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Evaluation of an Antiviral (Fusion Protein Inhibitor) and Ibuprofen on Neutrophil 

Extracellular Traps and Innate Lymphoid Cells in calves experimentally infected with 

Bovine Respiratory Syncytial Virus 

 

ABSTRACT 
 

The function of neutrophils and innate lymphoid cells (ILCs) in viral infections has been 

established with most of the studies conducted in mice and humans but rarely in other species 

including cattle. The role of neutrophil extracellular traps (NETs) has also been evaluated in viral 

infections but due to excess tissue damage that maybe caused by NETs, further studies are needed 

to reveal a therapeutic target. ILCs have also been identified in viral conditions affecting mice and 

humans but currently very little is known about the isolation and identification of ILCs in bovine 

lung tissue. Here, we describe a method for sample collection, cell preparation and flow cytometric 

analysis of bovine lung samples to identify bovine ILCs.   

This study aims to evaluate  the effects of the treatments, FPI and ibuprofen a 

cyclooxygenase-2 inhibitor, on the innate immune response, focusing mainly on NETs and ILCs 

to test if their populations change with the different treatment protocols. We conducted a 

randomized placebo-controlled trial of ibuprofen, FPI, or as a dual therapy initiated at 3 or 5 days 

after experimental infection with BRSV in 36 five to six-week-old Holstein calves (Bos Taurus).  

Lung tissue samples were collected and stained with antibodies conjugated with 

fluorescence dyes to visualize and quantify the NETs in situ. There were significantly fewer NETs 

in the lung tissue from calves that were given ibuprofen and both ibuprofen and fusion protein 

inhibitor from day 3 post infection compared to the placebo (no treatment) group.  



 v 

The last chapter of this dissertation depicts the experiments carried out in an attempt to 

identify ILCs from the lung samples. This is the preliminary analysis of ILCs, and further studies 

will be performed to characterize the cells and assess their function. 
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CHAPTER 1 

1. LITERATURE REVIEW 

1.1  BOVINE RESPIRATORY SYNCYTIAL VIRUS 

1.1.a. Introduction  

Bovine respiratory syncytial virus (BRSV) is a pathogen of cattle that causes respiratory 

disease by itself and as a part of the bovine respiratory disease complex (BRDC) and is thus an 

extremely important bovine pathogen[1, 2]. BRSV is closely related to a human respiratory 

syncytial virus (HRSV), one of the most important causes of infectious bronchiolitis in children 

less than two years of age, the elderly and immune compromised, with high rates of morbidity and 

mortalities[3–5]. The pathogenesis of disease in both, the bovine and human hosts, is closely 

related to the host response to virus infection[6–8]. Much has been learned about BRSV since its 

original discovery, but there are still unanswered questions regarding the variable pathogenesis, 

mechanisms of immune protection and modes of transmission within the cattle population.  

Vaccines against BRSV have been approved and are in use, however, they have been linked 

to enhanced disease pathophysiology[9, 10]. Effective treatment and preventative options for 

HRSV infection are lacking after the failure of a formalin-inactivated virus vaccine trial in the 

1960s[3, 11]. Management of HRSV infection is a significant unmet medical need, with the 

majority of treatment strategies being supportive. Hence, much research is needed to develop safe 

and effective control and treatment options. Information obtained about these closely related but 

distinct viruses and the host response is important for both species.  

Since BRSV infection in calves is similar to HRSV disease in children, BRSV is one of 

the best models to study the effects of various treatments and control options for HRSV [3, 7, 12]. 
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In return, findings from studying HRSV in vivo in humans, in small animal models, or in vitro 

have allowed a better understanding of some virological and pathogenic characteristics of its 

counterpart in bovines. The two viruses are genetically and antigenically closely related but highly 

host specific.  

 

1.1.b. The Virus 

Respiratory Syncytial Virus (RSV) in an enveloped, non-segmented, negative-stranded 

RNA virus, belonging to the genus Pneumovirus, within the family Paramyxoviridae[13–15]. The 

virion is made up of a lipid bilayer envelope with three virally encoded transmembrane surface 

glycoproteins including, large glycoprotein (G), fusion protein  (F) and the small hydrophobic 

protein (SH)[16–19]. The envelope encloses a helical nucleocapsid consisting of the nucleoprotein 

(N), phosphoprotein (P) polymerase protein (L) and a genomic RNA of around 15000 nucleotides. 

A matrix (M) protein forms a layer on the inner face of the envelope and the virus encodes a 

transcriptional anti-termination factor M2-1. The viral genome also encodes an RNA regulatory 

protein M2-2 and two non-structural proteins, NS1 and NS2. The viral particle contains cellular 

proteins including actin, caveolin-1 and MHC class I molecules [20, 21] Thus, the viral mRNA is 

translated into 11 viral proteins. The morphology of the RSV virion appears to be either 

pleomorphic, with a roughly round shape and a diameter between 150 and 35 nm, or filamentous 

with a length that can reach 5 µm and a diameter between 60 and 100 nm. The infectious particle 

contains a single functional copy of the  genome [11, 18, 19, 22].  

The two non- structural (NS) proteins, NS1 and NS2 make the virus different from other 

Pneumoviruses and from the other Paramyxoviridae[23, 24]. The NS1 protein co-precipitates with 
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the M protein and together with NS2 are important in regulating IFNα/β and have a strong 

inhibitory effect on viral RNA transcription and replication[23, 24].  

The SH protein is the smallest of the three viral membrane proteins and is not essential for virus 

replication in vitro [25–27]. There is evidence that  the SH protein may play a role in virus 

mediated cell fusion by interacting with the F protein[27]. 

The G protein is the largest RSV protein with approximately 260 amino acids (AA). It is a 

type II glycoprotein and was identified as the major attachment protein, since antibodies specific 

to the G protein blocked the binding of virus to cells, making it a major target of protective 

neutralizing antibodies against BRSV[28, 29]. It is synthesized in two forms, a membrane-

anchored form and a secreted form, the latter arises from translational initiation at a second AUG 

in the ORF. Around 80% of G proteins are produced in the secreted form 24 h after infection [30]. 

The G protein aids in the attachment of the virion at the cell surface, by interaction of its heparin-

binding domains with glycosaminoglycans on cell membranes [28, 31]. The G protein may also 

interact with L-selectin (CD62L), and surfactant proteins[26].  

The RSV fusion (F) protein is synthesized as a 547 AA precursor that is cleaved into F1 

and F2 subunits[26, 32, 33]. The F protein facilitates fusion of virus to the cell and delivering the 

nucleocapsid to the cytoplasm[34, 35]. The virus then causes infected host-cells to fuse with other 

host cells forming characteristic syncytia that lead to virus spread. The F protein is synthesized as 

an inactive precursor, F0, which has to be proteolytically cleaved at two furin consensus sequences 

to yield a fusion-active, disulphide-linked heterodimer, composed of the F2 and F1 subunits. A 27 

AA peptide released from the F protein after proteolytic cleavage into F1 and F2 has a homology 

with tachykinins. This virokinin may have a role in pathogenesis by acting as a smooth muscle 
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constrictor [30]. The F protein is highly conserved between different BRSV isolates and induces 

neutralizing antibodies that confer resistance to BRSV infection [35].  

The RSV nucleocapsid consists of the nucleoprotein (N), the phosphoprotein (P) and the 

polymerase (L) and has a length of 391 AA [26]. The P protein has 241 AA and appears to act as 

a chaperone for soluble N and is implicated as a regulation factor for viral transcription and 

replication [36]. The polymerase L of BRSV has a size of 2162 AA  and is an RNA-dependent 

RNA polymerase [11, 36]. In combination with P, L and possibly M2-2, the N protein is a major 

element of the nucleocapsid and protects the viral genome RNA from degradation by RNAse [36]. 

The M protein is 256 AA in length and has little sequence relatedness with other paramyxovirus 

M proteins[13, 36]. This protein is located on the inner surface of the viral envelope and plays an 

important role in the formation of virus-like particles. The M2-1 protein is an anti-termination 

factor that promotes transcriptional chain elongation and increases the frequency of readthrough 

at gene junctions. The M2-2 protein mediates a regulatory switch from transcription to RNA 

replication [23, 37, 38]. 

Following fusion of the viral envelope and the cell membrane, the ribonucleoprotein (RNP) 

complex is released into the cytoplasm and transcription of the viral RNA by the polymerase 

begins [39–41]. Transcription involves a sequential start-stop mechanism that produces sub-

genomic RNA. RNA replication occurs when the polymerase switches to a readthrough mode. 

This results in the synthesis of a positive-sense replicative intermediate, which acts as a template 

for replicating the negative strand genomic RNA[23]. Both genomic and antigenomic RNA are 

packaged. The nucleocapsids are assembled in the cytoplasm and then migrate with the M protein 

toward the cellular membrane, which contain the viral glycoproteins. Budding of the virus from 

the host cell membrane can occur directly at the surface of the cellular membrane or into 



 5 

cytoplasmic vesicles [18, 38, 42]. In polarized airway epithelial cells, budding of HRSV occurs at 

the apical surface and this is also true for BRSV infection of polarized bovine airway epithelial 

cells [24]. 

 

1.1.c. Pathogenesis of BRSV 

BRSV virus replicates in the superficial layer of the respiratory ciliated epithelium type II 

pneumocytes, resulting in activation of NF-κB, which leads to the induction of proinflammatory 

chemokines and cytokines, such as RANTES (CCL5), MIP-1α (CCL3), MCP-1 (CCL2), eotaxin 

(CCL11),  interleukin (IL)-8  (CXCL8),  TNF-α, IL-6, and IL-1 [23, 30, 43]. These compounds 

contribute to inflammation by recruiting neutrophils, macrophages and lymphocytes to the 

airways. The virus attaches to respiratory epithelial cells via glycosaminoglycans and the 

interaction of the F protein with TLR4 leads to activation of NF-κB via the Myd88-dependent 

pathway. Double-stranded (ds)RNA, a by-product of virus replication, binds to TLR3 leading to 

activation of the transcription factors NF-κB, IRF-3 and AP-1, which act cooperatively to fully 

activate the IFNβ promoter [44]. The NS proteins decrease STAT2 expression and inhibit IFN 

signaling. Activation of NF-κB via TLR4 and TLR3 leads to the induction of pro-inflammatory 

cytokines and chemokines with recruitment of polymorphonuclear neutrophils (PMN), 

macrophages (MQ) and NK cells to the sites of infection[12, 30]. The virokinin released following 

cleavage of the BRSV F protein may contribute to eosinophil recruitment or to 

bronchoconstriction, as it induces smooth muscle contraction [45–48].  

BRSV infection is associated with a reduction in mitogen-induced lymphocyte 

proliferation in both, calves and lambs. Studies have shown that the basis for the inefficient 

immune response triggered by the virus may be a result of induction of a Th2-biased response with 
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decreased production of IFNγ and the induction of IgE antibodies[48].  Interleukin-4 (IL-4) 

production by lymphocytes is shown to indicate a Th2 immune response with studies 

demonstrating presence of BRSV-specific IgE in the serum of calves experimentally infected with 

BRSV, which also showed a correlation between severity of clinical signs and the presence of 

BRSV-specific IgE in serum and lymph [8, 49–51].  

BRSV and HRSV are closely related but display a highly restricted host range[52]. 

Although HRSV does not replicate very efficiently in the bovine nasopharynx, it replicates 

moderately well in bovine lungs in vivo and induces some pneumonic lesions, resulting in a mild 

respiratory disease in calves upon experimental infection [53]. 

 

1.1.d. Clinical signs of BRSV 

The incubation period for BRSV is between 2 and 5 days with the infection being either 

asymptomatic, limited to the upper airways or involving both the upper (URT) and lower 

respiratory tracts (LRT)[45, 54, 55]. Generally, BRSV infection presents with pyrexia, anorexia, 

depression, cough, increased respiratory rate, and in severe cases dyspnea with open mouth 

breathing and wheezes. URT disease is characterized by a cough with sero-mucoid nasal and 

ocular discharge [56]. On auscultation of the lung, abnormal breathing sounds caused by 

bronchopneumonia or bronchiolitis might be detected [57]. Severe clinical signs are commonly 

observed in calves but might also be observed in adult cattle [45, 58]. In naïve herds clinical signs 

are usually observed in cattle of all ages when BRSV is introduced. However, it is observed only 

in calves when the virus circulates regularly in the herd. Maternally-derived antibodies provide 

partial protection against clinical signs after natural and experimental BRSV infection [48, 59, 60].  
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1.1.e. Pathology of BRSV infection  

Pathological evaluation of lungs of infected animals shows large areas of consolidation, 

occasionally with emphysematous bulla in those most severely affected [19,52–54]. 

Histologically, broncho-interstitial pneumonia may be observed. Immuno-peroxidase staining for 

BRSV antigen shows the presence of virus in bronchial epithelial cells and sometimes in type 2 

alveolar cells. In experimental models viral shedding begins around day 3 or 4, and diminishes by 

day 10 [3, 46, 55]. The host response to the virus accounts for the majority of the lung pathology 

with the virus modulating the host immune response causing ranging implications that impact on 

the response to vaccination, to secondary bacterial invaders and to inhaled environmental antigens 

[46]. Lung pathology shows the cranio-ventral parts of the lung to be consolidated and a 

mucopurulent discharge may be seen from the bronchus and small bronchi. The caudo-dorsal parts 

of the lungs are often distended because of interlobular, lobular and sub-pleural emphysematic 

lesions [8, 64–66]. Tracheobronchial and mediastinal lymph nodes may be enlarged, edematous 

and sometimes hemorrhagic. If bacterial co-infections occur, the lung parenchyma is seen to be 

more swollen and consolidated with fibrin or suppurative bronchopneumonia. Microscopic lesions 

are characterized by an exudative and proliferative bronchiolitis with accompanying alveolar 

collapse and a peribronchiolar infiltration by mononuclear cells. Giant cells or syncytia may  be  

present,  either free in the bronchi lumen, in the bronchiolar epithelium or in  the  alveolar walls 

and lumina [9, 45, 67].  The lumen of bronchi, bronchioles and the alveoli are obstructed by cellular 

debris, consisting mostly of neutrophils, desquamated epithelial cells, macrophages and sometimes 

eosinophils, and may be aggravated by bronchiolar repair and re-organization. Eosinophils and 

lymphocytes (CD4+, CD8+ and WC1+γ/δ T cells) are also observed in the lamina propria [9, 62, 
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68, 69]. Neutrophils become activated in this pro‐inflammatory micro-environment and contribute 

to RSV clearance thus limiting viral spread [70–72] 

Stimulated neutrophils are able to form Neutrophil extracellular traps (NETs), extracellular 

networks of DNA covered with antimicrobial proteins, as part of the first line of defense against 

pathogens, with the fusion protein of RSV shown to induce the formation of NETs in vitro [19, 

73, 74].  The viral‐induced NETosis appears to be induced through a TLR‐4 dependent mechanism 

[19]. NETs can capture and neutralize the RSV virions, which prevents viral binding to target 

epithelial cells. As such, the formation of NETs by neutrophils may be an important mechanism 

of the local anti‐BRSV response limiting viral spread. NET‐rich plugs with or without BRSV 

antigen were observed in calves occluding the small airways during severe BRSV infection [74–

76]. This suggests that NETs can negatively contribute to airway obstruction and 

immunopathology in BRSV disease. Alveolar changes are marked by an interstitial pneumonia 

and atelectasis in the consolidated areas and there may be severe emphysema and edema with a 

rupture of alveolar walls  in the caudo-dorsal area of the lung [71, 77]. Alveolar epithelization with 

a pneumocyte hyperplasia contributes to the enlargement of the alveolar septa with the cell 

infiltration[71].  

 

1.1.f. Epidemiology 

The impact of BRSV on the economy of the cattle industry is considerable. Studies estimate 

that more than 60% of epizootic respiratory disease in dairy herds is caused by BRSV and the 

disease can exert a strong negative impact on the dairy and beef industries with mortality varying 

from 2% to as high as 20% in some outbreaks [23, 78, 79]. 
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Although cattle are the natural host of BRSV, it is possible that other species such as ovine, 

caprine,  bison, or camelids may play an  epidemiological role in certain circumstances [26]. The 

distribution of BRSV is worldwide and the virus has been isolated from cattle in Europe, America 

and Asia [80, 81]. The virus causes regular winter outbreaks of respiratory disease in cattle. A 

seroprevalence of 30– 70% have been detected in cattle, and the virus might be responsible for 

more than 60% of the epizootic respiratory diseases observed in dairy herds and up to 70% in beef 

herds [3, 23]. BRSV antibodies have been detected in 35% of calves between 5 and 11 months of 

age in dairy herds in a Swedish study [82]. The frequency of infections in adult bovine is difficult 

to assess because of the high BRSV seroprevalence in this category of animals. 

BRSV infection has a high rate of morbidity, reaching 60 to 80% and mortality rates 

reached up to 20% in some outbreaks [3, 78]. BRSV is transmitted by direct contact between 

infected animals or by aerosol and might also be spread by humans carrying the virus [66, 83].   

 

1.1.g. Prevention, control and vaccination 

In contrast to HRSV, several vaccines against BRSV are available. However, the 

development of a second generation of BRSV vaccines with greater efficacy in inducing maternal 

antibodies and more durable protection would be facilitated by a greater understanding of BRSV 

pathogenesis. Since the peak incidence of severe BRSV disease is in calves between 2 and 6 

months of age [84, 85], an effective BRSV vaccine must be capable of stimulating an effective 

immune response within the first months of life. The presence of maternally-derived, RSV-

neutralizing, serum antibodies poses a major obstacle to successful vaccination at this time [86]. 

There is evidence also that vaccination can  exacerbate RSV disease [23, 87, 88].  A formalin-

inactivated (FI)-HRSV vaccine not only failed to protect human infants against HRSV infection 
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but increased the severity of respiratory disease in those that became infected [11, 50]. Vaccine-

augmented respiratory disease after RSV infection has been experimentally-reproduced in 

calves[89, 90]. Direct and significant correlation was made between disease severity and the 

production of BRSV specific IgE after vaccination [50]. In addition, vaccine exacerbated disease 

was shown with a β- propiolactone-inactivated virus [91]. It has been suggested that in this latter 

example immunopathogenic immune responses may have been mediated by the deposition of 

immune complexes and complement activation in the lungs. Alternatively, a strong Th-2 biased 

immune response may have been induced, which resulted in exaggerated recruitment of other 

inflammatory cells into the lung [48, 50, 64, 92]. Although it is possible to generate live, attenuated 

viruses by passage in cell culture, it has been difficult to produce a genetically stable HRSV with 

an appropriate balance between attenuation and immunogenicity. Deletion of non-essential genes, 

or incorporation of immune-stimulatory components, represent attractive options for producing a 

live-attenuated virus vaccine with minimal negative effects [28, 86, 93].  

Altering the positions of the BRSV F and G proteins from positions 7 and 8 to positions 3 

and 4 in the genome resulted in increased expression of the F and G proteins in vitro and 

attenuation of the virus after infection of young calves. Furthermore, vaccination with this 

attenuated virus  induced protection against subsequent challenge with virulent BRSV [94].  

It is well documented that much of the clinical and pathological observations in BRSV 

infection result from the host response to the virus. There are unique aspects of this virus that 

facilitate development of pro-inflammatory responses that fail to induce protection and long-lived 

immunity. When examined, most observations made with HRSV have proven to be shared with 

BRSV. Thus, it is likely that continued efforts to develop new treatment and control strategies 

would have reciprocal benefits for both species. The goal of this dissertation is to evaluate the 
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effect of a combination therapy consisting of an antiviral (fusion protein inhibitor) and an immune 

modulator, ibuprofen, on the management of BRSV and its effects on the immune system. 

 

1.2. NEUTROPHIL EXTRACELLULAR TRAPS 

1.2.a. Introduction  

Neutrophils are one of the main effectors and abundant cells in the innate immune system 

discovered more than 100 years ago [95]. They are produced in the bone marrow and released into 

blood vessels, from where they can be rapidly recruited to the infection site. Neutrophils’ main 

function is to bind, engulf, and kill invading microbes through phagocytosis [96]. However, it has 

been discovered that stimulated neutrophils can also produce extracellular structures called 

neutrophil extracellular traps (NETs) through a process termed NETosis, that further assist in  the 

capture and destruction of microorganisms [97–99]. NETs are large, extracellular, web-like 

structures composed of proteins assembled on a scaffold of decondensed chromatin [100]. Studies 

have shown that NETs trap, neutralize and kill bacteria, fungi, viruses and parasites. If left 

unchecked, NETs have been shown to contribute to the pathogenesis of immune-related diseases 

and exacerbation of certain conditions[101–103].  

 

1.2.b. Formation of NETs 

The formation of NETs is a highly organized process and can be divided into 3 phases. 

Phase 1 – this is the initial phase which involves neutrophil stimulation and is governed by 

the degradation of the cytoskeleton as well as membrane rearrangements. Neutrophils arrest their 

actin dynamics and depolarize, leading to cell rounding and the formation of micro-vesicles on the 
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surface. There is induction of chromatin decondensation and the nuclear membrane starts to be 

modified and weakened [104–106].  

Phase 2  - this phase begins when the chromatin is getting decondensed and involves 

disassembly of the nuclear envelope and the chromatin decondensing into the cytoplasm of intact 

cells, mixing with cytoplasmic and granule components. It also marks the point of no return, where 

the NETs formation and release cannot be inhibited. There is swelling of the expanding chromatin 

as well as destabilization and softening of the cell membrane. In this phase there is also histone 

citrullination and phosphorylation of alarmins [107–109]. 

Phase 3 – this phase involves the rounding of the cell and entropic swelling of the 

chromatin, which increases the pressure within the cell, leading to the rupture of the cell membrane 

and release of DNA and cellular components forming NETs  into the extracellular space. The 

whole NETosis process takes approximately 3-8 hours [109–111]. 

 

1.2.c. Proteins associated with NET formation  

NET formation involves a number of proteins that have been identified upon stimulation 

of neutrophils using various stimulants and antigens. The main proteins that play a key role in 

NETosis are chromatin and histones.  Chromatin is a mass of genetic material, located in the 

nucleus, composed of DNA and histones, that condense to form chromosomes during eukaryotic 

cell division [112, 113]. Peptidyl arginine deiminase, type IV (PAD4) [106, 111] is another 

important protein in NETosis responsible for converting arginine residues to citrulline in a variety 

of protein substrates. PAD4 is expressed in granulocytes and is essential for the formation of NETs 

by mediating histone citrullination [106, 114]. Citrullination of histones is thought to promote NET 

formation by inducing chromatin decondensation, and facilitates the expulsion of chromosomal 
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DNA that is coated with antimicrobial molecules [109, 115, 116]. The key antimicrobial effector 

proteins of NETs are histones (H2A, H2B, H3, and H4) [117, 118] and granule proteases, including 

neutrophil elastase (NE) [119, 120], cathepsin G (CatG), proteinase 3 (PR3), as well as 

myeloperoxidase (MPO) and lactotransferrin [121, 122]. The proteases remain enzymatically 

active, even when the NET is exposed to endogenous protease inhibitors. Other proteins identified 

within NETs include azurocidin, lysozyme C, and α-defensins [123, 124]. NETs also contain 

cytoplasmic and cytoskeleton proteins such as S100 calcium-binding proteins, actin, myosin, and 

cytokeratin [125]. Some proteomic studies have identified about 24 proteins within PMA-induced 

NETs and 80 proteins within NETs induced by nonmucoid and mucoid strains of Pseudomonas 

aeruginosa [126, 127]. We can speculate that the composition of the NET can be influenced by 

the stimulating pathogen or compound, however, the differences in NETs composition and their 

impact on NETs function is a gap in knowledge that needs to be fully investigated.  

 

1.2.d. Mechanism of NETs formation 

The release of NETs is a slow process and requires reactive oxygen species (ROS) 

production. The pathways that promote NETosis upstream of ROS involve ROS-inducing 

receptors (BOX 1) and kinases, such as MEK (MAPK/ERK kinase), extracellular-signal-regulated 

kinase (ERK), IL-1 receptor-associated kinase (IRAK), PKC, phosphoinositide 3-kinase (PI3K) 

and AKT [73, 108, 128, 129]. These kinases induce nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase enzyme complex, which produces large amounts of superoxide during 

neutrophil oxidative burst. On activation by PMA, neutrophils up-regulate glycolysis, which 

induces signaling by extracellular signal-regulated kinase (ERK), leading to the phosphorylation 

of p47phox[120], one of the three cytoplasmic regulatory subunits of the NADPH oxidase. On 
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phosphorylation, p47phox is recruited to the granule and plasma membranes, where it interacts 

with other subunits to assemble the NADPH oxidase complex and generate superoxide. ROS 

generated by NADPH oxidase stimulates MPO to trigger the activation and translocation of NE 

from azurophilic granules to the nucleus, where NE proteolytically processes histones to disrupt 

chromatin packaging [106, 112]. The exact mechanism by which NE is released into the cytosol 

to initiate NETosis is not very clear and is proposed to occur without granule rupture but may 

involve cooperation between granule proteins. MPO then binds chromatin and synergizes with NE 

in decondensing chromatin. NE binds to F-actin filaments in the cytoplasm and degrades them in 

order to enter the nucleus, where it inactivates histones such as H4 and H2B, leading to chromatin 

relaxation and DNA decondensation [112, 117]. Some stimuli inducing NET formation, such as 

immune complexes, ionomycin and nicotine, have been proposed to trigger NETosis 

independently of NADPH oxidase, relying instead on mitochondrial ROS [130, 131]. ROS has 

also been shown to induce autophagy, which in turn is required to sustain the ROS burst and might 

also help accelerate NETosis [132].  

PAD4 lies downstream of ROS and calcium signaling during NETosis and contributes to 

chromatin relaxation and histone citrullination. PAD4 is activated by a cytosolic spike in calcium 

and the degree and specificity of citrullination seems to vary depending on the stimulus owing to 

the activation of different PKC isoforms that activate or suppress PAD4 [106, 109, 111]. Histone 

citrullination occurs independently of NE activity, but histone citrullination might not be sufficient 

to drive chromatin decondensation.  
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1.2.e. Neutrophil’s decision to cast NETs  

Neutrophil have a microbe size-sensing mechanism that allows them to decide whether or 

not to launch a NET in response to extracellular pathogens [133]. Neutrophils seem to 

preferentially deploy NETs against large microorganisms, while small microorganisms are taken 

up into phagosomes that fuse with azurophilic granules, sequestering NE away from the nucleus 

and blocking chromatin decondensation [134, 135]. The absence of phagosomes in neutrophils 

that engage large microorganisms allows NE to translocate to the nucleus via the slower azurosome 

pathway and to drive NETosis [133]. Furthermore, NE release into the cytosol promotes actin 

cytoskeleton degradation, blocking phagocytosis and committing the cell to NETosis. Phagosome 

formation, hence, serves as a checkpoint to prevent NETosis[136].  

The influence of particle size on NETosis also applies to sterile stimuli. Larger urate 

crystals have been shown to trigger NETosis more potently than urate microaggregates that are 

small enough to be ingested [137]. The selective induction of NETosis limits unnecessary tissue 

damage during infection by pathogens that are small enough to be killed intracellularly. However, 

NETosis induced by small bacteria and viruses has also been widely reported [133]. A number of 

studies have shown an increase in both, phagocytosis and NET formation, upon bacterial invasion 

or disruption of the bacterial capsule. This may indicate that NETosis is reserved for small virulent 

microorganisms that interfere with phagosomal killing. Large aggregates of Mycobacterium bovis 

Bacillus Calmette–Guérin drive NETosis in a microorganism size-dependent manner [133, 138, 

139], while S. aureus, has been shown to stimulate NETosis in mouse models of sepsis by forming 

large abscesses and aggregates [140, 141].  

Large microbes induce the extracellular deployment of ROS and strong interleukin (IL)-

1β [133] secretion with resultant neutrophil clustering. In contrast, small phagocytosed microbes 
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trigger the intracellular deployment of ROS, suppressing cytokine release and neutrophil 

clustering, and thereby preventing neutrophil accumulation, excessive NETosis and tissue damage 

during microbial clearance[136]. Viruses that have been shown to induce NETs include influenza 

A, HIV-1, myxoma, encephalomyocarditis virus and respiratory syncytial virus (RSV)[76, 142, 

143]. These viruses are detected by recognition of viral particles by pattern recognition receptors 

PRR on the neutrophil (TLR2, TLR4,TLR7 and TLR8) or via secondary signals produced upon 

infection of other host cells[144, 145]. 

 

1.2.f. Neutrophil Extracellular Traps in Disease  

NETosis leads to the release of enzymatic proteins. Due to the nonspecific effects of these 

proteins, NETs may lead to uncontrolled inflammatory responses causing tissue pathology. There 

is direct cell damage, recruitment of other pro-inflammatory cells and proteins, and formation of 

immune complexes that induce autoantibody production, leading to tissue damage [146, 147]. 

NETs can capture metastatic tumors, aggravating cancerous condition [148] and in diabetic cases 

they lead to  a delay in wound healing [149, 150]. Neutrophil can also form interactions with 

platelets mediated by P-selectin [151]. This leads to induction of platelet-derived high mobility 

group protein B1 (HMGB1) [152], which stimulates NETs [151, 153] causing occlusion in the 

vasculature by promoting thrombosis and obstruction causing organ damage. Although NETs 

promote inflammation, a study done by Christine et al shows that an accumulation of NETs 

aggregates can reduce inflammation in a mouse model of gout through the degeneration of 

cytokines and chemokines [137].  

NETs can have positive effects on controlling bacterial infections. They possess 

antimicrobial properties with components including, histones, cathepsin G, NE, MPO,  lactoferrin, 
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antimicrobial peptide-LL37, pentraxin 3, gelatinase, proteinase 3 and peptidoglycan-binding 

proteins that are bactericidal [154–156]. In viral infections, including influenza, HIV and RSV 

there can be excessive neutrophil recruitment [3, 143].  

Although NETs may protect the host against microbes, excessive NETosis can be 

detrimental to the host. Large amounts of circulating NETs demonstrated in septic patients have 

been associated with poor outcome and multiple organ failure [118, 157, 158]. This could be due 

to increased NETosis, apoptosis, necrosis or decreased clearance of extruded products, with studies 

suggesting that cell free DNA exacerbate inflammation by inducing TNF-α mRNA [134, 159]. 

Histones also function as damage-associated molecular patterns and can induce organ damage by 

promoting proinflammatory cytokine release, causing endothelial dysfunction by inducing 

cytotoxicity and increasing ROS production[158, 160, 161].  

Control of NET formation is quickly becoming a target for therapeutic intervention in the 

management of various diseases[162]. The different compounds known to inhibit or clear NETs, 

often have other, unwanted effects on the immune system. This makes identifying one particular 

compound as being particularly effective difficult. The management of NETs may require a 

combination therapy approach that incorporates conventional treatments, such fluid therapy, 

antibiotics, antivirals with NET-targeted drugs. To optimize treatment efficacy and outcome in 

patients, it is important to conduct additional studies that evaluate the mode of action of potential 

compounds, and their effects on the overall immune system. This will ensure that they lack 

detrimental effects. The goal of the work described in this dissertation is to evaluate the effects of 

a combination therapy consisting of an antiviral against BRSV with ibuprofen, an immune 

modulator. Expected results are that the antiviral reduces virus replication, thus indirectly 

inhibiting NETosis. In addition, ibuprofen, a non-steroidal anti-inflammatory drug, would interfere 
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with the COX-2 pathway, thereby impairing the production proinflammatory cytokines and thus 

interfering with neutrophil recruitment and NETosis. 

 

1.3. INNATE LYMPHOID CELLS (ILCs)  

1.3.a. Introduction 

Innate lymphoid cells (ILCs) are comprised of populations of innate immune cells that have 

lymphoid morphology but lack rearranged antigen receptors. ILCs are tissue-resident cells that 

adapt to an organ, establishing close interactions with other hematopoietic and non-hematopoietic 

cells [163]. The latter include neurons, epithelial cells, stromal cells, and other parenchymal cells, 

such as adipocytes and hepatocytes[164]. ILCs are the innate counterparts of T lymphocytes and 

have been classified as non-myeloid, non-T, non-B, lymphocytic cells defined as lineage marker-

negative (Lin−) CD45+CD90+ CD127+ cells[165]. ILCs have been identified and extensively 

studied in mouse and human lungs and other organs, but little is known about their population in 

bovines and other vertebrates[166–168].  

ILCs and T cells play key roles in instituting an immune response to infections, where 

ILC1s and Th1 cells react to intracellular pathogens, such as viruses, ILC2s and Th2 cells respond 

to large extracellular parasites and allergens, while ILC3s and Th17 cells target extracellular 

microbes, such as bacteria and fungi [169, 170]. ILCs mainly respond to signals or inducer 

cytokines expressed by tissue-resident cells.  
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1.3.b. Development of ILCs  

Pluripotent hematopoietic stem cells in the bone marrow give rise to  myeloid and 

lymphoid lineage cells, common myeloid precursor (CMP) and common lymphoid precursor 

(CLP), respectively[171]. ILCs have been shown to develop initially in the fetal liver (FL) and 

later in the adult bone marrow from CLPs, which in mice are defined as Lin− Thy-1− Sca1lo c-

kitlo Flt3+ IL-7Rα+ cells[172–174]. Early commitment into the ILC lineage requires Tcf-1, the 

inhibitor of DNA binding 2 (Id2), the nuclear factor IL-3 regulated protein and thymocyte 

selection-associated high mobility group box protein (TOX). CLP lose the potential to generate B 

and T cells, becoming the common ILC progenitor (CILP), Id2+ IL-

7Rα+ α4β7+ CD25− PLZF+/− (promyelocytic leukemia zinc finger), which then differentiate into 

ILCs. This progenitor population is known as helper innate lymphoid cell precursor (CHILP)[169, 

172, 174]. 

 

1.3.c. Types of ILCs  

ILCs have been broadly divided into cytotoxic (interleukin-7 receptor α−, IL-7Rα–) and 

non-cytotoxic (or helper-like, IL-7Rα+) ILCs[175, 176]. ILCSs were previously sub-grouped into 

three classes (ILC1,ILC2 and ILC3) but have been reclassified into five subsets including: Natural 

killer (NK) cells, ILC1s, ILC2s, ILC3s, and lymphoid-tissue inducer (LTi) cells based on their 

development and function[177, 178].  

a.Natural killer cells - Natural killer (NK) cells are the earliest-discovered member of the 

ILC family and the only cytotoxic ILCs. NK cells express the lineage-specifying T-box 

transcription factor Eomesodermin (Eomes), and mediate their effects through perforin-dependent 
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cytotoxicity and production of IFN-γ[179]. They protect the host from intracellular pathogens and 

tumors and are regulated by cytokines, such as IL-15, IFN-I, IL-27, IL-12, and transforming 

growth factor (TGF-β), but also glucocorticoids. IL-15 is essential for the development and 

activation of NK cells and is often trans-presented via the IL-15Rα-chain expressed by dendritic 

cells (DCs) [180–182]. Glucocorticoids prevent IFN-γ production by NK cells in conjunction with 

the inhibitory receptor PD-1 and thus control susceptibility of certain infections and sepsis[183]. 

b.ILC1 - The term ILC1 includes several populations of innate lymphocytes 

developmentally dependent on the transcription factor T-bet and the cytokine IL-15 [184–186]. 

ILC1s have been shown to mediate protection against acute viral infections, such as Murine 

Cytomegalovirus infection by secreting IFN-γ and TNF[187, 188]. They can also negatively 

impact some conditions by leading to the development of chronic or excessive inflammation 

during certain condition such as colitis, multiple sclerosis, and sepsis.  ILC1-derived IFN-γ 

regulates macrophage polarization towards an M1 phenotype, which has the potential to promote 

a proinflammatory environment, obesity and insulin resistance [180, 189]. ILC1s have been 

described in many tissues including the liver, intestinal lamina propria, epithelium, adipose tissue 

and in the uterus [190–192]. These ILC1 populations found in different tissues sometimes have 

slightly different phenotype or developmental requirements. It is still unclear whether this reflects 

tissue adaption within one lineage, or several lineages of innate lymphocytes[193]. ILC1s have 

been shown to express a similar array of killer receptors as NK cells, such as NKp46, NKG2D, 

and NK1.1, although development and regulation of NK cells and ILC1s are distinct[194, 195].  

c.ILC2 - ILC2s are mainly regulated by soluble factors, including cytokines, neuronal 

factors, inflammatory mediators, and hormones. ILC2 development depends on the transcription 

factors GATA-3 and RORα. ILC2s are activated in the presence of  IL-2, IL-7, IL-4, TNF-like 
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ligand 1 A (TL1A), TGF-β, stem cell factor (SCF) [196–198]. The alarmins IL-25 IL-33, and 

thymic stromal lymphopoietin (TSLP) are also major activators of ILC2s [163, 199].  IL-25, 

secreted by tuft cells, is released following helminth infections and triggers activation and 

generation of inflammatory ILC2s that were described in the mesenteric lymph nodes and lungs 

following worm infection. IL-33 is expressed in PDGFRα+ stromal cell and pre-adipocytes in 

different tissues, including adipose tissue, lung and intestine [199, 200]. ILC2 activation is further 

regulated by other mediators such as prostaglandin (PG) D2[201] and leukotriene D4 via 

chemoattractant receptor expressed on Th2 cells (CRTH2)[202] and Cysteinyl leukotriene receptor 

1 (CysLTR1) [203]. On the other hand, PGE2 and lipoxin A4 (LX4) inhibit ILC2 activation via 

EP4 and ALX receptors, respectively [201]. Other inhibitors of ILC2 function include cytokines 

that promote type 1 immune responses, such as type I and II interferons, as well as glucocorticoids. 

ILC2s present in human peripheral blood lack ST2,  expressed by mouse ILC2s but selectively 

express CRTH2 and high levels of CD161 [202, 204]. ILC2s mediate their function by secreting 

IL-5, IL-9, and IL-13 as well as amphiregulin (AREG) and under some conditions, IL-4 [125, 

205]. These cytokines generally promote type 2 inflammation by acting on diverse cell types. This 

milieu of cytokines promotes migration of ILC2s from their tissue of origin to the blood, and 

subsequent dissemination to other tissues, where they promote systemic type 2 inflammation. 

Excessive type 2 immune responses can become detrimental and form the underlying mechanism 

in the pathogenesis of atopic diseases, including allergic asthma, atopic dermatitis, and allergic 

rhinitis. Multiple studies support a role for ILC2s in wound healing and tissue remodeling after 

infection or tissue damage in the skin, lung, and intestine [206–209]. 

d.ILC3  - Similar to other ILCs, ILC3 activation is mainly regulated by cytokines, in the 

case of ILC3s, IL-23 and IL-1β [175, 180]. ILC3 activation is regulated to a large extent by 
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humoral factors released by myeloid cells and parenchymal cells in the tissue. ILC3s comprise 

cells that rely on  RORγt transcription factor for development. They secrete IL-22 and are separated 

into two main subsets by expression of CCR6 (CCR6− ILC3s and CCR6+ILC3s) [210, 211]. IL-

22 helps maintain barrier integrity and also mediates effects on other  epithelial cells, such as 

paneth cells, intestinal stem cells, and enterocytes via engagement of IL-22Rα1 and IL-10Rβ2 

chains [212, 213]. This triggers a signaling cascade, resulting in phosphorylation of STAT3 with 

the activation of intracellular signaling that results in secretion of antimicrobial peptides, such as 

Reg3β, Reg3γ, S108a, and S109a from Paneth cells [214, 215]. IL-22 production has also been 

shown to protect intestinal stem cells from damage caused by chemotherapy and irradiation. ILC3s 

modulate myeloid cell activation via secretion of GM-CSF and in this way indirectly regulate 

adaptive immune responses. Additionally, ILC3-derived GM-CSF was shown to attract 

neutrophils to sites of infection [216, 217].  

e..LTi - LTi cells are essential for the formation of secondary lymphoid tissues and Peyer’s 

patches during embryonic development through the action of lymphotoxin. These cells express c-

Kit and CCR6 and depend on RORγt transcription factor [176, 218, 219]. CXCR5+ LTi cells 

cluster and form lymph node anlagen together with mesenchymal stromal cells. Factors promoting 

lymph node organogenesis include IL-7, SCF, TSLP, TNF-related activation-induced cytokine 

(TRANCE), and tumor necrosis factor superfamily member 14 (TNFSF14 or LIGHT), leading to 

the expression of LTα1β2 on ILC3s, which binds LTβ receptors on mesenchymal cells [206, 220, 

221]. This interaction results in further secretion of chemokines CXCL13, CCL19, and CCL21, 

attracting adaptive lymphocytes to the lymph node, facilitating the formation of lymphoid organs 

[222, 223]. CCR6+ ILC3s interact with myeloid cells via LTα1β2-LTβ receptor to stimulate 

secretion of IL-23, which leads to an increase in IL-22 secretion [220]. 
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1.3.d. Effect of ILCs on adaptive immune responses 

The transition of the innate to the adaptive immune response takes place in the secondary 

lymphoid organs, where antigen-presenting cells present peptides via major histocompatibility 

complex (MHC) molecules to patrolling naïve T cells, which scan numerous cells searching for 

their specific antigen. ILCs present peptides on MHC II molecules and are therefore able to directly 

interact with CD4 T cells via MHC II-peptide-TCR complexes. Expression of co-stimulatory 

molecules on ILCs, such as ICOSL, GITRL and PD-1L also provides a second signal for T cell 

activation[176, 178]. IL-2 and GM-CSF secreted by ILC3s, are important for Treg cell-mediated 

tolerance induction. CCR6+ ILC3s in the intestine present peptides on MHC II without providing 

co-stimulation, causing clonal deletion of the antigen-specific T cells, also known as intestinal 

selection of T cells. CCR6+ ILC3s have also been implicated in the recruitment and maturation of  

B cells into lymph nodes[165]. The role of ILCs in the onset and/or maintenance of inflammation, 

their preferential homing to mucosal tissues, and the expression of several checkpoint receptors on 

their surface should encourage researchers to explore the potential of ILC manipulation for 

innovative therapies. 

 

1.3.e. ILCs plasticity 

ILCs are negatively regulated by the cytokine milieu or lineage-specifying transcription 

factors of other ILC subsets[194]. For example, IL-25 and TSLP have been reported to repress 

ILC3 activation and IL-22 production in colitis and may therefore exacerbate intestinal 

inflammation.  Cytokines promoting type 1 immune responses, IFN-γ or IL-27, were found to 

inhibit ILC2s and additionally limit allergic inflammation. Studies have also shown that ILCs are 
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able to adopt alternative cell fates after lineage commitment [224, 225]. This plasticity is driven 

by the down-modulation of the lineage-specifying transcription factors and was first observed in 

CCR6− ILC3s  These cells lost expression of RORγt and upregulated T-bet, which led to the 

transformation of ILC3s to a cell type that phenotypically mirrored ILC1s, with the expression of 

NKp46, NK1.1, NKG2D, IL12Rβ2, and IFN-γ. These ex-RORγt+ ILC3s have receptors for IL-12 

and IL-23, thus are capable of driving chronic inflammation and immunopathology during chronic 

conditions [193, 226]. Differentiation towards an ILC1-like phenotype was also described for 

ILC2s and NK cells. NK cells were converted into ILC1-like cells by down-modulation of Eomes 

by TGF-β, a cytokine acting on ILC1. These ILC1-like NK cells are distinct from both, NK cells 

and ILC1s. They appear functionally impaired, as they failed to control tumor growth as well as 

reduce cytomegalovirus replication [227]. Plasticity of ILC2s towards ILC1 was observed in 

patients with chronic obstructive pulmonary disease (COPD) and was promoted by the cytokines 

IL-1, IL-12 and IL-18 and induced by T-bet [228]. ILC2 conversion to IL-17-producing ILC3s 

was also reported as promoted by Notch signals that lead to upregulation of RORγt and IL-17A in 

ILC2s, enabling them to produce IL-13 and IL-17A, thus promoting allergic airway inflammation 

[229]. ILC2s have also been shown to switch their cytokine profile to IL-10 production, a process 

promoted by various cytokines, including IL-2. The degree of plasticity defines a mechanism of 

tissue adaption or immune regulation.  

 

1.3.f. ILCs in RSV infection 

Studies on the role of ILCs in response to RSV infection have focused on ILC2s. This is 

because  the immune response to RSV infection skews towards a type 2 response, instead of the 

typical type 1 response observed for most other viral infections [230, 231]. Some studies strongly 
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suggested that  IL-33 drives this type 2 response and is associated with severe RSV-induced 

bronchiolitis, and possibly induction of childhood asthma [232, 233]. Elevated levels of IL-4, IL-

13, IL1-β, and IL-33 following RSV infection was correlated with elevated frequencies of ILC2s 

and increased disease severity [234]. ILC2 may provide an early source of IL-4/IL-13 in RSV 

infection, which could promote Th2 polarization, although more studies are required to explore 

this possibility.  

Over the last 10 years research on ILCs has focused on their functional diversity. They 

have been detected in almost every tissue, where they form a first line of defense against infections. 

Most studies on ILCs have been conducted on mice and humans, which have identified various 

species-specific differences especially in surface molecule expression. More work is required to 

characterize these cells in other species, so as to fully understand  their immunoregulatory 

pathways and their functions. The goal of work described in this dissertation is to identify and 

isolate ILCs in the bovine, and to define how they respond to BRSV infection.  
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CHAPTER 2  

2. Animal Experimental Design and Treatment 

2.1 Abstract 

A number of antiviral drugs for RSV are under development. Unfortunately, bovine studies 

suggest that most of these drugs will need to be given very early in the course of illness[1]. The 

Gershwin lab has previously evaluated the effect of a fusion protein inhibitor (FPI), GS-1 

manufactured by Gilead), which blocks the fusion of the virus, thus affecting its replication. They 

demonstrated that the benefit is reduced substantially when the FPI is started on Day 3 following 

viral challenge, after the first clinical symptoms of viral infection[2]. A human study of an almost 

identical compound (GS-5806) showed decreased viral shedding in adult volunteers when the 

treatment was started within 12 hours of infection[3, 4]. Non-steroidal anti-inflammatory drugs 

(NSAIDs) have been used to manage clinical symptoms in children infected with RSV [5, 6]. 

Studies using NSAIDs (Ibuprofen) in calves as a potential therapy for RSV indicate that together 

with reducing the clinical and pathological score, they lead to an increase of RSV shedding[6].  

These studies evaluated the effects of the FPI and ibuprofen starting12-24 hours post 

infection. RSV infection is characterized by onset of clinical signs normally visualized from day 

3 post infection [7–9] necessitating the need for further studies to evaluate the effectiveness of 

these therapies when administered post onset of clinical signs thus  mimicking the field settings.  

We tested  the effects  of combining  a FPI with an NSAID initiated at different time points post 

infection starting on day 3. The results show the benefits of FPI treatment alone and with an 

NSAID at clinically relevant time points as  published [10] and indicate a reduced clinical and 
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pathological score in the treatment group, when treatment was started at day 3 post infection 

compared to the placebo.  

This study aims to evaluate  the effects of the treatments, FPI and ibuprofen a COX-2 

inhibitor, on the innate immune response, focusing mainly on neutrophil extracellular traps (NETs) 

and innate lymphoid cells (ILCs). We used a bovine RSV infection model with pre-ruminant 5-6 

week-old bottle-fed outbred Holstein dairy calves, a calf model used in previous studies[6, 11]. 

We assessed the effects of the FPI and ibuprofen as a monotherapy or  a combination therapy  on 

the formation of NETs and ILCs  with treatment started at different time points. In addition to 

guiding therapy for management of RSV in the livestock industry, our results will be applicable to 

treatment of RSV in children. 

 

2.2. Introductions  

Bovine Respiratory Syncytial Virus affects the animal industry directly through calf 

mortality and indirectly through loss of productivity and increased animal care costs. In the US, 

there is a $1 billion direct annual cost with substantial indirect costs [6, 12]. Bovine and human 

RSV are characterized by a strong T helper cell type 2 (Th2) response, which is less effective for 

virus clearance and host survival than the more characteristic T helper cell type 1 (Th1) response 

stimulated by most other intracellular pathogens and viruses [11, 13, 14]. RSV infection 

predisposes to the development of an allergic profile with production of IgE with asthma a likely 

sequela [15, 16]. Since cattle do not develop asthma, they tend to have respiratory challenges and 

are generally not in good condition leading to early slaughter for financial reasons. During RSV 

infection the respiratory epithelial cells up-regulate the cyclooxygenase (COX-2) enzyme system 

responsible for synthesis of prostaglandin E2 (PGE2) from arachidonic acid precursors.  PGE2 is 
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the most abundant of the prostaglandins that exerts its effects by binding to prostaglandin E 

receptors (EPR) [6, 17]. PGE2 has various effects including  dampening Th1 cell differentiation, 

increasing development of regulatory T cells,  inhibiting T cell proliferation and also decreasing 

IL-2 production[18]. This leads to lowering  of IFN-γ production and providing an environment 

that favors a Th2 response, making successful killing of RSV infected cells less likely. The Th2 

response is associated with activation of COX-2, leading to elevations of PGE2 and other 

eicosanoids[17, 19]. PGE2 exerts its effects on IL-4 or lipopolysaccharide stimulated B cells via 

EPR2 and EPR4 and stimulates class switching to IgE [20]. PGE2 further drives the Th1/Th2 skew 

in favor of Th2 thereby also indirectly increasing IgE.  

Histologically, RSV bronchiolitis is characterized by predominantly neutrophilic infiltrates 

in the bronchioles and alveoli of affected bovines[21, 22]. There is associated obstruction of the 

airways with neutrophils, NETs, cellular debris and mucous[23–25]. As the disease progresses, 

obliterative changes develop and a picture of patchy bronchoalveolar pneumonitis and 

bronchiolitis emerges, resulting in a clinical picture of progressive respiratory distress[26, 27].  

COX inhibitors may prevent the progression of bronchiolitis and the development of 

asthma.  Randomized trials have been done to evaluate the effect of ibuprofen a COX-2 inhibitor 

on fever in infants, which unexpectedly found decreased subsequent wheezing in those randomized 

to ibuprofen [6]. Another study demonstrated decreased asthma in women randomized to 100 mg 

of aspirin (a COX-1 & 2 inhibitor) compared to placebo([28, 29]). A randomized study using 

ibuprofen in bovine RSV calves demonstrated a lower clinical score in calves administered 

ibuprofen after challenging them with BRSV compared to placebo although they also showed 

increased RSV replication. Ibuprofen statistically significantly increased viral shedding as 

measured by quantitative RT-PCR. In this study, ibuprofen improved clinical scores and weight 
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gain at the price of increased RSV replication[6]. A treatment strategy which combines an antiviral 

to prevent RSV replication with an NSAID to modulate the immune response might thus be more 

beneficial. 

2.3. Research Methods and Analysis  

2.3.a Study outline 

The project used 36, five to six-week-old calves obtained from a dairy and transported to 

the University of California, Davis, where they were housed in an enclosed barn. An approved 

IACUC protocol was followed. Prior to shipment, calves were tested for BRSV infection by qRT-

PCR on nasal swabs and BRSV antibody titers by indirect immunofluorescence on blood samples. 

Only calves with low maternal BRSV antibody titers and negative for BRSV virus were used. 

Candidate unvaccinated bull calves were examined for clinical signs of illness. Upon arrival they 

were re-examined, and nasal swabs again obtained to retest for RSV. The calves were administered 

a broad-spectrum antibiotic, Ceftiofur (Zoetis Services LLC, Parsippany, NJ) once daily for three 

days to prevent stress induced bacterial pneumonia and given a week to acclimatize to the new 

area before we started the study. The calves were weighed prior to randomization and divided into 

three cohorts of 12 calves each. For each cohort, the 12 animals were randomized into 6 groups of 

calves (n=2 per treatment group per cohort, Table 2.1).  

Calves were randomized to receive either ibuprofen, FPI, both FPI and ibuprofen, or 

placebo. Placebo was used to ensure blinding of the investigators performing the study and to 

control for any effect of the carrier solutions on parameters measured. The animals were 

randomized to one of six treatment arms, which differed in start times of the treatments. We 

randomized using minimization based first on animal weight and then maternal anti-RSV titers.  
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These three cohort studies were performed separately between October 2017 and November 2018. 

For each cohort, the day of inoculation with virus was staggered by one day thereby dividing each 

cohort into two groups (A and B). Each drug treatment arm contained a group A and a group B 

calf. Infection days (study day 0) were one calendar day apart to ensure a maximum of six animals 

would need to be necropsied on study day 10. This was necessary because of workload and 

necropsy laboratory space considerations 

 

2.3.b. Viral infection 

The calves were infected using nebulized bovine RSV on Day 0 over a period of 15-20 

min. Calves were infected using the method described elsewhere [6, 30]. Briefly, this method uses 

a face mask fitted tightly with a nebulizer attached to a DeVilbiss electric home nebulizer air 

compressor (DeVilbiss Healthcare Inc., Somerset, PA, USA).The virus isolate (CA-1) was grown 

in the lab on bovine turbinate cells using identical technique for all infections. It is important to 

note that the virus titers varied slightly between inoculants. Virus titers were determined by using 

a plaque assay on an aliquot of the virus administered to the calves. Virus inoculum for each 

replicate is shown in table 2.2. 

 

2.3.c. Clinical score and end points 

Calves were examined every morning and the clinical signs were recorded. We measured 

rectal temperatures twice daily and assessed each animal’s wellbeing as published [10]. Euthanasia 

(either when indicated or as planned on day 10 after infection) was performed by a veterinarian 

and consisted of an overdose of sodium pentobarbital administered through the jugular vein. Two 

of the 36 calves required early euthanasia. 
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2.3.d. Necropsy sampling  and Lung histology 

We collected blood, swabs for bacterial culture, lymph nodes, broncho alveolar fluid, and 

lung tissue for histopathological and cellular analysis.  

Histopathology was performed in collaboration with a board-certified veterinary 

pathologist. The right lung was examined grossly, and selected areas taken for histologic 

examination. Lung consolidation was assessed via as a semi quantitative measurement based on 

visual inspection. The left lung was fixed with 10% neutral buffered formalin injected at a constant 

pressure of 30 cm of water. Histopathologic (H&E stained) examination was performed on the 

fixed lung samples.  

 

2.3.e. Calves treatment and dosages 

Ibuprofen (children Advil suspension, Pfizer inc.) was administered at 10 mg/kg three 

times daily  and First Street Snow Cone Syrup (Amerifoods Inc, Los Angeles, CA) was 

administered as a placebo, as it had identical compound to the vehicle used in the ibuprofen 

suspension as well as  smell and taste as the ibuprofen. FPI (GS-561937) was administered at 

600mg (regardless of weight) as a single dose of  30 ml orally using a 50-ml catheter tipped syringe 

daily in the morning mixed with the syrup, as it has a bitter taste. FPI was prepared in propylene 

glycol and the placebo for this drug was simply the propylene glycol without the FPI also mixed 

with syrup to make it palatable.  

Tables 3-14 show the calves treatment strategies over the three replicate studies. It is 

important to note that we had to redo the second replicate study as we had some difficulties with 
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the virus and the calves were not infected, explaining the discontinuous numbering of the 

replicates. 

 

2.3.f Expected Results and Impact 

This project will be the first to show how combination therapy using viral and immune 

modulation might affect NETs formation and ILCs in the bovine calf. The study will also give 

insights into treatment options in the management of Bovine RSV and Human RSV. This will also 

open an avenue to do more research that evaluate the effects of combined treatment on other 

immune components, including T and B lymphocytes and thus may inform on the immunological 

treatment efficacies of these treatment regimen.   
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Table 2.1. A table illustrating the distribution of calves in the different treatment groups  

 
 

 

 

 

 

 

 
Table 2.2. Bovine respiratory syncytial virus inoculum titers for each cohort and group. 
  

Rep. 1A Rep. 1B Rep. 3A Rep. 3B Rep. 4A Rep. 4B 

PFU/ml 1.21 x 10^5 1.36 x 10^5 7.8 x 10^4 1.2 X10^5 1.29 x 10^5 1.94 x 10^5 

Total Dose (5 ml) 6.05 x 10^5 6.8 x 10^5 3.9 x 10^5 6.0 x 10^5 6.45 x 10^5 9.7 x 10^5 

Rep – Replicate    A- Group infected on day 1  

PFU – plague forming units    B – Group infected on day 2  

 
 
  

Day 0 1 2 3 4 5 6 7 8 9 10 11

Group 1 Infect

Group 2 Infect

Group 3 Infect

Group 4 Infect

Group 5 Infect

Group 6 Infect

Ibuprofen

GS-561937

Necropsy

Vehicle control Combination Ibuprofen + GS-561937
Placebo 
(control) 

Ibuprofen  

Combination (FPI & 
ibuprofen)  

Fusion protein 
inhibitor 

Groups contain n=2 calves/treatment / replicate  
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Key for treatment tables 

- Tx Grp – Treatment groups   Wt – Weight 

PI -  post infection    FPI – Fusion Protein Inhibitor 

A- Group infected on day 1   B – Group infected on day 2  

 

Replicate 1  

 

Table 2.3: Treatments and Calf Body Weight- 10/23/17 
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

3 1 12 – A  63.3 X  3x34.7 1x30 X  
2  16– B  68.6 X X X X  
3 2 11 – A  67.4 3x30 X  1x30 X  
2  8 – B  68.8 X X  X X  
3 3 6 – A  58.6 3x30 X  1x30 X  
2  14 – B  69.1 X X  X X  
3 4 9 – A  66.5 3X30 X 1x30 X 
2  15 – B   66.3 X X X X 
3 5 10 – A  58.7 3x30 X  1x30 X  
2  13 – B  60.9 X X  X X  
3 6 7 – A  68 X 3x37  X  1x30 
2  5 – B  64 X X X X  

 

 

 

Table 2.4: Treatments and Calf Body Weight - 10/24/17 
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

4 1 12 – A  63.3 X  3x34.7 1x30 X  
3  16– B  68.6 X 3x37.3 1x30 X  
4 2 11 – A  67.4 3x30 X  1x30 X  
3  8 – B  68.8 3x30 X  1x30 X  
4 3 6 – A  58.6 3x30 X  1x30 X  
3  14 – B  69.1 3x30 X  1x30 X  
4 4 9 – A  66.5 3X30 X 1x30 X 
3  15 – B   66.3 3x30 X 1x30 X 
4 5 10 – A  58.7 3x30 X  1x30 X  
3  13 – B  60.9 3x30 X  1x30 X  
4 6 7 – A  68 X 3x37  X  1x30 
3  5 – B  64 X 3x35  X 1x30  
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Table 2.5: Treatments and Calf Body Weight - 10/25/17  
 

PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 
FPI (ml) 

FPI (ml) 

5-10 1 12 – A  63.3 X  3x34.7 1x30 X  
4  16– B  68.6 X 3x37.3 1x30 X  
5-10 2 11 – A  67.4 3x30 3x36.7 1x30 X  
4  8 – B  68.8 3x30 X 1x30 X  
5-10 3 6 – A  58.6 3x30 X  1x30 X  
4  14 – B  69.1 3x30 X  1x30 X  
5-10 4 9 – A  66.5 3x30 X X 1x30 
4  15 – B   66.3 3x30 X X 1x30 
5-10 5 10 – A  58.7 X 3x32.4 X 1x30 
4  13 – B  60.9 X X X 1x30 
5-10 6 7 – A  68 X 3x37 X 1x30 
4  5 – B  64 X 3x35  X 1x30  

 

 

 

Table 2.6: Treatments and Calf Body Weight - 10/26/2017- 10/31/17 
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

6 1 12 – A  63.3 X  3x34.7 1x30 X  
5-10  16– B  68.6 X 3x37.3 1x30 X  
6 2 11 – A  67.4 3x30 3x36.7 1x30 X  
5-10  8 – B  68.8 3x30 3x37.4 1x30 X  
6 3 6 – A  58.6 3x30 X  1x30 X  
5-10  14 – B  69.1 3x30 X  1x30 X  
6 4 9 – A  66.5 3x30 X X 1x30 
5-10  15 – B   66.3 3x30 X X 1x30 
6 5 10 – A  58.7 X 3x32.4 X 1x30 
5-10  13 – B  60.9 X 3x33.5 X 1x30 
6 6 7 – A  68 X 3x37 X 1x30 
5-10  5 – B  64 X 3x35  X 1x30  

 

  



 64 

Replicate 3 

 

Table 2.7: Treatments and Calf Body Weight -– 6/25/2018  
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

3 1 1 – A  77.1 X  3x39 1x30 X  
2  2 – B  73.5 X X X X  
3 2 4 – A  78.7 3x30 X  1x30 X  
2  13 – B  71 X X  X X  
3 3 6 – A  70.5 3x30 X  1x30 X  
2  5 – B  74 X X  X X  
3 4 14 – A  71.7 3X30 X 1x30 X 
2  12 – B   69.1 X X X X 
3 5 15 – A  67.5 3x30 X  1x30 X  
2  11 – B  68.9 X X  X X  
3 6 16 – A  63.9 X 3x36 X  1x35 
2  9 – B  63.8 3x30 X  X X  

  

 

 

Table 2.8: Treatments and Calf Body Weight t-  6/26/2018  
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

4 1 1 – A  77.1 X  3x39 1x30 X  
3  2 – B  73.5 X 3x37 1x30 X  
4 2 4 – A  78.7 3x30 X  1x30 X  
3  13 – B  71 3x30 X  1x30 X  
4 3 6 – A  70.5 3x30 X  1x30 X  
3  5 – B  74 3x30 X  1x30 X  
4 4 14 – A  71.7 3X30 X 1x30 X 
3  12 – B   69.1 3x30 X 1x30 X 
4 5 15 – A  67.5 3x30 X  1x30 X  
3  11 – B  68.9 3x30 X  1x30 X  
4 6 16 – A  63.9 X 3x36  X  1x35 
3  9 – B  63.8 X 3x36  X 1x35  
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Table 2.9: Treatments and Calf Body Weight - 6/27/2018  
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

5-10 1 1 – A  77.1 X  3x39 1X30 X  
4  2 – B  73.5 X 3x37 1x30 X  
5-10 2 4 – A  78.7 X 3x40 1x30 X  
4  13 – B  71 3x30 X  1x30 X  
5-10 3 6 – A  70.5 3x30 X  1x30 X  
4  5 – B  74 3x30 X  1x30 X  
5-10 4 14 – A  71.7 3x30 X X 1x35 
4  12 – B   69.1 3x30 X 1x30 X 
5-10 5 15 – A  67.5 X 3x34 X 1x35  
4  11 – B  68.9 3x30 X  1x30 X  
5-10 6 16 – A  63.9 X 3x36  X  1x35 
4  9 – B  63.8 X 3x36  X 1x35  

 

 

 

 

 

Table 2.10: Treatments and Calf Body Weight - 6/28/2018- 7/3/2018 
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

6  1 1 – A  77.1 X  3x39 1x30 X  
5 - 10  2 – B  73.5 X 3x37 1x30 X  
6 2 4 – A  78.7 X 3x40 1x30 X  
5-10  13 – B  71 X 3x30 1x30 X  
6 3 6 – A  70.5 3x30 X  1x30 X  
5-10  5 – B  74 3x30 X  1x30 X  
6 4 14 – A  71.7 3x30 X X 1x35 
5-10  12 – B   69.1 3x30 X X  1x35 
6 5 15 – A  67.5 X 3x34 X 1x35  
5-10  11 – B  68.9 X  3x30 X  1x35 
6 6 16 – A  63.9 X 3x36  X  1x35 
5-10  9 – B  63.8 X 3x36  X 1x35  
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Replicate  4 

 

Table 2.11: Treatments and Calf Body Weight - 10/31/2018  
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

3 1 10– A  66.9 X  3x37 1x30 X  
2  8 – B  66.4 X X X X  
3 2 11 – A  67 3x30 X  1x30 X  
2  20 – B  60.8 X X  X X  
3 3 1 – A  73.5 3x30 X  1x30 X  
2  12 – B  56.3 X X  X X  
3 4 4 – A  75.6 3x30 X 1x30 X 
2  5 – B   64.6 X X X X 
3 5 7 – A  64.2 3x30 X  1x30 X  
2  9 – B  76.7 X X  X X  
3 6 2 – A  71.9 X 3x39 X  1x30 
2  6 – B  68.9 X X  X X  

  

 

 

Table 2.12: Treatments and Calf Body Weight - 11/1/2018  
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

4 1 10– A  66.9 X  3x37 1x30 X  
3  8 – B  66.4 X 3x36 1x30 X  
4 2 11 – A  67 3x30 X  1x30 X  
3  20 – B  60.8 3x30 X  1x30 X  
4 3 1 – A  73.5 3x30 X  1x30 X  
3  12 – B  56.3 3x30 X  1x30 X  
4 4 4 – A  75.6 3X30 X 1x30 X 
3  5 – B   64.6 3x30 X 1x30 X 
4 5 7 – A  64.2 3x30 X  1x30 X  
3  9 – B  76.7 3x30 X  1x30 X  
4 6 2 – A  71.9 X 3x39  X  1x30 
3  6 – B  68.9 X 3x37  X 1x30  
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Table 2.13: Treatments and Calf Body Weight - 11/2/2018  
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

5 1 10– A  66.9 X  3x37 1x30 X  
4  8 – B  66.4 X 3x36 1x30 X  
5 2 11 – A  67 X 3x36 1x30 X  
4  20 – B  60.8 3x30 X  1x30 X  
5 3 1 – A  73.5 3x30 X  1x30 X  
4  12 – B  56.3 3x30 X  1x30 X  
5 4 4 – A  75.6 3x30 X X 1x30 
4  5 – B   64.6 3x30 X 1x30 X 
5 5 7 – A  64.2 X 3x35 X 1x30  
4  9 – B  76.7 3x30 X  1x30 X  
5 6 2 – A  71.9 X 3x39  X  1x30 
4  6 – B  68.9 X 3x37  X 1x30 

 

 

 

 

Table 2.14: Treatments and Calf Body Weight - 11/3/2018- 11/8 /2018 
PI Day Tx Grp Calf # Wt (kg) Syrup (ml) Ibuprofen (ml) Ibuprofen & 

FPI (ml) 
FPI (ml) 

6 - 10 1 10– A  66.9 X  3x37 1x30 X  
5 - 10  8 – B  66.4 X 3x36 1x30 X  
6 2 11 – A  67 X 3x36 1x30 X  
5  20 – B  60.8 X 3x33 1x30 X  
6 3 1 – A  73.5 3x30 X  1x30 X  
5  12 – B  56.3 3x30 X  1x30 X  
6 4 4 – A  75.6 3x30 X X 1x30 
5  5 – B   64.6 3x30 X X  1x30 
6 5 7 – A  64.2 X 3x35 X 1x30 
5  9 – B  76.7 X  3x41 X  1x30 
6 6 2 – A  71.9 X 3x39  X  1x30 
5  6 – B  68.9 X 3x37  X 1x30 
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CHAPTER 3 

 

3. Effects of Fusion Protein Inhibitor and Ibuprofen on Neutrophil Extracellular Traps 

(NETs) in Calves Infected with Bovine Respiratory Syncytial Virus  

 

3.1 Abstract  

The function of neutrophils in viral infections has long been established and studies have 

been done to examine the role of neutrophil extracellular traps (NETs). Further study and analysis 

of NETs in viral infections may reveal a new therapeutic target. Administration of ibuprofen and 

GS-561937, a fusion protein inhibitor (FPI), was experimentally shown to decrease the severity of 

bovine respiratory syncytial virus (BRSV) infection. Our aims were to determine the effect of 

ibuprofen and FPI on NETs after BRSV infection as a monotherapy or combined therapy.  

We conducted a randomized placebo-controlled trial of ibuprofen, FPI, or as a dual therapy 

initiated at 3 or 5 days after experimental infection with BRSV in 36 five to six-week-old Holstein 

calves (Bos Taurus). Lung tissue samples were collected and stained with antibodies conjugated 

with fluorescence dyes to visualize and quantify the NETs in situ. We estimated the average NETs 

in the sample lung tissue slides and compared the areas occupied by NETs within and between the 

treatment groups. There were significantly fewer NETs in the lung tissue from calves that were 

given ibuprofen and both ibuprofen and fusion protein inhibitor from day 3 post infection 

compared to the placebo group. Calves administered with ibuprofen, fusion protein inhibitor or 

both from day five had visually fewer NETs than the placebo but the difference was not significant. 
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This shows that BRSV can induce NET formation in vitro and in vivo and a combination 

of both drugs (Ibuprofen and FPI) resulted in less NETs observed in lung tissue of BRSV infected 

calves compared to the placebo or monotherapy groups. 

 

3.2 Introduction  

Neutrophils are important cells in the first line of defense against invading pathogens. 

Neutrophils were shown to form NETs, a distinct mode of neutrophil cell death targeting 

extracellular pathogens[1]. Nets are composed of a complex of processed chromatin bound to 

granular and cytoplasmic proteins expelled from the cell onto pathogens where they bind, disarm 

and kill pathogens extracellularly[2, 3]. They are assembled from granular and nuclear constituents 

which provide the network with antimicrobial activity[2, 4] a process termed NETosis.  The 

mechanisms underlying NET formation requires reactive oxygen species (ROS) production.  

Viruses including RSV stimulate NETosis through TLR 4, 7 and/or 8 with the release of 

ROS species [5–7].The pathways that promote NETosis upstream of ROS involve ROS-inducing 

receptors (BOX 1) and kinases, such as MEK (MAPK/ERK kinase), extracellular-signal-regulated 

kinase (ERK), IL-1 receptor-associated kinase (IRAK), PKC, phosphoinositide 3-kinase (PI3K) 

and AKT[5, 8].  NETs interact with a variety of different pathogens and have been shown to 

capture both Gram-positive and Gram-negative bacteria and fungi as well as viruses[9–11]. NETs 

provide a high local concentration of antimicrobial proteins, including proteases such as neutrophil 

elastase, myeloperoxidases, and α-defensins which degrade virulence factors and histones[6, 12, 

13].This process may be crucial in clearing some pathogens; unfortunately, excessive formation 

of NETs, or the inability to clear them from the tissue may contribute to an increased inflammatory 

response or pathogenesis of autoimmune diseases [14, 15].  
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The role of NETs in viral infections vary greatly between viruses. NETs can be beneficial 

in trapping virions as in HIV infection and inhibiting viral dissemination as in murine pox virus 

[10, 16, 19] However, excessive NET formation was reported to result in airway obstruction during 

respiratory syncytial virus (RSV) infection in infants and it also exacerbated allergic airway 

inflammation during rhinovirus infection [17–20]. These factors dictate the role of NETs during 

viral infections; however, the effects of therapeutics on NETs in the management of the viral 

infections, is largely unknown.  

BRSV infection in cattle continues to be a problematic disease causing serious respiratory 

disease that predisposes cattle to secondary infection, resulting in significant economic losses due 

to mortality, decreased productivity and increased costs of treatment [21–23].Human RSV 

(HRSV) and BRSV are closely related viruses with similarities in histopathologic lesions and 

mechanisms of immune modulation[24]. Immune response to RSV is dependent on the recognition 

of the virus by several TLRs.  RSV  has been shown to stimulate airway epithelial cells signaling 

through TLR3 while the F protein binds to TLR4 in conjunction with MD2 and CD14 leading to 

induction of type I IFN [25]. The virus has also evolved strategies to inhibit the IFN-induced 

cellular response with NS1 and NS2 proteins cooperatively mediating their resistance by targeting 

multiple proteins including RIG-I and MAVs interfering with induction of IFN gene expression 

by several transcription factors. [26, 27].  

In RSV infection, patients exhibit sustained neutropenia with increased levels of pro-

inflammatory mediators such as IL-8 and TNFα which activate neutrophils [28].  Studies have also 

indicated that RSV could induce formation of NETs in vitro [8, 19]. However, due to short half-

lives of neutrophils and the short duration of RSV infection, the study of neutrophil functions, 

NETs, and their association with disease severity in vivo is challenging.  
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The majority of treatment strategies for HRSV and BRSV are supportive, focusing on fluid 

and respiratory maintenance and at times administering antibiotics to prevent secondary bacterial 

infections[29, 30]. Widely available and cost-effective preventative options are lacking for HRSV; 

and although numerous vaccines are available for BRSV, their efficacy is variable.  Even as 

progress is being made in understanding the immune responses to RSV additional mechanistic 

insight is needed to better identify prophylactic and therapeutic targets. 

Our group has demonstrated the efficacy of FPI, an antiviral drug produced by Gilead Inc., 

in treatment of BRSV in calves[31]. A drug similar to this is currently in clinical trials for human 

patients [32–34].This drug has been shown to inhibit the proliferation of the virus in respiratory 

epithelial cells thus reducing the virus load; however, its effect on the inflammatory response needs 

further evaluation. We also performed a trial with Ibuprofen, an over-the-counter anti-

inflammatory drug that works by inhibiting the cyclooxygenase (COX) pathway reducing the 

production of PGE2, in calves as an immune modulator which minimized the inflammatory effect 

but failed to decrease viral replication [35].  

This led to our current study in which we evaluated NETs in the lungs of calves 

experimentally infected with BRSV. We sought to determine if treating with ibuprofen, for its 

immunomodulatory effects, and FPI, to decrease viral replication, would influence NETosis in the 

lungs of these calves. The treatment included ibuprofen and FPI as a monotherapy or a combination 

of the two initiated at different time points. The results indicate a reduction of NETs in lung tissue 

of calves treated with ibuprofen or a combination of ibuprofen and FPI compared to the placebo 

group. Our study highlights possible roles of ibuprofen and other anti-inflammatory drugs against 

NETs formation. The findings provide a new understanding of host immune responses during RSV 
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infections and possible therapeutic options that can be used for treatment of RSV, BRSV and 

possibly other viral respiratory diseases. 

 

3.3  Materials and Methods 

3.3.1. Samples  

(The animal experimental design and treatments have been described in chapter two) 

The project used 36, five to six-week-old calves obtained from a dairy farm and transported 

to the University of California, Davis, where they were housed in an enclosed barn. An approved 

IACUC protocol was followed. . 

For the in vitro analysis of NETs, we collected blood from the jugular vein (12–16 ml) of 

healthy calves into Acid Citrate Dextrose (ACD) tubes. Neutrophil isolation was carried out 

under sterile conditions using a modified protocol so as to collect both the mononuclear cell layer 

and the polymorphonuclear cell layer.  

During necropsy, areas of atelectasis and consolidation were estimated semi-quantitatively 

as a percentage of the total lung by an experienced board-certified veterinary pathologist. The left 

lung was removed intact from the left mainstem bronchus. It was infused with 10% neutral 

buffered formalin via an intrabronchial catheter until fully expanded. Tissue samples were taken 

for subsequent fixation and sectioning for histologic examination; samples were taken from the 

trachea, right mainstem bronchus and lung. These samples were then placed in cassettes and fixed 

in 10% neutral buffered formalin.  

Separate lung tissue samples were collected in triplicates from right lung cranial, middle 

and caudal lobes for NETs analysis (Figure 3.1). These samples were processed and saved until 

further analysis. A modified double immunolabeling protocol was utilized as explained by Li et al 
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[36], because the primary antibodies used to detect NE and citH3 were produced in the same 

species. 

 

3.3.2. In vitro protocols 

(Reagents and equipment used for experiment in chapter 3 will be  found listed on appendix 1) 

 

3.3.2.a.  Separation and subsequent red blood cells lysis  

Blood was collected into tubes containing anticoagulant, ACD tubes, and diluted in conical 

tubes at 1:1.5 dilution with sterile PBS. 10ml Lymphoprep was dispensed to the bottom of the 

Lymphoprep tubes and 30ml of diluted blood slowly layered on top of the Lymphoprep.  The tubes 

were centrifuged for 20 min at 800xg at a temperature of 18-25oC with brakes. After centrifugation, 

the mononuclear cells form a distinct band at the sample/medium interface as Peripheral Blood 

Mononuclear cells (PBMCs). The PBMCs layer was collected from the interface and saved for 

later use. We then pipetted the portion below the medium with the erythrocytes and 

polymorphonuclear cells (PMNs) into a conical tube. Red blood cells were lysed using cold 

distilled water for 30-60s and the pH readjusted using 10X PBS. The sample was centrifuged for 

20 min at 250xg at 4 °C to pellet the cells. The red blood cell lysis was repeated until the water ran 

clear. We resuspended the cells in cell culture media and stored at 2-8oC until needed. PMNs are 

short lived and were therefore processed within 24 hours for better results. We determined the 

neutrophil count using automatic cell analyzer (Guava® Muse® Cell Analyzer)  following the 

manufacturer’s instructions and viability was 98 to 100%. 
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3.3.2.b. Neutrophil stimulation and staining  

(done under sterile conditions in a biohazard cabinet) 

Neutrophils were plated on circular coverslips in 4‐well glass‐bottom plates and prepared 

in triplicates as indicated in Table 3.1. The cells were plated onto the center of the coverslips at a 

density of 2.5 × 103 cells/ml, by gently pipetting 200 µL of PMNs cell suspension into the wells. 

The cells were incubated in humified incubator (37 °C, 5 % CO 2) for 1hr for the neutrophils to 

adhere to the cover slips. PBS was gently added to wash away cells that had not adhered and 

supernatant discarded. To induce NETs with PMA, 100 µL of PMA working stock and100 µL 

BRSV antigen working stock solution were added into the labeled wells (Table 3.1) and incubated 

for 3hrs at 37 °C (5 % CO 2). After 3 hrs., the remaining liquid was discarded, and the wells 

washed 3 times with PBS. The cover slips were air dried for 20 min and placed in a well containing 

400 µL of 4% Paraformaldehyde. The cells were fixed for 10 min at room temperature. The 

paraformaldehyde was gently aspirated, and the cover slips washed three times with PBS. The 

coverslips with adherent PMBs were transferred into wells of a new cell culture plate with PBS 

and stored at 4 °C until ready to perform immunofluorescence labeling. 

 

3.3.2.c. Immunofluorescence labeling and visualization of NETs 

For immunofluorescence labeling of NETs, the PBS was discarded from the wells and the 

adherent cells permeabilized using 1% NP-40 diluted in PBS. They were incubated for 10 min at 

RT and the coverslips gently washed with PBS 3 times for 5 min. Blocking buffer was added to 

block nonspecific binding sites and incubated for 1 hr. at RT.  The first primary antibody (Rabbit 

anti neutrophil elastase - NE) was diluted in blocking buffer at 1µg/ml. The primary antibody was 

added at 200µL per well after discarding blocking buffer without an additional wash step. The 
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coverslips were incubated overnight at 2-8oC and then washed 3 times with PBS for 5 min each. 

The secondary antibody (goat anti rabbit - Alexa fluor 594) was diluted to a working solution of 

10µg/ml in blocking buffer (Table 3.2) and added to the coverslips at 200µL per well. The cells 

were  incubated for 2 hrs. at RT in a dark cool place and then washed  3 times for 5 min with PBS. 

A final wash was done for 5 min using deionized water. 

To saturate open binding sites on the first secondary antibody with IgG so that they cannot 

capture the second primary antibody, the coverslips were incubated 10% rabbit normal serum for 

2hrs. They were then washed 3 times for 5 min with PBS, and once for 5 min with deionized water. 

Unconjugated Fab Goat Anti-Rabbit IgG (H+L) fragments at 50 μg/mL in PBS (Table 3.2)was 

added to the wells,  400µL each, to cover the rabbit IgG so that the second secondary antibody will 

not bind to it. They were incubated for 2hrs at RT and wash 3 times for 5 min each with PBS, then 

once for 5 min with deionized water. They were then incubated with 200µL of the second primary 

antibody (Rabbit Anti-citrullinated histones - citH3) at 2.5 μg/mL diluted in blocking buffer (Table 

3.2) for 2hrs at RT. The cover slips were washed 3 times for 5 min each with TBS, then once for 

5 min with deionized water. The second secondary antibody (goat anti rabbit - Alexa fluor 488)  

diluted in blocking buffer to10 μg/mL was added at 200µL per well and incubated for 1hr at RT. 

The coverslips were washed 3 times for 5 min each with PBS, then once for 5 min with deionized 

water. 

To visualize the cell free DNA (cfDNA) and nucleus, 300 µL of 1:10000 diluted DAPI 

solution was added to each well and incubated for 10 minutes at RT in the dark. The coverslips 

were rinsed once in PBS before adding 200 µL working solution (following manufacturers’ 

instructions) of Vector® TrueView autofluorescence quenching media which specifically binds, 

and quenches auto fluorescent elements enhancing signal to noise and then rinse once with PBS. 
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The coverslips were gently removed from the wells and mounted onto super frost microscope 

slides using a small drop of fluorescent mounting medium. The mounted coverslips were dried 

overnight by storing the slides in a slide holder at room temperature, protected from light.  

Once the mounting medium solidified (approximately 24-48hrs), the slides were stored at 2-8oC 

until needed or analyzed using an epi - fluorescence microscope. 

NETs were visualized as a combination of cell free DNA (cfDNA), citrullinated histones 

(citH3), and neutrophil elastase(NE) staining on an epi-fluorescence microscope( EVOS 

microscope®), equipped with filters suitable for DAPI (excitation/emission: 345/455 nm), Alexa 

Fluor 594 (excitation/emission: 590/617 nm), and Alexa Fluor 488((excitation/emission: 494/519 

nm). Images were captured at ×200 magnification and the NETs quantified as the average area in 

µm of NE and CitH3 in the 10 fields using MIPAR®, an image processing program that provides 

prescribed recipes to help identify stained cells and area. 

Negative controls using the cell culture media with no primary antibody were included to 

identify non-specific staining of the secondary reagents. Other controls included were a cover slip 

with the primary antibody and no secondary to check for autofluorescence and an isotype control 

to check that the observed staining is not caused by non- specific interactions of the primary 

antibody. 

 

 

 

 

 

 



 81 

3.3.3. Lung tissue protocol 

3.3.3.a.  Fixation, embedding, Freezing, sectioning and mounting of sections 

(Reagents are listed in appendix I) 

 

The collected fresh lung tissues were placed onto a glass petri dish with PBS and dissect 

into pieces of approximately 20 mm x 30 mm x 3 mm in size using a pair of scissors or scalpel. 

The specimens were immersed into 4% paraformaldehyde solution with the volume of fixative at 

least 20x that of the tissue and fixed at 4oC for 8−20 h. The samples were rinsed with PBS, dried 

on a paper towel  and mounted onto embedding molds using optimal cutting temperature 

compound (Tissue-Tek® O.C.T) compound. The mounted samples were placed on a rack in a 

container with liquid nitrogen so as just the vapor gets to the tissue, to ensure they freeze evenly 

with minimal crystal formation. Cryosectioning was done using a cryostat at -22oC to prepare 3 

µm tissue sections, affixed them on super plus slides and incubated overnight at 37 °C to bond the 

tissue to the glass. The slides were then stored in -20oC. 

 

3.3.3.b.  Rehydration, heat-induced epitope retrieval, staining, mounting, microscopic 

analysis 

  The slides were thawed at room temperature for 10-20 minutes and the tissue sections 

surrounded with a hydrophobic barrier using a barrier pen. The tissue was rehydrated using PBS 

for 15 minutes and permeabilized with 0.3% Triton® X-100 diluted in PBS. To retrieve epitopes, 

the slides were placed in a jar filled with heat-induced epitope retrieval buffer (HIER) pH 9   and 

the jar placed in a water bath heated to 95oC in a steamer and steamed for 20 minutes with the 

temperature maintained at 98 °C in the steam cooker. After steaming the jar was let it cool to RT, 
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approximately 30 min to 1hr. The sectioned were rinsed 3 times with deionized water and once 

with PBS (pH 7.4). Excess liquid was removed from slides between sections with rolled filter 

paper, leaving sections hydrated. The tissue sections were permeabilized using 1% NP-40 diluted 

in PBS, incubated for 10 min at RT and then washed with PBS 3 times for 5 min. Blocking was 

done using a blocking buffer incubated for 1 hr. at RT to prevent unspecific binding. The first 

primary antibody (Rabbit anti neutrophil elastase - NE) was diluted in blocking buffer at 1µg/ml 

(Table 3.2) and added to the slides after discarding blocking buffer without an additional wash 

step. The sections were incubated overnight at 2-8oC and then washed 3 times with PBS for 5 min. 

The secondary antibody (goat anti rabbit - Alexa fluor 594) was diluted to a working solution of 

10µg/ml in blocking buffer (Table 3.2) and added to the slides. The slides were incubated for 2 

hrs. at RT in a dark cool place and then washed  3 times for 5 min with PBS. To saturate open 

binding sites on the first secondary antibody with IgG so that they cannot capture the second 

primary antibody, the slides were incubated with 10% rabbit normal serum for 2hrs. They were 

then washed 3 times for 5 min with PBS, and unconjugated Fab Goat Anti-Rabbit IgG (H+L) 

fragments at 50 μg/mL in PBS (Table 3.2) was added to cover the rabbit IgG so that the second 

secondary antibody will not bind to it. They were incubated for 2hrs at RT and washed 3 times 

with PBS for 5 min. The second primary antibody (Rabbit Anti-citrullinated histones - citH3) at 

2.5 μg/mL diluted in blocking buffer (Table 3.2) was added and incubated for 2hrs at RT. After 

the 2 hrs. the slides were washed 3 times for 5 min with PBS and the second secondary antibody 

(goat anti rabbit - Alexa fluor 488)  diluted in blocking buffer to10 μg/mL (Table 3.2) was added. 

The slides were then incubated for 1hr at RT and later washed 3 times for 5 min with PBS. 

To visualize the cell free DNA (cfDNA) and nucleus, 300 µL of 1:10000 diluted DAPI 

solution was added to the slides and incubated for 10 minutes at RT in the dark. The slides were 
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rinsed once in PBS before adding 200 µL TrueView autofluorescence quenching media which 

specifically binds, and quenches auto fluorescent elements enhancing signal to noise. After this 

the slides were rinses once with PBS and cover slips mounted using a small drop of fluorescent 

mounting medium. The slides were dried overnight by storing the slides in a slide holder at room 

temperature, protected from light. Once the mounting medium solidified (approximately 24-

48hrs), the slides were stored at 2-8oC until needed or analyzed using an epi - fluorescence 

microscope. 

NETs were visualized as a combination of cell free DNA (cfDNA), citrullinated histones 

(citH3), and neutrophil elastase(NE) staining on an epi-fluorescence microscope( EVOS 

microscope®), equipped with filters suitable for DAPI (excitation/emission: 345/455 nm), Alexa 

Fluor 594 (excitation/emission: 590/617 nm), and Alexa Fluor 488((excitation/emission: 494/519 

nm). Images were captured at ×200 magnification and the NETs quantified as the average area in 

µm of NE and CitH3 in the 10 fields using MIPAR®, an image processing program that provides 

prescribed recipes to help identify stained cells and area. 

Negative controls using the cell culture media with no primary antibody were included to 

identify non-specific staining of the secondary reagents. A control with just the primary antibody 

and no secondary was included to correct for autofluorescence and an isotype control to check that 

the observed staining is not caused by non- specific interactions of the primary antibody. 

 

3.3.4. Cellular morphology, intracellular citH3 expression and NET quantification 

An EVOS FL Cell Imaging System (ThermoFisher Scientific, Rockford, IL) was used to 

acquire the immunofluorescent images. Prior to image capture and analysis, the investigators were 

blinded to the conditions by randomly assigning a number to each slide. At 20× magnification, 10 
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random fields were captured for each sample and the images analyzed using available software 

(MIPAR®). Exposure times of each channel (blue, green or red) were kept constant throughout 

the analysis.  

Neutrophils were identified based on nuclear morphology, cell diameter of less than 15 μm 

(Figure 3.2) and presence of NE within the cytoplasm. NETs were identified based on cfDNA, 

extracellular NE, and citH3. The quantity of NETs in each slide was expressed as an average area 

of staining in 10 random fields.  

 

3.4. Statistics 

Differences between groups were analyzed with ANOVA. For data that were not normally 

distributed, differences between groups were examined using the Kruskal Wallis test. Correlations 

were tested by Pearson’s correlation coefficient in normally distributed data and Spearman’s 

correlation coefficient in skewed data. All statistical tests with a p value equal to or less than 0.05 

were reported as statistically significant. Statistical calculations were performed using JMP (SPSS 

Inc., Chicago, IL). We compared each of the treatment groups with each other and the placebo 

group as referent. 

 

3.5. Results 

3.5.1. Clinical and pathological scores 

All calves developed clinical illness and viral shedding with the details of the clinical 

outcomes described in detail elsewhere [31]. Briefly, daily physical exams were performed, and 

the clinical scores tabulated by a vet blinded to the treatment groups. All calves had higher clinical 

scores from day 3 post infection compared to their baseline clinical scores. Animals in Group 3, 
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the placebo  group that were infected with BRSV but received the vehicle instead of the drugs, had 

high clinical scores indicating more severe disease compared to other groups. Group 6 (combined 

therapy of the FPI and ibuprofen starting day 3) had the lowest clinical score. Ibuprofen increased 

viral shedding as described previously [35] and FPI decreased viral shedding, but the combination 

therapy of both drugs led to viral loads similar to those in calves given FPI alone [31].  

The details of histopathological scores and the viral loads measured using nasal swabs has 

been published [37]. In brief, the results indicated that histopathological scores were highest in 

calves receiving placebo throughout and those administered ibuprofen from day 5, as indicated by 

lung consolidation and atelectasis using semiquantitative scoring (Table 3.3). Histopathology 

scores were markedly reduced when combination therapy with ibuprofen and FPI was started on 

day 3 post inoculation. Differences between the treatment groups receiving dual therapy with 

ibuprofen and FPI three days after inoculation when compared with placebo reached statistical 

significance with respect to overall histopathological score [37]. 

 

3.5.2. Pathology and NETs induced by BRSV in bovine neutrophils in vivo  

The lungs of the BRSV infected calves had gross lesions with a cranioventral distribution 

with areas of consolidation distributed multifocally across the cranial, middle, and caudal lobes. 

Microscopic evaluation performed by a qualified veterinary pathologist indicated that lesions in 

cranioventral lobes are those of a broncho-interstitial pneumonia, necrotizing bronchiolitis, 

syncytia formation, type II pneumocyte hyperplasia, and exudative or proliferative alveolitis, as 

explained by Carvallo et al[37]. The severity of lesions may not often correlate with viral load or 

viral distribution, suggesting that the tissue damage is more a result of host response rather than 

primary viral infection [27, 38, 39]. Since we know that NETs can exacerbate disease pathology 
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[40], evaluating the extend of NETs in these calves’ lung tissue could provide a possible clue to 

the damage caused by the host immune response and possible ways to minimize it.  

 

3.5.3.  In vitro NETs analysis 

Studies have shown that neutrophils release NETs upon exposure to RSV in vitro [19, 28, 

41]. To confirm that neutrophils respond to BRSV, we examined isolated bovine neutrophils 

exposed to PMA, BRSV or both in vitro (Figure 3.2). In line with results from other studies, we 

observed web‐like networks of extracellular DNA around denaturing bovine neutrophils 

challenged with BRSV, and PMA (as the positive control) with more abundant NETs in PMA‐

stimulated than BRSV‐challenged neutrophils (Figure 3.2).  At 3hrs, PMA-stimulated neutrophils 

had significantly more NE and citH3 area and loss of plasma membrane integrity compared to 

BRSV-stimulated neutrophils. PMA-stimulated neutrophils were also surrounded by vast strands 

of extracellular DNA. These extracellular DNA structures were coated with neutrophil elastase 

and citH3, indicating the formation of NETs similar to other studies[16]. Some intact neutrophils 

stained positive for citH3, which may represent an early stage of NETosis 

 

3.5.4.  NETs analysis in frozen tissue 

The lungs of the BRSV infected calves revealed widespread NETosis and deposition of 

NETs, as indicated by positive CitH3 and NE staining (Figure 3.3). NETs were visualized in the 

lungs of BRSV infected calves on samples collected from the cranial, middle, and caudal lobes, 

on the left hemisphere of the lung, as shown in Figure 3.2. 3-5mm lung sections were stained with 

immunofluorescent dyes for visualization. NETs were assessed as the area covered by citH3 and 
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NE in mm2, normalized for total area of cells (nucleus staining). We found NETs deposition in 

both intraluminal and interstitial areas. 

There was a significance difference in NETs staining between the treatment groups 

(p=0.0123) for citH3 and (p=0.0085) for NE. Samples from the placebo group contained 

significantly more staining of citH3 compared to the treatment group receiving a combination of 

FPI and ibuprofen (p=0.034) and the treatment group receiving ibuprofen alone (p=0.012), when 

treatment was started on day 3 (Figure 3.4A). The placebo group also showed a significantly higher 

staining for NE compared to three of the six treatment groups: FPI and ibuprofen starting day 3 

(p=0.0163), ibuprofen alone starting day 3 (p=0.0116) and FPI and ibuprofen starting day 5 

(p=0.0224) (Figure 3.4B).  NETs staining evaluated between the cranial, middle, and caudal lung 

lobes showed a significant difference (p<0.0001) for citH3 and (p=0.0078) for NE with more NETs 

in the cranial lobes (Figure 3.5A). The cranial lobe showed highly significant difference from the 

middle lobe (p<0.0001) and the caudal lobe (p=0.0003) for citH3 and no significant differences 

between the middle and caudal lobes (p>0.05). Additionally, the cranial lobe was significantly 

different from the middle lobe (p=0.0108) and caudal lobe (p=0.0322) for NE with no significant 

difference between the middle and the caudal lobes (Figure 3.5B). Since the experiment was done 

in batches, we also examined possible differences between replicates analyzed as different batches. 

The analysis showed a slight difference between the batches but no significant batch effect (p = 

0.4207) (Figure 3.6).  

The lungs samples were assessed semi quantitatively, in collaboration with a veterinary 

pathologist, for neutrophilic exudates present within bronchi, bronchioles and alveoli. Lower 

percentage of these exudates were observed in calves treated with ibuprofen and FPI from day 3 

(Table 3.3) compared to the other four treatment groups. The correlation between the sum of the 
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area stained from citH3 and NE, lung consolidation percentages and the neutrophil exudates (Table 

3.3) was analyzed. The NE staining showed a significant correlation with lung consolidation 

percentages (p=0.0188,) bronchiole (p=0.0416) and alveolus (p=0.0416) neutrophils exudates, 

while there was no significant correlation between citH3 and the lung consolidation percentages 

or neutrophil exudates (Figure 3.7).  

 

3.6.  Discussion 

NETS have been shown to worsen disease conditions, including disease due to RSV, by 

forming plugs that block the respiratory airways [19, 29, 43]. Safe and effective management of 

NETosis in various diseases is an ongoing research topic with very few compounds being approved 

for human treatment. For example, DNase I, which was found to denature NETs in vivo [44], is to 

our knowledge the only compound approved by the United States Food and Drug Administration 

(FDA) for the treatment of NETs in cystic fibrosis [45]. More studies are still required to ascertain 

the safety and efficacy of DNase I in the management of other conditions and to identify other 

compounds that reduce NETs. Non-steroidal anti-inflammatory drugs (NSAIDS) have been 

widely used to reduce pain, fever, and inflammation associated with acute infections and have 

been shown to minimize clinical signs and pathology in various diseases, including RSV[35]. 

Our rationale for including ibuprofen, an over the counter NSAID, in this study was 

because of its known function as an immunomodulator. It acts by inhibiting  the cyclooxygenase 

enzymes (COX-1 and COX-2), preventing the conversion of arachidonic acid into its biologically 

active derivatives and thereby altering prostaglandin homeostasis. Although ibuprofen is not a 

drug commonly prescribed in cattle, it is a readily available NSAID approved for use in 

management of clinical symptoms in children with RSV infection [46]. The results of our studies 
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are therefore beneficial to both, human and veterinary medicine, as any observed effects of 

ibuprofen could inform about potential effects of other NSAIDS. Cox inhibitors inhibit migration 

of neutrophils by suppressing IL-17 production [47]. IL-17 is a key cytokine that links T cell 

activation to neutrophil mobilization and activation. An experiment by Walsh and our lab has 

previously shown that ibuprofen, started one day after infection with BRSV, decreases interleukin-

17 (IL-17) [35, 49]. Ibuprofen also suppresses IL‑6 and IL‑8 mRNA levels, inactivating NF‑κB 

and STAT3 pathway alterations [50]. It also induces shedding of adhesion molecules, decreasing 

the expression of L-selectin on neutrophils and thereby inhibiting their activation, locomotion, 

aggregation, and degranulation [51]. Studies also indicated that NSAIDS application can increase 

serum levels of anti-inflammatory cytokines interleukin-13 (IL-13) and interleukin-4 (IL-4) [47, 

52] that exert an inhibitory effect on neutrophils, affecting neutrophil migration and tissue 

infiltration as well as neutrophil effector functions [53]. Taken together these immunomodulatory 

effects on neutrophils should potentially influence neutrophil functions including netosis.  

The experiments outlined here show that ibuprofen alone administered on days 3 after 

BRSV infection, did not make much of a difference in the percentage of neutrophil exudates in the 

airways (Table 3.3) but it had a significant negative effect on NET formation (Figure 3.4A). There 

was also a significant difference with less NETs in the combination therapy of ibuprofen and FPI 

starting day 3 on NETs and on the neutrophil exudates compared to placebo. Initiating ibuprofen 

treatment early, as done here on day 3 after BRSV infection, seems to more strongly reduce netosis, 

possibly by early interference of the neutrophil recruiting cytokines(IL-17, IL-13, IL-4) function. 

In the combination therapy, there could be a double positive effect; the FPI inhibits viral replication 

thus minimizing neutrophil activation, while the ibuprofen further decreases neutrophil function. 

However, when treatment was initiated later in the infection, day 5, the lack of an effect maybe 
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due to the fact that pro-inflammatory cytokines were already secreted. However, we could see an 

effect on the NE during combined therapy (Figure 3.4B). This could be due to reduced activation 

of neutrophils due to the FPI-mediated reduction in viral loads.   

We also considered differences in NET depositions in the three major lung lobes. The 

cranial lobe had significantly higher deposition of NETs compared to the middle and caudal lobes 

(Figure 3.5A and 3.5B), but there was no significant difference between the middle and caudal 

lobes. These results are consistent with the fact that BRSV infection has a cranioventral 

presentation with consolidated lesions present throughout the cranial, middle, and accessory lobes, 

while the caudal lobes are often distended with edematous lesions [39, 54]. NE staining showed a 

significant positive correlation with lung consolidation percentages, bronchiole, and alveolus 

neutrophils exudates, while there was no significant correlation between citH3 and the lung 

consolidation percentages or neutrophil exudates (Figure 3.7). A study done by Obermayer et.al 

also indicated that NE occurred in high densities in NETosis while citH3 was much less abundant. 

They concluded that release of DNA studded with non-citrullinated histones was a common feature 

of in vivo NETosis [55]. This potentially explains the difference observed in the levels of citH3 

and NE in the different lung lobes (Figure 3.5A and 3.5B) with NE being higher than citH3 in the 

middle and caudal lobes compared to the citH3.  

We also assessed the difference between NETs in three replicates to rule out batch effects. 

Although it appeared that the third replicate had more NETs than the other two, this difference did 

not reach statistical significance (Figure 3.6). The increase in NETs in the third replicate might 

have been due to ambient temperature during processing, as this replicate experiment was 

conducted during higher temperature than the other two batches that were analyzed.  
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3.7. Conclusion 

In conclusion, BRSV induces NET formation in vitro and in vivo. NET formation was 

observed in the lungs, suggesting that they contribute to immunopathology in RSV disease. Both, 

Ibuprofen and FPI single therapy decreased clinical severity of illness and NET formation in a 

bovine model of RSV but were most successful in doing so when used as a combination therapy. 

The combination of both drugs was effective when given at days 3 and 5 after infection, with 

earlier initiation leading to better outcomes. Our work underscores the need for more studies into 

compounds that influence NET formation. Early diagnosis of diseases exacerbated by NET might 

be critical for this therapy to be effective, however, as it functions best before a strong onset of 

inflammatory responses.  

 

3.8. Limitations  

Limitation encountered in this study include microscopic evaluation, which is subject to 

observer bias. To minimize this, we utilized a standardized protocol to acquire and analyze images 

in a randomized and blinded manner. Unfortunately, this technique is labor intensive, requiring 

multiple incubation steps and advanced training in microscopy. Another limitation was accurate 

identification of NETs.  When neutrophils undergo NETosis they have chromatin decondensation, 

leading to non-lobulated and rounded nuclei, which may affect our ability to accurately identify 

neutrophils and hence incorrectly estimate the quantity of NETs produced. Having a specific 

marker for NETs could allow for more accurate cell enumeration. Direct visualization and 

quantification of NETs in samples can also be challenging, due to the lack of standardized cell 

counts and variable cell types. Because the number of NETs is dependent on the number of 

neutrophils in each sample, we measured NE and citH3 positive neutrophils relative to the number 
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of neutrophils. We also employed robust criteria to classify and quantify neutrophils due to the 

presence of other various cell types. Further studies are needed to validate this technique in a larger 

population of cattle and to determine its diagnostic and prognostic value in calves with BRSV. 
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Table 3.1: Neutrophil stimulation with PMA and BRSV  

 

 

 

 

 

 

 

 

BRSV – Bovine Respiratory Syncytial Virus  PMA – phorbol 12-myristate 13-acetate 
 
PMN – Polymorphonuclear cells  

 PMA(120nM) BRSV(30µg/ml) PMN (2.5x103 cells/ml) 

PMN - - 200µL 

PMN+PMA 100µL - 200µL 

PMN+BRSV - 100µL 200µL 

PMA (control) 100µL - - 

BRSV (control) - 100µL - 
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Table 3.2. Antibodies used in staining for NETS and their dilutions 

Antibodies  use Dilution Lot 

number  

Company  

Rabbit polyclonal anti-

neutrophil elastase (NE) 

antibody 

Primary 1:200 (1 

μg/ml) 

ab68672 Abcam, Cambridge, MA 

Rabbit polyclonal anti-

citrullinated 

histones(citH3) antibody 

Primary  1:400 

(2.5μg/ml) 

ab5103 Abcam, Cambridge, MA 

Alexa Fluor® 488-Goat 

Anti-Rabbit IgG (H+L 

Secondary  1:400 (10 

μg/ml)) 

 ThermoFisher Scientific, 

Rockford, IL 

Alexa Fluor® 594-Goat 

Anti-Rabbit IgG (H+L) 

Secondary  1:400 (10 

μg/ml) 

 ThermoFisher Scientific, 

Rockford, IL 

Unconjugated goat anti-

rabbit Fab fragments 

 50 μg/mL  Jackson Immuno-

Research Laboratories, 

West Grove, PA 
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Table 3.3: Lung consolidation as a percentage of the total consolidation score and comparison of 

neutrophil exudates in the three major airways (Bronchi, Bronchiole and Alveoli) between the 

treatment groups.  

  

Lung Pathology 

Treatment groups Lung 

consolidation 

(%) 

Neutrophil exudates 

in Bronchi (%) 

Neutrophil 

exudates in 

Bronchiole (%) 

Neutrophil 

exudates in 

Alveoli (%) 

Day 3 Ibuprofen 22.5 22 18 16 

Day 5 Ibuprofen 33.1 13 19 19 

Placebo 31.5 21 21 23 

Day 5 FPI 24.2 17 16 15 

Day 5 FPI+ 

Ibuprofen 

25 16 16 17 

Day 3 FPI+ 

Ibuprofen 

9.3 9.8 10 9.6 

FPI – fusion protein inhibitor  

Percentages are semi quantitatively scored  
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Figure 3.1: A drawing of bovine lung indicating areas where tissue samples were collected and 

cryopreserved using liquid nitrogen. We collected at least three samples from each lobe.  

(Cranial lobe - Cr1, Cr2, Cr3    Middle lobe – Md, Md2, Md3 Caudal lobe – Cd1, Cd2, Cd3) 

 

 

Cranial lobe

Middle lobe

Caudal lobe

LEFT LUNG
RIGHT LUNG

Cr1

Cr2

Cr3

Md3

Cd1

Cd3

Cd2

Md1

Md2
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Figure 3.2: Representative immunofluorescent images of cytology samples from healthy calves.  

Cells were fixed, permeabilized and stained for citrullinated histone H3 (citH3, red), Neutrophil 

elastase (NE, green) and DNA (blue). NETs were identified by co-localization of citH3, and NE. 

Cells were identified to be neutrophils based on lobulated nuclei. Original image X200 

magnification. 

  

Neutrophil + PBS       Neutrophil + BRSV antigen   Neutrophil + PMA 
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Figure 3.3: A representative immunofluorescent image of frozen bovine lung tissue. Tissues were 

fixed, permeabilized and stained for citrullinated histone H3 (citH3, green) and neutrophil elastase 

(NE, red). DNA was stained with DAPI-blue.  

Note the intracellular expression of citH3 (arrow heads) and NE (arrows) in neutrophils, and 

release of NETs decorated with NE and citH3 (circled). Original 400x magnification 

 

B
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Figure 3.4: Distribution of NETs in the frozen lung tissue between the treatment groups.  

NETs were visualized as presence of citrullinated histones (citH3), and neutrophil elastase(NE) 

staining using an epi-fluorescence microscope. Images were captured at ×200 magnification and the 

NETs quantified as the average area in µm of NE and CitH3 in 10 microscopic fields. The graphs show 

the different treatment groups for FPI, ibuprofen or both initiated on day 3 and 5 of BRSV infected 

calves. 

A) CitH3 B) NE staining in frozen lungs tissue (n=6 per treatment group). Values are means + SE  
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Figure 3.5: Distribution of NETs in the lobes of frozen lung tissue of calves infected with BRSV and 

treated with FPI, ibuprofen or both.  

NETs were analyzed as presence of citrullinated histones (citH3), and neutrophil elastase(NE) staining in 

the lung tissues using an epi-fluorescence microscope. Images were captured at ×200 magnification and the 

NETs quantified as the average area in µm of NE and CitH3 in 10 microscopic, A) citH3 and B) NE staining 

represented as a percentage of the total of three replicates(n=36).  
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Figure 3.6: Batch analysis of NETs between the three replicates.  

The bars show presence of CitH3 and NE in the lung tissues analyzed as different batches 

representing the replicates n=36.       

 

 

 

 

A
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Figure 3.7: Correlation between the lung consolidation, neutrophil exudates and NETs in the lungs 

of calves infected with BRSV and treated using FPI, ibuprofen or both. 

Scatter plot showing correlation between the levels of NE and CitH3 with the percentages of lung 

consolidation and neutrophil exudates in the bronchi, bronchiole, and alveoli airways. 

A

B



 103 

REFERENCES 

 
1.  Remijsen Q, Berghe T Vanden, Wirawan E, et al (2011) Neutrophil extracellular trap cell 

death requires both autophagy and superoxide generation. Cell Res 21:290–304. 

https://doi.org/10.1038/cr.2010.150 

2.  Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A (2010) Neutrophil elastase and 

myeloperoxidase regulate the formation of neutrophil extracellular traps. J Cell Biol 

191:677–691. https://doi.org/10.1083/jcb.201006052 

3.  Chen R, Kang R, Fan XG, Tang D (2014) Release and activity of histone in diseases. Cell 

Death Dis. 

4.  Mitiku F, Hartley CA, Sansom FM, et al (2018) The major membrane nuclease MnuA 

degrades neutrophil extracellular traps induced by Mycoplasma bovis. Vet Microbiol 

218:13–19. https://doi.org/10.1016/j.vetmic.2018.03.002 

5.  Muraro SP, De Souza GF, Gallo SW, et al (2018) Respiratory Syncytial Virus induces the 

classical ROS-dependent NETosis through PAD-4 and necroptosis pathways activation. Sci 

Rep 8:1–12. https://doi.org/10.1038/s41598-018-32576-y 

6.  Saitoh T, Komano J, Saitoh Y, et al (2012) Neutrophil extracellular traps mediate a host 

defense response to human immunodeficiency virus-1. Cell Host Microbe 12:109–116. 

https://doi.org/10.1016/j.chom.2012.05.015 

7.  Narasaraju T, Yang E, Samy RP, et al (2011) Excessive neutrophils and neutrophil 

extracellular traps contribute to acute lung injury of influenza pneumonitis. Am J Pathol 

179:199–210. https://doi.org/10.1016/j.ajpath.2011.03.013 

8.  Huang H, Tohme S, Al-Khafaji AB, et al (2015) Damage-associated molecular pattern-

activated neutrophil extracellular trap exacerbates sterile inflammatory liver injury. 



 104 

Hepatology 62:600–614. https://doi.org/10.1002/hep.27841 

9.  Brinkmann V, Reichard U, Goosmann C, et al (2004) Neutrophil Extracellular Traps Kill 

Bacteria. Science (80- ) 303:1532–1535. https://doi.org/10.1126/science.1092385 

10.  Schönrich G, Raftery MJ (2016) Neutrophil extracellular traps go viral. Front Immunol 

7:11–14. https://doi.org/10.3389/fimmu.2016.00366 

11.  Díaz-Godínez C, Carrero JC (2019) The state of art of neutrophil extracellular traps in 

protozoan and helminthic infections. Biosci. Rep. 39 

12.  Narayana Moorthy A, Narasaraju T, Rai P, et al (2013) In vivo and in vitro studies on the 

roles of neutrophil extracellular traps during secondary pneumococcal pneumonia after 

primary pulmonary influenza infection. Front Immunol 4:56. 

https://doi.org/10.3389/fimmu.2013.00056 

13.  Metzler KD, Goosmann C, Lubojemska A, et al (2014) Myeloperoxidase-containing 

complex regulates neutrophil elastase release and actin dynamics during NETosis. Cell Rep 

8:883–896. https://doi.org/10.1016/j.celrep.2014.06.044 

14.  Goel RR, Kaplan MJ (2020) Deadliest catch: Neutrophil extracellular traps in 

autoimmunity. Curr. Opin. Rheumatol. 32:64–70 

15.  Jorch SK, Kubes P (2017) An emerging role for neutrophil extracellular traps in 

noninfectious disease. Nat. Med. 23:279–287 

16.  Cortjens B, Lutter R, Boon L, et al (2016) Pneumovirus-induced lung disease in mice is 

independent of neutrophil-driven inflammation. PLoS One. 

https://doi.org/10.1371/journal.pone.0168779 

17.  Shao S, Fang H, Dang E, et al (2019) Neutrophil extracellular traps promote inflammatory 

responses in psoriasis via activating epidermal TLR4/IL-36R crosstalk. Front Immunol 10:. 



 105 

https://doi.org/10.3389/fimmu.2019.00746 

18.  Funchal GA, Jaeger N, Czepielewski RS, et al (2015) Respiratory syncytial virus fusion 

protein promotes TLR-4-dependent neutrophil extracellular trap formation by human 

neutrophils. PLoS One 10:1–14. https://doi.org/10.1371/journal.pone.0124082 

19.  Cortjens B, De Boer OJ, De Jong R, et al (2016) Neutrophil extracellular traps cause airway 

obstruction during respiratory syncytial virus disease. J Pathol. 

https://doi.org/10.1002/path.4660 

20.  Toussaint M, Jackson DJ, Swieboda D, et al (2017) Host DNA released by NETosis 

promotes rhinovirus-induced type-2 allergic asthma exacerbation. Nat Med 23:681–691. 

https://doi.org/10.1038/nm.4332 

21.  Baker JC, Ellis JA, Clark EG (1997) Bovine respiratory syncytial virus. Vet Clin North Am 

Food Anim Pract 13:425–454. https://doi.org/10.1016/S0749-0720(15)30307-8 

22.  Gershwin LJ (1996) Bovine respiratory syncytial virus infection: Immunopathogenic 

mechanisms. Anim. Heal. Res. Rev. 8:207–213 

23.  Berghaus LJ, Corbeil LB, Berghaus RD, et al (2006) Effects of dual vaccination for bovine 

respiratory syncytial virus and Haemophilus somnus on immune responses. Vaccine 

24:6018–6027. https://doi.org/10.1016/j.vaccine.2006.03.077 

24.  Taylor G, Thom M, Capone S, et al (2015) Efficacy of a virus-vectored vaccine against 

human and bovine respiratory syncytial virus infections. Sci Transl Med. 

https://doi.org/10.1126/scitranslmed.aac5757 

25.  Shirey KA, Pletneva LM, Puche AC, et al (2010) Control of RSV-induced lung injury by 

alternatively activated macrophages is IL-4Rα-, TLR4-, and IFN-Β-dependent. Mucosal 

Immunol. https://doi.org/10.1038/mi.2010.6 



 106 

26.  Collins PL, Melero JA (2011) Progress in understanding and controlling respiratory 

syncytial virus: Still crazy after all these years. Virus Res. 

27.  Van Drunen Littel-Van Den Hurk S, Watkiss ER (2012) Pathogenesis of respiratory 

syncytial virus. Curr. Opin. Virol. 2:300–305 

28.  Carvajal JJ, Avellaneda AM, Salazar-Ardiles C, et al (2019) Host Components Contributing 

to Respiratory Syncytial Virus Pathogenesis. Front Immunol 10:1–19. 

https://doi.org/10.3389/fimmu.2019.02152 

29.  Cortjens B, Yasuda E, Yu X, et al (2017) Broadly Reactive Anti-Respiratory Syncytial 

Virus G Antibodies from Exposed Individuals Effectively Inhibit Infection of Primary 

Airway Epithelial Cells. J Virol. https://doi.org/10.1128/jvi.02357-16 

30.  Jha A, Jarvis H, Fraser C, Openshaw PJM (2016) Respiratory syncytial virus. ERS Monogr. 

https://doi.org/10.1183/2312508X.10010315 

31.  Walsh P, Lebedev M, McEligot H, et al (2020) A randomized controlled trial of a 

combination of antiviral and nonsteroidal anti-inflammatory treatment in a bovine model of 

respiratory syncytial virus infection. PLoS One 15:. 

https://doi.org/10.1371/journal.pone.0230245 

32.  Gilead’s Investigational GS-5806 Reduces Viral Load and Clinical Symptoms in Phase 2 

Respiratory Syncytial Virus (RSV) Challenge Study in Adults. 

https://www.gilead.com/news-and-press/press-room/press-releases/2014/5/gileads-

investigational-gs5806-reduces-viral-load-and-clinical-symptoms-in-phase-2-respiratory-

syncytial-virus-rsv-challenge-study-in-adults. Accessed 18 Dec 2020 

33.  DeVincenzo JP, Whitley RJ, Mackman RL, et al (2014) Oral GS-5806 Activity in a 

Respiratory Syncytial Virus Challenge Study. N Engl J Med. 



 107 

https://doi.org/10.1056/nejmoa1401184 

34.  Jordan R, Shao M, Mackman RL, et al (2015) Antiviral efficacy of a respiratory syncytial 

virus (RSV) fusion inhibitor in a bovine model of RSV infection. Antimicrob Agents 

Chemother 59:4889–4900. https://doi.org/10.1128/AAC.00487-15 

35.  Walsh P, Behrens N, Chaigneau FRC, et al (2016) A Randomized Placebo Controlled Trial 

of Ibuprofen for Respiratory Syncytial Virus Infection in a Bovine Model. PLoS One 

11:e0152913. https://doi.org/10.1371/journal.pone.0152913 

36.  Li RHL, Johnson LR, Kohen C, Tablin F (2018) A novel approach to identifying and 

quantifying neutrophil extracellular trap formation in septic dogs using 

immunofluorescence microscopy. BMC Vet Res 14:1–7. https://doi.org/10.1186/s12917-

018-1523-z 

37.  Carvallo Chaigneau FR, Walsh P, Lebedev M, et al (2021) A randomized controlled trial 

comparing non-steroidal anti-inflammatory and fusion protein inhibitors singly and in 

combination on the histopathology of bovine respiratory syncytial virus infection. PLoS 

One 16:e0252455. https://doi.org/10.1371/journal.pone.0252455 

38.  Ellis J, Waldner C, Gow S, Jackson M (2013) Relationship of the extent of pulmonary 

lesions to the partial pressure of oxygen and the lactate concentration in arterial blood in 

calves experimentally infected with bovine respiratory syncytial virus. Can J Vet Res 

77:205–210 

39.  Valarcher JF, Taylor G (2007) Bovine respiratory syncytial virus infection. Vet. Res. 

38:153–180 

40.  Kumar S V, Desai J, Anders H-J (2016) Neutrophil extracellular traps in tissue pathology. 

Artic Histol Histopathol. https://doi.org/10.14670/HH-11-816 



 108 

41.  Tayyari F, Marchant D, Moraes TJ, et al (2011) Identification of nucleolin as a cellular 

receptor for human respiratory syncytial virus. Nat Med. https://doi.org/10.1038/nm.2444 

42.  Cortjens B, De Jong R, Bonsing JG, et al (2018) Local dornase alfa treatment reduces NETs-

induced airway obstruction during severe RSV infection. Thorax 73:578–580. 

https://doi.org/10.1136/thoraxjnl-2017-210289 

43.  Cortjens B, De Boer OJ, Antonis AFG, et al (2015) Neutrophil Extracellular Trap Formation 

In Severe Respiratory Syncytial Virus Lung Infection. Am J Respir Crit Care Med 191:no 

pagination 

44.  Leal AC, Mizurini DM, Gomes T, et al (2017) Tumor-Derived Exosomes Induce the 

Formation of Neutrophil Extracellular Traps: Implications For The Establishment of 

Cancer-Associated Thrombosis. Sci Rep 7:. https://doi.org/10.1038/s41598-017-06893-7 

45.  Shak S, Capon DJ, Hellmiss R, et al (1990) Recombinant human DNase I reduces the 

viscosity of cystic fibrosis sputum. Proc Natl Acad Sci U S A 87:9188–9192. 

https://doi.org/10.1073/pnas.87.23.9188 

46.  Symptoms and Care of RSV (Respiratory Syncytial Virus) | CDC. 

https://www.cdc.gov/rsv/about/symptoms.html. Accessed 11 Jun 2021 

47.  Lemos HP, Grespan R, Vieira SM, et al (2009) Prostaglandin mediates IL-23/IL-17-induced 

neutrophil migration in inflammation by inhibiting IL-12 and IFNγ production. Proc Natl 

Acad Sci U S A 106:5954–5959. https://doi.org/10.1073/pnas.0812782106 

48.  Erik Lubberts Davelaar  and, Asmawidjaja PS, W Hazes Sandra M J Paulissen JM, Piet van 

Hamburg J (2021) Independent of IL-23 Pathway, 2 Cyclooxygenase/Prostaglandin E 

Pathogenicity via the Synovial Fibroblasts Directly Induce Th17 Downloaded from. J 

Immunol J Immunol by guest. https://doi.org/10.4049/jimmunol.1300274 



 109 

49.  Cupedo T (2011) Human lymph node development: An inflammatory interaction. Immunol. 

Lett. 

50.  Sun F, Zhang Y, Li Q (2017) Therapeutic mechanisms of ibuprofen, prednisone and 

betamethasone in osteoarthritis. Mol Med Rep 15:981–987. 

https://doi.org/10.3892/mmr.2016.6068 

51.  Díaz-González F, González-Alvaro I, Campanero MR, et al (1995) Prevention of in vitro 

neutrophil-endothelial attachment through shedding of L-selectin by nonsteroidal 

antiinflammatory drugs. J Clin Invest 95:1756–1765. https://doi.org/10.1172/JCI117853 

52.  Al-Waeli H, Nicolau B, Stone L, et al (2020) Chronotherapy of Non-Steroidal Anti-

Inflammatory Drugs May Enhance Postoperative Recovery. Sci Rep 10:1–14. 

https://doi.org/10.1038/s41598-019-57215-y 

53.  Heeb LEM, Egholm C, Impellizzieri D, et al (2018) Regulation of neutrophils in type 2 

immune responses. Curr. Opin. Immunol. 54:115–122 

54.  Antonis AFG, Schrijver RS, Daus F, et al (2003) Vaccine-Induced Immunopathology 

during Bovine Respiratory Syncytial Virus Infection: Exploring the Parameters of 

Pathogenesis. J Virol 77:12067–12073. https://doi.org/10.1128/jvi.77.22.12067-

12073.2003 

55.  Obermayer A, Stoiber W, Krautgartner WD, et al (2014) New aspects on the structure of 

neutrophil extracellular traps from chronic obstructive pulmonary disease and in vitro 

generation. PLoS One 9:97784. https://doi.org/10.1371/journal.pone.0097784 

 

 

 



 110 

 

 

CHAPTER 4 
 

4. Preliminary Isolation and Identification of Innate Lymphoid Cells in Calves Lungs 

4.1 Abstract 

Innate lymphoid cells (ILCs) comprise of a family of relatively rare lymphoid cells that 

direct mucosal immune responses including initiating, sustaining, and even curbing immune 

responses. ILCs lack classical cell-surface markers and can be divided into five main types (NKs, 

ILC1s, ILC2s, ILC3s, and Lti cells) based on differences in cytokine production, phenotype, and 

developmental pathway. Since their discovery ILCs have gained greater relevance in the field of 

immunology due to their multiple functions in the innate immune response. ILCs are mostly tissue-

resident cells tightly bound to the tissue structure and can be found in mucosal and barrier organs 

like skin, gut, and lungs. Due to ILCs locations and low numbers, they require long and complex 

protocols that do not always provide sufficient yield for analysis. ILCs can only be identified by 

combinations of cell surface markers and cytokine production thus multicolor flow cytometry is 

the most reliable method to purify, characterize, and assess their functionality. Currently very little 

is known about the isolation and identification of ILCs in bovine lung tissue. Here, we describe a 

method for sample collection, cell preparation and flow cytometric analysis of bovine lung 

immune cells isolated from the lungs of calves to identify bovine ILCs. The cell marker panel and 

flow cytometry gating strategies were done on cells that fit the description as ILCs. This can 

constitute a useful tool for future investigations of bovine ILCs. 

 

 



 111 

 

4.2. Introduction 

The immune system is tasked with surveying its surroundings and discriminating between 

harmless and potentially harmful materials. Regulation of innate immunity at mucosal surfaces is 

important for preventing pathogen invasion, and also for preventing inappropriate immune 

activation and pathology. In the last 10 years, innate lymphoid cells (ILCs) have been identified 

as a family of hematopoietic cells bearing a resemblance to the CD4 T helper (Th) Th1, Th2, and 

Th17 cell subsets in their effector and regulatory functions, while lacking specific antigen 

receptors (e.g. TCR)[1]. ILCs are predominantly found at mucosal sites(Table 4.1), although they 

have been isolated from nearly every tissue. They are mainly tissue resident cells that have the 

potential to expand locally during acute inflammation [2, 3].  

ILCs institute their function by producing an array of soluble mediators, including 

cytokines and eicosanoids that direct the reactions of local hematopoietic and epithelial cells as 

illustrated in Table 4.1. They also take part in the recruitment of immune cells, tissue and metabolic 

homeostasis, pathogen resistance and anti-cancer immunity. Improper development of ILCs can 

also lead to immune dysregulation [1, 4, 5].  

The relatively recent identification and isolation of ILCs in mice has led to an explosion of 

studies, yet many questions remain surrounding their development, regulation, and function in 

homeostasis and disease, and their presence in species other than the mouse. In this chapter, we 

focus on the basic methods for identifying and isolating ILCs from the calf lung. This chapter does 

not show definite characterization of bovine ILCs but represents an attempt towards this goal.  
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4.2. Materials and Methods 

4.2.1. Samples  

Blood was drawn from 6 healthy cattle at the University of California Davis Department 

of Animal Science, meat lab and processed on the same day. Peripheral Blood Mononuclear Cells 

(PBMCs) were isolated using Lymphoprep density gradient centrifugation. The PBMCs used for 

panel development and troubleshooting the protocol. 

Lung samples were collected from 36, five to six-week-old calves obtained from a dairy 

for use in the treatment study described in chapter 2. Briefly the calves were  infected with Bovine 

Respiratory Syncytial virus and treated with a fusion protein inhibitor, ibuprofen or a combination 

of the two. The calves were euthanized on day 10 post infection and lung samples collected into 

sterile containers with Hanks Buffered Salt Solution (HBSS) supplemented with gentamicin to 

minimize contamination and maintain cellular integrity. As a control, fresh lung samples were 

obtained from 2 healthy cows and one 6 week old calf from the University of California Davis 

Department of Animal Science, meat lab.   

 

4.2.2. Methods  

(Reagents, tools and equipment used in this chapter are listed on appendix II) 

 

4.2.2.a. Isolation of calf lung and preparation of single cell suspension 

Lung samples in a container with cell media buffer were transferred into a petri dish on ice 

and mechanically tissue dissociated with sterilized razor blades or dissection scissors into 

fragments of tissue ~1mm in size. The tissues pieces were places into a 50ml conical tubes 

containing 30ml of lung digestion medium. They were incubated at 37°C for 30 minutes with 
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gently agitation every 10 minutes and cell media buffer added at the end to stop enzymatic activity. 

The digested tissue and media were passed through a 70μm cell strainer using the plunger end of 

a 1mL syringe to make a single cell suspension and the cell strainer washed with 5–10mL of cell 

media to ensure collection of all cells. The media was centrifuged to pellet the cells at xg 400 4°C 

for 10 minutes with brakes. The supernatant was discarded, and the cells re-suspended in 10mL 

cell media buffer. To separate the lymphoid cells from the cells collected, 10ml of Lymphoprep 

was dispensed into Lymphoprep tubes and the resuspended cells slowly layered on it. The mixture 

was centrifuged at xg 500 for 30 minutes at 4°C with no brakes and minimal acceleration. The 

cells at the interface were carefully collect, transferred to a 15mL conical tube and washed with 

5–10mL of complete RPMI-1640 medium by centrifugation at xg 400 for 10 minutes at 4°C. 

The supernatant was discarded, cells re-suspend in cell media with 10% DMSO and stored 

in liquid nitrogen for further analysis.  

 

4.2.2.b. Magnetic enrichment of live cells 

The enrichment of live cells from a single cell suspension of digested lung tissue can be 

beneficial in removing debris, dead and dying cells especially from samples that have been 

preserved in liquid nitrogen for long. This step was mainly performed on the lung cells collected 

from the replicates and stored in liquid nitrogen as they contained a high number of dead cells due 

to long the  storage. The cells were quickly thawed from liquid nitrogen and placed in 15ml conical 

tubes. The DMSO was washed off by adding10ml cell media buffer and centrifuged at xg 400 for 

10 minutes at 4°C. Total cell number and viability were determined automatically using a MUSE 

counter.  
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The cell pellet was resuspended in 100 µL of dead cell removal micro beads per 10⁷ total 

cells as per manufacturer’s instructions mixed well and incubated for 15 minutes at room 

temperature (20−25 °C). After incubation 500ul of binding buffer (provided with the Dead cell 

removal kit) was added to the sample the cell suspension passed through a 40μm sterile filter to 

remove cell clumps which may clog the column. The suspension was applied onto the column and 

magnetic separation performed using the MS column. The live cell fraction is collected as the flow 

through containing unlabeled cells while the labeled dead cells remain trapped in the column. The 

column was removed from the magnetic separator and placed on a 15ml conical tube. The magnetic 

labeled cells were flushed out from the column by adding 5ml biding buffer to the column and 

plunging the cells out with a syringe plunger (provided with the MS column). To increase purity 

and yield of live cells, the eluted live and dead cell fractions were passed over a fresh magnetic 

column for each fraction and after washed with  binding buffer by centrifugation at xg 400 for 

10min at 4°C.  

The cells were resuspended using FACs media, the cell number and viability determined 

using a MUSE counter. Cell viability in the thawed sample was 30-40% and after removing dead 

cells with the dead cell removal kit, the viability rate was increased to 78-84%. 

 

4.2.2.c. Separation of lymphocytes from blood and subsequent red blood cells lysis  

Blood was collected into tubes containing anticoagulant, ACD tubes, and diluted in conical 

tubes at 1:1.5 dilution with sterile PBS. 10ml Lymphoprep was dispensed to the bottom of the 

Lymphoprep tubes and 30ml of diluted blood slowly layered on top of the Lymphoprep.  The tubes 

were centrifuged for 20 min at 800xg at a temperature of 18-25oC with brakes. After centrifugation, 

the mononuclear cells form a distinct band at the sample/medium interface as peripheral blood 
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mononuclear cells (PBMCs). The PBMCs layer was collected from the interface into a conical 

tube. Red blood cells were lysed using cold distilled water for 30-60s and the pH readjusted using 

10X PBS. The sample was centrifuged for 20 min at 250xg at 4 °C to pellet the cells. The red 

blood cell lysis was repeated until the water run clear after which cells were resuspended in FACs 

media, and the cell number and viability determined using a MUSE counter. Cell viability was 94-

97%. The PBMCs were used fresh or stored in liquid nitrogen with 10% DMSO until needed.  

 

4.2.2.d.  Antibody staining panel and Flow cytometry analysis to identify ILCs.  

The ILCs were identified using a 4 laser, 18 color BD LSRII cytometer. An appropriate 

live dead discriminator DAPI or Aqua viability fixable dye (when analyzing fixed cells) was used 

for all samples to exclude non-viable cells. Lineage antibodies (Abs) included CD3ε, CD4, CD8, 

CD21, MHCII and ILCs gating antibodies CD45, CD90 and CD127 (Table 4.2).  

The cells collected from blood (PBMCs) and lung cells were stained for analysis either as fresh 

cells after isolation, from liquid nitrogen storage or after live cell enrichment step. The cells ( 3 to 

5 × 106 cells) in FACs buffer were centrifuged at xg 400 for 10 minutes at 4°C and the supernatant 

discarded. The cells were then wash by adding 1mL of PBS per 106 cells at the same speed and re-

suspend cells in 1mL of PBS (azide and protein-free) per 106 cells. 1mL of previously optimized 

Aqua viability fixable live dead fixable dye was added if the cells were to be fixed to be analyzed 

at a later date Incubate cells at 4°C for 15 minutes in the dark. Cells were washed by adding 1mL 

of FACS buffer per 106 cells and centrifuged at xg 400 for 10 minutes at 4°C. The supernatant was 

discarded, and the pellet washed again. The cells were re-suspended in 1mL blocking buffer per 

106 total cells and add FcR block. After incubating for 30 minutes on ice the sample was 
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centrifuged at xg 400 for 10 minutes at 4°C for 10 minutes and supernatant discarded. Controls 

included were unstained, single stained and fluorescence minus one (FMO) control. 

Antibody master mix was prepared using optimally titrated directly conjugated antibodies 

diluted in FACS buffer. The cells were re-suspended in 50uL master mix and incubated at 4°C for 

30 minutes in the dark. Cells were washed by adding 1mL of FACs buffer  and centrifuged at xg 

400 for 10 minutes at 4°C . The supernatant was discarded, and the wash step repeated. After 

washing, cells were re-suspended in 500uL of FACS buffer and filtered through a 20μm filter into 

5mL round bottom test tube prior to flow cytometric analysis. The cells were kept on ice in the 

dark during the staining process and before analysis. For samples that were analyzed on the same 

day DAPI, was added just before analysis and the aqua viability dying step skipped. DAPI was 

preferred as it had a better signal to noise fluorescence difference compared to aqua. 

After staining the cells ~1million events were acquired using the BD LSR II flow 

cytometer. Compensation was performed using adsorbed microspheres treated with the same 

antibodies used for staining. All antibodies were titrated to define an optimal concentration for 

specific staining. Cell gating was determined using the isotype control values or the fluorochrome 

minus 1 (FMO) setting to all parameters. Cell debris and dead cells were excluded from the 

analysis based on side scatter and fixable live dead discriminator fluorescence (DAPI or Aqua 

viability dye). 

 

4.3. Data analysis 

Data collected from flow cytometry was analyzed using Flow Jo 10 software (Flow Jo LLC) and 

evaluated for cells percentages of the ILCs. 
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4.4. Results 

Due to time constrains and limitation on acquiring antibodies specific to bovine cells, only 

a few samples including PBMCs, cells from the  6 week old calf (healthy control)  and a sample 

from replicate three of the treatment study (chapter 2) infected with BRSV and not treated with 

FPI or ibuprofen, were analyzed and a preliminary gating strategy developed. ILCs were identified 

based upon a combination of markers denoting live, CD45+, lineage negative cells (lacking CD3, 

CD4, CD8, CD21, and MHCII), which also expressed CD90 and CD127 [6, 7]). Based on this 

indication, we first determined a gating strategy to identify ILC population on bovine peripheral 

cells (PBMCs), as illustrated in Figure 1A. This was first used to troubleshoot the antibodies and 

set a rudimentary gating strategy.  

Compensation beads (single stained control) were used to calculate the compensation 

matrix which was applied to the samples before analysis. The samples were first gated on the 

forward (FSC) vs side scatter (SCC) excluding debris with this population labeled cells of interest 

(Figure 4.1.A). This was done to encompass all possible populations since identification of these 

ILCs in bovine is novel and we do not know how they are distributed. Doublets were excluded by 

gating on singlets using a gating window of side scatter area vs. side scatter height.  Subsequently, 

live cells were gated on aqua viability/DAPI vs CD90 (Figure 4.1.B). The selected population was 

then gated on lineage- (CD3ε, CD4, CD8, CD21, MHCII) and CD45+ to ensure that the cells 

selected are lymphocytes lacking these specific receptors(Figure 4.1.C). The expression of 

CD90(Figure 4.1.D) and CD127 (Figure 4.1.E)was analyzed and bovine ILCs identified as 

Lineage- CD45+CD90+ and CD 127+ (Figure 4.1.E). This gating strategy was applied to the other 

samples with an unstained sample as a control (Figure 4.2), sample from the 6 week old calf(Figure 

4.3) and a sample from replicate 3 after live cell enrichment step (Figure 4.4).  On further analysis 
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of  the sample from the calf in replicate three (infected with BRSV but received no treatment) the 

cells staining for Lineage- CD45+CD90+ and CD 127+ were located higher on the side scatter 

compared to normal lymphocytes (Figure 4.5) and will need further analysis to concretely 

characterize these cells. 

 

4.5. Discussion  

This chapter presents a preliminary method for isolation and identification of ILCs in 

bovine lung tissue.  A consistent method will need to be developed for obtaining a high yield, 

which is of particular importance due to the expected low percentage of ILCs represented in most 

tissues [8, 9]. Isolation of ILCs in bovine lung tissue consists of 5 essential steps: clean sample 

collection, enzymatic digestion, Lymphoprep gradient centrifugation and staining with appropriate 

antibodies. This protocol requires the addition of DNAase in the digestion medium in order to 

prevent cell clumping but despite including these modifications in the protocol, it is not certain 

that there will be high yield of ILCs[10].  

Characterization of lung ILCs calls for a complex multiparametric flow cytometry analysis 

due to the lack of a unique differential cell marker[11, 12]. Many ILC markers are also expressed 

in other immune cells, and  the use of several T cell markers, such as CD3, CD4, CD8 help in 

identifying the lineage- population. Although research on ILCs and their related cytokines is still 

in its infancy, significant progress has been made toward elucidating their functions as regulators 

of immunity, inflammation, and tissue homeostasis[2, 13, 14]. ILCs are present in nearly all tissues 

examined (albeit in very small numbers), yet substantially enriched in mucosal tissues [3, 6, 13, 

15]. It is now clear that these cells play important roles in diverse physiological responses: 
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resistance to pathogens, regulation of chronic inflammation, tissue remodeling, cancer, and 

promoting metabolic homeostasis [14] 

The challenge in working with ILCs lies in the fact that research has not (yet) discovered 

a unique cell surface molecule that can be used to distinguish these cells by either flow cytometry 

or immunohistochemistry. Therefore, the best method remains a detailed multi-color analysis of 

lineage negative cells that express the lymphoid associated markers CD90 and CD127. 

Intracellular staining for transcription factors may help to further distinguish the three different 

groups ILC1, ILC2 and ILC3. Similarly, intracellular staining for cytokines may then link ILC 

subsets with functional capabilities [5, 13, 16] 

In this study we were able to tentatively identify a population of cells in the bovine that 

express a set of markers found to identify ILCs in mice[17–19]. The biggest challenge was finding 

commercially-available antibodies for various cell surface markers of bovine for use in flow 

cytometry. Unfortunately, we were not able to find specific bovine antibodies for some important 

ILC markers, mainly CD 127 and CD 90 ns instead opted to use antibodies raised against human 

epitopes, which have roughly 80% homology to bovine. 

Given the limitations of this study, future work will be required clearly identify the bovine 

ILC population. This would include sorting purified ILC subsets followed by in vitro manipulation 

to interrogate their function. 

 

4.6 . Conclusions and future plans 

In the last 10 years discovery of ILCs has added to our understanding of innate immunity. 

However, an understanding of ILC phenotypes and function in the bovine species is lacking. ILC 

classification and categorization in bovines will improve understanding of the mechanisms 
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underlying the development and function of ILCs.  Focusing on ILCs may provide new strategic 

therapeutic approaches for different conditions.  

Future efforts to elucidate the tissue distribution and molecular mechanisms underlying the 

functions of ILCs in triggering immunity, inflammation and tissue repair will result in a more 

comprehensive view of how ILCs regulate immunological and physiological processes. 
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Table 4.1: Overview of ILCs and their function 

  

ILC 

subset 

ILC 

lineage 

Major 

stimulating 

cytokine 

Signature 

cytokine 

produced 

Transcription 

Factors 
Localization 

ILC1 
ILC1 

NK cell 

IL-12 

IL-15 

IL-18 

IFN-γ 

TNFα, perforin, 

granzymes 

T-bet 

Eomes 

Skin, intestine, 

lymphoid tissues, 

thymus, liver 

ILC2 
iILC2 

nILC2 

IL-25 

IL-33 

TSLP 

IL-5, IL-9, IL-13, 

amphiregulin 
RORα, Bcl-11b 

Spleen, liver, lung, 

intestine, skin, bone, 

adipose tissue, brain 

ILC3 

LTi 

ILC17 

ILC22 

IL-1β 

IL-23 

IL-7 

LTα/β, IL-17, IL-

22 

IL-17, IFNγ 

IL-22 

RORγt, AhR, Notch, 

RUNX1, TCF-1, 

GATA-3 

Lymphoid tissues, 

intestine, lung, skin, 

liver, tonsils 
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Table 4.2: Antibodies conjugated to different fluorophores used in identification of  ILCs 

Gate Antibody clone Conjugation 

 

Company  

Lineage 

negative 

CD3ε MM1A FITC Bio-Rad laboratories  

CD4 CC8 FITC Bio-Rad laboratories  

CD8 CC63 FITC Bio-Rad laboratories  

CD21 CC21 FITC Bio-Rad laboratories  

MHCII CC108 FITC Abcam 

ILCs 

CD45 CC1 APC-Cy7 Abcam 

CD90 DG3 APC Abcam 

CD127 MB15-18C9 PE Miltenyi Biotec 
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Figure 4.1 Gating strategy for analysis of innate lymphoid cells from bovine lung tissue.  

(A) leukocytes were gated with the forward scatter/side scatter (FSC/SSC) method. (B) Single and 
CD90+ live cells were considered for the analysis. (C) Negative lineage and CD45+cells were gated to 
analyze innate lymphocyte cells. (D) Expression of CD45+ and CD90+ served to distinguish cells with 
a lymphoid origin. (E) Staining of CD127+ was used to identify a possible ILC population.   
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Figure 4.2 Gating strategy for analysis of innate lymphoid cells from bovine lung tissue.  

Unstained sample used as a negative control. Cells gated  for live, lineage- and CD90+ CD127+ 
showing a negative ILC population.   
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Figure 4.3. Gating strategy for analysis of innate lymphoid cells from bovine lung tissue.  

Fluorescence staining of samples collected from a 6 week old calf.  Cells gated  for live, lineage- and 
CD90+ CD127+ showing a negative ILC population.   
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Figure 4.4. Gating strategy for analysis of innate lymphoid cells from bovine lung tissue  

Sample from a calf  in replicate 3 (chapter 2) part of the placebo group infected with BRSV with 
no treatment and  the  population of cells gated for Lineage− CD45+ CD90 + CD127+ . 
The sample was enriched for live cells using a dead cell removal kit.  
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Figure 4.5.  Back gating and analysis of lung cell sample from a calf in replicate 3(chapter 2).  

Sample from a calf  (part of the placebo group) infected with BRSV with no treatment and  the  
population of cells gated for Lineage− CD45+ CD90 + CD127+ (Figure4.4). The sample was 
enriched for live cells using the dead cell removal kit. This shows a population positive for  ILC 
markers but has a higher side scatter than is normal for lymphocytes. 
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APPENDIX I 

1 Rabbit normal serum – 10% for blocking  

2 Wash Buffer: 1X PBS (0.145 M NaCl, 0.0027 M KCl, 0.0081 M Na2HPO4, 0.0015 M KH2PO4, 

pH 7.4) 

3 4% Paraformaldehyde (Thermofisher) 

4 Permeabilization media -10 % Triton X-100 (stock) with a working solution  of 0.3% Triton® 

X-100 in PBS 

5 1% NP-40 (Surfact-AMPs™ NP-40, Pierce, Rockford, IL) 

6 Blocking buffer:  10% normal goat serum in PBS 

7 Cell culture media -  RPMI 1640 (Gibco, Grand Island, NY, USA) with 2% fetal calf serum 

(FCS) and 0.01% Gentamycin.   

8 4',6-diamidino-2-phenylindole diacetate (DAPI) - Invitrogen. Working solution: Add 1 µL of 

14.3 mM stock for every 5 mL of PBS. Store any unused DAPI at 2-8 °C, wrapped in aluminum 

foil.  

9 Mounting Medium (Fluromount-G by Southernbiotech) 

10 Cell buffer - RPMI 1640 (Gibco, Grand Island, NY, USA) with 2% fetal calf serum (FCS) and 

0.01% Gentamycin 

11 PMA working solution (120 nM P1585, Sigma Aldrich) 

12 Bovine respiratory syncytial virus (BRSV) antigen working solution (30 μg/ml) 

13 Lymphoprep™ has a density of 1.077 g/mL (Sodium diatrizoate 9.1% w/v, Polysaccharide 

5.7% w/v) (StemCell technologies) 
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14 Lymphoprep™ Tubes (StemCell technologies) 

15 Dimethyl sulfoxide (DMSO)  

16  Small dissection scissors.  

17 Forceps.  

18 Lint-free wipes.  

19 Sterile polyethylene disposable transfer pipettes.  

20 60 × 15 mm sterile polystyrene petri dishes.  

21 50 mL conical tubes.  

22 15 mL conical tubes.  

23 Ice-cold distilled water.  

24 Hank’s Balanced Saline Solution (HBSS) with calcium chloride (corning) 

25 Humidified CO2 incubator.  

26 Microplate-sealing tape.  

27 12 mm round poly- L-lysine-coated glass coverslips.  

28 75 × 25 × 1 mm Superfrost® Plus slides (Thermo Scientific) 

29 2 mL microcentrifuge tubes.  

30 Nalgene® Mr. frosty and 100% Isopropyl alcohol 

31 PAP-pen 

32 Fc receptor blocker (Innovex biosciences NB309), 

33 Acid Citrate Dextrose (ACD) tubes 

34 TrueView autofluorescence quenching solution (Vector) 
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APPENDIX II 

1. Alcohol wipes (VWR)  

2. dissecting pins and board,  

3. 2 pairs of fine serrated forceps,  

4. fine scissors (sharp-blunt tips),  

5. 2 pairs of fine curved hemostats  

6. Single edge razor blades (VWR) 

7. 100mm sterile petri dishes (Thermofisher) 

8. 15 and 50mL conical tubes (BD Falcon) 

9. Collagenase D (Worthington) 

10. DNAse I (Sigma-Aldrich) 

11. RPMI 1640 medium (Gibco, Grand Island, NY, USA) 

12. Sodium pyruvate (Atlanta Biologicals) 

13. Fetal bovine serum (FBS, Atlanta Biologicals) 

14. Bovine serum albumin (BSA, Atlanta Biologicals) 

15. HEPES (Atlanta Biologicals) 

16. Gentamicin 50mg/mL(Thermofisher) 

17. EDTA (Sigma Aldrich) 

18. 4 % Paraformaldehyde (PFA, Invitrogen) 

19. Sodium Azide (NaN3), (Invitrogen) 

20. Eppendorf desk top Centrifuge (Fisher scientific) 

21. Cell media: RPMI-1640: with L-glutamine, 10% FBS, 25mM HEPES, 10mM sodium 

pyruvate, 50 μg/ml gentamicin. 
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22. lung digestion medium: cell media with 2mg/mL collagenase D + 0.02mg/mL DNase I 

23. 70μm sterile cell filters (corning) 

24. 40μm sterile cell filters (corning) 

25. 1mL syringes (BD) 

26. Lymphoprep™ has a density of 1.077 g/mL. (Sodium diatrizoate 9.1% w/v, Polysaccharide 

5.7% w/v) (StemCell technologies)) 

27. Lymphoprep™ Tubes (StemCell technologies) 

28. Dead cell elimination microbeads (Miltenyi Biotec) 

29. MACS columns & magnets (Miltneyi Biotec) 

30. 40μm sterile cell filters (BD and Corning) 

31. MACS Buffer: PBS (pH 7.2) containing 0.5% bovine serum albumin (BSA) and 2 mM 

EDTA 

32. 5mL round-bottom polystyrene test tubes (BD Falcon) 

33. Multicolor flow cytometer (BD™ LSR II Flow Cytometer-BD Biosciences, USA)) 

34. FACS buffer: PBS (pH 7.2) containing 0.5% bovine serum albumin (BSA), 2 mM EDTA, 

2 mM NaN3  

35. Blocking buffer: PBS (pH 7.2) containing 10% fetal bovine serum 

36. FcR blocking buffer (Innovexbio) 

37. Compensation beads (Thermo Fischer Scientific) 

38. Aqua viability fixable live-dead discriminator (Invitrogen or Thermo Fischer Scientific)- 

working solution 1 µL stock solution for 2mL PBS, prepared fresh. 

39. DAPI - 4',6-diamidino-2-phenylindole di acetate (DAPI; Invitrogen). Working solution: 1 

µL of 14.3 mM stock for every 5 mL of PBS store at 2-8 °C, wrapped in aluminum foil.  




