV to the M. bovis infection.

Protein Description Fold Change p-Value Biological Process
FGA Fibrinogen alpha chain -1.6 0.03 acute-phase response
PLG Plasminogen -13 0.004 blood coagulation
AMBP Alpha-1-microglobulin —-2.29 0.03 negative regulation of immune response
FETUB Fetuin B —-2.3 0.03 response to systemic inflammation
To assess the role of M. bovis as a co-pathogen at 2 dpi, we compared the proteome of
IDV+M. bovis-infected calves with that of IDV-infected calves. Only eight proteins were
differentially identified in the analysis, of which four were downregulated (mucin, LPO,
cathepsin G, bnbd9, and PIGR) and three were upregulated (APOA1, C5, and AOC3)
(Figure 5). None of these proteins was identified when comparing M. bovis-infected calves
with non-infected calves. As mentioned above, due to the low number of proteins identified,
it was not possible to identify canonical pathways.
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Figure 5. Comparative analysis of protein expression in bronchoalveolar lavage of IDV+M. bo-
vis-infected calves vs. IDV-infected calves. Upregulated proteins are illustrated in red, whereas
downregulated proteins are represented in green. All illustrated proteins are listed in the supplemen-
tary information (Supplement S1).

3.2. Co-Infection with IDV and M. bovis Induced a Higher Oxylipid Concentration in BAL
Samples Than Either Single Infection at Day 7 Post-Infection

To investigate the processes of inflammation and resolution in more detail, a mass
spectrometry (LC-MS/MS) analysis of lipid intermediates and mediators was performed
in BAL samples obtained from all calves at 2, 7 and 14 dpi. Based on their polyunsaturated
fatty acid (PUFA) precursors, 23 lipids were associated with 3 main oxylipid pathways.
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The arachidonic acid (ARA) pathway consisted of PGE2, 6K-PGF1A, TXB2, 5-HETE, LTB4,
15-HETE, LXA4, LXB4, and 12-HETE. The docosahexaenoic acid (DHA) pathway included
14-HDOHE, 7(R)-MAR1, MAR?, 17-HDOHE, PDX, PD1, RVD1, RVD2, RVD5, RVD3, and
RVD4. Furthermore, the eicosapentaenoic acid (EPA) pathway involved 18-HEPE, RVE1,
and RVE2.

At 2 dpi, no significant difference in the activation of any of the oxylipid pathways
was detected between the calves in the different groups, but the controls had the lowest
overall oxylipid concentration (Figure 6).

7 dpi = ARA
== DHA
EPA
% %k % %k %k
* % *%k
*
14 dpi

Figure 6. Dynamic changes in lipid oxidation in bronchoalveolar lavage from calves infected with
IDV, M. bovis or IDV+M. bovis, or from uninfected controls, at 2, 7 and 14 days post-infection (dpi).
ARA: Arachidonic Acid, DHA: Docosahexaenoic Acid, EPA: Eicosapentanoic Acid. Significance
levels are indicated as follows: * (p-value < 0.05), ** (p-value < 0.01), and *** (p-value < 0.001).

At 7 dpi, a high expression of the ARA pathway was detected in the IDV+M. bovis-
infected calves, followed by IDV-infected calves, M. bovis-infected calves, and controls. The
increase in lipid expression within the ARA pathway between 2 and 7 dpi was significant
only in the IDV+M. bovis-infected calves (p < 0.01). Between day 2 and 7, the average
concentration of the different oxylipids in this pathway increased 8.8-fold in IDV+M. bovis-
infected calves, 3.2-fold in IDV-infected calves, 1.4-fold in M. bovis-infected calves and 2.9-
fold in the controls. Notably, among the controls, the increase was mainly attributed to one
animal (No. 9238). Despite that, neither IDV nor M. bovis was detected in the respiratory
tract of this calf, and despite having a normal body temperature and no microscopic
lesions in all investigated organs, calf 9238 showed mild clinical signs from 1 dpi, such as
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decreased appetite, a cough, and abnormal respiratory rate. The removal of calf 9238 from
the statistical analysis did not change the final results of any of the assessments throughout
the study. This only affected the mean values within the control group and consequently
the visualization of the graphs due to changed standard deviations.

Whereas the expression of ARA lipids at 7 dpi was significantly higher in IDV+M.
bovis-infected calves than in controls (Figure 6), no significant difference was observed
between IDV+M. bovis-infected and single-infected calves. Nevertheless, a strong statistical
difference was observed in the expression of ARA, DHA, and EPA oxylipids at 7 dpi
compared to both 2 dpi (ARA, DHA, and EPA) and 14 dpi (ARA and DHA) in double-
infected calves (Figure 6).

A non-significant reduction in the concentration of oxylipids was additionally ob-
served in the other infected calves at 14 dpi compared to 7 dpi. The amount of ARA lipids
was 9.39-, 1.93-, and 1.2-fold lower at 14 dpi than at 7 dpi for the IDV+M. bovis-, IDV-, and
M. bovis-infected calves, respectively.

In terms of individual lipids, a high production of ARA-oxylipids, including PGE2,
6K-PGF1A, TXB2, 5-HETE, LTB4, 15-HETE, and 12-HETE, and the DHA lipid 14-HDOHE,
was observed in all calves throughout the experiment (Figure 7). Most of the individual
lipids detected in the infected calves peaked at 7 dpi.
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Figure 7. Heatmap displaying the mean concentration (pg/mL) of each of the 23 oxylipids analyzed.

Among the oxylipids analyzed, concentrations of PGE2, TXB2, and LTB4 were statisti-
cally different between IDV+M. bovis-infected calves and controls at 7 dpi (Figure 8). At
7 dpi, TXB2 was the most abundant lipid in both IDV-infected and IDV+M. bovis-infected
calves, making it the most abundant oxylipid throughout the study.
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Figure 8. Oxylipids in bronchoalveolar lavage from calves infected with IDV, M. bovis or IDV+M.
bovis, or from uninfected controls, at 2, 7 and 14 days post-infection. The bars denote mean
value =+ standard deviations. The asterisk indicates significant changes (p-value < 0.05).

4. Discussion

This study comprehensively analyzed the bronchoalveolar proteome and lipidome in
calves simultaneously infected with IDV, M. bovis, or both.

The proteomic data indicated that IDV downregulates acute-phase response signaling
and counteracts M. bovis-induced coagulation system activation, which are two key mech-
anisms in the innate immune response. In parallel, high concentrations of oxylipids that
derived from the ARA pathway were detected at 7 dpi, particularly in calves infected with
both pathogens.

Proteomic analyses were performed at 2 dpi, providing information on the early host
response to infection. Of note, IDV, M. bovis, or the two pathogens in combination induced
significant changes in the expression of several proteins closely associated with innate
immunity as early as 2 dpi. In particular, proteins such as A2M, F2, FGA, FGG, FGB, KNG1,
PLG, and SERPINC1 were found to be differentially expressed. These proteins are involved
in coagulation and the acute-phase response, explaining the recurrent presence of these
pathways in the enrichment analyses. While the coagulation pathway was significantly
upregulated in response to M. bovis infection, as demonstrated by comparing M. bovis-
infected calves with uninfected controls, the addition of IDV to induce co-infection (IDV+M.
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bovis) resulted in an opposite effect, with the downregulation and counteraction of this
response compared to M. bovis infection alone.

In the context of IDV vs. controls, the coagulation pathway was not identified among
the top-five most significantly differentially regulated pathways; however, A2M and SER-
PINC1, which are proteins involved in the coagulation pathway, were downregulated
with a significant —log10 p-value of 1.35 and 1.69, respectively (Supplementary Material).
The proteins associated with the coagulation pathway (F2, FGB, FGG, KNG1, and SER-
PINC1) in the M. bovis-infected calves are predominantly associated with fibrin formation.
The formation of fibrin limits infections by supporting immune cells such as neutrophils
and macrophages, which are critical for pathogen clearance [23]. However, a study of
Mycoplasma pneumoniae in children found elevated fibrinogen levels in the most severely
affected children, indicating a correlation between coagulation and disease severity. The
authors suggested that the excessive coagulation might be related to a massive interleukin
secretion causing vascular damage [24]. Our results indicate that M. bovis infection induced
rapid fibrin formation in the lungs of calves, as a host response. In contrast, the addition of
IDV to M. bovis resulted in a downregulation of coagulation-associated proteins. Interest-
ingly, with the exception of F2, proteins upregulated by M. bovis alone were downregulated
by the addition of IDV as a co-infection. This would suggest that IDV reduces the fibrin
formation triggered by M. bovis early in infection, delaying M. bovis clearance and allowing
M. bovis replication and dissemination. Moreover, although the effect of M. bovis as a co-
pathogen was not associated with any pathway, the observed downregulation of cathepsin
G and LPO was probably related to neutrophil degranulation, which would support the
idea that the combination of both pathogens delays the host response. This observation is
consistent with the results of the in vivo experiment performed by Lion et al. [13].

Furthermore, A2M, PLG, and FGG were also downregulated in the IDV+M. bovis
infection compared to M. bovis alone. Notably, PLG was additionally downregulated in
IDV-infected calves compared to uninfected controls; however, this was with a p-value
of 0.06 (Supplementary Material). In Influenza A virus infection, the conversion of plas-
minogen to plasmin activates the viral haemagglutinin and promotes the replication of
the virus. Since plasminogen additionally induces cell infiltration and cytokine produc-
tion, plasminogen-deficient mice show reduced lung inflammation and damage during
Influenza A infection [25]. The observed reduction in PLG associated with IDV, in contrast
to what has been described for Influenza A, may be one of the reasons for the low virulence
in cattle and apparent non-pathogenicity in humans compared to IAV.

The acute-phase response pathway showed differential activity between infected
calves. In particular, there was a downregulation of the acute-phase response when IDV
was involved, in contrast to the upregulation observed in M. bovis single-infected calves.
As previously highlighted, several coagulation proteins also contribute to the acute-phase
response. However, with IDV, additional proteins (AGT, APOA2, C5, FN1, HRG, ITIH2,
SERPIND1, AMBP, and C4A/B) were identified as downregulated, emphasizing the role of
this pathway. The acute-phase response is responsible for the early initiation of several de-
fense mechanisms against infectious diseases, such as inflammation, activation of immune
cells, or fever [26]. Particularly, C4A /B was significantly downregulated in both IDV single-
and co-infected calves, compared to uninfected controls and M. bovis single-infected calves,
respectively. Moreover, C4, a key protein in the acute-phase response, plays an important
role in both the classical and lectin complement pathways. Downregulation of C4 can lead
to impaired processes such as opsonization, clearance of immune complexes, inflammatory
responses, and cell recruitment, increasing susceptibility to secondary infections [27]. In
parallel with the counteracting effect described for the fibrin-formation process, IDV seems
to reduce the activation of basic innate immune processes. The reduced concentrations of
C4 could be a key mechanism, facilitating the replication of M. bovis.

These results are also in line with a study by Gaudino et al., who used precision-cut
lung slices as an organotypic lung model to demonstrate how IDV impairs the innate
immune response induced by M. bovis. This impairment was characterized by a decrease
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in the expression of pro-inflammatory cytokines and chemokines, such as IL-8, IL1p,
and IL-17 [18].

Lipid mediator profiling of infected calves suggested the generation of several key
oxylipids, produced through catalyzation by COX-1, COX-2, and LOX, across the different
infection protocols. The highest total oxylipid expression was observed at 7 dpi in double-
infected calves and was characterized by oxylipids that derived from arachidonic acid.
Although the high ARA lipid concentrations at 7 dpi coincided with the peak of clinical
signs on day 8.6 &= 1.3 in the IDV+M. bovis-infected calves at the group level, the individual
calves with the highest oxylipid concentrations in BAL samples did not have the most
pronounced clinical signs (data not shown) [13]. It should be noted that the lipidomic profile
may vary depending on the viral strain studied. For example, Tam et al. demonstrated
different lipid expression patterns between high and low pathogenic strains of Influenza A
virus infection in mice [28]. This highlights the need to study a wider range of IDV strains
in the future.

At 2 dpi, the detection of PGE2 was significantly higher in the IDV+M. bovis-infected
calves than in controls (p-value < 0.05). Prostaglandin E2 plays a dual role in inflamma-
tion. On one hand, it is characterized by its vasodilatory properties and ability to attract
macrophages to the site of inflammation [29,30]. On the other hand, it induces a switch
to the resolution of inflammation by reducing the infiltration of neutrophils, promoting
the production of anti-inflammatory cytokines such as interleukin-10, and inducing both
apoptosis and the efferocytosis of neutrophils [31-33].

In contrast to 2 dpi, which was mainly characterized by PGE2 responses, additional
lipids such as TXB and LTB4 were produced in higher amounts, particularly in the IDV+M.
bovis-infected calves, at 7 dpi. The activation of COX-1 (TXB), COX-2 (PGE2), and LOX-5
(LTB4) in doubly infected calves on day 7 compared to uninfected controls suggests that the
use of selective inhibition drugs of a single pathway may not entirely suppress inflamma-
tion. Thromboxane is involved in platelet aggregation and has vasoconstrictive properties,
whereas LTB4 has a pro-inflammatory role in neutrophil recruitment, which influences im-
mune defense mechanisms against viral infections [34,35]. A daily administration of LTB4
to IAV-infected mice enhanced the reduction of lung viral loads through the upregulation
of antimicrobial peptides, compared to mice treated with a placebo [36].

Although no significant difference was found in RVD1 at 7 dpi, some of the IDV+M. Bo-
vis-infected calves showed a high concentration of this pro-resolving and anti-inflammatory
lipid, suggesting that a process of healing and tissue repair was carried out. In agreement
with this, a significant decrease in oxylipids was observed on day 14, suggesting a signifi-
cant reduction in the inflammatory process.

To fully evaluate the potential of IDV, different pathogen combinations need to be
tested, including different infection orders and intervals, as well as pathogen loads. Simul-
taneous co-infection is a relevant starting point because calves from different herds are
often grouped at markets or stocker farms, resulting in rapid and simultaneous exposure
to different pathogens.

The proteomic database for cattle likely does not have the same quality and com-
pleteness as that for humans or other commonly studied model organisms. However, by
comparing infected and uninfected calves, the differential protein expression provides rele-
vant information. By including lung tissue in future investigations, additional information
will be collected. The use of BAL samples presents certain challenges, including the risk
of dilution effects. However, the possibility of sampling the same individual repeatedly
over time, without the need to sacrifice the animal or perform surgery, is a great advantage.
Bronchoalveolar lavage also provides a more representative view of the lung’s immune
state than analyzing a small sample of tissue, which may over- or under-represent the
inflammatory state dependinsg on the area sampled.

In conclusion, this study investigated the BAL proteome and lipidome affected by
IDV and M. bovis infection in cattle. Our observations suggest that during infection with
IDV, certain pathways of the innate immune response, particularly those related to the
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acute phase and coagulation, are initially suppressed. This early suppression appears to
counteract the activation of the host response to M. bovis and consequently the clearance of
this pathogen during co-infection. In contrast to single infections, co-infections with IDV
and M. bovis acted synergistically and induced detectable changes in lipid mediators in
BAL samples, which were mainly generated by the COX-1, COX-2, and LOX-5-oxidation
of arachidonic acid. Although the peak of these responses matched the peak of clinical
signs, there was no association between oxylipid concentrations and disease severity in
individual calves. Further studies are required to improve our understanding of the role of
the identified proteins and oxylipids during Influenza D detection. Further studies with
different IDV strains are needed to validate the current findings and to contribute to a more
comprehensive understanding of the role of IDV in the pathogenesis of BRD.

Supplementary Materials: The following supporting information can be downloaded at: https:
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