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ABSTRACT

 Respiratory diseases are a major cause of human morbidity and mortality and are a 

leading cause of economic loss to livestock producers.  The respiratory tract is constantly in 

contact with dust, bacteria, fungi, viruses and other pathogenic agents that are found in the air.  

Normally, the body has the ability to clear these foreign particles.  However, physiological and 

environmental stresses can impair airway defense mechanisms resulting in establishment of 

pulmonary infections.  The microbes and their products engage various receptors in the lung to 

activate epithelium, endothelium, macrophages, neutrophils and other cells.  The activation of 

inflammatory cascade in the lung results in recruitment of neutrophils, damage to air-blood 

barrier and development of edema.  Although there have been significant advances in our 

understanding of mechanisms of lung inflammation, there have been a lack of any significant 

advances in the development of new therapeutics to manage lung disease, which may suggest 

that our understanding of the inflammatory mechanisms is still incomplete.

 Pentraxin 3 (PTX3) is an innate immune protein which has been implicated in a diverse 

range of inflammatory processes, such as recruitment of cells and production of cytokines.  

PTX3 is an acute phase protein, with low or undetectable levels in the circulation of healthy 

humans and animals, and rapid, dramatic increase in inflammatory diseases.  The expression and 

function of this protein has not been characterized in the lungs of domestic animal species.  

Because of potential implications of PTX3 in lung inflammation, I studied the expression of 

PTX3 in normal and inflamed lungs of calves, pigs, horses, foals and humans.  Lungs from all of 

these species showed expression of PTX3 in airway epithelium, alveolar septa, vascular 

endothelium and inflammatory cells.  Western blot performed on homogenates from normal and 
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inflamed lungs from calves and pigs show an increased expression of PTX3 in inflamed lungs 

(P<0.05).

 Because protein function is influenced by its location in the cell, I clarified the 

subcellular expression of PTX3 with immuno-electron microscopy on normal and inflamed calf 

and horse lungs.  PTX3 was localized on pulmonary intravascular macrophages, monocytes, 

neutrophils and, unexpectedly, platelets.  PTX3 was also present in the nuclei of neutrophils, 

monocytes and pulmonary intravascular macrophages. 

 Neutrophils are critical regulators of acute lung inflammation.  Having observed PTX3 in 

neutrophils, I investigated the effect of E. coli lipopolysaccharide-induced activation on PTX3 in 

neutrophils in vitro.  Neutrophils challenged with E. coli LPS were examined at 30, 60, 90 and 

120 minutes after the treatment.  Normal peripheral blood neutrophils showed PTX3 expression.  

Neutrophils activated with LPS appeared ruffled and showed loss of PTX3 expression at 30 

minutes followed by recovery of the expression.  Western blots performed on normal and 

activated neutrophil homogenates did not show any differences (P=0.05). 

 Collectively, the data show PTX3 in normal and inflamed lungs across multiple species.  

PTX3 was also detected in normal and activated neutrophils.  While the function of intriguing 

localization of PTX3 in the nuclei as well as in platelets is not known, the similarity of 

expression across the species suggest a role for PTX3 in lung inflammation. 
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CHAPTER 1: REVIEW OF LITERATURE

1.1 Introduction

 The respiratory tract is constantly in contact with dust, bacteria, fungi, viruses and other 

pathogenic agents that are found in the air.  Failure to clear the airway of these particles leads to 

inflammation of the airway or infection of the lower respiratory tract.  Acute inflammation of the 

lungs causes significant mortality and morbidity, leading to enormous economic damage to the 

animal industry and costs billions of dollars in human health care.  The first line of defense is the 

mechanical barrier that lines the respiratory tract.  Ciliated bronchial epithelial cells sweep 

particulates towards the throat, where they are then expelled or swallowed.  Mucous lining the 

respiratory tract helps to trap particulates before they enter the lower airways.  If these 

mechanical barriers fail, the next line of defense is the innate immune system.  Innate receptors 

can identify invading pathogens and mount an immune response with the goal of clearing the 

infection.

 The innate immune system, which includes a variety of cells and receptors, plays a 

critical role in the initiation of the immune response in the lung.  Pattern recognition receptors 

(PRRs) are programmed to recognize microbial structures unique to pathogens and mount an 

immune response[1].  Pentraxin 3 (PTX3) is a PRR that is expressed by various inflammatory 

cells upon stimulation by proinflammatory cytokines, and agonists such as endotoxins[2].  PTX3 

recognizes and binds to many pathogens, activates the complement cascade, and plays a role in 

the clearance of apoptotic and necrotic cells[2]. 

 Respiratory diseases such as bovine respiratory disease (BRD) and secondary bacterial 

infections are among the leading causes of economic loss in the livestock industry[3, 4].  
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Mortality is an obvious cause of economic loss due to disease, but morbidity can be even more 

costly due to the expenses associated with treatment, reduced production, and premature 

euthanasia of animals[5].  Several factors are involved in the onset of BRD, including infection, 

environmental factors, and immune deficiency[6].  Stress due to weaning, shipment and housing 

with unfamiliar animals in addition to pre-existing infection with viruses increase the likelihood 

of developing infections of opportunistic bacteria, often in the respiratory tract[7].  Bacterial 

infections can occur secondary to viral infections.  Mannheimia hemolytica is of significant 

concern in cattle, causing a common and well-studied disease often referred to as Shipping 

Fever.  Pasteurella multocida and Haemophilus somnus are other common causes of secondary 

bacterial pneumonia in cattle[4].  In horses, similar to cattle, infection with viruses can 

predispose the animal to bacterial respiratory infections.  Streptococcus equi zooepidemicus is 

the most common opportunistic bacterial invader of the equine lung[8], although several others 

are cause for concern.  S. equi causes strangles, a highly contagious upper respiratory tract 

infection in horses[9].  The complex biology of respiratory diseases is underscored by lack of 

any major therapeutic breakthroughs despite significant advances in our understanding of the 

inflammatory processes of these diseases.

 In humans, inflammation of the lung accompanies infectious diseases similar to those 

found in animals, such as pneumonia, influenza and tuberculosis.  Acute respiratory distress 

syndrome (ARDS) is a complex disease, characterized by hypoxemia, infiltration of neutrophils 

to the lung and excessive inflammation[10].  Chronic inflammation occurs due to persistent 

sensitivity such as in asthma, where inflammation of the bronchi and bronchioles is typical and 

the host immune system cannot eliminate the cause completely[11].  Chronic obstructive 
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pulmonary disease is a long-term inflammatory state of the lungs, often caused by smoking or 

exposure to noxious fumes.  In chronic obstructive pulmonary disease, elastic recoil of the lung 

is diminished and airways narrow, resulting in the inability to completely exhale before the need 

to take the next breath[12].  These human diseases are extremely common and are of significant 

public health concern.

 Treatment of respiratory diseases is currently focused on prevention and supportive care.  

Often, there is no single “cure” to treat these diseases, largely due to our incomplete 

understanding of the mechanisms of inflammation in the lung.  The aim of this study is to 

characterize PTX3 in the airways of normal and inflamed animals and humans as well as to 

determine the role of neutrophils in the production of this protein.

1.2 Respiratory Diseases of Humans

 Acute lung injury (ALI) is defined as “a syndrome of inflammation and increased 

permeability that is associated with a constellation of clinical, radiologic, and physiologic 

abnormalities that cannot be explained by, but may co-exist with, left atrial or pulmonary 

capillary hypertension”[13].  Acute respiratory distress syndrome (ARDS) meets the same 

criteria for diagnosis, but is a more severe form of ALI.  These diseases are associated with high 

mortality and affect individuals of all ages.  Estimates of the incidence of ALI and ARDS are 

often varied due to difficulty in reliability of diagnosis by clinicians[14].  The mortality rates 

between ALI and ARDS are similar, and are also highly variable, with one report of 35-40%[14], 

another estimated at 25-40%[10] and a third study reporting a range in the literature of 

15-72%[15].
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 In 1993, the American-European Consensus Committee on ARDS established a criteria 

for diagnosis of ALI and ARDS[13].  These criteria facilitate studies of ALI and ARDS in 

making the criteria in defining these syndromes more consistent.  For ALI, the criteria are: acute 

onset of hypoxemia (PaO2/FiO2 ≤ 300 mmHg (regardless of positive end-expiratory pressure, the 

alveolar pressure above the atmospheric pressure that exists at the end of expiration; where PaO2/

FiO2 is an index of arterial oxygenation efficiency that corresponds to ratio of partial pressure of 

arterial O2 to the fraction of inspired O2)) with bilateral pulmonary edema visible on a frontal 

chest radiograph and pulmonary artery wedge pressure ≤18 mmHg when measured or no clinical 

evidence of left atrial hypertension.  The criteria for ARDS is the same as ALI, but oxygenation 

differs in that PaO2/FiO2 must be ≤ 200 mmHg (regardless of positive end-expiratory pressure)

[10, 13].

 Causes of ALI can be considered either direct or indirect. Some examples of direct injury 

include pneumonia, drowning or reperfusion.  Examples of indirect injury include severe sepsis, 

transfusions, organ transplant, drugs, shock and pancreatitis[10, 16, 17].  ALI due to sepsis is 

associated with the highest incidence of mortality compared to other causes[16].  The onset of 

ALI can be caused by either activation of lung cells (such as neutrophils, macrophages, 

monocytes, and lymphocytes) or consequent to an acute systemic inflammatory response[13].  

Pulmonary edema, the accumulation of protein-rich fluid in alveoli, occurs due to increased 

vascular permeability and results in neutrophil accumulation in the lung.  The number of 

neutrophils in broncho-alveolar lavage fluid (BALF) sharply increase after intranasal 

lipopolysaccharide (LPS) instillation, an experimental model of ALI, in mice[18] and in clinical 

cases of ALI[19].  Due to the nature of neutrophils, they carry the potential for harming lung 
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tissue through production of reactive oxygen species, proteases and cytokines.  Myeloperoxidase 

(MPO) activity, a surrogate for neutrophil accumulation, increases significantly in BALF of LPS-

treated animals to suggest that recruited neutrophils are activated[18].

 Lipopolysaccharide (LPS), also known as endotoxin, is often used as an experimental 

model of ALI because it induces hyper-inflammatory response.  The ultimate goal of any 

experimental model is to replicate the clinical disease as closely as possible, but all models have 

their shortcomings.  For example, mice are more resilient to the LPS-induced inflammation 

compared to humans[20].  The dose of LPS used in mouse studies that leads to a death rate of 

about 50% of the animals ranges from 1-25mg/kg.  In humans 1/1,000,000 (2–4 ng/kg) of this 

dose would cause fever and production of cytokines, while 1/1,000 of the dose would lead to 

severe disease and shock in human subjects[20].  A second example of the limitations of the LPS 

model of ALI is that it may not induce all of the same mechanisms that occur during clinical 

ALI.  For example, it is widely accepted that complement has a role in the development of 

clinical ALI/ARDS[21].  Yet, a study published in 2008 reports that LPS-induced ALI in mice 

occurs without complement activation[21].  Nonetheless, animal models have contributed greatly 

to our knowledge of the mechanisms of ALI.  It is important to interpret results while keeping in 

mind the limitations of each model used.

 Treatment of respiratory diseases usually consists of supportive care, especially treatment 

of the underlying cause and maintenance of oxygenation[10].  For example, patients with ALI as 

a result of bacterial pneumonia are treated with antibiotics[22].  In patients suffering from ALI 

due to aspiration or multiple transfusions, there is no direct treatment except support of physical 

symptoms[22].  Thus, mechanical ventilation of these patients is the main supportive measure.  
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The use of mechanical ventilation has lowered the mortality rate of ALI in recent years[23].  

However, the use of artificial ventilation may result in further damage, exacerbating the 

disease[22].  In chronic obstructive pulmonary disease, management of the disease is the primary 

therapeutic measure.  This may include relief of symptoms using pharmaceuticals, such as 

bronchodilators, disease prevention, such as smoking cessation and treatment of 

complications[12].

1.3 Respiratory Diseases of Domestic Animals

 Bovine respiratory disease (BRD) complex is one of the leading causes of economic loss 

in the beef and dairy industry in North America[4].  Cattle are often afflicted with BRD when 

immune mechanisms are diminished following stress.  Common infections associated with BRD 

include bovine rhinotracheitis virus, parainfluenza virus type 3, bovine respiratory syncytial 

virus or bovine viral diarrhea virus[4].

 It is normal for some commensal bacteria to colonize the respiratory tract.  Cilia in the 

respiratory tract constantly clear these bacteria and prevent infection.  Only when these clearance 

mechanisms are inhibited do problems arise.  Reduced mucociliary clearance of bacteria is 

common following stress associated with changes in weather, feed, housing or transport[4].  

Mannheimia hemolytica colonizes the upper respiratory tract in cattle and sheep under normal 

conditions[24].  However, over-proliferation of M. hemolytica due to impaired clearance causes 

Shipping Fever, an aptly named disease that often occurs after transport of animals.  It is reported 

that within the first year of life, about 25% of calves suffer from at least one episode of 

respiratory disease[24].
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 Horses are prone to similar diseases as cattle following transportation.  Normal 

inhabitants of the equine respiratory tract include Streptococcus equi subsp. zooepidemicus, 

Pasteurella spp., Escherichia coli, Actinomyces spp., and Streptococcus spp.[25].  Viruses 

contribute to predisposition of horses to bacterial infection since they have the ability to replicate 

inside of ciliated epithelium, resulting in destruction of this anatomic barrier[25].  Horses 

undergoing surgical repair for intestinal problems, such as colic, suffer from endotoxemia[26], 

which also leads to lung dysfunction.  Colic refers to pain and discomfort of the equine abdomen.   

There are diverse causes of colic including obstructions or strangulation of the gastrointestinal 

tract, internal parasites, change of diet, dietary management, housing conditions, lack of access 

to pasture and water, increased exercise and transport[27].  Yet in many (if not most) cases, the 

etiology is unknown[27-29]. 

 Colic causing inflammation of the intestinal mucosa can lead to increased permeability 

and leakage of intestinal contents into the peritoneum.  Bacteria then enter the circulation and 

cause serious endotoxemia.  It is reported that endotoxin was found in the circulation of 

25%-41% of horses with clinical colic[30].  Surgery for intestinal problems can also result in 

leakage of bacteria into the body cavity.  A study that investigated the survival of horses after 

surgeries of the small intestine reports a death rate 51% during the post-operative period and a 

further 14% died after discharge from the hospital[31].  The most common complications were 

attributed to incisional drainage, dehiscence, or herniation (23%), peritonitis (18%), recurrent 

colic attributed to adhesions or peritonitis (18%) and postoperative ileus with persistent gastric 

reflux (16%)[31]. 
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 Presently, there are limited data on the incidence, mortality rate, causes, cost to industry 

and risk factors associated with colic in horses.  Depending on the horse population studied, the 

incidence of colic ranges from 3.5 to 10.6 colic episodes per 100 horses per year[29].  Due to 

differences in horse populations as well as differences in outcomes of specific types of colic, it is 

estimated that fatality rates as a result of colic vary from 6.7% to 15.6%[29].  The economic loss 

associated with colic in USA is estimated to be $115.3 million in one year[28].  This estimate 

takes into account the loss of sales due to death (accounting for about 66% of the cost), 

veterinary services, drugs and additional care, and mean number of lost days.

 Foals between one and six months of age are susceptible to Rhodococcus equi infection, 

but adult horses rarely transmit the disease[32].  R. equi is a bacterial pathogen found in the soil 

that causes a potentially life-threatening pneumonia characterized by neutrophilic lung abscesses, 

intracellular  bacterium in macrophages and ulcerative colitis[32].  The bacterium is taken up by 

macrophages, where it not only has the ability to survive, but also has the ability to cause 

granulomatous inflammation and destruction of the macrophage[32].  As a result, host suffers 

life-long infection and there is progressive formation of lung abscesses[33].  It appears that 

efficient signaling at earlier stage of infection with R. equi results in the pathogen gaining and 

maintaining a lead on the host immune responses.  It is possible that a lack of effective 

expression of innate immune receptors such as PTX3 (described later) may underlie a failure to 

generate potent immune response against pathogens such as R. equi. 
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1.4 Innate Immune System 

 The innate immune system evolved as an early form of defense, providing protection for 

primitive multicellular organisms against infectious agents.  As with the adaptive immune 

system, the innate immune system has both a cellular and a humoral arm[34].  The feature that 

distinguishes the innate immune system from the adaptive immune system is the presence of 

“germline-encoded receptors” in the innate immune system that recognize microbial 

pathogens[35] in a generally non-specific manner.  These receptors, called pattern recognition 

receptors (PRRs) give the host organism the ability to recognize pathogen-associated molecular 

patterns (PAMPs)[35, 36].  The patterns that are targeted are most often molecular structures that 

are essential for a pathogen’s survival and are likely to be evolutionarily conserved across 

phylogeny, making them an ideal target for the host’s defense system[35].  PRRs are membrane-

bound, cytoplasmic or secreted proteins, made up of many different molecular classes[35].  The 

humoral PRRs consist of collectins, ficolins and pentraxins[34].  Cellular PRRs include Toll-like 

receptors (TLRs), lectin receptors, G protein-coupled receptors, nucleotide-binding 

oligomerization domain (NOD)- and retinoic acid-inducible gene-1 (RIG)-like receptors, and the 

scavenger receptors[34, 37].  TLRs are central to the recognition of microbial molecules.  The 

specificity of TLRs is demonstrated through examples such as recognition of LPS by TLR4[38] 

and lipoteichoic acid by TLR2[39, 40]. 

 Gram-negative bacterial cell wall contains LPS, which is a potent inducer of 

inflammation and is recognized by TLR4[38, 41].  LPS is often used as an experimental model 

of ALI, as mentioned earlier.  When LPS enters the host, the inflammatory response is initiated 

through binding to LPS-binding protein (LBP), CD14, myeloid differentiation protein 2 (MD-2) 
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and TLR4 (Figure 1.1).  Membrane-bound or free LBP binds to LPS and catalyzes a reaction that 

transforms the polymers into monomers.  The monomers are moved to CD14, which then 

transfers the LPS monomer to MD-2, resulting in the formation of LPS-MD-2-TLR4 trimer.  A 

signaling cascade is activated and NF-κB initiates the transcription of specific genes, and 

proinflammatory cytokines are released[42].

1

Figure 1.1: TLR4 recognition of LPS is mediated by LPS-binding protein (LBP), CD-14 and 
MD-2, resulting in increased expression of proinflammatory cytokines.

 The engagement of these receptors leads to activation of cell signaling pathways, nuclear 

translocation of molecules such as NF-κB and new transcription of inflammatory genes[42].  
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Therefore, the PRR such as TLR4 and PTX3 are critical for the sensing of microbes and 

activation of immune response.  Because of the topic of this thesis, I will restrict my review to 

only pentraxins (PTXs) and specifically, PTX3.

1.4.1 Neutrophils

 1.4.1.1 Basic Origin

 Neutrophils are white blood cells characterized by a multilobulated nucleus and a 

cytoplasm full of antimicrobial granules[43].  They are short-lived cells that are rapidly recruited 

to sites of inflammation within minutes after recognition of specific signals from danger-sensing 

cells such as macrophages and endothelial cells[44].  In healthy humans, the mean number of 

circulating neutrophils differs depending on ethnic decent.  In Caucasian adults, there are 

4.3-4.5x109 neutrophils/L and in African-American individuals, there are 3.5-3.89 neutrophils/

L[45].  In healthy horses, the percentage of white blood cells that are neutrophils is between 

52-70%, correlating to a value of 2.9-8.5x109 neutrophils/L blood.  In cattle, the percentage of 

neutrophils in total white blood cells is 15-33%, correlating to 0.6-4.0x109 neutrophils/L 

blood[46].  In inflammation, the number of leukocytes increases in the bloodstream and also in 

affected organs, such as the lung[47].

 Neutrophils are produced in the bone marrow through a series of six developmental 

stages of stem cell differentiation to finally become mature neutrophils: first, the stem cell 

differentiates into a myeloblast, a relatively undifferentiated cell, followed by differentiation into 

promyelocytes, myelocytes, metamyelocytes, band cells, then finally the mature neutrophil is 
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released into the bloodstream where they circulate until they are recruited to inflammatory 

sites[43].

 1.4.1.2  Neutrophil Granules

 Each stage of neutrophil development differs in nuclear morphology and granule 

content[43].  The first granules appear during the promyelocyte phase of differentiation.  They 

are positive for the detection of peroxidase[43], and are referred to as myeloperoxidase-positive 

granules, azurophil granules, or primary granules[48].  A second type of peroxidase-negative 

granule, called specific granules or secondary granules, appear at the myelocyte stage of 

differentiation[43].  Lastly, a third type of granule called gelatinase granules or tertiary 

granules[48], appear at the band cell and final neutrophil stages of maturation[49].  In addition to 

these granules, exocytic vesicles called secretory vesicles are present in mature neutrophils[49].

 Although the contents of the different granules have been characterized, it has also been 

noted that there is some overlap of the proteins produced for each granule subset.  For example, 

some proteins are shared between different granule types, such as lysozyme, while other proteins 

are used as a marker of a particular granule type[48].  Interestingly, it appears that each granule 

subtype provides unique function for the cell.  Thus, certain granules are mobilized in a 

hierarchal manner at different stages of activation and migration[48].  For example, secretory 

vesicles are the first to be mobilized.  Secretory vesicles are characterized by a membrane that is 

rich in receptors that fuses with the plasma membrane of the cell to enable the cell to integrate 

these receptors with the cell membrane[48].  Receptors found on secretory vesicles include β2-

integrin CD11b/CD18, complement receptor 1, formylmethionyl-leucyl-phenylalanine receptors, 
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LPS/lipoteichoic acid-receptor CD14, the Fc-gamma III receptor CD15 and the metalloprotease 

leukolysin[49].  Increasing the presence of adhesion receptors on the surface of neutrophils 

immediately after activation helps the neutrophil make contact with activated endothelium 

through binding of selectins[48].  Next, gelatinase granules are mobilized as the neutrophil 

begins its migration through the endothelium.  The presence of matrix-degrading enzymes is 

thought to have a role in paving a pathway for the cell through basement membranes[49].  

Specific granules that are full of antimicrobial peptides, such as lactoferrin, are more resistant to 

mobilization than gelatinase granules[49].  The last granules to be mobilized are the azurophil 

granules.  Their primary function is to kill and inactivate microorganisms though reaction of 

myeloperoxidase (MPO) with hydrogen peroxide to form hypochlorous acid and other reactive 

oxygen species[49].

 

 1.4.1.3. Recruitment, Migration, and Extravasation

 The highly complex process of recruitment, migration and extravasation of neutrophils to 

the site of inflammation is well-characterized in organs such as liver but not in the lung.  There 

are many receptors and mediators that are involved in the process and there are tissue-specific 

differences in the mechanism.  A thorough description of the complexity of neutrophil biology is 

beyond the scope of this thesis.  In summary, sentinel cells, such as macrophages, initiate 

neutrophil recruitment after sensing microbes or injury though release of chemokines and 

increased vascular permeability[44].  Activated endothelium increases its expression of adhesion 

receptors such as P-selectin, E-selectin and integrins[50].  P-selectin ligand 1 on the neutrophil 

membrane binds to P-selectin and E-selectin on the endothelium and enables the neutrophil to 
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slow its velocity in the bloodstream[50] and triggers mobilization of secretory vesicles[49].  

Through binding, detachment and reattachment of these and other receptors, the neutrophil rolls 

along the surface of the endothelium[50].  Firm adhesion of the neutrophil to the endothelial wall 

is established through binding of integrins found on the surface of the neutrophil to their ligands 

on the surface of the endothelial cells[50].  The neutrophils then follow a chemotactic gradient 

and transmigrate between or through endothelial cells to exit the bloodstream and migrate into 

inflamed or damaged tissue[50].

 

 1.4.1.4 Functions of Neutrophils

 Once neutrophils have reached the site of inflammation, they release azurophil and 

specific granules[49], which contain proteolytic enzymes and antimicrobial proteins[51].  Certain 

stimuli, such as LPS, will prompt NADPH oxidase constituents to assemble and catalyze a series 

of chemical reactions collectively referred to as oxidative burst[51].

  NADPH oxidase is an enzyme found in neutrophils among other phagocytes including 

eosinophils, monocytes and macrophages[52].  This enzyme catalyzes the reaction of oxygen and 

NADPH to produce superoxide (O2-)[52], a highly reactive oxygen species.  In turn, superoxide 

forms hydrogen peroxide (H2O2) and reacts with MPO to form cytotoxic hypochlorous acid 

(HOCl)[52].  NADPH oxidase also participates in the formation of hydroxyl radicals and singlet 

oxygen, both of which are highly reactive species[52].  NADPH oxidase is inactive in resting 

neutrophils, but becomes functional upon activation of the cell[53].

 Neutrophils are also efficient at microbial killing through NETosis, a unique form of 

neutrophil cell death[54].  This recently-discovered phenomenon results in the production of 
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neutrophil extracellular traps (NETs), composed of a fibrous DNA scaffold and proteins 

originating from primary and secondary granules[55].  This is an active process and is shown to 

be efficient at trapping Gram-negative and Gram-positive bacteria while proteases, such as 

neutrophil elastase that are associated with NETs, render the bacteria inert[55].

 

 1.4.1.5 Fate of Neutrophils

 When neutrophils reach the end of their lifespan, they will undergo apoptosis, necrosis or 

form NETs.  Apoptosis, also known as “programmed cell death”, is characterized by a set of 

well-known features: cell shrinkage, nuclear condensation, membrane blebbing, fragmentation 

into membrane bound apoptotic bodies, and changes to the surface of the cell membrane[56].  

Apoptosis is a tightly regulated event that requires energy input[56].  Since neutrophils carry 

cytotoxic contents, it is important they are removed in a controlled manner and not to simply 

release their contents into healthy tissues.  Neutrophils may undergo spontaneous apoptosis or 

pathogen-induced apoptosis.  During the process of apoptosis, the plasma membrane remains 

intact[57] and prevents spillage of the intracellular contents.  Signals are expressed on the cell 

membrane of neutrophils that alert macrophages to clear them from the environment by 

phagocytosis[57].  The clearance of neutrophils prevents further tissue damage and aids in 

resolution of inflammation and healing.

 Necrosis occurs as a result of cell injury from toxins, ischemia or trauma[56].  A primary 

feature that sets necrosis apart from apoptosis is that necrosis occurs without the use of energy, 

where apoptosis requires energy in order to occur[56].  Other characteristics of necrosis include 

disruption of membranes and lysis of chromatin compared to the condensation of chromatin into 
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nuclear apoptotic bodies found in programmed cell death[56].  Whereas apoptosis is an 

organized removal of dead cells that aids in controlling unwanted inflammation, the process of 

necrosis usually results in increased inflammation[56].  Sometimes, when the number of 

apoptotic cells overwhelm the phagocytosis system, neutrophils may become necrotic and leak 

their inflammatory contents into the extracellular milieu.  This process is referred to as bacterial 

secondary necrosis[58].

 Alternatively, as mentioned above, neutrophils may undergo a form of cell death, called 

NETosis, that is unique from apoptosis and necrosis[54].  This form of cell death produces NETs 

and is known to have anti-microbial activity[55].  During the process of NETosis, the nucleus 

expands and becomes less lobulated, internal membranes disintegrate, and a network of DNA, 

chromatin and granule proteins emerge from the cell[54].  NETosis is dependent on activation by 

certain stimuli, such as IL-8, LPS, bacteria, fungi and platelets[59]. 

 

 1.4.2 Pentraxins

 Pentraxins are a superfamily of humoral pattern recognition receptors that are named for 

their pentameric molecular structure.  Pentraxins can be divided into two main groups of 

molecules based on the length of their peptide sequences: short pentraxins and long 

pentraxins[34].  The members of the short pentraxins include C-reactive protein (CRP) and 

serum amyloid P component (SAP)[34].  Pentraxin 3 (PTX3), also called TNF-stimulated gene 

14 (TSG-14), was the first long pentraxin identified followed by other long pentraxins including 

apexin (p50), neuronal pentraxin I (NP1; NPTX1), NP2 (Narp; NPII; NPTX2) and neuronal 

pentraxin receptor (NPR)[60].  All members of the pentraxin superfamily share a similar 200 
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amino acid sequence in the C-terminus of the protein, called the “pentraxin domain” with a series 

of 8 common amino acids, called the “pentraxin signature” (HxCxS/TWxS; where x is any 

amino acid)[34].  The pentraxin domain is a highly conserved sequence in the C-terminus of all 

pentraxins, found in lower vertebrates, arthropods, and mammals, but the N-terminus of the long 

pentraxins have revealed much diversity[34].  Pentraxin molecules can be divided into 5 main 

groups based on when they appeared in the evolutionary tree: short pentraxins, neuronal 

pentraxins, a group consisting of only pentraxin 3, pentraxin 4 and its orthologs, and finally the 

fifth group consisting of Drosophila melanogaster Swiss cheese protein[34].

 

 1.4.2.1 Short Pentraxins 

 CRP was the first pentraxin to be identified as an acute phase protein in humans that 

reacted to a portion of pneumococci, called “fraction C”[61].  This protein has also been 

identified in other mammals and some species of fish[61, 62].  SAP is an acute phase protein in 

mice, and although it is present in humans, it does not react like an acute phase protein[63, 64].  

Short pentraxins are produced almost exclusively by the liver[63, 65].  However, CRP is also 

produced in small quantities by lymphocytes, monocytes and macrophages[34].  The main 

inducer of CRP in humans is IL-6[66].

 A characteristic structure of all the pentraxins is the arrangement of five or ten identical 

subunits in a symmetrical pentameric (or decameric) pattern[67].  SAP forms decamers of the 

protomer subunits, made up of two rings of pentamers, stacked face-to-face[68].  Each protomer 

consists of 204 amino acid residues[68].  CRP contains 187 amino acids in its sequence[69] and 

arranges in pentamers or sometimes is found in stacks to form decamers[70].
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 CRP and SAP are both found in humans and orthologs are found in other mammalian 

species[34].  They bind several ligands in a calcium-dependent manner[34, 62].  CRP binds 

microbes such as fungi, yeast and bacteria[34].  SAP also binds bacteria, such as Streptococcus 

pyogens and Neisseria meningitidis, viruses and microbial components, such as LPS[34].  

Clinically, CRP is measured as a non-specific marker of inflammation and response to 

treatment[71].

 The roles of CRP in the human host are diverse.  CRP has a protective effect in some 

diseases, but is detrimental in others.  CRP helps phagocytes recognize microbes through 

opsonization.  For example, CRP increases the phagocytosis of several Gram-negative and 

Gram-positive bacteria, namely Diplococcus pneumoniae, Staphylococcus aureus, Escherichia 

coli, Klebsiella aerogenes, and Aspergillus fumigatus[34, 72].  Both CRP and SAP bind the 

classical complement component, C1q[34] and also opsonize apoptotic and necrotic cells, 

initiating their clearance by phagocytes[73].  Binding of CRP to apoptotic cells amplifies the 

activation of  classical complement pathway[73], resulting in clearance of the cells in an anti-

inflammatory manner.  Although CRP can improve the health status of an individual in some 

states, CRP can cause adverse outcomes in others.  In experimental acute myocardial infarction 

of the rat, human CRP exacerbates the extent of myocardial tissue damage[74].  SAP is observed 

in amyloid fibril deposits[75], a characteristic of Alzheimer’s disease.

 

 1.4.2.2 Pentraxin 3

  Pentraxin 3 (PTX3), also called TNF-stimulated gene 14 (TSG-14), was the first long 

pentraxin identified.  PTX3 was first discovered as a TNF-inducible gene in human 
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fibroblasts[76, 77], and at the same time, another laboratory identified PTX3 as a gene that is 

upregulated by human umbilical vein endothelial cells after stimulation with IL-1β[78].  The 

PTX3 protein is 381 amino acids long, has a carboxy-terminal sequence similar to the short 

pentraxins as well as the “pentraxin signature” mentioned earlier and exhibits two cysteines that 

are conserved in all pentraxins[77, 78].  The amino acid sequence of PTX3 in the amino-

terminus is unlike any known proteins and is about twice the length of the short pentraxins[78].  

PTX3 has one glycosylation site[77].  The glycosylated form of PTX3 has a molecular weight of 

~42kD[77].  The human PTX3 gene has binding sites for proximal promoters such as Pu1, AP-1, 

NF-16-6, and NF-κB, which may have a role in LPS-stimulated production[79].

 Unlike the short pentraxins that are produced almost exclusively in the liver, PTX3 is 

produced by a wide variety of cell types in response to inflammatory stimuli.  IL-6, a major 

inducer of CRP and SAP, has little effect on the production of PTX3[78].  Several cell types have 

been tested in their ability to express PTX3 mRNA in resting and stimulated states.  PTX3 

mRNA is low or undetectable in unstimulated normal human monocytes and increased mRNA is 

detected after incubation with LPS, IL-1β and weakly by TNF-α[80].  The protein is further 

produced and released from the cells after stimulation[80].  Human endothelial cells produce 

PTX3 in response to certain stimuli, such as IL-1β[80] and TNF-α[81].  Myeloid dendritic cells 

are strong producers of PTX3 protein and mRNA in response to microbial components[82, 83].

 There is consensus that PTX3 protein is found in mature neutrophils[84, 85].  However, 

opinions differ when it comes to mRNA in neutrophils.  PTX3 mRNA was not found in mature 

human neutrophils in some reports[84], but other studies found mRNA in both unstimulated and 

stimulated neutrophils[85].  After stimulation with IL-8, PTX3 was increased in the supernatant 
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of human neutrophils[86].  Interestingly, the neutrophil precursors, promyelocytes and 

myelocytes/metamyelocytes express PTX3 mRNA which is further translated into the PTX3 

protein[84].  In mature neutrophils, PTX3 protein is localized to the specific (secondary) 

granules[86, 87].  Since apoptosis is a controlled form of cell death where the membrane stays 

intact, it is not surprising that apoptotic neutrophils do not release PTX3[88].  Instead, during 

apoptosis of neutrophils, PTX3 is found on the surface of the cell membrane and increases 

phagocytosis by macrophages[88].  In NETosis, a unique form of neutrophil cell death, PTX3 is 

localized in extracellular networks of DNA and possibly promotes antimicrobial activity[86].

 Similar to the short pentraxins, PTX3 is an acute-phase protein.  The concentration of 

circulating PTX3 is low or undetectable in healthy humans and animals, but in the presence of 

pro-inflammatory molecules, the concentration drastically increases[89].  Studies of clinical 

cases have documented the elevation of PTX3 in the plasma of patients with severe 

inflammation, such as severe sepsis[90], acute myocardial infarction[91], heart failure[92], acute 

respiratory distress syndrome[93] and fever[94].  In many of these studies, a negative outcome is 

associated with persistently high levels of PTX3[90, 95].  In human patients with ulcerative 

colitis, PTX3 was found to be expressed in neutrophils, and to a lesser extent, in macrophages, of 

colon mucosal tissue.  In ulcerative colitis, the severity of the disease correlated with increased 

PTX3 expression[86].

 Similar results have been found in experimental inflammation in animals.  For example, 

in ischemia-reperfusion injury in mice and different models of lung injury, PTX3 expression is 

increased in the lung and circulation and PTX3 deficiency is associated with more severe lung 

injury[81, 96-98].  Because PTX3 concentrations in BALF increased with increasing 
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concentrations of LPS challenge, it has been investigated as a potential biomarker of 

inflammatory states including acute lung injury[97]. 

 Studies of PTX3 in domestic animals are scarce.  There has been only one published 

study of PTX3 in horses suffering from recurrent airway obstruction (RAO)[99].  PTX3 was 

found in BALF macrophages and neutrophils from horses with RAO and healthy horses after 

exposure to dust[99].  In lung tissue from healthy and RAO-affected horses, 

immunohistochemistry revealed PTX3 in bronchial epithelial cells and inflammatory cells[99].  

These data illustrate the activity of PTX3 in many forms of non-specific inflammation.  

Currently, the function of PTX3 in these diseases is not known. .

 Both short and long pentraxins interact with components of the complement cascade.  

PTX3 binds to the globular head of C1q, a component of complement, and C1 complex 

consisting of C1q complexed with C1r and C1s[100].  This interaction occurs in the same 

manner as the binding of SAP and CRP with C1q[100].  Binding of C1 complex to PTX3 

activates C4 and C3 downstream members of the classically-activated complement 

pathway[100].  Pre-incubation of apoptotic cells with PTX3 enhanced binding of C1q and 

C3[100].  Activation of C4 suggests that immobilized PTX3 is involved in activation of the 

classic complement pathway, but binding of PTX3 to C1q may inhibit activation of the classic 

complement pathway when in the fluid phase[100], suggesting PTX3 is a regulator for the 

activation of the complement pathway.  PTX3 interacts with the globular head region of 

C1q[100].  TNF-α and bacterial endotoxin stimulate innate immune cells in inflamed tissues and 

fluids to release C1q and PTX3[101].  Upon activation of the complement, PTX3 aids in the 

clearance of microbes by facilitating recognition by phagocytes[102]. 
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 PTX3 also binds microbes such as bacteria, viruses, and fungi[37].  PTX3 binds to 

Aspergillus fumigatus conidia and increases their uptake by macrophages[103].  Neutrophils 

from bone marrow and peritoneum of PTX3-/- mice were unable to efficiently phagocytose 

conidia from A. fumigatus compared to cells from normal mice[84].  PTX3 recognizes and binds 

to viruses, with differences in efficiency depending on the virus[104]. 

 PTX3 has been shown to play a role in the assembly of extracellular matrix and female 

fertility[105].  Female PTX3-deficient mice display a severe defect in fertility.  However, 

heterozygous (+/-) males and females and homozygous (-/-) males are normal and fertile[106].  

PTX3 localizes in the cumulus matrix and plays a crucial role in cumulus expansion[106]. 

 Pentraxins are involved in the two main forms of cell death: apoptosis and necrosis[107].  

Apoptosis is programmed cell death in which a stimulus causes activation of genes which 

produce enzymes that cause damage to the cell.  The apoptotic cells are phagocytosed to prevent 

the release of the cell contents into the surrounding environment and to prevent damage in the 

neighboring tissue.  Necrosis occurs in inflammation. In necrosis, cell contents are released, 

causing tissue damage surrounding the site of necrosis.  C1q and PTX3 both bind to apoptotic 

cells in a dose-dependent manner, appearing to bind to different sites of the cells[108].  

Regardless, they have very different effects on the phagocytosis of apoptotic cells.  C1q 

increases ingestion of apoptotic cells by phagocytes, and PTX3 inhibits phagocytosis of 

apoptotic cells by dendritic cells and macrophages[108]. 

 The roles of PTX3 in normal and diseased states are diverse.  This is not an exhaustive 

review of every known detail of PTX3, but highlights some of the main findings from the 

literature that are relevant to this study.  Because of the acute nature of PTX3 in inflammatory 
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states, and the fact it is released locally, and not only in hepatocytes, like the short pentraxins, 

there is likely a benefit for the expression of this protein locally, to the host.  Furthermore, since 

neutrophils are a hallmark of lung inflammation and seem to be a significant, mobile producer of 

PTX3 I sought to characterize PTX3 in lung inflammation of humans and domestic species as 

well as neutrophils. 
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CHAPTER 2: HYPOTHESES AND OBJECTIVES

2.1 Hypotheses

1. PTX3 is expressed in the lungs and its expression will increase in inflamed lung tissue 

compared to normal lung tissue.

2. PTX3 is stored in neutrophils and is released upon activation with LPS.

2.2 Objectives

1. To characterize and compare the expression of PTX3 in normal and inflamed lungs of 

human, pig, horse and cattle. 

2. To investigate the expression of PTX3 in normal and activated neutrophils.

2.3 Rationale

 Cattle affected by BRD may be treated with broad spectrum antibiotics, but often do not 

regain the same healthy status as before the animal was infected because of the reduced feed 

conversion, weight gain and economic return.  Vaccines have also been developed, but do not 

protect all animals.  The most favorable scenario is prevention of the disease. Thus, defense 

mechanisms of the respiratory tract are being investigated.

 The mechanisms underlying acute inflammatory diseases such as those of the lung in 

animals and humans are complex.  The respiratory diseases of domestic animals such as cattle, 

horses and pigs inflict billions of dollars in damage to the respective industries.  To develop new 

and effective therapies against pulmonary inflammatory diseases, we need to develop a more 

24



detailed understanding of the mechanisms.  The role of innate immune cells such as neutrophils 

and innate immune proteins such as PTX3 is not fully understood.  Recently, PTX3 has been 

identified as an important receptor and regulator of various aspects of inflammation.  Because 

PTX3 is expressed in neutrophils, it may also be a regulator of the biology of neutrophils, which 

have deep influence on the process of inflammation in the lung.  Therefore, it is important to 

understand the expression of PTX3 in normal and inflamed lungs and as well as normal and 

activated neutrophils of domestic animal species.  Because PTX3 is released by activated 

neutrophils and other cells, it may also be used as a marker of inflammatory disease in the host.
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CHAPTER 3:  PENTRAXIN 3 IN NORMAL AND INFLAMED LUNGS

3.1 Abstract

 Bacterial lung diseases cause significant mortality and morbidity, causing enormous 

economic damage to the animal industry and cost billions of dollars in human health care.  Few 

options exist for treatment of these diseases.  Increasing our understanding of the mechanisms 

involved in the immune response will aid in the development of treatments for respiratory 

disease.  The innate immune system plays a critical role in the initiation of immune response in 

the lung.  Pattern recognition receptors (PRRs) are programmed to recognize microbial structures 

unique to pathogens and mount an immune response.  Pentraxin 3 (PTX3) is a PRR that is 

produced at sites of inflammation by many cell types upon stimulation by proinflammatory 

cytokines, and agonists such as endotoxins.  PTX3 recognizes and binds to many pathogens, 

activates the complement cascade, and has a role in the clearance of apoptotic and necrotic cells.  

Because there are very few data on the expression of PTX3 in the lungs, I examined PTX3 

expression in normal and inflamed lungs of the horse, pig, human, and cattle using light and 

electron microscopic immunochemistry and Western blot.  Through Western blotting, I show the 

presence of PTX3 in lungs of calves, pigs and horses, with a trend toward increased level of 

protein in inflamed lungs.  Using immunohistochemistry, I show PTX3 staining in bronchial 

epithelial cells and vascular endothelium in normal and inflamed lungs.  Alveolar macrophages 

and inflammatory cells recruited into the lungs of bacteria-infected animals stain intensely for 

PTX3.  Immuno-gold electron microscopy on horse and calf lungs showed PTX3 in the nuclei, 

cytoplasm, and vesicular organelles of alveolar macrophages, endothelial cells and pulmonary 
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intravascular macrophages (PIMs).  These data show PTX3 is expressed in normal lungs and its 

expression is altered in inflamed lungs. 

3.2 Introduction

 Respiratory diseases are some of the leading causes of morbidity and mortality in animals 

and humans.  Bovine respiratory disease (BRD) and secondary bacterial infections are among the 

leading causes of economic loss in the livestock industry[3, 4].  As summarized in Life and 

Breath, the 2007 Respiratory Disease in Canada report, 6.5% of total human healthcare costs in 

Canada were related to respiratory illness (excluding lung cancer), which translates to a cost of 

$5.70 billion in direct costs of health care, such as hospitalization, physician consultations, 

research and medication, as well as an additional $6.72 billion for indirect expenses associated 

with disability and mortality[109].

 The respiratory system is particularly susceptible to infection because it is in constant 

contact with the external environment through inhalation of air, which may also carry dust, 

bacteria and viruses.  The lung may also be subjected to inflammatory agents through the 

circulatory system in conditions such as ischemia or sepsis[10, 110].  In addition to the entry of 

pathogens from the external environment, the upper respiratory tract is inhabited by a multitude 

of flora.  For example, Mannheimia hemolytica is prominent in cattle and sheep[24], causing a 

disease called shipping fever, Pasturella multocida is found in cats, cattle and pigs, and 

Bordetella bronchiseptica is common in dogs and pigs[111].  Pasteurella multocida and 

Haemophilus somnus are other common causes of secondary bacterial pneumonia in cattle[4].  

Normal inhabitants of the equine respiratory tract include Streptococcus equi subsp. 
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zooepidemicus, Pasteurella spp., Escherichia coli, Actinomyces spp., and Streptococcus spp.[25].  

Streptococcus equi zooepidemicus is the most common opportunistic bacterial invader of the 

equine lung[8] and S. equi causes strangles, a highly contagious upper respiratory tract infection 

in horses[9].  To counter these inflammatory threats, the lung has many protective cellular and 

molecular components.

 When inflammation and infection occur in the respiratory system, the first line of defense 

is the innate immune system.  The innate immune system is comprised of various proteins, such 

as Toll-like receptors, and cells, such as neutrophils and macrophages, and identifies non-self 

through recognition of specific molecular patterns found on foreign microbes, such as the 

molecule lipopolysaccharide (LPS) by pattern recognition receptors (PRRs)[35].  Pentraxin 3 

(PTX3) is a PRR that is produced by several cellular sources upon stimulation by 

proinflammatory cytokines and agonists such as endotoxins.  Endothelial cells, fibroblasts, 

monocytes, epithelial cells, and myeloid dendritic cells are among the many cells known to 

produce PTX3[77, 80, 82, 112, 113].  PTX3 first appeared in the evolutionary tree with the 

emergence of vertebrates and evolved directly from the first ancestor of the pentraxin 

superfamily, related to C-reactive protein and serum amyloid P component[34].  PTX3 is an 

acute phase protein[77, 78], with circulating low or undetectable levels in healthy individuals 

and rapid upregulation of plasma concentration in inflammatory states, such as sepsis[90], acute 

myocardial infarction[91] and acute respiratory distress syndrome[93].  PTX3 recognizes and 

binds to many pathogens[114], activates the complement cascade[100], and has a role in the 

clearance of apoptotic and necrotic cells[115].  PTX3 knockout mice suffered more severe LPS-

induced lung injury, increased levels of pro-inflammatory cytokines in the lung and significantly 
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higher neutrophil infiltration into the lungs compared to wild-type controls[116].  PTX3-

overexpressing transgenic mice were found to have increased survival following endotoxemia as 

well as cecal ligation and puncture-induced sepsis[117].  Interestingly, overexpression of PTX3 

was found to be detrimental in survival of mice suffering from ischemia and reperfusion 

injury[118].  Collectively, these data show that PTX3 has important roles in host immune 

responses.

 Currently, our knowledge of the molecular mechanisms that come into play during acute 

lung inflammation is incomplete.  There are few options in terms of therapeutics for humans and 

livestock suffering from severe lung inflammation.  Thus, there is a need to further characterize 

and understand the basic molecular biology of the lung in normal and inflamed states.  To date, 

there are few data on the expression of PTX3 in pigs, foals and cattle, and none in the lungs of 

these species.  Only one study has been published that investigates the expression of PTX3 in 

lungs of horses suffering from recurring airway obstruction[99].  There also is limited 

information on the expression of PTX3 in normal human lungs[103, 119] and there are no 

studies characterizing the expression of PTX3 in lungs from septic patients.  Since PTX3 has a 

role in immune responses in rodent and human species, the aim of this study is to characterize 

comparative expression of PTX3 in normal and inflamed horse, foal, cattle, pig, and human 

lungs.  I hypothesize that expression of PTX3 in inflamed lung tissue will be increased in 

comparison to normal lung tissue. 
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3.3 Materials and Methods

 3.3.1 Lung Tissues

 Calf lung tissues for immunohistochemistry were obtained during a previous student 

project in our lab[120].  The study involved infection of Holsein-Friesian calves (N=5; male; 4-6 

weeks of age) with intratracheally-administered M. hemolytica (total dose 20x109 M. hemolytica) 

to investigate the respiratory effects of this disease.  These calves were anesthetized with 

xylazine (0.1 mg/kg intramuscular, Bayer) prior to M. hemolytica administration.  Control lung 

tissues for immunohistochemistry were from the calves that had been administered normal 

saline, intravenously (N=5).  Calves were euthanized with an overdose of pentobarbital sodium 

24 hours after M. hemolytica infection.  Separate calf tissues were obtained for Western blot. 

 Normal (N=5) and inflamed calf lung (N=5) tissue for Western blot was obtained from a 

study conducted by Dr. John Ellis[121].  This study involved neonatal Holstein calves infected 

with bovine respiratory syncytial virus (BSRV).  The normal tissues were obtained from the 

same animal as the inflamed tissue by using lesions for the “inflamed” group and non-lesioned 

lung for the “normal” group.  Each calf was inoculated on day 0 with ~105 pfu BRSV, using a 

nebulizer (Ultra- Neb 99, Devilbiss, Somerset, PA) equipped with a face mask. The BSRV was 

isolated from a calf with severe respiratory tract disease.

 Inflamed pig lung was obtained from Dr. John Harding’s laboratory.  Pigs were infected 

with swine influenza and were euthanized between 24 and 96 hours post-infection (N=6; male; 6 

weeks of age).  On experimental day 0, all pigs were intratracheally inoculated with influenza A/

swine/Texas/4199-2/98 (H3N2)TX98 while anesthetized with a single intramuscular dose (up to 

20 mg/kg) of ketamine (Ketalean®, Bimeda-MTC, Cambridge, ON, Canada) and 2 mg/kg 
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xylazine (Rompun®, Bayer HealthCare, Toronto, ON, Canada) after sedation with a single 

intramuscular dose (0.3 ml) of azaperone (Stresnil®, Merial, Baie D’Urfé, QC, Canada).  Control 

pigs (N=5; female; 13 weeks of age) were euthanized via captive bolt by Dr. John Harding to 

investigate a gastrointestinal tract issue. Control animals did not undergo anesthesia.

 Control  and E. coli lipopolysaccharide-treated horse lung tissues were obtained during 

studies previously conducted in the laboratory[122, 123].  Quarter horses were administered 500 

mL of endotoxin-free physiological saline intravenously.  Forty-eight hours later, the endotoxin-

treated horses (N=4; 1-2 years of age) were intravenously administered E. coli LPS (50 ng/kg 

body weight; B0128:12; Sigma Co, St. Louis, USA) in physiological saline over 20 min.  

Control horses (N=6; 1-2 years of age) were administered equal volumes of endotoxin-free saline 

instead of LPS treatment.  Horses were euthanized with pentobarbital sodium (Euthenol®, 

Bimeda-MTS Animal Health Inc., Canada, 10 mL/50 kg body weight intravenously) up to two 

hours after LPS administration and 48 hours after saline administration for control horses.

 Mixed breed draft-type foals up to 7-weeks of age were used in a study previously 

conducted in the laboratory to investigate a vaccine against R. equi[124].  The positive control 

foals from this study were used as the inflamed group for the present study (N=7).  On day 1, 

foals were between 0-6 days of age and 10mL saline was delivered intramuscularly.  On day 28, 

foals were given intrabronchial challenge with R. equi (5x106 CFU/ml) and were euthanized on 

day 49.  Lung tissues from control foals (N=5) were obtained during a study conducted in our lab 

in the summer of 2012 (not yet published).  The control foals were also considered a mixed draft-

type breed.  A maturity assessment[125] was performed at foaling and a physical exam including 

a complete blood count was performed by a large animal internist just prior to euthanasia via 
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pentobarbital overdose.  The left lung was fixed in situ within 45 minutes of death.  All control 

animals were 30 days of age. 

 Human lungs embedded in paraffin were obtained from the department of Pathology, the 

College of Medicine at the University of Saskatchewan.  Lungs from patients who died from 

sepsis (N=5) and those died from non-respiratory causes (N=5) were examined in this study.  The 

post-mortem interval for collection of the tissue ranges within 24-36 hours after death was 

pronounced.  Patients were between 40 and 61 years of age with the exception of one sepsis case 

from a 6 month old female and a control case from a 20 year old male.

 Tissues obtained for Western blot were harvested immediately post-euthanasia and frozen 

at -80°C until needed.  Tissues obtained for staining techniques were processed as described 

below. 

 3.3.2 Tissue Fixation/Processing

 The details of tissue fixation and embedding are provided in papers cited in respective 

sections for each of the animal species. All lung tissues except those from humans were placed in 

4% paraformaldehyde overnight at 4°C.  Human lung tissues were fixed in 10% buffered 

formaldehyde.  Tissues were processed and embedded in paraffin prior to sectioning to 5µm and 

mounting on glass slides coated with poly-L-lysine for immunohistochemistry.  Horse and calf 

lungs for immuno-electron microscopy were fixed using a suitable protocol as described 

previously[120, 122, 123].  Hematoxylin and eosin staining was performed to illustrate the level 

of inflammation in the different species.
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 3.3.3 Immunohistochemistry

  The protocol for immunohistochemistry was previously standardized in our lab[120, 123, 

126].  Tissue sections were deparaffinized in xylene for 30 minutes and rehydrated by placing for 

ten minutes in each of decreasing graded concentrations of ethanol (100%, 95%, 70%, 50%) 

followed by five minutes in deionized water and five minutes in PBS.  Using a hydrophobic 

barrier pen, a circle was traced onto the slide to outline the tissue sections to contain the reagents 

within a defined space.  The slides were placed into a humidified chamber and a solution of 0.5% 

H2O2 in methanol was placed on the tissue for 20 minutes in the dark to neutralize endogenous 

peroxidase.  Slides were then placed into deionized water for five minutes followed by PBS for 

five minutes.  The slides were returned to the humidified chamber and pepsin from porcine 

gastric mucosa (2mg/mL in 0.01N HCl), warmed to 37°C, was pipetted onto the tissue sections 

and left for 60 minutes in the dark.  Blocking was achieved with 1% bovine serum albumin 

(BSA) in PBS for 30 minutes in the humidified chamber.  Mouse anti-human PTX3 monoclonal 

antibody (PP-PPJ0069-00; R&D Systems, Minneapolis, MN, USA) was prepared by diluting to 

the appropriate concentration in 1% BSA and was pipetted onto the tissue sections.  The 

concentrations used were as follows: 1:40 for human and pig lung tissue, 1:25 for foal, horse, 

and calf lung tissue.  For tissue sections used as a negative control (secondary antibody only), 

1% BSA was pipetted onto the tissue instead of primary antibody.  For tissue sections used as a 

positive control, polyclonal rabbit anti-human von Willebrand Factor (vWF) antibody (P0448, 

Dako, Burlington , ON, Canada) was pipetted onto the tissue sections at a concentration of 

1:100. vWF was used as a positive control because it is well-established that it is found in Weibel 

Palade bodies of endothelium.  Primary antibody or BSA was left on the tissue overnight at 4°C.  
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Slides were then taken out of the humidified chamber and placed in three separate containers of 

PBS for five minutes in each container to wash excess primary antibody followed by incubation 

of sections with either polyclonal goat anti-mouse IgG’s/HRP (1:100, P0447, Dako, Burlington, 

ON, Canada) or polyclonal goat anti-rabbit IgG/HRP (1:1000, Ab6721, Abcam, Toronto, ON, 

Canada) for 30 minutes.  The slides were washed 3x5 minutes in PBS. Colour was developed 

using VECTOR VIP Peroxidase Substrate Kit (VECTOR Laboratories, Burlington, ON, Canada) 

for a period of 30 seconds to 2 minutes, depending upon the species.  Following colour 

development, the slides were washed in gently running deionized water for five minutes and 

counter-stained with methyl green for 1 second to 5 minutes, washed in deionized water, quickly 

dipped in acetic acid (0.05% in acetone) four times, dehydrated in one minute in each of 

ascending concentrations of ethanol (50%, 70%, 95% and 100%) and xylene for 4 minutes, and 

coverslips were mounted.  I also performed isotype-matched controls for each species by 

substituting the primary antibody with mouse IgG2a isotype control (R&D Systems).

 3.3.4 Immuno-Histochemical Grading:  Alveolar septum, airway epithelium, vascular 

endothelium and alveolar macrophages were assigned a grade between 0 and 3 to indicate the 

intensity of PTX3 staining.  A grade of 0 indicated that staining was absent, 1 indicated low 

intensity staining, 2 indicated medium intensity staining, and 3 indicated high intensity staining.  

Ten fields of view for each animal were graded and a mean grade was calculated for each 

category for each species.
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3.3.5 Immuno-Gold Electron Microscopy 

 Calf and horse lung tissues were stained for immuno-gold electron microscopy as 

previously described[120, 122, 123].  Briefly, tissues were sectioned to 90 nm and mounted on 

grids.  Blocking of non-specific binding was achieved with goat/Tris blocking buffer for 3 x 10 

minutes then incubated in mouse anti-human PTX3 monoclonal antibody (PP-PPJ0069-00; R&D 

Systems, Minneapolis, MN, USA) at a concentration of 1:10, diluted in blocking buffer for 1 

hour at room temperature.  The omission of primary antibody from the protocol served as a 

negative control.  The grids were washed by passing each grid through a series of drops of Tris-

buffered saline (TBS) then incubated in goat anti-mouse IgG (H+L) 15nm gold-conjugated 

secondary antibody (British Biocell International, Cardiff, UK) at a concentration of 1:100 for 1 

hour, 20 minutes at room temperature.  The grids were rinsed in TBS for 3 x 5 minutes and 

washed in water for 4 x 3 minutes.  Staining of the grids was achieved placing them on 2% 

aqueous uranyl acetate with Triton X-100 for 20 minutes.  Grids were washed 4 x 4 minutes in 

distilled water then placed in Renold’s lead citrate for 10 minutes and quickly dipped in water 

then washed 5 x 4 minutes in water.  Samples were allowed to dry and were examined at 120kV 

in the transmission electron microscope.

 3.3.6 PTX3 Western Blots

 Lung tissue (~0.05g) was placed in Fast Prep tubes with 1 mL T-PER tissue protein 

extraction reagent  (Fisher Scientific, Canada) containing protease inhibitors (05892791001; 

Roche, Indianapolis, IN, USA) along with four stainless steel balls (7mm diameter; MP 

Biomedicals, Canada).  The tissue was homogenized using Retsch Mixer Mill (MM 400) at a 
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frequency of 30 Hz for 8 minutes.  The resulting homogenate was centrifuged at 10,000g for 10 

minutes and protein content of the homogenate was quantified using the Bio-Rad DC Protein  

Assay (Bio-Rad, Mississauga, ON, Canada) according to the manufacturer’s instructions.

 SDS PAGE was performed according to the following protocol.  370µg of total protein 

from each sample was loaded into 12% gel after boiling the protein in 2x SDS loading buffer 

(1:1) for 5 minutes to denature the protein.  Gel electrophoresis was performed at 120V. The gel 

was collected and arranged into a Western blot sandwich with nitrocellulose or PVDF membrane 

for protein transfer.  The transfer of the gel to the membrane was performed using 100V for one 

hour.  Following transfer, the membrane was incubated in blocking buffer (5% skim milk 

solution in PBS with 0.05% Tween-20) overnight at 4°C.  For calf and pig lung tissue, mouse 

anti-human PTX3 antibody (R&D Systems) was diluted in blocking buffer to a final 

concentration of 1:1000.  For horse tissue, rat anti-human PTX3 antibody (MNB1; Axxora, Enzo 

Life Sciences, Brockville, ON, Canada) was used at the same dilution factor.  The membrane was 

incubated in the diluted antibody at room temperature for 1 hour on a rocking platform.  

Membranes were washed in PBS-T, then incubated in secondary polyclonal goat anti-mouse IgG/

HRP (Abcam) or polyclonal rabbit anti-rat IgG/HRP (P0450; Dako), diluted in blocking buffer to 

a final concentration of 1:1000 at room temperature for one hour on a rocking platform.  Protein 

was detected by exposing X-ray film to membranes incubated in Amersham ECL Western 

Blotting Detection Reagents (RPN2108, GE Life Sciences, QC, Canada) as per manufacturer’s 

instructions.  Membranes were stripped using Blot Restore Membrane Rejuvenation kit 

(Millipore, Canada) according to manufacturer’s instructions and detection protocol was repeated 

to ensure compete removal of antibodies.  The membranes were then probed with anti-beta-actin 

36



(1:5000; Ab8227; Abcam, Toronto, ON, Canada) and goat anti-rabbit/HRP (1:5000; Ab6721; 

Abcam, Toronto, ON, Canada).  Densitometry was performed using ImageJ software (National 

Institute of Health) as described elsewhere[127].  Using ImageJ, each band was selected using 

the gel lane selecting tool.  The density of each band was shown for the bands by selecting the 

“plot lanes” command and the area under the curve for the band was selected. Lane 1 was used 

as a reference point to which the relative change of the other lanes was compared (e.g. density of 

lane 2 was divided by density of lane 1).  This process was calculated for PTX3, then β-actin, 

giving ratios referred to as “relative densities”.  Then, the relative density of PTX3 was divided 

by the relative density of β-actin for the same lane to calculate the ratio for each lane compared 

to β-actin, the loading control.  Western blot was performed in triplicate for calf lung (N=5 for 

each healthy and inflamed) and once for pig lung (N=4 for each healthy and inflamed).

 3.3.7 Statistics

 The relative densities of normal and inflamed lungs were compared for each species 

using the Mann Whitney U test (GraphPad Prism, Version 5.04 for Windows, GraphPad 

Software, San Diego California USA, www.graphpad.com).  The relative densities are reported 

as the mean +/- standard error.  An asterisk denotes the mean of the inflamed group is different 

than the mean of the healthy group with P<0.05.

37



3.4 Results

 3.4.1 Western blot in normal and inflamed lungs from horse, cow and pig.

  I performed Western blot to detect PTX3 in the lungs of cattle, pig and horse as well as 

differences in expression of PTX3 in normal and inflamed lungs of cattle and pig.  Bands were 

identified at 42 kD in calf (Figure 3.1A) , pig (Figure 3.1B), and horse lung (Figure 3.1C) 

homogenates.  The PTX3 expression between the normal and the inflamed lungs was compared 

using densitometry against beta-actin, which was used a loading control (Figure 3.1D).  The data 

showed an increase (P<0.05) in the amount of PTX3 in inflamed lungs from pigs and calves.

 3.4.2 Hematoxylin and eosin staining in normal and inflamed lungs

 Histopathology on hematoxylin and eosin-stained lung sections was done to confirm 

presence of signs of inflammation in lungs from foals, horses, calves, pigs and humans (Figure 

3.2A-E).  Because of the differences in the challenges used to induce inflammation, there were 

differences in pathology observed in the lungs.  While low dose treatment with LPS caused 

minimal inflammation in lungs of the horse, R. equi challenge in the foals caused formation of 

granulomatous inflammation as well as many inflammatory cells in airways.  Lungs from calves 

challenged with M. hemolytica caused thickening of alveolar septa and massive recruitment of 

inflammatory cells.  Septic lungs from humans also showed numerous cells in alveoli and 

peribronchial areas compared to autopsied lungs from non-septic humans.  
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 3.4.3 PTX3 staining in normal and inflamed lungs

 Controls were implemented to ensure the validity of our IHC protocol.  For tissue 

sections used as a negative control, omission of primary antibody resulted in lack of antibody 

staining (Figure 3.3A).  Lung tissues stained for von Willebrand Factor (vWF) protein, which is 

present in Weibel-Palade bodies of endothelial cells, showed staining along the blood vessel 

endothelium but not on epithelium (Figure 3.3A).  I also performed isotype-matched controls for 

each species by substituting the primary antibody with the appropriate isotype control. 

 Staining of lung sections (Figure 3.3B, D, F, H, J) with a PTX3 antibody showed staining 

in the alveolar septum, bronchial epithelium, vascular endothelium and inflammatory cells, such 

as neutrophils and macrophages.  The bronchiolar epithelial cells have staining throughout their 

cytoplasm in normal animals, but after treatment with an inflammatory stimulus, the staining for 

PTX3 is most intense at the apical surface of the airway and very little at the base of the cells 

where they meet the basal membrane.  There is an absence of staining in some of these cells. In 

addition, the alveolar septum shows a lesser degree of staining in inflamed animals compared to 

control.  The vascular endothelium is positive in normal animals.  The expression of PTX3 

appears to decrease in vascular endothelium of inflamed lungs, especially in the calf tissues 

analyzed (Figure 3.3F).

  

 3.4.4 Immuno-gold electron microscopy in normal and inflamed horse and calf lungs

 Immuno-gold electron microscopy showed the presence of PTX3 in normal and inflamed 

lungs of horses and calves.  Sections from normal horse lungs showed PTX3 staining in 

pulmonary intravascular macrophages (PIMs; Figure 3.4A-B), neutrophils (Figure 3.4C), 
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alveolar macrophage (Figure 3.4D), and the airway epithelium (Figure 3.4E).  PIMs in control 

calves (Figure 3.4F) showed PTX3 staining which appeared to be lower than that observed in 

PIMs of calves challenged with M. hemolytica (Figure 3.4G).  Similarly, PTX3 was found in 

monocytes (Figure 3.4H) and neutrophils (Figure 3.4I) in the lungs of calves infected with M. 

hemolytica.  I also observed intense staining for PTX3 in platelets in inflamed lungs of calves 

(Figure 3.4J).  The PTX3 staining was localized in the cytoplasm and nuclei of all of the 

inflammatory cells observed in this study.  In addition to the inflammatory cells, capillary 

endothelial cells also showed expression of PTX3.
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Figure 3.1A: Western blot of PTX3 from calf lung homogenates.

Figure 3.1B: Western blot of PTX3 from pig lung homogenates.

Figure 3.1C: Western blot of PTX3 from horse lung homogenates.
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Figure  3.1D: Density of PTX3 relative to β-Actin for calf and pig lung Western blots.

Figure 3.1: PTX3 Western blots in calf, pig, and horse lung homogenates. Western blot 
revealed bands at 42kD when pig, calf and horse lung tissue homogenates were probed for PTX3 
(A, B, and C respectively).  Only normal horse lung tissue was analyzed (C).  Inflamed calf and 
pig lung tissue showed increased expression of PTX3 compared to control after normalizing data 
to β-actin loading control (D).  Data are expressed as +/- standard error. Western blot was 
performed in triplicate for calf lung (N=5 for each healthy and inflamed) and once for pig lung 
(N=4 for each healthy and inflamed).  The relative densities of normal and inflamed lungs were 
compared for each species using the Mann Whitney U test (GraphPad Prism, Version 5.04 for 
Windows, GraphPad Software, San Diego California USA, www.graphpad.com).  The relative 
densities are reported as the mean +/- standard error.  An asterisk denotes the mean of the 
inflamed group is different than the mean of the healthy group with P<0.05.
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Figure 3.2A: H&E staining of horse lung. The lung sections from normal horse show normal 
alveolar septa and alveolar spaces compared to the inflamed lungs that show congestion and 
dilation of spaces around blood vessels (BV) and airways (AW).
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Figure 3.2B: H&E staining of foal lung. In comparison to the normal appearance of alveolar 
septa and alveolar spaces (AS), the inflamed airways (AW) are plugged with inflammatory cells 
and blood vessels (BV) are congested and surrounded by inflammatory cells.
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Figure 3.2 C: H&E staining of calf lung.  Normal calf lungs show normal histology with thin 
alveolar septa and clear alveolar spaces (AS) along with presence of many septal cells which 
may be pulmonary intravascular macrophages (arrows).  The lungs from M. hemolytica 
challenged calves are heavily inflamed as indicated by thickened septa, migration of 
inflammatory cells into alveolar spaces (AS) and infiltration of cells around airways (AW).
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Figure 3.2D: H&E staining of pig lung. While the normal pig lung shows normal histology of 
the lung with clear alveolar spaces (AS) and lack of inflammation in airways (AW) surrounded 
by cartilages (C), the lungs from infected pigs are showing thickened alveolar septa and 
infiltrates around airways (AW) and blood vessels (BV).
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Figure 3.2E: H&E staining of human lung. The normal human lungs are not inflamed while 
those from septic patients show accumulation of inflammatory cells in alveolar spaces and 
around the blood vessels (BV).
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Figure 3.3A: Immunohistochemistry controls. Consecutive sections from the indicated species 
were stained with von Willebrand Factor antibody (vWF) which stained vascular endothelium of 
blood vessels (BV; arrows) but not airway epithelium (AW), and with only secondary antibody 
which did not cause any staining of the tissues. Scale bar = 20µm.
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Figure 3.3B: Immunohistochemistry of normal and inflamed horse lung. The PTX3 staining 
(Arrows) is seen in alveolar septa lining the alveolar spaces (AS), epithelium of the airways 
(AW), endothelium of blood vessels (BV) and the vascular cells.  Scale bar = 20µm in low 
magnification = 8 µm in high magnification inset.
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Figure 3.3C: Grading of PTX3 immunohistochemistry in horse lung on a range of 1 to 3.
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Figure 3.3D: Immunohistochemistry of normal and inflamed foal lung. The PTX3 staining 
(Arrows) is seen in alveolar septa lining the alveolar spaces (AS), epithelium of the airways 
(AW), endothelium of blood vessels (BV) and the vascular cells.  An absence of staining was 
noticed in some blood vessels of inflamed foal lungs (*).  Scale bar = 20µm in low magnification 
= 8 µm in high magnification inset.
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Figure 3.3E: Grading of PTX3 immunohistochemistry in foal lung on a range of 1 to 3.
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Figure 3.3F: Immunohistochemistry of normal and inflamed calf lung. The PTX3 staining 
(Arrows) is seen only few cells of the alveolar septa lining the alveolar spaces (AS), epithelium 
of the airways (AW), endothelium of blood vessels (BV) and the vascular cells.  An absence of 
staining was noticed in some blood vessels of inflamed calf lungs (*).  Scale bar = 20µm in low 
magnification = 8 µm in high magnification inset.
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Figure 3.3G: Grading of PTX3 immunohistochemistry in calf lung on a range of 1 to 3.

0

0.7500

1.5000

2.2500

3.0000

Blood Vessel Airway Alveolar Septum Alveolar Macrophage

Mean Grade of Calf Lung IHC, PTX3 1:25

M
ea

n 
G

ra
de

Control (n=5) Infected (n=5)

54



Figure 3.3H: Immunohistochemistry of normal and inflamed pig lung. The PTX3 staining 
(Arrows) is seen in alveolar septa lining the alveolar spaces (AS), epithelium of the airways 
(AW), endothelium of blood vessels (BV) and the vascular cells.  Scale bar = 20µm in low 
magnification = 8 µm in high magnification inset.
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Figure 3.3I: Grading of PTX3 immunohistochemistry in pig lung on a range of 1 to 3.
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Figure 3.3J: Immunohistochemistry of normal and inflamed human lung. The PTX3 
staining (Arrows) is seen in alveolar septa lining the alveolar spaces (AS), epithelium of the 
airways (AW), endothelium of blood vessels (BV) and the vascular cells.  Scale bar = 20µm in 
low magnification = 8 µm in high magnification inset.
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Figure 3.4A: Immuno-gold electron microscopy for PTX3. Pulmonary intravascular 
macrophage in the lung of a normal horse shows PTX3 (arrows).  En: Endothelium; AS: alveolar 
space.  Original magnification: X13,000.
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Figure 3.4B: Immuno-gold electron microscopy for PTX3. Pulmonary intravascular 
macrophage (PIM) in the lung of an LPS-treated horse shows PTX3 (arrows) and many 
lysosomes (L).  Endothelium (En) also shows labeling for PTX3 (short arrows).  N: nucleus; Co: 
collagen; Lu: lumen of blood vessel; dotted line marks boundary of PIM in blood vessel.  
Original magnification: X13,000.
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Figure 3.4C: Immuno-gold electron microscopy for PTX3. Neutrophil from a  horse treated 
with E. coli LPS shows  PTX3 (arrows) in cytoplasm and nucleus (N).  En: Endothelium.  
Original magnification: X13,000.
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Figure 3.4D: Immuno-gold electron microscopy for PTX3. This equine alveolar macrophage 
shows staining for PTX3 (arrows) in the nucleus (N), lysosomes (Ly) and cytoplasm.  Original 
magnification X13,000.
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Figure 3.4E: Immuno-gold electron microscopy for PTX3. A bronchiolar epithelial cell with 
cilia (C) from a horse lung shows apical and and cytoplasmic staining for PTX3 (arrows).  
Original magnification: X13000.
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Figure 3.4F: Immuno-gold electron microscopy for PTX3. Pulmonary intravascular 
macrophage (PIM) from a calf shows PTX3 (arrows).  Endothelium (En) also shows PTX3 
staining (short arrows); AS: alveolar space.  Original magnification: X13,000.
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Figure 3.4G: Immuno-gold electron microscopy for PTX3. Pulmonary intravascular 
macrophage (PIM) of calf treated with Mannheimia hemolytica shows PTX3 (arrows) in 
cytoplasm and nucleus (N).  Endothelial cell (En) also shows labeling for PTX3 (short arrows).  
Original magnification: X13,000.
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Figure 3.4H: Immuno-gold electron microscopy for PTX3. Pulmonary intravascular 
monocyte the lung of a calf infected with Mannheimia hemolytica shows PTX3 (arrows).  N: 
Nucleus; AS: alveolar space.  Original magnification: X13,000.
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Figure 3.4I: Immuno-gold electron microscopy for PTX3. Neutrophil from a calf treated with 
Mannheimia hemolytica shows PTX3 (arrows) in cytoplasm and nucleus (N).  En: Endothelium; 
AS: alveolar space.  Original magnification: X13,000.
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Figure 3.4J: Immuno-gold electron microscopy for PTX3. Platelets (Pt) in a lung capillary of 
calf treated with Mannheimia hemolytica show PTX3 (arrows) in cytoplasm.  RBC: red blood 
cell; En: Endothelium; AS: alveolar space.  Original magnification: X13,000.
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3.5 Discussion

 This study has identified the presence of PTX3 in normal and inflamed lungs of four 

species: human, horse, cattle and pig and compared the expression of PTX3 in lungs of young 

foals to adult horses.  The expression of PTX3 is consistent among species and IHC has 

demonstrated concentrated staining in the bronchiolar epithelium, vascular endothelium and 

inflammatory cells, such as macrophages and neutrophils.  The expression of PTX3 appears to be 

altered in inflamed lungs compared to control lungs.  Using Western blot, I showed that there is 

an increased level of PTX3 in inflamed lungs of cattle and pig compared to control and have 

identified the presence of PTX3 at the sub-cellular level using immuno-gold electron 

microscopy.  Immuno-gold electron microscopy demonstrated PTX3 staining in the nucleus, 

cytoplasm and lysosomes of equine alveolar, pulmonary intravascular macrophages, neutrophils 

and airway epithelium.  PTX3 was also found in the cilia of ciliated airway epithelial cells.  In 

calf lungs, immuno-gold electron microscopy demonstrated positive staining for PTX3 in 

pulmonary intravascular macrophages and monocytes, neutrophils and platelets.

 I used multiple methods to investigate the in situ expression of PTX3 in normal and 

inflamed lungs.  While isolated cells are amenable to many mechanistic studies, it is important to 

understand the cell specific expression of proteins in an intact organ because inter-cellular 

communication is critical to the organ-specific physiological responses.  The overall expression 

of proteins was analyzed in frozen tissues with Western blots to get a picture of global expression 

of PTX3.  While Western blots provide information in tissue homogenates, in situ methods are 

essential to characterize cell specific expression of PTX3, which was obtained with 

immunohistochemistry.  Immunohistochemistry and Western blots allow semi-quantification of 
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the protein expression for comparing various treatments but don't provide fine details of 

localization of PTX3 in cells.  I performed immuno-gold electron microscopy on normal and 

inflamed lungs from calves and horses to obtain organelle specific data on the localization of 

PTX3.  Taken these methods together, I was able to obtain a rather comprehensive view of the 

expression of PTX3 in lungs of four species.  Obviously it would have been useful to do analyses 

of mRNA expression, but I remained focused on the protein analyses because proteins are the 

functional end point of gene transcription 

 The data showed localization of immune cells such as macrophages, neutrophils and 

platelets as well as endothelial and epithelial cells in the normal and inflamed lungs.  The 

presence of PTX3 in cells such as airway epithelium and alveolar macrophages suggests a role 

for the protein in protecting the lung against inhaled pathogens and dust particles.  PTX3 has 

been shown to recognize and bind to certain pathogens, opsonizing them for uptake by 

phagocytes.  Alveolar macrophages reside in the lungs, surveying the environment for invading 

pathogens.  Upon recognition of pathogens, they release pro-inflammatory cytokines and 

chemokines.  Furthermore, macrophages produce and release PTX3 after LPS stimulation[85] 

and are known to be a potent source of PTX3 in response to the opportunistic fungal pathogen, 

Aspergillus fumigatus conidia[103].  It is possible that the role of PTX3 in alveolar macrophages 

is to provide a local source of PTX3 at the initial site of pathogen recognition.  This would allow 

the host to quickly opsonize bacteria in the surrounding environment, making recognition and 

phagocytosis more efficient and quicker to help eliminate the insult.  The apparent increase 

observed in the expression of PTX3 in inflamed lungs in our studies is consistent with the results 

of other studies investigating the change in PTX3 levels in the whole lung.  For example, PTX3 
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mRNA and protein were significantly increased in lungs from rats challenged with 

intravenously-administered LPS[81] and mice challenged with intratracheally-administered 

LPS[97, 116].  The increase in PTX3 protein in inflamed lungs may be due to the release of 

PTX3 protein from activated epithelium, endothelium and migrating inflammatory cells, and also 

upregulated gene transcription under the effects of inflammatory cytokines.  In a study 

investigating the effect of in vitro TNF-α and LPS stimulation on the production of PTX3 in 

human alveolar epithelial A549 cells, human bronchial epithelial BEAS-2B cells, human primary 

alveolar type II cells, human U937 monocytes and HMEC-1 endothelial cells, TNF-α caused a 

significant increase in the amount of PTX3 protein released from all of these cells[81].  

Interestingly, the fold-increase of PTX3 protein was the highest in A549 cells in response to 

TNF-α.  Upon stimulation with LPS, PTX3 could be detected in only U937 cells and HMEC-1, 

and U937 responded more strongly to LPS than TNF-α.  The results from this study suggest that 

alveolar epithelial cells may be a significant source of PTX3 in the inflamed lung.  Further, the 

expression of PTX3 in each cell type appears to be stimulus-dependent.

 The intense positive staining of inflammatory cells in the lung may also indicate another 

significant source of PTX3.  During inflammation, the numbers of macrophages and neutrophils 

increases in inflamed lungs due to their migration in response to release of chemotactic factors 

such as IL-8 and activation of endothelium by inflammatory cytokines.  Since neutrophils 

infiltrate in high numbers in inflamed organs, it is possible that the increase in PTX3 is due to 

higher numbers of these cells in the lung.  It is reported that neutrophils store PTX3 in specific 

granules and PTX3 is released upon stimulation with microbial components and pro-

inflammatory stimuli[84-86].  In addition, in vivo data show positive PTX3 staining in 
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neutrophils in lesions of ulcerative colitis[86].  Macrophages produce and release PTX3 after 

LPS stimulation, but not after TNF-α[85].  Macrophages are known to be a potent source of 

PTX3 in response to the opportunistic fungal pathogen, Aspergillus fumigatus conidia[103]. 

  I made an interesting observation on the localization of PTX3 in platelets that were 

aggregated in the inflamed lungs of calves.  The localization of inflammatory proteins in platelets 

has not received as much attention as neutrophils and macrophages.  Platelets appear to play 

important roles in inflammation including that in the lungs through their ability to promote 

recruitments of neutrophils[120].  It was previously reported that platelets carry IL-8 in their 

granules in addition to vWF and P-selectin, which they release at the site of injury thus creating a 

molecular environment suitable for the recruitment of neutrophils.  Because PTX3 has a role in 

recruitment of inflammatory cells and platelets are one of the very first responders to reach 

inflamed organs, I wonder if PTX3 in platelets plays a critical role in the genesis of inflammation 

in the lungs.

 To my knowledge, this is the first study investigating PTX3 expression in lungs of cattle, 

foals and pigs and there are limited studies investigating the expression of PTX3 in intact human 

lung tissue.  One study shows the expression of PTX3 in the lungs one patient with invasive 

pulmonary aspergillosis via immunohistochemistry[103].  In this study, IHC illustrated 

cytoplasmic staining in alveolar macrophages and circulating mononuclear cells, but lack of 

staining in epithelial and stromal cells.  A second study shows the expression of PTX3 in airway 

smooth muscle cells, airway epithelium and inflammatory cells of the bronchial mucosa in 

human lungs with allergic asthmatic asthma[119].  The differences in staining in these studies 
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compared to my results may be due to the differences in expression in different pulmonary 

disease.

 There has been only one published study that investigates PTX3 in horses[99].  PTX3 

was found in BALF macrophages and neutrophils in horses suffering from recurrent airway 

obstruction (RAO) and healthy horses after exposure to dust[99].  In lung tissue from healthy and 

RAO-affected horses, immunohistochemistry revealed PTX3 in bronchial epithelial cells and 

inflammatory cells, similar to my findings[99].  The authors of this study noted that the staining 

of the bronchial epithelial cells was “localized at the apex of the cells just behind the ciliated 

process and the staining was more intense in horses with RAO”[99], similar to my findings.  

With the use of low dose intravenous LPS to induce lung inflammation in the horse, considerable 

PTX3 staining was observed in vascular endothelium and alveolar septum of normal and 

inflamed lungs.  My observation is in disagreement with those of Ramery et. al[99].  The 

differences may be due to the different model of inflammation between the two studies. 

 In this study, the control tissues used were from “normal” animals.  This means that the 

animals used were euthanized without any evidence of respiratory disease.  Domestic animals 

typically spend their life outdoors in a dusty environment.  The control human lung tissues were 

obtained from individuals that died from non-respiratory illness.  Similar to animals, human 

lungs are constantly in contact with dusts, aerosols, fumes, cigarette smoke, etc.  Therefore, a 

low level of inflammation in both the animal and human lungs may be present in the “normal” 

tissues.  Furthermore, individuals that died from non-respiratory illness would likely have a high 

level of systemic inflammation.  Therefore, some of the variability in the expression of PTX3 

may be due to variability in clinical cases from where the tissues were collected. 
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 Taken together, the data show constitutive expression of PTX3 in normal lungs and the 

expression appears to be increased in inflamed lungs.  The presence of PTX3 in the nuclei of 

various cells is intriguing and requires in vitro experiments to understand the dynamics of the 

protein between the various cell compartments.  Also, it would be useful to study whether PTX3 

has any specific functions in the nucleus.  The in vitro studies will also be useful to determine the 

kinetics of expression of PTX3 in cells such as neutrophils and alveolar macrophages in response 

to endotoxins. 
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3.6 Brief Introduction to Chapter 4

 Inflammation is a highly complex process, involving the coordination of cellular and 

soluble mediators.  To fully understand the mechanisms involved in inflammation, one must pull 

apart the complex web to study the individual parts, then put the pieces of the puzzle back 

together to understand the big picture.  Since the influx of neutrophils is considered a hallmark of 

acute lung injury and inflammation in general, I investigated the expression of PTX3 in isolated 

neutrophils to further characterize the expression profile of PTX3 in these cells.  I used cells 

from cattle and horses since these domestic species are of economic value and often suffer from 

respiratory disease.  Furthermore, there is little data on the expression of PTX3 in these species, 

warranting this investigation.
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CHAPTER 4: PENTRAXIN 3 IN BOVINE AND EQUINE NEUTROPHILS

4.1 Abstract

  Neutrophils are the first responders in inflammation.  Their job is to find pathogens and 

to destroy them.  Neutrophils are indispensable in their role in host defense, and without 

functioning neutrophils, the host is often immunodeficient.  However, when neutrophils are 

recruited to the site of inflammation, they are recruited in high numbers and release their 

proteolytic enzymes into the extracellular milieu.  Thus, increasing unwanted tissue damage in 

the host.  Recently, PTX3 has been reported in human and mouse neutrophils, localized in the 

specific granules.  Few data exist on the expression of PTX3 in neutrophils from cattle and 

horses.  I have used Western blot and immunocytochemical analyses to show the expression of 

PTX3 in bovine and equine neutrophils.  Immunohistochemical staining for PTX3 in neutrophils 

shows an altered staining pattern in neutrophils stimulated with LPS.  These data suggest that 

neutrophils may be a mobile form of PTX3 that is readily shuttled to the site of inflammation, 

where it can be released and involved in host defense.

4.2 Introduction

 Neutrophils, also known as polymorphonuclear granulocytes (PMN), are a type of white 

blood cell with a multilobed nucleus and a cytoplasm full of granules[51].  They are often called 

the first responders in inflammation and their main role is in host defense through phagocytosis 

of pathogens and release of their intracellular granules to kill microbes[51].  They are recruited 

by tissue-resident sentinel cells, such as macrophages, that detect infectious agents and release 

chemotactic agents such as IL-8 and MIP-1[44].  In controlled inflammation, neutrophils are 
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beneficial in helping remove the infectious agent.  However, when neutrophils are alerted to the 

presence of tissue damage or infection, they release their protease-filled granules, causing 

liquefaction of tissues and cell damage[128]. 

 Neutrophils are recruited in inflammatory diseases, such as bacterial infections of the 

lung and nonseptic diseases.  Inflammatory diseases cause significant morbidity and mortality in 

the livestock industry.  Respiratory diseases such as bovine respiratory disease (BRD) and 

secondary bacterial infections are among the leading causes of economic loss in the livestock 

industry[3, 4].  Infection with Mannheimia hemolytica in cattle is common, causing a prevalent 

and severe disease called Shipping Fever, characterized by dense, neutrophilic infiltrate and 

exudate consisting of fibrin, seroproteinaceous fluid, and blood within the lung bronchi, 

bronchioles and alveoli[129].  Pasteurella multocida and Haemophilus somnus are other 

common causes of bacterial pneumonia in cattle[4].  In addition to bacterial pneumonias, equine 

respiratory disease is typically caused by hypersensitivity to environmental agents, colic, and 

endotoxemia[130].  Horses are prone to environmental hypersensitivities, such as inflammatory 

airway disease (IAD) and chronic lung inflammation, such as recurrent airway obstruction 

(RAO)[131].  Both of these diseases have unique pathogenesis, but are characterized by 

nonseptic inflammation, mild to severe neutrophilia of broncho-alveolar lavage fluid and poor 

performance[131].  Endotoxemia in the horse is characterized by systemic inflammation, often 

caused by colic[130].  It is generally believed that secretion of chemokines by activated airway 

epithelium and alveolar macrophages plays a role in the migration of neutrophils[132].  

Therefore, neutrophil activation and their migration into inflamed tissues in cattle and horses is a 

critical part of the host immune response.
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 Pentraxins (PTX) are a superfamily of humoral pattern recognition receptors[133, 134].  

Pattern recognition receptors are responsible for recognition of foreign molecules to alert the 

host of an invasion[1].  Two sub-families of pentraxins exist: short pentraxins, such as C-reactive 

protein and serum amyloid P component, and long pentraxins, such as pentraxin 3 (PTX3)[134].  

Short and long pentraxins share similarities in their peptide sequences at the carboxy-terminus, 

but have a distinct sequence at the amino-terminus[78].  PTX3 is an acute phase protein with low 

circulating concentrations in healthy individuals, but high concentrations in individuals with 

sepsis[90], acute myocardial infarction[91], and acute respiratory distress syndrome[93].  PTX3 

is produced in many cell types such as endothelial cells, mononuclear phagocytes, fibroblasts 

and dendritic cells in response to pro-inflammatory cytokines and microbial moieties[77, 78, 80, 

82].  Recently, PTX3 was found to be stored in the specific granules of human and mouse 

neutrophils[84, 85, 87] and in neutrophil extracellular traps[84], a unique form of neutrophil 

activation where the DNA is expelled from the cell along with antimicrobial peptides[55].  

Neutrophils from PTX3-deficient mice exhibited defective phagocytosis of Aspergillus fumigatus 

conidia compared to wild-type cells in vivo and in vitro[84].  Additionally, PTX3 has been shown 

to dampen neutrophil recruitment due to its ability to bind P-selectin in three models of P-

selectin-dependent inflammation in mice: pleurisy, acid-induced acute respiratory distress 

syndrome and mesenteric inflammation[135].  These findings show that PTX3 may modulate the 

recruitment and function of neutrophils in inflamed organs.

 To date, PTX3 expression in normal and activated neutrophils of domestic animals has 

not been characterized.  Since neutrophils are recruited in high numbers to inflammatory sites 

and release their granules in many diseases of the cattle and the horse, it is important to 
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understand the expression of PTX3 in neutrophils from these animal species.  I hypothesized that 

cattle and horse neutrophils express PTX3 and PTX3 will be released from neutrophils upon 

stimulation with LPS.

4.3 Materials and Methods

 4.3.1 Isolation of Equine and Bovine Neutrophils

 The protocol for neutrophil isolation from bovine and equine blood was modified from 

methods published elsewhere[136, 137].  During the isolation of equine and bovine neutrophils, 

sterile conditions were maintained throughout the procedures and temperature was maintained at 

room temperature (~ 25°C) unless otherwise noted.  For equine neutrophils, blood was collected 

from healthy horses in EDTA tubes and pooled in 50mL polypropylene centrifuge tubes and left 

at room temperature for 30 minutes to allow for red blood cell rouleaux formation and 

sedimentation to occur.  The leukocyte-rich plasma was collected and 12mL was layered over 

10mL Ficoll Paque PLUS (GE Healthcare Life Sciences, Baie d’Urfe, QC, Canada) in a new 

50mL centrifuge tube.  The tubes were centrifuged at 400g for 30 minutes at 20°C with brake 

off.  The upper layers consisting of plasma, lymphocytes, monocytes, platelets and Ficoll Paque 

PLUS were carefully removed and discarded.  The remaining pellet consisting of erythrocytes 

and granulocytes was washed by addition of sterile 1X HBSS  (pH 7.4; no Mg2+, Ca2+, or phenol 

red; Gibco, Life Technologies, Burlington, ON, Canada) and centrifugation at 200g for 10 

minutes with low brake.  Residual red blood cells were lysed by addition of 5mL sterile water 

(pH 7.4) and tonicity was restored by adding an equal volume of 2X HBSS.  The cells were 
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pelleted by centrifugation at 200g for 10 minutes and the red blood cell lysis step was repeated.  

The remaining neutrophils were pelleted by centrifugation and washed twice with 1X HBSS.

 For the isolation of bovine neutrophils, blood was collected from healthy cows in 

heparin.  Blood was mixed with an equal volume of sterile PBS (pH 7.4) in a 50mL 

polypropylene centrifuge tube.  Twelve mL of the diluted blood was then carefully layered over 

10mL Ficoll Paque PLUS in a new 50mL centrifuge tube, then centrifuged for 30 minutes at 

400g at 20℃ with the brake off.  The remaining steps are identical to equine neutrophil isolation 

above with the exception of using 500g for pelleting of cells instead of 200g. 

 Following neutrophil isolation, cells were resuspended in 1X HBSS, counted with a 

hemocytometer and cell concentration was adjusted to desired density and used immediately.  

Cytospins were prepared using a concentration of 1x106 cells/mL.  The purity of the fraction was 

measured by manually counting the neutrophils present in a cytospin preparation stained with a 

HemaColor kit (Harleco, EMD Millipore, Billerica, MA, USA).

 

 4.3.2 Seeding of Neutrophils on Cover Slips and Staining for Immunocytochemisty

 The protocol used for immunocytochemistry was modified from a protocol for 

immunofluorescence, previously published elsewhere[138].  In brief, 12mm round glass 

coverslips were acid-washed, rinsed thoroughly and stored in 70% ethanol to remove residues 

from the manufacturing process.  Immediately before use, coverslips were dipped in 70% ethanol 

and passed through a flame before placing into a sterile 24-well tissue culture plate.  Coverslips 

were coated with 50µl fibrinogen (1mg/ml in PBS; Sigma-Aldrich, Oakville, ON, Canada) and 
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placed into a 30°C incubator for at least 30 minutes.  Excess fibrinogen was washed from the 

coverslips with sterile PBS.  One mL neutrophil cell suspension was added to each well at a 

concentration of 1x106 cells/mL along with 12.61mM calcium chloride and 4.93mM magnesium 

chloride.  For treated cells, LPS (Escherichia coli 055:B5; Sigma-Aldrich, Oakville, ON, 

Canada) was added to each well to achieve a concentration 1µg/mL LPS.  Cells were incubated 

for 30, 60, 90 or 120 minutes in the 37°C incubator with, or without, LPS.  Non-adhered 

neutrophils along with cell media were removed from the plates after the treatment time.  Cells 

were fixed by addition of 4% paraformaldehyde was added to each well for 15 minutes at room 

temperature and cells were washed thrice with PBS, 5 minutes each on a rocking platform.  PBS 

was removed and cells were permeabilized by the addition of 0.1% Triton X-100 (Sigma-

Aldrich, Oakville, ON, Canada) in PBS for 10 minutes at room temperature.  Endogenous 

peroxidase was quenched with 3% H2O2 (Sigma-Aldrich) in PBS for 20 minutes in the dark.  

Cells were washed thrice with PBS as described above.  Blocking was achieved with 1% bovine 

serum albumin (BSA; Sigma-Aldrich, Oakville, ON, Canada) in PBS at room temperature for 60 

minutes.  Blocking buffer was removed and coverslips were carefully removed from the 24-well 

plates using fine forceps and placed cell-side up on Parafilm atop moist paper towel in an airtight 

chamber.  One hundred µL rat anti-human PTX3 antibody (MNB1; Axxora, Enzo Life Sciences, 

Brockville, ON, Canada), diluted to 1:75 in blocking buffer was pipetted onto horse neutrophils 

and mouse anti-human PTX3 monoclonal antibody (PP-PPJ0069-00; R&D Systems, 

Minneapolis, MN, USA), diluted 1:25 in blocking buffer was pipetted onto cattle neutrophils and 

incubated for one hour at room temperature.  Negative controls were also prepared by using 

blocking buffer in place of antibody.  To wash unbound antibody, coverslips were floated on PBS 
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three times, 5 minutes each.  Secondary antibody was prepared by diluting in blocking buffer to a 

concentration of 1:100 (equine: polyclonal rabbit anti-rat IgG/HRP; bovine: polyclonal goat anti-

mouse IgG/HRP;  Dako, Burlington , ON, Canada).  One hundred µL secondary antibody was 

added to each coverslip and incubated for 30 min at room temperature.  After 30 minutes, 

unbound secondary antibody was washed by floating coverslips on PBS three times, five minutes 

each.  To counterstain cells, cover slips were dipped in methyl green for ten seconds, rinsed by 

dipping in three different beakers of distilled water, allowed to air dry and mounted onto glass 

slides. 

 4.3.3 PTX3 Western Blots

  One mL of neutrophils suspended in HBSS was aliquoted into 1.5mL centrifuge tubes 

corresponding to each of the different treatment groups: No LPS (time=0), LPS 30 minutes, LPS 

60 minutes, LPS 90 minutes, LPS 120 minutes and no LPS (time=120 minutes).  Calcium 

chloride was added to achieve a final concentration of 12.61mM and magnesium chloride was 

added to achieve a final concentration of 4.93mM.  LPS was added to the appropriate treatment 

tubes to achieve a final concentration of 1µg/mL.  Cells were incubated at room temperature for 

the appropriate time periods.  Then, tubes were centrifuged at 1000g for 10 minutes to pellet 

cells.  The supernatant was removed and the cells were resuspended in cold RIPA buffer (Sigma-

Aldrich, Oakville, ON, Canada), with 1 tablet protease inhibitors (05892791001; Roche, 

Indianapolis, IN, USA) for every 7mL RIPA buffer.  The cells were vortexed briefly and cells 

were incubated on ice for 5 minutes.  The cells were then subjected to one quick burst of the 

sonicator then centrifuged at 10,000g for 10 minutes at 4°C to pellet cellular debris.  The 
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resulting lysate was transferred to a new centrifuge tube and stored at -80°C until needed.  To 

estimate the quantity of total protein in the cell lysates, I performed the Bio-Rad DC Protein  

Assay (Bio-Rad, Mississauga, ON, Canada) according to the manufacturer’s instructions.

 I performed SDS-PAGE according to the following protocol.  Sixty µg of protein from 

bovine lysates and 40µg of protein from equine lysates were loaded into 12% gel after boiling 

the protein in 4x SDS loading buffer for 5 minutes to denature the protein.  Total protein was 

separated by performing gel electrophoresis at 120V.  The gel was collected and arranged into a 

Western blot sandwich with nitrocellulose or PVDF membrane for protein transfer.  The transfer 

of the gel to the membrane was performed at 100V for one hour.  Following transfer, the 

membrane was incubated in blocking buffer (5% skim milk solution in PBS with 0.05% 

Tween-20) overnight at 4°C. For bovine neutrophil lysate, mouse anti-human PTX3 antibody 

(PP-PPJ0069-00; R&D Systems, Minneapolis, MN, USA) was diluted in blocking buffer to a 

final concentration of 1:1000.  For horse neutrophil lysate, rat anti-human PTX3 antibody 

(MNB1; Axxora, Enzo Life Sciences, Brockville, ON, Canada) was used at the same dilution 

factor.  The membrane was incubated in the diluted antibody at room temperature for 1 hour on a 

rocking platform.  Membranes were washed in PBS-T, then incubated in secondary polyclonal 

goat anti-mouse IgG/HRP (Abcam, Toronto, ON, Canada) or polyclonal rabbit anti-rat IgG/HRP 

(Dako, Burlington , ON, Canada)), diluted in blocking buffer to a final concentration of 1:1000 at 

room temperature for one hour on a rocking platform.  Protein was detected by exposing X-ray 

film to membranes incubated in Amersham ECL Western Blotting Detection Reagents (GE Life 

Sciences, QC, Canada) as per manufacturer’s instructions.  Membranes were stripped using Blot 

Restore Membrane Rejuvenation kit (EMD Millipore, Billerica, MA, USA) according to 
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manufacturer’s instructions and detection protocol was repeated to ensure compete removal of 

antibodies.  The membranes were then probed with anti-β-actin (1:5000; Abcam, Toronto, ON, 

Canada) and goat anti-rabbit/HRP (1:5000; Abcam, Toronto, ON, Canada).  Densitometry was 

performed using ImageJ software (National Institute of Health) as described elsewhere[127].  

Using ImageJ, each band was selected using the gel lane selecting tool.  The density of each band 

was shown for the bands by selecting the “plot lanes” command and the area under the curve for 

the band was selected.  Lane 1 was used as a reference point to which the relative change of the 

other lanes was compared (e.g. density of lane 2 was divided by density of lane 1).  This process 

was calculated for PTX3, then β-actin, giving ratios referred to as “relative densities”.  Then, the 

relative density of PTX3 was divided by the relative density of β-actin for the same lane to 

calculate the ratio for each lane compared to β-actin, the loading control.  Each experiment was 

performed in triplicate with samples from a different animal each time.

 4.3.4 Statistics

 The relative densities of normal and inflamed lungs were compared for each species 

using the Kruskal-Wallis test (non-parametric one-way ANOVA; P=0.05; GraphPad Prism, 

Version 5.04 for Windows, GraphPad Software, San Diego California USA, 

www.graphpad.com).  The relative densities are reported as the mean +/- standard error.
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4.4 Results

 4.4.1 Western blot in equine and bovine neutrophil homogenates

 Lysates from stimulated and unstimulated equine and bovine neutrophils showed a 

distinct band at 42kD weight when probed with anti-PTX3 antibody (Figure 4.1A and 4.2A).  

The equine neutrophil lysates showed an additional band at 32kD in addition to the expected 

42kD band (Figure 4.1A).  After normalizing the values as a ratio of PTX3 density to β-Actin 

density, there were no statistical differences between groups.  In the bovine neutrophils, 

intracellular protein increases nearly 1.6-fold after 30 minutes of LPS stimulation and decreases 

slightly after 60 minutes to 120 minutes.  The unstimulated cells showed an increase of nearly 

1.6-fold after 120 minutes (Figure 4.2A).  Equine neutrophils did not show apparent increase in 

stimulated neutrophil lysates at any of the observed time points.  However, unstimulated equine 

neutrophils had 1.5-fold increase in PTX3 after 120 minutes in culture (Figure 4.1A).

 4.4.2 PTX3 immunocytochemistry of equine and bovine neutrophils 

 Normal, untreated equine and bovine neutrophils express PTX3 as shown by 

immunostaining isolated cells.  The cytoplasm of unstimulated neutrophils stain intensely for 

presence of PTX3 (Figure 4.1D and 4.2D).  Upon activation with LPS, the staining profile of 

PTX3 changes.  After 30 minutes of LPS stimulation, many cells appear ruffled, empty and 

staining for PTX3 appears to be concentrated to one side of the cell.  The cell membrane 

produces projections and the cell appears polarized.  After 60 minutes of stimulation with LPS, 

many of the cells seem to recover and appeared less activated.  Some cells still hold PTX3 and it 

is localized to one side of the cell which appears to be the leading edge of the cells.  After 
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stimulation with LPS for 90 minutes, the cytoplasm appears to be more uniformly stained.  When 

viewing the cells under the light microscope, intensely stained granules were visible when 

focused on the different z-planes of the cell.  Due to the limitations in the resolution of the light 

microscope and digital camera, it was difficult to photograph this feature. 
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Figure 4.1: Expression of PTX3 in isolated equine neutrophils.
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Figure 4.1: Expression of PTX3 in isolated equine neutrophils. I performed Western blot on 
neutrophil homogenates either non-stimulated, or stimulated with LPS to characterize the 
expression profile following activation.  A band was observed at the expected 42kD weight in 
addition to a second band at the 32kD weight (A).  The relative density of PTX3/β-actin is shown 
(B).  Isolated neutrophils were cultured on fibrinogen-coated coverslips with or without LPS 
stimulation and were immunostained for PTX3 at different time points (C-D).  The 
immunocytochemistry shows PTX3 in unstimulated neutrophils at 0 and 120 minutes.  It appears 
that PTX3 was localized to the leading edges of activated neutrophils at 30 and 60 minutes of the 
treatment, and cytoplasmic staining appeared to be reduced at 60 minutes of LPS-treatment.  
Original magnification = 400x; inset = 1000x.  The relative densities of normal and inflamed 
lungs were compared for each species using the Kruskal-Wallis test (non-parametric one-way 
ANOVA; P=0.05; GraphPad Prism, Version 5.04 for Windows, GraphPad Software, San Diego 
California USA, www.graphpad.com).  The relative densities are reported as the mean +/- 
standard error. 
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Figure 4.2: Expression of PTX3 in isolated bovine neutrophils.
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Figure 4.2: Expression of PTX3 in isolated bovine neutrophils. Isolated bovine neutrophils 
express PTX3 in a similar manner to equine neutrophils.  I performed Western blot on neutrophil 
homogenates either non-stimulated, or stimulated with LPS to characterize the expression profile 
following activation.  A band was observed at the expected 42kD(A).  The relative density of 
PTX3/β-actin is shown (B).  Isolated neutrophils were cultured on fibrinogen-coated coverslips 
with or without LPS stimulation and were immunostained for PTX3 at different time points (D).  
The PTX3 staining was altered spatially as that at 90 minutes there was more localization to the 
plasma membranes and also on ruffled areas of the plasma membrane.  Original magnification = 
400x; inset = 1000x.  The relative densities of normal and inflamed lungs were compared for 
each species using the Kruskal-Wallis test (non-parametric one-way ANOVA; P=0.05; GraphPad 
Prism, Version 5.04 for Windows, GraphPad Software, San Diego California USA, 
www.graphpad.com).  The relative densities are reported as the mean +/- standard error.
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4.5 Discussion

 I report the first immunohistochemical and Western blot data on the expression of PTX3 

in freshly isolated, non-stimulated and stimulated neutrophils from horses and cattle.  The data 

show the presence of PTX3 in non-stimulated neutrophils and altered expression in LPS-

activated neutrophils from these species.  Freshly isolated, unstimulated neutrophils from both 

species show strong immunostaining for PTX3 in the cytoplasm.  After stimulation with LPS, 

many cells show concentrated, polarized staining for PTX3 and others show a complete loss of 

PTX3 staining.  I had difficulty staining cytospins and alternatively used a method of 

immunostaining previously developed for immunofluorescence and confocal microscopy[138].  

This method required the adherence of neutrophils to fibrinogen-coated glass coverslips as 

described elsewhere[138].  Fibrinogen was the preferred coating agent since, as described by 

Allen[138], it still allows the cell to perform normal functions, such as phagocytosis, in contrast 

poly-lysine, a common coating agent, which is more “sticky”.  In contrast to using the cytospin 

method, this protocol allowed us to visualize morphological changes in the neutrophil after LPS 

stimulation as well as differences in localization of intracellular PTX3 protein.  I observed the 

presence of PTX3 concentrated on the edges of activated cells.  This feature may not have been 

observed using cytospins.

 Western blotting of neutrophil lysates revealed the presence of intracellular PTX3, with a 

band at ~42kD, the expected molecular weight for PTX3.  Horse neutrophils express a strong 

signal at ~32kD in addition to the 42kD band.  These experiments don't provide the reasons for 

the detection of two separate bands in equine neutrophil lysates with the PTX3 antibody.  It is 

possible that the smaller molecular weight band is a fragment of PTX3 or the antibody is cross-
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reacting with another protein.  Consistent with my findings, Ramery, et al.[99] also found a 32kD 

band upon Western blotting and attributed this lower-than-expected molecular weight to be due 

to alternative splicing.  My Western blot data show that the expression profile of PTX3 in 

neutrophils is subtly altered after LPS stimulation.

 The presence of PTX3 in whole neutrophil lysates is altered after LPS treatment as 

evidenced by Western blot analyses.  The increase in PTX3 protein in bovine neutrophils after 30 

minutes of LPS stimulation suggests there is an upregulation in the production of PTX3 protein.  

Since the level of PTX3 protein remains higher than baseline at the 60-120 minute time points 

but less than the initial surge of PTX3 at 30 minutes, it is possible that the cells begin to release 

PTX3.  LPS-simulated equine neutrophils did not show change of intracellular PTX3.  There are 

several possible explanations for this observation: (1) It is possible that LPS alone was not 

sufficient to activate the equine neutrophils to produce PTX3; (2) equine neutrophils do not 

respond as quickly to LPS stimulation as cattle neutrophils and require more time after LPS 

stimulation to increase intracellular PTX3; (3) equine neutrophils may produce new PTX3 

protein, but release significant quantities so that differences in intracellular PTX3 was not 

apparent using Western blot; (4) equine neutrophils do not produce PTX3 at the mature stage of 

differentiation; or (5) a different mechanism occurs in equine innate immunity.  Unstimulated 

neutrophils from both species showed increased intracellular PTX3 protein after 120 minutes in 

culture, suggesting neutrophils upregulate the production of PTX3 protein without LPS 

stimulation, but this protein was not released from the cell.  IHC confirms the presence of PTX3 

in the neutrophils.
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 The findings from this study are important because these are the first data to show the 

expression of PTX3 in equine and bovine neutrophils at the very early time points in response to 

LPS stimulation, confirming that these cells do indeed have intracellular PTX3 protein as found 

with Western blotting.  The observation that, after LPS-stimulation, several neutrophils showed a 

difference in the staining pattern of PTX3 suggests that the intracellular PTX3 is localized to 

different regions of the cell.  In some LPS-stimulated cells, complete loss of PTX3 staining was 

observed, indicating that the protein was released from the cell.  It is unknown why PTX3 may 

localize to edges of the cell, but may be a snapshot of the cell before the protein is released.

 Similar to my observations, Savchenko, et al.[86] reported after treatment with IL-8, 

some neutrophils exhibited strong positive staining for PTX3 in the cytoplasm, while others were 

only slightly positive or were completely negative for PTX3, likely due to release of PTX3.  The 

data from other studies show an increase of PTX3 in cell media of neutrophils cultured with 

different agents.  PTX3 was increased in the media of human neutrophils stimulated with LPS 

after 6 and 24 hours[85].  E. coli, S. aureus, zymosan, PMA, ionomycin, TNF-α, and Toll-like 

receptor agonists stimulation for 16 hours induced neutrophils to release PTX3 into the 

supernatant in a dose-dependent manner[84].  The intracellular concentration of PTX3 was 

measured in the cells stimulated by E. coli and S. aureus and was found to have decreased, 

indicating extracellular release of the protein.  Furthermore, PMA and S. aureus resulted in a 

time-dependent release of PTX3 by neutrophils and suggests that the protein is released over 

time[84].  The concentration of PTX3 released by the neutrophils was significant at 1 hour and 

continued to climb until 16 hours, the last time point analyzed[84].  Another study reports that 

PTX3 is released from human neutrophils after IL-8 stimulation[86].  These studies indicate that 
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appropriate stimulation will induce release of PTX3 from human neutrophils.  However, most of 

these studies observed neutrophils at a minimum of 2 hours after stimulation.  One study found 

that only after 1 hour of stimulation and not earlier, was the release of PTX3 significant[84].  In 

my study, I did not see apparent increase or decrease of PTX3 in the cell homogenates between 

30 minutes and 2 hours of LPS stimulation.  This is possibly due to a low level of extracellular 

release by the cells at these early time points.  Yet, from these studies we can expect to find a 

release of PTX3 from equine and bovine neutrophils with appropriate stimulation which requires 

quantification of PTX3 in the supernatant to precisely address this issue.

 Currently there is not a consensus regarding PTX3 mRNA expression in human 

neutrophils.  One study showed the presence of PTX3 mRNA in freshly-isolated neutrophils and 

increasing mRNA in response to several hours in culture and LPS-stimulation[85], but other 

studies did not find mRNA expressed in freshly isolated or stimulated human neutrophils[80, 84, 

139].  I did not assess the expression of mRNA in equine and bovine neutrophils.  Thus, further 

clarification of this issue is required in these species and would complement the data I have 

presented here.

 The use of PTX3 knockout mice by other researchers has increased our knowledge of 

PTX3 in neutrophil functions.  PTX3-deficient mice exhibited neutrophil accumulation after 

induction of pleural inflammation compared to wild-type mice.  But, when PTX3-deficient mice 

were given wild-type bone marrow or exogenous PTX3, neutrophil accumulation was similar to 

wild-type mice, indicating that neutrophils are the main source of PTX3, which negatively 

affects the recruitment of neutrophils in inflammatory conditions[135].  Furthermore, PTX3-

deficient mice show increased neutrophil accumulation in the lungs and more severe lung 
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damage after acid-induced acute lung injury[135].  PTX3-deficient mouse neutrophils do not 

phagocytose conidia from A. fumigatus as efficiently as wild-type mice[84].  It appears that 

PTX3 may be a fine regulator of neutrophil migration and activation.

 During the recruitment of neutrophils in inflammation, P-selectin and E-selectin are 

upregulated on the surface of activated endothelium, receptors which bind to PSGL-1 on the 

surface of neutrophils and cause them to slow down in the bloodstream[50].  PTX3 binds P-

selectin and functions as a competitive inhibitor of the P-selectin-PSGL-1 interaction[135].  With 

this knowledge, my observation that PTX3 localizing to the margins of the cells may indicate 

that the alteration of PTX3 expression in neutrophils during the very early stages of neutrophil 

recruitment has a role in regulating neutrophil recruitment whether or not the protein is 

sequestered or released from the cell.

 Because PTX3 is found to localize in specific granules of neutrophils of human and 

mouse[87, 88], it was expected I would find a similar expression in neutrophils from horse and 

cattle.  Yet, in my study, I encountered species differences, validating the need to characterize the 

protein in these species.  The PTX3 antibody clone PP-PPJ0069-00 (R&D Systems) did not react 

with equine PTX3 (not shown), suggesting the binding site for this antibody is unique on the 

equine PTX3 protein.

 In conclusion, I have shown the presence of PTX3 in cattle and horse neutrophils.  The 

conserved presence of PTX3 in multiple species and the lack of any documented natural cases of 

PTX3 deficiency is a testament to its crucial role in host survival.  The alteration in expression of 

PTX3 in neutrophils of these domestic species is intriguing and, given what is currently known 

96



about PTX3, may indicate roles for PTX3 in neutrophil migration, antimicrobial activity, and 

host defense.
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CHAPTER 5: GENERAL DISCUSSION AND FUTURE DIRECTIONS

 I have characterized the expression of PTX3 in normal and inflamed lungs of humans, 

horses, foals, cattle and pigs.  To my knowledge, the expression of PTX3 has not been 

investigated in lungs of pigs, cattle, and foals prior to this study.  However, the presence of PTX3 

in lungs of horses affected by heaves has been reported[99].  The results from my study show 

similarities in the expression of PTX3 in the lungs of these species.  For instance, in all species, 

PTX3 was observed the airway epithelium, alveolar septum, vascular endothelium and 

inflammatory cells, as shown by immunohistochemical staining.  Since PTX3 is highly 

conserved from mouse to humans, it is not surprising that the expression profile was consistent 

across these species.  However, some differences were observed. In the inflamed calf and foal 

lung, there appeared to be a decrease in the amount of positive staining in the vascular 

endothelium compared to control, an observation that was not found in the other species.  Also, 

the amount of positive staining in normal 30 day old foal lung appeared much less than in other 

species or in inflamed foal lungs.

 The apparent lower expression of PTX3 in lungs of normal 30-day old foals by 

immunohistochemistry is intriguing.  Lack of Western blot or other quantitative data on lungs 

from foals does not permit me to conclude that there were differences in the amount of PTX3 

produced in foal lungs.  However, foals have long been characterized as immunodeficient, 

especially in regard to respiratory disease as evidenced by their extreme susceptibility to 

Rhodococcus equi[140].  If a lower basal expression of PTX3 exists, this could be a connected 

with the phenomenon of higher susceptibility to certain diseases as found in PTX3 knockout 

mice.  PTX3-knockout mice exhibit worse lung injury after LPS administration[116] and more 
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susceptibility to Aspergillus fumigatus infection[103].  Alternatively, the lower basal expression 

could be due to a relatively naive lung in the very young animal.  An older animal may have 

experienced more contact with environmental pathogens, dust and microbes compared to the 

foals, leading to an increased expression of PTX3 in the “normal” state.

 To examine the sub-cellular localization of PTX3, I performed immuno-gold electron 

microscopy on normal and inflamed horse and cattle lungs.  In normal horse lungs, I observed 

the presence of PTX3 in pulmonary intravascular macrophages, neutrophils, alveolar 

macrophages, and the airway epithelium.  Similarly, PIMs in normal calf lungs and neutrophils 

and monocytes in lungs from calves infected with M. hemolytica also stained positively for the 

presence of PTX3.  Endothelium from both species showed expression of PTX3.  In the above-

mentioned cells, the PTX3 was mainly localized to the cytoplasm and nuclei.  Surprisingly, these 

experiments also illustrated the expression of PTX3 in platelets from a calf treated with M. 

hemolytica.  Binding of PTX3 to the membrane of thrombin-activated platelets via P-selectin has 

previously been shown[135], but the intracellular expression of PTX3 observed in platelets is 

unexpected.  The observation of PTX3 present in the platelets may be due to PTX3 binding to 

the surface of the platelets, but this is unlikely since the tissue has been sectioned, cutting 

through the cell membrane.  It seems more likely that the presence of PTX3 is intracellular.  

Though they are often underestimated, platelets are critical regulators in inflammation.  For 

instance, they migrate to sites of infection, express other pattern recognition receptors, such as 

TLRs that recognize microbial components, contain microbicidal molecules and generate 

reactive oxygen species[141].  Platelets also have the ability to internalize circulating 

proteins[142] and microorganisms[143].  The observation that PTX3 is found in platelets may be 
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a result of constitutive expression of PTX3 by platelets or a species-specific expression.  

Alternatively, it is possible that they have internalized circulating PTX3.  If this is the case, other 

researchers that have studied the expression of PTX3 in platelets may have missed this 

observation if platelets were isolated from healthy individuals, with low levels of circulating 

PTX3.

 Another interesting feature observed as a result of the immuno-gold EM was the presence 

of PTX3 in the nucleus of several cells.  No previously published studies have noted this 

characteristic or speculated its significance.  The related pentraxins, CRP and SAP, are known to 

translocate to the nucleus of cells[144].  The nuclear pore allows proteins 40kD and smaller into 

the nucleus, but larger proteins require the presence of a nuclear translocation signal to permit 

their entry[144].  A nuclear translocation signal has been described for CRP and SAP[144], but 

not yet for PTX3.  Because PTX3 shares its ability to bind DNA, chromatin and histones with 

CRP and SAP in addition to the finding of PTX3 in the nucleus, it is possible a similar nuclear 

localization signal exists for PTX3.  Previous studies by our lab have shown the localization of 

other pattern recognition receptors, TLR4 and TLR9, to the nucleus following LPS 

insult[145-147].

 Because neutrophils are important inflammatory cells and their recruitment into lungs is a 

hallmark of pulmonary disease, I studied the expression of PTX3 in normal and activated 

neutrophils in two species, cattle and horses.  Cattle and horses are often afflicted with 

respiratory diseases that are difficult to treat, and the expression of PTX3 has not been 

characterized in these species.  Thus, these species were relevant to my study.  I show the 

expression of PTX3 in cattle and horse neutrophils with Western blotting and 
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immunohistochemical staining.  The methods used are subjective and semi-quantitative.  

However, I observed an apparent alteration in the expression of PTX3 in cattle and horse 

neutrophils upon stimulation with LPS.  Methods to quantify the change in expression must be 

performed.  ELISA could be utilized to measure the intracellular concentration of PTX3 in 

neutrophil lysates or extracellular release in neutrophil supernatants.  Quantitative real-time 

reverse transcriptase PCR would allow us to identify the presence of mRNA and, if present, to 

measure changes in the regulation of mRNA.

 A limitation of this study is the lack of quantitative data.  Although informative of the 

expression of PTX3 in isolated cells and tissues, Western blot is only semi quantitative, allowing 

the comparison of “fold changes” in expression of the protein in relation to other groups.  Next, I 

anticipated a greater difference in the expression of PTX3 in isolate cattle and horse neutrophils.  

The methods used were not sensitive enough to show changes in the expression of PTX3.

 Although our understanding of PTX3 and its roles in inflammation has greatly broadened 

over the past two decades, there are still questions that remain to be answered.  My research has 

uncovered some unexpected results such as the presence of PTX3 in platelets.  Research on the 

involvement of platelets in inflammatory diseases is gaining momentum.  As mentioned above, 

they are no longer considered unspecialized cells only involved in the coagulation cascade. 

 Neutrophils are short-lived cells that are easily activated and are difficult to culture.  

Manipulations for in vitro studies often result in changes in the activation and metabolic state of 

these cells.  Thus, results from in vitro studies of neutrophils tend to be inconsistent.  Since there 

is not a consensus on the expression of PTX3 mRNA and protein by neutrophils, more research 

needs to be completed to resolve these issues.
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 In summary, I report the expression of PTX3 in alveolar and airway epithelium, vascular 

endothelium and inflammatory cells of normal and inflamed lungs of human, horse, foal, calf 

and pig.  In vitro studies of alveolar epithelial cells have shown that they secrete PTX3 after 

stimulation with pro-inflammatory cytokines[81].  I postulate that, in the lung during acute 

inflammation, airway and alveolar epithelial cells secrete PTX3 and are a significant source of 

circulating PTX3.  With the lung being a significant source of soluble PTX3, this would allow 

PTX3 to quickly reach the entire circulation since the pulmonary circulation reaches the rest of 

the body.  Fluid-phase PTX3 may then go on to to bind the fluid-phase complement component 

C1q, resulting in an inhibition of C1q hemolytic activity or immobilized C1q (such is C1q bound 

to a microbial surface), activating the classical complement pathway. 

 Release of PTX3 by endothelium may result in binding of PTX3 to P-selectin, dampening 

the recruitment of neutrophils.  Since neutrophils migrate rapidly to the site of inflammation and 

are a vessel for PTX3, I hypothesize that the role of PTX3 in neutrophils is to provide a mobile 

form of PTX3 that can be shuttled to the site of inflammation, where it can be discharged to 

opsonize bacteria, facilitating their uptake by macrophages.  It is likely that PTX3 is released at 

the site of inflammation since it resides in specific granules, which are usually released after 

extravasation.  In addition, PTX3 on the surface of apoptotic neutrophils increases the 

phagocytosis of these cells, aiding in the resolution of inflammation.  Although I did not show 

release of PTX3 from neutrophils using these methods, it is likely that since I have shown PTX3 

to be present in these cells, they will follow similar trends as other published studies. 
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Macrophages present in tissues release PTX3 in response to microbial recognition.  Thus, 

opsonizing any microbes in the vicinity to aid in the recognition and phagocytosis by other 

phagocytes. 

 In conclusion, these cellular sources of PTX3 work together in acute lung inflammation 

to give rise to the primary functions of PTX3: complement activation, opsonization, 

agglutination and neutralization, clearance of cellular debris and apoptotic cells, regulation of 

inflammation and resolution of inflammation.  There are so many pathways implicated in the 

pathogenesis of acute lung injury, that there is no doubt that modulating one aspect of these 

pathways will not be a cure for the disease.  When one target is altered, other pathways come 

into play.  However, increasing our knowledge of these pathways as a whole helps us to 

understand the complexity of these diseases and will aid in the development of potential 

therapeutics in the future. 
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