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This study investigated proteomic changes in bronchoalveolar lavage fluid (BALF) of 

beef calves to identify alterations related to development of naturally occurring 

bovine respiratory disease. BALF was collected from 162 healthy beef calves soon 

after weaning and transportation. Two-dimensional gel electrophoresis and mass 

spectrometric analysis revealed calves that later developed pneumonia had 

significantly lower levels of anti-inflammatory proteins including annexin A1, 

RAGE-binding protein, apolipoprotein-A, heat shock protein beta-1 and thioredoxin, 

but higher levels of antioxidant and pro-inflammatory proteins such as 

immunoglobulin light chain variable region, cyclophilin A, serum albumin precursor 

and glutathione S-transferase P.  

Difference in gel electrophoresis-based analysis further showed lower levels 

of annexin A1, annexin A2, peroxiredoxin I, calycyphosin, superoxide dismutase, 

macrophage capping protein and dihydrodiol dehydrogenase 3 in the calves that later 

developed pneumonia. Differences in annexin levels were partially confirmed by 

Western blot analysis.  

In healthy calves, immunohistochemistry revealed cytoplasmic expression of 

annexin A1 in surface epithelium of large airways, tracheobronchial submucosal 

glands, and goblet cells, and to a lesser degree in small airways but not in alveolar 



 

  

epithelium. Flow cytometry and immunocytochemistry labeled annexin A1 in blood 

and bronchoalveolar lavage neutrophils, monocytes, macrophages and lymphocytes. 

Annexin A2 expression was detected in surface epithelium of small airways, some 

mucosal lymphocytes, and endothelium, with weak expression in large airways, 

tracheobronchial submucosal glands and alveolar epithelium. For both proteins, the 

level of expression was similar in tissues collected 5 days after intrabronchial 

challenge with M. haemolytica compared to that from sham-inoculated calves.  

A sandwich ELISA for annexin A1 was developed. For use with BALF, the 

working range was 0.3-317 ng/ml and the sensitivity was 0.8 ng/ml. The coefficient of 

variation of intra-assay and the between assays was less than 20%.  

Together, these findings reveal annexins A1 and A2 as promising biomarkers 

of susceptibility to BRD in healthy at-risk calves. Further, the anti-inflammatory and 

pro-resolving functions of these proteins suggest roles in the pathogenesis of bacterial 

pneumonia of feedlot cattle. 
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CHAPTER 1 

Literature Review 

1.1. Bovine respiratory diseases 

The bovine respiratory diseases complex (BRDC) is one of the most important 

causes of economic loss for the cattle industry in North America. The economic losses 

due to BRDC are caused by death, loss of production, veterinary expenses and labour 

(Snowder et al., 2006; Snowder et al., 2007; Cusack et al., 2007; Duff and  Galyean, 

2007). In spite of improved understanding of the disease and adaptation of new 

management practices, the trend of mortality due to the BRDC has increased 

(Loneragan et al., 2001; Babcock et al., 2009). 

Numerous combinations of infectious agents cause the respiratory disease 

complex and the most common clinical outcome is bronchopneumonia. As the name 

implies, BRDC includes many different diseases: in dairy calves it is called enzootic 

pneumonia (Van Donkersgoed et al., 1993), and in beef calves it is called shipping 

fever because it is usually associated with recent shipment of calves to a new location 

or to a feedlot (Mosier et al., 1989). 

 

1.2. Shipping fever/ bacterial pneumonia 

The major cause of BRDC is bacterial infection, and the major predisposing 

factors are stress (reviewed in Salak-Johnson and  McGlone, 2007), and viral 

infection. Although it is very common to see mixed bacterial cultures from lungs of 

cattle with shipping fever (Welsh et al., 2004), the most commonly isolated organism 

in BRDC is Mannheimia haemolytica, formerly called Pasteurella haemolytica. This 

microorganism belongs to the family Pasteurellaceae and is a Gram negative, non-

motile, non-spore-forming, oxidase-positive coccobacillus that is facultatively 
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anaerobic and fermentative. Other less common bacterial organisms causing shipping 

fever are Histophilus somni and Pasteurella multocida. They also belong to the family 

Pasteurellaceae, and reside in the upper respiratory tract of healthy animals as 

commensals (Frank, 1989). Common viral agents associated with BRDC are Bovine 

viral diarrhea virus, Bovine herpesvirus Type 1, Bovine respiratory syncytial virus, 

Bovine parainfluenza virus and Bovine coronavirus (Woldehiwet and  Sharma, 1992) 

 

 1.2.1 Pathogenesis 

Stress with or without viral infection is thought to suppress the host immune 

system allowing commensal organisms to proliferate in the upper respiratory system, 

be transported to the lower respiratory system, and eventually colonize the lung to 

cause bronchopneumonia. Stress can be caused by many things including 

transportation, weaning, weather changes, nutritional changes, co-mingling, surgery, 

and overcrowding. 

Virulence factors of M. haemolytica include capsular polysaccharide (Conlon 

and  Shewen, 1993; Brogden et al., 1995), leukotoxin, surface antigens including iron-

regulated outer membrane proteins (Confer et al., 1995), fimbriae (Morck et al., 1987; 

Morck et al., 1989), lipopolysaccharide (LPS), adhesin molecule (Jaramillo et al., 

2000), sialoglycoprotease (Abdullah et al., 1992; Lee et al., 1994), neuraminidase, 

lipoproteins, and a serotype specific antigen (Gonzalez-Rayos et al., 1986).  

Mannheimia haemolytica especially the A1 serotype colonize the bovine 

upper respiratory tract and replace other serotypes when pulmonary defenses are 

impaired by viral infection, stress or environmental changes. After proliferation in the 

upper respiratory tract, the microorganism colonizes the lower respiratory tract and 

finally enters the alveolar spaces. A vital virulence factor of M. haemolytica is 
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believed to be the ruminant specific leukotoxin. This impairs the functions of 

leukocytes and causes lysis of leukocytes through pore formation (Clinkenbeard et al., 

1989; Czuprynski and  Noel, 1990; DeBey et al., 1996). It also allows the bacteria to 

survive by initiating the oxidative burst and degranulation in neutrophils and 

macrophages (Maheswaran et al., 1992; Tatum et al., 1998) and prevent phagocytosis 

of the organism.  

The capsule of M. haemolytica protects the organism from phagocytosis by 

macrophages and neutrophils (Chae et al., 1990). LPS is responsible for pyrexia, 

macrophage activation, and release of tumor necrosis factor (Keiss et al., 1964; Yoo et 

al., 1995). It also produces vascular lesions in the diseased lung (Whiteley et al., 

1992). An inflammatory cascade is initiated by M. haemolytica LPS and leukotoxin, 

causing activation of the complement system and release of cytokines which may 

enhance cytotoxicity (Nyarko et al., 1998) Acute pulmonary infection initiates the 

strong influx of neutrophils accompanied by accumulation of fibrin (Slocombe et al., 

1985).  

Transmission of M. haemolytica is mainly by inhalation of droplets from 

infected or carrier animals. Therefore, overcrowding is considered an important factor 

in development of the disease. The clinical signs of affected animals are sudden death, 

depression, pyrexia, anorexia, rapid and shallow respiration, and mucopurulent nasal 

discharge. Coughing and dyspnea in later stages may develop (Friend et al., 1977). 

Clinical signs shown by the animal are dependent on the stage of the disease. 
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1.3. Pulmonary innate immunity 

The alveolar membrane is the largest surface of the body continuously 

exposed to the outside environment, microbes and organic and inorganic materials. 

Therefore having an effective barrier to prevent the colonization of microbes from the 

inspired air is most important. A healthy animal prevents infection by having both 

constitutive and inducible barriers to prevent entry of the organism, inactivate 

bacterial toxins and virulence factors, and kill the organism by several immunological 

processes.  

 

1.3.1 Anatomical barriers of respiratory system 

The anatomical barriers of the respiratory system start from the nose. The 

hairs in the nose filter the inhaled air, and particles that escape from the filtration are 

trapped by mucus and cleared by the actions of the ciliated epithelium. The 

respiratory system has a large and continuous epithelial barrier with tight junctions. 

Airway epithelial cells provide an important role in the innate immune responses in 

the lung. Airway surface fluid consists of two layers, an underlying periciliary serous 

layer and a superficial viscous gel mucus layer.  

The respiratory tract is covered by mucous membranes. Most of the mucus 

comes from the mucosal glands and some from the epithelial goblet cells. The mucin 

glycoproteins are the major protein component of the airway surface fluid. Although 

the mucin doesn’t exhibit antimicrobial activity in vitro (Travis et al., 1999), it 

provides physical protection for the airway by trapping the particles and 

microorganisms (Rose, 1992). 
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1.3.2 Antimicrobial proteins and peptides in bronchoalveolar lavage fluid 

(BALF) 

Antimicrobial peptides are abundant in bovine tracheal mucosal extracts, and 

these peptides have activity against bacteria as well as fungi in vitro (Diamond et al., 

1991). Antimicrobial peptides are a component of host defense in the airway and 

throughout the body (Zasloff, 1992).  

Antimicrobial proteins are produced by surface epithelial cells, submucosal 

glands, alveolar macrophages, and recruited inflammatory cells. Some antimicrobial 

proteins and peptides are continuously present in the BALF and they provide an ever-

present defense, whereas others are found in small quantity and increase with 

stimulation. The abundant proteins found in BALF are plasma proteins including 

albumin, transferrin, immunoglobulins, and alpha-1 antitrypsin. They diffuse across 

the blood-air barrier from the blood, and some are also produced by respiratory 

epithelium or leukocytes. These antimicrobial proteins can be classified functionally 

into three groups: proteins with enzymatic activity, proteins that interfere with 

metabolic process of the microbes, and proteins that remove compounds important to 

the survival of the microbes.  

An important family of antimicrobial proteins that contribute to mucosal 

defense is the defensins. They can be further divided into three subfamilies, α- β- and 

θ -defensins, based on the pairing pattern of disulphide bonds. α- and β -defensins are 

found in many vertebrates, while θ -defensin is found only in leukocytes of rhesus 

macaques (Tang et al., 1999).  

 Tracheal antimicrobial peptide (TAP) is a 38-amino acid peptide present in 

the tracheal mucosa of the cow (Diamond et al., 1991). TAP is a member of the β-

defensin family. They are short cationic peptides 29-34 amino acids long, and are 
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directly toxic for a variety of microorganisms by forming pores in the cytoplasmic 

membrane, and causing cellular leakage. 

α-defensins, found in neutrophils and intestinal Paneth cells of humans, are not 

present in cattle (Cormican et al., 2008; Fjell et al., 2008). β-defensins, in contrast, are 

abundant in bovine neutrophils (Selsted et al., 1993), alveolar macrophages (Ryan et 

al., 1998) and epithelial cells of cattle (Schonwetter et al., 1995; Tarver et al., 1998). 

They are also found in blood plasma and mucus. Certain defensins block the fusion of 

viral envelopes with host cell membranes. Mitchell showed dexamethasone impairs β-

defensin expression and thereby may influence the susceptibility to respiratory 

diseases (Mitchell et al., 2007a). 

Cathelicidins are another family of broad-spectrum antimicrobial peptides 

found in human and animal airway surface fluid, bronchoalveolar lavage fluid, 

bronchial epithelial cells, bronchial epithelial glands and alveolar macrophages. They 

have a broad spectrum of bactericidal activity and they can act on wide range of ionic 

strengths. 

Alveolar secretions like lactotransferrin remove the iron and impair the 

metabolism of the bacteria (Ellison et al., 1988). Lactotransferrin is produced by 

epithelia and neutrophils, and is a cationic iron-binding protein (Thompson et al., 

1990).  

Respiratory epithelial cells transport IgA and IgG secreted by the B-

lymphocytes and secrete defensins. IgA is abundant in the upper respiratory tract and 

IgG is at greater levels in the lower respiratory tract.  

Surfactant associated proteins (SP-A and SP-D) and complement proteins act 

as microbial opsonins in the lung. Surfactant proteins (SP-A and SP-D) bind to 

bacteria and fungi and enhance clearance by neutrophils and macrophages 
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(Haagsman, 1998). Thus, antimicrobial proteins and peptides play a role in the influx 

of inflammatory cells, activation of adaptive immunity and epithelial remodelling. 

 

1.4 Proteomic analysis of bronchoalveolar lavage fluid 

 Air spaces in the lung are covered with epithelial lining fluid, which is a rich 

source of cells and proteins. Fluid obtained by washing out of small airways and the 

alveolar compartment of the lung is called bronchoalveolar lavage fluid (BALF). 

Bronchoalveolar lavage (BAL) is a safe and minimally invasive diagnostic procedure 

performed by fiberoptic bronchoscopy, in which a bronchoscope is passed through 

the nose into the small bronchi and fluid is infused and then recollected for 

examination. BALF contains cellular and soluble material from the distal bronchi, 

bronchioles, and alveolar spaces (reviewed in Connett, 2000; Tekavec-Trkanjec et al., 

2003).  

  Respiratory diseases are multifactorial. Since the lung is continuously 

exposed to the environment it is a primary target for infections and environmental 

challenges. The epithelial lining fluid reflects the changes in the lung. In mid-1970s 

people started using BALF to study lung diseases. BAL was introduced as a 

diagnostic tool in clinical practice in the 1980s to evaluate pulmonary diseases by 

evaluating inflammatory cells, infectious agents (bacteria, fungi, viruses) and 

substances like cytokines, proteins and peptides (Meyer, 2007). 

  The lung proteome is dynamic due to the presence and stimulation of 

different cell types, including changes with infection and inflammation. Several 

studies showed that proteome analysis of bronchoalveolar lavage fluid (BALF) is a 

powerful tool for the study of diseases and for identifying novel prognostic, 

diagnostic and therapeutic markers (Lenz et al., 1993; Lindahl et al., 1996; Wattiez et 
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al., 2000; Griese et al., 2001; von Bredow et al., 2001; Griese et al., 2002). Low-

abundance proteins are of great interest in proteomic research and can be studied with 

2D-PAGE and it is a useful technique for complex protein mixtures. (Bell and  Hook, 

1979; Lenz et al., 1993; Lindahl et al., 1996; Wattiez et al., 2000; Griese et al., 2001; 

von Bredow et al., 2001; Griese et al., 2002). Previous study done in cattle showed 

effects of dexamethasone treatment on the levels of nine proteins in BALF, including 

α-2-HS-glycoprotein, α-1-antichymotrypsin, α-1-antitrypsin, α-enolase, α-1-acid 

glycoprotein, cofilin-1, odorant binding protein, and immunoglobulin J chain 

(Mitchell et al., 2007b). 

BALF has been used to study changes in the lung proteome in allergic asthma 

and has revealed changes in surfactant proteins, chemokines, cytokines including 

eotaxin, proteases, matrix metalloproteinases, complement factors, acute phase 

proteins, monocyte-specific granule proteins, and local matrix proteins (Kelly et al., 

2000; Lilly et al., 2001; Wu et al., 2005; Erpenbeck et al., 2006). Identification of 

proteins
 
in BALF and their expression

 
changes at different stages of respiratory 

diseases could provide further
 
insights into the complex molecular mechanisms 

involved in respiratory disease. 

Since proteins undergo post-translational modification like phosphorylation, 

glycosylation, and oxidation, it is difficult to predict the protein dynamics, structure 

and interactions by genetic approaches. One gene can produce different proteins by 

numerous processes. Studies done in yeast show correlation between mRNA and 

protein expression is insufficient to predict the quantitative analysis of proteins (Gygi 

et al., 1999). Therefore direct measurement of protein expression is essential 

to evaluate the physiological or pathological process.  



 

 

 

9 

Until the mid-1990s, proteins were characterized by amino acid sequencing by 

the Edman degradation technique. This technique is very powerful for characterizing 

individual proteins, but not well-suited for complex protein mixtures. The 

development of quantitative proteomics led to novel techniques like two-dimensional 

gel electrophoresis, differential in-gel electrophoresis (DIGE) and isotope-coded 

affinity tagging (ICAT). Today’s most common approach of proteome analysis is a 

combination of two-dimensional gel electrophoresis (2D-PAGE) and matrix-assisted 

laser desorption ionization mass spectrometry (MALDI-MS) (Eckerskorn et al., 

1992). Complex proteins are separated by 2D-PAGE and visualized proteins spots in 

the gel are digested and analyzed by MALDI-MS (Henzel et al., 1993; Shevchenko et 

al., 1996). Protein identification is done by peptide mapping, comparing the 

individual spectra of the sample with digested fragments of proteins contained in a 

database.  

 

1.4.1 Two-dimensional gel electrophoresis  

 Two-dimensional gel electrophoresis (2D-PAGE) has remained the core 

technology of choice in proteome analysis over the last thirty years. This technique 

was first described in 1975 and is well suited for complex protein mixtures (reviewed 

in Magi et al., 2006). The reproducibility of the technique was improved significantly 

with the introduction of the immobilized pH gradient (IPGs), instead of carrier 

ampholytes used in classical 2D-PAGE as well as some important modifications of 

experimental conditions (Gorg et al., 1988).  

At present, combined with currently available sensitive protein spot detection 

methods and computer analysis tools, 2D-PAGE is capable of simultaneously 

detecting and quantifying up to several thousand protein spots in the same gel image. 
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The important first step in the technique is the sample preparation. The protein in the 

sample should be solubilized (Rabilloud, 2009), fully denatured and reduced in the 

lysis buffer (Harder et al., 1999); therefore, hydrophobic proteins are not well 

separated by 2D-PAGE. 

 2D-PAGE separation technology is based on two different physiochemical 

properties of the proteins. In the first part, proteins are separated in one dimension by 

isoelectric focusing (IEF). IEF is an electrophoresis technique that separates proteins 

based on their isoelectric point (pI). The isoelectric point is the specific pH at which 

the net charge of the protein is zero (Garfin, 2003). In the presence of a pH gradient, 

an electric potential is applied across the gel and proteins accumulate at their 

isoelectric point: proteins that are positively charged will move towards the more 

negative end of the gel, while proteins that are negatively charged will move to the 

more positive end of the gel (Gorg et al., 1999; Gorg et al., 2000; Garfin, 2003).  

 In the second dimension, proteins are separated according to their approximate 

molecular weight using sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE). This technique can provide molecular weight approximations (+/- 10 

%) for most proteins. Before separating the proteins by mass, they are treated 

with sodium dodecyl sulfate (SDS). SDS is an anionic detergent that denatures 

proteins by wrapping around the polypeptide backbone. It also partially unfolds the 

protein by disturbing hydrogen bonds and blocking the hydrophobic interactions. The 

unfolding of protein is completed when DTT is added (Gorg et al., 1999; Gorg et al., 

2000). 

 In the second dimension, an electric potential is applied perpendicular to the 

first field. The proteins migrate to the more positive side (bottom) of the gel 

proportionally to their mass-to-charge ratio. The proteins are separated on the basis of 
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their molecular weight with larger proteins being retained higher in the gel and 

smaller proteins being able to pass through the sieve and reach lower regions of the 

gel. Because it is unlikely that two molecules will be similar in two distinct 

properties, molecules are more effectively separated in 2D-PAGE than in 1D-PAGE. 

Proteins separated in the gel are visualized by a variety of staining techniques. The 

most common stains used are SYPRO Ruby (Gharbi et al., 2002), Coomassie brilliant 

blue (CBB) and silver stains. The SYPRO Ruby-stained spots are visualized under 

ultra-violet light while the other stains are visible under white light.  

 Protein spots separated from the gel are analyzed by a mass spectrometer for 

identification and characterization. Therefore the stains used to visualize the protein 

should be compatible with the mass spectrometer. Using the mass spectrometer for 

identifying and characterizing proteins facilitates the rapid detection of proteins of 

interest. There are a variety of software programs available to analyze protein spots in 

the gel such as Phoretix (Nonlinear) (Mitchell et al., 2008), Proteomweaver v.4.0 

(Bio-Rad) (Kuntumalla et al., 2009), and Progenesis (Nonlinear) (Lam et al., 2007).  

 Unfortunately this technique is not well suited for hydrophobic membrane 

proteins, proteins of extreme pH (less than 3 and higher than 10) and low copy 

number proteins. In addition, multiple proteins in one spot as well as cross-

contamination can complicate the analysis of 2D-PAGE. Optimization of the 

technique needs considerable time and with all these current improvements of the 

technique, gel-to-gel variation is still inevitable. 

  



 

 

 

12 

1.4.2 Differential in gel electrophoresis (DIGE) 

 Conventional 2D-PAGE is a powerful technology available for protein studies, 

but it is time consuming and labour-intensive. On top of that, lack of reproducibility is 

a big drawback of the technique. With the advancement of proteome studies and the 

variability of 2D-PAGE, a better technique was most wanted to do side-by-side 

comparisons of complex proteins. 

 Differential in gel electrophoresis (DIGE) was first described in 1997 (Unlu et 

al., 1997). This technology allows for simultaneous separation and comparison of up 

to three samples on one gel. It is a technique allowing for the simultaneous resolution 

of thousands of proteins based on fluorescent pre-labeling of the samples with 

spectrally resolvable fluorescent CyDyes. 

 This technique has three steps. First, samples are labeled with unique 

fluorescent dyes, known as Cy3 and Cy5, and a pool of both samples are labeled with 

Cy2. Second, they are mixed and run together on the same 2D-PAGE gel. First 

dimension and the second dimension electrophoresis application are the same as for 

conventional 2D-PAGE. Finally, after the run completes, the gel is scanned on o gel 

imaging platform such as the Typhoon™ Variable Mode Image. 

 Since the samples are tagged with the CyDyes, they don’t need to be stained in 

the gel and saving significant time. The different CyDye fluorescence can be 

visualized separately by their specific wavelength. By scanning one gel under three 

different wavelengths, the presence of proteins in two different samples can be 

visualized and compared to each other (Gharbi et al., 2002). The sensitivity of 

CyDyes is high: Cy2 is 0.075 ng, Cy3 is 0.025 ng, Cy5 is 0.025 ng and saturation 

dyes are 15 pg (Marouga et al., 2005). 
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  Once the gel is scanned, software is used to locate and analyze protein spots, 

assigning statistical confidence to each difference. There are a few software options 

available to analyze DIGE gel including Decyder (GE Healthcare) (Langereis et al., 

2009), Prodigy (Nonlinear dynamics) and Progenesis (Nonlinear dynamics) (Evans et 

al., 2004).  

  DIGE allows the study of proteins that are expressed differentially, as well as 

those that are common between samples. It ensures that each protein spot has its own 

internal standard. It is an effective way to remove gel-to-gel variation, thereby 

significantly increasing accuracy and reproducibility (Unlu et al., 1997; Alban et al., 

2003).  

 One of the main problems with DIGE is the higher affinity of CyDyes to 

certain residues in the proteins. Minimal dyes have high affinity to lysine residues and 

saturation dyes have high affinity to cysteine. Therefore, using either minimal dyes 

for low-lysine-content protein or saturation dyes for low-cysteine protein can affect 

the apparent volume of a sample spots (Zhou et al., 2002). Further, the CyDyes are 

very expensive, limiting the usage of DIGE in spite of all the advantages of the 

technique. 

 

1.4.3 Mass spectrometry 

 Mass spectrometry (MS) is a good analytical technique used to identify 

proteins by providing accurate molecular weight measurements. MS is the most 

significant breakthrough in proteomics for identification of proteins separated by gel 

electrophoresis. Invention of this technique pushed the analysis of protein spots well 

beyond the simple display of spots in the gel.  
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Because of the broad application of the technique it has been used extensively 

in proteomics. It produces charged molecules or molecule fragments by ionizing 

chemical compounds and measures the mass-to-charge ratio. The MS instrument 

consists of three parts: an ion source, a mass analyzer and a detector. First, the sample 

is introduced into the ionization source of the instrument. The ion source converts the 

sample molecules into ions, these ions are sorted according to their mass to charge 

ratio by the mass analyzer, and the detector measures the value of an indicator and 

provides data for calculating the abundances of each ion present in the sample. Ion 

travel is enhanced in a vacuum with no interference from air molecules, so the 

analyzer, the detector and often the ionization are maintained under high vacuum.  

There are several models of MS available based on the design of the 

instruments, some of them are MALDI-MS, electron ionization (EI)-MS, electrospray 

ionization (ESI)-MS, (Fenn et al., 1989), chemical ionization (CI)-MS and gas 

chromatography (GC)-MS. Mass spectrometry is a evolving technique and continues 

to be adapted to new technological advances in various areas. 

MALDI is a soft ionization technique used in mass spectrometry, allowing the 

analysis of organic and inorganic molecules, which tend to be fragile and fragment 

when ionized by more conventional ionization methods. It was first described by 

Franz Hillenkamp and his colleagues (Karas et al., 1985). It is most similar in 

character to electrospray ionization both in relative softness and the ions produced.  

There are two main approaches used in mass spectrometric protein 

identification. One is ‘peptide-mass mapping’ where the MALDI-MS method is 

coupled with time–of–flight (TOF) technology (Henzel et al., 1993). MALDI uses 

laser pulses to ionize the samples from a dry crystalline matrix. MALDI 
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fingerprinting is the first step in a two-step procedure for rapid and unambiguous 

protein identification (Shevchenko et al., 1996).  

In the second approach, peptides are ionized by ‘electrospray ionization’. In 

this technique peptides are fragmented in the mixture and ionized directly from liquid 

phase. The complex mixtures are analyzed by collision induced dissociation (CID) 

spectra of individual peptides from MS/MS, followed by database searching 

(Biemann, 1990; Baldwin, 2004). 

The four types of mass analyzers used in proteomic research are the ion trap, 

time-of-flight (TOF), quadrupole, and Fourier transform ion cyclotron. The type of 

mass analyzer most widely used with MALDI is the time-of-flight (TOF) mass 

analyzer, mainly due to its large mass range. Invention of the MALDI technique 

increased the upper mass limit for mass spectrometric analyses of bimolecular weight 

to over 30 kDa. It is easier than the previous methods and very sensitive (Baldwin et 

al., 2001). 

The output of the mass spectrometer is the mass spectrum, a two-dimensional 

representation of signal intensity that is usually presented as a bar graph. Each bar in 

the graph represents an ion having a specific mass-to-charge ratio. The length of the 

bar indicates the relative abundances of the ion. The highest peak mostly represents 

the intact ionized molecule. Several lower peaks could accompany the highest peak; 

these lower peaks are caused by fragmentation of the protein/peptide. The most 

intense peak in the spectra is called the base peak, and its intensity is normalized to 

100 % relative intensity.  

2D-PAGE and DIGE are exemplary techniques in proteomics. Several 

advances have been made by combining these techniques with MS and these have 

escalated the speed of discovery of novel proteins in several biomarker studies.  
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1.5. Proteins of interest 

The studies described in Chapters 2 and 3 identified annexins A1 and A2 as 

major differentially expressed proteins in the study groups. The following provides an 

introduction to these proteins. 

1.5.1 Annexins A1  

Annexins were first discovered as possible mediators of intracellular calcium 

signalling, as proteins that bind to calcium and to phospholipids. Early work gave 

different names to these proteins, including lipocortin, calpactin and synexin. In 1988, 

this group of proteins with shared similar properties and sequence homology were 

given the name annexins, based on the function of annexing phospholipid membranes 

(Geisow et al., 1987; Crumpton and  Dedman, 1990). 

There are 12 annexins in vertebrates named as annexins A1, A2, A3, A4, A5, 

A6, A7, A8, A9, A10, A11 and A13. They have a variable N-terminal region; a C-

terminal tail, with sequence variations that distinguish the different annexins; and a 

highly conserved core. The conserved structure of the annexin core contains four 

homologous repeats, each repeat consisting of approximately 70 amino acids. The 

repeat region binds with the peripheral membrane, as well as binding to calcium 

ions(Huber et al., 1990; Swairjo and  Seaton, 1994; Liemann and  Lewit-Bentley, 

1995). The presence of annexin A1 subadjacent to the plasma membrane and its 

ability to bind calcium ions suggests a function in intracellular signalling and in 

regulating the diverse functions of the cell membrane. 

 Annexin A1 has been given several names in the past: annexin I, p35, 

calpactin II, lipocortin I, chromobindin-9 and phospholipase A2 inhibitory protein. 

The annexin A1 gene is highly conserved among vertebrates (Smith and  Moss, 

1994). The annexin A1 gene, located on chromosome 9 in humans and on 
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chromosome 8 in cattle, consists of 13 exons. The first and last exons are non-coding, 

and the translation initiation codon (AUG) is present at the beginning of the second 

exon (Kovacic et al., 1991). The human ANXA1 promoter has consensus sequences 

for glucocorticoids, activator protein (AP-1) and nuclear factor interleukin-6 (NFIL-

6), and regulation by glucocorticoids depend on activation of NFIL-6 or AP1 (Solito 

et al., 1998a; Solito et al., 1998b).  

The ANXA1 gene encodes a 38.7 kDa protein with a variable N-terminal 

region, which has a distinctive length and sequence from other annexins, and has 

potential sites for phosphorylation, glycosylation and peptidase action. Alternative 

splicing produces three different isoforms of annexin A1 differing in the amino-

terminal regions in humans. The NCBI reference sequences of these three different 

isoforms of annexin A1 are included as Appendix 1. The protein is localized in the 

cytoplasm and associated with the plasma membrane and the cytoskeleton, but 

glucocorticoids stimulate the translocation of this protein outside of the plasma 

membrane (Solito et al., 1994; Solito et al., 2003b). 

Phosphorylation mainly at the N-terminal domain is reported as an important 

modification of annexin A1, and various growth factors including epidermal growth 

factor are involved in phosphorylation (Abdel-Ghany et al., 1989; Rothhut, 1997). 

Human annexin A1 (as found in BALF) has three isoforms with 38 kDa molecular 

weight (pI of 5.9, 6.0 and 6.1), and four truncated variants with molecular weights 

ranging from 36 to 33 kDa (Lindahl et al., 1999). Another study showed down-

regulation of three isoforms of annexin A1 in esophageal squamous cell carcinomas 

(Xia et al., 2002). Native annexin A1 extracted from bovine lung treated with protein 

kinase C produces three distinctive bands in the SDS-PAGE gel, suggesting three 
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distinct phosphoforms of the annexin A1 protein in bovine lung (Johnstone et al., 

1993).  

 The human annexin A1 protein has the following amino acid similarities with 

that of other species: 99 % Pan troglodytes, 91 % Canis lupus familiaris, 91 % Ovis 

aries, 90 % Bos taurus, 89 % Rattus norvegicus, 89 % Felis catus, 89 % Equus 

caballus, 88 % Sus scrofa, 87 % Mus musculus and 77% Gallus gallus. The NCBI 

reference sequences and alignments are included as Appendix 2. 

The putative functions of intracellular annexin A1 include signal transduction 

(de Coupade et al., 2000) (Alldridge et al., 1999), vesicle transport (Diakonova et al., 

1997), cell transformation (Violette et al., 1990; Solito et al., 1998a), cell matrix 

interaction, and apoptosis (Solito et al., 2003a). Extracellular annexin A1 has an 

important role in several anti-inflammatory processes, including regulation of 

neutrophil migration and macrophage phagocytosis. Further, annexin A1 mediates the 

anti-inflammatory effects of glucocorticoid action in the host defense system, and the 

negative feedback effects of glucocorticoid in the hypothalamo-pituitary-

adrenocortical axis (Buckingham et al., 2006). The early inhibitory actions of 

glucocorticoids are mimicked by intra-cerebroventricular injection of human 

recombinant annexin A1 or peptides (Buckingham et al., 2006). Annexin A1 

modulates the hypothalamo-pituitary-adrenocortical responses to inflammatory 

stimuli (Loxley et al., 1993b; Taylor et al., 1995) and suppresses the corticotropic 

releasing hormone (CRH) responses to pro-inflammatory cytokines (Loxley et al., 

1993a).  

 Annexin A1 also regulates endocrine function. Annexin A1 is expressed in 

several tissues including within the neuroendocrine system: rat anterior pituitary 

gland, posterior pituitary gland, hypothalamus, hippocampus, striatum and cortex. The 
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effect of glucocorticoids on annexin A1 expression is tissue specific (Buckingham, 

1996). In the pituitary gland and hypothalamus, both synthesis and cellular disposition 

of annexin A1 is regulated by glucocorticoids (Taylor et al., 1993; Loxley et al., 

1993a). In the pituitary gland, annexin A1 is localized mainly to the non-endocrine 

folliculo-stellate (FS) cells, and in the hypothalamus it is expressed by ependymal and 

endothelial cells (reviewed in John et al., 2004).  

Glucocorticoids also induce translocation of the protein from the cytoplasm to 

the outer cell membrane. The translocated annexin A1 binds to its receptor, a specific 

7-transmembrane G-protein coupled receptor, named formyl peptide receptor 2 or 

lipoxin A4 receptor (FPR2/ALX). This interaction mediates the inhibitory effects of 

glucocorticoids on corticotrophin-releasing hormone (CRH), arginine vasopressin 

(AVP) and corticotrophin (ACTH) release, by paracrine or juxtacrine mechanisms on 

the adjacent endocrine cells (Buckingham et al., 2006).  

 Recent evidence suggests that annexin A1 may also regulate gene expression. 

Lung fibroblast cell lines derived from Anx-1
-/-

 mice showed increased basal levels of 

IL-6 gene expression, and treating the cell lines with dexamethasone and/or IL-1 

demonstrated that annexin A1 is an endogenous inhibitory regulator of MAPK 

activation and IL-6 expression (Yang et al., 2006). Another study with the same cell 

lines showed increased expression of cyclo-oxygenase 2 (COX-2) and cytosolic as 

well as secretory phospholipase A2 (sPLA2), and the cells exhibited an exaggerated 

release of eicosanoids when treated with fetal calf serum (Croxtall et al., 2003) 

Human Hep-2 cell lines (derived from human larynx epidermoid carcinoma cells) 

treated with annexin A1 showed downregulation of genes ITGBIBPI (accessory 

protein for integrin beta 1) and TIFA (TRAF2 binding protein involved in TNF-

mediated signalling) and over-expression of CCR10 (a G-protein-coupled receptor for 
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chemokine CCL27 involved in mucosal immunity) (reviewed in Rodrigues-Lisoni et 

al., 2006). Annexin A1 increased the release of the anti-inflammatory cytokine IL-10 

from macrophages, which in turn led to the inhibition of inducible nitric oxide 

synthase mRNA expression and nitric oxide release (Ferlazzo et al., 2003).  

 An increased level of annexin A1 in the neuroendocrine system and 

inflammatory cells like neutrophils and monocytes is reported with glucocorticoid 

treatment (reviewed in Buckingham et al., 2006). Our lab previously demonstrated 

that there is a significant increase of annexin A1 in the BALF of beef calves soon 

after weaning and transportation (Mitchell et al., 2008). Reduced levels of annexin A1 

in BALF are observed in different lung diseases of mice and humans including cystic 

fibrosis (Bensalem et al., 2005; Dalli et al., 2010). Anx-1
-/-

 mice show an exaggerated 

inflammatory response and some resistance to glucocorticoids (reviewed in Roviezzo 

et al., 2002). Further, a recent study shows that annexin A1 augments both natural and 

glucocorticoid-induced resolution of inflammation by enhancing neutrophil apoptosis 

(Vago et al., 2012).  Another study shows that the annexin A1-mimicking peptide, 

Ac2-26 reduced the leukocyte and cytokine responses induced by LPS infusion into 

the lung, and increased production of IL-10 (da Cunha et al., 2012) 

Thus, annexin A1 is a glucocorticoid-induced cytoplasmic and cell membrane-

associated protein with roles in signal transduction, intracellular trafficking, apoptosis, 

interaction with extracellular matrix, endocrine signalling, and regulation of 

neutrophil migration and macrophage phagocytosis. 

 

1.5.2 Annexin A2  

As for annexin A1, annexin A2 also has been given several names in the past: 

annexin II, calpactin I heavy chain, chromobindin-8, lipocortin II, p36, placental 
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anticoagulant protein IV, and protein I. The annexin A2 gene, located on chromosome 

15 in humans and on chromosome 10 in cattle, encodes a 38 kDa protein. It is 

composed of two major domains, the highly variant amino-terminal domain and the 

conserved carboxyl-terminal core domain. The protein can exist as a monomer or as a 

heterotetrameric complex, which contains two light chains of S100A10/p11 and two 

heavy chains of ANXA2/p36, and a substantial subset of its functions requires 

tetramer formation (Rety et al., 1999; Schulz et al., 2007). Additionally, annexin A2 is 

subject to regulation by alternative splicing in humans, mice and rats. Alternative 

splicing produces two different isoforms of annexin A2 differing in the amino-

terminal regions in humans (shown in Appendix 3).  

The human annexin A2 protein has the following amino acid similarities with 

that of other species: 100 % Pan troglodytes, 98 % Bos taurus 98 % Canis lupus 

familiaris, 98 % Ovis aries, 98 % Felis catus, 97 % Equus caballus, 97 % Sus scrofa, 

97 % Mus musculus, 96 % Rattus norvegicus and 89 % Gallus gallus. The NCBI 

reference sequences and alignments are included as Appendix 4. 

The amino-terminal region is the site of post-translational modification by 

insulin, platelet-derived growth factor, epidermal growth factor receptor kinase (EGF) 

and src kinase (Tyr-20) (reviewed in Gerke and  Moss, 2002). Phosphorylation is an 

important post-translational modification causing dissociation of the annexin A2-

S100A10 complex and translocation of annexin A2 to the cell surface and this can be 

induced by stress and temperature change (Bharadwaj et al., 2013). Further more than 

one isoform of annexin A2 with different pIs was showed by a study that analyzed 

extracellular annexin A2 in human skin keratinocytes by 2D-PAGE (Ma et al., 1994).  

Extracellular annexin A2 is important for the initiation of inflammatory 

events, and the secretion is controlled by glucocorticoids. Annexin A2 is highly 
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expressed in macrophages, present as a tetramer (A2t) on the cell surface, and 

recognizes bacterial (Kirschnek et al., 2005) and viral antigens (Malhotra et al., 2003). 

Annexin A2 activates macrophages through TLR4 (Swisher et al., 2010) and the level 

of annexin A2 increases with infection (Ulvestad et al., 1994). Exogenously supplied 

A2t directly activates human monocyte-derived macrophages by stimulating mitogen-

activated protein kinase MAPK and NF-κB signalling, and production of 

inflammatory cytokines (TNF-α, IL-1β, and IL-6) and chemokines. This results in 

increased efficiency of bacterial phagocytosis (Swisher et al., 2007). As for annexin 

A1, annexin A2 plays a vital role in the phagocytosis of apoptotic lymphocytes; this 

promotes resolution of inflammation by releasing immunosuppressive cytokines. 

These data suggest that A2t induces an inflammatory response in macrophages and 

may increase antigen presentation by enhancing phagocytic efficiency, which 

influences the adaptive immune system and promptly removes apoptotic lymphocytes 

to initiate resolution. 

Annexin A2 is important in several biological processes, such as fibrinolysis 

(Ling et al., 2004), cell-to-cell adhesion, cell signalling, neoangiogenesis (Ling et al., 

2004; Lima e Silva et al., 2010; Sharma et al., 2010), and cellular redox regulation 

(Madureira et al., 2011). Annexin A2 is a crucial factor for thrombolytic activity by 

binding both plasminogen and tissue plasminogen activator (Cesarman et al., 1994; 

Hajjar et al., 1996). An in vitro study showed angiostatin (AS), an internal fragment 

of plasminogen, binds to annexin A2 in bovine aortic endothelial cells, and annexin 

A2 acts as a predominant receptor for AS (Tuszynski et al., 2002). Annexin A2 at the 

cell surface activates plasminogen to plasmin (Hajjar et al., 1994; Diaz et al., 2004). 

This not only initiates fibrinolysis but also the breakdown of the ECM and promotes 

cellular invasion and migration (Tarui et al., 2002). An in vitro study done with 
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human airway epithelial cells showed A2 is an important mediator in airway 

remodeling and repair (Patchell et al., 2007). 

It is crucial for the proteins that coordinate inflammation to mount a rapid and 

efficient acute-phase response at local and systemic levels against invading 

microorganisms. It is equally important to contain the amplitude of the response, in 

order to safeguard the host and prevent damage to tissues. Therefore, self-regulation 

must be built into the system to control inflammation. Although many proteins 

involved in immune regulation appear to be predominantly either pro-inflammatory or 

anti-inflammatory in nature, some are involved in both the initiation and the 

resolution of an immune response, and members of the annexin family of proteins are 

classical examples of this. They are mainly anti-inflammatory in nature and show a 

rapid response to clearing the invading microorganism, and have the ability to 

safeguard the host by initiating prompt resolution of inflammation.  
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1.6 Rationale and Objectives 

BRD is a common disease and an important cause of economic loss in the beef 

industry, and is a major reason for preventative use of antibiotics in beef production. 

An alternative to mass medication is to develop methods to objectively identify calves 

at risk of developing BRDC, and these calves could be subjected to targeted 

preventative methods or more intensive monitoring of clinical signs. This thesis 

focuses on identifying biomarkers that would objectively identify calves at high risk 

of BRDC. It is expected that the findings would be of value not only for laboratory 

testing to measure disease risk, but also as a strategy to understand variation among 

calves in susceptibility to this disease. 

 

General Hypothesis:  

Differential expression of innate defense proteins found in bronchoalveolar lavage 

fluid affects susceptibility or resistance to bacterial pneumonia in outbred populations 

of cattle. 

 

 Specific Objectives 

1. Identify proteins in bronchoalveolar lavage fluid at the time calves arrive in 

feedlots, which are different in calves that later develop bacterial pneumonia 

vs. those that remain healthy. 

2. Characterize the proteins identified in Objective #1 to develop biomarkers of 

disease susceptibility and to better understand their biologic role in 

pathogenesis. 

3. Develop an assay for one or more proteins identified in Objective #1, to permit 

additional study and development of a laboratory test of disease susceptibility.
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CHAPTER 2 

Association of differentially expressed proteins in the bronchoalveolar  lavage 

fluid of clinically healthy calves with later development of bovine respiratory 

disease; part I: Identification of differentially expressed proteins in 

bronchoalveolar lavage fluid by two dimensional gel electrophoresis (2D-PAGE) 

Abstract 

Strategies to control bovine respiratory disease depend on accurate 

classification of disease risk. An objective method to refine the risk classification of 

beef calves could be economically beneficial, improve welfare by preventing 

unexpected disease occurrences, refine and reduce the use of antibiotics in beef 

production, and facilitate alternative methods of disease control. The objective of this 

study was to identify proteins in bronchoalveolar lavage fluid (BALF) of stressed 

healthy calves that predict later disease outcome, serve as biomarkers of susceptibility 

to pneumonia, and play a role in pathogenesis. BALF was collected from 162 healthy 

beef calves 1-2 days after weaning and transportation. Two dimensional gel 

electrophoresis (2D-PAGE) and mass spectrometry were used to compare proteins in 

samples from seven calves that later developed respiratory disease and seven calves 

that remained healthy. Although at the time of sampling all calves used in this study 

were clinically healthy and did not have laboratory evidence of pneumonia, there was 

a significant difference in the BALF proteome between the groups. Calves that later 

developed pneumonia had significantly lower levels of anti-inflammatory proteins 

including annexin A1, RAGE-binding protein, apolipoprotein-A, heat shock protein 

beta-1, and thioredoxin. Calves that remained healthy had significantly lower levels of 

antioxidant and pro-inflammatory proteins such as immunoglobulin light chain 

variable region, cyclophilin A, serum albumin precursor and glutathione S-transferase 
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P. Thus, the differences in the BALF proteome between these two groups of calves 

seemed to correspond to functional differences in the proteins. These findings are 

important for understanding the pathogenesis of bovine respiratory disease, and are an 

initial step in developing a biomarker to predict susceptibility to BRD.  

  



 

 

 

27 

2.1.Introduction 

Shipping fever pneumonia of feedlot cattle results when stress and/or viral 

infection triggers nasopharyngeal populations of Mannheimia haemolytica to 

proliferate and colonize the lower respiratory tract (Caswell and Williams, 2007). The 

presence of bacteria in the lung elicits an acute inflammatory response characterized 

by exudation of fluid, formation of fibrin in alveoli, and infiltration of neutrophils and 

macrophages. These changes lead to diminished lung function, systemic 

consequences of sepsis, reduced weight gain and feed conversion, reduced carcass 

quality, and in some cases death. 

Contemporary strategies to control losses from shipping fever pneumonia 

depend on accurate classification of risk groups (Thomson and White, 2006). Calves 

that are preconditioned, pre-vaccinated, or from a single source may be at low risk, 

and appropriate disease control in these calves may be limited to observation of newly 

arrived cattle and early treatment of clinically ill animals. In contrast, low body 

weight cattle from multiple sources purchased at auction without reliable health 

information are at high risk, and metaphylactic antibiotic treatment is often used to 

control disease in this situation. Imprecise classification of risk groups may result in 

disease outbreaks in calves wrongly thought to be at low or medium risk, or 

unnecessary use of antibiotics in calves falsely believed to be at high risk. An 

objective method to refine the risk classification of feedlot calves could be 

economically beneficial, improve welfare by preventing unexpected disease 

occurrences, refine and reduce the use of antibiotics in beef production, and facilitate 

alternative methods of disease control. 

Bronchoalveolar lavage fluid contains cellular and soluble material from the 

distal bronchi, bronchioles, and alveoli, and provides an opportunity to sequentially 
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study host factors and pathogens during development of naturally occurring disease 

(Connett, 2000; Mitchell et al., 2008). The objective of the present study was to 

identify proteins in BALF samples obtained from clinically healthy calves soon after 

arrival to a feedlot, and correlate differences in these proteins with later development 

of pneumonia. Identifying such proteins would be useful as biomarkers of disease 

susceptibility: although it is probably not practical to routinely collect BALF as a 

diagnostic sample in commercial feedlots, it is expected that protein changes in BALF 

may follow similar patterns in more easily obtained diagnostic samples. Further, 

comparing differences in BALF proteins should reveal novel factors that influence 

which calves in a population develop disease and which remain healthy, thereby 

providing a new window on understanding the complex pathogenesis of this disease.  

 

2.2. Materials and methods 

2.2.1 Study design and sample collection 

A total of 162 male beef calves, in five different groups from different sources 

in Ontario, were weaned in October and November, transported soon after weaning 

for a duration of 1.5 to 6 hours, and housed at the Elora Beef Research Station, 

University of Guelph. Within 2-3 days of arrival, the rectal temperature, weight and 

overall body condition were recorded, and samples of BALF, and jugular venous 

blood were collected from each calf (Mitchell et al., 2008) (Appendix 5). This time 

point is referred to as the on-arrival period. At this time, some calves had nasal 

discharge, and bronchoscopy revealed hyperemia of the upper respiratory tract 

mucosa, but there was no fever or clinical signs of pneumonia (as defined below). 

Nasal swabs were collected by inserting a BBL culture swab (14 cm long,  
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# 220115, CultureSwab™ Sterile, BD, Mississauga, Canada), into the nasal cavity 

until resistance was met and then rotating it against the nasal mucosa. The swab tip 

was placed in a microcentrifuge tube containing 500 μl PBS, and then transported to 

the laboratory on ice. In the lab, the fluid was squeezed from the cotton heads, and the 

nasal secretions diluted in PBS were stored at -80° C.  

Serum samples were analyzed by the Animal Health Laboratory, University of 

Guelph, for haptoglobin (Mitchell et al., 2008) and cortisol (competitive 

chemiluminescent enzyme immunoassay, Immulite 1000 Cortisol, Siemens 

Healthcare Diagnostics). Complete blood counts were performed on samples of 

citrate-anticoagulated whole blood.  

BALF was collected using a bronchoscope lodged in a bronchus of the left 

cranial lung lobe, then 240 mL of PBS was infused, and about 90% was recovered. 

BALF was transported to the lab on ice within 1-2 hours of sampling, filtered through 

gauze, then centrifuged at 5000 X g for 45 min at 4° C, and the supernatants were 

stored at -80° C for later use.  

Calves were monitored for the next six to seven weeks for the development of 

clinical signs. Each calf with pneumonia, as well as 2-3 clinically healthy calves from 

the same pen were examined clinically and serum samples were collected for later 

measurement of haptoglobin (Appendix 6); BALF samples were not collected at this 

time. Pneumonia was detected by the experienced facility operator and confirmed by 

a veterinarian. Inclusion criteria were: (1) clinical signs such as depression, drooping 

of the head or ears, failure to approach the food bunk, lack of rumen fill, or standing 

apart from the group, (2) no evidence of an alternative disease other than pneumonia, 

(3) rectal temperature ≥ 40.2° C and (4) serum haptoglobin level ≥ 2.0 g/L. 

Retrospectively, 12 calves met these inclusion criteria as “Calves that later developed 
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pneumonia”. Calves used for DIGE analysis (see below) developed pneumonia at 5, 

5, 14, 15, 15, 50, and 62 days after initial sampling (Appendix 6). 

For each calf diagnosed with pneumonia, two to three healthy calves from the 

same pen were selected as possible controls. Inclusion criteria for the healthy group 

were: (1) matching to the same pen as a case of pneumonia, (2) lack of clinical 

abnormalities including evidence of respiratory disease, (3) rectal temperature ≤ 

40 °C, and (4) serum haptoglobin levels < 1.0 g/L (all but one were < 0.5 g/L). Calves 

selected as controls were monitored throughout the study period; those that later 

developed illnesses were excluded. Retrospectively, 10 calves met these inclusion 

criteria as “Calves that remained healthy”. Seven animals in each group were 

randomly selected for the subsequent analysis. 

 

2.2.2 Quantification of M. haemolytica from nasal swabs  

Nasal swabs were collected soon after arrival to the feedlot, and those 

corresponding to the study groups “Calves that remained healthy” and “Calves that 

later developed pneumonia” were later processed. Quantification of M. haemolytica 

from nasal swabs was done by amplifying the lkt gene (Lo et al., 2006). Total DNA 

was extracted (QIAamp DNA Mini Kit; #51304, QIAGEN) according to the 

manufacturer’s instructions, with the modification for isolation of bacterial DNA from 

biological fluids. The PCR primers were generously provided by Dr. Reggie Lo 

(Department of Cellular and Molecular Biology, University of Guelph). The sequence 

of the forward primer was 5'-CAATCATTAACCCAAGCCGG-3' and that of the 

reverse primer was 5'-CGCTCAGTTAAGCCAATAGC-3', with an expected 

amplicon of 247 bp. Quantitative PCR was performed using a Light Cycler (Roche 

Diagnostic, Mannheim, Germany) using the following protocol: initial hold at 50 °C 
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for 2 minutes, a PCR initiation step at 95 °C for 7 minutes, and 45 cycles of 95 °C for 

10 seconds, 60 °C for 10 seconds, and 72 °C for 15 seconds. At the end of each cycle, 

a melting curve analysis was done. The size and purity of the amplicons was analyzed 

by gel electrophoresis. Negative control wells had PCR grade water instead of DNA 

with the PCR master mix. 

A standard curve was generated using pure culture of M. haemolytica, grown 

to the log phase of growth. M. haemolytica was plated on blood agar overnight at 37  

°C, and then a single colony was inoculated into 3 ml of brain heart infusion (BHI) 

broth and incubated at 37 ºC for 3 hours with shaking, transferred to 50 ml of BHI 

broth, and incubated at 37 ºC overnight with shaking. 500 µl was transferred into 50 

ml of BHI broth and incubated at 37 ºC for 3-4 hours until reaching log phase (when 

the optical density at 600 nm reached 0.4-0.8). Bacteria were centrifuged at 1200 x g 

at 4 ºC for 10 minutes and the pellet was reconstituted in 5 ml cold PBS. 10-fold serial 

dilutions of the bacterial suspension were plated on blood agar (three plates per 

dilution) and grown overnight. The dilution resulting in a bacterial count of 2.1 x 10
6
 

CFU/mL was selected to make a 5-fold serial dilution for the standard curve. All 

samples were tested in duplicate on the same day and sample copy numbers were 

interpolated from the standard curve based on fluorescence readings (Light Cycler 

Absolute Quantification Software, version LCS480, Roche). 

 

2.2.3 Analysis of BALF by 2-dimensional electrophoresis (2D-PAGE) 

After the clinical observation period of 6-7 weeks, BALF samples were 

processed from those calves that were assigned to the study groups “Calves that 

remained healthy” and “Calves that later developed pneumonia”. These BALF 

samples had been collected within 2-3 days of arrival to the feedlot, processed and 
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frozen. BALF samples were concentrated by centrifugal filtration using 5 kDa 

nominal molecular weight limit devices (Amicon® Ultra-15, Millipore, Bedford, 

MA). Interfering substances (salts, buffers etc) in the samples were removed using 

ReadyPrep™ 2-D Cleanup Kit (Bio-Rad Laboratories, Hercules, CA). The cleaned 

protein pellets were solubilized in 25 to 50 µl of lysis buffer (8 M urea, 4 % CHAPS, 

30 mM Tris-Cl, pH 8.5), total protein was quantified by a colorimetric assay (2D 

Quant Kit, GE Healthcare Bio-Sciences, Piscataway, NJ), and the sample was stored 

at -20 ºC for subsequent labeling.  

The protein content of BALF preparations was evaluated by 2D-PAGE using 

seven analytical gels. Samples containing 80 µg of total protein were solubilized in 

rehydration buffer containing 8 M urea, 2 % (w/v) CHAPS, 0.5 % (w/v) dithiothreitol, 

0.5 % (v/v) IPG sample buffer for pH range 3–10 (Amersham Biosciences) and a few 

grains of bromophenol blue. The preparation was subjected to isoelectric focusing 

(IEF) on 13 cm, non-linear, pH 3–10 Immobiline DryStrips (Amersham Biosciences) 

as follows: strip rehydration for 10 hours, then 300 V for 30 min, 800 V for 30 min, 

2000 V for 5 hours, 3500 V for 2 hours, and 5000 V for 14 hours until 50,000 volt-

hours were achieved at 50 µA/strip.  

After isoelectric focusing, strips were either stored at -20 ºC, or prepared 

directly for the second dimension separation by equilibrating for 15 minutes in a 

10 mL equilibration buffer containing 6 M urea, 30 % glycerol, 2 % sodium dodecyl 

sulfate (SDS), 75 mM Tris-hydrochloride (pH 8.8), 0.005 % bromophenol blue and 

freshly added 1 % (w/v) DTT; and subsequently for 15 minutes in another 10 mL 

equilibration buffer which had freshly added 2.5 % (w/v) iodoacetamide (Sigma-

Aldrich Canada Ltd., Oakville, ON, Canada). The second dimension separation, 
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staining of gels with SYPRO Ruby (Bio-Rad), and detection by a ChemiDoc™ XRS+ 

System (Bio-Rad) were done as previously described (Mitchell et al., 2008).  

The gel images were analyzed using the software program Prodigy SameSpots 

v1.0 (Nonlinear Dynamics, Newcastle upon Tyne, United Kingdom). The normalized 

volumes of the spots were compared between the two groups of calves (seven that 

remained healthy and seven that later developed pneumonia). Spots were selected for 

further analysis if all of the following selection criteria were met: ≥ 2-fold increase or 

≤ 0.5-fold decrease in normalized spot volume between the two groups, significantly 

different normalized spot volumes at P<0.05 (repeated measures ANOVA with post-

hoc Bonferroni test), and the presence of the spot in all gels. The 14 gels were 

analyzed three times using the Prodigy software, to evaluate the reproducibility of the 

analytical method. Those spots that met the selection criteria on at least two of three 

analyses were selected for further study by mass spectrometry.  

Spots of interest were digested and analyzed by tandem mass spectrometry at 

the Mass Spectrometry Facility, Hospital for Sick Children, Toronto, ON, Canada 

(Scapinello et al., 2011) and proteins were identified using Scaffold software, version 

3 (Proteome Software, Portland, OR). All MS/MS spectra were searched against the 

bovine protein database (downloaded 31 October 2012 from the National Center for 

Biotechnology Information), and peptides were identified based on the coverage, 

probability, peptide match, amino acid match, similarity of the observed and 

theoretical molecular weights and pI, and the unique total spectra. 

 

2.2.4 Analysis of BALF by 2D-PAGE Western blot 

Proteins were separated by first dimension (pH 3-10, non-linear) and second 

dimension as described above. From an unstained gel, the 7 x 5 cm area of interest 
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was excised by comparison to a corresponding silver-stained gel, and the excised 

fragment was transferred to a polyvinyl difluoride transfer membrane (Immobilon-

PSQ, Millipore Corporation, Billerica, MA) for 90 min at 90 V in transfer buffer 

containing 0.192 M glycine and 0.025 M Tris in 20 % methanol. The membrane was 

placed on a filter paper, dried 1 hour at 37 ºC, rewetted in 100 % methanol for 5 

minutes, washed in Tris PBS with 0.1 % Tween for 15 min, and blocked overnight 

with 5 % BSA at 4ºC.  

For detection of annexin A1, the membrane was incubated overnight with rabbit 

anti-human annexin A1 antibody (1:200; H00000301-D01P, Novus Biologicals, 

Oakville, ON, Canada), then with peroxidase-conjugated goat anti-rabbit 

immunoglobulin as secondary antibody (1:2000; DakoCytomation, Glostrup, 

Denmark) for 30 minutes, and labeling was detected by chemiluminescence (ECL 

Plus, GE Healthcare) visualized with a ChemiDoc system (BioRad, Mississauga, 

Ontario, Canada). For detection of annexin A2, the membrane was incubated 

overnight with goat anti-human annexin A2 antibody (1:200; NB100-881, Novus 

Biologicals, Oakville, ON, Canada), then with peroxidase-conjugated rabbit anti-goat 

immunoglobulin as secondary antibody (1:2000; DakoCytomation, Glostrup, 

Denmark) for 30 minutes, and labeling was detected as above.  

 

2.2.5 Statistical analysis 

2.2.5.1 Clinical, hematology data and Lkt gene copy numbers in the nasal swabs. 

The data were collected in the form of an incomplete block design, where the 

block was the truckload (the 162 animals came in seven different trucks), treated as a 

fixed effect. The treatment was “calves that later developed pneumonia” vs. “calves 

that remained healthy”. Not all truckloads had both treatments. The random effect was 
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calves nested in truckloads by treatment interaction and also the truckloads by 

treatment interaction itself (true experimental error).  

Data (rectal temperature, body weight, blood leukocyte count, neutrophil count, 

lymphocyte count, monocyte count and Lkt gene copy numbers in the nasal swabs) 

were analyzed using Proc Mixed (SAS 9.2, SAS Institute Inc., Cary, NC). To assess 

the ANOVA assumptions, comprehensive residual analyses were performed. The 

assumption of normality was tested using the four tests offered by SAS (Shapiro-

Wilk, Kolmogorov-Smirnov, Cramér-von Mises, and Anderson-Darling tests). Blood 

neutrophil counts were not normally distributed, and the data were log transformed. 

The Lkt gene copy numbers that were below the detection limit of the assay were 

considered equal to the lower detection limit. The lkt gene copy numbers in the nasal 

swabs had duplicate sampling, which were analyzed as duplicate nested within calves 

nested within interaction, equivalent of the error term (residual). In addition, residuals 

were plotted against the predicted values and explanatory variables used in the model 

to reveal any outliers, bimodal distributions, or the need for data transformations. 

Differences were considered significant at P < 0.05. The serum cortisol levels were 

compared by Prism 6 and considered significant at P < 0.05.  

 

2.2.5.2 Normalized spot volumes from 2D-PAGE analysis 

  Normalized spot volumes from the 2D-PAGE analysis (as generated using the 

Prodigy SameSpots v1.0 software) were used to analyze the differences between the 

groups using Student’s t-test. The data were tested for normality, which suggested the 

need for log transformation. After a log transformation, a test for equality of variance 

was conducted; if variances were equal then data were analyzed using a pooled t-test, 

and data with unequal variances were analyzed with an adjusted t-test using the 
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Satterthwaite method.  The log-transformed means and confidence limits were back-

transformed (anti-log) resulting in estimates of medians (equal to geometric mean) 

and confidence limits. The data that were analyzed were the ratio (fold-change 

difference of control/pneumonia or pneumonia/control, to derive a fold-change greater 

than 1) of the medians, upper confidence limits, and lower confidence limits. 

 

2.3 Results 

2.3.1 Clinical and hematologic findings 

 Rectal temperature, body weight and complete blood counts were measured 2-

3 days after arrival to the feedlot, at the time of bronchoalveolar lavage when the 

calves showed no evidence of pneumonia. There were no significant differences in 

rectal temperature or body weight (Fig 2.1) between the two groups at this time. 

Although the numbers of total leukocytes, neutrophils, lymphocytes and monocytes 

were lower in calves that later developed pneumonia compared to calves that 

remained healthy (Fig 2.2), these differences were not statistically significant.  
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Figure 2.1 Rectal temperature and body weight at the time of arrival, comparing 

calves that later developed pneumonia (N = 12) and those that remained healthy (N = 

10). There was no significant difference between the groups.  
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Figure 2.2. Hematological findings at the time of arrival, comparing calves that later 

developed pneumonia (N = 12) and those that remained healthy (N = 10). Although 

the calves that later developed pneumonia had slightly lower numbers of blood 

leukocytes (WBC), neutrophils, monocytes and lymphocytes compared to the calves 

that remained healthy, this difference was not statistically significant.  
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Cortisol concentrations were measured in serum samples collected at the on-

arrival time point. Serum cortisol concentrations were correlated with annexin A1 

levels in BAL fluid (Pearson r = 0.56, P = 0.038, N = 14). Serum cortisol 

concentrations were higher in calves that remained healthy (140.8 ± 16.01 nmol/L,  

N = 10) compared to those that later developed pneumonia (111.0 ± 10.97 nmol/L,  

N = 12) (Fig 2.3), although this difference was not significant.  

 

Figure 2.3. Serum cortisol levels of calves, at the time of arrival, comparing calves 

that later developed pneumonia (N = 12) and those that remained healthy (N = 10). 

Although the calves that later developed pneumonia had lower levels, the difference 

between the two groups was not statistically significant.  
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2.3.2 Quantification of M. haemolytica from nasal swabs 

 Nasal swabs were obtained 2-3 days after calves arrived to the feedlot. For 

those calves assigned to the groups “ calves that later developed pneumonia” and 

“calves that remained healthy”, the numbers of M. haemolytica bacteria were 

determined by absolute quantification of the Lkt gene using quantitative PCR. The 

working range of the standard curve was 6.75 x 10
2 

 CFU/ml to 2.11 x 10
6 

CFU/ml 

(Fig 2.3), and no crossing point was detected for 1.35 x 10
2 

CFU/ml. The lowest 

number of bacteria detected in the samples was 2.47 x 10
2 

CFU/ml (lower detection 

limit). The efficiency of the PCR reaction was 1.98. The melting curve analysis 

showed a single peak at around 80 °C and the quantitative PCR products were 

visualized in a 1 % agarose gel showing a single band (Appendix 7).  

The difference was not significant in the estimated number of M. haemolytica 

bacteria between groups. Most of the samples were at or close to the lower detection 

limit of the assay (Fig 2.4).  
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Figure 2.4. Standard curve for quantitative PCR analysis of the M. haemolytica Lkt 

gene, using 6.75 x 10
2 

to 2.11 x 10
6 

CFU/ml. Efficiency of the standard curve was 

1.98 (LightCycler® 480 software). 
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Figure 2.5. Quantification of M. haemolytica in the nasal swabs of calves, sampled 

soon after arrival to the feedlot. The difference between the two groups is not 

statistically significant. Most of the samples are close to the lower detection limit of 

the standard curve (2.47 x 10
2
 CFU/mL, indicated by the dotted line). The horizontal 

line represents the mean for each group.  
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2.3.4 Analysis of BALF by 2D-PAGE 

The 2D-PAGE gels of BALF from clinically healthy calves, obtained within 

2-3 days of arrival to the feedlot, contained approximately 400 identifiable protein 

spots that ranged in molecular weight from 12-225 kDa across the pI range of 3-10 

(Figure 2.6). Among these, the normalized volumes of five spots were significantly (P 

< 0.05) at least 1.5 fold higher in calves that remained healthy compared to those 

calves that later developed pneumonia, and were present in all gels (Table 2.2). 

Conversely, the normalized volumes of five other spots were significantly (P < 0.05) 

at least 1.5 fold higher in calves that later developed pneumonia compared to those 

that remained healthy, and were present in all gels (Table 2.3). The statistical analysis 

of the normalized spot volumes using SAS software was consistent with the analysis 

done by the Prodigy software. Further, spots 1, 2, 6 and 8 had a higher fold-increase 

(at the lower limit of the confidence level) compared to the other spots.  

All 10 differentially expressed spots were analyzed by tandem mass 

spectrometry. Analysis of these data based on Scaffold software is shown in Table 

2.4. According to this analysis, spot # 1 could be either annexin A1, or 

superimposition of annexins A1 and A2 (Table 2.5). 
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Figure 2.6. A representative 2D-PAGE gel of BALF, stained with Sypro Ruby. 

Protein spots with significantly different normalized volumes, in calves that remained 

healthy versus those that later developed pneumonia, are labeled. 1−annexin A1; 

2−immunoglobulin light chain variable region; 6−cyclophilin A; 7−RAGE-binding 

protein; 8 and 13−serum albumin precursor; 11−apolipoprotein A; 17−glutathione S-

transferase P; 18−heat shock protein beta-1; 31−thioredoxin. 
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Table 2.1. BALF protein spots with significantly higher normalized volumes in calves 

that remained healthy compared to those that later developed pneumonia. Samples 

were taken soon after arrival in the feedlot, and analyzed using 2-dimensional 

electrophoretic gels. 

 

a
 significance (P value, based on Student’s t-test) of the difference between the two 

groups 

b
 mean fold-difference between the two groups (calves that remained healthy / calves 

that later developed pneumonia) 

c
 fold difference between the two groups at higher and lower confidence limits of the 

mean 

Spot # Protein Significance (P)
a
 Fold difference

b
 

Fold 

difference
 
of 

CL
c
 

1 annexin A1 0.0071 3.2 1.5, 7.0 

7 

RAGE-binding 

protein 0.0454 2.3 1.0, 5.4 

11 apolipoprotein A 0.0232 1.9 1.1, 3.4 

18 

heat shock 

protein beta-1 0.0279 2.0 1.1, 3.6 

31 thioredoxin 0.0284 1.6 1.1, 2.4 
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Table 2.2. BALF protein spots with significantly higher normalized volumes in calves 

that later developed pneumonia compared to those that remained healthy. Samples 

were taken soon after arrival in the feedlot, and analyzed using 2-dimensional 

electrophoretic gels. 

 

a, c
 abbreviations are the same as for Table 2.2 

b
 mean fold-difference between the two groups ( calves that later developed 

pneumonia / calves that remained healthy) 

 

  

Spot # Protein Significance (P)
a
 Fold difference

b
 

Fold 

difference
 

of CL
c
 

2 

immunoglobulin 

light chain 0.0016 4.9 2.0, 11.6 

6 cyclophilin A 0.0051 2.8 1.5, 5.4 

8 

serum albumin 

precursor <0.0001 2.1 1.6, 2.8 

13 

serum albumin 

precursor 0.0315 1.8 1.0, 3.0 

17 

glutathione S-

transferase P 0.0072 1.89 1.2, 2.9 
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Table 2.3. Mass spectrometry and bioinformatic data for protein spots, based on 2-dimensional gel electrophoresis of BALF sampled within 2-3 

days of arrival to the feedlot. Normalized volumes of protein spots 1, 7, 11, 18, and 31 were greater in calves that remained healthy compared to 

those that later developed pneumonia, while those of protein spots 2, 6, 8, 13 and 17 were greater in calves that later developed pneumonia 

compared to those that that remained healthy. Footnotes are given on the following page. 

Spot 

# 
Protein identification 

Acc #
a
 

 

Cov 

%
b
 

Prob
c
 

Pep 

match
d
 

MW
e
 

(kDa) 
PI

f
          Putative role in disease

g
 

1 annexin A1 gi74 35 100 10 38/39 6.6/6.4 Anti-inflammatory 

7 
RAGE-binding protein 

(EN-RAGE / S100A12) 
gi210062864 21 100 3 15/11 5.8/5.9 

Recruitment of phagocytes (Foell et 

al., 2007) 

11 apolipoprotein-A gi296480272 14 100 5 43/45 4.8/5.8 
Anti-inflammatory & anti-

fibrotic(Kim et al., 2010) 

18 heat shock protein beta-1 g71037405 49 100 8 22/20 6/5.77 
Stress resistance and actin 

organization (Wettstein et al., 2012) 

31 thioredoxin gi27806783 31 100 3 12/12 5.2/4.9 
Prevention of oxidative stress 

(Arner and Holmgren 2000) 

2 
immunoglobulin light 

chain variable region 
gi2323374 38 100 2 25/11 8.2/8 Antibody-mediated immunity 

6 cyclophilin A gi28189246 6 98 1 17/16 7.6/7.6 
Pro-inflammatory cytokine (Jin et 

al., 2004) 

8 serum albumin precursor gi1351907 9 100 5 27/69 6.2/5.8 
Prevention of oxidative stress 

(Roche et al., 2008) 

13 serum albumin precursor gi1351907 7 100 4 27/69 6/5.8  

17 glutathione S-transferase P gi29135329 25 100 4 24/24 6.6/6.8 
Protection against H2O2-induced 

cell death (Yin et al., 2000) 
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Footnotes for Table 2.4. 

a 
Acc #: Accession number. The number associated with the protein in the FASTA database, used by the Scaffold software to link to  

information in the NCBI database 

b 
Cov %: Percent coverage; percentage of the predicted peptide identified by the mass spectrometry data 

c 
Prob: The calculated probability that a given protein was identified correctly 

d 
Pep match: Number of unique peptides on which the protein identification was based 

e 
MW: Observed / theoretical molecular weight of the protein in kilodaltons 

f 
pI: Observed / theoretical isoelectric point of the protein 

g 
Putative role in disease, as detailed in the discussion 
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Table 2.4. Mass spectrometry data for protein spot #1.  

 

Spot # 

Protein 

identification 

 

Acc #
a
 

 
Cov %

b
 Prob

c
 Pep match

d
 MW

e
 (kDa) PI

f
 

Unique/
g
 

Total spectra 

1 annexin A1 gi74 35 100 10 38/39 6.4/6.4 10/20 

1 annexin A2 gi27807289 28 100 10 37/39 6.4/6.9 10/17 

 

a-f 
abbreviations are the same as for Table 1 

g 
number of unique spectra identified for the spot / total spectra identified for the spot 
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2.3.5. Western Blot 

 Western blot analysis of annexin A1 and annexin A2 were used to validate the 

2D-PAGE results (Fig 2.6). The blot probed with antibody to annexin A1 revealed 

prominent chains of spots with three distinct peaks at 38 kDa (Figure 2.6a). The blot 

probed with antibody to annexin A2 revealed prominent chains of spots with two 

distinct peaks at 38 kDa (Figure 2.6b), at the same location of annexin A1. This 

confirms that annexins A1 and A2 were both present in the location of spot #1. An 

attempt to separate annexin A1 and A2 isoforms at this location using a narrow-range 

(pH 4-7) Immobiline DryStrips was not successful (Appendix 8). 
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Figure 2.7. 2D-PAGE Western blot analysis of spot #1. a) 2D-PAGE gel stained with 

Sypro Ruby, with the 3-dimensional view of spot #1 shown at right (arrow) from 

prodigy analysis. b) Western blot probed with antibody to annexin A1showed a clear 

band (top) and the 3-dimensional view (below) of the band showed three clear peaks 

(arrows). c) Western blot probed with antibody to annexin A2 showed a less intense 

band (top), and the 3-dimensional view (below) of the band with no clear peaks.  
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2.4 Discussion 

This study investigated the association of BRD susceptibility with changes in 

the BALF proteome, in the context of clinically healthy beef calves soon after their 

arrival in the feedlot. Calves that later developed pneumonia had differences from 

calves that remained healthy, in the density of spots detected by 2-dimensional 

electrophoresis of BALF proteins. Proteins that were found to be at higher levels in 

calves that remained healthy mostly had anti-inflammatory and phagocytic functions, 

whereas proteins that were present at higher levels in calves that later developed 

pneumonia mainly had pro-inflammatory and antioxidant functions.  

The study population was representative of feedlot production practices in much 

of North America, as the calves had been abruptly weaned in October and November, 

and transported to a different facility from five different sources. However, it should 

be acknowledged that the transportation time was 6 hours or less, calves were not 

purchased through an auction, and mixing of calves from different sources was 

limited. Antimicrobial treatment was not given until clinical signs developed, so the 

findings are most relevant to disease control strategies that avoid metaphylactic use of 

antimicrobial drugs.  

Calves were considered to be clinically healthy at the time of sampling, 2-3 days 

after arrival. Although nasal discharge and hyperemia of the nasal and tracheal 

mucosa was observed, clinical signs of pneumonia were not detected at that time, and 

none of these calves had elevations in rectal temperature, serum haptoglobin 

concentrations, or blood neutrophil counts.  

Clinical diagnosis of bacterial pneumonia is problematic in cattle. In this study, 

the positive and negative selection criteria were based on evaluation of clinical signs 

by the experienced feedlot operator with confirmation of the clinical diagnosis by a 
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veterinarian, elevated rectal temperature, and increased serum haptoglobin levels. 

Calves were only included in the study groups “Later developed pneumonia” or 

“Calves that remained healthy” if all of these factors were present or absent, 

respectively, to increase confidence in the diagnosis. Other calves had conflicting 

clinical and laboratory data, and were not included in the proteomic analysis. 

Quantification of M. haemolytica numbers in the nasal cavity was done to 

investigate the relationship between nasal colonization with this pathogen soon after 

transportation and the later development of the pneumonia. The absolute 

quantification of lkt copy numbers in the nasal swab was undertaken according to the 

previously published method for detection of Mycoplasma bovis from individual 

bovine mastitis milk and pneumonic lung tissues (Cai et al., 2005). Amplification of a 

single 247 bp band (Appendix 7) confirmed the specificity of the primers. The 

efficiency of the PCR was 1.989, which was high and close to the perfect PCR 

amplification of 2. The melting curve analysis showed a single peak at 80 °C, 

confirming the amplification of a single product. These results indicate that there were 

very low numbers of M. haemolytica present in the nasal cavity of the calves in both 

groups, and the difference between the groups was not statistically significant. These 

findings further support the argument that neither group had pneumonia at the time of 

sampling. 

Spot #1 consistently ranked first for all three replicates of the analysis using 

Prodigy software, with the selection criteria of P<0.05 and ≥1.5-fold difference 

between groups. The mass spectrometry analysis showed that spot #1 could be either 

annexin A1 or a superimposition of this protein and annexin A2. Although the 

separation of proteins is better in 2D-PAGE compared to SDS-PAGE, the presence of 

more than one protein in a single spot is reported frequently (Faergestad et al., 2007; 
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Rye et al., 2008). This question was resolved using 2D-PAGE Western blot analysis, 

revealing that both annexin A1 and annexin A2 were superimposed at the location of 

spot #1. Further, the 3D view of these Western blots showed the presence of three 

isoforms of annexin A1 and two isoforms of annexin A2, which is consistent with the 

reports of three isoforms of annexin A1 in human BALF (Lindahl et al., 1999; Xia et 

al., 2002) and more than one isoform of annexin A2 in humans (Ma et al., 1994). 

Some of the differentially expressed proteins that were at higher levels in the 

calves that remained healthy have immunomodulatory effects, and some function in 

innate immunity and resolution of inflammation. Annexin A1 is present in leukocytes 

and in the respiratory epithelium (Vishwanatha et al., 1995). It is a potent anti-

inflammatory protein and controls inflammation in several ways: preventing adhesion 

and dampening the leukocyte/endothelium interaction and transmigration of 

leukocytes (Solito et al., 2003b; Dalli et al., 2008), and enhancing macrophage-

mediated phagocytosis (Maderna et al., 2005). The functions of annexins are 

discussed in more detail in Chapter 3. RAGE-binding protein (EN-RAGE / S100A12) 

is important for neutrophil- and macrophage-mediated phagocytosis (Foell et al., 

2007). Further, it aids in leukocyte recruitment, promotes cytokine and chemokine 

production, and regulates leukocyte adhesion and migration. Most of these functions 

are mast-cell-dependent.  The functions of heat shock protein beta-1 are uncertain, but 

they are thought to act in stress resistance, and organization of actin filaments 

(Wettstein et al., 2012). Apolipoprotein-A prevents LPS-induced endotoxemia and 

acute lung damage (Yan et al., 2006), and an apolipoprotein A-I mimetic peptide (D-

4F) suppressed both IFN-α and IFN-β activities after influenza A infection in human 

type II pneumocytes (Van Lenten et al., 2004). Thioredoxins maintain proteins in a 

reduced state (Holmgren, 1985), and thus act as antioxidants. Extracellular 
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thioredoxin is chemotactic for neutrophils, monocytes and T cells but this function is 

concentration-dependent, and high levels may block other chemokines and prevent 

cell migration (Bertini et al., 1999).  

Some of the proteins that were at higher level in calves that later developed 

pneumonia are markers of inflammation or tissue injury. Among those five spots, two 

had molecular weights of approximately 25 kDa and were identified as serum albumin 

precursor. Serum albumin has many functions, including as an antioxidant in 

extracellular fluids (Roche et al., 2008; Halliwell, 1988). Since tissue injury or 

inflammation increase vascular permeability and thereby increases the protein content 

of extracellular fluids such as BALF, high levels of extracellular serum albumin could 

be a marker of inflammation (Halliwell, 1988). However, it is notable that the calves 

analyzed in this study did not have evidence of pneumonia at the time of sampling. 

Extracellular cyclophilin A is a chemoattractant (Xu et al., 1992) and pro-

inflammatory factor (Sherry et al.,1992), and a host receptor for the 

immunosuppressive drug cyclosporin A (Fruman et al., 1992). Glutathione S-

transferase P expression increased with H2O2 treatment in vitro (Yin et al., 2000) and 

protects against reactive oxygen species and free radical-mediated cell death. The 

presence of increased levels of immunoglobulin light chain variable region may 

indicate an antibody-mediated immune response in the lung of these calves. 

These findings could be interpreted to suggest that an inflammatory response 

was already occurring in the lung of calves that were later diagnosed with pneumonia. 

However, the absence of clinical signs or fever and the normal hematologic findings 

imply that these calves did not have active inflammation at the time of sampling.  

Thus, the healthy calves that remained healthy had higher levels of anti-

inflammatory proteins in BALF, whereas the healthy calves that later developed 
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pneumonia had higher levels of proteins seen in active inflammation or tissue injury. 

This may suggest that there is a different mechanism in early inflammation in these 

two groups, where one has an enhancement of the inflammatory response while the 

other tends to suppress inflammation. In the context of shipping fever pneumonia, 

inflammation probably causes more direct damage to the host than does the infectious 

agent. Therefore, we speculate that selecting calves that have an ability to limit the 

inflammatory response may be beneficial for control of shipping fever. However, 

additional work would be needed to investigate this possibility. 

Although the study identified differentially expressed proteins, we observed 

lower reproducibility with the Prodigy analysis. It has been reported that the lower 

reproducibility of 2D-PAGE is due to variability in both the production of 2D-PAGE 

gels, as well as the limitation of stain sensitivity. In our study, the appearance of the 

spots across the 2D-PAGE gels was remarkably consistent, but the results of the 

analysis using the Prodigy software were not consistent. This analysis was carried out 

three times using the same set of gel images. Each time, 15-20 spots were identified 

as differentially expressed, but only 10 spots were consistently identified as 

significant. This was identified as a major drawback of the study. Further, the spot-

picking gel, usually stained by silver or Coomassie stain, has lower sensitivity than 

the analytical gels stained with Sypro Ruby, and this also limited the ability to 

accurately select spots of very low density. Thus, the methodology was a limitation in 

this Chapter, and was the impetus for using difference-in-gel electrophoresis (DIGE) 

in Chapter 3. 

In conclusion, this study identified two unique groups of proteins present in 

the BALF of calves recently arrived to feedlots, and suggested an association of anti-

inflammatory proteins with reduced susceptibility to respiratory disease. Annexin A1 
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was one such differentially expressed protein. Since it is an anti-inflammatory protein, 

this finding has implications with regard to the pathogenesis of BRD, and it could be 

a biomarker of BRD susceptibility associated with the stresses of weaning and 

transportation. However, lack of reproducibility of the method was a concern, and 

prompted a similar study using DIGE, in Chapter 3. 
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CHAPTER 3 

Association of differentially expressed proteins in the bronchoalveolar lavage 

fluid of clinically healthy calves with later development of bovine respiratory 

disease; part II: Identification of differentially expressed proteins in 

bronchoalveolar lavage fluid by difference in gel electrophoresis (DIGE). 

 

This chapter along with some parts of chapter 2 is accepted for publication. 

Senthilkumaran C, Clark ME, Abdelaziz K, Bateman KG, Mackay A, Hewson J, 

Caswell JL. Increased annexin A1 and A2 levels in bronchoalveolar lavage fluid are 

associated with resistance to respiratory disease in beef calves.Vet Res. 2013 Apr 

8;44(1):24. [Epub ahead of print] 

 

Abstract 

The investigation of identification of differentially expressed proteins in 

bronchoalveolar lavage fluid by difference in gel electrophoresis follows from the 

previous chapter, using improved methodology. Difference in gel electrophoresis 

(DIGE) and mass spectrometry were used to compare proteins in the same samples as 

in Chapter 2, from seven calves that later developed pneumonia compared to seven 

calves that remained healthy. Calves that later developed pneumonia had significantly 

lower levels of annexin A1, annexin A2, peroxiredoxin I, calcyphosin, superoxide 

dismutase, macrophage capping protein and dihydrodiol dehydrogenase 3. 

Differences in annexin levels were partially confirmed by Western blot analysis. 

Thus, lower levels of annexins A1 and A2 are potential biomarkers of increased 

susceptibility to pneumonia in recently weaned and transported feedlot cattle. Since 

annexins are regulated by glucocorticoids, this finding may reflect individual 

http://www.ncbi.nlm.nih.gov/pubmed?term=Senthilkumaran%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23565988
http://www.ncbi.nlm.nih.gov/pubmed?term=Clark%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=23565988
http://www.ncbi.nlm.nih.gov/pubmed?term=Abdelaziz%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23565988
http://www.ncbi.nlm.nih.gov/pubmed?term=Bateman%20KG%5BAuthor%5D&cauthor=true&cauthor_uid=23565988
http://www.ncbi.nlm.nih.gov/pubmed?term=Mackay%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23565988
http://www.ncbi.nlm.nih.gov/pubmed?term=Hewson%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23565988
http://www.ncbi.nlm.nih.gov/pubmed?term=Caswell%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=23565988
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differences in the stress response that predisposes to pneumonia. These findings also 

have implications in pathogenesis. Annexins A1 and A2 are known to prevent 

neutrophil influx and fibrin deposition respectively, and may thus act to minimize the 

harmful effects of the inflammatory response during development of pneumonia. 
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3.1 Introduction 

The previous chapter was an attempt to identify differentially expressed 

proteins in BALF of healthy cattle at the time of arrival to the feedlot that predicted 

the later occurrence of respiratory disease. These findings were somewhat limited by 

the methodology used 2D-PAGE, which can have suboptimal reproducibility. Thus, 

the present chapter is a similar investigation of the same samples, using difference-in-

gel electrophoresis (DIGE) as a more reliable analytical method. 

 

3.2 Materials and methods 

3.2.1 Study design and sample collection 

The samples collected in Chapter 2 were used for the analyses in Chapter 3. 

 

3.2.2 DIGE analysis of BALF 

The protein content of BALF preparations was evaluated by DIGE using 

seven analytical gels. The total protein loaded onto each analytical gel included 25 µg 

of protein from the BALF of a calf that remained healthy, 25 µg protein from a calf 

that later developed pneumonia, and 25 µg of a pooled sample from all 14 animals 

that served as the internal control. These protein samples were labeled with 100 pmol 

each of Cy3, Cy5, or Cy2 dyes respectively, following the manufacturer’s protocol 

(GE Healthcare, Montreal, QC, Canada). The seven preparations, each containing 75 

µg of protein, were mixed with rehydration buffer (8 M urea, 1 % CHAPS, 65 mM 

dithiothreitol (DTT), and 0.5 % v/v immobilized pH gradient (IPG) buffer pH 3-10). 

Isoelectric focusing was carried out on 13 cm, non-linear pH 3-10 Immobiline 

DryStrips (GE Healthcare, Montreal, QC, Canada) at 20 ºC on an Ettan IPGphor 
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Isoelectric Focusing System (GE Healthcare, Montreal, QC, Canada) as described in 

Chapter 2. 

After isoelectric focusing, strips were either stored at -20 ºC, or prepared 

directly for the second dimensional separation as described in Chapter 2. For the 2nd 

dimension, pH gradient strips were applied directly onto individual 12 % SDS-

polyacrylamide, non-gradient, 20 x 25 cm gels on a DALT6 electrophoresis unit (GE 

Healthcare, Montreal, QC, Canada), at 3 W/gel overnight and changed to 6 W/gel in 

the morning until the bromophenol blue dye front was 2 cm from the gel end. 

Kaleidoscope 10–250 kDa molecular weight markers (Bio-Rad Laboratories, 

Hercules, CA) were used as reference. Gels were scanned with a Typhoon 9410 

variable mode imager (GE Healthcare, Montreal, QC, Canada) by excitation/emission 

wavelengths specific for Cy2 (488 nm/520 nm), Cy3 (532 nm/580 nm), and Cy5 

(633 nm/670 nm).  

Statistical and quantitative analyses of protein spot concentrations on 

multiplexed DIGE images were completed by DeCyder 6.5 software (GE Healthcare, 

Montreal, QC, Canada). Measurements of spot abundance were normalized to the 

pooled internal control, and the ratio of protein abundances in the two sample groups 

was calculated for samples on each analytical gel (intra-gel analysis) by differential 

in-gel analysis. The biological variation analysis module was used for inter-gel 

matching of internal standard and samples across all gels, and for the comparative 

cross-gel statistical analyses of all spots. All protein spots detected were examined 

manually and artifacts were removed. Differentially expressed protein spots were 

defined as those for which the differences in the normalized spot volume between the 

two groups (calves that remained healthy compared to those that later developed 

pneumonia) was ≥ 2-fold and significantly different at P< 0.05.   
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In order to retrieve the selected spots for mass spectrometry, three of the seven 

gels were randomly selected, post-stained with Sypro Ruby dye (Bio-Rad 

Laboratories, Hercules, CA), and scanned with a Typhoon 9410 instrument at 532 nm 

with 610 nm filters. Protein spots of interest were excised from the gel automatically 

using an Ettan Spot Picker robot (GE Healthcare, Montreal, QC, Canada). Those spots 

were digested and analyzed by tandem mass spectrometry at the Mass Spectrometry 

Facility, Hospital for Sick Children, Toronto, ON, Canada (Scapinello et al.,2011), 

and proteins were identified (Scaffold Proteome Software, version 02, Portland, OR). 

All MS/MS spectra were searched against the bovine protein database (downloaded 

11 March 2011 from the National Center for Biotechnology Information), and 

peptides were identified based on the coverage, probability, peptide match, amino acid 

match, similarity of the observed and theoretical molecular weights as well as the pI 

and the unique total spectra.  

 

3.2.3 Western blot 

Three calves from each group used in the DIGE experiment were arbitrarily 

selected for the Western blot study. BALF was cleaned and concentrated as 

previously described. Samples containing 60 µg of total protein for annexin A1, or 40 

µg of total protein for annexin A2, were incubated for 5 min at 95 ºC in SDS loading 

buffer containing 65 mM DTT, then separated on a 12 % SDS gel using 100 V for 90 

min. The gel was transferred to a polyvinyl difluoride transfer membrane (Immobilon-

P
SQ

, Millipore Corporation, Billerica, MA) for 90 min at 90 V in transfer buffer 

containing 0.192 M glycine and 0.025 M Tris in 20 % methanol. The membrane was 

placed on a filter paper, dried 1 hour at 37 ºC, rewetted in 100 % methanol for 5 min, 

washed with Tris PBS and 0.1 % Tween for 15 min, and blocked overnight with 5 % 
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BSA at 4 ºC. Lysates of HEK293T cells expressing human annexins AI and A2 

(NBL1-07557 and NBL1-07561, Novus Biologicals, Oakville, ON, Canada) were 

used as positive controls, and the corresponding empty plasmid vectors were used as 

negative controls. 

For detection of annexin A1, the membrane was incubated for 1 hour with 

goat anti-human annexin A1 antibody (1:200;NBP1-50411, Novus Biologicals, 

Oakville, ON, Canada), then for 30 minutes with peroxidase-conjugated rabbit anti-

goat secondary antibody (1:2000; DakoCytomation, Glostrup, Denmark), and bands 

were detected by chemiluminescence (ECL Plus, GE Healthcare) visualized with a 

ChemiDoc system (BioRad, Mississauga, Ontario, Canada). For detection of annexin 

A2, membranes were incubated for 1 hour with rabbit anti-human annexin A2 

antibody (1:100; NBP1-59124, Novus Biologicals, Oakville, ON, Canada), then for 

30 minutes with peroxidase-conjugated goat-anti rabbit secondary antibody (1:2000; 

DakoCytomation, Glostrup, Denmark), and bands were detected as above. 

 

3.3 Results 

3.3.1 DIGE analysis of BALF 

The DIGE gels of BALF from clinically healthy calves, obtained within 2-3 days 

of arrival to the feedlot, contained approximately 2400 identifiable protein spots that 

ranged in molecular weight from 12-225 kDa across the pI range of 3-10 (Figure 3.1). 

Among these, the normalized spot volumes of 27 were significantly greater (P<0.05) 

and ≥2-fold higher in calves that remained healthy compared to those calves that later 

developed pneumonia. The normalized volume of some spots were higher in calves 

that later developed pneumonia compared to those that remained healthy, but this 

difference was never ≥2-fold and the P value was greater than 0.05 for some, so these 
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spots were not studied further. Of the 27 differentially expressed spots, 15 were too 

faint to be reliably identified in Sypro Ruby-stained gels. The other 12 spots were 

analyzed by tandem mass spectrometry (Table 3.1). Five of those 12 spots proved to 

be annexins A1 or A2. 
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Figure 3.1. A representative overlay of three dye scans of the DIGE analysis of pooled 

bovine BALF. Protein spots that were more abundant in calves that remained healthy 

versus those that later developed pneumonia are labeled. 1167: macrophage capping 

protein; 1207, 1227 and 1231, isoforms of annexin A1; 1249 and 1258, isoforms of 

annexin A2; 1259 and 1263, isoforms of dihydrodiol dehydrogenase 3; 1685 and 

1713, isoforms of peroxiredoxin I; 1728, calcyphosin; 1913, superoxide dismutase 

chain B. 
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3.3.2 Western Blot 

 Western blot analysis of annexin A1 and annexin A2 was used to validate the 

DIGE analysis (Figures 3.2 and 3.3). The blot probed with antibody to annexin A1 

revealed three distinct bands, with molecular weights of approximately 37 kDa 

(Figure 3.2). These three bands were generally more dense in samples from the calves 

that remained healthy compared to those from calves that later developed pneumonia, 

but there was variability in the number and density of individual bands between 

animals (Figure 3.2). The blot probed with antibody to annexin A2 had two distinct 

bands with molecular weights of approximately 37 kDa. Of the six calves tested by 

western blot, these two bands were present in all three calves that remained healthy, 

but absent in all three calves that later developed pneumonia. The density of the 

annexin A2 bands was variable in the calves that remained healthy (Figure 3.3). 

Annexin A1 used as a positive control in the same blot was not labeled by the 

antibody to annexin A2. 

Based on analysis of the DIGE data using the Scaffold software, three spots were 

identified as annexin A2 and two spots were identified as annexin A1 (Table 3.1). 

Spot #1231 was first identified as annexin A2 based on the mass spectrometry data 

(Table 3.2), but the western blot showed three bands for annexin A1 and two bands 

for annexin A2 (Figures 3.2 and 3.3). Thus, it is likely that spot #1231 either 

represents an isoform of annexin A1, or superimposed isoforms of both annexin A1 

and A2. 
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Figure 3.2. Western blot of BALF samples labeled with antibody to annexin A1. Lane 

1: synthetic annexin A1 peptide (positive control), 2: molecular weight ladder, 3: 

blank, 4: negative control, 5-7: samples from calves that remained healthy, 8-10: 

samples from calves that later developed pneumonia. The three bands may indicate 

that there are three isoforms of the annexin A1 present in BALF.  

 

 

 

 

 

 

 

Figure 3.3. Western blot of BALF samples labeled with antibody to annexin A2. Lane 

1: synthetic annexin A1 peptide, 2: synthetic annexin A2 peptide (positive control), 3: 

molecular weight ladder, 4-6: samples from calves that remained healthy; 7-9: 

samples from calves that later developed pneumonia, 10: negative control. The two 

bands may indicate that there are two isoforms of the annexin A2 present in BALF.  
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Table 3.1. Mass spectrometry data for protein spots from DIGE analysis of BALF sampled within 2-3 days of arrival to the feedlot, for which 

spot densities were greater in calves that remained healthy compared to those that later developed pneumonia. 

Spot 

# 

Protein 

Identified 

Acc #
a
 

 

Cov 

%
b
 

Prob
c
 Pep 

match
d
 

AA
e
 MW

f
 

(kDa) 

pI
g
 Fold  

increase 

P value 

1167 Macrophage capping 

protein 

gi30466254 20 100 6 71/349 40/39 6/5.3 2.01 0.020 

1207 Annexin A1 gi74 62 100 21 213/346 38/39 6.0/6.4 1.94 0.027 

1227 Annexin A1 gi74 55 100 18 190/346 38/39 6.2/6.4 2.02 0.030 

1231 Annexin A2 gi27807289 23 100 8 77/339 37/39 6.4/6.9 2.33 0.036 

1249 Annexin A2 gi27807289 42 100 13 143/339 37/39 6.2/6.9 1.94 0.007 

1258 Annexin A2 gi27807289 51 100 17 172/339 37/39 6.6/6.9 2.24 0.018 

1259 Dihydrodiol 

dehydrogenase 3 

gi3079344 30 100 12 98/323 37/37 6.8/7.6 2.69 0.018 

1263 Dihydrodiol 

dehydrogenase 3 

gi3079344 41 100 11 132/323 37/37 7/7.6 2.91 0.022 
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1685 Peroxiredoxin I gi66773956 41 100 9 82/199 20/22 7.3/8.6 2.69 0.004 

1713 Peroxiredoxin I gi66773956 45 100 10 90/199 20/22 7.4/8.6 2.31 0.038 

1728 Calcyphosin gi115497428 38 100 7 72/189 21/21 4.8/4.8 2.62 0.008 

1913 Superoxide dismutase, 

chain B 

gi12084767 23 100 3 35/152 15/16 5.8/5.7 1.89 0.022 

 

a
 Acc #: Accession number. The number associated with a protein in a FASTA database, that Scaffold software uses to link to information about 

that protein on the NCBI website 

b
 Cov %: Percent coverage; percentage of the predicted peptide identified by the mass spectrometry data 

c
 Prob: The calculated probability of that a given protein has been identified correctly 

d
 Pep match: Number of unique peptides on which the protein identification was based 

e 
AA: Number of amino acids identified / total number of amino acids in the protein 

f 
MW: Observed / theoretical molecular weight of the protein in kilodaltons 

g 
pI: Observed / theoretical isoelectric point of the protein 
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Table 3.2. Mass spectrometry data for protein spot 1231.  

Spot # 
Protein 

Identified 

NCBI
a
 

Acc. NO 
Cov

 b
 % Pro

c
 

Pep
d
 

match 
AA 

MW
e
 

(KDa) 
pI

f
 

Unique/ 
g
 

Total spectra 

1231 Annexin A1 gi74 16 100 5 56/346 38/39 6.4/6.4 5/5 

1231 Annexin A2 gi27807289 23 100 8 77/339 37/39 6.4/6.9 8/8 

 

a-f 
Abbreviations are the same as for Table 1 

g 
Number of unique spectra identified for the spot / total spectra identified for the spot 

 

 

 

 

 

 

 



 

 

 

 

71 

3.4 Discussion  

The goal of this study was to identify a biomarker that predicts susceptibility 

to bovine respiratory disease in recently weaned and transported calves, at the time 

they arrive at the feedlot. Since the ideal biomarker would also play a mechanistic 

role in conferring susceptibility or resistance to disease, a second goal was to identify 

novel proteins in the epithelial lining fluid of the lower respiratory tract that determine 

susceptibility to pneumonia. We identified several proteins that were present at higher 

levels in the calves that remained healthy, compared to the calves that later developed 

pneumonia, and most of these proteins are known to function in resolution of 

inflammation. Among these proteins, annexin A1 and A2 showed a strong association 

with disease outcome, are known to be regulated by stress and glucocorticoids, may 

have a unique role in the pathogenesis of bovine respiratory disease, and are potential 

biomarkers for susceptibility to this disease in recently arrived, stressed feedlot cattle. 

As discussed in more detail in Chapter 2, management practices were typical 

of feedlot production in North America, and calves were considered to be clinically 

healthy at the time of sampling. Despite limitations in accurate clinical diagnosis of 

bovine respiratory disease, the calves analyzed in this study were selected based on 

unambiguous evidence of either respiratory disease or health, with respect to clinical 

signs, rectal temperature and serum haptoglobin levels. The selection criteria and 

clinical and laboratory findings were presented in Chapter 2. 

Among those differentially expressed proteins, annexin A1 and A2 were of 

particular interest. Other differentially expressed proteins were macrophage capping 

protein, calcyphosin, dihydrodiol dehydrogenase 3, peroxiredoxin I, and superoxide 
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dismutase. Three of those differentially expressed proteins are antioxidants: 

dihydrodiol dehydrogenase 3 (DDH3), peroxiredoxin I and chain B crystal of bovine 

SOD 1 of 3. The respiratory system has several antioxidant enzymes and cysteine-

containing proteins that maintain cellular redox homeostasis and prevent oxidative 

damage to cellular components (Cross et al., 1994; Chow et al., 2003; Kinnula et al., 

2005; Kikuchi et al., 2010; Lee and  Yang, 2012). Dihydrodiol dehydrogenase 3 

(DDH3) belongs to a family called aldoketo reductases (AKR), which maintain 

cellular redox homeostasis by detoxifying drugs, pharmaceuticals xenobiotics and 

environmental pollutants (Hung et al., 2006; Barski et al., 2008).  

Mammalian peroxiredoxin I is also called macrophage stress protein or 

proliferation-associated gene, and is mainly expressed in alveolar macrophages 

(Kinnula et al., 2002). It is expressed ubiquitously and can be induced by oxidative 

stress (Ishii et al., 1993; Ishii et al., 2000). Peroxiredoxin I is a cellular antioxidant 

enzyme, induced in acute stress to protect the cells from reactive oxygen species 

during inflammation (Neumann et al., 2003). Peroxiredoxin I 
-/-

 mice developed 

severe oxidative damage with Helicobacter pylori infection compared to the wild type 

mice and had lack of control in the pro-inflammatory action of macrophage inhibitory 

factor (MIF) (Sato et al., 2008). MIF is a unique cytokine, which negatively regulates 

the anti-inflammatory effect of endogenous glucocorticoids in acute respiratory 

diseases. Another study with bleomycin-induced lung injury in peroxiredoxin I
-/-

 mice 

confirms that this protein protects the lung against inflammation and fibrosis because 

of its antioxidant and anti-MIF properties (Kikuchi et al., 2011). 

Extracellular superoxide dismutase (EC-SOD or SOD3) is a potent 

antioxidant, highly expressed in lungs, and it is located in the extracellular matrix 
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around airway epithelial cells, airway smooth muscle, and endothelial cells of the 

lungs (Marklund, 1984; Kinnula and  Crapo, 2003). It protects the lung from 

oxidative damage by directly scavenging for superoxide anion. Studies done with 

SOD3-deficient and SOD3-transgenic mice show that this protein attenuates lung 

inflammatory responses by protecting against fragmentation of extracellular matrix 

induced by oxidative damage (Yao et al., 2010). Since the lung encounters 

considerable oxidative stress, animals having higher levels of these antioxidant 

proteins may be protected from tissue damage caused by lung injury and 

inflammation.  

Macrophage capping protein, also named Cap G and cofilin, is a calcium-

sensitive protein expressed in alveolar macrophages (Dabiri et al., 1992; Jin et al., 

2004), and it has roles in rearrangement of actin filaments, membrane ruffling, and 

complement- and immunoglobulin-mediated phagocytosis (Witke et al., 2001). 

Having higher levels of Macrophage capping protein in the lungs suggests increased 

sentinel function of alveolar macrophages.  

Calcyphosin is a calcium-binding protein of uncertain function: it inhibits 

mast cell degranulation, has anti-allergic properties in bovine lung (Oyama et al., 

1997), and is involved in cAMP signalling (Lecocq et al., 1979), cell proliferation and 

differentiation (Clement et al., 1997), suggesting that high levels could be an 

indicative of a regenerative capability of the tissue.  

The differential expression of annexins A1 and A2 was of particular interest, 

because of the number of differentially expressed spots corresponding to these 

proteins, the magnitude and consistency of the differences, and the apparent relevance 

to the pathogenesis of bovine respiratory disease. Annexins A1 and A2 were found at 
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higher levels in the BALF of calves that remained healthy compared to those that later 

developed pneumonia, and these DIGE and mass spectrometry findings were 

confirmed by Western blot analysis of the same BALF samples. The Western blot 

analysis revealed three isoforms of annexin A1 and two isoforms of annexin A2. This 

preliminary analysis also revealed considerable variation between animals in annexin 

A1 and A2 isoforms, and additional investigations will be needed to determine the 

reasons for this variability and the relationship with disease susceptibility. 

Annexins A1 and A2 are expressed in bronchial epithelial cells of cattle 

(Vishwanatha et al., 1995) Annexins are also found in extracellular tissue fluids, and 

annexin A2 has been detected on the surface of endothelial cells (Das et al., 1992; 

Chung and  Erickson, 1994) Glucocorticoids induce expression of both the annexin 

A1 gene and the annexin receptor ALXR (Hannon et al., 2003; Damazo et al., 2006) 

and effect rapid translocation of annexin A1 to the cell surface (Croxtall et al., 2002) 

Similarly, annexin levels are greater in hyperadrenocorticism and in response to stress 

(Taylor et al., 1995; Perretti and  D'Acquisto, 2009) Annexin A1 mediates some of the 

anti-inflammatory effects of glucocorticoids: it binds to the surface of neutrophils, 

inducing loss of L-selectin and neutrophil apoptosis (Solito et al., 2003a) and acts on 

macrophages to promote phagocytic removal of apoptotic cells from the tissue 

(Scannell et al., 2007)These functions of annexin A1 reduce neutrophil extravasation 

and accumulation in the tissue (Perretti and  D'Acquisto, 2009)  

Of relevance to feedlot cattle, we previously found that annexin A1 increased 

significantly in the BALF of beef calves after transportation stress (Mitchell et al., 

2008), and a preliminary analysis in Chapter 2 confirmed a positive correlation 

between serum cortisol concentration and annexin A1 levels in BALF. Thus, it is 
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plausible that annexin 1 may be a biomarker of stress-associated susceptibility to 

bovine respiratory disease. However, we found increased levels of annexin A1 in 

calves that remained healthy compared to those that later developed disease, yet 

glucocorticoids are expected to induce annexin expression. Therefore, stress does not 

simply result in both annexin A1 induction and increased susceptibility to pneumonia; 

there is likely a more complex relationship between stressful experiences, synthesis of 

glucocorticoids, levels of annexin A1 in the epithelial lining fluid of the airways, and 

susceptibility to pneumonia. 

Annexin A2 plays a vital role in several biological processes, including matrix 

degradation (Diaz et al., 2004), preventing angiogenesis (Sharma et al., 2010), cellular 

protection against oxidative injury (Madureira et al., 2011), repair of airway epithelial 

cells (Patchell et al., 2007), and the pro-inflammatory effects of tissue plasminogen 

activator on macrophages (Lin et al., 2012). However, the most recognized role of 

annexin A2 is in promoting fibrinolysis. Annexin A2 is a receptor for plasminogen 

and tissue plasminogen activator on the surface of endothelial cells, resulting in 

activation of plasmin and initiation of fibrinolysis (Flood and  Hajjar, 2011). 

These findings of higher levels of annexins A1 and A2 in calves that remained 

healthy after arrival to the feedlot suggest a role of annexins in the pathogenesis of 

bovine respiratory disease. During M. haemolytica pneumonia, there is a strong influx 

of neutrophils and macrophages, and accumulation of fibrin in the lung. These 

cascades of events lead to neutrophil-induced tissue injury and result in impaired 

alveolar ventilation and gas exchange (Caswell and  Williams, 2007). The data 

suggest that calves with high levels of annexin A1 may be better able to control 

neutrophil infiltration and promote neutrophil apoptosis in the lung, which could 
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prevent neutrophil-induced lung injury and dampen the systemic consequences of 

endotoxemia. Similarly, the findings suggest that calves having higher levels of 

annexin A2 may be better able to degrade the fibrin that forms within the pulmonary 

alveoli, which may reduce the severity or progression of disease following M. 

haemolytica infection.  

The present study was not designed to identify the mechanism for differing 

annexin levels in susceptible vs. resistant calves. Additional work will be needed to 

evaluate the cellular source of annexins in the lung, the effect of genetics and 

individual differences on baseline levels of annexin proteins, and the impact of 

infection and weaning/transportation stress on annexin levels. Thus, characterizing 

what role these differing annexin levels have in the pathogenesis of bacterial 

pneumonia will require additional investigation. Nonetheless, annexins A1 and A2 

show promise as novel biomarkers of disease susceptibility in recently arrived feedlot 

cattle. Such biomarkers could be useful for quantification of stress responses under 

varying management conditions, and accurate classification of recently arrived feedlot 

cattle with respect to risk of bovine respiratory disease, to facilitate group-specific 

disease control strategies.  
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CHAPTER 4  

Localization of annexins A1 and A2 in the respiratory tract of healthy calves and 

those infected with Mannheimia haemolytica  

Abstract 

 Annexins A1 and A2 are proteins known to function in the stress response, 

dampening neutrophil inflammatory responses, and mediating fibrinolysis. We 

identified, in cattle recently arrived to a feedlot, that lower levels of these proteins 

correlated with later development of pneumonia. Here we determine the localization 

of annexin A1 and A2 proteins in the respiratory tract and in leukocytes, in healthy 

calves and those with M. haemolytica pneumonia. In healthy calves, 

immunohistochemistry revealed cytoplasmic expression of annexin A1 in the surface 

epithelium of large airways, tracheobronchial submucosal glands, and goblet cells, 

and to a lesser degree in small airways, but not in alveolar epithelium. Flow cytometry 

and immunocytochemistry labeled annexin A1 in blood and bronchoalveolar lavage 

neutrophils, monocytes, macrophages and lymphocytes. Annexin A2 expression was 

detected in surface epithelium of small airways, some mucosal lymphocytes, and 

endothelium, with weak expression in large airways, tracheobronchial submucosal 

glands and alveolar epithelium. For both proteins, the level of expression was similar 

in tissues collected five days after intrabronchial challenge with M. haemolytica 

compared to that from sham-inoculated calves. Annexins A1 and A2 were both 

detected in leukocytes around foci of coagulative necrosis, and in necrotic cells in the 

center of these foci, as well as in areas outlined above. This study shows that annexins 

A1 and A2 were expressed in the airway of healthy calves and this pattern of 
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expression was similar in calves with experimentally induced M. haemolytica 

pneumonia.  
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4.1 Introduction 

 In our previous study, we found that annexins A1 and A2 were abundant in 

BALF of healthy calves, and lower levels correlated with later development of bovine 

respiratory disease (Chapters 2 and 3). Annexin A1 and A2 expression levels vary in 

different tissues, and correlate with the different physiological functions of those 

tissues (Dreier et al., 1998). The anti-inflammatory effect of annexin A1 has been 

attributed to its ability to inhibit phospholipase A2 (Rothhut et al., 1987; Errasfa et al., 

1988), and its ability to prevent leukocyte migration by inducing shedding of selectins 

from leukocytes (Lim et al., 1998; Zouki et al., 2000; Walther et al., 2000; Hayhoe et 

al., 2006). Annexin A2 is important in fibrinolysis (Ling et al., 2004) and regeneration 

of lung tissue after injury (Patchell et al., 2007). A study done with cultured bovine 

tracheal epithelial cells showed that annexin A1 was mostly expressed in 

differentiated cells and annexin A2 was mostly expressed in undifferentiated cells 

(Vishwanatha et al., 1995). This may correlate with the anti-inflammatory and 

regenerative functions of bovine annexin A1 and A2, respectively. 

  An in vitro study done with cultured bovine tracheal epithelial cells showed 

that annexin A1 and A2 expression was increased with corticosteroid treatment 

(Vishwanatha et al., 1995). Previously, our lab demonstrated that annexin A1 levels 

increase significantly with transportation stress (Mitchell et al., 2008). In a recent 

study (Chapters 2 and 3), we showed that calves having higher levels of annexin A1 

and A2 had lower prevalence of bacterial pneumonia after transportation. Thus, the 

major aim of the present study was to determine the localization of annexins A1 and 

A2 in the respiratory tract of healthy and pneumonic cattle, to better understand the 

apparent correlation between expression levels and disease occurrence. 
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4.2 Materials and methods 

4.2.1 Animals and sample collection 

For the first study, samples of normal respiratory tissues were collected from 

two 2-month-old healthy male Holstein calves within 3 hours of euthanasia. These 

samples of trachea, bronchi, and lung containing alveoli and bronchioles were fixed in 

formalin overnight and processed routinely.  

For the second study, samples were collected from Holstein bull calves that 

were experimentally infected with M. haemolytica and from sham-inoculated control 

calves. M. haemolytica, isolated originally from a calf with pneumonia, was plated on 

blood agar overnight at 37 ºC, then a single colony was inoculated into 3 ml of brain 

heart infusion (BHI) broth and incubated at 37 ºC for 3 hours with shaking, transferred 

to 50 ml of BHI broth, and incubated at 37 ºC overnight with shaking. 500 µl was 

transferred into 50 ml of BHI broth and incubated at 37 ºC for 3-4 hours until reaching 

log phase (optical density at 600 nm [OD] = 0.4-0.8). Bacteria were centrifuged at 

1000 x g at 4 ºC for 10 minutes and the pellet was reconstituted in 5 ml cold PBS. The 

M. haemolytica bacteria were diluted in PBS to OD = 0.74 (estimated to contain 3.5 x 

10
8 

colony forming units [CFU] per mL). Dilutions of inoculum were plated on agar 

and grown overnight, showing the actual bacterial inoculum to contain 2.8 x 10
8
 

CFU/mL.  

Twelve Holstein bull calves, 102 – 139 days of age, were randomly assigned 

to two groups. Six calves were sedated with xylazine, and inoculated using a 

bronchoscope placed at the tracheal bifurcation with 25 mL of inoculum (7 x 10
9
 CFU 

of M. haemolytica in PBS). The six other calves, serving as uninfected controls, were 
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similarly inoculated with 25 mL PBS. All infected calves developed moderately 

severe depression, reduced appetite and fever, as well as ultrasonographic evidence of 

consolidation within 2 hours of challenge that was maximal at 24 hours, and elevated 

serum haptoglobin levels that peaked at 18-24 hours after challenge (data not shown). 

Calves were euthanized after 5 days and tracheal, bronchial and lung tissues were 

fixed with formalin overnight and processed routinely.  

For the third study, blood and BALF were collected from two healthy 2-3 

month old Holstein male calves for immunocytochemistry. For flow cytometry, 

peripheral blood was collected from eight healthy adult Holstein cows, after their first 

parturition.  

 

4.2.2 Immunohistochemistry 

Tissue sections of 4 µm thickness were prepared, mounted on Superfrost Plus 

charged slides (Thermo Fisher Scientific, USA), and deparaffinized and rehydrated 

through a graded series of alcohols. Heat-induced epitope retrieval was performed 

using a pressure cooker with sodium citrate buffer (pH 6.0), at a pressure of 18 pounds 

per square inch to achieve a temperature of approximately 120 ºC at full pressure 

(Dako North America, California, USA). After antigen retrieval slides were allowed 

to cool for 30 minutes they were washed with wash solution (Dako North America). 

Tissue enzymes were inactivated (Dako dual endogenous enzyme blocker, S2003, 

Dako North America) for 30 minutes, washed, then blocked with serum-free protein 

blocker (X0909, Dako North America) for 1 hour. The slides were incubated 

overnight with the primary antibody in a humidified chamber at 4 ºC, using either 

rabbit polyclonal anti-human annexin A1 primary antibody (2 µg/150 µl; H00000301-
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D01P, Novus Biologicals, Oakville, ON, Canada) or goat polyclonal anti-human 

annexin A2 primary antibody (1 µg/150 µl; NB 100-881, Novus Biologicals). Slides 

were then washed and incubated with secondary antibody for 30 minutes, using 

peroxidase-based EnVision™+ Dual Link Kit 
 
(#K406511-2, Dako Cytomation, 

Carpinteria, California, USA) as the labeled polymer for annexin A1, or HRP 

conjugated rabbit anti-goat immunoglobulin (1:2000, DakoCytomation) as secondary 

antibody for annexin A2. Novared chromogen (Vector Laboratories, Burlingame, 

California, USA) was applied for 10 minutes and the sections were counterstained 

with Harris hematoxylin (Fisher, Kalamazoo, MI).  

 

4.2.3 Immunocytochemistry 

Leukocytes were separated from whole blood by red cell lysis, then 

cytocentrifuge preparations were made (CytoPro 7620, Wescor, Utah, USA) for 5 min 

at 500 x g on Superfrost Plus charged slides (Thermo Fisher Scientific, USA). 

Cytocentrifuge preparations of BALF leukocytes were made in the same way. The cell 

preparations were fixed in acetone for 5 minutes, enzymes were inactivated (Dual 

endogenous enzyme blocker, S2003, Dako North America) for 30 minutes, and the 

slides were blocked (Dako serum free protein blocker, X0909, Dako North America) 

for 1 hour. The slides were incubated overnight with rabbit polyclonal anti-human 

annexin A1 primary antibody (2µg/150µl; H00000301-D01P, Novus Biologicals) in a 

humidified chamber at 4 ºC. The following day, slides were washed and incubated 

with secondary antibody, peroxidase-based EnVision™+ Dual Link Kit 
 
(#K406511-

2, Dako Cytomation, Carpinteria, California, USA) for 30 minutes, and then the 
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chromogen Novared (Vector Laboratories) was applied for 10 minutes and the 

sections were counterstained with Harris hematoxylin (Fisher, Kalamazoo, MI). 

 

4.2.4 Control procedures for IHC and immunocytochemistry 

The Animal Health Laboratory, University of Guelph, generously provided 

control antibodies. Rabbit polyclonal anti-Toxoplasma antibody (2 µg/150 µl) was 

used as the control for annexin A1, and goat polyclonal anti-influenza antibody (1 

µg/150 µl) was used as the control for annexin A2.  

As a further negative control, annexin A1 antibody was pre-incubated with the 

antigen (bovine native annexin A1 protein, MBS318252, MybioSource, San Diego, 

CA, USA) for one hour, using 1 µg antibody per 2.5 µg antigen for IHC, and 1 µg 

antibody per 1.5 µg antigen for 1 hour for immunocytochemistry. The antibody 

preparation was applied to the slide as above and incubated overnight, then the slides 

were incubated with the secondary antibody and the staining was done as above.  

 

4.2.5 Microscopic Assessment 

  Immunolabeled slides were randomized and masked so that the assessment 

was done without knowledge of the animal identification or treatment group. A semi-

quantitative system (Appendix 9) was used to score each component of the respiratory 

system for intensity of immunolabeling (0 - no staining, 1 - equivocal, 2 - present, 3 - 

moderate, 4 - abundant).  
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4.2.6 Flow cytometry 

Leukocytes were separated from red blood cells as above and mixed with 1 ml 

of flow buffer, then centrifuged at 500 x g for 10 minutes. The resuspended pellet was 

incubated with rabbit polyclonal anti-human annexin A1 antibody (H00000301-D01P, 

Novus Biologicals) at a concentration of 0.1 mg/ml, for 2 hours at 4 
◦
C. Cells were 

washed in 1 ml of flow buffer, centrifuged at 500 x g for 10 minutes, then the 

resuspended cells were incubated for 15 minutes with sheep anti-rabbit 

immunoglobulin antibody conjugated to R-phycoerythrin (1:5 dilution, STAR35A, 

AbD Serotec, Raleigh, USA) at 4 
◦
C for 15 minutes. The cells were resuspended in 1 

ml of flow buffer and centrifuged at 500 x g for 10 minutes, resuspended in 100 µl of 

flow buffer and analyzed using a BD FACScan
TM 

(BD Biosciences, USA) by forward 

versus side light scatter (Weiss, 2002; Reggeti and  Bienzle, 2011). Three hundred 

thousand events were acquired, and analyzed using FlowJo analysis software (version 

7.6, Treestar Inc, Standord, CA) (Weiss, 2002). 

 

4.2.7 Statistical analysis 

 The median fluorescence intensity (MFI) of leukocytes (neutrophils, 

lymphocytes and monocytes) positive and negative for surface annexin A1 were 

compared by Prism 6 and considered significant at P < 0.05. 
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4.3 Results 

4.3.1 Immunohistochemical labeling of annexin A1 and A2 in respiratory tissues of 

healthy calves  

Immunohistochemistry was performed on sections of respiratory tissues from 

two healthy calves. Annexin A1 immunolabeling was detected in the surface 

epithelium of the trachea, bronchi and bronchioles, in both the apical and basal areas 

of the cytoplasm (Figure 4.1a-c). The intensity of the signal was highest in the 

epithelium lining the nasal cavity, trachea and large bronchi, lower in small bronchi 

and large bronchioles, and infrequent in the terminal bronchioles. Labeling was also 

detected in cilia (Figure 4.1b), as well as in goblet cells (Figure 4.1b), and in the 

glandular and ductular epithelium of tracheobronchial submucosal glands (Figure 4.1 

a, b). Alveolar macrophages and some submucosal lymphocytes were positively 

labeled, but the alveolar septa were not labeled (Figure 4.1d). Immunolabeling was 

noted in the airway smooth muscle and nerve terminals, but no labeling was observed 

in the bronchial adventitia or the lamina propria. Pre-incubation of annexin A1 

antibody with annexin native protein partially abrogated the signal intensity (Figure 

4.1e). Labeling was not observed in sections treated with the control antibody in place 

of the primary antibody (Figure 4.1f). 
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a 

Figure 4.1. Immunohistochemistry for annexin A1. a) Trachea, with intense labeling 

of surface epithelium and mucosal glands. b) Bronchus, with labeling of surface 

epithelium including cilia and goblet cells (arrow). c) Weaker labeling of bronchiolar 

epithelium. d) Absence of labeling of alveolar septa. e) Prior adsorption of primary 

antibody with annexin protein partially abrogated the labeling. f) Absence of labeling 

with the control antibody against Toxoplasma.  
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Annexin A2 immunolabeling was detected in the surface epithelium of 

trachea, bronchi, bronchioles and alveoli, in both apical and basal areas of the 

cytoplasm. The intensity of the signal was weak in the surface epithelium of the 

trachea and bronchi (Figure 4.2a, b).  Bronchioles in most areas had intense labeling 

that was greater than that seen in the large airways, but this was not uniform 

throughout the sections (Figure 4.2c). The tracheal (Figure 4.2a) and bronchial 

submucosal glands (Figure 4.2b) were weakly labeled. Goblet cells or cilia of the 

respiratory epithelium were not labeled (Figure 4.2a). Large round lymphocytes in the 

bronchial lamina propria were positively labeled (Figure 4.2a,b).   

Although the alveolar epithelium appeared not to be labeled, individual cells 

(suggestive of endothelial cells and macrophages) in alveolar septa were labeled 

(Figure 4.2d). Intense immunolabeling was observed in the endothelium of blood 

vessels (Figure 4.2e), and in plasma. Weak immunolabeling was noted in the airway 

smooth muscle and nerve terminals, and no labeling was observed in bronchial 

adventitia or lamina propria. Labeling was not observed in sections treated with the 

negative control antibody in place of the primary antibody (Figure 4.2f).  
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Figure 4.2. Immunohistochemistry for annexin A2. In the trachea (a) and bronchi (b), 

labeling was detected in the surface epithelium, mucosal glands, and lymphocytes in 

the lamina propria. Goblet cells or cilia of the respiratory epithelium were not labeled 

(arrow). c) Labeling was prominent in the epithelium of the bronchioles. d) Alveolar 

epithelium appeared not to be labeled, but individual cells in alveolar septa were 

labeled (suggestive of endothelial cells and macrophages), e) Intense labeling of 

endothelial cells in the lamina propria of a bronchus. f) Absence of labeling in the 

control using antibody against influenza virus. 
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4.3.2 Immunohistochemical labeling of annexins A1 and A2 in lung following M. 

haemolytica challenge  

Immunohistochemical labeling of annexins A1 and A2 were compared in 

calves challenged with M. haemolytica and sham-challenged animals. 

Histopathological examination of experimentally infected calves showed sloughed 

epithelial cells and infiltration of leukocytes in the lumen of the airways (Figure 4.3a). 

The lung lobules had foci of coagulative necrosis surrounded by a rim of necrotic 

leukocytes (Figure 4.3b). Deposition of fibrin and infiltration of neutrophils within 

alveoli and bronchioles was evident. 
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a 

Figure 4.3. Histologic lesions in the lung of calves following experimental challenge 

with M. haemolytica. Hematoxylin and eosin stain. a) Bronchitis, with infiltration of 

mononuclear cells and neutrophils in the mucosa, and neutrophils with protein-rich 

fluid in the lumen. b) Focus of coagulation necrosis of pulmonary tissue, delineated 

by band of leukocytes. Fibrin with fewer leukocytes fill the alveoli in the non-

necrotic lung tissue. 
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For all of the anatomic sites in all calves, labeling was similar to that described 

above, and there were no significant differences observed between the challenged and 

unchallenged calves. The necrotic foci and the leukocytes around the necrotic foci had 

patchy areas of immunolabeling of annexins A1 and A2 (Figures 4.4a, 4.5a). Annexin 

A1 labeling was intense within neutrophils at the center of the necrotic foci (Figure 

4.4b), where the neutrophils were intact and appeared to be degranulating. 

Neutrophils within bronchioles and alveoli were weakly and inconsistently labeled 

(about 20 % of neutrophils). There was shedding of goblet cells from the bronchial 

epithelium and these goblet cells were intensely labeled for annexin A1 (Figure 4.4 

c,d). Subjectively, labeling of the epithelium of terminal bronchioles was more 

frequently detected in M. haemolytica- vs. sham-challenged animals (Figure 4.4e), but 

this was not confirmed by the blinded objective evaluation. Use of the negative 

control antibody did not result in labeling (Figure 4.4f). 
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Figure 4.4. Immunohistochemistry for annexin A1 in the lung of calves following 

experimental challenge with M. haemolytica. a) Annexin A1 expression in leukocytes in 

the necrotic foci and in the band of leukocytes surrounding the necrotic foci. b) Higher 

magnification of Figure 4.4a. There is cytoplasmic labeling of leukocytes, many of 

which have undergone necrosis. c) In an inflamed bronchus, there is labeling of goblet 

cells including those that have been shed from the epithelium (bronchitis), d) Higher 

magnification of the area shown by the box in Figure 4.4c. Goblet cells shed into the 

bronchial lumen are labeled for annexin A1 (arrow), as is the cytoplasm of some of the 

neutrophils. e) There is labeling of the epithelium of terminal bronchioles. f) Absence of 

labeling in the control using antibody against Toxoplasma. 
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Figure 4.5. Immunohistochemistry for annexin A2 in the lung of calves following 

experimental challenge with M. haemolytica. a) Immunolabeling of leukocytes in a 

necrotic focus (right) and in the band of leukocytes surrounding the necrotic foci 

(arrows). b) Higher magnification of Figure 4.5a. There is cytoplasmic labeling of 

leukocytes, many of which have undergone necrosis. c) Labeling of lymphocytes in 

the lamina propria of a large bronchiole. d) Absence of labeling in the control using 

antibody against influenza virus. 
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4.3.3 Immunocytochemistry of blood and BALF leukocytes 

Figure 4.6a shows the Wright’s stain of peripheral blood leukocytes from a 

clinically normal calf. Immunocytochemistry of peripheral blood leukocytes showed 

positive labeling for annexin A1 in 100 % of neutrophils. The signal was detected in 

the cytoplasm, and cell membrane labeling was not observed. Lymphocytes, 

monocytes and platelets were not labeled (Figure 4.6 b, c). Adsorption of the primary 

antibody with annexin A1 protein abrogated the immunolabeling of the neutrophils 

(Figure 4.6d). 

Neutrophils were rare in cytocentrifuge preparations from the BALF of 

healthy calves (Figure 4.7a), but those present had intense labeling for annexin A1 

(Figure 4.7b). Annexin A1 was not detected in most macrophages, nor in any 

lymphocytes. Positive signal was detected in large macrophages with foamy 

cytoplasm (Figure 4.7c) and features suggesting apoptosis (Figure 4.7d, e). 
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Figure 4.6. Immunocytochemistry for annexin A1 in blood leukocytes. a) Wright’s 

stain of peripheral blood leukocytes from a clinically normal calf. b and c) Annexin 

A1 expression in blood leukocytes. The neutrophils have cytoplasmic labelling, but 

lymphocytes, monocytes and platelets are not labelled. d) Adsorption of the primary 

antibody with annexin A1 protein prior to use resulted in absence of 

immunolabelling. 
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Specificity study: Changed the graph 100ng/ml and 400ng/ml. Specificity study: Changed the  

 

 

 

 

 

 

Figure 4.7. Immunocytochemistry for annexin A1 in bronchoalveolar lavage fluid 

leukocytes. a) Wright’s stain of BALF leukocytes, showing macrophages and a single 

neutrophil. b) Annexin A1 expression in a neutrophil in the BALF, but not in the 

macrophages. Note that these macrophages are smaller than the immunolabelled 

macrophages in Figure 4.7 c-f. c) Annexin A1 labeling of large macrophages with 

foamy cytoplasm. d, e, f) Annexin A1 labeling of the cytoplasm of large macrophages 

that appear to have phagocytosed another cell, (d) and macrophages that appear to 

have undergone apoptosis with loss of the nucleus (e, f). 
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4.3.4 Flow cytometry for annexin A1 

Blood leukocytes were analyzed by flow cytometry for cell-surface expression 

of annexin A1 (Figure 4.8). Among the leukocytes, approximately 26 % of 

lymphocytes and 18 % of monocytes had median fluorescence intensity (MFI) above 

that seen in the negative control (Appendix 10). The change in MFI was significant in 

lymphocytes (P< 0.0001, Student’s t-test, Prism 6) and monocytes (P= 0.0003, 

Student’s t-test, Prism 6) (Figure 4.9). Neutrophils had little or no shift in the MFI 

(P= 0.366, Student’s t-test, Prism 6). 
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Figure 4.8. Representative histogram depicting the mean fluorescence intensity for 

cell-surface expression of annexin A1 in peripheral blood leukocytes. Red histograms 

indicate negative controls (no primary antibody). 

 



 

 

 

 

116 

 

Figure 4.9. Flow cytometric detection of annexin A1 on the surface of blood 

leukocytes. Data are expressed as median ± SEM from 8 animals. The MFI was 

significantly different from the negative control for lymphocytes (P< 0.0001) and 

monocytes (P= 0.0003) but not for neutrophils (P= 0.366) (Student’s t-test, Prism 6). 

 

 

 

Negative – have no primary antibody only secondary antibody 

Positive – have primary antibody and secondary antibody  
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4.4 Discussion 

 We investigated the distribution of annexin A1 and A2 protein within the 

respiratory tract of healthy cattle, and compared this to the levels found after 

experimental infection with M. haemolytica. In healthy calves, immunolabeling for 

annexins A1 and A2 was detected throughout the respiratory tract, especially in the 

airway surface epithelium and submucosal glands. Subtle differences in distribution 

and intensity of expression were noted for these two proteins: annexin A1 labeling 

was greatest in the surface and glandular epithelium of large proximal airways, and 

was present in goblet cells but not alveoli or endothelium; whereas annexin A2 

labeling was weak in both surface epithelium of proximal and distal small airways, 

and was also present in endothelial cells in alveoli. We found similar levels of both 

annexins A1 and A2 in undifferentiated basal cells compared to differentiated ciliated 

epithelial cells and goblet (secretory) cells of the trachea and bronchi, in contrast to 

previous work that was based on cells cultured in vitro (Vishwanatha et al., 1995). 

These findings imply that the annexin A1 and A2 protein detected in bronchoalveolar 

lavage fluid of healthy calves is secreted by airway epithelial cells, and are consistent 

with a functional role for secreted annexin A1 and A2 in the epithelial lining fluid of 

the airways. 

There was little or no difference observed in the localization or intensity of 

immunolabeling of either annexin A1 or A2 proteins in the lung parenchyma, when 

comparing calves experimentally infected with M. haemolytica to the calves that were 

inoculated with PBS. This argues against but does not eliminate the possibility that 

annexin gene expression is induced by inflammation, since steady state levels could 

be achieved if protein synthesis and secretion were both upregulated. Measuring 
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annexin A1 levels in BALF of calves with pneumonia would address this possibility. 

However, the calves infected with M. haemolytica showed intense labeling of annexin 

A1 in leukocytes (mainly degenerating neutrophils) and BALF cells undergoing 

apoptosis. These findings suggest that during inflammation, annexin A1 released from 

leukocytes may contribute to the amount of this protein present in the inflamed tissue. 

Therefore, if later studies were to find an increase in annexin A1 in the BALF of 

calves with pneumonia, this may not represent synthesis of annexin A1 exclusively 

from the inflamed lung parenchyma. Measuring gene expression at the tissue level 

during inflammation may help to resolve this puzzle. Nevertheless, our findings show 

no change in annexin A1 immunolabeling in lung parenchymal cells during 

pneumonia, but increased levels of annexin A1 protein in the lung as a result of 

leukocyte infiltration. 

Annexin A1 was detected in the BALF of calves with experimentally induced 

bacterial (Katoh et al., 1999) and viral (Katoh et al., 2000) pneumonia in cattle. In 

experimentally induced M. haemolytica infection (Katoh et al., 1999), annexin A1 

was detected in both infected and sham-inoculated calves, which is consistent with 

our studies, but this study did not compare levels of annexin A1 in the two 

experimental groups.  

The immunocytochemistry and flow cytometry results showed annexin A1 

immunolabeling in the cytoplasm of blood and BALF neutrophils, but not on the cell 

surface. These findings are consistent with a recent study of the surface expression of 

annexin A1 in human blood leukocytes (Spurr et al., 2011), which found that annexin 

A1 was abundant in the cytoplasm of neutrophils, monocytes and natural killer cells 
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but surface expression was not detected, and that both surface and cytoplasmic 

expression was low in lymphocytes. Since the labeling was very intense in the 

cytoplasm of the cells that were positive for annexin A1 in this study, differentiating 

cells according to the nuclear morphology was difficult and it remains possible that 

monocytes and lymphocytes could have infrequent cytoplasmic expression of this 

protein. 

The immunocytochemistry of annexin A2 (data not shown) in blood and 

BALF showed no immunolabeling on any cell types but the cells appear to have 

undergone apoptosis with loss of nucleus. Due to difficulty in confirming this with the 

background staining, immunocytochemistry of annexin A2 was not included in the 

thesis. 

The flow cytometric analysis showed that, in the resting state, only a small 

amount of annexin A1 was present on the surface of lymphocytes and monocytes, and 

neutrophils had no cell-surface expression of annexin A1. In contrast, other studies of 

human leukocytes have shown low but detectable surface expression of annexin A1 

on neutrophils (reviewed in Perretti and Flower, 2004). The detection of annexin A1 

in the cytoplasm of a subset of BAL macrophages does not necessarily indicate 

synthesis by these cells. Instead, annexin A1 immunolabeling in large foamy 

macrophages suggests that this may have resulted from phagocytosis of epithelial 

cells or neutrophils that contained this protein.  

There is a growing evidence of the importance of annexin A1 function in 

several cells in innate and adaptive immune system. The functions in a specific cell 

population depend on the subcellular localization (Reviewed in Perretti et al., 2009; 

Perretti and Flower 2004). This is clearly evident in neutrophils where the release of 
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annexin A1 stored in the gelatinase granules is important for trans-endothelial 

migration (Solito et al., 2003) and binding of annexin A1 to its receptor FPR2/ALX 

(Perretti et al., 2002). The release of annexin A1 in microparticles prevents cell 

adhesion and dampens the interaction between leukocytes and endothelial cells under 

conditions of flow (Dalli et al., 2008). Membrane-bound annexin A1 in neutrophils 

provides a signal for macrophage-mediated phagocytosis (Maderna et al., 2005). 

Finally, release of annexin A1 from the cytosolic compartment of T cells, and the 

synchronized externalization of the annexin A1 receptor FPR2/ALX, are important 

for T cell activation (D'Acquisto et al., 2007). Thus, annexin A1 function requires not 

only the presence of the protein, but is dependent on the cell type and the subcellular 

localization. Therefore, the findings of the present study that characterize the 

localization of annexin A1 and A2 in the lung and in leukocytes will be important in 

understanding the role of these proteins in bovine respiratory disease.  

In conclusion, annexin A1 immunolabeling was found to be most prominent in 

the surface epithelium, goblet cells and submucosal glands of the large proximal 

airways, and was also detected in the epithelium of distal airways, neutrophils, and 

some lymphocytes, monocytes and macrophages. Annexin A2 immunolabeling was 

most abundant in the epithelial cells of the distal airways and in endothelial cells, with 

labeling also detected in alveoli and proximal airways. The pattern and intensity of 

expression in the lung parenchyma was similar in calves with experimentally induced 

M. haemolytica pneumonia, for both annexin A1 and A2. These findings indicate that 

annexin A1 in the BALF of healthy calves mainly originates from the airway 

epithelium, whereas annexin A2 in BALF may arise from airway epithelium, mucosal 
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leukocytes and plasma. However annexins A1 and A2 in BALF from inflamed lung 

may also arise from inflammatory or innate immune cells.  
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CHAPTER 5.  

Development and validation of a sandwich ELISA for measuring bovine annexin 

A1 in bronchoalveolar Lavage Fluid  

Abstract 

The discovery of annexin A1 as a potential biomarker for susceptibility to 

bovine respiratory disease stimulated the need for a sensitive and high-throughput 

method by which to measure this protein in BALF. A sandwich enzyme-linked 

immunosorbent assay (ELISA) was developed using commercially available standard 

and polyclonal antibodies directed against human annexin A1. The assay was 

validated by determination of specificity, sensitivity, working range, linearity, 

accuracy, precision, and reproducibility. The working range of the ELISA for BALF 

was 0.3 to 317 ng/ml, and the sensitivity was 0.8 ng/ml. The intra-assay coefficient of 

variation was less than 20 %, and that between assays using the same lot was less than 

20 %. Thus, the ELISA for annexin A1 was highly sensitive and showed a wide 

working range. However, there was variation in performance between different lots of 

antibody pairs. Despite this limitation, the results demonstrated that the sandwich 

ELISA is specific, sensitive, and useful in measuring annexin A1 in BALF of beef 

calves. 

  



 

 

 

 

123 

5.1 Introduction 

Bovine respiratory disease (BRD) is one of the most economically important 

diseases for the beef industry, causing losses of billions of dollars annually in North 

America (Duff and  Galyean, 2007; Schneider et al., 2009) The clinical diagnosis of 

BRD is usually made by the producer, and infrequently confirmed by a veterinarian. 

Since clinical signs overlap with other illnesses, laboratory and post-mortem 

investigations could be useful to confirm the diagnosis (Caswell et al., 2012)  

Most current diagnostic tests for BRD are designed to test whether the animal 

was infected with particular viruses or bacteria, while other tests detect the presence 

of inflammation (Fulton and  Confer, 2012). Having a marker that predicts 

susceptibility to BRD would aid in classification of risk groups (Thomson and  White, 

2006), and could reduce economic loss by preventing clinical illness and death 

(Babcock et al., 2009). Furthermore, if the disease could be predicted early, the 

current practice of mass medication could be diminished and producers could treat 

calves more selectively, potentially reducing use of antibiotics and thus impacting 

consumer confidence and antimicrobial resistance of animal and human pathogens. 

 We previously identified annexin A1 as a potential marker for susceptibility to 

BRD. This finding needs to be validated in a larger population of beef calves, but 

such studies require development of an effective and high-throughput technique. The 

earlier discovery research was based on difference-in-gel electrophoresis and 2-

dimensional gel electrophoresis, which are time-consuming and labor-intensive 

procedures and not practical for processing large numbers of samples (Minden, 2007). 

Enzyme-linked immunosorbent assays (ELISA) are sensitive, high-throughput and 

cost-effective (Crowther, 2009). The purpose of this study was to develop and 
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validate a sandwich ELISA for measuring the concentration of annexin A1 in BALF 

of cattle, and to confirm the correlation between annexin A1 levels in BALF of 

healthy calves and later development of BRD. 

 

5.2 Materials and Methods 

5.2.1 Samples for the assay 

Protein standard and antibodies 

 Annexin A1 protein, purified from bovine lung (MBS318252, MybioSource, 

Inc. San Diego, CA, USA), was used to develop the assay and for the standard curve. 

The assay was validated on frozen samples of BALF from 14 animals, the same 

samples that had been previously used for the DIGE analysis.  

 Paired antibodies (H00000301-AP21, Novus Biologicals, Oakville, ON, 

Canada) were used: the capture antibody was rabbit affinity-purified polyclonal anti-

human annexin A1, and the detection antibody was mouse purified polyclonal anti-

human annexin A1. HRP-conjugated goat anti-mouse IgG (115-035-062, Jackson 

ImmunoResearch Laboratories) was used as the secondary antibody. Anti-human 

antibodies were used because there is 90 % homology between human (NCBI 

accession number: NP_000691.1) and bovine annexin A1 (NCBI accession number 

NP_786978.2) (Appendix 2). 

 

5.2.2 ELISA protocol 

 For the ELISA, PBS was used as coating buffer. Washing solution was 

0.2 % Tween-20 in PBS. Blocking buffer was 5 % non-fat milk and 0.2 % Tween-20 

in PBS. Diluent for the annexin A1 protein, BALF, and detection/primary antibody 
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was 2 % non-fat milk and 0.2 % Tween-20 in PBS.  Diluent for the secondary 

antibody was 2 % non-fat milk and 0.05 % Tween-20 in PBS. All incubations were 

made by covering the plate with adhesive plastic to prevent contamination. 

Capture antibody (2.5 µg/ml, 100 µl) in the coating buffer was added to the 96 

well ELISA plate (NC9229197, NUNC- Maxisorb, Thermo Fisher Scientific Inc, 

USA), and incubated overnight at 4 ºC. The plate was washed twice with wash 

solution, and blocked (200 µl/well) for 8 hours at 4 ºC. The plate was washed twice, 

then either purified annexin A1 protein or BALF (both diluted in diluent, 100 µl/well) 

was added, and incubated overnight at 4 ºC. The plate was washed 4-5 times, and 

detection antibody (0.5 µg/ml, 100µl/well) was added and incubated for 2 hours at 

room temperature. The plate was washed 4-5 times, and secondary antibody (1:2000, 

100 µl/well) was added. The plate was washed 5 times, tetramethylbenzidine (TMB, # 

34028, Thermo Scientific, Rockford, USA) solution was applied, and the plate was 

incubated at room temperature for 30 minutes or until the desired color developed. 

After adding the stop solution of 2 M H2SO4, the optical density at 450 nm (OD) was 

measured with an ELISA plate reader (Synergy
TM 

HT, BioTek Instruments Inc, USA).   

 

5.2.3 Specificity study 

 Half of a 96-well plate was used for this experiment, with 24 wells coated with 

capture antibody and the other 24 wells treated with the coating buffer only. For each 

of these 24 wells, 12 wells had detection antibodies and the other 12 wells had diluent 

only. Each of these 12 wells was divided into three groups (four replicates each) 

containing 0, 10 or 40 ng of annexin A1 in 100 µl diluent. 
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5.2.4 Development of the standard curve 

 To create the standard curve, serial dilutions from 1.0 pg/ml to 10 µg/ml 

bovine annexin A1 were prepared. A blank was made with the diluent only. The OD 

values were normalized by subtracting the blank OD reading from that of the samples 

containing protein. The standard curve was obtained by plotting the normalized OD 

values against the known protein concentration. To calculate the unknown protein 

concentrations (in BALF), an equation was derived by plotting the log values of the 

normalized OD against the log values of the concentration. The sensitivity of the 

assay was calculated by adding two standard deviations to the mean OD value of the 

negative control (blank), and using the standard curve to determine the annexin A1 

concentration that would be equivalent to this OD value. 

 

5.2.5 Spiking of samples and recovery study 

A spike-and-recovery experiment was designed to assess the uniformity of the 

assay response by adding a known amount of protein into the BALF. Four samples 

were prepared by adding 0, 5, 10 or 15 ng of purified annexin A1 protein into 10 μl of 

BALF. The response was measured in the assay by comparison to an identical 

addition to the standard curve (which was prepared using known concentrations of the 

purified annexin A1 protein). The recovery was calculated by dividing the observed 

reading by the expected reading, expressed as a percentage. 

 

5.2.6 Linearity of dilution of BALF 

The precision of the assay was assessed, by testing serial dilutions of BALF in 

the sample diluent. 10 μl of BALF was diluted 10
1/2 

with the sample diluent, and the 
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recovery was calculated based on the standard curve prepared using known 

concentrations of purified annexin A1 protein. 

 

5.2.7 Quantification of annexin A1 in BALF samples by ELISA 

 BALF samples from 14 healthy calves - seven that remained healthy and 

seven that subsequently developed respiratory disease—were concentrated and 

prepared as described in Chapter 3. The total amount of protein in each sample was 

measured (Nanodrop 2000C, Thermo Scientific). Each sample, having 1000 ng of 

total protein was diluted to a final volume of 100 μl and added to each well. Each 

sample had two technical replicates. 

 

5.2.8 Western blot 

Western blot was carried out to confirm the specificity of the detection 

antibody. BALF was prepared and concentrated as previously described in chapter 2. 

Samples containing 60 µg of total protein were transferred as previously described in 

Chapter 3. The membrane was incubated for 1 hour with the detection antibody 

(1:1200, mouse purified polyclonal anti-human annexin A1 antibody) then for 30 

minutes with HRP-conjugated goat anti-mouse IgG secondary antibody (1:2000) and 

detected as in Chapter 2. 
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5.2.9 Statistical analysis 

The concentrations of total protein and annexin A1, and their correlations, 

were analyzed using Proc Mixed (SAS 9.2, SAS Institute Inc., Cary, NC). To assess 

the ANOVA assumptions, comprehensive residual analyses were performed. The 

assumption of normality was tested using the four tests offered by SAS (Shapiro-

Wilk, Kolmogorov-Smirnov, Cramer-von-Mises, and Anderson-Darling tests). The 

annexin A1 concentration and the total protein were not normally distributed, and the 

data were log transformed. Pearson correlations Fisher's Z transformation was used to 

compute proximate confidence intervals on the correlation between total protein and 

annexin A1 in the BALF. In addition, residuals were plotted against the predicted 

values and explanatory variables used in the model to reveal any outliers, bimodal 

distributions, or the need for data transformations. Data are expressed as mean ± 

standard error of mean (SEM) unless otherwise indicated.  Differences were 

considered significant at P ≤ 0.05. The correlation between DIGE spot volumes and 

the ELISA readings (calculated concentrations of annexin A1 protein) were compared 

by Pearson correlation using Prism 6 and the correlation was considered significant at 

P ≤ 0.05. All the graphs and the line of best fit were made by Prism 6. 
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5.3 Results 

5.3.1 Specificity study 

In the bovine annexin A1 ELISA, high OD values were detected in wells 

having both detection and capture antibody, in a dose-dependent relationship with the 

concentration of annexin A1 protein added (Figure 5.1). The OD increased 2.5-fold 

with a 4-fold increase of the annexin A1 protein, and the signal-to-noise ratio for 100 

ng/ml was 2.2, while that for 400 ng/ml was 4.0. The background of the assay was 

low (OD=0.493) when both antibodies were used in the absence of annexin A1 

protein. Even lower OD values were obtained when either or both antibodies were 

omitted. The OD readings are given in Appendix 9. 

 

5.3.2 Development of the standard curve 

 The working range of the ELISA was 0.317 to 317 ng/ml (Figure 5.2). The 

coefficient of variation ranged from 2 % to 20 %. The sensitivity of the assay was 0.8 

ng/ml. Using a different lot of antibodies resulted in a slight shift in both the standard 

curve and the sensitivity (data not shown). 
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Figure 5.1. Specificity of the bovine annexin A1 ELISA. Annexin A1 protein (0, 100 

or 400 ng/ml) was added to wells that were coated with or without capture antibody, 

then buffer with or without detection antibody was added. Mean OD values are 

shown, with 4 replicates per group. 
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Figure 5.2. Standard curve for the bovine annexin A1 sandwich ELISA. The standard 

curve was created by using serial dilutions (1.0 pg/mL to 10 μg/mL) of bovine 

annexin A1. The data points show the two replicates of seven determinations starting 

from 0.31 to 317 ng/mL, where the graph was linear, and the equation for the line of 

best fit was y = 3.210x + 2.817. (R² = 0.9546, P<0.0001, Prism 6). 
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5.3.3 Spiking of samples and recovery study 

 

Bovine annexin A1 protein was added to 10 µl of BALF sample #417, 

selected because it contained low levels of annexin A1 based on the previous ELISA 

readings. The total volume was adjusted to 100 µl by adding the sample diluent. The 

OD values on the ensuing ELISA were compared to a standard curve (1 pg/ml to 3 

ng/ml) prepared using purified bovine annexin A1. The recovery of annexin A1 

(efficiency of detection of the added protein) ranged from 80 to 87 % (Table 5.1, 

Figure 5.3). The CV of this experiment ranged from 2 to 6 %. 

 

Table 5.1. Protein recovery after spiking of 10 l BALF with 0, 5, 10 or 15 ng of purified 

bovine annexin A1 protein. 

Protein added (ng) Mean OD value 

Calculated annexin 

A1 concentration 

(ng/100 μl) Recovery 

0 0.652 1.35  

5 0.8895 5.55 87 % 

10 1.0135 9.52 83 % 

15 1.1035 13.21 80 % 
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Figure 5.3. Protein spiking and recovery study. The graph represents the results 

presented in Table 5.2. These 4 samples have one BALF sample (#417) spiked with 0, 

5, 10 or 15 ng of purified protein. Each point represents the mean ± SEM of 2 

replicates. The equation for the line of best fit was y = 7.906x + 14.78 (R² = 0.94, 

P=0.0001, Prism 6) 
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5.3.4 Linearity of dilution of BALF 

 A BALF sample with high annexin A1 concentration was serially diluted, and 

annexin A1 levels were measured by ELISA and compared to a standard curve (1 

pg/ml to 3 ng/ml). The recovery (observed / expected amount of annexin A1) was 

near 100 % for the first 2 dilutions, but less accurate for the higher dilutions (Table 

5.2, Figure 5.4). The calculated values for the dilution series were parallel to the 

standard curve (data not shown). The CV of this experiment ranged from 3 % to 12 

%. 

 

Table 5.2. Recovery of annexin A1 protein concentrations measured by use of a 

sandwich ELISA, after serial dilution of BALF samples. 

Concentration (% 

of neat BALF 

sample) 

Mean OD value 

Calculated annexin 

A1 concentration 

(ng/100μl) 

Recovery 

100 0.8835 5.62 100 % 

31.7 0.6875 1.76 31.9 % 

10 0.5795 0.73 12.9 % 

3.17 0.565 0.64 11.5 % 
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Figure 5.4. Linearity of dilution of BALF. The graph represents the results presented 

in Table 5.2. The four samples are serial dilutions of one BALF sample (#317). Each 

point represents the concentration of two replicates. The equation for the line of best 

fit was y = 0.0528x + 0.2728 (R² = 0.8027, P= 0.0026, Prism 6).  
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5.3.5 Quantification of annexin A1 in BALF samples by ELISA 

Annexin A1 levels were measured by ELISA in the same 14 concentrated 

BALF samples that had been used for DIGE analysis and Western blot (Chapter 3). 

These samples were from healthy animals soon after arrival to the feedlot. Annexin 

A1 levels in the seven animals that remained healthy were 11.31 ± 4.22 ng/μg (mean± 

SEM) of total protein, and levels in the seven animals that later developed pneumonia 

were 4.64 ± 1.11 ng/μg (Figure 5.5). This difference was not statistically significant 

(P = 0.48, ANOVA). Although the total amount of protein was generally higher in 

calves that later developed pneumonia compared to calves that remained healthy, it 

was not statistically significant (P = 0.18, ANOVA). There was no correlation (R= -

0.03, P = 0.91, Pearson correlation) between the protein concentration in the 

concentrated BALF sample and the level of annexin A1 (Figure 5.6).  
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Figure 5.5. Annexin A1 concentrations in concentrated BALF as determined by 

ELISA, from healthy calves soon after arrival to the feedlot, comparing those that 

remained healthy and those that later developed pneumonia. N = 7 samples per group. 

This difference was not statistically significant. 
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Figure 5.6. Comparison of annexin A1 levels in 1 μg of BAL protein and the BAL 

protein concentration. Seven samples from each group were analyzed. There was no 

correlation between the protein concentration of the BALF and the level of annexin 

A1. 
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The measurements of annexin levels in concentrated BALF samples were 

compared for the two methods, ELISA and DIGE. The DIGE values analyzed were 

the sum of normalized volumes for the three spots that had been identified as annexin 

A1. ELISA and DIGE values were significantly correlated (R= 0.8, P= 0.0009, N=13, 

Pearson correlation, Prism 6) (Figure 5.7). One outlier was removed for this analysis; 

including this outlier in the analysis gave a correlation coefficient (R) of 0.61 (P= 

0.02, N=14 samples, Prism 6). 

 

 

Figure 5.7. Comparison of ELISA and DIGE measurements of annexin A1 in 

concentrated BALF samples from calves. The outlier, removed for statistical analysis, 

is shown as an open circle.  

 

 

 



 

 

 

 

140 

5.3.6 Western blot 

The specificity of the detection antibody (mouse purified polyclonal anti-

human annexin A1 antibody) was confirmed with western blot. The Figure 5.8 shows 

a single band across the randomly chosen samples from both groups. 

 

Figure 5.8. Results of western blot analysis for annexin A1. Each lane contains 60 μg 

of protein as follows: Lane 1–ladder, 2–positive control (annexin A1 native protein 

from bovine lung); lanes 3-6–BALF from animals that later developed pneumonia; 

lanes 7-10–BALF from animals that remained healthy. The western blot analysis 

showed 1-3 bands of approximately 38 kDa. 
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5.4 Discussion 

The previous results suggested that measuring annexin A1 levels in BALF of 

beef calves soon after they arrive to a feedlot may be a useful tool for predicting 

susceptibility to respiratory disease. However, development of this laboratory test 

would require a low-cost high-throughput assay. Therefore, we developed and 

validated a sandwich ELISA with commercially available paired antibodies against 

human annexin A1.  

The first experiment studying specificity showed that the signal-to-noise ratio 

in this ELISA was fairly high (2.2 for 10 ng and 3.9 for 40 ng) and the OD increased 

2.5 times with a 4-fold increase of analyte. This result also confirmed that the sample 

diluent caused minimum interference with the assay, and the change in OD was 

specific for purified bovine annexin A1 in these samples (DeSilva et al., 2003)  

The working range of the assay was 0.31 to 317 ng/ml and the sensitivity of 

the assay was 0.8 ng/ml. The assay could accommodate samples with a wide range of 

concentrations, and samples with unknown annexin A1 concentrations could be 

assayed relative to the standard curve under the assay conditions established in the 

present study.  

Spike-and-recovery and linearity-of-dilution experiments are important 

methods for validating and assessing the accuracy of the ELISA for measuring 

annexin A1 in BALF (DeSilva et al., 2003). The spike-and-recovery experiment 

showed an recovery of 80 to 87 %. This result showed that specific binding was not 

affected by differences between diluent and the sample matrix (BALF), and the BALF 

did not interfere with specific binding in the desired assay range. 

For the linearity of dilution experiment, serial dilutions of BALF showed good 



 

 

 

 

142 

linearity of the resulting OD values. This result demonstrated that BALF samples 

having higher concentrations of annexin A1, above the reliable range of 

quantification, could be diluted to bring them into the validated range of the assay 

(DeSilva et al., 2003).  

While validating the assay with BALF samples from beef calves, it became 

evident that standardizing the protein concentration prior to adding the sample to the 

plate is important. We previously tried several ELISA runs by adding the same 

volume of BALF to the plate where the desired results were not reached (data not 

shown).  

The ELISA and the DIGE analysis gave equivalent and highly correlated 

results, for measurement of annexin A1 concentrations in BALF fluid from the 14 

calves used in the prior study. Both analyses showed the same effect: annexin A1 

concentrations were higher in calves that remained healthy than in the calves that later 

developed pneumonia, although this effect was only statistically significant for the 

DIGE analysis. It is important to consider that the statistical power is low when using 

few samples, and this probably influenced the statistical significance of the ELISA 

results. It will be important to test more animals, from a different population, in 

coming years to confirm the validity of the results and to establish a cut-point to 

determine the disease susceptibility. 

Differences were noted in the standard curve with different lots of antibody 

pairs, and this is a major problem with the assay. One lot of antibody pair was 

sufficient to analyze only four 96-well plates, and the inter-assay CV within the same 

lot of antibody was less than 20 % (data not shown). Comparatively lower 

reproducibility occurred between different lots, probably because the available 
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antibodies were polyclonal. Because of this limitation, each new lot of antibody is 

expected to slightly change the standard curve and perhaps the working range and 

sensitivity of the assay. This could be overcome by planning to test all samples in a 

study with a single lot of antibodies, or optimize the assay conditions (incubation time 

and washing) for each lot to achieve the same working range. In the future, producing 

monoclonal antibodies to bovine annexin A1 may be necessary to eliminate this 

problem. 

An ELISA to measure annexin A1 in samples of bovine BALF was developed 

and shown to be precise, reproducible, and accurate. Optimal results were obtained 

when BALF samples were concentrated, and the total protein concentrations were 

normalized prior to analysis. The ELISA was used to confirm the DIGE analysis, 

showing a similar trend of higher levels of annexin A1 in calves that remained healthy 

compared to those that later developed pneumonia. This ELISA may be applicable for 

quantifying annexin A1 in BALF, as a potential biomarker of susceptibility to BRD in 

beef calves. 
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CHAPTER 6 

General Discussion 

Bovine respiratory disease is one of the most economically important diseases 

for the North American beef industry (Duff and  Galyean, 2007). It remains the 

leading cause of death in feedlot cattle, as it was 30 years ago, despite development of 

improved management practices, vaccines and antimicrobial interventions through 

research, extension and education (Loneragan et al., 2001; Babcock et al., 2009). 

Prevention of BRD is an important reason for antibiotic use and may thereby 

contribute to the emergence of antimicrobial resistance in human and animals (Morck 

et al., 1993). Finally, antimicrobial residues in animal waste are a threat to the 

ecosystem due to the contamination of soil and water (Burkholder et al., 2007).  

Identifying and treating calves in higher risk groups prior to the development 

of clinical disease will reduce economic loss and unnecessary usage of antibiotics. 

Single-source calves that are preconditioned and pre-vaccinated are at low risk of 

developing the disease. Calves that are purchased from auction barns with lower body 

weight and no reliable vaccination history are at high risk and are often mass-treated 

with antibiotics. However, the calves’ past history is usually not available when they 

are purchased at auction, and so far there is no valid laboratory method to identify 

calves at high risk of bacterial pneumonia. Developing a biomarker that would predict 

disease susceptibility is potentially useful to prevent clinical sickness from bacterial 

pneumonia. Such a biomarker should be sensitive to ensure prophylaxis of as many 

at-risk calves as possible, and specific to prevent false identification and unnecessary 

intervention.  
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The foremost goal of this study was to identify a biomarker for bacterial 

pneumonia in beef calves. An ideal biomarker for the disease would be a molecule 

that has a unique role in the pathogenesis of the disease, and its mechanistic role 

would have a logical relationship to disease susceptibility. Changes in the lung and 

airways during the development of bacterial pneumonia are reflected in the 

composition of BALF (Okamoto et al., 2012). Therefore, it was anticipated that 

studying the early changes in the BALF proteome soon after transportation would 

lead to discovery of a biomarker for bacterial pneumonia in beef calves, and may also 

be of value for genetic improvement of disease resistance. 

It was hypothesized that the differential expression of innate defense proteins 

found in bronchoalveolar lavage fluid (BALF) would affect and correlate with 

susceptibility or resistance to bacterial pneumonia in outbred populations of cattle. 2-

dimensional electrophoresis (2D PAGE) was initially used to examine proteins in 

BALF of healthy calves that later developed pneumonia compared to calves that 

remained healthy (Chapter 2), and DIGE was subsequently used following a similar 

approach (Chapter 3). Since annexins A1 and A2 were identified as the major 

differentially expressed proteins, subsequent studies determined the localization of 

these proteins in the lung of cattle (Chapter 4) and developed an ELISA to quantify 

annexin A1 in biological samples (Chapter 5). 

The objective of the first study (Chapter 2) was to identify proteins that are 

differentially expressed in the BALF of healthy calves that later develop pneumonia 

compared to calves that remain healthy. In this study, 162 male beef calves in five 

groups from across Ontario were transported and then housed at the Elora Beef 

Research Station, University of Guelph. At 2-3 days after arrival, the clinical 
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examination, rectal temperature and complete blood count showed that they were 

clinically healthy. BALF samples were taken at this time for later analysis. Over the 

next six to seven weeks, about 12 % of the animals developed pneumonia based on 

signs detected by the feedlot operator and confirmed by OVC field veterinarians. 

Twelve animals were selected for the group “calves that later developed pneumonia” 

based on clinical examination, body temperature and serum haptoglobin levels. 

Whenever an animal was diagnosed with pneumonia, one or two healthy animals 

belonging to the same group (travel mates) and sharing the same pen were selected as 

controls. Of these, 10 animals were selected for the group “calves that remained 

healthy” based on clinical examination, body temperature and blood haptoglobin 

levels. Retrospectively, it was determined that there was no significant difference 

between these two groups at the time of sampling with respect to body weight, body 

temperature, blood leukocyte counts or M. haemolytica numbers in nasal swabs. 

Though they were identical with respect to the parameters mentioned above, 

analysis by 2D-PAGE revealed that there were significant differences in the BALF 

proteome between the groups (Chapter 2). Calves that later developed pneumonia had 

significantly lower levels of proteins that have anti-inflammatory functions and 

promote resolution of tissue damage, including annexin A1, RAGE-binding protein, 

apolipoprotein-A, heat shock protein beta-1, and thioredoxin. Calves that remained 

healthy had significantly lower levels of antioxidant and pro-inflammatory proteins 

such as immunoglobulin light chain, cyclophilin A, serum albumin and glutathione S-

transferase P. Although neither group showed clinical signs or abnormal hematologic 

findings soon after arrival to the feedlot, the calves that later developed pneumonia 
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had expression of different proteins in the BALF resembling an inflammatory 

response occurring in the lung.  

It is worth considering the reasons that the calves that later developed 

pneumonia had evidence of an inflammatory response in the lung soon after arrival, in 

spite of not having any clinical signs or abnormal hematologic findings at that time. 

Each calf in this group was matched to a healthy control from the same cohort, and 

they are assumed to have experienced similar physical and environmental conditions. 

There are a few possibilities for having inflammation in the lung without clinical 

signs. First, it might be that the calves had subclinical pneumonia at that time. If this 

was present, the lack of clinical signs or hematologic changes suggests that it was 

very mild, and the absence of typical acute phase proteins such as haptoglobin in the 

list of differentially expressed BALF proteins (Boehmer et al., 2011) further suggests 

that this was not the case.  

Second, the calves that later developed pneumonia could have had a viral 

infection at the time of arrival, prior to the development of bacterial pneumonia, and 

this viral infection may have contributed to changes in the BALF proteome. However, 

having no significant difference in the hematologic findings in both groups argues 

against the possibility of viral infection at the time of sampling in the calves that later 

developed pneumonia. Some may suggest measuring an acute phase protein like 

haptoglobin on arrival in blood would have ruled out the possibility of a viral 

infection, but an early investigation in this thesis work revealed no correlation 

between on-arrival serum haptoglobin levels and later development of pneumonia 

(data not shown).  
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Third, it may be that the calves that later developed pneumonia had self-

inflicted damage in the lung due to an excessively reacting immuno-inflammatory 

response prior to the development of clinical signs of pneumonia, since they do have 

markers of inflammation and/or injury (albumin precursor and immunoglobulin) with 

no evidence of viral infection. Since the study did not examine the BALF before 

transportation, it cannot be assessed whether the changes identified soon after arrival 

represent the “normal BALF proteome” for these calves, or if these differences 

developed as a result of the stresses of weaning and transportation. If the former is 

true and this is their “normal BALF proteome”, then these calves may respond to 

abrupt weaning, transportation, and co-mingling by “adding fuel to the fire” and 

mounting an exaggerated or dysregulated immuno-inflammatory response to 

otherwise minor stimuli. Alternatively, there is evidence that the lung proteome 

changes with transportation (Mitchell et al., 2008), supporting the latter possibility 

that the altered BALF proteome resulted from weaning and transportation stress. 

Resolving this important question will require additional study.  

Finally, differences in the response to weaning and transportation stress merits 

consideration, as a reason for the changes resembling inflammation in BALF of the 

calves that later developed pneumonia. For an identical stress, it is possible that these 

two groups produced or secreted different proteins. It may be that the calves that later 

developed pneumonia either had an overacting immune system or activation of 

different protein responses after experiencing the stress compared to the calves that 

remained healthy. These differences in BALF proteins could reflect altered gene 

expression, leakage of cytoplasmic contents or infiltration of cells that were not 

previously present in the lung.  
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During stress, the body elicits a specific physiologic response of the 

magnitude necessary to maintain or return to homeostasis. Acute stresses like 

weaning, transportation and change in the environment require rapid and explicit 

cellular responses for proper adaptation to augment cell survival in response to 

extracellular changes. Several studies show that transportation stress in beef calves 

activates the hypothalamic–pituitary–adrenal (HPA) axis, resulting in increased 

plasma glucocorticoid concentrations (Sporer et al., 2008) and altered neutrophil gene 

expression (Buckham Sporer et al., 2007). Since we sampled the BALF at 2-3 days 

after transportation, there was ample time for de novo synthesis of proteins by airway 

epithelium and leukocytes in the lung, in response to the transportation stress. 

Proteins that were differentially expressed including RAGE-binding protein 

and thioredoxin are mostly intracellular, while annexin A1 and apolipoprotein are 

both intracellular and extracellular. Cyclophilin A and glutathione S-transferase high 

in calves that later developed pneumonia are mostly cytoplasmic and structural 

proteins. This may suggest that the calves that later developed pneumonia had cellular 

leakage or damage of cells.  

A limitation of the first study was the lower reproducibility of the analysis 

using the Prodigy software. Although the 2D-PAGE gels had consistent patterns of 

protein spots, the reproducibility of the software analysis was as low as 70 %. This 

analysis was carried out three times using the same set of gel images. Each time, 15-

20 spots were identified as differentially expressed, but only 10 spots were 

consistently identified as significant. Even among the ten spots, their rank (based on 

the fold-increase and the P value) were not consistent at all three times, except for the 

spot identified as annexin A1. Since the spots were picked by manual selection, 
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identification by mass spectrometry was restricted to those spots visible to the naked 

eye. Because of these drawbacks, the protein isolation and identification of those 14 

samples was repeated using the DIGE technique. 

Isolation and identification of proteins by DIGE is explained in Chapter 3. 

There were more than 25 spots that were significantly different in the calves that 

remained healthy compared to the calves that later developed pneumonia. Since the 

spot-picking gels were stained by Sypro Ruby, which is less sensitive than the 

CyDyes, only 12 spots that were significantly higher in calves that remained healthy 

were selected for mass spectrometry analysis. Calves that later developed pneumonia 

did not have any protein spots that were significantly higher than the other group. 

Contrary to the initial hypothesis, innate defence proteins were not found among the 

differentially expressed proteins. 

Among the 12 spots that were significantly higher in calves that remained 

healthy, three spots were annexin A1 and two spots were annexin A2. The western 

blot of BALF for annexin A1 and annexin A2 showed three and two bands 

respectively, the same as the number of spots in the DIGE gel. Further, annexin A1 

and A2 Western blot band intensities perceived by visual inspection, were higher in 

calves that remained healthy compared to calves that later developed pneumonia, 

confirming the finding in the DIGE experiment. 

Annexin A1 levels were identified as significantly higher in calves that 

remained healthy by three techniques: 2D-PAGE, DIGE and western blot. It was 

found that the annexin A1 and A2 spots were superimposed in the 2D-PAGE gel. In 

contrast, those spots were well separated using DIGE, and ended up having five spots: 

three for annexin A1 and two for annexin A2.  
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The total number of protein spots identified by DIGE was five-fold higher 

than by 2D-PAGE. The CyDyes are more sensitive, detecting as little as 0.25 ng of 

protein compared to 1 ng for Sypro Ruby stain. Thus, DIGE is more effective for 

analyzing low abundance proteins compared to 2D-PAGE, and the fluorescent 

labeling helps to visualize these protein spots more easily compared to the non-

fluorescent Sypro Ruby staining. Though the 1
st
 and 2

nd
 dimension running conditions 

were kept the same for the 2D-PAGE and DIGE separations, the spots in DIGE were 

better separated compared to 2D-PAGE. The use of different electrophoresis units for 

the second dimension (Multiphor II Electrophoresis System for 2D-PAGE, and 

DALT6 electrophoresis unit for DIGE) may explain this difference. Perhaps more 

importantly, the DIGE gels were larger than the 2D-PAGE gels, and this may also 

have contributed to better separation of the protein spots.  

Different proteins were identified as differentially expressed in the 2D-PAGE 

and DIGE analyses, with the exception of annexins A1 and A2 that were identified in 

both analyses. The protein spots that were identified by DIGE as differentially 

expressed were small spots (low abundance proteins). On the other hand, some spots 

showed significant differential expression when analyzed by 2D-PAGE but not by 

DIGE, and these were large spots (high abundance proteins). This raises the 

possibility that DIGE is a better method for analysis of low abundance proteins. Some 

small spots (low-abundance proteins) that were identified by DIGE to be differentially 

expressed were not consistently visualized with Sypro Ruby and were therefore 

removed from the mass spectrometry analysis. Therefore, it is likely that the 2D-

PAGE and to a lesser extent the DIGE analyses were biased against detecting low 

abundant proteins, and depletion of high abundance proteins may be needed to 
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identify these low abundance proteins. 

The 2D-PAGE spot volumes were analyzed using the statistical analysis 

software SAS. This analysis confirmed that the upper and lower limit of the 

confidence intervals of the differentially expressed spots were higher for the one 

group compared to the other. In the DIGE analysis, the density of those particular 

spots differed between groups but the differences were not statistically significant. 

Since DIGE has an internal control, an increased level of high abundance proteins in 

one group could increase the protein content of the internal standard. However, since 

the internal standard is normalized between gels of both groups, this normalization 

could potentially lessen the difference and make it non-significant. Thus, a difference 

in the ability to detect low-abundance vs. high-abundance proteins is one reason for 

the disparity between 2D-PAGE and DIGE in terms of the resulting list of 

differentially expressed proteins. 

Irrespective of the above limitations, combining the analysis of the 2D-PAGE 

and DIGE experiments revealed two important conclusions. First, prior to the 

development of any clinical signs of pneumonia, healthy calves that remained healthy 

had higher levels in the BALF of proteins that are anti-inflammatory and promote 

resolution, compared to the calves that later developed pneumonia. Second, levels of 

annexins A1 and A2 were significantly higher in BALF of the calves that remained 

healthy compared to the calves that later developed pneumonia. 

Annexins A1 and A2 have potentially important roles in the pathogenesis of 

shipping fever pneumonia, and the expression of both of these proteins is increased by 

corticosteroids (Taylor et al., 1993; Peers et al., 1993; Loxley et al., 1993a; Raynal 

and  Pollard, 1994; Liu et al., 2004). Annexin A1 is a glucocorticoid-induced 
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cytoplasmic and cell membrane-associated protein that plays several roles including 

endocrine signalling (Buckingham et al., 2006)), regulation of neutrophil migration 

(Solito et al., 2003a) and macrophage phagocytosis (Maderna et al., 2005). Annexin 

A2 is important in several biological processes including fibrinolysis (Ling et al., 

2004) and airway remodeling and repair (Patchell et al., 2007). Together, annexin A1 

and A2 may control neutrophil influx, promote removal of fibrin and enhance the 

resolution of inflammation during or after M. haemolytica infection. Since this 

response is thought to be tissue damaging and contribute to the development of 

clinical disease (Slocombe et al., 1985), in part due to the lethal effect of leukotoxin 

on neutrophils, these effects may be of considerable importance.  

Since annexin A1 and A2 levels were significantly higher in BALF of calves 

that remained healthy, knowing the cellular source of these annexins and how their 

expression changes with M. haemolytica infection became important. Thus, the next 

experiment (Chapter 4) was designed to study the localization of annexin A1 and A2 

in the respiratory tract and the resident leukocytes in the lung. 

Tissues from the respiratory tract of healthy male calves were collected for 

immunohistochemistry. For the experimental infection, M. haemolytica was 

inoculated into the bronchi of six Holstein bull calves, and the control calves were 

similarly given PBS. Within 24 hours of challenge, all infected calves developed 

moderate to severe clinical signs of pneumonia as well as ultrasonographic evidence 

of consolidation. All the calves were euthanized at 5 days after infection and relevant 

tissues were collected for immunohistochemistry. For immunocytochemistry, blood 

and BALF were collected from two healthy 2-3 month old Holstein male calves; and 
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for the flow cytometry, peripheral blood was collected from eight healthy adult 

Holstein cows.  

This study showed that annexins A1 and A2 were abundantly expressed in the 

airway of healthy calves, and this pattern of expression was similar with 

experimentally induced M. haemolytica pneumonia, except for a subjective increase 

in labeling intensity of annexin A1 in the smaller bronchioles of infected animals. 

Measuring gene expression during lung inflammation would help to confirm this 

finding. If the expression of annexin A1 increases in the bronchioles with 

inflammation it could also contribute to increased levels of annexin A1 during 

inflammation.   

Flow cytometry and immunocytochemistry labeled annexin A1 in 100 % of 

the blood neutrophils, and the labeling was mostly cytoplasmic and not on the cell 

surface. There is no convincing evidence of labeling of blood monocytes and 

lymphocytes using immunocytochemistry. The flow cytometry findings show that a 

small proportion of monocytes and lymphocytes have annexin A1 on the cell surface.  

Immunocytochemistry also labeled cytoplasmic annexin A1 in neutrophils in the 

BALF. Macrophages and lymphocytes in the BALF were not labeled, except for 

labeling of large foamy macrophages that may have resulted from phagocytosis of 

epithelial cells or neutrophils that contained annexin A1 protein. 

These findings highlight the role of airway epithelial cells in secreting not only 

antimicrobial factors, but also factors that modulate the host response to inhaled 

substances including infectious agents. The innate immune system of the lung 

includes soluble proteins secreted mainly by airway epithelial cells, resident 

leukocytes, and non-resident leukocytes. Airway epithelial cells not only act as a 
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physical barrier that defends against potentially harmful inhaled substances and 

microbial pathogens, but also regulate both innate and adaptive immunity through 

production of several proteins (reviewed in Swamy et al., 2010). Some of these 

proteins/peptides are lysozyme, lactoferrin, defensins, cathelicidins, collectins, 

pentraxins, secretory leukocyte protease inhibitor (SLPI), serum amyloid A (SAA), 

odorant binding protein, Clara cell secretory protein (CC10 or CCSP), SP-A, and SP-

D. Many of these proteins are ready to recognize and inactivate microbes and 

microbial products entering the lungs, whereas leukocyte recruitment and activation 

of the adaptive immune system takes more time.  

Toll like receptors (TLRs) are positioned on lung epithelial cells to enable 

recognition of microorganisms that are encountered on the mucosal surface and may 

threaten the host. TLR4 recognizes lipopolysaccharide (LPS) of Gram-negative 

bacteria and the fusion protein of respiratory syncytial virus. TLR signalling can lead 

to activation of several transcription factors, including NF-κB and interferon 

regulatory factors (IRFs) such as IRF-3, IRF-5 and IRF-7 (reviewed in Beutler, 2004).  

Activation of epithelial cells by pathogen (microbe) and danger associated 

molecular patterns (PAMPs and DAMPs) induces a rapid innate immune response to 

recruit leukocytes to the mucosa, initiating adaptive immunity and resolving the 

threat. Deficiency or incongruous regulation of the synthesis of these proteins and 

other molecules by the airway epithelium contributes to epithelial colonization by 

microorganisms (Kato and  Schleimer, 2007; reviewed in Lambrecht and  Hammad, 

2012). In contrast, during sustained airway inflammatory diseases like asthma, 

dysregulated epithelial cells undergo prolonged and robust activation resulting in the 
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release of large quantities of pro-inflammatory cytokines, chemokines and growth 

factors that attract leukocytes and trigger tissue damage(Sethi and  Murphy, 2008). 

The host produces LPS-binding protein (LBP), a protein that binds to LPS 

from Gram-negative bacteria. This binding initiates recognition of the bacteria by the 

CD14 receptor on the cell surface of the leukocytes or epithelial cells (Wright et al., 

1990). After binding of TLR4 by LBP:LPS complexes and membrane CD14, MD-2 is 

needed for the activation of downstream intracellular signalling (Shimazu et al., 

1999). LBP is mainly produced from the liver, and extra-hepatic production of LBP 

has been reported in rat pulmonary artery smooth muscle cells (Wong et al., 1995) 

and human type II pneumocytes (Dentener et al., 2000).  

The importance of these interactions among LPS, LBP and TLR4 for the 

initiation of innate immunity in the lungs is well established. Humans with mutations 

in the TLR4 gene are hypo-responsive to inhaled LPS (Arbour et al., 2000). Rabbits 

pre-treated with anti-TLR4 monoclonal antibodies showed lower number of 

neutrophils and reduced amount of CXCL8 in BALF following intrabronchial 

introduction of LPS (Smith et al., 2008). LPS is formed by glycosylation of lipid A in 

the bacterial envelope, and annexins A1 and A2 bind to lipid A, prevent LBP from 

binding to lipid A, and inhibit the interaction of the LPS:LBP complex with TLR4 

(Eberhard and  Vandenberg, 1998). Thus, having higher levels of annexins A1 and A2 

in the lung may suppress the inflammatory response to LPS. In the context of 

shipping fever pneumonia, this may be advantageous since it could act as a control 

mechanism to prevent the exaggerated inflammatory response that characterizes this 

disease. 
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Our findings show that annexins A1 and A2 are produced in abundance in 

airway epithelial cells, and may play a role in dampening the injurious inflammatory 

response in the lung and airway. This supports the concept that airway epithelial cells 

can produce pro-inflammatory factors and play a vital role in initiating and 

augmenting airway host defense mechanisms when encountering pathogens in the 

inhaled air, yet the resting airway epithelium helps to maintain homeostasis and the 

non-inflamed state of the healthy lung despite constant inhalation of potentially pro-

inflammatory stimuli like bacteria. If this concept is valid, then dysregulation of 

epithelial cells in the lung and airway could lead to airway and lung damage by the 

ensuing inflammatory response. 

The findings in this thesis suggest that annexins A1 and A2 play a role in 

preventing the development of bacterial pneumonia in beef cattle. There is ample 

evidence in the literature that supports their functions in regulating inflammation and 

safeguarding the host from harmful immuno-inflammatory responses. Therefore, in 

addition to the empirical evidence from Chapters 2 and 3, I propose that the known 

functions of annexin A1 and A2 make them plausible candidates as biomarkers of 

bacterial pneumonia in beef cattle.  

We sampled 162 animals soon after arrival to the feedlot, but the study groups 

for 2D-PAGE and DIGE consisted of only seven animals per group. To validate the 

results, these findings needed to be replicated with a study group involving increased 

number of BALF samples. 2D-PAGE and DIGE are expensive and labour-intensive 

methods to compare annexins A1 and A2 levels between two groups. Therefore, there 

was a need for development of a more efficient and high-throughput technique to 

quantify annexins A1 and A2 in BALF. 
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ELISA is a popular quantitative technique for measuring proteins or other 

antigens in body fluids. The advantages of ELISA over 2D-PAGE or DIGE are 

several, including the ability to run numerous samples at the same time, lower cost, 

increased sensitivity, and ability to measure the actual concentration of the protein in 

each sample. Since there was no commercial ELISA kit available for these proteins, 

an ELISA was developed for quantifying annexin A1 in bovine BALF.  

In the first approach, development of a sandwich ELISA was attempted. Two 

commercially available antibodies were used: a rabbit polyclonal capture antibody 

raised against the full length of human annexin A1 protein  and a goat polyclonal 

detection antibody raised against the C-terminus of human annexin A1 protein. A 

lysate of annexin A1-overexpressing 293T cells was used as the protein standard. 

After several weeks of optimization, 3.5-fold difference was achieved between non-

specific (buffer only, no antigen) and specific binding (1μg/ml of annexin A1 lysate) 

with normal horse serum as the blocking agent (Appendix 11). This fold-increase was 

not reproducible with the purchase of a new lot of the annexin A1 lysate, and this 

approach had to be abandoned (Appendix 12).  

In the second approach, the capture and detection antibodies remained the 

same, but the protein standard was changed to annexin A1 native protein from bovine 

lung (MBS318252, MybioSource, Inc. San Diego, CA, USA). This approach was 

abandoned after several unsuccessful attempts to increase the specific binding, with 

different combination of conditions.  

In the third and most successful approach, a new pair of antibodies was used 

as well as annexin A1 native protein from bovine lung as the protein standard, and 

promising results were obtained within a few experiments. The details of this study 
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are elaborated in Chapter 5. Although differences between lots of these paired 

antibodies gave some problems with reproducibility, it was found that within the same 

lot the assay was very consistent. Further, one set of paired antibodies could be used 

for four 96-well plates of samples, and the above problem could be easily prevented 

by planning the experiments in advance and buying sufficient antibody of the same 

lot.  

The merits of normalizing the BALF before conducting the assay has been 

debated for decades, and there is no a standard method accepted by the research 

community that would introduce minimum variation between samples. For the 2D-

PAGE and DIGE, we standardised the samples by adding the same amount of total 

protein for each sample. For the ELISA, adding neat BALF samples resulted in very 

low differences in annexin A1 levels between the two study groups, even though the 

prior DIGE and 2D-PAGE analyses showed significant differences between the 

groups. In contrast, when the samples were normalized to 1 μg of protein for each 

well in the ELISA assay, the difference of annexin A1 levels between the two groups 

became apparent, although not statistically significant, and it was consistent with the 

DIGE results. Further, the correlation between the DIGE and ELISA data was high at 

0.8 (Chapter 5). 

The development of a sandwich ELISA for bovine annexin A1 is an important 

milestone in the development of a biomarker for susceptibility to bovine bacterial 

pneumonia. This will allow us to quantify annexin A1 in larger numbers of BALF 

samples in a short time with greater accuracy. This will facilitate the study of annexin 

A1 levels in normal and stressed calves, examine changes over time in the same 

animal, correlate annexin A1 levels with single nucleotide polymorphisms, replicate 
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the present findings in a large cohort of calves, and test other biological samples that 

may be more easily obtained and therefore suitable for routine diagnosis.  

Unanswered questions arising from this work include the relevance of the 

findings to biological samples other than BALF, the reason that annexin and cortisol 

levels are unexpectedly higher in healthy calves that remain healthy compared to 

those that later develop disease, the effect of time after arrival to the feedlot on the 

findings, and the relevance of the findings in this group of calves to the broader 

population. Sampling BALF is not practical for routine screening of feedlot cattle. 

BALF is an appropriate sample for detecting changes in the epithelial lining fluid of 

the distal airways (Kelly et al., 2000; Lilly et al., 2001; Wu et al., 2005; Erpenbeck et 

al., 2006), and we previously found that proteins in the BALF change with 

transportation stress (Mitchell et al., 2007). Therefore, this was used as the sample for 

the current study, but investigating alternative samples would be beneficial, including 

nasal fluid, serum, and perhaps exhaled breath condensate. An initial study of exhaled 

breath successfully harvested the condensate, but protein bands could not be detected 

on silver-stained SDS-PAGE, and the condensate did not have a sufficient amount of 

protein to detect haptoglobin using a highly sensitive commercial ELISA kit 

(detection limit of 0.1 ng/mL) (data not shown). Since the respiratory epithelium is an 

important source of annexins A1 and A2, an alternate sample such as serum may not 

reflect changes in lung annexin levels in the same way that BALF does, but it still 

may be worth investigating whether there is a significant correlation between 

annexins A1 and A2 levels in BALF and blood, before and soon after transportation. 

On the other hand, regulation of annexin levels in bronchial and nasal epithelium may 
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be more similar, suggesting that nasal swabs may be a more comparable sample to 

BALF for this purpose. 

Serum cortisol levels were higher in calves that remained healthy compared to 

calves that later developed pneumonia, although this was not statistically significant. 

There was a weakly positive correlation between serum cortisol concentrations and 

annexin A1 levels in BAL fluid. This relationship is credible, since cortisol induces 

synthesis and secretion of annexins. However, an unexpected finding was that cortisol 

and annexin A1 levels were higher in healthy calves that remained healthy compared 

to those that later developed disease. This finding is not consistent with the simplistic 

explanation that stress-induced cortisol release triggers annexin A1 synthesis. It is 

known that calves exposed to the same stressors have individual differences in 

activation of the HPA axis, and the observed cortisol levels therefore depend not only 

on the stressful experience but also the animal’s response to this experience. 

Furthermore, cortisol and annexin may have a host-protective effect that explains the 

above observed relationship between annexin levels and disease outcome. 

In this study, blood samples were taken two to three days after arrival of the 

calves to the feedlot. This time may reflect their normal physiological levels of 

cortisol rather than the more rapid cortisol increase in response to transportation. 

Since cortisol has a pulsatile release, serial blood sampling before and immediately 

after transportation would be needed to validate the changes in blood cortisol levels in 

response to transportation stress. Further, the time lapse between elevation in cortisol 

levels and subsequent induction of annexin gene expression in calves is unknown. 

Because of the pulsatile release and volatile levels of cortisol, quantifying serum 

cortisol levels may not be suitable to predict susceptibility to bacterial pneumonia. 
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The changes in annexin levels may be more prolonged and stable, making them 

potentially a better indicator, analogous to measuring acute phase proteins instead of 

inflammatory cytokines in serum samples.  

A final implication of these findings involves the balance of the beneficial and 

harmful effects of glucocorticoids in acute stress. It is well established in the literature 

that transportation stress with or without viral infection is the major contributing 

factor in the development of bacterial pneumonia in cattle (Lopez et al., 1976; 

Woldehiwet and  Sharma, 1992; Salak-Johnson and  McGlone, 2007) Calves develop 

an increased level of serum cortisol after transportation, although this is inconsistent 

among studies (Slocombe et al., 1984; Kim et al., 2011; Theurer et al., 2013). 

Previous studies show an inverse correlation between the duration of increased blood 

cortisol levels and mortality due to BRD (reviewed in Hodgson et al., 2005). It was 

shown that corticosteroid therapy can reduce inflammatory lung injury in 

experimental M. haemolytica infection (Sustronck et al., 1997; Malazdrewich et al., 

2004; Hewson et al., 2011). Corticosteroid therapy may lessen production of pro-

inflammatory cytokines, and increase annexin A1 and A2 synthesis and secretion in 

the respiratory tract. Increased levels of annexins A1 and A2 may control 

inflammation and help in resolution of lung health during and soon after 

transportation. However, caution is necessary because of the potentially negative 

effects of corticosteroid therapy in calves experiencing viral infection, although it is 

notable that aerosol and intravenous glucocorticoids are a standard therapy for 

children with croup (caused by parainfluenza virus). Thus, steroid therapy prior to 

weaning and transport stress is an alternative approach for control of BRD in beef 

calves that may be worthy of further study. 
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 Additional work is needed to advance our understanding of the role of 

annexins in BRD and to further develop a laboratory test to measure disease 

susceptibility. The correlation between BALF annexin A1 and A2 levels should be 

measured in one or more larger populations of beef calves to confirm the findings. 

Annexin A1 and A2 levels in BALF should be followed over time in individual 

calves, to determine the stability of differences between animals and to determine the 

effects of weaning and transportation stress on the levels of these proteins. The 

correlation between annexin A1 levels in serum, nasal fluids and BALF during health, 

stress and disease should be studied to find an alternative sample that is more 

applicable to routine testing. The annexin A1 sandwich ELISA should be optimized, 

and an ELISA for annexin A2 should be developed. Finally, much remains to be 

learned of the effect of annexin A1 on bovine leukocytes and airway epithelial cells, 

and this remains a fruitful area of basic research with the potential for clinical 

applications.  

 

The following are the major findings and developments of the project. 

1. Healthy beef calves that later developed bacterial pneumonia had significantly 

lower levels in BALF, compared to calves that remained healthy, of anti-

inflammatory proteins and proteins that help in resolution of inflammation. 

These proteins included annexins A1 and A2, peroxiredoxin I, calycyphosin, 

superoxide dismutase, macrophage capping protein (based on DIGE analysis); 

and dihydrodiol dehydrogenase 3, RAGE-binding protein, apolipoprotein-A, 

heat shock protein beta-1, and thioredoxin (based on 2D-PAGE analysis). 
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2. Annexin A1 has a potentially important role in regulating inflammation and 

preventing clinical signs of bacterial pneumonia in beef calves. 

3. Annexin A2 may aid in resolution of inflammation in the lung due to bacterial 

pneumonia in beef calves. 

4. Annexins A1 and A2 are abundant in the airway epithelium of cattle, and the 

expression does not change with experimental infection by M. haemolytica. 

5. Bovine neutrophils present in blood and BALF have copious annexin A1 in 

the cytoplasm, but no or very little annexin A1 on the cell surface. 

Lymphocytes and monocytes have significant but low expression of annexin 

A1 on the cell surface. In the BALF, cells that resemble foamy macrophages 

have annexin A1 in the vacuoles.  

6. A sandwich ELISA for quantification of bovine annexin A1 in BALF was 

developed. This assay may facilitate studying the biology of annexin A1 in 

cattle during health, stress and disease, and aid in the development of a 

laboratory test for susceptibility to bacterial pneumonia.  

These advances are expected to have implications with respect to understanding the 

pathogenesis of the bovine respiratory disease complex, laboratory test development, 

and improved methods of disease control. 
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Appendix 1. Alignment of amino acid sequences for three annexin A1 isoforms (splice variants) in humans (Genbank reference numbers) 

 EAW62550.1 [CRA_a], EAW62546.1 [CRA_b], EAW62548.1 [CRA_c]), and the annexin A1 sequence in cattle (NCBI reference number 

NP_786978.2)  

EAW62550.1       -------------MAMVSEFLKQAWFIENEEQEYVQTVKSSKGGPGSAVSPYPTFNPSSD 47 

EAW62546.1       MSPRMECSDTFSKMAMVSEFLKQAWFIENEEQEYVQTVKSSKGGPGSAVSPYPTFNPSSD 60 

EAW62548.1       MN--LILRYTFSKMAMVSEFLKQAWFIENEEQEYVQTVKSSKGGPGSAVSPYPTFNPSSD 58 

NP_786978.2      -------------MAMVSEFLKQAWFIENEEQEYIKTVKGSKGGPGSAVSPYPTFNPSSD 47 

                              *********************::***.******************** 

 

EAW62550.1       VAALHKAIMVKGVDEATIIDILTKRNNAQRQQIKAAYLQETGKPLDETLKKALTGHLEEV 107 

EAW62546.1       VAALHKAIMVKGVDEATIIDILTKRNNAQRQQIKAAYLQETGKPLDETLKKALTGHLEEV 120 

EAW62548.1       VAALHKAIMVKGVDEATIIDILTKRNNAQRQQIKAAYLQETGKPLDETLKKALTGHLEEV 118 

NP_786978.2      VEALHKAITVKGVDEATIIEILTKRNNAQRQQIKAAYLQEKGKPLDEVLKKALLGHLEEV 107 

                 * ****** **********:********************.******.***** ****** 

 

EAW62550.1       VLALLKTPAQFDADELRAAMKGLGTDEDTLIEILASRTNKEIRDINRVYREELKRDLAKD 167 

EAW62546.1       VLALLKTPAQFDADELRAAMKGLGTDEDTLIEILASRTNKEIRDINRVYREELKRDLAKD 180 

EAW62548.1       VLALLKTPAQFDADELRAAMKGLGTDEDTLIEILASRTNKEIRDINRVYREELKRDLAKD 178 

NP_786978.2      VLALLKTPAQFDAEELRAAMKGLGTDEDTLNEILASRTNREIREINRVYREELKRDLAKD 167 

                 *************:**************** ********:***:**************** 

 

EAW62550.1       ITSDTSGDFRNALLSLAKGDRSEDFGVNEDLADSDARALYEAGERRKGTDVNVFNTILTT 227 

EAW62546.1       ITSDTSGDFRNALLSLAKGDRSEDFGVNEDLADSDARALYEAGERRKGTDVNVFNTILTT 240 

EAW62548.1       ITSDTSGDFRNALLSLAKGDRSEDFGVNEDLADSDARALYEAGERRKGTDVNVFNTILTT 238 

NP_786978.2      IASDTSGDYEKALLSLAKGDRSEELAVNDDLADSDARALYEAGERRKGTDVNVFITILTT 227 

                 *:******:.:************::.**:************************* ***** 
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EAW62550.1       RSYPQLRRVFQKYTKYSKHDMNKVLDLELKGDIEKCLTAIVKCATSKPAFFAEKLHQAMK 287 

EAW62546.1       RSYPQLRRVFQKYTKYSKHDMNKVLDLELKGDIEKCLTAIVKCATSKPAFFAEKLHQAMK 300 

EAW62548.1       RSYPQLRRVFQKYTKYSKHDMNKVLDLELKGDIEKCLTAIVKCATSKPAFFAEKLHQAMK 298 

NP_786978.2      RSYPHLRRVFQKYSKYSKHDMNKVLDLELKGDIEKCLTVIVKCATSQPMFFAEKLHQAMK 287 

                 ****:********:************************.*******:* *********** 

 

EAW62550.1       GVGTRHKALIRIMVSRSEIDMNDIKAFYQKMYGISLCQAILDETKGDYEKILVALCGGN 346 

EAW62546.1       GVGTRHKALIRIMVSRSEIDMNDIKAFYQKMYGISLCQAILDETKGDYEKILVALCGGN 359 

EAW62548.1       GVGTRHKALIRIMVSRSEIDMNDIKAFYQKMYGISLCQAILDETKGDYEKILVALCGGN 357 

NP_786978.2      GIGTRHKTLIRIMVSRSEIDMNDIKACYQKLYGISLCQAILDETKGDYEKILVALCGRD 346 

                 *:*****:****************** ***:************************** : 
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Scores table for the above alignment 

SeqA Name Length SeqB Name Length Score 

1 EAW62550.1 346 2 EAW62546.1 359 100.0 

1 EAW62550.1 346 3 EAW62548.1 357 100.0 

1 EAW62550.1 346 4 NP_786978.2 346 90.46 

2 EAW62546.1 359 3 EAW62548.1 357 98.04 

2 EAW62546.1 359 4 NP_786978.2 346 90.46 

3 EAW62548.1 357 4 NP_786978.2 346 90.46 
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Appendix 2. NCBI reference numbers and alignment of amino acid sequences for annexin A1 protein for eleven animal species.   

1) Homo sapiens, isoform CRA_a: EAW62550.1 

2) Bos taurus: NP_786978.2 

3) Mus musculus: NP_034860.2 

4) Rattus norvegicus: NP_037036.1 

5) Pan troglodytes: NP_001092037.1 

6) Felis catus: NP_001009857.1 

7) Canis lupus familiaris, predicted: XP_533524.2 

8) Equus caballus: NP_001075336.1 

9) Ovis aries, predicted: XP_004004354.1 

10) Sus scrofa: NP_001157470.1 

11) Gallus gallus: NP_996789.1
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EAW62550.1          MAMVSEFLKQAWFIENEEQEYVQTVKSSKGGPGSAVSPYPTFNPSSDVAALHKAIMVKGV 60 

NP_001092037.1      MAMVSEFLKQAWFIENEEQEYVQTVKSSKGGPGSAVSPYPTFNPSSDVAALHKAIMVKGV 60 

NP_034860.2         MAMVSEFLKQARFLENQEQEYVQAVKSYKGGPGSAVSPYPSFNVSSDVAALHKAIMVKGV 60 

NP_037036.1         MAMVSEFLKQACYIEKQEQEYVQAVKSYKGGPGSAVSPYPSFNPSSDVAALHKAIMVKGV 60 

NP_001009857.1      MAMVSEFLKQAWFIENEEQEYVKTVKSSKGGPGSAVSPYPSFNPSSDVAALHKAITVKGV 60 

XP_533524.2         MAMVSEFLKQAWFIENEEQEYIETVKGSKGGPGSAVSPYPSFNPSSDVAALHNAITVKGV 60 

NP_001075336.1      MSMVSAFLKQAWFIENEEQEYIKAVKGSKGGPGSAVSPYPSFNPSSDVDALHKAITVKGV 60 

NP_786978.2         MAMVSEFLKQAWFIENEEQEYIKTVKGSKGGPGSAVSPYPTFNPSSDVEALHKAITVKGV 60 

XP_004004354.1      MAMVSEFLKQAWFIENEEQEYIKTVKGSKGGPGSAVSPYPTFNPSSDVEALHKAITVKGV 60 

NP_001157470.1      MAMVSEFLKQAWFIDNEEQEYIKTVKGSKGGPGSAVSPYPTFNPSSDVEASHKAITVKGV 60 

NP_996789.1         MAMVSEFLKQAWFMDNQEQECIKSSKG-----GSSVQSRPNFDPSADVSALDKAITVKGV 55 

                    *:*** ***** :::::*** ::: *.     **:*.. *.*: *:** * .:** **** 

 

EAW62550.1          DEATIIDILTKRNNAQRQQIKAAYLQETGKPLDETLKKALTGHLEEVVLALLKTPAQFDA 120 

NP_001092037.1      DEATIIDILTRRNNAQRQQIKAAYLQETGKPLDETLKKALTGHLEEVVLALLKTPAQFDA 120 

NP_034860.2         DEATIIDILTKRTNAQRQQIKAAYLQENGKPLDEVLRKALTGHLEEVVLAMLKTPAQFDA 120 

NP_037036.1         DEATIIDILTKRTNAQRQQIKAAYLQETGKPLDETLKKALTGHLEEVVLAMLKTPAQFDA 120 

NP_001009857.1      DEATIIDILTKRNNAQRQQIKAAYLQEKGKPLDEALKKALSGHLEEVVLALLKTPAQFDA 120 

XP_533524.2         DEATIIDILTKRNNAQRQQIKAAYLQEKGKPLDEALKKALSGHLEEVVLALLKTPAQFDA 120 

NP_001075336.1      DEATIIEILTKRNNAQRQQIKAAYLQEKGKPLDEALKKALTGHLEDVALALLKTPARFDA 120 

NP_786978.2         DEATIIEILTKRNNAQRQQIKAAYLQEKGKPLDEVLKKALLGHLEEVVLALLKTPAQFDA 120 

XP_004004354.1      DEATIIEILTKRNNAQRQQIKAAYLQEKGKPLDEVLKKALLGHLEEVVLALLKTPAQFDA 120 

NP_001157470.1      DEATIIEIHTKRTNAQRQQIKAAYLQEKGKPLDEALKKALTGHLEEVALALLKTPAQFDA 120 

NP_996789.1         DEATIIDILTKRTNAQRQQIKAAYQQAKGKSLEEDLKKVLKSHLEDVVVALLKTPAQFDA 115 

                    ******:* *:*.*********** * .**.*:* *:*.* .***:*.:*:*****:*** 
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EAW62550.1          DELRAAMKGLGTDEDTLIEILASRTNKEIRDINRVYREELKRDLAKDITSDTSGDFRNAL 180 

NP_001092037.1      DELRAAMKGLGTDEDTLIEILASRTNKEIRDINRVYREELKRDLAKDITSDTSGDFRNAL 180 

NP_034860.2         DELRGAMKGLGTDEDTLIEILTTRSNEQIREINRVYREELKRDLAKDITSDTSGDFRKAL 180 

NP_037036.1         DELRAAMKGLGTDEDTLIEILTTRSNQQIREITRVYREELKRDLAKDITSDTSGDFRNAL 180 

NP_001009857.1      EELRAAMKGLGTDEDTLDEILVSRTNKEIREINRVYREELKRDLAKDITSDTSGDYRNAL 180 

XP_533524.2         DELRGAMKGLGTDEDTLDEILASRTNKEIREINRVYREELKRDLAKDITSDTSGDYRNAL 180 

NP_001075336.1      DELRAAMKGLGTDEDTLIEILTSRTNKEIREINRVYREELKRDLAKDITSDTSGDFQKAL 180 

NP_786978.2         EELRAAMKGLGTDEDTLNEILASRTNREIREINRVYREELKRDLAKDIASDTSGDYEKAL 180 

XP_004004354.1      EELRAAMKGLGTDEDTLNEILASRTNGEIREINRVYREELKRDLAKDIASDTSGDYEKAL 180 

NP_001157470.1      DELRAAMKGLGTDEDTLNEILASRTNREIREINRVYKEELKRDLAKDITSDTSGDYQKAL 180 

NP_996789.1         EELRASMKGLGTDEDTLIEILASRNNREIREASRYYREVLKKDLTQDIISDTSGDFQKAL 175 

                    :***.:*********** ***.:*.* :**: .* *:* **:**::** ******:.:** 

 

EAW62550.1          LSLAKGDRSEDFGVNEDLADSDARALYEAGERRKGTDVNVFNTILTTRSYPQLRRVFQKY 240 

NP_001092037.1      LSLAKGDRSEDFGVNEDLADSDARALYEAGERRKGTDVNVFNTILTTRSYPQLRRVFQKY 240 

NP_034860.2         LALAKGDRCQDLSVNQDLADTDARALYEAGERRKGTDVNVFTTILTSRSFPHLRRVFQNY 240 

NP_037036.1         LALAKGDRCEDMSVNQDLADTDARALYEAGERRKGTDVNVFNTILTTRSYPHLRKVFQNY 240 

NP_001009857.1      LSLAKGDRSEDFGLNDDLADTDARALYEAGERRKGTDVNVFITILTTRAYPHLRQVFQKY 240 

XP_533524.2         LSLAKGDRSEDFGVNDDLADTDARALYEAGERRKGTDVNVFITILTTRAYPHLRQVFQKY 240 

NP_001075336.1      LSLAKGDRSEDFGVNDDLADSDARALYEAGERRKGTDVNVFNTILTTRSYPHLRRVFQMY 240 

NP_786978.2         LSLAKGDRSEELAVNDDLADSDARALYEAGERRKGTDVNVFITILTTRSYPHLRRVFQKY 240 

XP_004004354.1      LSLAKGDRSEELAVNDDLADSDARALYEAGERRKGTDVNVFTTILTTRSYPHLRRVFQKY 240 

NP_001157470.1      LSLAKGDRSEDLAINDDLADTDARALYEAGERRKGTDLNVFITILTTRSYLHLRRVFQKY 240 

NP_996789.1         VILAKGDRCEDPHVNDDLADNDARALYEAGEKRKGTDVNVFITILTSRSYPHLRRAFQKY 235 

                    : ******.::  :*:****.**********:*****:*** ****:*:: :**:.** * 
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EAW62550.1          TKYSKHDMNKVLDLELKGDIEKCLTAIVKCATSKPAFFAEKLHQAMKGVGTRHKALIRIM 300 

NP_001092037.1      TKYSKHDMNKVLDLELKGDIEKCLTAIVKCATSKPAFFAEKLHQAMKGVGTRHKALIRIM 300 

NP_034860.2         GKYSQHDMNKALDLELKGDIEKCLTTIVKCATSTPAFFAEKLYEAMKGAGTRHKALIRIM 300 

NP_037036.1         RKYSQHDMNKALDLELKGDIEKCLTTIVKCATSTPAFFAEKLYEAMKGAGTRHKTLIRIM 300 

NP_001009857.1      AQYSKHDMNX-----ISGPWK--------------------------------------- 256 

XP_533524.2         RKYSKHDMNKVLDLEMKGDIEKCLTAIVKCATSKPMFFAEKLHEAMKGSGTRHKTLIRIM 300 

NP_001075336.1      TKYSKHDMNKVLDLEMKGDVENCFTAIVKCATSKPMFFAEKLHNAMKGAGTRDKILIRIM 300 

NP_786978.2         SKYSKHDMNKVLDLELKGDIEKCLTVIVKCATSQPMFFAEKLHQAMKGIGTRHKTLIRIM 300 

XP_004004354.1      SKYSKHDMNKVLDLELKGDIEKCLTVIVKCATSKPMFFAEKLHQAMKGVGTRHKTLIRIM 300 

NP_001157470.1      SKYSKHDMNKVLDLELKGDIENCLTVVVKCATSKPMFFAEKLHQAMKGNGTRHKTLIRIM 300 

NP_996789.1         AKYSKHDMNKVLDLELKGDIENCLTALVKCATSKPAFFAEKLHLAMKGSGTRHKQLIRIM 295 

                     :**:****      :.*  :                                        

 

EAW62550.1          VSRSEIDMNDIKAFYQKMYGISLCQAILDETKGDYEKILVALCGGN- 346 

NP_001092037.1      VSRSEIDMNDIKAFYQKMYGISLCQAILDETKGDYEKILVALCGGN- 346 

NP_034860.2         VSRSEIDMNEIKVFYQKKYGISLCQAILDETKGDYEKILVALCGGN- 346 

NP_037036.1         VSRSEIDMNEIKVFYQKKYGIPLCQAILDETKGDYEKILVALCGGN- 346 

NP_001009857.1      ----------------------------------------------- 

XP_533524.2         VSRSEIDMNDIKACYQKLYGVSLCQAILDETKGDYEKILVALCGD-- 345 

NP_001075336.1      VSRSEVDMNDIKACYQKLYGISLCQAILDETKGDYEKILVALCGRD- 346 

NP_786978.2         VSRSEIDMNDIKACYQKLYGISLCQAILDETKGDYEKILVALCGRD- 346 

XP_004004354.1      VSRSEIDMNDIKACYQKLYGISLCQAILDETKGDYEKILVALCEGN- 346 

NP_001157470.1      VSRSEIDMNDIKACYQKLYGISLCQAILDETKGDYEKILVALCGGD- 346 

NP_996789.1         VSRHEIDLNEIKAYYKSLYGISLRQAIMDELKGDYETILVALCGSDK 342 

 

  



 

 

 

 

193 

Scores table: Homo sapiens (isoform CRA_a) vs. other species 

SeqA Name Length SeqB Name Length Score 

1 EAW62550.1 346 2 NP_001092037.1 346 99.71 

1 EAW62550.1 346 3 NP_034860.2 346 87.57 

1 EAW62550.1 346 4 NP_037036.1 346 89.02 

1 EAW62550.1 346 5 NP_001009857.1 256 89.45 

1 EAW62550.1 346 6 XP_533524.2 345 91.59 

1 EAW62550.1 346 7 NP_001075336.1 346 89.6 

1 EAW62550.1 346 8 NP_786978.2 346 90.46 

1 EAW62550.1 346 9 XP_004004354.1 346 91.33 

1 EAW62550.1 346 10 NP_001157470.1 346 88.73 

1 EAW62550.1 346 11 NP_996789.1 342 77.19 
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Scores table: Bos taurus (NP_786978.2) vs. other species 

SeqA Name Length SeqB Name Length Score 

2 NP_786978.2 346 3 NP_034860.2 346 83.0 

2 NP_786978.2 346 4 NP_037036.1 346 83.0 

2 NP_786978.2 346 5 NP_001092037.1 346 90.0 

2 NP_786978.2 346 6 NP_001009857.1 256 88.0 

2 NP_786978.2 346 7 XP_533524.2 345 91.0 

2 NP_786978.2 346 8 NP_001075336.1 346 90.0 

2 NP_786978.2 346 9 XP_004004354.1 346 97.0 

2 NP_786978.2 346 10 NP_001157470.1 346 93.0 

2 NP_786978.2 346 11 NP_996789.1 342 79.0 
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Appendix 3. Reference sequences and alignments for annexin A2 protein, including two isoforms (splice variants) in humans and two in cattle. 

1) annexin A2 isoform 1 [Homo sapiens] NCBI Reference Sequence: NP_001002858.1 

2) annexin A2 isoform 2 [Homo sapiens] NCBI Reference Sequence: NP_001129487.1 

3) Annexin A2 [Bos taurus] GenBank: AAI02517.1 

4) annexin A2 isoform 2 [Bos taurus] GenBank: AAX09027.1 

 

AAI02517.1          ------------------MSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNI 42 

AAX09027.1          ------------------MSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNI 42 

NP_001002858.1      MGRQLAGCGDAGKKASFKMSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNI 60 

NP_001129487.1      ------------------MSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNI 42 

                                      ****************************************** 

 

AAI02517.1          ETAIKTKGVDEVTIVNILTNRSNEQRQDIAFAYQRRTKKELASALKSALSGHLETVILGL 102 

AAX09027.1          ETAIKTKGVDEVTIVNILTNRSNEQRQDIAFAYQRRTKKELASALKSALSGHLETVILGL 102 

NP_001002858.1      ETAIKTKGVDEVTIVNILTNRSNAQRQDIAFAYQRRTKKELASALKSALSGHLETVILGL 120 

NP_001129487.1      ETAIKTKGVDEVTIVNILTNRSNAQRQDIAFAYQRRTKKELASALKSALSGHLETVILGL 102 

                    *********************** ************************************ 

 

AAI02517.1          LKTPAQYDASELKASMKGLGTDEDSLIEIICSRTNQELQEINRVYKGMYKTDLEKDIVSD 162 

AAX09027.1          LKTPAQYDASELKASMKGLGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIVSD 162 

NP_001002858.1      LKTPAQYDASELKASMKGLGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIISD 180 

NP_001129487.1      LKTPAQYDASELKASMKGLGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIISD 162 

                    ********************************************** **********:** 
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AAI02517.1          TSGDFRKLMVALAKGRRAEDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSV 222 

AAX09027.1          TSGDFRKLMVALAKGRRAEDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSV 222 

NP_001002858.1      TSGDFRKLMVALAKGRRAEDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSV 240 

NP_001129487.1      TSGDFRKLMVALAKGRRAEDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSV 222 

                    ************************************************************ 

 

AAI02517.1          CHLQKVFERYKSYSPYDMLESIKKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKG 282 

AAX09027.1          CHLQKVFERYKSYSPYDMLESIKKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKG 282 

NP_001002858.1      PHLQKVFDRYKSYSPYDMLESIRKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKG 300 

NP_001129487.1      PHLQKVFDRYKSYSPYDMLESIRKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKG 282 

                     ******:**************:************************************* 

 

AAI02517.1          TRDKVLIRIMVSRSEVDMLKIRSEFKKKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 339 

AAX09027.1          TRDKVLIRIMVSRSEVDMLKIRSEFKKKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 339 

NP_001002858.1      TRDKVLIRIMVSRSEVDMLKIRSEFKRKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 357 

NP_001129487.1      TRDKVLIRIMVSRSEVDMLKIRSEFKRKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 339 

                    **************************:****************************** 
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Scores table for the above alignment 

SeqA Name Length SeqB Name Length Score 

1 NP_001002858.1 357 2 NP_001129487.1 339 100.0 

1 NP_001002858.1 357 3 AAI02517.1 339 97.0 

1 NP_001002858.1 357 4 AAX09027.1 339 98.0 

2 NP_001129487.1 339 3 AAI02517.1 339 97.0 

2 NP_001129487.1 339 4 AAX09027.1 339 98.0 

3 AAI02517.1 339 4 AAX09027.1 339 99.0 
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Appendix 4. NCBI reference numbers and alignment of amino acid sequences for annexin A2 protein for 11 animal species.

1) Homo sapiens, isoform 2: NP_001129487.1 

2) Bos taurus, isoform 2: AAX09027.1 

3) Pan troglodytes, isoform 1, predicted: XP_001155637.2 

4) Canis lupus familiaris: NP_001002961 

5) Ovis aries: NP_001087257.1 

6) Rattus norvegicus: NP_063970.1 

7) Felis catus, predicted: XP_003987117.1 

8) Equus caballus: NP_001116852.1 

9) Sus scrofa: NP_001005726.1 

10) Mus musculus: NP_031611.1 

11) Gallus gallus: NP_990682.1 
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NP_063970.1         MSTVHEILCKLSLEGDHSTPPSAYGSVKPYTNFDAERDALNIETAIKTKGVDEVTIVNIL 60 

NP_031611.1         MSTVHEILCKLSLEGDHSTPPSAYGSVKPYTNFDAERDALNIETAVKTKGVDEVTIVNIL 60 

NP_001129487.1      MSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNIETAIKTKGVDEVTIVNIL 60 

XP_001155637.2      MSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNIETAIKTKGVDEVTIVNIL 60 

AAX09027.1          MSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNIETAIKTKGVDEVTIVNIL 60 

NP_001087257.1      MSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNIETAIKTKGVDEVTIVNIL 60 

NP_001116852.1      MSTVHEILCKLSLEGDHSTPASAYGSVKAYTNFDAERDALNIETAIKTKGVDEVTIVNIL 60 

NP_001005726.1      MSTVHEILCKLSLEGDHSTPASAYGSVKAYTNFDAERDALNIETAIKTKGVDEVTIVNIL 60 

NP_001002961.       MSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNIETAIKTKGVDEVTIVNIL 60 

XP_003987117.1      MSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNIETAIKTKGVDEVTIVNIL 60 

NP_990682.1         MSTVHEILSKLSLEGDHSLPPSAYATVKAYSNFDADRDAAALEAAIKTKGVDEVTIINIL 60 

                    ********.********* *.***.:**.*:****:***  :*:*:**********:*** 

 

NP_063970.1         TNRSNAQRQDIAFAYQRRTKKELPSAMKSALSGHLETVMLGLLKTPAQYDASELKASMKG 120 

NP_031611.1         TNRSNVQRQDIAFAYQRRTKKELPSALKSALSGHLETVILGLLKTPAQYDASELKASMKG 120 

NP_001129487.1      TNRSNAQRQDIAFAYQRRTKKELASALKSALSGHLETVILGLLKTPAQYDASELKASMKG 120 

XP_001155637.2      TNRSNAQRQDIAFAYQRRTKKELASALKSALSGHLETVILGLLKTPAQYDASELKASMKG 120 

AAX09027.1          TNRSNEQRQDIAFAYQRRTKKELASALKSALSGHLETVILGLLKTPAQYDASELKASMKG 120 

NP_001087257.1      TNRSNEQRQDIAFAYQRRTKKELASALKSALSGHLETVILGLLKTPAQYDASELKASMKG 120 

NP_001116852.1      TNRSNEQRQDIAFAYQRRTKKELAAALKSALSGHLETVILGLLKTPAQYDASELKASMKG 120 

NP_001005726.1      TNRSNEQRQDIAFAYQRRTKKELASALKSALSGHLETVILGLLKTPAQYDASELKASMKG 120 

NP_001002961.       TNRSNEQRQDIAFAYQRRTKKELASALKSALSGHLETVILGLLKTPAQYDASELKASMKG 120 

XP_003987117.1      TNRSNEQRQDIAFAYQRRTKKELTSALKSALSGHLETVILGLLKTPAQYDASELKASMKG 120 

NP_990682.1         TNRSNEQRQDIAFAYQRRTKKELSAALKSALSGHLEAVILGLLKTPSQYDASELKAAMKG 120 

                    ***** *****************.:*:*********:*:*******:*********:*** 
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NP_063970.1         LGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIISDTSGEFRKLLVALAKGKRA 180 

NP_031611.1         LGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIISDTSGDFRKLMVALAKGRRA 180 

NP_001129487.1      LGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIISDTSGDFRKLMVALAKGRRA 180 

XP_001155637.2      LGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIISDTSGDFRKLMVALAKGRRA 180 

AAX09027.1          LGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIVSDTSGDFRKLMVALAKGRRA 180 

NP_001087257.1      LGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIVSDTSGDFRKLMVALAKGRRA 180 

NP_001116852.1      LGTDEDSLIEIIYSRTNQELLEINRVYKEMYKTDLEKDIVSDTSGDFRKLMVALAKGRRA 180 

NP_001005726.1      LGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIISDTSGDFRKLMVALAKGRRA 180 

NP_001002961.       LGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIISDTSGDFRKLMVALAKGRRA 180 

XP_003987117.1      LGTDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIISDTSGDFRKLMVALAKGRRA 180 

NP_990682.1         LGTDEDTLIEIICSRTNQELNEINRVYREMYKTELEKDIISDTSGDFRKLMVALAKGKRC 180 

                    ******:***** ******* ******:*****:*****:*****:****:******:*. 

 

NP_063970.1         EDGSVIDYELIDQDARELYDAGVKRKGTDVPKWISIMTERSVCHLQKVFERYKSYSPYDM 240 

NP_031611.1         EDGSVIDYELIDQDARELYDAGVKRKGTDVPKWISIMTERSVCHLQKVFERYKSYSPYDM 240 

NP_001129487.1      EDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSVPHLQKVFDRYKSYSPYDM 240 

XP_001155637.2      EDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSVPHLQKVFDRYKSYSPYDM 240 

AAX09027.1          EDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSVCHLQKVFERYKSYSPYDM 240 

NP_001087257.1      EDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSVCHLQKVFERYKSYSPYDM 240 

NP_001116852.1      EDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSVCHLQKVFERYKSYSPYDM 240 

NP_001005726.1      EDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSVCHLQKVFERYKSYSPYDM 240 

NP_001002961.       EDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSVCHLQKVFERYKSYSPYDM 240 

XP_003987117.1      EDGSVIDYELIDQDARDLYDAGVKRKGTDVPKWISIMTERSVCHLQKVFDRYKSYSPYDM 240 

NP_990682.1         EDTSVIDYELIDQDARELYDAGVKRKGTDVPKWINIMTERSVPHLQKVFERYKSYSPYDM 240 

                    ** *************:*****************.******* ******:********** 
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NP_063970.1         LESIRKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKGTRDKVLIRIMVSRSEVDM 300 

NP_031611.1         LESIKKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKGTRDKVLIRIMVSRSEVDM 300 

NP_001129487.1      LESIRKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKGTRDKVLIRIMVSRSEVDM 300 

XP_001155637.2      LESIRKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKGTRDKVLIRIMVSRSEVDM 300 

AAX09027.1          LESIKKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKGTRDKVLIRIMVSRSEVDM 300 

NP_001087257.1      LESIKKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKGTRDKVLIRIMVSRSEVDM 300 

NP_001116852.1      LESIKKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKGTRDKVLIRIMVSRSEVDM 300 

NP_001005726.1      LESIKKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKGTRDKVLIXIMVSRSEVDM 300 

NP_001002961.       LESIKKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKGTRDKVLIRIMVSRSEVDM 300 

XP_003987117.1      LESIKKEVKGDLENAFLNLVQCIQNKPLYFADRLYDSMKGKGTRDKVLIRIMVSRSEVDM 300 

NP_990682.1         LESIKKEVKGDLENAFLNLVQCIQNKQLYFADRLYDSMKGKGTRDKVLIRIMVSRCEVDM 300 

                    ****:********************* ********************** *****.**** 

 

NP_063970.1         LKIRSEFKRKYGKSLYYFIQQDTKGDYQKALLYLCGGDD 339 

NP_031611.1         LKIRSEFKRKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 339 

NP_001129487.1      LKIRSEFKRKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 339 

XP_001155637.2      LKIRSEFKRKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 339 

AAX09027.1          LKIRSEFKKKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 339 

NP_001087257.1      LKIRSEFKKKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 339 

NP_001116852.1      LKIRSEFKRKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 339 

NP_001005726.1      LKIRSEFKRKYGKSLYNYIQQDTKGDYQKALLYLCGGDD 339 

NP_001002961.       LKIRSEFKRKYGKSLYYYIQQDTKGDYQKALLYLCGGDD 339 

XP_003987117.1      LKIRSEFKRKYGKSLYYCIQQDTKGDYQKALLYLCGGDD 339 

NP_990682.1         LKIKSEFKRKYGKSLYYFIQQDTKGDYQRALLNLCGGED 339 

                    ***:****:*******  **********:*** ****:* 
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Scores table: Homo sapiens (isoform 2: NP_001129487.1) vs. other species  

SeqA Name Length SeqB Name Length Score 

1 NP_001129487.1 339 2 AAX09027.1 339 98.23 

1 NP_001129487.1 339 3 XP_001155637.2 339 100.0 

1 NP_001129487.1 339 4 NP_001002961. 339 98.82 

1 NP_001129487.1 339 5 NP_001087257.1 339 98.23 

1 NP_001129487.1 339 6 NP_063970.1 339 96.76 

1 NP_001129487.1 339 7 XP_003987117.1 339 98.53 

1 NP_001129487.1 339 8 NP_001116852.1 339 97.35 

1 NP_001129487.1 339 9 NP_001005726.1 339 97.94 

1 NP_001129487.1 339 10 NP_031611.1 339 97.64 

1 NP_001129487.1 339 11 NP_990682.1 339 89.68 
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Scores table: Bos taurus (isoform 2: AAX09027.1) vs. other species  

 

SeqA Name Length SeqB Name Length Score 

2 AAX09027.1 339 3 XP_001155637.2 339 98.0 

2 AAX09027.1 339 4 NP_001002961. 339 99.0 

2 AAX09027.1 339 5 NP_001087257.1 339 100.0 

2 AAX09027.1 339 6 NP_063970.1 339 96.0 

2 AAX09027.1 339 7 XP_003987117.1 339 98.0 

2 AAX09027.1 339 8 NP_001116852.1 339 98.0 

2 AAX09027.1 339 9 NP_001005726.1 339 98.0 

2 AAX09027.1 339 10 NP_031611.1 339 97.0 

2 AAX09027.1 339 11 NP_990682.1 339 89.0 
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Appendix 5. Clinical and hematological parameters of calves in the study. 

Sample ID 

Groups 

based on 

truck 

load 

Weight 

(kg) 

Rectal 

Temp 

(°C) 

WBC 

(10
9
/L) 

Neutrophil 

count 

(10
9
/L) 

Lymphocyte 

count 

(10
9
/L) 

Monocyte 

count 

(10
9
/L) Study group 

301 A 309.00 38.87 1.18E+01 3.66E+00 7.20E+00 5.90E-01 Healthy  

302 A 309.00 39.58 9.50E+00 1.52E+00 7.22E+00 5.70E-01 

 303 A 296.00 39.06 9.60E+00 1.92E+00 7.10E+00 3.80E-01 

 304 A 325.00 39.45 1.46E+01 5.11E+00 8.91E+00 2.90E-01 

 305 A 333.00 39.46 9.70E+00 1.26E+00 7.86E+00 3.90E-01 Pneumonia 

306 A 280.00 39.40 1.36E+01 2.99E+00 9.93E+00 5.40E-01 

 307 A 263.00 39.55 9.40E+00 2.35E+00 6.30E+00 4.70E-01 Healthy 

308 A 279.00 39.66 1.37E+01 4.38E+00 8.49E+00 5.50E-01 

 309 A 302.00 39.78 6.10E+00 1.71E+00 3.72E+00 4.30E-01 

 310 A 283.00 39.71 1.24E+01 4.46E+00 7.32E+00 3.70E-01 

 311 A 288.00 39.98 1.44E+01 4.46E+00 8.93E+00 7.20E-01 

 312 A 331.00 39.95 9.10E+00 1.73E+00 6.73E+00 3.60E-01 

 313 A 343.00 39.52 1.14E+01 4.67E+00 5.93E+00 4.60E-01 

 314 A 206.00 39.73 1.16E+01 2.20E+00 8.58E+00 5.80E-01 

 315 A 320.00 39.71 1.12E+01 3.14E+00 7.17E+00 4.50E-01 Healthy 

316 A 289.00 39.65 1.06E+01 2.65E+00 7.21E+00 4.20E-01 

 317 A 332.00 46.03 1.28E+01 4.86E+00 7.17E+00 5.10E-01 

 318 A 276.00 39.88 8.40E+00 2.27E+00 5.54E+00 3.40E-01 

 319 A 286.00 39.48 9.70E+00 2.72E+00 6.11E+00 5.80E-01 
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Sample ID 

Groups 

based on 

truck 

load 
Weight 

(kg) 

Rectal 
Temp 
(°C) 

WBC 
(109/L) 

Neutrophil 
count 

(109/L) 

Lymphocyte 
count 

(109/L) 

Monocyte 
count 

(109/L) Study group 

321 A 275.00 40.19 1.07E+01 3.53E+00 6.31E+00 6.40E-01 

 322 B 328.00 38.90 1.35E+01 2.97E+00 9.59E+00 4.10E-01 

 323 B 369.00 39.40 1.12E+01 3.70E+00 6.83E+00 3.40E-01 

 324 B 275.00 39.40 1.04E+01 1.77E+00 8.01E+00 4.20E-01 

 325 B 344.00 39.80 9.60E+00 2.11E+00 6.91E+00 3.80E-01 

 326 B 356.00 39.70 1.12E+01 3.14E+00 7.17E+00 5.60E-01 

 327 B 307.00 40.27 1.04E+01 2.18E+00 7.59E+00 4.20E-01 

 328 B 326.00 39.65 1.00E+01 1.60E+00 7.60E+00 4.00E-01 Pneumonia  

329 B 343.00 39.77 9.40E+00 2.26E+00 6.67E+00 2.80E-01 

 330 B 392.00 38.89 9.20E+00 2.85E+00 5.34E+00 4.60E-01 

 331 B 248.00 39.98 5.60E+00 1.40E+00 3.75E+00 3.90E-01 

 332 B 349.00 39.13 8.30E+00 2.41E+00 5.40E+00 3.30E-01 

 333 B 340.00 40.07 1.44E+01 4.03E+00 9.07E+00 5.80E-01 

 334 B 317.00 39.88 8.40E+00 2.52E+00 5.38E+00 2.50E-01 

 335 B 277.00 39.82 1.45E+01 2.76E+00 1.12E+01 4.40E-01 

 336 B 287.00 39.93 1.12E+01 1.34E+00 8.96E+00 4.50E-01 

 337 B 317.00 39.35 1.27E+01 3.43E+00 7.87E+00 5.10E-01 

 338 B 315.00 39.73 1.52E+01 2.74E+00 1.16E+01 7.60E-01 

 339 B 295.00 39.56 9.70E+00 2.91E+00 6.50E+00 1.90E-01 

 340 B 301.00 39.28 1.05E+01 4.31E+00 5.67E+00 3.20E-01 

 341 B 350.00 39.40 1.14E+01 2.74E+00 8.09E+00 3.40E-01 
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Sample ID 

Groups 

based on 

truck 

load 
Weight 

(kg) 

Rectal 
Temp 
(°C) 

WBC 
(109/L) 

Neutrophil 
count 

(109/L) 

Lymphocyte 
count 

(109/L) 

Monocyte 
count 

(109/L) Study group 

342 B 317.00 39.82 1.33E+01 3.59E+00 7.58E+00 4.00E-01 

 343 I 320.00 39.40 8.50E+00 1.96E+00 5.70E+00 5.10E-01 

 344 I 238.00 39.70 9.80E+00 2.25E+00 6.57E+00 6.90E-01 

 345 I 239.00 40.50 1.03E+01 2.58E+00 7.00E+00 5.20E-01 

 346 I 278.00 39.70 1.18E+01 3.19E+00 7.67E+00 5.90E-01 

 347 I 295.00 39.60 8.20E+00 1.80E+00 5.25E+00 5.70E-01 

 348 I 287.00 39.20 9.50E+00 1.71E+00 7.03E+00 5.70E-01 

 349 I 267.00 39.10 9.20E+00 1.56E+00 6.99E+00 5.50E-01 

 350 I 283.00 39.70 1.01E+01 2.93E+00 6.36E+00 6.10E-01 

 351 I 321.00 39.70 1.08E+01 2.70E+00 7.13E+00 6.50E-01 

 352 I 250.00 40.40 1.10E+01 1.98E+00 8.36E+00 4.40E-01 Healthy 

353 I 281.00 40.00 1.19E+01 2.26E+00 8.81E+00 6.00E-01 

 354 I 347.00 39.70 1.13E+01 2.03E+00 8.59E+00 5.70E-01 

 355 I 246.00 40.20 9.00E+00 1.71E+00 6.75E+00 3.60E-01 

 356 I 252.00 39.50 1.16E+01 4.64E+00 5.68E+00 7.00E-01 

 357 I 296.00 39.60 8.40E+00 1.93E+00 5.88E+00 5.00E-01 

 358 I 264.00 39.60 1.40E+01 4.48E+00 8.54E+00 7.00E-01 

 359 D 306.00 39.16 8.90E+00 2.14E+00 6.32E+00 3.60E-01 

 360 D 282.00 39.90 8.70E+00 1.65E+00 6.26E+00 5.20E-01 

 361 D 341.00 39.40 1.21E+01 4.11E+00 7.26E+00 6.10E-01 

 362 D 255.00 39.40 8.50E+00 2.04E+00 6.04E+00 3.40E-01 
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Sample ID 

Groups 

based on 

truck 

load 
Weight 

(kg) 

Rectal 
Temp 
(°C) 

WBC 
(109/L) 

Neutrophil 
count 

(109/L) 

Lymphocyte 
count 

(109/L) 

Monocyte 
count 

(109/L) Study group 

363 D 272.00 39.05 7.50E+00 8.30E-01 6.08E+00 5.30E-01 

 364 D 285.00 39.18 1.23E+01 3.32E+00 8.12E+00 3.70E-01 

 365 D 301.00 39.22 6.80E+00 1.90E+00 4.35E+00 4.10E-01 

 366 D 287.00 39.57 8.50E+00 2.47E+00 5.44E+00 3.40E-01 

 367 D 261.00 39.30 7.50E+00 2.10E+00 5.10E+00 2.30E-01 

 368 D 267.00 39.36 8.20E+00 1.15E+00 6.64E+00 3.30E-01 

 369 D 326.00 39.20 1.13E+01 4.75E+00 5.65E+00 6.80E-01 

 370 D 309.00 39.52 1.04E+01 2.50E+00 7.18E+00 6.20E-01 

 371 D 223.00 39.17 9.30E+00 3.16E+00 5.67E+00 3.70E-01 

 372 D 261.00 39.22 8.30E+00 2.74E+00 4.98E+00 4.20E-01 

 373 D 301.00 39.86 1.28E+01 3.33E+00 7.42E+00 3.80E-01 

 374 E 260.00 39.60 9.00E+00 1.71E+00 6.75E+00 3.60E-01 

 375 E 243.00 39.60 1.23E+01 3.32E+00 8.12E+00 6.20E-01 

 376 E 275.00 39.60 1.03E+01 2.16E+00 7.52E+00 4.10E-01 

 377 E 235.00 39.30 1.12E+01 2.69E+00 8.06E+00 3.40E-01 

 378 E 261.00 40.10 5.50E+00 5.50E-01 4.57E+00 2.80E-01 

 379 E 297.00 39.58 9.20E+00 2.39E+00 6.07E+00 6.40E-01 Healthy 

380 E 246.00 40.60 5.90E+00 8.30E-01 4.66E+00 3.50E-01 

 381 E 252.00 39.80 1.34E+01 2.95E+00 9.65E+00 6.70E-01 
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Sample ID 

Groups 

based on 

truck 

load 
Weight 

(kg) 

Rectal 
Temp 
(°C) 

WBC 
(109/L) 

Neutrophil 
count 

(109/L) 

Lymphocyte 
count 

(109/L) 

Monocyte 
count 

(109/L) Study group 

382 E 267.00 39.45 7.70E+00 2.77E+00 4.47E+00 3.90E-01 

 383 E 267.00 39.81 8.10E+00 2.35E+00 5.10E+00 5.70E-01 

 384 E 224.00 39.50 1.62E+01 7.61E+00 8.26E+00 3.20E-01 

 385 E 240.00 39.60 1.07E+01 3.21E+00 6.63E+00 6.40E-01 Healthy 

386 E 213.00 39.90 8.60E+00 1.12E+00 7.22E+00 2.60E-01 

 387 E 265.00 39.90 9.20E+00 2.85E+00 5.80E+00 4.60E-01 

 388 E 282.00 40.80 8.00E+00 2.08E+00 5.44E+00 4.00E-01 

 389 E 297.00 40.50 6.40E+00 1.34E+00 4.61E+00 1.90E-01 

 390 E 329.00 39.88 8.80E+00 1.85E+00 6.25E+00 3.50E-01 

 391 E 317.00 40.17 6.10E+00 3.70E-01 5.43E+00 1.80E-01 

 392 E 275.00 39.70 5.90E+00 1.18E+00 4.13E+00 3.00E-01 

 393 E 308.00 39.40 8.60E+00 1.46E+00 6.62E+00 4.30E-01 

 394 E 279.00 39.70 6.70E+00 1.94E+00 4.29E+00 3.40E-01 Pneumonia 

395 E 279.00 40.40 8.60E+00 3.10E+00 5.07E+00 3.40E-01 

 396 E 303.00 39.42 1.05E+01 3.78E+00 5.88E+00 6.30E-01 

 397 E 297.00 39.35 8.50E+00 1.62E+00 6.21E+00 5.10E-01 Pneumonia 

398 E 311.00 39.72 7.10E+00 1.49E+00 5.25E+00 2.80E-01 

 399 E 271.00 39.84 9.00E+00 1.80E+00 6.39E+00 5.40E-01 

 400 E 292.00 39.87 9.90E+00 2.28E+00 6.83E+00 6.90E-01 

 401 E 296.00 39.58 8.70E+00 2.61E+00 5.74E+00 2.60E-01 
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Sample ID 

Groups 

based on 

truck 

load 
Weight 

(kg) 

Rectal 
Temp 
(°C) 

WBC 
(109/L) 

Neutrophil 
count 

(109/L) 

Lymphocyte 
count 

(109/L) 

Monocyte 
count 

(109/L) Study group 

402 E 312.00 39.31 7.30E+00 1.39E+00 5.62E+00 2.20E-01 

 403 E 318.00 39.57 6.30E+00 1.64E+00 4.28E+00 3.20E-01 

 404 F 275.00 39.67 8.10E+00 1.46E+00 6.08E+00 2.40E-01 

 405 F 249.00 39.57 1.04E+01 2.60E+00 7.28E+00 4.20E-01 

 406 F 265.00 39.81 7.30E+00 8.80E-01 5.99E+00 2.20E-01 Healthy 

407 F 233.00 39.58 1.38E+01 2.07E+00 1.10E+01 5.50E-01 

 408 F 246.00 39.74 7.70E+00 9.20E-01 6.31E+00 3.90E-01 

 409 F 240.00 39.83 7.70E+00 1.46E+00 5.85E+00 3.10E-01 

 410 F 250.00 39.94 1.04E+01 1.66E+00 8.01E+00 6.20E-01 

 411 F 255.00 39.87 1.20E+01 3.00E+00 8.52E+00 3.60E-01 

 412 F 258.00 39.00 6.90E+00 1.45E+00 4.69E+00 2.80E-02 

 413 F 255.00 39.42 8.40E+00 3.11E+00 4.54E+00 5.00E-01 

 414 F 252.00 39.77 7.30E+00 2.63E+00 4.31E+00 2.90E-01 

 415 F 270.00 40.18 1.21E+01 4.60E+00 7.02E+00 3.60E-01 

 416 F 254.00 39.33 8.80E+00 1.58E+00 6.69E+00 4.40E-01 

 417 F 273.00 39.49 9.40E+00 1.88E+00 7.05E+00 3.80E-01 Healthy 

418 F 235.00 39.20 9.60E+00 2.50E+00 6.72E+00 2.90E-01 

 419 F 286.00 40.04 8.10E+00 1.46E+00 6.24E+00 2.40E-01 

 420 F 261.00 40.47 8.70E+00 2.18E+00 6.26E+00 1.70E-01 

 421 F 303.00 39.66 7.10E+00 1.63E+00 4.97E+00 3.60E-01 

 422 F 270.00 39.66 9.40E+00 1.32E+00 7.71E+00 2.80E-01 
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Sample ID 

Groups 

based on 

truck 

load 
Weight 

(kg) 

Rectal 
Temp 
(°C) 

WBC 
(109/L) 

Neutrophil 
count 

(109/L) 

Lymphocyte 
count 

(109/L) 

Monocyte 
count 

(109/L) Study group 

423 F 266.00 40.06 8.20E+00 2.46E+00 5.00E+00 6.60E-01 Pneumonia 

424 F 266.00 39.42 6.40E+00 1.02E+00 4.86E+00 2.60E-01 

 425 F 290.00 40.00 7.70E+00 1.46E+00 5.62E+00 3.10E-01 

 426 F 309.00 39.39 6.90E+00 1.04E+00 5.52E+00 2.10E-01 

 427 F 305.00 38.40 7.50E+00 1.28E+00 5.70E+00 4.50E-01 

 428 F 280.00 39.40 7.70E+00 1.46E+00 5.78E+00 3.90E-01 Pneumonia 

429 F 278.00 39.40 1.01E+01 2.73E+00 6.46E+00 7.10E-01 

 430 F 270.00 40.10 9.60E+00 2.69E+00 6.34E+00 4.80E-01 

 431 F 258.00 40.10 1.08E+01 2.38E+00 7.78E+00 4.30E-01 

 432 F 294.00 39.20 7.10E+00 1.21E+00 5.18E+00 5.70E-01 

 433 G 249.00 39.10 7.30E+00 2.19E+00 4.67E+00 3.70E-01 

 434 G 252.00 40.90 1.14E+01 4.45E+00 6.50E+00 3.40E-01 

 435 G 303.00 39.90 8.30E+00 1.16E+00 6.81E+00 2.50E-01 

 436 G 264.00 39.70 9.20E+00 2.39E+00 6.44E+00 3.70E-01 Pneumonia 

437 G 258.00 39.40 9.60E+00 1.34E+00 7.49E+00 6.70E-01 

 438 G 243.00 39.70 9.00E+00 2.43E+00 5.85E+00 5.40E-01 

 439 G 268.00 38.75 6.80E+00 1.56E+00 4.56E+00 4.80E-01 

 440 G 257.00 39.80 6.30E+00 2.21E+00 3.72E+00 2.50E-01 

 441 G 288.00 39.30 1.19E+01 4.76E+00 6.19E+00 4.80E-01 
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Sample ID 

Groups 

based on 

truck 

load 
Weight 

(kg) 

Rectal 
Temp 
(°C) 

WBC 
(109/L) 

Neutrophil 
count 

(109/L) 

Lymphocyte 
count 

(109/L) 

Monocyte 
count 

(109/L) Study group 

442 G 281.00 39.70 6.10E+00 1.89E+00 3.97E+00 1.80E-01 

 443 G 258.00 40.20 1.35E+01 3.24E+00 9.72E+00 4.10E-01 

 444 G 253.00 41.30 4.90E+00 2.25E+00 2.35E+00 2.00E-01 

 445 G 244.00 39.80 1.03E+01 3.09E+00 6.49E+00 6.20E-01 

 446 G 263.00 41.10 

     447 G 231.00 40.00 6.50E+00 1.43E+00 4.62E+00 3.90E-01 

 448 G 246.00 39.40 8.10E+00 2.35E+00 5.02E+00 3.20E-01 

 449 G 252.00 40.10 8.30E+00 1.33E+00 6.64E+00 2.50E-01 Pneumonia 

450 G 305.00 40.70 8.90E+00 3.74E+00 4.36E+00 7.10E-01 

 451 G 262.00 39.10 7.20E+00 1.87E+00 4.97E+00 2.90E-01 

 452 G 271.00 40.40 7.30E+00 3.07E+00 3.65E+00 4.40E-01 

 453 G 313.00 39.70 9.30E+00 1.40E+00 7.53E+00 2.80E-01 Healthy 

454 G 223.00 40.00 1.44E+01 8.21E+00 5.04E+00 1.01E+00 

 455 G 259.00 39.20 8.50E+00 2.04E+00 5.95E+00 4.30E-01 Pneumonia 

456 G 280.00 39.20 8.30E+00 1.58E+00 6.56E+00 1.70E-01 

 457 G 250.00 39.60 8.50E+00 3.66E+00 4.34E+00 4.30E-01 

 458 G 263.00 39.00 1.08E+01 3.02E+00 7.13E+00 3.20E-01 

 459 G 255.00 39.40 9.30E+00 2.23E+00 6.60E+00 3.70E-01 

 460 G 286.00 39.70 5.60E+00 1.29E+00 3.92E+00 3.40E-01 

 461 G 272.00 39.70 6.60E+00 1.58E+00 4.69E+00 2.60E-01 

 462 G 297.00 39.70 6.90E+00 1.93E+00 4.35E+00 4.10E-01 
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Appendix 6: Additional data for calves used in the study groups of calves that later  

developed pneumonia and calves that remained healthy  

(Chapters 2 and 3).  

       

Sample # 

Arrival 

date at 

EBRC 

Date of 

pneumonia 

diagnosis  

and control 

selection Study group 

Temperature 

at the time of 

diagnosis and/ 

or selection 

(°C) 

Serum 

haptoglobin 

(g/l) 

 455 26-Nov-09 09-Dec-09 Pneumonia 41.25 2.78 

 449 * 26-Nov-09 01-Dec-09 Pneumonia 42.0 2.40 

 397 * 18-Nov-09 02-Dec-09 Pneumonia 41.9 2.39 

 328 * 06-Oct-09 07-Dec-09 Pneumonia 41.0 2.32 

 443 26-Nov-09 10-Dec-09 Pneumonia 41.28 2.27 

 394 * 18-Nov-09 03-Dec-09 Pneumonia 41.11 2.19 

 436 * 26-Nov-09 01-Dec-09 Pneumonia 41.7 2.17 

 428 18-Nov-09 30-Nov-09 Pneumonia 41.0 2.16 

 434 26-Nov-09 30-Nov-09 Pneumonia 41.2 2.13 

 305 * 06-Oct-09 25-Nov-09 Pneumonia 41.1 2.11 

 444 26-Nov-09 01-Dec-09 Pneumonia 41.7 2.09 

 423 * 18-Nov-09 03-Dec-09 Pneumonia 40.8 2.01 

 

       307 * 06-Oct-09 07-Dec-09 Control 39.2 0.28 

 361 06-Nov-09 27-Nov-09 Control 39.2 0.27 

 352 26-Oct-09 07-Dec-09 Control 39.4 0.11 

 379 * 18-Nov-09 09-Dec-09 Control 39.6 0.07 

 385 * 18-Nov-09 30-Nov-09 Control 39.5 0.07 

 315 * 06-Oct-09 24-Nov-09 Control 39.8 0.06 

 406 * 18-Nov-09 16-Dec-09 Control 39.8 0.05 

 417 18-Nov-09 11-Dec-09 Control 39.6 0.04 

 301 * 06-Oct-09 04-Dec-09 Control 39.1 0.02 

 452 * 26-Nov-09 01-Dec-09 Control 39.8 0.96 

  

 * Calves used for 2D-PAGE and DIGE 
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Appendix 7. Quantitative PCR for the Lkt gene of Mannheimia haemolytica (Chapter 

2). The image shows the 1 % agarose electrophoresis gel for five randomly chosen 

PCR products with DNA ladder (on the left). 
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Appendix 8. Western blot analysis of spot #1 (Chapters 2 and 3).  

a) 2D-PAGE gel (4-7 pH) stained with silver stain. The box indicates the region 

shown in figures b and c. 

b and c) Western blots probed with antibody to annexin A1 (b) or annexin A2 (c). 

 

 

 

 

 

 

 

 

 

 

 

 

  b) Western blot annexin A1   c) Western blot annexin A2

a) 

38 KDa  

pH 4    pH 7 Ladder 

24 KDa 

   pH 7        pH 7 
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Appendix 9. Scoring systems used to compare the immunohistochemistry findings for annexin A1 and A2 in each component of the respiratory 

system. 

Trachea 

  

  

presence of  

signal  

in the 

epithelium 

signal intensity  

of the ciliated  

epithelium 

presence of  

signal in the 

goblet cells 

signal intensity  

of the  

mucosal gland 

presence of  

signal  

in the duct 

comments 

  

  

remarks for photo 

yes/no 

anything specific 

1A               

2A               

3A               

4A               

5A               

6A               

 

 presence of  

signal  

in the 

epithelium 

signal intensity  

of ciliated the 

epithelium 

presence of  

signal in the 

goblet cells 

signal intensity  

of the  

mucosal gland 

presence of  

signal  

in the duct 

 

1- no signal 1- mild 1- absent 1- absent 1- absent 

2- apical 2- moderate 2- present 2- mild 2- present 

3- basal 3- high   3- moderate   

4- both 4- very high   4- high   

      4- very high     
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Bronchus 

  

  

presence of  

signal  

in the 

epithelium 

signal intensity  

of the ciliated  

epithelium 

presence of  

signal in the 

goblet cells 

signal intensity  

of the  

mucosal gland 

presence of  

signal  

in the duct 

comments 

  

  

remarks for photo 

yes/no 

anything specific 

1A               

2A               

3A               

4A               

5A               

6A               

 

 presence of  

signal  

in the 

epithelium 

signal intensity  

of ciliated the 

epithelium 

presence of  

signal in the 

goblet cells 

signal intensity  

of the  

mucosal gland 

presence of  

signal  

in the duct 

 

1- no signal 1- mild 1- absent 1- absent 1- absent 

2- apical 2- moderate 2- present 2- mild 2- present 

3- basal 3- high   3- moderate   

4- both 4- very high   4- high   

      4- very high     
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Terminal 

bronchiole 

presence of signal 

in the epithelium 

signal intensity of ciliated 

epithelium 

comments 

  

 Photo 

yes/no 

1C         

2C         

3C         

4C         

5C         

6C         

 

 presence of signal 

in the epithelium 

signal intensity of ciliated  

epithelium 

 

 

 

  
0- apical 1- absent 

1- basal 2- mild 

3- both 3- moderate 

  4- high 

  4- very high 
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Alveoli presence of  
signal in the 
epithelium 

presence of signal in the 
macrophages 

presence of  
cells in the lumen 

distribution of 
cells in the lumen 

presence of 
fibrin in 
the lumen 

comments 
  
  

 Photo 
yes/no 
any specific 

1E               

2E               

3E               

4E               

5E               

6E               

 

 presence of  
signal in the 
epithelium 

presence of signal in the 
macrophages 

presence of  
cells 
in the lumen 

distribution of 
cells in the 
 lumen 

presence of 
fibrin in 
 the lumen 

 

1- apical 1-no 1-yes; no staining 1- random 1- yes 

2- basal 2- yes 2-yes; mild 2- around areas 
of 

2- no 

3- both   3-yes; moderate necrosis (like a 
rim) 

  

    4-yes; high 3- both   

    5- no     
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Appendix 10. Flow cytometry analysis of cell surface expression of annexin A1.  
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Appendix 11. Summary of the specificity study for the bovine annexin A1 ELISA. 

Mean OD readings are high for wells having both detection and capture antibody. 

N=4 replicates for each category. 

Capture 

antibody 

Detection 

antibody 

No protein 10 ng protein 40 ng protein 

OD CV % OD CV % OD CV % 

+ + 0.493 3.7 1.091 3.6 1.954 3.8 

+ - 0.208 2.5 0.209 1.1 0.219 6.3 

- + 0.050 6.6 0.055 6.8 0.050 5.7 

- - 0.047 3.2 0.044 10.9 0.044 10.2 

 



 

 

 

 

221 

 

Appendix 12. Summary of the ELISA results with the first approach; a rabbit 

polyclonal capture antibody raised against the full length of human annexin A1 

protein and a goat polyclonal detection antibody raised against the C-terminus of 

human annexin A1 protein. A lysate of annexin A1-overexpressing 293T cells used as 

standard. 3.5-fold difference was achieved between non-specific (buffer only, no 

antigen) and specific binding (1 μg/ml of annexin A1 lysate) with normal horse serum 

as the blocking agent 

 

 

 

 

 

 

 

 

 

 

 

 

 

NRS Normal rabbit serum 

NHS Normal horse serum 

FG Fish gelatin  
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Appendix 13 figure comparing the OD readings of the ELISA first approach with the 

new lot of annexin A1 lysate. The fold increase achieved between non-specific (buffer 

only, no antigen) and specific binding was not reproducible with the new lot of 

annexin A1 lysate. 

 

 

 

 

 

 

 

 

 

 

 

Rabbit   Rabbit anti-goat conjugated with HRP 

Donkey 1/2000 Donkey anti-goat conjugated with HRP (1/2000 dilution) 

Donkey 1/5000 Donkey anti-goat conjugated with HRP (1/5000 dilution) 


