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ABSTRACT 
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Advisor: 
Dorothee Bienzle 
 

Severe equine asthma (SEA) is a common, debilitating inflammatory airway disease of 

horses. Next-generation sequencing identified numerous differentially expressed 

epithelial genes in asthmatic compared to healthy horses, including downregulation of 

the gene for salivary scavenger and agglutinin (SALSA). In humans, SALSA has 

numerous functions in innate immunity and modulates inflammation. In horses, SALSA 

was poorly characterized. This thesis addressed the hypothesis that SALSA has anti-

inflammatory effects on equine leukocytes as assessed in healthy horses and those 

with SEA. First, an antibody against SALSA was validated by western blotting, 

immunoprecipitation followed by mass spectrometry, and immunohistochemical analysis 

of 22 equine tissues in a tissue microarray. The equine SALSA gene was amplified and 

functional motifs predicted. Equine SALSA was found to have three to five scavenger 

receptor cysteine-rich domains, two complement C1r/C1s, Uegf, Bmp1 (CUB) domains, 

and one zona pellucida domain. There was interindividual variability in domain 

frequency. Immunohistochemical labeling was most prominent at mucosal surfaces of 

the duodenum and sections of the airways. Labeling was cytoplasmic and apical, 

consistent with a secreted protein. Second, gene and protein expression of SALSA in 



 

 

 

 

horses with and without SEA was evaluated, and bronchial brushing and biopsy were 

compared to bronchoalveolar lavage as in vivo diagnostic modalities. Quantitative PCR 

confirmed lower SALSA gene expression in horses with SEA while 

immunohistochemically SALSA did not significantly differ between affected and 

unaffected horses. Bronchial brushing but not bronchial biopsy was a good method for 

distinguishing affected from unaffected horses. In the third study, the effect of purified 

equine SALSA on neutrophil bacterial phagocytosis and alveolar macrophage cytokine 

production was determined. Neutrophils incubated with SALSA had a dose-dependent 

decrease in the phagocytosis of fluorescently-labeled bacteria. Alveolar macrophages 

incubated with SALSA had reduced production of CXCL1, IL-8, IL-10 and TNF-α and 

increased production of G-CSF, as measured with an equine-specific multiplex bead 

immunoassay. Overall, the findings from this research indicate that equine SALSA is 

secreted by mucosal epithelial cells, reduces neutrophil phagocytosis, and suppresses 

pro-inflammatory cytokine production. These features define characteristics of SALSA 

that are likely influential in dampening the host response to microbial components at 

mucosal surfaces.  
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 1 

1 Chapter 1 

Introduction  

1.1 Equine asthma 

1.1.1 Background 

Horses experience a spectrum of naturally occurring inflammatory airway conditions, 

with different phenotypes and mechanisms. A variety of names have been used to 

describe these different phenotypes, including heaves, recurrent airway obstruction, 

chronic obstructive pulmonary disease, inflammatory airway disease, summer pasture 

associated obstructive pulmonary disease, and equine emphysema (1, 2). Over time, 

parallels were drawn between these different phenotypes and human asthma, which is 

also a heterogeneous condition characterized by differing age of onset, inflammatory 

cell type, and allergen responsiveness (3, 4). As a result, the term “equine asthma” 

syndrome was suggested to encompass these different phenotypes and to reconcile the 

terminology (2, 5).  

Equine asthma syndrome comprises mild and severe forms with overlapping disease 

phenotypes, broadly classified into “inflammatory airway disease” (IAD) and into the 

more severe form of severe equine asthma (SEA), previously known as “heaves” or 

“recurrent airway obstruction”, respectively. Although IAD has been suggested to 

predispose the horse towards more severe disease, it does not necessarily lead to 

clinical progression (6). Therefore, these diseases do not necessarily form a continuum, 

meaning that the current term “equine asthma” syndrome encompasses different clinical 

entities, hence the need to distinguish between mild and severe equine asthma. 

Diagnosis and distinction between the two broad categories are based on signalment, 

clinical history, clinical signs, documentation of lower airway inflammation by endoscopy 

and bronchoalveolar lavage (BAL) fluid (BALF) cytology findings, as well as ruling out 

other causes of respiratory compromise such as infectious diseases (5). Any age or 

breed may be affected with IAD but the disease appears to more frequently affect young 
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horses new to stabling. Most affected horses recover from the condition, either 

spontaneously or with treatment (7, 8). Conversely, SEA typically presents in horses 

older than 7 years, takes a longer time to develop compared to IAD, and affected 

horses typically do not fully recover (5). Both conditions are commonly encountered, 

with SEA having an estimated prevalence of 14 % in the Northern hemisphere (9, 10). 

Clinical signs in IAD are typically non-specific and may include poor performance and a 

chronic (> 3 weeks), intermittent cough during physical activity, whilst horses with 

severe asthma have increased respiratory effort and cough at rest (11, 12). BAL fluid 

cytology in horses with IAD generally reveals a mild increase in any one or some 

combination of neutrophils, eosinophils or metachromatic cells, whilst horses with SEA 

typically have a marked increase (>25 %) in neutrophils (13). However, there is a 

paucigranulocytic phenotype of clinically severe asthma characterized by moderate (5-

20 %) or absent increase in neutrophils; this phenotype appears to be associated with 

more severe peripheral airway lesions (14, 15). The reason for the relative lack of 

granulocytic inflammation in such cases remains unclear (14). One study suggested 

that because paucigranulocytic cases are associated with increased peripheral 

mucostasis, the abundant mucus plugs could potentially prevent the infused BAL fluid 

from reaching the distal airways and thus impact the retrieval of cells (16). 

Nevertheless, both types of asthma can present with excess mucus in the bronchial 

tree, as well as airway hyperresponsiveness (5).  

1.1.2 Pathogenesis of equine asthma 

1.1.2.1 Environmental factors 

Both IAD and SEA are multifactorial diseases often associated with exposure to dusty 

environments, for example the barn environment (17). Potential pro-inflammatory 

agents found in stable dust include bacterial endotoxins, various fungal spores, 

proteases, peptidoglycans, mites, microbial toxins, plant debris, and inorganic dusts (9, 

18). Exposure to these agents appears to be critical in the development of SEA, with an 

environmental challenge to dusty hay used as a common provocation test for 

neutrophilic inflammation and accumulation of mucus within the airways (19). An 
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environmental challenge can also help distinguish mild equine asthma from SEA, by 

resulting in increased respiratory effort and pulmonary dysfunction in the severe but not 

the mild form (5). Transfer of affected horses to pasture or indoor areas with low dust 

concentrations can result in clinical remission, highlighting the importance of 

environmental factors (9, 20). Although remission can be achieved, there is persistence 

of subtle airway obstruction despite the lack of inflammation, characterized by 

irreversible ultrastructural changes in the lung including loss of ciliated cells, epithelial 

hyperplasia, ciliary malformation, loss of granulation in club cells, and goblet cell 

metaplasia (21, 22). In cases with severe inflammation, or with recurrence of the 

disease, advanced irreversible changes such as fibrosis, smooth muscle hyperplasia, 

and detachment with remodelling of the airway epithelium are noted (9, 23-25).  

Key mediators underpinning these irreversible changes include matrix 

metalloproteinases (MMPs). These destroy collagen, and promote extracellular tissue 

remodelling and fibrosis. Increased concentrations of MMP-2 and MMP-9 have been 

correlated with the severity of equine asthma, including the degree of neutrophilic 

inflammation in BAL fluid (23). Nuclear factor kappa-light-chain enhancer of activated B 

cells (NF-κB), present in inflammation and SEA, was reported to modulate the 

phenotype of smooth muscle, and may thus contribute to smooth muscle proliferation 

(23, 26).  

1.1.2.2 Genetics of severe equine asthma 

In addition to the environment, genetic factors also appear to influence susceptibility to 

SEA (9). Horses with SEA have been noted to have a significantly increased chance of 

having offspring with the disease (27-29). The mode of inheritance is believed to be 

complex and beyond a simple Mendelian pattern, as both autosomal dominant and 

autosomal recessive patterns were noted in certain Warmblood families (28, 30). 

Additionally, affected horses from different families have dissimilar variations in their 

chromosomes, suggesting a single specific genetic cause is unlikely (30, 31).  
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More recently, the advent of transcriptomics has led to large-scale gene expression 

studies that have attempted to identify genes that are differentially expressed in 

severely asthmatic and non-asthmatic horses, following an asthmatic challenge (24, 32, 

33). In one study, up to 3508 genes were noted to be differentially expressed, attesting 

to the complexity of the genetic influence on the disease (33). Pertinent up-regulated 

genes in asthmatic horses included genes encoding proteins involved in 

inflammation/neutrophil chemotaxis (for example toll-like receptor 4 [TLR4], interleukin 8 

[IL-8], S100 calcium-binding protein A9 [S100A9]), tissue remodelling (for example 

hypoxia-inducible factor 1 [HIF1], MMPs), apoptosis (anti-apoptotic proteins like 

immediate early response 3 [IER3] and cell-division cycle protein 20 [CDC20], which 

result in long-standing inflammation), and innate immunity (for example complement 

proteins, complement component receptors, mononuclear cell chemokines like C-X-C 

motif chemokine ligand 13 [CXCL13]) (32, 33). Down-regulated genes included genes 

encoding proteins associated with regulation of the circadian clock (for example 

circadian associated repressor of transcription [CIART]), which may have a suppressive 

glucocorticoid-like effect and prevent the influx of neutrophils (32). Among these genes, 

the gene encoding salivary scavenger and agglutinin (SALSA) was noted to be down-

regulated in horses with SEA, but information regarding this gene and its associated 

protein are limited in horses (32, 34). Proteins such as secretoglobins have provided 

insights into the role of anti-inflammatory proteins in SEA (35), and investigations into 

SALSA would supplement understanding of the pathophysiology of SEA.  

In summary, these genetic alterations corroborate the phenotypic changes expected 

with SEA. Although the aforementioned transcriptomic studies by Tessier et al. (32, 34) 

and Pacholewska et al. (33) were of different design and used different source material 

(bronchial biopsies and blood mononuclear cells, respectively), the overall conclusions 

were similar: SEA is likely the result of complex interactions between numerous 

environmental, genetic and unknown factors.  
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1.1.3 Summary 

Severe equine asthma is a complex, multifactorial disease with high prevalence in the 

Northern hemisphere. Although reversible to a degree, chronically affected horses 

undergo irreversible airway remodeling caused by persistent inflammation. The disease 

is debilitating and a common reason for ending a horse’s performance career (23). 

Therefore, improving our understanding of the pathophysiology, for example through 

studying the genes and proteins that are dysregulated in the disease, may provide 

insights into how to prevent the advent of irreversible lung changes. As SALSA is 

poorly-defined in horses, further studies are required to understand its potential roles 

and functions in SEA.  

1.2 Salivary scavenger and agglutinin 

1.2.1 Nomenclature 

Salivary scavenger and agglutinin is an endogenous, innate defence protein with 

numerous functions. It has been identified in several tissues at different times and in 

different circumstances, and has hence been called a variety of names. For example, 

the protein was first isolated from parotid saliva and was recognized to agglutinate a 

Streptococcus mutans serotype c strain, and was first named salivary agglutinin (SAG) 

(36). Later on, the name gp-340 arose when a glycoprotein with a molecular mass of 

340 kDa in the reduced state was serendipitously purified from human BAL fluid. This 

glycoprotein was found to have scavenger-receptor type domains and was bound to 

lung surfactant D in a calcium-dependent manner (37). At about the same time, brain 

tumors in human patients were found to be associated with loss of sequences from 

chromosome 10q. A novel gene with homology to the scavenger receptor cysteine-rich 

(SRCR) family was found to span that deleted area, and because of its putative role as 

a tumor-suppressor gene, the name deleted in malignant brain tumor 1 (DMBT1) was 

used (38). This gene encoded proteins at different anatomic locations, for example in 

the broncho-alveolar surface lining fluid, and within saliva, which led to names such as 

DMBT1gp-340 and DMBT1SAG, respectively (39). Ultimately it was decided that the 
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proteins expressed in different tissues were likely to be the same: although DMBT1gp-340 

and DMBT1SAG were isolated from different tissues, antibodies raised against one 

protein recognized the other (and vice versa), and there was identical localization of the 

proteins within salivary gland tissue by immunohistochemistry (40). Western blotting of 

saliva using monoclonal antibodies raised against DMBT1gp-340 also yielded identical 

results with DMBT1SAG (41). To simplify the nomenclature, the common name SALSA 

was most recently proposed since it was first identified in saliva, and has roles in 

scavenging and agglutinating bacteria (42). In rats, mice, and rabbits, different names 

including ebnerin, CRP-ductin and hensin, respectively, are still used to refer to 

orthologous proteins for SALSA (43-45).  

1.2.2 Basic structure 

The DMBT1 gene encodes the SALSA protein, which is part of the SRCR superfamily, 

characterized by its members having one or more SRCR domains. In humans, the 

prototypic protein comprises 14 SRCR domains linked by SRCR-interspersed domains 

(SIDs), as well as two C1r/C1s, urchin embryonic growth factor and bone 

morphogenetic protein-1 (CUB) domains and a zona pellucida (ZP) domain in the C-

terminus. The 14th SRCR domain (SRCR14), unlike the other 13 domains that are 

linked to each other by SIDs, is sandwiched between the two CUB domains. The SRCR 

and CUB domains’ main role appears to be ligand binding (46-48). In the instance of 

CUB domains, most have the ability to bind Ca2+, which predicts SALSA’s dependence 

on Ca2+ for ligand binding (49). Similarly, ZP domains are involved in protein 

polymerization, which fits SALSA’s abilities as an agglutinin (50). However, SALSA, at 

least in humans, is not limited to this prototypic structure and variations are described 

below.  

1.2.3 Variability in structure 

The SRCR domains, which are approximately 100-110 amino acids in length, have 87-

100 % identity with each other. The SIDs are short serine-threonine-rich amino acid 

motifs 20-24 amino acids in length, and like SRCRs, share a high level of identity with 
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each other, with SID9 and SID10 being identical (47, 51). Due to this high degree of 

identity, the exons encoding these domains are susceptible to alternative splicing, 

leading to SALSA isoforms with different numbers of repeating SIDs and SRCR 

domains (52). These repeating domains are known as copy number variations (CNVs), 

and specifically, two CNVs have been identified in the human DMBT1 gene, namely 

CNV1 and CNV2. These CNVs are believed to be responsible for the variable number 

of repeated SRCR domains in different individuals, with up to 28 % of individuals having 

variations in the number of expressed repeats (43, 53). The first CNV (CNV1) includes 

four SRCR domains but the exact location remains unclear, with different sources 

mentioning the regions SRCR3-6 or SRCR4-7, with the copy number varying from zero 

to five (52, 53). Only SRCR10 is included in CNV2, which may have zero to five copies 

(53). Some SRCR domains may also be absent in certain individuals, with the shortest 

identified human SALSA isoform having a total of 8 SRCR domains (47, 54). In theory, 

alternative splicing has the potential to result in an estimated 4 x 107 different isoforms, 

but that number is likely even higher as it does not take into account deletions of SRCR 

domains (55).  

Additionally, different glycoforms of the SALSA protein were noted in different tissues 

within the same individual; approximately 25-45 % of the molecular mass of SALSA is 

made of variable carbohydrate/glycosylation sites (37, 39). Glycosylation can either be 

due to N-glycosylation (nitrogen-linked) within SRCR, CUB, and ZP domains, or due to 

O-glycosylation (oxygen-linked) within SIDs (39, 56, 57). Glycosylation is controlled by 

glycosyltransferases, and variations in glycosylation have been noted in different sites 

within different individuals; for example, SALSA isolated from the lung of an individual 

lacked ABH and Lewis antigens (glycoproteins found on erythrocytes and in body 

fluids), and had lower α2, 3-linked sialic acid residues compared to SALSA isolated from 

the saliva of other individuals (57, 58).  

Therefore, SALSA is a highly variable protein with numerous isoforms of different sizes, 

which may be caused by differences in glycosylation combined with different numbers 

of SID/SRCR domains. Not only do different individuals have variably-sized SALSA 
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proteins, but different tissues/compartments within the same individual may have 

variably-sized SALSA proteins (59). Different isoforms also demonstrated differences in 

their ability to bind to bacteria, which suggests differences in disease susceptibility in 

different individuals and/or in different sites. It is not known whether species other than 

humans are subject to similar variations in SALSA structure, but this is plausible 

considering similarities in the overall structure of the protein between species (see 

“Orthologs” section below) (57, 59). 

1.2.4 Sites of expression 

As mentioned above, SALSA was first identified in mucosal secretions but the protein 

has now been identified in a variety of sites. The protein is mainly expressed in 

epithelial cells, where it is secreted into the extracellular matrix or the lumen (60). 

Quantitative polymerase chain reaction (qPCR) and northern blotting have identified 

particularly high expression within the gastrointestinal and respiratory tracts (39). 

Findings of immunohistochemical (IHC) localization of the protein within the alimentary 

system are summarized in table 1 (55).  

Different researchers reported variable locations of SALSA within the respiratory tract: 

Holmskov et al. (56) noted positive staining in alveolar macrophages using a 

monoclonal antibody, whilst Mollenhauer et al. (61) did not identify specific staining of 

either alveolar macrophages or of type II pneumocytes within normal human lung tissue, 

using a different monoclonal antibody. These inconsistent findings could reflect variable 

antibody specificity, or possibly variations between individuals. The staining pattern was 

increased adjacent to inflamed or neoplastic areas, with positive supranuclear and 

apical staining within bronchiolar epithelial cells. This pattern suggested that SALSA is 

upregulated near inflammatory foci and could have anti-inflammatory properties (61). 

Other healthy human tissues that were shown to immunohistochemically express 

SALSA were the epithelial cells of collecting ducts within the kidneys (staining pattern 

not specified), spinous keratinocytes within the epidermis and tonsillar epithelium 

(peripheral and basal staining), epithelial cells of the mammary glands (supranuclear 

staining), acinar cells of lacrimal glands and conjunctival epithelium of the eyes (staining 
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pattern not specified), and some astrocytes and neuronal cells within both the 

cerebellum and cerebral cortex (staining pattern not specified) (43, 62-64). The 

predilection for mucosal epithelial cells, with a predominance of supranuclear to 

apical/peripheral staining, is consistent with the secretory nature of the protein, and 

suggests roles in innate immunity and epithelial homeostasis. Further supporting this 

secreted nature is the identification of SALSA in multiple secretions/bodily fluids by 

western blotting or mass spectrophotometry, including BAL fluid, pancreatic secretions, 

saliva and tear fluid (37, 40, 65, 66).  

1.2.5 Ligands and functions 

The functions of SALSA depend on the ligand partner. They can be summarized into 

innate immune functions (including modulation of inflammation), tissue repair, and 

potentially tumor suppression, which, under specific conditions, may all occur 

simultaneously.  

1.2.5.1 Innate immunity 

The protein can bind to members of the complement system such as C1q, mannan-

binding lectin, and ficolins (42). Activation of the complement system results in the 

formation of opsonins (for example C3b), which allows the targeting of pathogens, 

assembly of the membrane attack complex resulting in destruction of abnormal cells, 

and pro-inflammatory mediators such as C3a and C5a (42, 67). In vitro experiments by 

Reichardt et al. showed that SALSA purified from human saliva, in the presence of 

Ca2+, activates the complement system through the lectin pathway when bound to a 

surface (using SALSA-coated wells), but inhibits the lectin pathway in the fluid phase 

(demonstrated by using serum containing SALSA) (42). Therefore, SALSA does not 

simply act as an activator of the complement system, but rather acts as a modulator, 

with varying effects depending on the site.  

Calcium-dependent binding to lung surfactant proteins A and D (SP-A and SP-D) has 

also been reported through in vitro studies using proteins isolated from human BAL fluid 

(37, 68). These lung surfactant proteins function in chemotaxis, neutralization of 
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pathogens, reactive oxygen species production, and the regulation of cytokine 

production (69). Although SALSA can bind to lung surfactant proteins, the exact 

significance and function of this binding have not yet been determined. In vitro studies 

identified that SALSA isolated from human BAL fluid and recombinant human SP-D 

could both agglutinate influenza A virus, with stronger agglutination when the two 

proteins were combined, although this cooperative effect was likely the result of 

independent binding to the virus by each protein, rather than the result of binding 

between SALSA and SP-D (63). Another vitro study identified that SALSA isolated from 

the saliva of different people had different binding intensities to human SP-D, with 

stronger binding being associated with reduced influenza A virus agglutination (58, 70). 

This further strengthens the idea that the activities of SALSA, and concomitant 

susceptibility to diseases, can vary between individuals, and variability may relate to 

structural modifications in the protein. Chemotactic assays found that SALSA isolated 

from human BAL fluid stimulated the random migration, or chemokinesis, of alveolar 

macrophages, and that the addition of SP-A isolated from human BALF to SALSA 

resulted in significantly increased macrophage chemokinesis compared to SALSA 

alone, and controls (68).  

Further roles in innate immunity include SALSA’s ability to bind, agglutinate, and 

inactivate microorganisms and viruses (54). Through a series of in vitro adhesion and 

agglutination assays using recombinant human SALSA and the mouse ortholog CRP-

ductin, it was shown that SALSA can bind and agglutinate a whole range of bacteria 

and viruses including numerous Streptococcus spp., Staphylococcus aureus, 

Actinomyces, Helicobacter pylori, Bifidobacterium, many strains of Lactobacillus spp., 

Klebsiella oxytoca, Haemophilus influenzae, Salmonella enterica serovar typhimurium, 

as well as human immunodeficiency virus type 1 and Influenza A virus (41, 49, 54, 60, 

64, 71-75). A common amino acid binding motif (RVEVLxxxSW) derived from SRCR 

domains had similar microbial binding properties to the entire SALSA protein (76). This 

common peptide-binding motif was named SRCR peptide 2 (SRCRP2), and was 

believed to be at least partly responsible for the broad binding spectrum of SALSA (76). 

Another group found additional support for SALSA’s functional variability, as SRCRP2 
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was reported to have limited aggregation abilities, with recombinant human SRCR 

domains 1-3 having stronger aggregation to the surface protein antigens I/II of oral 

streptococci (46). These SRCR domains were subject to a conformational change in the 

presence of calcium, and better adherence and aggregation of bacteria was observed 

with an increased number of SRCR domains (46). These two groups used different 

bacterial antigens and the origin of the SRCRP2 was different, but prior conclusions 

about SRCRP2’s binding capacities were questioned. More recently, x-ray 

crystallography located SRCRP2 buried within the SRCR fold, and a role in ligand 

binding was not identified (77). However, mutations in that sequence would be expected 

to disturb the overall fold, which could affect ligand binding. Instead, ligand binding was 

ascribed to a dual-cation binding site, which is applicable to all SRCR domains and is 

highly conserved within the SRCR superfamily (77).  

Another ligand for SALSA is IgA. IgA is present on mucosal surfaces where it fulfills 

innate immune functions such as activation of the complement system and preventing 

invasion by microorganisms (78). it was noted that binding of IgA to SALSA did not 

inhibit binding to Streptococcus mutans, suggesting that concurrent binding to both IgA 

and microorganisms is possible (79). The significance of the binding is unclear, as both 

IgA and SALSA can independently bind and inactivate microorganisms, as well as 

activate the complement system. It is possible that the interaction of SALSA with IgA 

might synergize their innate immune properties, given their similar localizations and 

abilities but this has not yet been proven.  

Using IHC, SALSA was more highly expressed in fetal lungs with meconium aspiration 

compared to normal fetal lungs (80). Lung epithelial cells transfected with SALSA were 

also noted to have increased nitric oxide production compared to non-transfected cells 

upon exposure to meconium. Given that nitric oxide has antimicrobial effects, this 

finding supports SALSA’s role in innate immunity (80).  
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1.2.5.2 Anti-inflammatory effects 

Higher IHC expression of SALSA has often been observed in inflamed tissues, including 

areas flanking neoplasms, and various gastrointestinal and respiratory inflammatory 

diseases in both human neonates and adults. This led to the assumption that the 

protein could have anti-inflammatory effects (61, 81-83). In cases of inflammatory bowel 

disease (IBD) and Crohn’s disease, the level of expression correlated with the degree of 

inflammation (84). Human intestinal epithelial cell cultures similarly had increased 

expression of SALSA upon stimulation by lipopolysaccharide (LPS) and tumor necrosis 

factor alpha (TNF-α) (60). The addition of recombinant SALSA to human intestinal 

epithelial cells also inhibited the LPS-induced release of IL-8, but no effect was noted 

with TNF-α- and flagellin-induced IL-8 secretion (60). These findings suggest that 

SALSA may have anti-inflammatory effects by inhibiting TLR-4-mediated NF-κB 

activation and IL-8 release.  

It has also been postulated that SALSA’s ability to agglutinate bacteria could directly 

reduce inflammation by negating the inflammatory effects of bacterial invasion. Dextran 

sulfate sodium is a polysaccharide that is cytotoxic to intestinal cells and has also been 

found to bind to SALSA, in turn reducing its ability to bind bacteria (85). Histological 

assessment of intestinal damage and inflammation revealed significant differences 

between Dmbt1-/- and wild type mice at low but not high doses of dextran sulfate 

sodium, with a higher degree of inflammation in Dmbt1-/- mice. These findings suggest 

that at high doses, SALSA’s ability to bind bacteria in the wild type mice may be 

saturated, and that at low doses, the ability to bind bacteria was still present and 

accounted for the reduced levels of inflammation noted, possibly through minimization 

of bacterial invasion through damaged epithelial cells (85).  

1.2.5.3 Angiogenic effects 

The SALSA protein has been identified in close association with capillary endothelial 

cells and small arteries in murine tissues by immunofluorescence. Comparing Dmbt1-/- 

and wild type mice, the latter had improved endothelial cell adhesion, migration and 
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proliferation following both in vitro and in vivo injury compared to Dmbt1-/- mice, 

suggesting that SALSA plays a role in angiogenesis and tissue repair (86). In vitro 

ELISA assays also demonstrated binding between human recombinant SALSA and 

galectin-3, epidermal growth factor, vascular endothelial growth factor (VEGF) and the 

Notch ligand Delta-like 4, which are all involved in angiogenesis. It is speculated that 

such interactions increase the concentration of these growth factors and promote 

angiogenesis, but it is yet to be proven (86). Increased expression of VEGF, which has 

a role in pulmonary development, including type II pneumocyte growth, proliferation, 

and differentiation, was identified by an ELISA assay in pulmonary epithelial cells 

transfected with SALSA compared to cells not transfected with SALSA (87). 

Significantly higher VEGF expression and lower IL-6 expression were also noted using 

an ELISA assay in cells transfected with SALSA upon stimulation by pro-inflammatory 

mediators like LPS (87). These findings suggest that SALSA may both drive and 

modulate angiogenesis and tissue repair. Down-regulation of IL-6 further supports its 

anti-inflammatory role. 

1.2.5.4 Salivary scavenger and agglutinin in neoplasia 

Frequent loss or reduction in gene expression has been noted in various neoplasms, 

suggesting a role in tumor suppression, but this has been an inconsistent finding (88). 

Downregulation of SALSA has been reported in numerous neoplasms such as 

medulloblastoma, and various carcinomas including pulmonary, mammary and biliary 

tumors, suggesting that the protein may play a role in tumor suppression (38, 89-91). A 

study by Mollenhauer et al. (62) found loss of heterozygosity at the DMBT1 locus for 28 

of 64 neoplastic samples, including 60 tumor cell lines and 4 primary tumors 

encompassing brain, lung, pancreatic, endometrial, breast and prostate cancers, as well 

as melanomas. Within a subset of these tumors, 26 of 44 tumor samples had genetic 

alterations in DMBT1, including 21 samples that had variable number tandem repeats 

and 11 samples that had mutations (such as base pair substitutions and genomic 

rearrangements) compared to normal individuals (62). Another study confirmed the 

presence of numerous variable number tandem repeats in neoplastic samples, resulting 
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in variations in the SRCR/SID regions (52). These alterations were proposed to affect 

the protein’s ligand-binding ability but were not expected to completely inactivate 

DMBT1. Therefore, it was suggested that DMBT1 may not simply be a conventional 

tumor suppressor gene, and that it may instead have a role in epithelial differentiation, 

loss of which could contribute to neoplastic transformation (62). However, loss of 

expression of DMBT1 in lung and gastric cancers was inconsistent, with upregulation of 

the gene actually being more common in gastric cancers, which put in question the 

gene’s role as a conventional tumor suppressor (92, 93). Although numerous sources 

speculate that SALSA’s role in epithelial differentiation is key to neoplastic 

transformation, the evidence is limited. Such speculation is extrapolated from 

localization of the protein to epithelial surfaces, and the ability of hensin, the rabbit 

equivalent of SALSA, to induce differentiation in renal collecting duct cells (47, 54, 94). 

Therefore, although there is some evidence to suggest that SALSA has a role in 

neoplastic transformation, the underlying mechanisms have not yet been elucidated.  

1.2.5.5 Salivary scavenger and agglutinin, trefoil factors and tissue repair 

The main function of trefoil factors (TFFs) appears to be in wound healing and epithelial 

repair, whereby they increase cell motility, reduce cellular apoptosis and promote cell 

survival. The TFF family comprises three peptides in mammals (TFF1, TFF2, and 

TFF3), characterized by three-looped disulphide bonds resembling a trefoil (95). Trefoil 

factors were initially noted to be overexpressed in chronically inflamed gastrointestinal 

tissues, which suggested a potential role in mucosal regeneration (96, 97). In vivo 

studies substantiated this suspicion, with the subcutaneous administration of human or 

porcine TFF in rats reducing gastric ulcers by approximately 50 %, with epidermal 

growth factor providing a synergistic effect on healing (98-100). Increased 

concentrations of TFF peptides were present in serum, sputum, and BAL fluid of 

humans with chronic pulmonary obstructive disease compared to healthy humans, but 

concentrations were not increased in asthma (101, 102). In other studies, TFF2 gene 

expression was increased in airway epithelial cells from asthmatic people, as well as in 

lung tissue from mice with experimentally induced asthma (103, 104). Increased goblet 
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cell hyperplasia and subepithelial collagen deposition were noted in Tff2 knockout mice 

compared to wild-type mice following asthmatic challenge (105). Additional studies 

revealed that intranasal TFF2 treatment in murine models of asthma resulted in 

significantly decreased epithelial thickening, subepithelial collagen deposition, bronchial 

epithelial cell apoptosis, goblet cell metaplasia, and airway hyperresponsiveness, 

relative to untreated and vehicle controls (106). These findings suggest a role in 

epithelial repair, with the potential to prevent the irreversible changes associated with 

asthma.  

Because of their structure, trefoil factors are predicted to be ligands for SALSA. Trefoil 

factors, especially TFF3, are most prominently expressed in epithelial cells of mucus-

secreting tissues, such as the gastrointestinal tract, respiratory tract, salivary gland and 

reproductive tract, which are similar to those that express SALSA (95, 96). The 

expression of both SALSA and TFFs within epithelial cells supports a role in epithelial 

repair/homeostasis, but there are some conflicting reports regarding their interaction 

with each other. Binding between TFF2 and SALSA was identified in porcine stomach 

scrapings (107), but SALSA purified from human BALF only bound to dimeric TFF3 in a 

calcium-dependent manner, with no binding to human TFF2, or monomeric TFF3 (45). 

This raises the question as to whether the binding of SALSA to specific TFFs varies by 

site, species and individual. The result of SALSA binding to TFF has not yet been 

determined.   

In summary, SALSA is capable of interacting with a variety of ligands, which has largely 

been demonstrated through in vitro assays. Although the effects of such binding have 

not been clearly demonstrated, based on the sites of expressions and nature of the 

ligand partners, it is likely that SALSA has roles in innate immunity, modulation of 

inflammation and tissue repair.  

1.2.6 Orthologs 

Orthologs are genes present in different species and derived from a common ancestral 

gene. As a result, orthologs often share equivalent functions (44). Some of the ortholog 
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proteins for SALSA include ebnerin, CRP-ductin, and hensin in rats, mice and rabbits, 

respectively (43, 45).  

In rats, ebnerin is present within the secretory duct epithelial cells and secretions of von 

Ebner’s gland, a lingual salivary gland, and in mice, CRP-ductin has been identified by 

IHC in the large and small ducts of the salivary gland, in epithelial cells throughout the 

gastrointestinal tract including mucus-producing cells, and in the exocrine pancreas 

within both acinar and duct epithelial cells (49, 108). Although their exact roles have yet 

to be elucidated, these orthologs are associated with stem cell niches in the liver 

(ebnerin) and gastrointestinal crypts (CRP-ductin), suggesting a role in tissue repair and 

cell differentiation (109, 110). Hensin, meaning “change in body” in Japanese, was 

noted to alter epithelial cell polarity in the intercalated cells of the renal collecting ducts, 

which results in formation of specialized epithelial cells from a less-differentiated form 

(111, 112). All three orthologs are also comprised of SRCR, CUB, and ZP domains, 

which in combination with the presumed functions, is reminiscent of SALSA in humans 

(108, 110, 113). Like SALSA, CRP-ductin can bind to lung surfactant protein D in a 

calcium-dependent fashion, as well as bacteria including H. influenzae and K. oxytoca 

(49).  

In summary, given the structural and functional similarities between the aforementioned 

orthologs and human SALSA, it is expected that the equine protein has similar 

functional properties, which could be of particular interest with regards to equine 

asthma.  

1.3 Potential relevance of SALSA to severe equine asthma 

Neutrophilic inflammation is a key feature of SEA. Recruitment of neutrophils in 

asthmatic horses involves interplay between lymphocytes, macrophages and the 

release of pro-inflammatory cytokines such as the chemokine IL-8, presumably through 

upregulation of TLR-4 following exposure to stable bust (114-117). Although not a 

predominant cell type in BAL fluid of severely asthmatic horses, lymphocytes contribute 

to inflammation through the production of pro-inflammatory cytokines such as IL-8, 
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interferon gamma, and IL-17, which in turn drive the expression of other pro-

inflammatory cytokines such IL-1β, IL-6, TNF-α, and CXCL1 and 2 (118). Likewise, in 

asthmatic horses, macrophages also contribute to the neutrophilic inflammation through 

the release of IL-8, macrophage inflammatory protein-2 and TNF-α (119). Another 

feature of the neutrophilic inflammation in asthmatic horses is the decrease in neutrophil 

apoptosis induced by IL-17 (120). Not only does apoptosis reduce the number of 

neutrophils, but the phagocytosis of apoptotic neutrophils by macrophages also creates 

a shift to an anti-inflammatory profile and the release of anti-inflammatory cytokines 

such as IL-10 and transforming growth factor β (121). Therefore, decreasing apoptosis 

impairs this anti-inflammatory shift and further contributes to the inflammation.  

These observations highlight the complex interactions between cells and cytokines for 

initiating and maintaining neutrophilic inflammation in SEA. Given that the degree of 

neutrophilic inflammation correlates with the severity of pulmonary lesions, it makes 

sense from a preventative point of view to find ways to reduce or prevent neutrophilic 

inflammation before the formation of irreversible lung fibrosis (16). There is promise for 

SALSA in that regard: the protein has been shown to have increased IHC expression in 

inflamed areas, and in human intestinal epithelial cells, treatment with recombinant 

SALSA inhibited TLR-4-mediated NF-κB activation and IL-8 release (60). Therefore, 

studies on the effects of equine SALSA on inflammation are needed.  

The SALSA protein is a potential target to investigate how best to mitigate aberrant 

attempts at tissue repair which prolong neutrophilic inflammation and lead to irreversible 

changes in the lungs of equine asthmatics. These irreversible changes, which include 

fibrosis, represent aberrant attempts at repair and are responsible for persistent 

peripheral airway obstruction, a key factor in patient morbidity (122-124). There have 

been encouraging results with regard to TFF2 preventing epithelial thickening, 

subepithelial collagen deposition, bronchial epithelial cell apoptosis, goblet cell 

metaplasia, and airway hyperresponsiveness in mouse models of asthma (106). 

However, at this stage, there is only limited evidence of SALSA being able to bind to 

TFF2, and no studies on TFF and SALSA have been conducted in horses.  
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Figure 1.1: Structure of SALSA; a selection of SALSA isoforms identified by cDNA 
sequencing and copy number variation (CNV) studies. A. Prototypical, full-length 
SALSA. B. Shortest SALSA isoform identified, through CNV studies. C. Isoform 
identified in a patient with Crohn's disease (51). D. Longest predicted isoform, with 
duplication of CNV 1 and identical repeats of SRCR 11. Image from Reichhardt et al. 
(54).  
 
ZP: zona pellucida 
CUB: C1r/C1s urchin embryonic growth factor and bone morphogenetic protein-1 
SRCR: scavenger receptor cysteine-rich 
SID: SRCR interspersed domain 
ST-rich linker: serine-threonine rich linker 
P-rich linker: proline-rich linker 
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Table 1.1: Immunohistochemical staining of SALSA in the human alimentary 
system. Adapted from Mollenhauer et al. (55). 
Tissue Structure/cell type Major staining patterna 

Salivary gland Intercalated ducts S 

 Striated ducts S 

 Interlobular ducts S 

Esophagus Epithelium, superficial layers B 

 Glands/ducts S, DC, AM 

Stomach Surface epithelium S, B 

 Glands S, DC 

 Parietal cells DC, P 

Duodenum Enterocytes S, AM 

 Brunner’s glands S 

Colon Colonocytes S 

Gallbladder Superficial epithelium S, AM 

 Glands DC 

Pancreas Islets of Langerhans No predilection 

aPattern estimated to be moderately frequent or common: S (supranuclear), B (basal), 

DC (diffuse cytoplasmic), AM (apical membrane), P (peripheral).  
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2.1 Abstract 

The Salivary Scavenger and Agglutinin (SALSA) protein is an innate immune protein 

with various alleged functions, including the regulation of inflammation and tissue 

remodeling. Transcriptomic studies of severe equine asthma showed downregulation of 

the gene encoding SALSA in bronchial epithelium of asthmatic compared to non-

asthmatic horses. This study aimed to characterize expression of SALSA in equine 

tissues by immunohistochemistry, corroborate potential differences in epithelial gene 

expression between asthmatic and non-asthmatic horses, and assess the structure of 

equine SALSA. An antibody against SALSA was validated through immunoprecipitation 

followed by mass spectrometry and western blotting to recognize the equine protein. 

This antibody was applied to tissue microarrays containing 22 tissues each from four 

horses. A quantitative PCR assay was designed to compare gene expression for 

SALSA between six asthmatic and six non-asthmatic horses, before and after an 

asthmatic challenge, using cDNA from endoscopic bronchial biopsies as source 

material. The SALSA gene from bronchial cDNA samples of ten horses, was amplified 

and sequenced, and translated to characterize the protein structure. Immunostaining for 

SALSA was detected in the mucosal surfaces of the trachea, bronchi, bronchioles, 

stomach, small intestine and bladder, in pancreatic and salivary gland ducts, and in 

uterine gland epithelium. Staining was strongest in the duodenum, and the intercalated 

ducts and Demilune cells of the salivary gland. SALSA was concentrated in the apical 

regions of the epithelial cell cytoplasm, suggestive of a secreted protein. Gene 

expression was significantly lower (P = 0.031) in asthmatic compared to non-asthmatic 

horses. Equine SALSA consisted of three to five scavenger receptor cysteine-rich 

(SRCR) domains, two CUB (C1r/C1s, uegf, bmp-1) domains and one Zona Pellucida 

domain. These domains mediate the binding of ligands involved in innate immunity. 

Varying numbers of SRCR domains were identified in different horses, indicating 

different isoforms. In summary, equine SALSA has a predilection for mucosal sites, has 

multiple isoforms, and has decreased expression in asthmatic horses, suggesting 

alterations in innate immunity in equine asthma. 
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2.2 Keywords 

Asthma, equine, DMBT1, gp340, heaves, immunohistochemistry 

2.3 Introduction 

The Salivary Scavenger and Agglutinin (SALSA) is an innate immune protein with 

various putative functions, including regulation of inflammation, tissue remodeling and 

immune response (1, 2). The protein is known by numerous other names, including 

salivary agglutinin, glycoprotein-340, and Deleted in Malignant Brain Tumors 1 

(DMBT1), but the name SALSA was most recently proposed to unify the original 

discovery in saliva with the ability to scavenge and agglutinate bacteria (3). The protein 

is extensively glycosylated and is secreted from mucosal surfaces. SALSA binds to a 

variety of endogenous and microbial ligands such as surfactant proteins A and D, 

complement proteins, and IgA (1, 4, 5). As such, SALSA interacts with components of 

both innate and adaptive immunity.  

The ligand-binding property of SALSA resides in the nature and frequency of specific 

structural subunits: in humans, SALSA is comprised of three protein domains, namely 

the scavenger receptor cysteine-rich (SRCR) domain, the C1r/C1s, urchin embryonic 

growth factor and bone morphogenetic protein-1 (CUB) domain, and the zona pellucida 

(ZP) domain (6). The SRCR and CUB domains are involved in ligand binding, whilst the 

ZP domain appears to function in protein polymerization (6-8). The prototypic structure 

of human SALSA comprises a stretch of 13 SRCR domains, followed by two CUB 

domains on either side of a 14th SRCR domain, and a ZP domain at the C-terminal (1). 

However, this structure is not fixed, and SALSA isoforms of varying subunit composition 

and with a range of SRCR domains have been reported for individual persons (2, 9).  

Because of mucosal localization and propensity to interact with various innate immune 

proteins, the role of SALSA has been investigated in conditions such as inflammatory 

bowel disease (IBD) and cystic fibrosis (CF), which are associated with altered mucosal 

barrier function, bacterial overgrowth, and cycles of inflammation (2, 10). Expression of 
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SALSA at mucosal surfaces correlated positively with increasing degrees of 

inflammation, suggesting it was an induced protein and might have a protective role. 

This protective effect is believed to include negative feedback via innate inflammatory 

receptors such as Toll-like receptor (TLR) 4, thereby implicating SALSA as an 

immunomodulatory switch (2, 10). Conditions such as IBD and CF share some features 

with severe equine asthma (SEA), a common respiratory disorder also referred to as 

heaves or recurrent airway obstruction. Horses with SEA have severe neutrophilic small 

airway inflammation and alterations in the bronchial epithelium, and develop eventual 

lung remodeling and impaired gas exchange that becomes incompatible with life (11). 

Contrary to IBD and CF in humans, transcriptomic assessment of the equine bronchial 

epithelium identified downregulation of the gene encoding SALSA in asthmatic relative 

to non-asthmatic horses (11, 12). In light of these findings and the suggested roles of 

SALSA, we hypothesized that in horses, SALSA is concentrated at mucosal sites, has 

multifunctional domains, and is altered in inflammation. Here we report on establishing 

an immunohistochemical assay for equine SALSA, evaluation of SALSA in multiple 

tissues, and gene expression in horses with and without asthma.  

2.4 Materials and Methods 

2.4.1 Antibody validation 

2.4.1.1 Western blotting 

A tissue lysate was prepared from equine duodenum collected immediately post-

mortem. Duodenum was selected since SALSA is highly expressed in this tissue (2). 

Briefly, 50 mg of tissue were combined with 1 mL of lysis buffer (CelLyticTM MT Cell 

Lysis Reagent; Sigma-Aldrich, St Louis, MO, USA) and 10 μL of protease inhibitor 

cocktail (P8340; Sigma-Aldrich), and subjected to disruption in a TissueLyser II 

apparatus (Qiagen, Hilden, Germany). The lysed contents were centrifuged for 10 min 

at 4 °C and 16 000 g. The supernatant was collected and represented the protein 

extract. Soluble proteins in the supernatant (30 μg) were separated by electrophoresis 

in an 8 % SDS-polyacrylamide gel, and then transferred to a polyvinylidene fluoride 
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(PVDF) membrane (Trans-Blot; Bio-Rad, Mississauga, ON, Canada). The membrane 

was washed in 1X wash buffer (Dako, Mississauga, ON, Canada) for 15 min, blocked 

with 3 % skim milk for 1 hour, and washed again with 1X wash buffer (Dako) for 15 min. 

The membrane was then incubated overnight at 4 °C with anti-DMBT1 antibody 

(polyclonal rabbit IgG, concentration 1 μg/μL, RRID: AB_2810221, Sino Biological, 

Wayne, PA, USA) diluted 1:1000 in 1 % skim milk. The following day, the membrane 

was washed in 1X wash buffer for 45 min, with a change in buffer every 5 min, and then 

incubated for 30 min with secondary antibody (polyclonal goat anti-rabbit 

immunoglobulins-horse radish peroxidase [HRP]; RRID: AB_2617138, Dako) diluted at 

1:2000 in 1 % skim milk. Thereafter, the membrane was washed again over 45 min, and 

then incubated with enhanced chemiluminescence (ECL) western blotting detection 

reagent (Clarity Western ECL; Bio-Rad). A Chemidoc+ instrument and ImageLab 

software (both Bio-Rad) were used to visualize and analyze, respectively, the 

membrane bands.  

2.4.1.2 Immunoprecipitation 

Supernatant (150 μg of protein extract) was incubated with 1 μL of a 1:100 DMBT1 

antibody dilution on ice for 2 hours, with manual rotation of the mixture every 15 min. 

Afterwards, 100 μL of protein A-coated magnetic microbeads (μMACS protein A 

microbeads; Miltenyi Biotec, Auburn, CA, USA) were added to the mixture, which was 

incubated on ice for 1 hour. The mixture was passed through a μ column (Miltenyi 

Biotec) subjected to a magnetic field (μMACS separator; Miltenyi Biotec). The μ column 

was rinsed four times with 200 μL of lysis buffer (CelLyticTM MT Cell Lysis Reagent; 

Sigma-Aldrich), four times with 100 μL of TrisHCl pH 7.5, and twice with 200 μL of 1X 

phosphate-buffered saline (PBS). The column was removed from the magnetic field, 

and 30 μL of PBS was passed through the column twice to dislodge the magnetic 

beads. The flow-through was collected and submitted for mass spectrometric analysis 

(LC-MS, SPARC BioCentre, The Hospital for Sick Children, Toronto, ON, Canada), 

along with a negative control sample prepared in an identical manner except for 

omission of antibody incubation. Mass spectra were analyzed using PEAKS studio 
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(Bioinformatics Solutions, Waterloo, ON, Canada) and X! Tandem Alanine (The Global 

Proteome Machine, thegpm.org) software. PEAKS studio was set up to search the 

Uniprot-Equus caballus_Apr122019 database assuming digestion with trypsin. 

Tandems were searched with a fragment ion mass tolerance of 0.020 Da and a parent 

ion tolerance of 10.0 PPM. Carbamidoethyl was specified as a fixed modification. The 

bioinformatics tool Scaffold (version Scaffold_4.8.9, Proteome Software Inc., Portland, 

OR, USA) was used to validate the mass spectrometry results (13).  

2.4.2 Survey of SALSA expression in normal tissues by immunohistochemistry 

Tissues collected from four horses donated and euthanized due to untreatable skeletal 

or orthopedic conditions were fixed in 10 % neutral buffered formalin and embedded in 

paraffin. The horses were a 1 year-old male Thoroughbred with a deep tooth root 

abscess, a 1 year-old female Thoroughbred with osteochondritis of the right femur, a 6 

year-old female Thoroughbred with degenerative disease in multiple joints, and a 17 

year-old male Hannoverian with cervical arthritis. Tissue microarrays (TMAs) containing 

adrenal gland, bone marrow, cerebrum, esophagus, heart, kidney, large intestine, liver, 

lung, lymph node, pancreas, reproductive organ (testis or uterus), salivary gland, skin, 

small intestine (duodenum and jejunum/ileum), spleen, stomach, thyroid gland, tongue, 

trachea and urinary bladder (22 tissues), were constructed from each horse using 1.0 

mm tissue cores with 1.9 mm separations between each core. The TMAs were 

sectioned at 3 μm thickness with a rotary microtome and placed onto charged glass 

slides. Sections were de-paraffinized in xylene before immersion in pH 6.1 antigen 

retrieval solution (Dako) for antigen retrieval by heat (110 °C for 1.5 min) in a de-

cloaking chamber (Biocare Medical, Markham, ON, Canada). The slides were then 

washed in 1X wash buffer (Dako) for 5 min before a 10-min incubation step with dual 

enzyme blocker solution (Dako). Following another 5-min wash in 1X wash buffer, the 

slides were incubated with serum free protein blocker (Dako). The slides were 

subsequently incubated at room temperature for 2 hours with primary anti-DMBT1 

antibody (Sino Biological) diluted 1:750 in wash buffer. The slides were washed in 1X 

wash buffer for 45 min, changing the buffer every 5 min, before incubation at room 
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temperature for 30 min with secondary antibody (polyclonal goat anti-rabbit 

immunoglobulins-HRP; Dako) diluted at 1:2000. Nova Red chromogen (Dako) was 

applied as a chromogenic substrate for HRP, and the slides were counterstained for 3 

min with Harris modified hematoxylin (ThermoFisher Scientific, Burlington, ON, 

Canada). Negative control slides were similarly processed, but with the omission of the 

primary antibody. The same immunohistochemistry (IHC) assay using anti-gp340 

antibody (polyclonal rabbit IgG, concentration 10.5 mg/mL, diluted 1:100, and provided 

generously by U. Holmskov of Syddansk Universitet) as the primary antibody was also 

applied in parallel to tissues from the 1 year-old male Thoroughbred. Incubation with 

this primary antibody was overnight at 4 °C, instead of 2 hours at room temperature. 

Specificity of the antibody to equine SALSA was previously reported by U. Holmskov 

(4). Microscopic analysis was performed on a BX45 Olympus microscope, and images 

were acquired with a DP71 Olympus camera and cellSens standard 1.12 software. An 

IHC grading scheme was adapted to indicate the proportion of stained cells as 0 = 

none; 1 = <1 %; 2 = 2-10 %; 3 = 11-34 %; 4= 35-66 % or 5 = >66 % (14, 15). Staining 

intensity was assessed semi-quantitatively as 0 = none; 1 = weak; 2 = moderate; 3 = 

strong. The score for proportion of stained cells was multiplied by the score for staining 

intensity, giving potential scores ranging from 0 to 15. 

2.4.3 Quantitative PCR 

All procedures were approved by the University of Guelph Animal Care Committee 

(protocol R10 – 031) in accordance with the guidelines of the Canadian Council on 

Animal Care. Bronchial endoscopic biopsies were collected from six mature asthmatic 

(mean age of 15 years) and six mature non-asthmatic (mean age of 12 years) horses. 

The asthmatic horses had historically severe equine asthma diagnosed by clinical 

features including coughing and increased respiratory effort at rest, neutrophilic 

inflammation in bronchoalveolar lavage (BAL) fluid, abnormal respiratory function test 

results, and improvement in respiratory function following transfer to a low-dust 

environment. Duration of disease in asthmatic horses was two to six years, but they 

were free from clinical disease for at least six months prior to sample collection. The 
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non-asthmatic horses had no historical or clinical evidence of respiratory disease, had 

normal respiratory function and normal BAL leukocyte populations. All horses were 

maintained outdoors for over six months prior to sample collection, before placement in 

a dust-free environment for 24 hours. The horses were subsequently exposed to dusty 

hay for up to 3 days, or until the asthmatic horses showed respiratory impairment. 

Bronchial endoscopic biopsies were obtained from one lung before the dusty hay 

challenge, and from the contralateral lung after the challenge, resulting in a total of 24 

samples, two from each horse. RNA was extracted from each endoscopic biopsy, and 

reverse transcribed into cDNA using a Superscript III Reverse Transcriptase kit 

(Invitrogen, Mississauga, ON, Canada) (11).  

The cDNA was amplified in duplicate by qPCR using a LightCycler 480 instrument 

(Roche LifeScience, Laval, QC, Canada), SYBR green reagent (Roche LifeScience), 

and forward primer 5’-GCC CAC TGC TAC CCA AGA T-3’ and reverse primer 5’-TGA 

AGC CCA GGT TTA TGC GA-3’. The primers were predicted to be specific for SALSA 

mRNA (DMBT1, XM_014732986.1; predicted length 255 bp, GenBank) using the Basic 

Local Alignment Search Tool (BLAST) on the equine genome EquCab2.0 on the 

National Center for Biotechnology Information database (NCBI, Bethesda, MD). 

Reference genes were selected from a pool of five commonly used reference gene 

candidates that had been previously evaluated in equine samples: beta-actin (BAC), 

ribosomal protein L32 (RPL32), zeta polypeptide (YWHAZ), succinate dehydrogenase 

complex subunit A (SDHA), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(16, 17). A preliminary qPCR run was performed with the candidate reference genes, 

and Normfinder software package was used to identify the two least variable genes 

(18). The two genes selected were BAC and RPL32 as they were most stable and had 

similar cycle thresholds (Ct) to SALSA. Forward and reverse primers for BAC were 5ʹ-

GAC CCA GAT CAT GTT TGA GAC CT-3ʹ and 5ʹ-TGA TGG AGT TGA AGG TAG TTT 

CGT G-3ʹ, respectively. Forward and reverse primers for RPL32 were 5ʹ-GGG AGC 

AAT AAG AAA ACG AAG C-3ʹ and 5ʹ-CTT GGA GGA GAC ATT GTG AGC-3ʹ, 

respectively. As a calibrator, cDNA translated from RNA extracted from equine salivary 

gland tissue was used. The protocol included a 7-min pre-incubation phase at 95 °C, 45 
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amplification cycles comprised of 20 s at 95 °C, 20 s at 60 °C and 20 s at 72 °C, a 

melting curve cycle comprised of 5 s at 95 °C, 1 min at 45 °C and a continuous ramp 

rate of 0.11 °C until 97 °C, followed by a final 10 s cooling step at 40 °C.  

The qPCR efficiency for each gene tested was derived from standard curves. Relative 

gene expression was calculated using the equation:  
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whereby “E” refers to the qPCR efficiency for the specified gene, “DCt” refers to the 

difference between the Ct of the calibrator and the specified gene, “ref” refers to the 

reference genes (repeated for each reference gene), and “GeoMean” refers to the 

geometric mean of gene expression of the two reference genes.  

To assess the adequacy of the sample size in determining a significant difference in 

gene expression between asthmatic and non-asthmatic horses, the following equations 

were used (19):  

?4 = 	?E = 1 +
1

H
	 I

J 1 −
L
2
+ J(1 − N)

O4 − OE

P

 

QR>RSTRSU>V	W<X;Y =� z − z 1 −
L

2
+� −z − z 1 −

L

2
	,

J = 	
O4 − OE

I
1
?4
+
1
?E

 

 

Here, A and B represent asthmatic and non-asthmatic horses respectively, n is the 

sample size, κ is the matching ratio (i.e. 1 in this instance), μ is the mean, σ is the 
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standard deviation, Φ is the standard normal distribution function, α is Type I error, and 

β is Type II error, meaning 1 – β is the statistical power.  

GraphPad Prism (Version 6.07 for Windows, La Jolla, CA, USA) was used for all 

subsequent statistical analyses. Relative gene expression results for each sample were 

log-transformed and tested for normality with a D’Agostino-Pearson test. An unpaired t-

test with Welch’s correction was used to compare relative gene expression between 

asthmatic and non-asthmatic horses. A ratio paired t-test was used to compare groups 

pre- and post-asthmatic challenge (asthmatic horses pre- and post-challenge, non-

asthmatic horses pre- and post-challenge, and all horses pre- and post-challenge). A p-

value < 0.05 was used as cutoff for statistical significance.  

2.4.4 Polymerase chain reaction for whole gene sequencing 

RNA extracted from bronchial endoscopic biopsies was reversed transcribed to cDNA 

using a Superscript III Reverse Transcriptase kit (Invitrogen). These endoscopic 

biopsies were the same ones described above. Six samples from non-asthmatic and 

three from asthmatic individuals yielded adequate cDNA following reverse transcription. 

An additional sample was obtained from bronchial mucosa collected from the 6 year-old 

female Thoroughbred with degenerative joint disease mentioned above. RNA was 

extracted from this sample and also reversed transcribed to cDNA, resulting in samples 

from 10 individuals. Primers for different amplifications were specific for the predicted 

SALSA mRNA (DMBT1: XM_014732986.1, DMBT1 protein-like: XM_023637966.1; 

GenBank, NCBI) and based on the equine genomes EquCab2.0 and EquCab3.0, 

respectively. Primer sequences are in Table 2.1, and were designed to amplify from 

nucleotides 102 to 3026 on the predicted DMBT1 gene (XM_014732986.1), and from 

nucleotides 2024 to 4033 on the predicted DMBT1 protein-like gene 

(XM_023637966.1). The PCR amplifications were performed using a Platinum Taq DNA 

polymerase high fidelity PCR kit (Invitrogen). Each PCR included 5 μL of 10X high 

fidelity buffer, 1 μL dNTPs (0.04 mM), 2 μL MgSO4 (2 mM), 1 μL of each primer, 0.5 μL 

of Platinum Taq (2.5 U), and 1 μL of cDNA in 38.5 μL of water. PCR conditions for 

amplifications were 1 min at 94 °C, followed by 35 cycles of 94 °C for 30 s, annealing 
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temperature as indicated in Table 2.1 for 30 s, and 68 °C for 2 min, followed by a final 

elongation at 68 °C for 10 min. The PCR products were loaded in a 1 % agarose gel 

stained with SYBR Safe (Invitrogen) and separated at 120 V for 1 hour. Amplicons of 

the expected size were cut out, followed by DNA extraction and purification (QIAquick; 

Qiagen, Toronto, ON, Canada). The purified DNA was submitted for automated 

sequencing (Laboratory Services Division, Guelph, ON, Canada) in forward and reverse 

direction. The sequences were assembled with the predicted SALSA mRNA sequences 

as templates (DMBT1: XM_014732986.1, DMBT1 protein-like: XM_023637966.1; 

GenBank, NCBI) using Geneious Pro software, version 11.0.2 (Biomatters, Auckland, 

New Zealand). Additional sequence alignments were generated with the following 

parameters: Global alignment with free end gaps, Gap open penalty 12, Gap extension 

penalty 3, cost matrix 65 % similarity, and manual adjustment. Nucleotide sequences 

were translated into amino acid sequences, and conserved domains were identified 

using the NCBI Conserved Domain Database. Protein models were built using the T-cell 

differentiation antigen CD6 (UniProtKB- P30203) as template, and imported into the 

Swiss-PdbViewer software (SPDBV 4.1.0) for visualization. The isoelectric point for 

each protein was calculated in Geneious Pro software using the following parameters 

for amino acids: D = -3.9, E = -4.1, C = -8.5, Y = -10.1, H = 6.5, K = 10.8 and R = 12.5. 

2.5 Results 

2.5.1 Antibody validation 

A western blot was used to assess the specificity of the antibodies. The molecular 

weight of equine SALSA was estimated to be approximately 250 kD based on the 

translated nucleotide sequence and a prior report (20). Using the protocol described 

above, a prominent band of approximately 240 kD was identified (Figure 2.1). This band 

was very faint in a tissue lysate prepared from cerebrum of the same animal. Analysis of 

mass spectrometry data through Scaffold identified a peptide sequence (SGSSLSGSIK) 

within the immunoprecipitated protein extract that was absent in the sample prepared 

without primary antibody. This peptide sequence was predicted to be part of an 

approximately 232 kD uncharacterized protein and shared 100 % identity with equine 
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DMBT1 protein-like isoforms X1-X14 (XP_023493615.1, XP_023493622.1, 

XP_023493626.1, XP_023493634.1, XP_023493638.1, XP_023493647.1, 

XP_023493653.1, XP_023493660.1, XP_023493668.1, XP_023493675.1, 

XP_023493680.1, XP_023493689.1, XP_023493698.1, XP_023493705.1; GenBank, 

NCBI), and 80 % identity with equine DMBT1 protein-like (XM_023637966.1; GenBank, 

NCBI). This peptide sequence had an observed mass to charge ratio (m/z) of 461.75, 

actual mass of 921.49 Da, a peptide charge of 2, a delta Da of 0.0089 and delta PPM of 

9.624.  

2.5.2 Detection of SALSA in normal horse tissues 

The results of IHC staining were similar for all four horses, and for both antibodies. 

Approximately 5 % of tracheal mucosal, ciliated columnar epithelial cells had weak 

immunopositivity for SALSA. The staining location was cytoplasmic and supranuclear, 

and the pattern was granular, with positive staining concentrated along the luminal 

surface. Approximately 50 % of goblet cells within the mucosal epithelium had 

cytoplasmic, granular immunopositivity for SALSA. Within the lower airways, most 

bronchial and bronchiolar ciliated columnar and goblet cells had moderate cytoplasmic, 

supranuclear and apical granular immunopositivity for SALSA (Figure 2.2A). 

Approximately 5-10 % of alveolar macrophages had intense cytoplasmic granular 

staining (Figure 2.2B). The majority of the epithelial cells of tracheal submucosal glands 

stained moderately positive for SALSA, with cytoplasmic granular staining, 

predominantly along the apical/luminal surface (Figure 2.2C).  

Mucosal epithelial cells of the glandular stomach, duodenum and distal small intestines 

were positive for SALSA to varying degrees. Within the glandular stomach, most 

surface mucosal epithelial cells and submucosal mucous cells of the cardiac region had 

moderate granular and cytoplasmic, predominantly apical immunolabeling (Figure 

2.3A). Duodenal mucosal epithelial cells (surface and crypt epithelial cells, including 

Paneth cells) had the strongest cytoplasmic immunopositivity for SALSA of all equine 

tissues. Most of these cells had strong supranuclear and apical immunolabeling (Figure 

2.3B). In contrast, only rare mucosal epithelial cells within the crypts of the distal small 
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intestines had strong granular, cytoplasmic and supranuclear immunopositivity for 

SALSA (Figure 2.3C). These cells could be columnar enterocytes, goblet cells or 

enteroendocrine cells. The esophagus and large intestines were negative for SALSA 

(Figure 2.3D). 

Approximately 60 % of the cells within the basal layer of the urinary bladder’s mucosa 

had immunopositivity for SALSA. The staining was cytoplasmic and supranuclear, and 

of moderate intensity (Figure 4A). Rare uterine gland columnar epithelial cells within the 

endometrium had moderate cytoplasmic and supranuclear immunopositivity for SALSA 

(Figure 2.4B). The kidneys and testes were negative on IHC for SALSA (Figures 2.4C 

and 2.4D).  

Intercalated ducts and serous Demilune cells within the salivary gland had strong 

cytoplasmic and apical/luminal immunopositivity for SALSA (Figure 2.5A). Within the 

pancreas, epithelial cells of the intercalated and interlobular ducts had moderate 

cytoplasmic and apical/luminal immunolabeling for SALSA (Figure 2.5B).  

Tissues from the adrenal gland, bone marrow, cerebrum, heart, liver, lymph node, 

spleen, skin, thyroid gland and tongue were immunohistochemically negative for SALSA 

(Supplemental Figure 2.1).  

2.5.2.1 Summary of IHC 

Cumulative IHC scores for the different organs are shown in Figure 2.6. Duodenum and 

salivary gland had the highest immunopositivity for SALSA. However, in salivary gland 

SALSA was not detected throughout the entire gland but was rather restricted to 

ductular structures. A similar but less intense pattern was noted in the pancreas. 

Detection of SALSA decreased distal to the duodenum, and was absent in the large 

intestines. There was overall moderate immunopositivity for SALSA throughout the 

larger airways, but not within the alveolar septa. Detection in the urinary bladder was 

moderate.  



 

 

 46 

2.5.3 Relative gene expression 

The qPCR efficiencies for BAC, RPL32 and SALSA were 1.924, 1.967 and 1.916, 

respectively. Log-transformed data for relative gene expression passed the normality 

test (K2 = 0.008679, P = 0.9957). Non-asthmatic horses had mean relative SALSA 

gene expression of 4.94 ± 1.02 standard error of the mean (SEM) with a range of 1.84 

– 11.73 and median of 3.14 (Figure 2.7). More specifically, non-asthmatic horses had 

mean pre-challenge gene expression of 5.31 ± 1.47 SEM with a range of 2.63 – 11.73 

and median of 3.71, and mean post-challenge gene expression of 4.57 ± 1.53 SEM 

with a range of 1.84 – 11.37 and median of 2.81. Asthmatic horses had mean relative 

gene expression of 2.28 ± 0.46 SEM with a range of 0.61 – 5.45 and median of 1.95. 

More specifically, asthmatic horses had mean pre-challenge gene expression of 2.16 ± 

0.77 SEM with a range of 0.61 – 5.45 and median of 0.82, and mean post-challenge 

gene expression of 2.40 ± 0.59 SEM with a range of 1.15 – 5.15 and median of 1.95. 

The standard deviations for all 24 samples, all 12 pre-challenge samples, and all 12 

post-challenge samples were 3.01, 3.20 and 2.93 respectively.  

Using the values obtained from all 24 samples, that is, a mean gene expression of 4.94 

for non-asthmatic horses, a mean gene expression of 2.28 for asthmatic horses, a 

standard deviation of 3.01, and a type I error rate of 5 %, the statistical power for the 24 

samples was 0.87. When only the values for the 12 pre-challenge samples were used, 

the statistical power for these 12 samples was 0.68. Using the values for the 12 post-

challenge samples, the statistical power was 0.44.  

Comparing gene expression of all 12 samples from non-asthmatic horses to all 12 

samples from asthmatic horses, the difference in gene expression between asthmatic 

and non-asthmatic horses was significant at P = 0.031. When only pre-challenge 

samples were included, the difference in gene expression between non-asthmatic and 

asthmatic horses was not significant (P = 0.097). There was also no statistically 

significant difference between the post-challenge samples of non-asthmatic and 

asthmatic horses (P = 0.2309). Differences in pre- compared to post-challenge samples 
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of non-asthmatic (P = 0.3045, statistical power = 0.08) and asthmatic horses (P = 

0.1715, statistical power = 0.07) were not statistically significant. 

2.5.4 Sequence and structure of SALSA 

The length of the SALSA nucleotide sequence obtained from ten horses ranged from 

3421 bp to 4274 bp. These sequences were submitted to GenBank (accession numbers 

MN065801, MN065802, MN065803, MN129174, MN129175, MN129176, MN129177, 

MN129178, MN129179 and MN129180). Among the ten horses, nucleotide identity 

ranged from 94.3 % to 99.9 % and identity between the translated amino acid 

sequences ranged from 92.5 % to 99.9 % (Figure 2.8). The nucleotide sequences and 

their translated amino acid sequences shared 83.2 to 83.4 % and 71.9 to 74.7 % 

identity, respectively with the human equivalent (DMBT1 isoform X1, Homo sapiens; 

XM_011539388.3, XP_011537690.1; GenBank, NCBI). Analysis of specific domains 

revealed a high degree of conservation of the SRCR, CUB and ZP domains between 

horses and humans, and individual variation in the number of SRCR domains between 

different horses (Figure 2.9). All horses had two to four SRCR domains, followed by 

another SRCR domain sandwiched between a CUB domain on either side, and a ZP 

domain at the C-terminal. The majority of nucleotide and amino acid differences were 

within the SRCR domains, specifically in the region of nucleotide position 1 to 1355 of 

the longest isoform. Within this region, in samples from horses 1, 2, 3, 4, 8 and 9 with 

the longest overall sequences, were multiple repeating stretches of nucleotides. Five of 

these sequences contained two identical 391-nucleotide stretches separated by eight 

identical nucleotides (GGACCGAG). The remaining sequence from horse 9, which was 

the longest sequence overall, had three similar 391-nucleotide repeats throughout the 

sequence, with each repeat separated by the same eight nucleotides. Although horse 5 

had three consecutive SRCR domains (like horses 2 and 3), one of the 391-nucleotide 

repeat was not full length but lacked 15 nucleotides compared to those of other horses. 

The theoretical, calculated isoelectric points for the ten proteins ranged from 5.10 to 

5.45 (Figure 2.9). Modeling of SALSA SRCR domains revealed highly similar conserved 

alpha helices and beta sheets, and moderate variability in protein loops (Figure 2.10). 
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2.6 Discussion 

Although equine and human SALSA are highly similar, and the antibody employed was 

raised against full-length human DMBT1/SALSA, validation for use in a different species 

is essential (21). In this study three approaches to antibody validation were employed: 

western blotting of a tissue with likely high (duodenum) and low (brain) expression, 

mass spectrometric identification of the appropriate target protein after 

immunoprecipitation, and analysis of results obtained with an antibody from a different 

source. Equine SALSA is not annotated in the UniProt database, therefore the peptide 

signature detected by mass spectrometry had to be correlated to the BLAST database. 

There was a slight discrepancy between the apparent mass spectrometry and 

immunoblotting results (232 kD versus approximately 240 kD, respectively), which was 

likely attributable to only approximate size estimates with immunoblotting. Furthermore, 

positive and negative tissues were present in sections of each IHC assay, and omission 

of the primary antibody yielded no staining. Thus, the IHC assay was considered 

specific with a high degree of confidence.  

In horses, immunohistochemically, SALSA was predominantly detected at mucosal 

sites, including the respiratory tract. The cytoplasmic, and typically supranuclear to 

apical, localization of the protein suggests luminal secretion into the airways and 

gastrointestinal tract. Location and putative secretion of SALSA in horses was similar as 

reported for humans (22). In addition to mucosal surfaces, SALSA was also identified in 

cells of the salivary gland responsible for serous secretions. Therefore, SALSA is 

located and likely secreted on surfaces that are typically exposed to foreign antigens, 

consistent with its putative role in innate immunity (2). A small proportion of alveolar 

macrophages was noted to be immunopositive for SALSA. Mucins, produced by the 

epithelium and submucosal glands of conducting and central airways, mixes with 

alveolar fluids, eliciting phagocytosis of mucins by alveolar macrophages (23). Mucins 

are expected to be rich in SALSA, consistent with epithelial cell immunopositivity, which 

would then explain presence of SALSA within some alveolar macrophages. Mucus and 

alveolar macrophages are both players in the innate immune defense of the airways. 
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Within the gastrointestinal tract, expression of SALSA was pronounced within the 

stomach and duodenum, but decreased distally and became absent in the large 

intestine. Staining intensity varied slightly amongst submucosal mucous cells of the 

cardiac region, likely due to varying amounts of mucus within each cell. Within the distal 

small intestines, only rare epithelial cells within crypts were immunopositive for SALSA. 

Given the distribution of these cells, their possible identity might be enterocytes, goblet 

cells or enteroendocrine cells. Immunopositivity for goblet cells would be consistent with 

the presence of SALSA in mucous secretions. On the other hand, immunopositivity in 

enteroendocrine cells is not expected given SALSA’s limited role in hormone regulation, 

so these cells are less likely enteroendocrine cells. The large intestine is richer in 

commensal microflora than the more proximal intestinal segments, and resident 

microflora provides an important immunomodulatory environment, hence it is possible 

that the need for innate immune proteins such as SALSA is greater in the small intestine 

(24). Conversely, bacterial agglutination and inactivation via SALSA may be deleterious 

in the large intestine. The pancreas is connected to the duodenum by the pancreatic 

duct, therefore it might be beneficial for augmenting local innate immunity if pancreatic 

secretions that enter the duodenum are also rich in SALSA. Presence of SALSA within 

the epithelium of the urinary bladder also aligns with putative functions in innate 

immunity since the urinary bladder is a site that is susceptible to infections, especially 

ascending infections, and SALSA likely contributes to innate immune defense in that 

site. Within the bladder, SALSA was detected in the basal epithelial cells, but not in the 

superficial layers. The superficial bladder epithelium undergoes constant shedding with 

urination as a means to reduce bacterial load, whilst the basal cells are longer lived and 

serve as progenitor cells to replace the lost cells (25). Hence, it is possible that SALSA 

production is lost as a result of terminal differentiation in the superficial cells, or that it 

becomes redundant as these cells are shed.  

Asthmatic horses had lower SALSA gene expression in bronchial epithelial biopsies 

than non-asthmatic horses. Differences in gene expression correlated with disease 

status rather than recent exacerbation. However, it should be noted that statistical 

power decreased below 0.80 whenever pre- or post-challenge samples were excluded 
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from analysis, both a factor of smaller sample sizes and small differences between 

results. Inflammatory conditions such as bacterial pneumonia have been associated 

with increased expression of SALSA, presumably due to an ability to suppress the 

production of inflammatory cytokines, which differs from findings in this study (26-28). 

The expression of SALSA also increased upon respiratory bacterial infection in 

neonates, but a similar pattern was not noted in our horses following asthmatic 

challenge (27). Knowledge regarding SALSA expression in inflammatory disorders 

originates largely from studies in humans, and the function of SALSA may well be 

different in horses. Asthma has a particularly complex pathophysiology with strong 

environmental and genetic influences, which may uniquely alter SALSA expression. 

Severe asthma involves airway remodeling including smooth muscle hyperplasia, 

collagen deposition, and goblet cell and submucosal gland hyperplasia (29, 30). Goblet 

cell and submucosal gland hyperplasia are changes identified in asthmatic horses in 

remission, and absent in non-asthmatic horses (30). Both conditions involve cells that 

produce SALSA, which might contribute to the differential gene expression noted 

between asthmatic and non-asthmatic horses. However, SALSA was also present in 

ciliated bronchial epithelial cells, and the balance of contribution to gene expression by 

mucus-producing versus ciliated cells under physiological and pathological conditions 

remains to be determined. Innate immune proteins are associated with alterations in the 

airway epithelium of human asthmatics, and mucus in human asthmatics differs in 

composition, viscoelastic properties and volume from that in non-asthmatics (12, 31). 

Therefore, it is likely that SALSA is not simply quantitatively related to production of 

mucus, but rather that the complex and chronic nature of severe equine asthma 

inflammation has diverse influences on gene expression. In addition, it was recently 

reported that greater concentrations of ambient fine particulate matter (PM2.5) were 

associated with lower levels of salivary SALSA in children (32). Fine particulate matter 

may downregulate innate immune proteins such as SALSA through a currently unknown 

mechanism, predisposing to respiratory infections (33). Severe equine asthma can be 

induced by a variety of agents, including fine particulate matter (34). Therefore, prior 

exposure to particulate matter may also contribute to the lower gene expression of 
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SALSA identified in asthmatic horses. Thus, it is likely that the expression of SALSA is 

influenced by multiple environmental and host conditions. Differences in expression 

between asthmatic and non-asthmatic horses may be more reflective of the underlying 

pathophysiology, which includes airway remodeling and environmental influences, 

rather than of inflammation alone or a specific disease entity.  

Equine SALSA, like its human equivalent, is comprised of SRCR, CUB and ZP 

domains. These domains mediate protein-protein interactions. For example, the SRCR 

domains bind to bacteria, and the CUB domains allow dimerization with complement 

components like C1q (35, 36). In silico analysis of human SALSA (UniProtKB- 

Q9UGM3) through FpClass, a data mining-based software used to predict protein-

protein interactions, predicted interactions with innate proteins and receptors such as 

TLR4 (37). Inhibition of TLR4 signaling in response to lipopolysaccharide by 

recombinant SALSA has previously been demonstrated in human epithelial cell 

cultures, supporting an anti-inflammatory role (38). Similarity between equine and 

human SALSA, and the orthologs identified in other species, such as hensin in rabbits, 

CRP-ductin in mice and ebnerin in rats, indicates strong evolutionary conservation (10, 

39). Mice rendered genetically deficient in SALSA have increased expression of 

inflammatory cytokines such as TNF, IL6 and NOD, and humans naturally deficient in 

SALSA are at increased risk of developing Crohn’s disease, further suggesting that 

SALSA functions to dampening inflammation (22). Given the inflammatory nature of 

severe equine asthma, it is hypothesized that SALSA ameliorates the disease, and that 

reduced expression of SALSA in asthmatic horses further accentuates the inflammatory 

process.   

Variation in length of SALSA between horses is due to variations in the SRCR domains, 

as it is humans (2). The SRCR domains have a high degree of similarity, conveying 

susceptibility to alternative splicing and resulting in varying numbers of nucleotide 

repeats (2). Six of 10 horses had SCRC repeats (horses 1, 2, 3, 4, 8 and 9). In one 

instance, there were three repeats of the same 391-nucleotide sequence, resulting in a 

longer isoform. It has been hypothesized that shorter SALSA isoforms have reduced 
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ability to agglutinate bacteria, thereby predisposing individuals to a pro-inflammatory 

response. As such, individuals with short isoforms were considered more prone to 

Crohn’s disease and had reduced bacterial binding, but association with Crohn’s 

disease was not universal (22, 35, 40). In this study, SCRC domain number appeared 

unrelated to asthmatic status, however, analysis of 10 individuals is insufficient to draw 

conclusions regarding disease association of copy number variants (CNV) in a 

population. It is also likely that there are additional isoforms not identified in this small 

sample of horses.  

It should be noted that the primers used to sequence the SALSA gene begin at 

nucleotide 102 of the predicted equine SALSA gene (XM_014732986.1). Other primers 

were initially designed to amplify the region preceding nucleotide 102, but they instead 

amplified regions downstream of nucleotide 102. It may be that this region was not 

present in the specific horses, since there were segments within that predicted 

sequence that were not present in the final sequenced gene, or that the high degree of 

similarity between SRCR domains caused preferential amplification of downstream 

nucleotide regions. The predicted SALSA gene upon which primers were based was 

recently modified following an update to the equine genome (EquCab3.0, 

GCF_002863925.1). The revised predicted gene sequence (XM_023635156.1) is 

shorter (1402 nucleotides) and only includes three SRCR domains. The current 

predicted gene is not annotated in databases other than GenBank, and the location 

within the equine genome is still unknown. The sequences described in this publication 

result from Sanger sequencing of two predicted mRNAs (XM_014732986.1 and 

XM_023637966.1) amplified with overlap and aligned, and therefore represent the most 

complete SALSA sequences in horses to date. As mentioned above, it is likely that 

these sequences will be updated further with discovery of additional isoforms. 

Models of different SALSA isoforms revealed consistency in number and arrangement 

of alpha helices and beta sheets, but variability among the protein loops (Figure 2.10). 

Amino acid sequences within protein loops are typically relatively variable, even within 

the same protein family (41). While protein loops contribute little to protein stability, 
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variations may alter protein shape and function (41). In the case of SALSA, since 

variations are largely due to variable number of repeats, binding affinity rather than 

overall function may be more likely affected. Protein modelling is least accurate when 

depicting protein loops; thus, reliability of models in determining function is limited (42).  

The predicted isoelectric point between the different isoforms varied slightly. An acidic 

pH indicates that the protein is negatively charged at neutral pH. However, different 

anatomic locations vary in pH. For example, SALSA is present in both the stomach and 

duodenum, and these two sites are subject to vastly different pH environments. This 

suggests that SALSA binding affinity and function may also be site-dependent. 

Inflammation may also affect pH such as in humans with asthma who had airway 

acidification with a mean pH of 7.06 in uncontrolled asthmatics compared to a mean pH 

of 7.54 in healthy patients (43).  

In summary, SALSA in horses is a multi-domain protein with a predilection for mucosal 

sites. Epithelial gene expression was lower in asthmatic compared to non-asthmatic 

horses, which may be related to airway remodeling, altered mucous secretion, prior 

exposure to particulate matter, and immune dysregulation. As in humans, repeats in the 

nucleotide sequence for SRCR domains result in different isoforms in horses. Future 

studies should focus on identifying potential SALSA functions in relation to inflammation 

and severe equine asthma.  
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Figure 2.1: On western blotting a protein of approximately 240 kD was recognized in a 
tissue lysate of duodenum. The approximately 90 kD bands identified within the 
duodenum and brain tissue lysates likely represent non-specific binding, as this finding 
was not repeatable. MW = molecular weight in kD. 
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Figure 2.2: Immunohistochemical detection of SALSA in respiratory tissues. (A) 
Bronchiolar epithelium stains moderately intense in cytoplasmic, supranuclear and 
apical locations. (B) Alveolar macrophages have intense granular cytoplasmic staining. 
(C) Tracheal mucosal epithelial cells have faint expression, while submucosal glands 
have moderate cytoplasmic staining; mostly along the luminal surface. Magnification X 
200 (left), X 400 (middle), X 1000 (right). 
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Figure 2.3: Glandular stomach and intestinal tract. (A) Gastric mucosal epithelial cells 
are moderately SALSA positive. (B) In the duodenum the surface epithelium, and in 
particular the apical aspect of cells, stains intensively positive. (C) Only rare individual 
epithelial cells in the distal small intestine have strong cytoplasmic staining. (D) No 
SALSA immunoreactivity is detected in the large intestine. Magnification as in Figure 2. 
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Figure 2.4: Genitourinary tract. (A) There is moderate SALSA immunoreactivity in the 
basal epithelial layer of the urinary bladder mucosa. (B) Only rare single uterine gland 
epithelial cells are positive for SALSA. (C) Testis and (D) kidney are negative for 
SALSA. There are a few pigmented interstitial cells in the testis that are a normal finding 
in young horses. Magnification as in Figure 2. 
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Figure 2.5: Salivary gland and pancreas. (A) There is strong cytoplasmic staining in 
intercalated duct and serous Demilune cells of the salivary gland but not in striated duct 
cells. (B) Pancreatic ducts have moderate staining concentrated along the apical 
surface. Neither sialocytes nor exocrine pancreatic cells are positive for SALSA. 
Magnification as in Figure 2. 
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Figure 2.6: Summary of immunohistochemical detection of SALSA in 27 anatomical 
sites. IHC scores were calculated using a combination of staining intensity and 
proportion of cells with positive staining. Bars filled in grey represent tissues from the 
respiratory tract.  
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Figure 2.7: Relative SALSA gene expression was lower in asthmatic relative to non-
asthmatic horses. Bar = standard error of the mean. Crosses and circles represent pre- 
and post-challenge samples, respectively. 
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Figure 2.8: Similarity in SALSA (A) nucleotide and (B) amino acid sequence among 10 
different horses. Shading indicates higher similarity. 
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Figure 2.9: Protein structure of SALSA in ten horses. The number of SRCR domains 
varied among horses, indicating different isoforms. The predicted isoelectric point also 
varied for different isoforms, and was generally higher for shorter isoforms. 
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Figure 2.10: Models of the SALSA SRCR domains. (A) Superimposition of the SRCR 
domains from 10 individuals. Common strands are in white, and colored strands 
represent different isoforms. Most alpha helices and beta sheets are common to all ten 
horses. (B) Same model with common strands omitted. Variable features between are 
largely due to protein loops rather than alpha helices and beta sheets. 
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Supplemental Figure 2.S1: SALSA was not detected in (A) adrenal gland, (B) bone 
marrow, (C) cerebrum, (D) esophagus, (E) heart, (F) liver, (G) spleen, (H) skin, (I) 
thyroid gland and (J) tongue. Magnification X 400. Table 2.1: Primers to amplify the 
equine SALSA gene for sequencing  
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Table 2.1: Primers to amplify the equine SALSA gene for sequencing 
 
 

Forward primer (5’-3’) Reverse primer (5’-3’) Annealing 
temperature (o C) 

GGAGACACAGACGCCAACT TGGACCAGGTGTTGTGAGAAG 61 

AGAGAAGATGCTGGAGTTGTG GGATAGGACGGGCTGGAAAA 62 

GCCTATGGTCTGCCTGTGAG GAAGAGGTTTGAGCATCCGT 62 

CAACGGATGCTCAAACCTCT ACTCCAGCATCTTCGTGGTG 58 

GCAACTGGGGGACAGTTTGT GCTGGTCACACGATTGGAGA 60 

ACACCTGGGTTGAGACGATG AGGCCTGAGAAGCTGGTTTAT 59 
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3.1 Abstract 

Horses with severe equine asthma (SEA), also known as heaves and recurrent airway 

obstruction, have persistent neutrophilic inflammation of the lower airways. Cytologic 

evaluation of bronchoalveolar lavage (BAL) fluid is commonly used to confirm the 

clinical diagnosis of SEA. However, the utility of microscopic assessment of bronchial 

brushings, endobronchial biopsies, and immunohistochemical detection of disease-

associated biomarkers for the diagnosis of SEA remain poorly characterized. Salivary 

scavenger and agglutinin (SALSA) has anti-inflammatory properties and down-regulated 

gene expression in SEA; therefore, it was investigated as a tissue biomarker for airway 

and systemic inflammation. Six asthmatic and six non-asthmatic horses were exposed 

to an inhaled challenge. Before and after challenge, samples of BAL, bronchial brushing 

and endobronchial biopsy were collected. Location of SALSA in biopsies was 

determined, and immunohistochemical label intensity was computed using image 

analysis software. Serum amyloid A (SAA) was measured to assess systemic 

inflammation. After challenge, neutrophil proportions were significantly higher in 

asthmatic vs non-asthmatic horses in BAL fluid (least squares means, 95 % CI: 80.9 %, 

57.2 – 93.1 % vs 3.6 %, 1.1 – 10.7 %) and in brush cytology slides (39.5 %, 7.7 – 83.6 

% vs 0.2 %, 0 – 2.3 %), illustrating the potential of brush cytology as an alternate 

modality to BAL for assessing intraluminal inflammation. Bronchial histopathologic 

findings and intensity of SALSA immunolabeling in surface and glandular epithelium 

were similar in asthmatic and non-asthmatic horses, indicating limited changes in 

bronchial tissue from the inhaled challenge. Increases in SAA indicated systemic 

inflammation, but SALSA immunolabeling did not change significantly.  

3.2 Keywords 

Bronchial brushing, bronchoscopy, DMBT1, heaves, horse, immunohistochemistry, 

recurrent airway obstruction, salivary scavenger and agglutinin 
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3.3 Introduction 

Asthma is a heterogeneous condition with multiple phenotypes and mechanisms. The 

different phenotypes of human asthma are classified according to features such as age 

at disease onset, predominant inflammatory cell type, and allergen responsiveness.11,26 

Like humans, horses experience a spectrum of naturally occurring inflammatory airway 

conditions, and the term “equine asthma” has been suggested to encompass these 

phenotypes.4 Severe equine asthma, formerly heaves or recurrent airway obstruction, is 

the most severe manifestation of inflammatory airway disease.4,9 It is a common, 

partially reversible respiratory disorder of mature horses in the Northern hemisphere. 

Although the pathogenesis is complex, inhalation of molds associated with dusty 

environments is a consistently identified trigger.1,27 Recurrent bouts of inflammation 

result in changes in bronchial epithelium such as impaired cell repair, mitotic regulation 

and cell migration.36 Horses with SEA have chronic neutrophilic small airway 

inflammation, excessive mucus accumulation and bronchial hyperreactivity leading to 

an increase in respiratory effort and impaired gas exchange. Recurrent inflammation 

and repair are postulated to promote fibroblast and smooth muscle proliferation leading 

to eventual airway remodelling.7,9,27  

A key diagnostic test for the diagnosis of SEA is the cytological assessment of 

bronchoalveolar lavage (BAL) fluid, with or without concurrent airway visualization. A 

proportion of neutrophils >25 % among BAL leukocytes, in conjunction with clinical 

features such as increased respiratory rate at rest, cough, nasal discharge and 

auscultatory abnormalities, are indicative of SEA.9,18,27 Infusion and re-aspiration of 

lavage fluid is generally considered safe and practical for characterizing lower airway 

inflammation but procedural consequences such as coughing or fever may occur.14 The 

BAL procedure itself may induce inflammation and bronchoconstriction, and therefore 

transiently impair gas exchange, a concern in severely asthmatic horses.20,35 In one 

instance, BAL was associated with fatal pulmonary hemorrhage.38 While current 

diagnostic assays are well established, other diagnostic approaches that do not involve 

airway occlusion as occurs during BAL, could be of benefit in horses with severe 
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respiratory impairment.16 Additionally, there are instances where veterinarians are not 

comfortable with BAL, such as reported for some racing yard veterinarians, thus 

alternative techniques may be valuable.16 

Alternative methods of cell or tissue collection include mucosal bronchial brushing and 

endobronchial tissue biopsy. Brushing collects cells from the mucosal surface of the 

airways, which include epithelial cells and inflammatory cells that attach to or line the 

mucosal surface. In horses, the use of bronchial brushing has largely been restricted to 

the collection of cells for cytokine analysis.3,8 In one study, brush cytology identified 

higher average neutrophil proportions in asthmatic horses in crisis compared to 

controls, but detailed statistical analyses on the cytological findings were not provided.8 

Bronchial brush cytology has been assessed as a diagnostic modality for respiratory 

diseases in small animals, but its utility in SEA is undetermined.39  

In horses, the collection of endobronchial tissue biopsies is a safe technique with 

minimal adverse effects.5 Unlike brushing, tissue biopsies allow analysis of the entire 

mucosa. However, intraluminal non-adherent material, or cells lining the mucosal 

surface, may be lost during tissue processing. Histopathologic assessment of 

endobronchial biopsies was demonstrated to be useful to distinguish horses with SEA 

from those without SEA. It also enables assessment of airway remodelling and tissue 

inflammation to predict the extent of disease, and also offers an opportunity to assess 

epithelial tissue by immunohistochemistry (IHC).6 One potential biomarker, the salivary 

scavenger and agglutinin (SALSA) protein, also known as salivary agglutinin, 

glycoprotein-340 and deleted in malignant brain tumors 1 (DMBT1), is an innate host 

defense protein expressed by respiratory epithelium, especially mucus-producing 

cells.28 Low SALSA gene expression was previously identified by RNA-Seq analysis of 

bronchial biopsies in asthmatic horses.19 Immunohistochemical assessment of SALSA 

in lung sections of horses without respiratory disease was previously described, but in 

light of its ability to suppress inflammatory cytokine production, in situ assessment of 

SALSA protein in asthmatic horses may be useful.30,24 Differences in concentration or 

distribution could provide information on the function of SALSA in the pathogenesis of 
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SEA, and changes in protein expression might reflect disease stage.19 Severe equine 

asthma induces systemic inflammation as indicated by increases in acute phase 

proteins such as serum amyloid A (SAA), but it is unclear whether detection of SALSA 

within bronchi could be a more specific early biomarker for airway inflammation.13,17  

We hypothesized that 1) brush cytology and endobronchial biopsy would identify airway 

inflammation in horses with SEA, and 2) asthmatic relative to non-asthmatic horses 

have reduced SALSA in bronchial epithelium. Given that SEA is associated with marked 

intraluminal neutrophilic airway inflammation, it was also hypothesized that brush 

cytology would be better at identifying airway inflammation than endobronchial biopsy. 

Neutrophil proportions in BAL fluid and concentration of SAA served as references for 

airway and systemic inflammation, respectively. 

3.4 Materials and methods 

3.4.1 Animals and study design 

Six asthmatic horses (mean age ± SD; 18 ± 3.7 years) and six non-asthmatic horses 

(15 ± 4.2 years) of various breeds were included in the study. These horses were part of 

an institutional research herd. The asthmatic horses had been diagnosed with SEA at 

least two years before the study based on clinical features including coughing and 

increased respiratory effort at rest, decreased pulmonary function, >50 % neutrophils in 

BAL fluid differential cell counts following exposure to dusty hay, and reversal of clinical 

signs upon return to pasture.37 These features were consistent with those described for 

SEA.9 The non-asthmatic horses had no history or current evidence of respiratory 

disease, and normal pulmonary function test and BAL fluid cytologic results. Pulmonary 

function testing was performed using a sealed mask over the nose, a heated 

pneumotachograph, and an esophageal balloon to measure airflow, volume and pleural 

pressure, as described previously.37 All animal procedures were approved by the 

University of Guelph Animal Care Committee (animal use protocol 4185), and 

conducted in accordance with guidelines from the Canadian Council on Animal Care. 
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Horses were maintained outdoors for at least two months prior to the start of the study, 

and were placed in a dust-free environment for the 24 hours preceding sample 

collection. The dust-free environment consisted of individual stables with rubber mats 

and no bedding. While in these stables, the horses received only pelleted feed, and 

stable windows were kept open to provide ventilation. For sample collection, horses 

were restrained in stocks in a respiratory testing laboratory, and a complete physical 

examination was performed on each horse to yield a general physical score and a 10-

parameter respiratory score (Supplemental Table 3.S1). Venous blood samples were 

collected into serum tubes for serum biochemistry.  

Pulmonary function testing was performed in ten horses. In two horses (one asthmatic, 

and one non-asthmatic) the sedation-free procedure could not be performed due to 

horse temperament. Volume and pressure data were analyzed to derive maximal 

change in pleural pressure (∆Pplmax), dynamic compliance (Cdyn) and lung resistance 

(RL). Horses were then sedated with 0.05 – 0.08 mg/kg romifidine (Boehringer 

Ingelheim, Burlington, ON, Canada) and 0.01 – 0.03 mg/kg butorphanol (Zoetis, 

Kirkland, PQ, Canada), administered intravenously.  

Under sedation, BAL fluid, brush samples, and endoscopic bronchial biopsies were 

sequentially obtained. Bronchoscopic features of the upper airways and trachea were 

noted, and a bronchoscopy score assessing six parameters was assigned to each 

horse (Supplemental Table 3.S2). Once the horses recovered from sedation, they were 

placed in individual stalls with straw bedding and exposed to dusty hay. At 72 hours, or 

at 48 hours in three horses with SEA that had respiratory impairment consisting of nasal 

flaring, nasal discharge and coughing, the procedures were repeated; samples were 

collected from the contralateral lung relative to the first set of samples. Hence, this 

protocol yielded two data sets for each horse: pre- and post-asthmatic challenge.  

3.4.2 Bronchoalveolar lavage 

A 13 mm diameter, 1.8 m endoscope (Olympus, Tokyo, Japan) was passed through the 

ventral nasal meatus into the trachea. Lidocaine (0.2 %; AstraZeneca, Mississauga, 
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ON, Canada) in warmed saline was infused through the biopsy channel periodically 

along the length of the trachea and bronchi to minimize coughing. The appearance of 

the upper airways was scored for the presence and severity of erythema, edema, 

mucus, hemorrhage, and cough reflex. The endoscope was advanced until it was 

wedged in a 3rd to 5th generation bronchus (that is 1.2.1. to 1.2.1.1.1. or 1.3.1.1.1.; and 

2.2.1. to 2.2.1.1.1 or 2.3.1.1.1. according to the numbering system by Smith et al.).34 

The BAL was performed by infusing 200 to 500 mL of warmed sterile 0.9 % saline 

solution in boluses with 60-mL syringes. The variation in infused volume was to ensure 

at least 50 mL of fluid were retrieved. A vacuum pump was used for fluid retrieval, and 

in cases of airway collapse, the fluid was recovered by gentle manual aspiration with 

60-mL syringes. The volume of BAL fluid recovered was recorded, and the fluid was 

placed in a sterile flask and stored on ice for less than one hour before processing. The 

mean total nucleated cell count was determined for each sample from triplicate analysis 

in an electrical impedance particle counter (Beckman Coulter Z2; Beckman Coulter, 

Mississauga, ON, Canada). Two slides were prepared from 200-μL aliquots of fluid by 

cytocentrifugation (41 X g for 6 minutes; Cytospin 4; Thermo Scientific, Mississauga, 

ON, Canada), and feathered edge slides were prepared from fluid sediment (centrifuged 

at 1000 X g for 10 minutes; IEC Centra CL2; Thermo Scientific, Mississauga, ON, 

Canada). Slides were air-dried and stained with modified Wright’s stain using an 

automated stainer (Hematek 3000; Siemens, Oakville, ON, Canada).  

3.4.3 Brush cytology 

The endoscope was repositioned slightly proximal to where it had been wedged, and a 

guarded 3.0 mm diameter, 2.0 m long gastrointestinal cytology brush (Hobbs Medical, 

Stafford Springs, CT, USA) was passed through the biopsy channel of the endoscope 

for sample collection. Once at an appropriate location against the wall of a 3rd 

generation bronchus, the brush was extruded from its guard, and gently drawn back and 

forth along the mucosal surface for five seconds. The brush was then placed back into 

the guard and retracted through the endoscope. Immediately thereafter, the guard was 
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removed, and the brush was gently rolled three times each on four glass slides. Slides 

were dried immediately, and stained as described above.  

3.4.4 Endoscopic biopsies 

After airway brushings were obtained, 2 mm endoscopic biopsy forceps (EndoJaw, 

Olympus) were introduced through the biopsy channel of the endoscope. The forceps 

were used to collect pinch biopsies from the 3rd generation bronchus, avoiding the area 

previously sampled by brushing. At each time point, for each horse, one to three 

biopsies were collected until a total biopsy volume of approximately 5 – 10 mm3 was 

obtained. The tissue biopsies were immediately placed in 10 % neutral buffered 

formalin. Following fixation for 24 hours, the samples were embedded in paraffin, 

sectioned at 5-μm thickness with a rotary microtome, and routinely stained with 

hematoxylin and eosin and with periodic acid—Schiff (PAS).  

3.4.4.1 Immunohistochemistry 

The anti-SALSA/DMBT1 primary antibody (polyclonal rabbit IgG, concentration 1 μg/μL, 

RRID: AB_2810221, Sino Biological, Wayne, PA, USA) was previously validated using 

equine tissues, and tissue expression was characterized.19 Immunohistochemistry (IHC) 

for SALSA was performed as described previously: in brief, sections of endoscopic 

biopsy were placed onto charged glass slides, de-paraffinized in xylene, then immersed 

in pH 6.1 antigen retrieval solution (Dako, Mississauga, ON, Canada) for 1.5 minutes at 

110 °C in a de-cloaking chamber (Biocare Medical, Markham, ON, Canada).19 The 

slides were washed in 1X wash buffer (Dako) for 5 minutes before a 10-minute 

incubation step with dual enzyme blocker solution (Dako). Following another 5-minute 

wash in 1X wash buffer, the slides were incubated with serum free protein blocker 

(Dako). The slides were subsequently incubated at room temperature for 2 hours with 

DMBT1 antibody diluted 1:750 in wash buffer, or only buffer (negative control). The 

slides were then immersed in 1X wash buffer for 45 minutes, changing the buffer every 

5 minutes, before incubation at room temperature for 30 minutes with secondary 

antibody (polyclonal goat anti-rabbit immunoglobulins-HRP; RRID: AB_2617138, Dako) 
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diluted at 1:2000. Nova Red chromogen (Dako) was applied as a chromogenic 

substrate for HRP, and the slides were counterstained for 3 minutes with Harris 

modified hematoxylin (ThermoFisher Scientific, Burlington, ON, Canada).  

3.4.5 Microscopic analysis 

For each type of sample, a scoring scheme was applied to assess multiple variables 

(Supplemental Tables 3.S3 – 3.S6). Assessors (GKCL and DB) blinded to the identity of 

samples performed differential counts and scoring of the BAL slides, brush cytology, 

endoscopic biopsy and IHC slides. Microscopic analyses were performed on a BX45 

Olympus microscope, and images were acquired with a DP71 Olympus camera and 

cellSens Standard 1.12 software (Olympus, Richmond Hill, ON, Canada). A minimum of 

400 cells in 5 non-overlapping 400X magnification fields (2.37 mm2) was assessed for 

differential counts in each sample type. For BAL cell assessment, only leukocytes were 

included in the differential count with epithelial cells and red blood cells (RBC) 

enumerated separately. For brushings and biopsies, the number and type of leukocyte 

as a proportion of all nucleated cells was derived.  

To objectively measure the labeling intensity in IHC sections, three representative 

images per tissue section were acquired in areas with distinct cytoplasmic labeling and 

free of artefact, avoiding the edges of tissue sections. The color intensity was then 

assessed with Fiji software, a distribution of the open source software ImageJ (version 

2.0.0).31,32 The various colors were deconvoluted using the HE DAB vector in order to 

separate the color of the chromogen. To assess chromogen intensity in the mucosa, the 

freehand selection tool was used to select an area comprising 30 epithelial cells in 

length and 2 epithelial cells in depth within the mucosa (Supplemental Figure 3.S1). For 

bronchial glands, the entire epithelial component of the glands was selected using the 

freehand selection tool. Mean intensity of the selected area was derived using the 

“analyze” feature of the software. This process was repeated for all images of each 

section, and the average of the mean intensities was calculated. The optical density 

was then derived from the averaged intensity using the following equation: 
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]WRSU>V	^;?TSR_ = log
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. Maximum intensity equals 255.  

The calculated optical density was compared to subjective visual assessment of 

labeling intensity for agreement.  

3.4.6 Blood samples 

A complete blood cell count was performed for each horse at each time point using an 

Advia 2120 analyzer (Siemens). A serum biochemistry profile including albumin, 

globulin, and SAA measurement was obtained using a Cobas 6000 analyzer (Roche, 

Mississauga, ON, Canada).  

3.4.7 Statistical analysis 

Analyses were performed using SAS version 9.4 (Cary, NC, USA). The data were 

collected in a split-plot manner arranged in a completely randomized design (CRD). For 

the whole plot treatment, horses were nested within either an asthmatic or non-

asthmatic condition. Horses were then split into the two categories: pre- and post-

challenge. The interaction between challenge and asthmatic condition was tested in this 

model, which provides information about whether the changes in parameters after 

challenge differed between asthmatic and non-asthmatic horses. 

Microscopic scores, BAL nucleated cell counts, protein concentrations, albumin:globulin 

(A:G) ratio, respiratory and bronchoscopy scores, and pulmonary function test results 

were not normally distributed. Therefore, for these parameters, Mann-Whitney-Wilcoxon 

2-sample rank tests were used for the following analyses: comparing simple effects 

between asthmatics and non-asthmatics at the pre-challenge time point, simple effects 

between asthmatics and non-asthmatics at the post-challenge time point, as well as the 

difference between post- and pre-challenge results between asthmatics and non-

asthmatics. With this approach, the interactions between challenge and asthmatic 

condition were assessed as simple effects for each independent variable. In addition, a 

Wilcoxon signed rank test, equivalent to a main effect, was performed concurrently, 
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assessing the difference between pre- and post-challenge samples regardless of 

asthmatic condition. All P-values for these analyses were the exact permutation values.  

 Differential counts and percentages of goblet and SALSA-positive cells had a binomial 

distribution. Therefore, these sets of data were analyzed with Proc GLIMMIX (SAS 9.4). 

This analysis compared percentages between asthmatic and non-asthmatic horses, 

between challenge time points, and the interaction between challenge and asthmatic 

condition. If the interaction was significant, simple effects were tested and estimated. 

The analyses took into account repeated measurements on the same horse. A P-value 

< 0.05 was considered to be statistically significant. Where indicated, confidence 

intervals (CI) reflect 95 %.  

3.5 Results 

3.5.1 Physical and bronchoscopic examinations 

Asthmatic horses had higher median respiratory and bronchoscopy scores than non-

asthmatic horses at the pre-challenge and post-challenge time points (Table 3.1).  

Following challenge, the total respiratory score also was significantly higher in asthmatic 

compared to non-asthmatic horses (P = 0.015) (Table 3.1, Supplemental Table 3.S7).  

3.5.2 Pulmonary function testing 

Asthmatic horses had significantly higher ∆Pplmax and RL, and lower Cdyn, compared to 

non-asthmatic horses post-challenge. This is consistent with impaired pulmonary 

function (Table 3.2, Supplemental Table 3.S8). 

3.5.3 Bronchoalveolar lavage fluid 

The total nucleated cell count in BAL fluid was significantly higher in asthmatic 

compared to non-asthmatic horses, at both pre-challenge (asthmatic median count 

0.715 X 109/L, IQR 0.475 – 0.858 X 109/L; non-asthmatic median count 0.310 X 109/L, 

IQR 0.288 – 0.363 X 109/L; P = 0.004) and post-challenge time points (asthmatic 
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median count 1.030 X 109/L, IQR 0.738 – 1.398 X 109/L; non-asthmatic median count 

0.410 X 109/L, IQR 0.343 – 0.463 X 109/L; P = 0.015, Supplemental Table 3.S9). 

All post-challenge samples in asthmatic horses had >25 % neutrophils (mean ± SD, 

72.2 ± 19.5 %), while those from non-asthmatic horses had ≤6 % neutrophils (3.8 ± 1.7 

%; Supplemental Table 3.S10). Post-challenge, the proportion of neutrophils was 

significantly higher in asthmatic compared to non-asthmatic horses (Figs. 3.1, 3.3 – 3.4, 

Table 3.3, Supplemental Tables 3.S10 – 3.S11). There were no significant differences 

in BAL epithelial cell, mucus, and hemorrhage scores between asthmatic and non-

asthmatic horses (Supplemental Figure 3.S2, Supplemental Tables 3.S12 – 3.S13).  

3.5.4 Brush cytology 

All brush cytology preparations had >600 cells (score = 4) and good cell preservation 

(median score = 3, Supplemental Table 3.S12). Of the 24 samples, 17 had hemorrhage 

scores of 0 or 1, and 4 samples had >5 % RBC. Most (11 of 12) samples from non-

asthmatic horses contained ≥90 % epithelial cells, including ciliated columnar epithelial 

cells and goblet cells. In contrast, only five of 12 samples from asthmatic horses had 

≥90 % epithelial cells with the remainder of cells being inflammatory cells (Supplemental 

Table 3.S10). Post-challenge, neutrophil proportions were significantly higher in 

asthmatic compared to non-asthmatic horses (least squares mean, 95 % CI: 39.5 %, 

7.7 – 83.6 % in asthmatic vs 0.2 %, 0 – 2.3 % in non-asthmatic horses), and there was 

a significantly greater increase in neutrophil proportion following challenge in asthmatic 

compared to non-asthmatic horses (Figs. 3.2, 3.5 – 3.6, Table 3.3). In three asthmatic 

horses, the neutrophil proportions were higher pre-challenge compared to post-

challenge (Supplemental Table 3.S10). The scores for mucus, proportion of goblet cells, 

and hemorrhage were not significantly different between asthmatic and non-asthmatic 

horses (Supplemental Figure 3.S3, Supplemental Tables 3.S12 – 3.S13).  

3.5.5 Endoscopic biopsies 

The size of endoscopic biopsies ranged from 1 to 6 mm in length and 16 of 24 sections 

were >3 mm in length (median score 4, range 1 – 4; Supplemental Table 3.12). All 
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samples contained mucosa, and the majority (16/24) of sections were free of crush 

artefact or fragmentation in >80 % of the section (median score 2.5, range 0 – 4). 

Lymphocytes were the most frequent type of inflammatory cell identified in the mucosa 

of both asthmatic and non-asthmatic horses, while neutrophils were only rarely 

identified within the mucosa (Figs. 3.7 – 3.8, Supplemental Table 3.S10). The proportion 

of mucosal lymphocytes tended to be higher in asthmatic compared to non-asthmatic 

horses, but the differences were not statistically significant (Figs. 3.9 – 3.10, Table 3.3). 

The proportion of mucosal neutrophils did not differ significantly between asthmatic and 

non-asthmatic horses (Table 3.3). In the post-challenge biopsy of one asthmatic horse, 

dozens of neutrophils were entrapped in mucus lining the mucosal surface (Figs. 3.11 – 

3.12). The scores for subepithelial inflammation, goblet cells, and mucus were not 

significantly different between asthmatic and non-asthmatic horses (Supplemental 

Figure 3.S4, Supplemental Tables 3.S12 – 3.S13). Extracellular mucus, when present, 

was most frequently trapped within the folds of the tissue sections (Figs. 3.13 – 3.14). 

3.5.6 Immunohistochemistry 

In the bronchial mucosa, ciliated columnar epithelial cells, goblet cells, and bronchial 

gland epithelial cells were immunopositive for SALSA in all horses irrespective of the 

time point. The labeling was cytoplasmic and apical with a granular labeling pattern, and 

most intense along the luminal surface (Fig. 3.15). Bronchial gland epithelial cells had 

the strongest labeling intensity, followed by goblet cells, and then ciliated columnar 

epithelial cells (Fig. 3.16). Mucus, both extracellular and within goblet cells, was 

immunopositive for SALSA. Bronchial glands were absent in 5 of 24 biopsy samples, 

and these samples were excluded from the analysis of bronchial glands. Intensely 

labeled cells were defined as having ≥5 chromogenic pinpoint granules, a surrogate for 

mucus-containing cells (Fig. 3.15). The percentage of intensely labeled cells was 

significantly higher in asthmatic horses compared to non-asthmatic horses, post-

challenge (P = 0.031). There were no significant differences by asthmatic status for any 

of the other assessed criteria (Figs. 3.17 – 3.18, Table 3.4, Supplemental Figure 3.S5, 

Supplemental Tables 3.S12 – 3.S13).  
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3.5.7 Blood samples 

In all pre-challenge serum samples SAA was ≤1.1 mg/L, but post-challenge SAA was 

>100 mg/L in four of six asthmatic horses, and 3.1 – 60.1 mg/L in three non-asthmatic 

horses. The concentration of SAA tended to be higher in asthmatic horses compared to 

non-asthmatic horses post-challenge, but the differences were not statistically 

significant (P = 0.167) (Fig. 3.19, Table 3.5, Supplemental Table 3.S14).  

Serum albumin concentration was significantly lower in asthmatic compared to non-

asthmatic horses at the post-challenge time point (P = 0.009). Conversely, serum 

globulin concentrations tended to be higher in asthmatic compared to non-asthmatic 

horses, and the A:G ratio tended to be lower in asthmatic compared to non-asthmatic 

horses, but the differences were not statistically significant (Fig. 3.20, Table 3.5).  

3.6 Discussion 

The primary objectives of this study were to describe brush cytology, endobronchial 

biopsy and detection of SALSA in SEA. Brush cytology identified more than 25 % 

neutrophils in four of six asthmatic horses post-challenge, whereas endobronchial 

biopsies did not discern differences between asthmatic and non-asthmatic horses 

following the challenge period. Bronchial SALSA immunolabeling was not significantly 

different in SEA and controls, despite evidence of local and systemic inflammation in 

asthmatic horses post-challenge. Notably, on brush cytology, three asthmatic horses 

had lower neutrophil proportions post-challenge compared to pre-challenge, which 

differed from the BAL findings. 

Consistent with established findings, post-challenge BAL samples from asthmatic 

horses had markedly higher neutrophil proportions than those from non-asthmatic 

horses.9,15 It has been demonstrated that exposure to organic dust elicits neutrophilic 

inflammation within the bronchi of both asthmatic and non-asthmatic horses, but of 

much greater magnitude in asthmatic horses.10 The proportion of BAL neutrophils in 

non-asthmatic horses reached up to 6 %, consistent with mild inflammation, while in 
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asthmatic horses BAL neutrophils were >25 %; these align with findings from others.10 

Similarly, the proportion of neutrophils was ≥10 % in five of six brush cytology samples 

from asthmatic horses, while all samples from non-asthmatic horses had ≤7 % 

neutrophils post-challenge. During BAL, intraluminal lower airway and alveolar 

leukocytes distal to a bronchial seal formed by the endoscope are aspirated, while 

endoscopic brushing collects leukocytes adherent to a particular region of the bronchial 

mucosa. Thus, the techniques are not equivalent in regard to sample origin, as 

illustrated by one asthmatic horse where the brush sample did not capture post-

challenge neutrophilic inflammation. This also means that the cut-off of >25 % 

neutrophils in BAL for diagnosis of SEA is likely not directly applicable for brush 

cytology samples. Since a higher proportion of epithelial cells is sampled by brushing, it 

seems likely that a lower proportion of neutrophils may be sufficient to diagnose airway 

inflammation on brush cytology. In this study, samples from 5/6 asthmatic horses 

exceeded a cut-off of 10 % neutrophils on brush cytology post-challenge, while samples 

from all non-asthmatic horses were below that cut-off. However, a larger sample size is 

required to determine a more accurate cut-off, and to validate the technique. Absence of 

frequent neutrophils may not rule out SEA since histologically, neutrophilic inflammation 

in SEA is most intense in distal bronchioles and alveoli, but endoscopic brushing 

sampled the 3rd-generation airways.7,33 Three of the asthmatic horses had higher 

neutrophil percentages pre-challenge compared to post-challenge on brush cytology, 

highlighting that the neutrophil percentage alone may not be reliable indicator of the 

severity of airway inflammation, given that the technique only samples a limited area 

compared to BAL. Therefore, brush cytology has caveats as a diagnostic tool for SEA. 

However, morphological evaluation of epithelial cells can be more easily performed on 

brush cytology.21  

Histological assessment of endobronchial biopsies revealed that lymphocytes were the 

predominant inflammatory cell type in the mucosa, and that they tended to be more 

frequent in post-challenge relative to pre-challenge samples although the differences 

were not statistically significant. Subtle differences by asthmatic status may be due to 

the small number of samples, limited biopsy size, and short duration of the challenge. In 
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another study, significant differences in inflammatory infiltrates in the mucosa and 

extracellular matrix were noted between asthmatic horses in exacerbation compared to 

asthmatic horses in remission and non-asthmatic horses, but a longer challenge period 

of two weeks was used in that study.6 It is likely that a longer challenge period would be 

associated with more significant differences, but that would induce overt dyspnea and 

coughing in asthmatic horses, which is not permissible within prevailing animal care 

guidelines. Neutrophils were scarce in endobronchial biopsies, reflecting their 

predominant bronchiolar intraluminal location. In samples from one asthmatic horse, 

neutrophils were entangled in mucus along the mucosal surface. These may be 

neutrophils that are coughed up from the distal airways, and might have been sampled 

by brushing. Such mucus strands with entrapped neutrophils were only rarely noted, 

perhaps because they are not easily captured during the pinch biopsy procedure or are 

lost during fixation and processing. Therefore, endoscopic biopsies are for the most part 

unable to capture the intraluminal neutrophilic inflammation associated with SEA. 

Compared to endoscopic biopsies, brush cytology offers the advantage of being able to 

identify intraluminal neutrophilic inflammation and possibly provide a rapid diagnosis, 

but does not produce consistent results like BAL. On the other hand, endoscopic 

biopsies offer the opportunity to assess changes associated with airway remodelling 

and mucosal mononuclear inflammation. Although the changes noted on endoscopic 

biopsy were minimal in our study, longer challenge or exposure periods would likely 

result in more pronounced changes in the walls of the airways, which would be better 

predictors of responsiveness to treatment and long-term prognosis.6 

Gene expression of SALSA was decreased in bronchial biopsies of asthmatic compared 

to non-asthmatic horses; therefore, in situ SALSA protein was measured in this 

study.19,36,37 The median mucosal immunolabeling intensity in samples from asthmatic 

horses was slightly higher than in samples from non-asthmatic horses, but the 

differences were not significant. Gene expression is not equivalent to protein 

production, and lack of agreement between gene and protein quantification may reflect 

differences in mRNA stability or physiological variation.12 Samples used for RNASeq 

were from a comparable location in asthmatic and non-asthmatic horses, therefore, the 
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discrepancy between mRNA and protein may be due to post-transcriptional factors 

affecting mRNA stability, or subtle differences captured by RNASeq but not IHC.37 In 

humans with bacterial pneumonia or inflammatory bowel disease, SALSA labeling 

intensity increased with the severity of inflammation.22,29,25,23 Increased SALSA is 

considered to be a protective response since SALSA can scavenge and inactivate 

microorganisms, and regulate inflammatory pathways such as the complement cascade 

and Toll-like receptor 4 signalling.28 The higher percentage of intensely labeled cells 

noted in asthmatic horses post-challenge might be suggestive of such a response, but 

since the mucosal immunolabeling intensity was overall not significantly different in 

exacerbated SEA, this subtle change is of questionable significance, and would likely be 

of limited diagnostic utility.  

In this study, SAA, albumin and globulin were measured to assess systemic 

inflammation.17 The concentration of SAA increased markedly in four of six asthmatic 

horses post-challenge, and A:G ratios were decreased, which indicated acute systemic 

inflammation. Bronchial SALSA immunolabeling intensity did not differ despite evidence 

of inflammation, suggesting that bronchial SALSA is not a sensitive marker for systemic 

inflammation.2 The lack of significant difference in SALSA immunolabeling intensity 

between asthmatic and non-asthmatic horses could perhaps be explained by the 

minimal inflammatory changes in endoscopic biopsies. Additionally, SEA does not have 

an infectious cause, and the role of specific inflammatory mediators is undetermined. As 

detected by IHC, SALSA is highly expressed in goblet cells and extracellular mucus.19 

Goblet cells and mucus were assessed in brush cytology and endobronchial biopsy 

samples to evaluate the influence that airway remodelling, as suggested by goblet cell 

hyperplasia, might have on expression of SALSA. Neither brush cytology nor 

endobronchial biopsy identified significant differences between groups of horses in 

goblet cell proportion or mucus. This may reflect a relatively short challenge period 

causing acute exacerbation rather than maximally severe airway disease. 

Synthesizing the data from the different tests, there were a few other findings of note. 

Asthmatic horse 6 only had a modest increase in ∆Pplmax post-challenge, and asthmatic 
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horse 4 had lower ∆Pplmax post-challenge compared to the pre-challenge time point, 

despite robust airway neutrophilic inflammation on BAL fluid cytology post-challenge, 

beyond the cut-off of >25 % neutrophils (Supplemental Tables 3.S8 and 3.S10). These 

two horses also had relatively lower respiratory system scores and SAA concentrations 

post-challenge compared to other asthmatic horses, indicating correlation between 

pulmonary function test results with physical examination findings and SAA 

concentrations (Supplemental Tables 3.S7 and 3.S14). Strangely, asthmatic horse 4 

also had lower neutrophil percentages on brush cytology post-challenge compared to 

the pre-challenge sample (Supplemental Table 3.S10). A mix-up between the samples 

is unlikely, as the samples were labelled immediately following collection, bearing in 

mind that the post-challenge samples were collected on a different day to the pre-

challenge samples. The cellular populations identified on brush cytology are highly 

dependent on the area brushed, as well as the areas assessed on the microscope 

slides, which could contribute to this discrepancy. This is in contrast to BAL fluid 

cytology, which is standardized and benefits from having cytocentrifuged preparations 

available for cytology, which disperse the cells in a small concentrated area, allowing 

differential counts to be more representative of the sample at hand. Overall, these 

findings suggest that BAL fluid cytology is the most sensitive and consistent test 

capable of capturing airway inflammation prior to marked changes on pulmonary 

function testing and physical examination (Supplemental Table 3.S9). Similarly, 

asthmatic horse 1 had high ∆Pplmax (>30 cm H2O) at both pre- and post-challenge time 

points, and this correlated with airway neutrophilic inflammation and relatively high 

respiratory system scores. Advanced asthmatic disease with airway remodeling was 

suspected in that horse, given the persistence of respiratory dysfunction despite 

environmental control prior to testing. However, SAA concentration was only increased 

in the post-challenge time point for that horse, suggesting that the challenge with dusty 

hay elicited systemic inflammation that was not significant prior to challenge. Asthmatic 

horse 3 also had an excessively high RL of 6.02 cm H2O/L/s post-challenge, beyond 

what would be expected physiologically. This finding suggests that there may have 

been additional obstructive causes to account for during testing other than pulmonary 
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dysfunction, for example a lodged mucus plug or kinking of one of the tubes. Ultimately, 

it should be recognized that pulmonary function testing is a highly technical test that can 

be subjected to interferences and inconsistencies.   

Findings in this study need to be considered in light of several limitations. The number 

of animals assessed was limited. The gold standard criteria for diagnosis of SEA 

(respiratory function and BAL) were significantly different between affected and 

unaffected horses, but the differences identified with other tests were not as significant 

with this sample size. Bronchial brushings were performed following BAL. Although 

brushings were performed proximal to where the endoscope formed a seal within the 

bronchi, it is possible that lavage displaced intraluminal cells onto the mucosal surface 

of the bronchi. However, alveolar macrophages were not a prominent feature of 

bronchial brushings, suggesting minimal interference. Future studies should consider 

performing bronchial brushings prior to BAL to avoid this potential limitation. 

Endoscopes for bronchial biopsies and brush samples only allow access to bronchi 

rather than bronchioles, but bronchi may not be as affected in SEA relative to 

bronchioles. Endobronchial biopsies also are of limited depth, and may therefore not 

capture the full extent of inflammation. Given these limitations, this study should be 

viewed as a description of various diagnostic techniques in SEA, rather than guidelines 

for diagnostic use.  

In summary, endoscopic brush samples were capable of identifying neutrophilic 

inflammation in most cases of SEA; however, the neutrophil percentage noted was not 

consistently associated with the degree of inflammation. Using the neutrophil 

percentage alone has the potential to misidentify asthmatic status, and additional 

studies on a larger sample size would be required to validate the use of bronchial 

brushings in SEA. Therefore, BAL remains the diagnostic test of choice for SEA, and 

should not be substituted by brush cytology when BAL can be performed safely as there 

is the potential for false positive and negative results. In cases where BAL might not be 

feasible, for example in horses with markedly impaired pulmonary function, brush 

samples can be considered an alternative diagnostic tool, with the understanding of its 
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limitations. Based on our limited sample size, determination of mucosal and 

subepithelial inflammation and IHC measurement of SALSA did not distinguish 

asthmatic from non-asthmatic horses during acute exacerbation. Serum protein 

concentrations supported the presence of systemic inflammation in SEA. Overall, 

bronchial SALSA was not a sensitive marker for either systemic or airway inflammation.  
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Figure 3.1 and Figure 3.2: Bronchoalveolar lavage (BAL) (Fig. 3.1) and brush cytology 
(Fig. 3.2) preparations have a significantly higher mean proportion of neutrophils in 
asthmatic compared to non-asthmatic horses following challenge (P < 0.001 and P = 
0.002, respectively; n = 6 per group). Horizontal bars represent the least squares mean. 
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Figure 3.3, Figure 3.4, Figure 3.5, Figure 3.6: Cytology preparations from non-
asthmatic and asthmatic horses, (post-challenge). Modified Wright’s stain. Figure 3.3. 
Bronchoalveolar lavage (BAL), non-asthmatic horse. Mononuclear cells predominate, 
and multinucleated cells (*) are occasionally identified. Figure 3.4. BAL, asthmatic 
horse. Neutrophils predominate and non-fibrillar mucus is often abundant. Figure 3.5. 
Bronchial brush cytology, non-asthmatic horse. Cluster of ciliated columnar epithelial 
cells and goblet cells (arrows). Figure 3.6. Bronchial brush cytology, asthmatic horse. 
Epithelial cells are surrounded by frequent neutrophils and strands of non-fibrillar 
mucus. 
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Figure 3.7 and Figure 3.8: Figure 3.7. Neutrophils are infrequent within the mucosa of 
endoscopic bronchial biopsies and their proportion did not differ significantly between 
asthmatic and non-asthmatic horses, both at pre- (P = 0.972) and post-challenge (P = 
0.784) time points; n = 6 per group. Figure 3.8. Lymphocyte proportions tended to be 
higher in endoscopic biopsies from asthmatic horses, but differences from non-
asthmatic horses were not significant at both pre- (P = 0.086) and post-challenge (P = 
0.090) time points; n = 6 per group. Horizontal bars represent the least squares mean. 
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Figure 3.9 and Figure 3.10: Non-asthmatic (Fig. 3.9) and asthmatic (Fig. 3.10) horse 
(post-challenge), endoscopic bronchial biopsies. Mucosal inflammatory cells are slightly 
more prominent in the asthmatic horse. Hematoxylin and eosin (HE). Figure 3.11, 
Figure 3.12, Figure 3.13, Figure 3.14. Asthma, endoscopic bronchial biopsies, horse. 
Figures 3.11 and 3.12. Neutrophils are trapped among strands of mucus on the 
mucosal surface. Figure 3.12 is a higher magnification of the section in Figure 3.11. 
HE. Figure 3.13. Intraluminal mucus in bronchial biopsies is trapped within folds and 
nooks in the tissue sections. HE. Figure 3.14. The mucus is highlighted by periodic 
acid—Schiff reaction. 
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Figure 3.15 and Figure 3.16: Asthma, endoscopic bronchial biopsies, horse. 
Immunohistochemistry for salivary scavenger and agglutinin (SALSA). The 
immunolabeling is cytoplasmic and apical with a granular pattern. (Fig. 3.15). Bronchial 
gland epithelial cells have strong labeling intensity especially along the luminal surface, 
compared to goblet cells and ciliated columnar epithelial cells (Fig. 3.16). Figure 3.17 
and Figure 3.18: Non-asthmatic (Fig. 3.17) and asthmatic (Fig. 3.18) horses, 
endoscopic bronchial biopsies. Immunohistochemistry for SALSA. The asthmatic horse 
has more frequent intensely labeled cells.  
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Figure 3.19 and Figure 3.20: Serum inflammatory markers. There is a greater increase 
in serum amyloid A (SAA) concentration (Figure 3.19) and lower albumin:globulin (A:G) 
ratio (Figure 3.20) in asthmatic compared to non-asthmatic horses following challenge, 
but changes were not statistically significant (P = 0.167 and P = 0.093, respectively; n = 
6 per group). Horizontal bars represent the median. 
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Supplemental Figure 3.S1a. Endobronchial biopsy with SALSA immunolabeling. 
3.S1b-d. Figure 3.S1a following color deconvolution, with separation into three 
individual colors. Image 3.S1d represents isolation of the chromogen color, and is used 
to select an area for measurement of immunolabeling intensity 
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Supplemental Figure 3.S2. Scored microscopic variables in BAL samples for 

asthmatic and non-asthmatic horses, pre- and post-challenge. All of the scores did not 

differ significantly between asthmatic and non-asthmatic horses as a function of 

challenge. The horizontal bars represent the median. 
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Supplemental Figure 3.S3. Scored microscopic variables in brush cytology samples 

for asthmatic and non-asthmatic horses, pre- and post-challenge. All of the scores did 

not differ significantly between asthmatic and non-asthmatic horses as a function of 

challenge. The horizontal bars represent the median. 
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Supplemental Figure 3.S4. Scored microscopic variables in endoscopic biopsy 

samples for asthmatic and non-asthmatic horses, pre- and post-challenge. All of the 

scores did not differ significantly between asthmatic and non-asthmatic horses as a 

function of challenge. Median scores for subepithelial inflammation were slightly higher 

in asthmatic horses compared to non-asthmatic horses, post-challenge. The horizontal 

bars represent the median. 
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Supplemental Figure 3.S5. Optical density of mucosal surface epithelium and 

glandular epithelium, percentage of intense cells, and extracellular immunolabeling for 

samples with SALSA IHC. All of the scores did not differ significantly between asthmatic 

and non-asthmatic horses as a function of challenge. However, the median percentages 

for intense cells were noticeably higher in asthmatic horses. The horizontal bars 

represent the median. 
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Table 3.1: Respiratory and bronchoscopic scores for asthmatic and non-asthmatic horses. N = 6 per group. 

    Asthmatic horses Non-asthmatic horses P-value Interaction 
Respiratory score Pre-challenge 3.5; 2.25 - 4.75 1.0; 0.25 - 1.0 0.067 

0.015 Post-challenge 10.8; 8.75 - 12.8 1.5; 0.25 - 0.75 0.002 
        

Bronchoscopic score Pre-challenge 2.5; 2.0 - 3.75 1.0; 0 - 2.38 0.162 
0.080 Post-challenge 7.5; 3.75 - 10.5 0.5; 0 - 2.5 0.015 

        
Results are presented as median; interquartile range.      
P-values indicate the probability of differences between asthmatic and non-asthmatic horses at the specified timepoint.  

Interactions indicate the probability that a post-challenge sample would be significantly different from the pre-challenge 
sample in asthmatic compared to non-asthmatic horses 
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Table 3.2: Pulmonary function test results in asthmatic and non-asthmatic horses. N = 6 per group. 
    Asthmatic horses Non-asthmatic horses P-value Interaction  

∆Pplmax (cm H2O) Pre-challenge 10.17; 9.74 - 10.23 5.95; 4.40 - 7.18 0.222 0.095  
Post-challenge 31.92; 12.06 - 33.74 4.76; 3.66 - 5.59 0.008  

        
Cdyn (L/cm H2O) Pre-challenge 0.96; 0.95 - 1.44 1.52; 1.37 - 1.59 0.452 0.032  

Post-challenge 0.29; 0.22 - 0.60 2.81; 2.08 - 2.84 0.008  
        

RL (cm H2O/L/s) Pre-challenge 1.17; 1.06 - 2.06 0.61; 0.35 - 1.00 0.421 0.151  
Post-challenge 2.68; 1.35 - 2.72 0.46; 0.35 - 0.51 0.008  

        

∆Ppl: Change in pleural pressure; Cdyn: Dynamic compliance; RL: Lung resistance   

Results are presented as median; interquartile range.     

P-values indicate the probability of differences between asthmatic and non-asthmatic horses at the specified timepoint.  

Interactions indicate the probability that a post-challenge sample would be significantly different from the pre-challenge 
sample in  
asthmatic compared to non-asthmatic horses 
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Table 3.3: Inflammatory cells in different sample types in asthmatic and non-asthmatic horses. N = 6 per group. 
  Asthmatic horses Non-asthmatic horses P-value Interaction     Neutrophil percentage 

Bronchoalveolar lavage Pre-challenge 18.8; 6.8 - 42.5 2.0; 0.6 - 6.3 0.009 < 0.001 Post-challenge 80.9; 57.2 - 93.1 3.6; 1.1 - 10.7 < 0.001 
        

Brush cytology Pre-challenge 16.2; 2.4 - 60.2 0.6; 0.1 - 5.8 0.032 < 0.001 Post-challenge 39.5; 7.7 - 83.6 0.2; 0 - 2.3 0.002 
        

Endoscopic biopsya Pre-challenge 0.003; 0.001 - 0.006 0; 0 - 0.001 0.972 0.109 Post-challenge 0.003; 0.001 - 0.006 0.003; 0.001 - 0.006 0.784 
        
  Lymphocyte percentage   

Endoscopic biopsy 
Pre-challenge 7.4; 5.4 - 9.9 5.0; 3.6 - 7.0 0.086 0.922 Post-challenge 8.7; 6.5 - 11.6 6.1; 4.4 - 8.3 0.090 

        
a Exact conditional analysis was used to analyze neutrophil percentage due to numerous samples without neutrophils 

Percentages are presented as least squares mean; 95 % confidence interval. The percentage for bronchoalveolar 
lavage reflects only leukocytes, while percentages for brush cytology and endoscopic biopsy reflect all nucleated cells.  

P-values indicate the probability of differences between asthmatic and non-asthmatic horses at the specified timepoint.  

Interactions indicate the probability that a post-challenge sample would be significantly different from the pre-challenge 
sample in asthmatic compared to non-asthmatic horses 
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Table 3.4: Immunolabeling for SALSA in bronchial mucosal biopsies from asthmatic and non-asthmatic horses. N 
= 6 per group. 

    Asthmatic horses Non-asthmatic horses P-value Interaction 

SAA Pre-challenge 0; 0 - 0.2 0; 0 - 0 0.455 0.167 Post-challenge 174.2; 26.7 - 351 1.6; 0 - 21.9 0.167 
       

Albumin Pre-challenge 29.5; 28.3 - 31.5 31; 31 - 31 0.249 0.074 Post-challenge 31.5; 29.5 - 33.5 36; 35.3 - 36.8 0.009 
       

Globulin Pre-challenge 36.5; 33.3 - 39 31; 31 - 31.8 0.069 0.046 Post-challenge 40.5; 37.5 - 42 38; 34.8 - 39 0.349 
       

A:G ratio Pre-challenge 0.8; 0.7 - 0.9 1; 1.0 - 1.1 0.058 0.937 
Post-challenge 0.7; 0.7 - 0.8 1.0; 0.9 - 1.0 0.093 

       
SAA: Serum amyloid A; A:G ratio: Albumin:Globulin ratio 	    
Results are presented as median; interquartile range.     
P-values indicate the probability of differences between asthmatic and non-asthmatic horses at the specified timepoint.  

Interactions indicate the probability that a post-challenge sample would be significantly different from the pre-challenge 
sample in asthmatic compared to non-asthmatic horses 
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Supplemental Table 3.S1: Physical examination scoring criteria for the respiratory 
system 

Variable Score Definition 
Respiratory rate (breaths per minute) 0 <15 
 1 16 – 20  
 2 21 – 25 
 3 26 – 29 
 4 >30 
Nasal discharge 0 None 
 1 Mild serous  
 2 Moderate serous  
 3 Mucopurulent 

Abdominal expiratory lift 0 None 
 1 Mild 
 2 Moderate  
 3 Marked  

Nasal flaring 0 None 
 2 Present 
Tracheal sounds 0 Normal 
 1 Mild increase 
 2 Moderate increase 
 3 Audible mucus movement 
Bronchial tones 0 Normal 
 2 Audible ventral and dorsal sounds 
Crackles 0 None 
 2 Present 
Wheezes 0 None 
 2 Present 
Cough 0 None 
 1 Mild 
 2 Moderate 
 3 Paroxysmal 
Chest resonance 0 Normal 
 2 Caudodorsal expansion of lung field 
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Supplemental Table 3.S2: Scoring criteria for bronchoscopic examination 

Variable Score Definition 

Upper airways 0 Normal 
 2 Abnormal (Flaring, discharge)  

Tracheal erythema 0 None 
 1 Mild 
 2 Moderate  
 3 Generalized 

Tracheal edema 0 Sharp carina septum 
 1 Mildly blunted septum 
 2 Moderately blunted septum  
 3 Markedly blunted septum  

Tracheal secretions 0 None 
 1 Mild, clear mucus 
 2 Moderate, clear mucus 
 3 Marked, purulent mucus 

Tracheal blood 0 None 
 1 Present 

Cough reflex during bronchoscopy 0 None 

 1 Mild 
 2 Moderate 
 3 Paroxysmal 
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Supplemental Table 3.S3: Criteria for microscopic assessment of cytocentrifuge 
preparations of BAL fluid 

Variable Score Definition 

Cellularity (leukocytes per slide) 0 <10 
 1 10 – 100  
 2 101 – 200 
 3 201 – 500 
 4 >500 

Hemorrhage (percent of cells per slide) 0 <2 
 1 2 – 3  
 2 4 – 5  
 3 >5 

Epithelial cells (cells per slide) 0 Absent 
 1 <50 
 2 51 – 100  
 3 101 – 200  
 4 >200 

Mucus (strands per slide) 0 Absent 
 1 <4 
 2 4 – 10 
 3 11 – 20  
 4 >20 
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Supplemental Table 3.S4: Criteria for microscopic assessment of brush cytology 
preparations 

Variable Score Definition 

Cellularity (intact cells per slide) 0 <100 

 1 100 – 200  
 2 201 – 400 
 3 401 – 600 
 4 >600 
Cell preservation (percent of well-
preserved  0 <10 

cells per slide)  1 10 – 25  
 2 26 – 50  
 3 51 – 80 
 4 >80 
Hemorrhage (percent of cells per 
slide) 0 <2 

 1 2 – 3  
 2 4 – 5  
 3 >5  
Mucus (percent of cells surrounded 
by mucus) 0 Absent 

 1 <25 
 2 25 – 50 
 3 51 – 75  
 4 >75 
Goblet cells   Percentage of goblet cells among 

epithelial cells 
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Supplemental Table 3.S5: Criteria for microscopic assessment of endoscopic 
biopsies 
 

Variable Score Definition 

Total section size (mm in length) 0 <1 
 1 1 – 2  
 2 2.1 – 3 
 3 3.1 – 4 
 4 >4 

Section quality (percent of section free of 
crush or fragmentation artefact)  

4 <5 
3 5 – 9  

 2 10 – 19  
 1 20 – 29 
 0 >30 
Subepithelial inflammation (percent of  
subepithelial section occupied by 
inflammatory 
cells) 

0 Absent 
1 <5  
2 6 – 10 

 3 11 – 20 
 4 >20 
Mucus (percent of section occupied by 
mucus) 0 Absent 

 1 <1 
 2 1 – 5 
 3 6 – 10  
 4 >10 
Goblet cells  Percentage of goblet cells 

among mucosal epithelial cells 
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Supplemental Table 3.S6: Criteria for SALSA IHC assessment 
 

Variable Score Definition 
Optical density – mucosal surface  Optical density of the surface 

epithelium 
   
Intensely labeled cells 

 
Percent of cells with ≥5 IHC 
positive pinpoint granules within 
surface mucosa  

   

Extracellular immunolabeling, i.e 
mucus (percent of section occupied by 
mucus) 

0 Absent 

 1 <1 
 2 1 – 5 
 3 6 – 10 
 4 >10 
Optical density –glandular epithelium 

 

Optical density of the epithelial 
cells of bronchial glands 
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Supplemental Table 3.S7: Clinical scores in asthmatic and non-asthmatic horses  

		  Asthmatic 
  1 2 3 4 5 6 

Examination type Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
Physical examination - respiratory system 7.5 12 4 13 5 9.5 1 5.5 2 13 3 8.5 

              
Bronchosopic examination 4 6 4 3 2 3 2 9 1 12 3 11 

  Non-asthmatic 
  7 8 9 10 11 12 
  Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 

Physical examination - respiratory system 1 0 6 2 0 0 1 1 1 3 0 5 
              

Bronchosopic examination 0 0 2.5 1 0 0 2 3 0 0 3 5 
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Supplemental Table 3.S8: Pulmonary function test results in asthmatic and non-asthmatic horses 

  Asthmatic 
  1 2 3 4 5 6 

Parameter, mean Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
∆Pplmax

a (cm H2O) 30.43 31.92 9.74 33.74 10.17 34.43 10.23 8.75 n/dd n/d 5.59 12.06 
Cdynb (L/cm H2O) 0.23 0.22 0.96 0.29 1.61 0.11 1.59 1.24 n/d n/d 0.95 0.70 
RLc (cm H2O/L/s) 2.74 2.68 1.06 2.74 2.36 6.02 1.17 0.83 n/d n/d 0.23 1.35 

  Non-asthmatic 
  7 8 9 10 11 12 
  Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 

∆Pplmax
a (cm H2O) 7.18 6.65 5.95 3.66 3.95 5.59 11.33 4.76 4.40 3.22 n/a n/a 

Cdynb (L/cm H2O) 1.52 2.81 0.85 2.08 1.61 1.87 1.37 2.85 3.58 3.25 n/a n/a 
RLc (cm H2O/L/s) 0.61 0.64 1.13 0.35 0.35 0.53 1.28 0.46 0.29 0.21 n/a n/a 

              
              
a Maximal change in pleural pressure           
b Dynamic compliance             
c Lung resistance             
d Not determined             
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Supplemental Table 3.S9: Bronchoalveolar lavage parameters in asthmatic and non-asthmatic horses 

  Asthmatic 
  1 2 3 4 5 6 

Bronchoalveolar lavage Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
Volume infused (mL) 200 215 400 240 400 400 500 500 400 500 500 500 
Volume recovered (mL) 150 100 150 42 119 119 200 200 200 200 234 214 
Nucleated cell count (X 109/L) 0.85 0.91 0.44 0.68 0.43 0.62 0.58 1.15 0.86 1.48 1.07 1.70 

  Non-asthmatic 
  7 8 9 10 11 12 

    Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
Volume infused (mL) 180 240 180 180 180 180 600 500 300 500 500 500 
Volume recovered (mL) 35 190 40 100 110 47.5 200 300 190 264 300 275 
Nucleated cell count (X 109/L) 0.31 0.47 0.38 0.98 0.43 0.38 0.31 0.44 0.28 0.28 0.26 0.33 
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Supplemental Table 3.S10: Cell composition in different sample types in asthmatic and non-asthmatic horses 

  Horse status Asthmatic 
  1 2 3 4 5 6 

Sample Cell type Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
BAL Neutrophil 87 91 48 91 9 58 6 70 5 81 3 42 

Lymphocyte 6 2 10 2 74 29 53 7 49 7 58 28 
Macrophage 6 7 41 6 26 13 41 23 44 11 36 26 
Mast cell 1 0 1 1 1 0 0 0 2 1 3 3 
Eosinophil 0 0 0 0 0 0 0 0 0 0 0 1 

              
Brush cytology Neutrophil 12 81 2 1 77 10 74 38 3 56 1 92 

Lymphocyte 1 0 0 0 1 0 1 1 0 0 0 0 
Macrophage 1 1 2 0 0 1 16 1 2 0 1 4 
Mast cell 0 0 1 4 1 1 0 0 1 1 0 0 
Ciliated columnar 
epithelial cell 

84 16 84 84 20 78 7 51 90 41 87 3 

Goblet cell 2 1 11 11 1 10 2 9 4 2 11 1 
Squamous epithelial 
cell 

0 1 0 0 0 0 0 0 0 0 0 0 

              
Endoscopic biopsies - 
mucosa 

Neutrophil 0 1 1 0 0 0 0 0 0 1 1 1 
Lymphocyte 6 5 6 7 6 9 4 10 8 7 15 16 
Plasma cell 1 0 0 0 0 0 0 0 0 0 0 0 
Ciliated columnar 
epithelial cell 

83 83 90 87 92 84 77 70 80 83 78 76 

Goblet cell 10 11 3 6 2 7 19 20 12 9 6 7 
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  Non-asthmatic 
  7 8 9 10 11 12 

		 		 Pr
e 

Pos
t 

Pr
e 

Pos
t 

Pr
e 

Pos
t 

Pr
e 

Pos
t 

Pr
e 

Pos
t 

Pr
e 

Pos
t 

BAL Neutrophil 4 3 2 4 2 6 1 1 2 4 2 5 
Lymphocyte 50 54 57 49 47 43 53 48 56 47 58 51 
Macrophage 44 41 40 47 50 50 46 51 40 48 39 43 
Mast cell 2 2 1 0 1 1 0 0 2 1 1 1 
Eosinophil 0 0 0 0 0 0 0 0 0 0 0 0 

              

Brush cytology Neutrophil 0 0 1 2 20 0 0 0 1 7 0 0 
Lymphocyte 1 1 0 0 1 0 0 0 0 1 1 0 
Macrophage 4 1 2 0 4 2 0 0 1 1 2 0 
Mast cell 0 1 1 0 0 0 0 0 1 1 2 1 
Ciliated columnar 
epithelial cell 

92 84 92 88 67 90 92 94 65 78 89 97 

Goblet cell 4 14 4 10 8 8 8 6 32 12 6 2 
Squamous epithelial cell 0 0 0 0 0 0 0 0 0 0 0 0 

              

Endoscopic biopsies - 
mucosa 

Neutrophil 0 0 0 0 0 1 0 0 0 1 0 0 
Lymphocyte 6 6 4 5 3 6 6 7 7 7 5 6 
Plasma cell 0 0 0 0 0 0 0 0 0 0 0 0 
Ciliated columnar 
epithelial cell 

88 89 88 82 89 86 93 83 82 84 84 88 

Goblet cell 6 5 8 13 8 7 1 10 11 8 11 6 
              

Cell percentages for BAL only included leukocytes, while those for brush cytology and endoscopic biopsies included all 
nucleated cells. 
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Supplemental Table 3.S11: The likelihood of identifying neutrophils in cytology samples by asthmatic status 

	          

Sample             Condition A Condtion B Odds ratio Lower CI Upper CI P-value 
BAL Asthmatic, pre-challenge Asthmatic, post-challenge 0.06 0.04 0.07 < 0.001 

Asthmatic, pre-challenge Non-asthmatic, pre-challenge 11.31 2.15 59.57 0.009 
Asthmatic, pre-challenge Non-asthmatic, post-challenge 6.27 1.21 32.63 0.033 
Asthmatic, post-challenge Non-asthmatic, pre-challenge 206.70 39.26 1087.00 < 0.001 
Asthmatic, post-challenge Non-asthmatic, post-challenge 114.60 22.05 595.30 < 0.001 
Non-asthmatic, pre-challenge Non-asthmatic, post-challenge 0.56 0.38 0.82 0.007 

         
Brush 
cytology 

Asthmatic, pre-challenge Asthmatic, post-challenge 0.30 0.26 0.34 < 0.001 
Asthmatic, pre-challenge Non-asthmatic, pre-challenge 29.61 1.42 617.50 0.032 
Asthmatic, pre-challenge Non-asthmatic, post-challenge 79.53 3.77 1679.00 0.010 
Asthmatic, post-challenge Non-asthmatic, pre-challenge 100.00 4.80 2086.00 0.007 
Asthmatic, post-challenge Non-asthmatic, post-challenge 268.70 12.73 5671.00 0.002 
Non-asthmatic, pre-challenge Non-asthmatic, post-challenge 2.69 1.75 4.13 0.001 
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Supplemental Table 3.S12: Microscopic scores and percentages in asthmatic and non-asthmatic horses 

		 Horse status Asthmatic 
  1 2 3 4 5 6 

Sample                 Parameter Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 

BAL Cellularity 4 4 4 4 4 4 4 4 4 4 4 4 
Hemorrhage 0 0 0 3 0 0 0 0 0 0 0 0 

Epithelial cells 2 2 1 0 2 1 0 0 0 0 1 0 
Mucus 4 4 4 3 2 2 2 4 2 4 3 4 

              
Brush 
cytology 

Cellularity 4 4 4 4 4 4 4 4 4 4 4 4 
Preservation 3 3 3 4 3 3 4 3 3 4 4 3 
Hemorrhage 0 1 0 3 1 0 0 0 0 0 3 0 
Mucus 2 4 1 2 4 4 4 4 4 3 4 4 
Goblet cells ( %) 2 1 11 11 1 10 2 9 4 2 11 1 

              
Endoscopic 
biopsy 

Size 4 2 1 2 3 3 3 4 2 4 4 4 
Quality 2 1 2 0 1 4 3 3 3 4 3 2 
Inflammation 3 4 3 2 1 2 1 2 1 2 1 3 
Mucus 3 4 0 4 0 1 2 1 1 0 1 1 
Goblet cells ( %) 10 11 3 6 2 7 19 20 12 9 6 7 

              
SALSA IHC ODa Mucosal surface 0.142 0.135 0.221 0.134 0.247 0.220 0.201 0.270 0.199 0.225 0.134 0.173 

Intensely labeled cells ( %) 39 50 79 25 71 81 58 66 55 72 15 34 

Extracellular 3 1 0 0 0 1 1 1 1 1 1 1 

OD Glandular epithelium 0.355 n/ab 0.421 n/a n/a 0.479 0.356 0.336 n/a 0.328 0.426 0.431 
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  Non-asthmatic 
  7 8 9 10 11 12 

		   Pre Post Pre Post Pre Post Pre Post Pre Post Pre 

BAL Cellularity 4 4 4 4 4 4 4 4 4 4 4 
Hemorrhage 0 0 0 0 1 0 0 0 0 0 0 
Epithelial cells 2 0 1 1 0 0 0 0 2 0 0 
Mucus 4 3 2 2 3 3 3 2 2 3 1 

             
Brush cytology Cellularity 4 4 4 4 4 4 4 4 4 4 4 

Preservation 4 3 4 4 4 4 3 3 4 4 3 
Hemorrhage 0 3 2 0 0 3 0 0 0 0 0 
Mucus 2 3 3 3 1 2 3 3 4 4 3 
Goblet cells ( %) 4 14 4 10 8 8 8 6 32 12 6 

             
Endoscopic biopsy Size 4 1 2 2 4 4 4 4 4 4 4 

Quality 4 3 0 1 1 4 1 1 4 3 3 
Inflammation 1 2 3 2 3 1 1 1 1 1 1 
Mucus 0 2 4 2 0 0 1 2 1 2 2 
Goblet cells ( %) 6 5 8 13 8 7 1 10 11 8 11 

             
SALSA IHC ODa Mucosal surface 0.215 0.148 0.121 0.130 0.163 0.119 0.246 0.310 0.129 0.176 0.166 

Intensely labeled cells ( %) 37 31 39 14 35 20 58 70 25 25 23 

Extracellular 2 1 4 2 2 2 1 2 1 1 2 

OD Glandular epithelium 0.543 n/a 0.459 0.380 0.262 0.317 0.451 0.488 0.345 0.382 0.336 

             
a Optical density            
b No submucosal glands in section            
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Supplemental Table 3.S13: Comparison of overall microscopic score by sample type 

  P-values  

Sample              Parameter Pre a Post b Diff c Challenged  
BAL Cellularity 1.000 1.000 1.000 1.000  

Hemorrhage 1.000 1.000 0.727 0.750  
Epithelial cells 0.913 0.727 1.000 0.063  
Mucus 0.773 0.082 0.426 0.344  

       
Brush cytology Cellularity 1.000 1.000 1.000 1.000  

Preservation 0.567 1.000 0.688 0.688  
Hemorrhage 0.727 1.000 0.667 0.563  
Mucus 0.383 0.167 0.857 0.781  
Goblet cells 0.103 0.313 0.380 0.762  

       
Endoscopic biopsy Size 0.197 0.665 0.076 0.438  

Quality 1.000 0.961 0.903 1.000  
Inflammation 1.000 0.108 0.318 0.363  
Mucus 1.000 0.810 0.870 0.547  
Goblet cells 0.836 0.752 0.834 0.092  

       
SALSA IHC ODa Mucosal surface 0.485 0.589 1.000 0.791  

Intensely labeled cells 0.131 0.031 0.059 0.254  
Extracellular 0.102 0.121 0.656 0.344  
OD Glandular epithelium 1.000 0.857 0.381 0.375  

a Pre-challenge samples of asthmatic compared to non-asthmatic horses   
b Post-challenge samples of asthmatic compared to non-asthmatic horses   
c Difference between pre-challenge and post-challenge samples, in asthmatic compared to non-asthmatic horses 
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d Difference between pre-challenge and post-challenge samples irrespective of asthmatic status  
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Supplemental Table 3.S14: SAA, albumin, and globulin concentrations, and A:G in asthmatic and non-asthmatic 
horses 

 Horse status Asthmatic 
  1 2 3 4 5 6 

Analyte Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 
SAA (mg/L) (ref b: 0-20) 0 241.5 0 387.5 0.3 496.8 1.1 106.9 0 0 0 0 
Albumin (g/L) (ref: 30-37) 26 26 29 31 32 32 32 34 28 29 30 34 
Globulin (g/L) (ref: 26-41) 34 37 39 42 33 39 30 32 39 42 43 46 
A:Ga 0.764 0.702 0.743 0.738 0.969 0.82 1.066 1.062 0.717 0.69 0.697 0.739 
  Non-asthmatic 
  7 8 9 10 11 12 
  Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 

SAA (mg/L) (ref b: 0-20) 0 0 0 0 0 28.1 0 0 0 60.1 0 3.1 
Albumin (g/L) (ref: 30-37) 31 36 31 37 31 38 30 33 36 36 31 35 
Globulin (g/L) (ref: 26-41) 29 34 32 40 31 37 34 39 31 39 31 34 
A:Ga 1.069 1.058 0.968 0.925 1 1.02 0.882 0.846 1.161 0.923 1 1.029 
              

a Albumin:Globulin 
b Reference interval             
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4.1 Abstract 

Salivary scavenger and agglutinin (SALSA) is a secreted, multifunctional protein 

with various immunomodulatory roles. In humans, the protein agglutinates and 

inactivates microorganisms, and inhibits the release of pro-inflammatory cytokines by 

epithelial and myeloid cells. Saliva, which is rich in SALSA, accelerates bacterial 

phagocytosis, but SALSA’s contribution is unclear. In horses, the functions of SALSA in 

inflammation remain largely undetermined, so they were investigated through both 

phagocytosis and cytokine assays. Equine SALSA was purified from duodenal tissue, 

which contains abundant SALSA. To assess phagocytosis, fluorescently-labelled 

bacteria were incubated with 20, 10, 5, or 2.5 μg/mL of SALSA or phosphate buffered 

saline (PBS), and then incubated at 37 °C or on ice with whole blood from seven 

healthy horses. Fluorescence was measured using a flow cytometer and compared 

between groups. Samples were gated on neutrophils based on their forward and side 

scatter properties. To assess effects on cytokine production, alveolar macrophages 

were isolated from bronchoalveolar lavage fluid of five healthy horses, and cultured in 

serum-free media for 24 hours with different concentrations of SALSA plus 1 μg/mL 

LPS, only LPS, or only media. Cytokines were measured in supernatant using an 

equine-specific multiplex bead immunoassay. There was significantly greater bacterial 

phagocytosis in samples incubated at 37 °C compared to incubation on ice. Samples 

incubated with 20 μg/mL of SALSA at 37 °C had less phagocytosis compared to 

samples with 10 or 2.5 μg/mL SALSA, or PBS. Alveolar macrophages incubated with 

SALSA plus LPS released significantly less CXCL1, IL-8, IL-10, and TNF-α, and more 

G-CSF, compared to macrophages incubated with LPS alone. These findings indicate 

that, in vitro, SALSA has anti-inflammatory effects, which may be due to interference 

with TLR4 recognition of LPS or downstream signaling. Increases in G-CSF following 

incubation with SALSA suggests a novel mechanism for immunoregulation of alveolar 

macrophages by SALSA. 
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4.2 Introduction 

Salivary scavenger and agglutinin (SALSA), also known as ‘Deleted in malignant brain 

tumors 1’ (DMBT1), gp340, and salivary agglutinin (SAG), is a multifunctional protein 

that is mainly secreted by mucosal epithelial cells [1, 2]. The protein is considered to 

primarily modulate innate immunity, inflammation and epithelial homeostasis. Frequent 

loss or reduction in gene expression has been noted in various neoplasms, suggesting 

also a role in tumor suppression, but this has been an inconsistent finding, and direct 

evidence linking gene deletion and tumorigenesis is lacking [3]. Mucosal surfaces are 

the interface of encounters between most pathogens and hosts, and at these sites 

SALSA binds and inactivates microorganisms, and interacts with ligands on leukocytes 

and epithelial cells to regulate inflammation [1]. Such ligands include secretory IgA, 

surfactant proteins A and D, lactoferrin, trefoil factors, and complement components [1, 

4-7].  

The SALSA protein is composed of scavenger receptor cysteine-rich (SRCR) domains, 

“C1r/C1s, urchin embryonic growth factor and bone morphogenetic protein-1” (CUB) 

domains, and a zona pellucida (ZP) domain. The highly homologous SRCR domains 

are a feature of a variety of secreted molecules known as the SRCR protein 

superfamily, and are key to SALSA’s ability to bind a variety of ligands, including 

bacterial motifs through a dual cation-binding site [2]. Binding to bacteria leads to their 

agglutination, inactivation and removal [8]. Saliva, which is rich in SALSA, enhances 

aggregation of bacteria, and subsequent acceleration of phagocytosis by granulocytes 

[9, 10]. However, the contribution of SALSA to phagocytosis remains unclear. 

Recognition of bacterial motifs by inflammatory cells induces a cascade of events 

including phagocytosis, microbial killing and production of cytokines. For example, 

binding of lipopolysaccharide (LPS) to the Toll-like receptor 4 (TLR4)-MD-2 complex 

leads to the activation of signaling components such as NF-κB, and the production of 

pro-inflammatory cytokines [11]. Recombinant human SALSA inhibited LPS-induced 

activation of the NF-κB pathway and release of interleukin 8 (IL-8) by both epithelial and 
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myeloid cells [8]. The molecular determinants underpinning this interaction remain to be 

clearly defined. 

In horses, as in humans, SALSA primarily localized to epithelial cells of mucosal 

surfaces, and intracellularly was concentrated at the cell apex, typical of secreted 

molecules [12]. The structure of equine SALSA is similar to that in other species and 

consists of SRCR, CUB, and ZP domains [12]. There is individual variation in the 

number of SRCR domains, which is consistent with different isoforms, a fact that has 

also been noted in humans [12]. Decreased SALSA gene expression was noted in 

bronchial biopsies of horses affected by severe equine asthma [12-14]. Severe equine 

asthma (SEA) is a debilitating condition of mature horses associated with systemic 

inflammation [15]. Downregulation of the SALSA gene in SEA has been suggested to 

reflect immune dysregulation, which in turn may contribute to perpetuating inflammation. 

However, so far knowledge about the actual function of equine SALSA is limited [12, 

16]. Evaluating the effects of SALSA on cytokine release by alveolar macrophages 

would expand our understanding of the role of SALSA in the equine respiratory tract.  

The objectives of this study were to determine the effects of SALSA on equine 

leukocytes. It was hypothesized that equine SALSA would increase bacterial 

phagocytosis by neutrophils and inhibit inflammatory cytokine production by alveolar 

macrophages.  

4.3 Materials and Methods 

4.3.1 Purification of SALSA 

A tissue lysate was prepared from fresh equine duodenum collected at autopsy for 

purification of SALSA. Duodenum was selected since SALSA is highly expressed in this 

tissue [1, 12]. For tissue lysis, 50 mg of tissue were combined with 1 mL of lysis buffer 

(CelLyticTM MT Cell Lysis Reagent; Sigma-Aldrich, St Louis, MO, USA) and 10 μL of a 

protease inhibitor cocktail (P8340; Sigma-Aldrich), and disrupted in a TissueLyser II 

apparatus (Qiagen, Hilden, Germany). The lysed contents were centrifuged for 10 
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minutes at 4 °C and 16 000 x g. The supernatant was collected as it contained soluble 

proteins. Supernatant (150 μg of protein extract, determined by spectrophotometry; 

Nanodrop 2000, Thermo Fisher Scientific) was incubated with 1 μL of a 1:100 dilution of 

DMBT1 antibody (polyclonal rabbit IgG, concentration 1 μg/μL, RRID: AB_2810221, 

Sino Biological, Wayne, PA, USA) on ice for 2 hours. This antibody was previously 

validated for horses [12]. Then, 100 μL of protein A-coated magnetic microbeads 

(μMACS protein A microbeads; Miltenyi Biotec, Auburn, CA, USA) were added to the 

mixture, which was incubated on ice for 30 minutes. The mixture was passed through a 

μ Column (Miltenyi Biotec) subjected to a magnetic field (μMACS separator; Miltenyi 

Biotec). The μ Column was rinsed four times with 200 μL of lysis buffer (CelLyticTM MT 

Cell Lysis Reagent; Sigma-Aldrich) and four times with 100 μL of Tris HCl pH 7.5. The 

bound protein was eluted from the column by adding 20 μL of elution buffer, and after 

10 minutes adding another 50 μL of elution buffer and collecting the flow-through 

fraction. The elution buffer contained 0.2 % sodium dodecyl sulfate and 0.1 % Tween-

20 in 50 mM Tris HCl, pH 8, to optimize recovery of immunoprecipitated proteins while 

minimizing elution of immunoglobulins bound to protein A [17].  

The eluate was analyzed for SALSA by protein electrophoresis and western blot. Fifteen 

μL of the eluate was combined with 10 μL of 4x Laemmli buffer supplemented with 

dithiothreitol and was separated by electrophoresis in a 12 % SDS-polyacrylamide gel 

(TGX FastCast Acrylamide Solutions; Bio-Rad, Mississauga, ON, Canada). Separated 

proteins were visualized using a colorimetric stain (ImperialTM Protein Stain; Thermo 

Fisher Scientific, Mississauga, ON, Canada) per the manufacturer’s instructions. 

Duodenal tissue lysate was used as a positive control. A western blot was performed to 

confirm the identity of the eluted protein, as previously described [12]. 

Immunoprecipitation was repeated as needed, and the protein was concentrated using 

Amicon® Ultra-2 centrifugal filters (100 000 KDa; MilliporeSigma, Etobicoke, ON, 

Canada) per the manufacturer’s instructions. The concentration of the eluted protein 

was quantified using the PierceTM Coomassie Plus protein assay (Thermo Fisher 

Scientific). 
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4.3.2 Phagocytosis assay 

Blood was collected into EDTA-containing vacutainer tubes from 7 clinically healthy 

adult Standardbred horses. All animal procedures were approved by the University of 

Guelph Animal Care Committee (animal use protocol 4185), and conducted in 

accordance with guidelines from the Canadian Council on Animal Care. No general 

anesthesia, euthanasia, or any kind of animal sacrifice was part of the study. To 

investigate phagocytosis, fluorescent bioparticles (pHrodoTM Green Staphylococcus 

aureus Bioparticles, Thermo Fisher Scientific) were used. In duplicate flow cytometry 

tubes, 5 μL of bioparticles were incubated with either 5 μL of 20, 10, 5, or 2.5 μg/mL 

SALSA, or with 5 μL of PBS, for 30 minutes at 37 °C in a water bath. Twenty-five μL of 

whole blood was then added to all tubes to allow phagocytosis, with one tube placed on 

ice and the other at 37 °C in a water bath for 15 minutes. This represented a ratio of 

approximately 20 bacteria per neutrophil. Control tubes containing whole blood without 

bioparticles were treated similarly. After incubation, tubes in the water bath were placed 

on ice to stop phagocytosis. To each tube, 350 μL of 1x lysis buffer was added to lyse 

erythrocytes (10x lysis buffer contained 8.02 mg NH4Cl, 1 g KHCO3, and 100 μL of 0.5 

M EDTA in 95 mL of ultrapure water). The samples were vortexed briefly, then 

incubated for 5 minutes at room temperature. One mL of flow buffer was added to each 

tube, and tubes were vortexed briefly. Flow buffer was prepared by combining 490 mL 

of PBS, 5 mL of 0.5 M EDTA, 5 mL of horse serum, 0.065 g sodium azide and adjusted 

to pH 7.4. The samples were centrifuged at 350 x g for 10 minutes, the supernatant was 

discarded, and for each tube the pellet was re-suspended in 1 mL of flow buffer. 

Centrifugation at 350 x g was repeated, the supernatant was discarded, and cell pellets 

were re-suspended in 0.5 mL of flow buffer. To assess cell viability, 5 μL of 7-

aminoactinomycin D (7-AAD) was added to each tube. 

Phagocytosis was analyzed using a flow cytometer (BD AccuriTM C6 Plus; BD, 

Mississauga, ON, Canada) and data analysis was performed using FlowJo 10.7.2 (BD). 

Leukocytes were identified by forward and side scatter cytograms, and fluorescence 

was collected for 10 000 events in the neutrophil gate. Fluorescent bioparticles were 
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excited with a 488 nm laser and phagocytosis was measured using the 533/30 nm filter 

on a log scale. Cellular viability was assessed using the 670 LP filter. The degree of 

phagocytosis was assessed by measuring the percentage of viable neutrophils that 

emitted fluorescence at 533 nm relative to neutrophils that were not incubated with 

fluorescent bacteria for gating.  

4.3.3 Cytokine assay 

Five clinically healthy female Standardbred horses, with no history of lung disease, were 

selected from a research herd. Horses were kept on pasture with indoor access, fed 

grass hay, given free access to water and transported 7 km on the day of sample 

collection. Physical examination and endoscopy were performed, and no abnormalities 

were detected. Bronchoalveolar lavage (BAL) was performed under standing sedation 

with 0.4 – 0.5 mg/kg xylazine (Bimeda, Cambridge, ON, Canada) and 0.01 – 0.03 mg/kg 

butorphanol (Zoetis, Kirkland, PQ, Canada) administered intravenously. Approximately 

500 mL of sterile PBS was infused in order to retrieve at least 200 mL of BAL fluid 

(BALF) from each horse, as previously described [13]. The BALF samples were 

immediately placed on ice and processed within 20 minutes of collection.  

The BALF was centrifuged at 400 x g for 10 minutes, the supernatant was removed, 

and the cell pellet was washed three times in sterile PBS. Cells were resuspended in 

complete cell culture medium (RPMI 1640; Gibco™, Thermo Fisher Scientific), including 

penicillin-streptomycin (Gibco™, Thermo Fisher Scientific), b-mercaptoethanol (Bio-

Rad) and 10 % horse serum (Gibco™, Thermo Fisher Scientific). Approximately 108 

cells were seeded into a 75 cm2 cell culture flask (Nunc™, Thermo Fisher Scientific) 

and cultured at 37 °C, 5 % CO2 for 4 hours. The supernatant containing non-adherent 

cells was then removed and replaced with fresh complete cell culture medium. The 

media was replaced every two days for up to 7 days. Adherent cells were detached 

(TrypLE™ Select Enzyme (10X), Thermo Fisher Scientific) from the flasks and counted 

(Moxi Z Mini Automated Cell Counter, ORFLO Technologies). Microscopic evaluation of 

detached cells revealed a uniform population of macrophages (Fig 4.1). For each horse, 
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10 wells of a 96-well plate were seeded with 2 x 105 macrophages in 200 µL of 

complete cell culture medium, and the empty remaining wells were filled with a similar 

volume of PBS to limit evaporation in adjacent wells. After overnight incubation at 37 °C 

and 5 % CO2, cell culture supernatant was removed and replaced with 100 µL of 

complete cell culture medium without serum to prevent interference of serum proteins 

with the cytokine assays. In duplicates, macrophages from these wells were split into 

five different incubation groups: the culture medium plus 20 µg/mL purified SALSA + 1 

µg/mL LPS (Invitrogen™, eBioscience™, Thermo Fisher Scientific); 10 µg/mL purified 

SALSA + 1 µg/mL LPS, 5 µg/mL purified SALSA + 1 µg/mL LPS; 1 µg/mL LPS; or only 

media. The plate was incubated at 37 °C, in 5 % CO2 for 24 hours. The supernatant 

was then harvested and centrifuged at 1000 x g for 10 minutes. Incubation of 

macrophages with this concentration of LPS for 24 hours resulted in >90 % cellular 

viability, when assessed by Trypan blue exclusion. 

Analysis of cytokines in cell supernatant was performed with a Bio-Plex® 200 Multiplex 

Immunoassay system (Bio-Rad), using the equine-specific Milliplex® MAP Magnetic 

Bead Panel (MilliporeSigma, Burlington, MA, USA), per the manufacturer’s instructions. 

The standards provided for each cytokine and chemokine, as well as control materials, 

were suspended in serum-free cell culture medium. All samples were assayed in 

triplicate, and a minimum of 50 beads per well were analyzed. A total of 13 cytokines 

involved in innate and adaptive immunity were assessed: C-C motif chemokine ligand 2 

(CCL2, also known as MCP-1), C-X-C motif chemokine ligand 1 (CXCL1, also known as 

GRO), CXCL10 (also known as IP-10), granulocyte colony-stimulating factor (G-CSF), 

granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1α, IL-1β, IL-6, IL-8, 

IL-10, IL-12, IL-18, and tumor necrosis factor alpha (TNF-α).  

Data analysis was performed using the Belysa™ analysis software (MilliporeSigma). 

Measured mean fluorescence intensity (MFI) was plotted on a five-parameter logistical 

regression of the standard curve to derive analyte concentrations. Values that fell below 
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the lower limit of detection were assigned half of the lowest concentration detectable by 

the assay.  

4.3.4 Statistical analysis 

Analyses were performed using SAS version 9.4 (Cary, NC, USA). For the phagocytosis 

assay, a two-factor factorial in a randomized complete block design (RCBD) was used, 

with individual horses as a random block and fixed-effect factors being incubation group 

and temperature of incubation. The data were binary so were logit-transformed. 

For the cytokine assay analysis, an RCBD with subsampling, to account for triplicates, 

was used with incubation group being the fixed-effect and individual horses being the 

random block.  

Residual analyses were performed for both sets of data to assess ANOVA assumptions. 

This included testing for normality with Shapiro-Wilk, Kolmogorov-Smirnov, Cramer-von 

Mises, and Anderson-Darling tests, and plotting the residuals against both predicted 

values and explanatory variables used in the model. With respect to the cytokine assay, 

such residuals may have revealed outliers, unequal variants or the need for data 

transformation. Statistical significance was set at p ≤0.05.  

4.4 Results 

4.4.1 Purification of SALSA 

Protein electrophoresis of the eluate following SALSA immunoprecipitation revealed 

presence of an approximately 240 kD protein (Fig 4.2). The subsequent western blot 

revealed a band of similar molecular weight, confirming specificity of protein 

immunoprecipitation. The size of the eluted protein matches prior reports of equine 

SALSA [12, 16].   
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4.4.2 Phagocytosis assay 

The phagocytosis of bacteria was identified by an increase in fluorescence at 533 nm. 

Fluorescence was bimodal, with populations of cells that were either fluorescent, or 

non-fluorescent similar to cells not incubated with bacteria. Therefore, the percentage of 

fluorescent cells was used for analysis and assessment of phagocytosis (Table 4.1). 

Gating on neutrophils incubated with bacteria revealed an increase in fluorescence, 

indicating an increase in phagocytosis, which was confirmed by microscopic evaluation 

(Fig 4.3).  

The percentage of fluorescent neutrophils was significantly higher in samples incubated 

at 37 °C compared to samples on ice (P < 0.0001). For the samples incubated on ice, 

there was no significant difference between samples incubated with different 

concentrations of SALSA or PBS in the percentage of fluorescent neutrophils. However, 

for the samples incubated at 37 °C, incubation with 20 µg/mL SALSA yielded 

significantly lower percentages of fluorescent neutrophils compared to samples 

incubated with 10 µg/mL SALSA (P = 0.0078), 2.5 µg/mL SALSA (P = 0.0265) and PBS 

(P = 0.0048). The percentage of fluorescent neutrophils was also lower compared to 

samples incubated with 5 µg/mL SALSA, but the difference was not statistically 

significant (P = 0.0649) (Fig 4.4). There was no significant difference between samples 

incubated with 10, 5 and 2.5 µg/mL SALSA, and PBS (Table 4.2). 

4.4.3 Cytokine assay 

Depending on the cytokine, some data were normal, some became normal after 

transformation, and others remained skewed despite transformation. Therefore, the 

statistical analysis differed by cytokine. For CCL2, CXCL10, G-CSF, IL-1β, IL-12, and 

TNF-α, the data were normal and did not require transformation. For CXCL1, IL-8, and 

IL-10, the data were log-transformed for analysis. 

Incubation with any concentration of SALSA was associated with a significant increase 

in G-CSF and a profound reduction in CXCL1, IL-8, IL-10, and TNF-α concentration 
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relative to incubation with LPS (Tables 4.3 – 4.4, Fig 4.5). As expected, IL-8 was high in 

supernatant of macrophages incubated with LPS. Incubation with SALSA resulted in a 

significant decrease in IL-8. Differences in CXCL10 and IL-1β concentration between 

macrophages incubated with 20, 10, or 5 µg/mL SALSA/LPS, and macrophages 

incubated with LPS alone, were not significant. Measurements of the four remaining 

cytokines, GM-CSF, IL-1β, IL-6, and IL-18, were all below the limit of detection (data not 

shown). 

4.5 Discussion 

Findings in this study show that neutrophils incubated with SALSA had decreased 

bacterial phagocytosis, and that macrophages incubated with SALSA had markedly 

altered cytokine production. These are novel effects of SALSA on leukocytes that 

support prior findings regarding the roles of SALSA in modulating inflammation [1, 8]. 

It was hypothesized that SALSA would agglutinate bacteria, which would render them 

more amenable to phagocytosis. A prior study showed that agglutination of bacteria by 

saliva, which is rich in SALSA, enhanced their removal by phagocytes, while dispersed 

bacteria had increased survival [9]. Individualization of bacteria allows complement 

evasion and improves bacterial survival [18]. However, in the current study, a decrease 

in phagocytosis was noted in neutrophils incubated with SALSA. The postulated effects 

of SALSA involve multiple mechanisms including alterations in bacterial conformation, 

interactions with binding partners such as immune defense proteins, as well as other 

uncharacterized effects [10]. Whether reduced phagocytosis results from altering the 

conformation of bacteria or an interaction with neutrophils was not discerned, but an 

effect on bacteria seems likely given that SALSA’s SRCR domains recognize and bind a 

wide range of microbial surface structures [2]. Different from a previous study that used 

the chain-forming Streptococcus gordonii, the current study used S. aureus, which 

naturally form aggregates [9]. Such physical properties may affect the size of bacterial 

units to be phagocytosed. It has been shown that the optimal particle size for 

phagocytosis is 2 to 3 μm (equivalent to 2 to 4 coccoid bacteria), and that larger clusters 
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may be more difficult for neutrophils to phagocytose [19]. Most neutrophils had 

phagocytosed multiple S. aureus, and further aggregation may have negatively 

impacted their ability to phagocytose bacteria. Saliva is a complex mix of proteins 

including multiple antimicrobial factors that can interact with SALSA and may influence 

bacterial aggregation or enhance deposition of complement factors or IgA. Therefore, 

purified SALSA may not reflect the collective effect of all salivary constituents on 

neutrophil phagocytosis [9, 20]. 

For the cytokine assays, alveolar macrophages were chosen due to their pivotal role in 

regulating inflammation in the lower airways, because SALSA is an abundant protein in 

bronchial secretions that is likely metabolized by alveolar macrophages, and since SEA 

predominantly affects the lower airways. Incubating alveolar macrophages with LPS 

simulates the effect of bacterial infection on the innate immune system and mimics 

SEA, which is exacerbated by inhalation of LPS combined with fungal spores and 

particulate [21]. The multiplex equine assay employed here was useful because it 

allowed concurrent and sensitive quantification of multiple cytokines in a small volume 

[22-24]. LPS is recognized by TLR4 on macrophages, which initiates the recruitment of 

adaptor molecules such as MyD88 and TRIF, and drives distinct signaling pathways 

that each lead to independent but complementary activation of NF-κB, resulting in 

induction of multiple cytokines [25]. Many of these cytokines, such as CXCL1, CXCL10, 

IL-6, IL-8, IL-10, and TNF-α, are released by macrophages [26-28]. Stimulation of 

alveolar macrophages with LPS triggered a marked increase in CXCL1, CXCL10, IL-1β, 

IL-10, and TNF-α relative to macrophages exposed to media alone. Measured values in 

supernatant from cultures exposed to media alone were below the detection limit for 

CXCL1, CXCL10, IL-1β, IL-10, and TNF-α, which precluded statistical analyses, but 

differences were nevertheless readily visualized (Fig 4.5). There was a measurable 

concentration of IL-8 in unstimulated macrophages that increased after incubation with 

LPS. This is similar to findings in humans where alveolar macrophages constitutively 

secrete high levels of IL-8, while other neutrophil chemoattractants, such as CXCL1, are 

not constitutively produced by alveolar macrophages [26, 29].  
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Alveolar macrophages that were incubated with SALSA plus LPS had lower 

concentrations of CXCL1, IL-8, IL-10 and TNF-α compared to those incubated with only 

LPS. The mechanism by which SALSA inhibits the release of these cytokines remains 

to be elucidated but considering that both pro-inflammatory CXCL1, IL-8 and TNF-α, 

and anti-inflammatory IL-10 were reduced, SALSA may interfere with recognition of LPS 

by TLR4 on macrophages, or inhibit the NF-κB pathway, as suspected previously [8]. 

Release of these cytokines involves interlinked downstream signaling molecules such 

as MyD88, activator protein-1 (AP-1), and signal transducer and activator of 

transcription (STAT) 3, as well as interplay among TLR4, RIG-I, and NOD-like receptor 

proteins, such that interference early in signaling would inhibit release of all these 

cytokines [30-35]. Therefore, it can be deduced that airway secretions containing 

SALSA modulate the release of cytokines by alveolar macrophages, and play a role in 

maintaining an anti-inflammatory environment within the lungs. In humans, mucosal 

homeostasis shifted toward tissue repair and regeneration was attributed to SALSA [3, 

8, 36]. Expression of SALSA is typically increased in inflammation, for example through 

IL-22, which leads to STAT3 tyrosine phosphorylation and NF-κB activation, indicating a 

homeostatic anti-inflammatory role during inflammation [37]. However, in SEA where a 

decrease in SALSA gene expression was noted, the anti-inflammatory effect may be 

diminished, enabling exacerbated inflammation [12].  

Higher G-CSF concentrations were identified in the supernatant of alveolar 

macrophages incubated with SALSA. This cytokine is typically viewed as a regulator of 

neutrophil production, but also has roles in immune modulation by influencing stem cell, 

T cell and dendritic cell functions [38]. In mice and people, macrophage pre-treatment 

with G-CSF attenuated the release of pro-inflammatory cytokines such as TNF-α, IL-1β, 

IL-12, and IFN-γ after stimulation with LPS [39, 40]. Anti-inflammatory effects of G-CSF 

were associated with a shift towards Th2 lymphocytes and M2 macrophages, and 

through blockade of LPS-induced cJun N-terminal kinase activation [38, 41, 42]. 

Although the functions of G-CSF on cytokine production in horses are uncertain, a 

similar shift in phenotype among leukocytes may occur. Here, increased G-CSF 
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production following incubation with SALSA may dampen the release of inflammatory 

cytokines by alveolar macrophages. There was no significant difference in G-CSF 

concentration between macrophages incubated with LPS alone and macrophages with 

media. This suggests that G-CSF release involves a pathway different from that of 

cytokines such as IL-8 and TNF-α, which could explain the increase in G-CSF after 

incubation with SALSA rather than an inhibitory effect. Therefore, it is possible that 

SALSA in airway secretions primes alveolar macrophages for release of G-CSF, 

creating an anti-inflammatory milieu within the alveolus and minimizing the response to 

triggers such as LPS, in order to maintain lung homeostasis. Upregulation of G-CSF 

has not previously been associated or investigated with SALSA; therefore, these results 

provide novel insight into the immunomodulatory mechanisms of SALSA.  

Limitations to this study pertain to the number of individuals, in particular for the 

cytokine assay. Nevertheless, for most cytokines, inter-individual differences were 

limited. Additional insight on the dynamics of cytokine production may have been gained 

from multiple measurements during the 24 hours of SALSA incubation since cytokine 

release may be transient. Different amounts of SALSA yielded apparent concentration-

dependent changes for several cytokines (CCL2, CXCL10, IL-8 and IL-12) that would 

ideally be confirmed over a wider range of SALSA concentrations.  

In summary, decreased bacterial phagocytosis by neutrophils incubated with SALSA 

may be one factor in a complex interplay between pro- and anti-inflammatory activities 

at mucosal sites. Neutrophils are quickly recruited to alveoli following loss of mucosal 

integrity, and exposure to SALSA may limit their phagocytic activity at such sites. This 

effect is in concordance with attenuation of pro-inflammatory cytokine production by 

alveolar macrophages. Hence, in vivo investigation of SALSA as an anti-inflammatory 

compound may be rewarding. 



 

 

 

 

141 

4.6 Acknowledgements 

The authors thank Dr. Dana Patcas (MilliporeSigma) for technical assistance with 

cytokine assays, and Dr. Luis Arroyo for performing the bronchoalveolar lavages. David 

Marom and Dr. Saeid Tabatabaei are thanked for ideas, advice, and stimulating 

discussions.  

4.7 References 

1. Reichhardt MP, Holmskov U, Meri S. SALSA-A dance on a slippery floor with 

changing partners. Mol Immunol. 2017;89:100-10.  

2. Reichhardt MP, Loimaranta V, Lea SM, Johnson S. Structures of SALSA/DMBT1 

SRCR domains reveal the conserved ligand-binding mechanism of the ancient SRCR 

fold. Life Sci Alliance. 2020;3(4).  

3. Kang W, Reid KB. DMBT1, a regulator of mucosal homeostasis through the 

linking of mucosal defense and regeneration? FEBS Lett. 2003;540(1-3):21-5.  

4. Mitoma M, Oho T, Shimazaki Y, Koga T. Inhibitory effect of bovine milk 

lactoferrin on the interaction between a streptococcal surface protein antigen and 

human salivary agglutinin. J Biol Chem. 2001;276(21):18060-5.  

5. Ligtenberg AJ, Bikker FJ, De Blieck-Hogervorst JM, Veerman EC, Nieuw 

Amerongen AV. Binding of salivary agglutinin to IgA. Biochem J. 2004;383(Pt 1):159-64.  

6. Madsen J, Sorensen GL, Nielsen O, Tornoe I, Thim L, Fenger C, et al. A variant 

form of the human deleted in malignant brain tumor 1 (DMBT1) gene shows increased 

expression in inflammatory bowel diseases and interacts with dimeric trefoil factor 3 

(TFF3). PLoS One. 2013;8(5):e64441.  

7. Holmskov U, Mollenhauer J, Madsen J, Vitved L, Gronlund J, Tornoe I, et al. 

Cloning of gp-340, a putative opsonin receptor for lung surfactant protein D. Proc Natl 

Acad Sci U S A. 1999;96(19):10794-9.  

8. Rosenstiel P, Sina C, End C, Renner M, Lyer S, Till A, et al. Regulation of 

DMBT1 via NOD2 and TLR4 in intestinal epithelial cells modulates bacterial recognition 

and invasion. J Immunol. 2007;178(12):8203-11.  



 

 

 

 

142 

9. Itzek A, Chen Z, Merritt J, Kreth J. Effect of salivary agglutination on oral 

streptococcal clearance by human polymorphonuclear neutrophil granulocytes. Mol Oral 

Microbiol. 2017;32(3):197-210.  

10. Li J, Metruccio MME, Evans DJ, Fleiszig SMJ. Mucosal fluid glycoprotein DMBT1 

suppresses twitching motility and virulence of the opportunistic pathogen Pseudomonas 

aeruginosa. PLoS Pathog. 2017;13(5):e1006392.  

11. Park BS, Lee JO. Recognition of lipopolysaccharide pattern by TLR4 complexes. 

Exp Mol Med. 2013;45:e66.  

12. Lee GKC, Tessier L, Bienzle D. Salivary Scavenger and Agglutinin (SALSA) Is 

Expressed in Mucosal Epithelial Cells and Decreased in Bronchial Epithelium of 

Asthmatic Horses. Front Vet Sci. 2019;6:418.  

13. Tessier L, Cote O, Clark ME, Viel L, Diaz-Mendez A, Anders S, et al. Impaired 

response of the bronchial epithelium to inflammation characterizes severe equine 

asthma. BMC Genomics. 2017;18(1):708.  

14. Tessier L, Cote O, Clark ME, Viel L, Diaz-Mendez A, Anders S, et al. Gene set 

enrichment analysis of the bronchial epithelium implicates contribution of cell cycle and 

tissue repair processes in equine asthma. Sci Rep. 2018;8(1):16408.  

15. Lavoie-Lamoureux A, Leclere M, Lemos K, Wagner B, Lavoie JP. Markers of 

systemic inflammation in horses with heaves. J Vet Intern Med. 2012;26(6):1419-26.  

16. Ambruosi B, Accogli G, Douet C, Canepa S, Pascal G, Monget P, et al. Deleted 

in malignant brain tumor 1 is secreted in the oviduct and involved in the mechanism of 

fertilization in equine and porcine species. Reproduction. 2013;146(2):119-33.  

17. Antrobus R, Borner GH. Improved elution conditions for native co-

immunoprecipitation. PLoS One. 2011;6(3):e18218.  

18. Dalia AB, Weiser JN. Minimization of bacterial size allows for complement 

evasion and is overcome by the agglutinating effect of antibody. Cell Host Microbe. 

2011;10(5):486-96.  

19. Champion JA, Walker A, Mitragotri S. Role of particle size in phagocytosis of 

polymeric microspheres. Pharm Res. 2008;25(8):1815-21.  



 

 

 

 

143 

20. Leito JT, Ligtenberg AJ, van Houdt M, van den Berg TK, Wouters D. The bacteria 

binding glycoprotein salivary agglutinin (SAG/gp340) activates complement via the 

lectin pathway. Mol Immunol. 2011;49(1-2):185-90.  

21. Beeler-Marfisi J, Clark ME, Wen X, Sears W, Huber L, Ackerley C, et al. 

Experimental induction of recurrent airway obstruction with inhaled fungal spores, 

lipopolysaccharide, and silica microspheres in horses. Am J Vet Res. 2010;71(6):682-9.  

22. Martin EM, Messenger KM, Sheats MK, Jones SL. Misoprostol Inhibits 

Lipopolysaccharide-Induced Pro-inflammatory Cytokine Production by Equine 

Leukocytes. Front Vet Sci. 2017;4:160.  

23. Curto E, Messenger KM, Salmon JH, Gilger BC. Cytokine and chemokine 

profiles of aqueous humor and serum in horses with uveitis measured using multiplex 

bead immunoassay analysis. Vet Immunol Immunopathol. 2016;182:43-51.  

24. Zak A, Siwinska N, Elzinga S, Barker VD, Stefaniak T, Schanbacher BJ, et al. 

Effects of advanced age and pituitary pars intermedia dysfunction on components of the 

acute phase reaction in horses. Domest Anim Endocrinol. 2020;72:106476.  

25. Kawai T, Akira S. Toll-like receptors and their crosstalk with other innate 

receptors in infection and immunity. Immunity. 2011;34(5):637-50.  

26. Losa Garcia JE, Rodriguez FM, Martin de Cabo MR, Garcia Salgado MJ, Losada 

JP, Villaron LG, et al. Evaluation of inflammatory cytokine secretion by human alveolar 

macrophages. Mediators Inflamm. 1999;8(1):43-51.  

27. Chanteux H, Guisset AC, Pilette C, Sibille Y. LPS induces IL-10 production by 

human alveolar macrophages via MAPKinases- and Sp1-dependent mechanisms. 

Respir Res. 2007;8:71.  

28. Mubarak RA, Roberts N, Mason RJ, Alper S, Chu HW. Comparison of pro- and 

anti-inflammatory responses in paired human primary airway epithelial cells and 

alveolar macrophages. Respir Res. 2018;19(1):126.  

29. De Filippo K, Dudeck A, Hasenberg M, Nye E, van Rooijen N, Hartmann K, et al. 

Mast cell and macrophage chemokines CXCL1/CXCL2 control the early stage of 

neutrophil recruitment during tissue inflammation. Blood. 2013;121(24):4930-7.  



 

 

 

 

144 

30. Dorrington MG, Fraser IDC. NF-kappaB Signaling in Macrophages: Dynamics, 

Crosstalk, and Signal Integration. Front Immunol. 2019;10:705.  

31. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine 

system in diverse forms of macrophage activation and polarization. Trends Immunol. 

2004;25(12):677-86.  

32. Liu X, Yin S, Chen Y, Wu Y, Zheng W, Dong H, et al. LPSinduced 

proinflammatory cytokine expression in human airway epithelial cells and macrophages 

via NFkappaB, STAT3 or AP1 activation. Mol Med Rep. 2018;17(4):5484-91.  

33. Pinilla-Vera M, Xiong Z, Zhao Y, Zhao J, Donahoe MP, Barge S, et al. Full 

Spectrum of LPS Activation in Alveolar Macrophages of Healthy Volunteers by Whole 

Transcriptomic Profiling. PLoS One. 2016;11(7):e0159329.  

34. Agbanoma G, Li C, Ennis D, Palfreeman AC, Williams LM, Brennan FM. 

Production of TNF-alpha in macrophages activated by T cells, compared with 

lipopolysaccharide, uses distinct IL-10-dependent regulatory mechanism. J Immunol. 

2012;188(3):1307-17.  

35. Ernst O, Glucksam-Galnoy Y, Bhatta B, Athamna M, Ben-Dror I, Glick Y, et al. 

Exclusive Temporal Stimulation of IL-10 Expression in LPS-Stimulated Mouse 

Macrophages by cAMP Inducers and Type I Interferons. Front Immunol. 2019;10:1788.  

36. Muller H, Nagel C, Weiss C, Mollenhauer J, Poeschl J. Deleted in malignant 

brain tumors 1 (DMBT1) elicits increased VEGF and decreased IL-6 production in type 

II lung epithelial cells. BMC Pulm Med. 2015;15:32.  

37. Fukui H, Sekikawa A, Tanaka H, Fujimori Y, Katake Y, Fujii S, et al. DMBT1 is a 

novel gene induced by IL-22 in ulcerative colitis. Inflamm Bowel Dis. 2011;17(5):1177-

88.  

38. Roberts AW. G-CSF: a key regulator of neutrophil production, but that's not all! 

Growth Factors. 2005;23(1):33-41.  

39. Yamaguchi T, Miyata Y, Hayamizu K, Hashizume J, Matsumoto T, Tashiro H, et 

al. Preventive effect of G-CSF on acute lung injury via alveolar macrophage regulation. 

J Surg Res. 2012;178(1):378-84.  



 

 

 

 

145 

40. Boneberg EM, Hareng L, Gantner F, Wendel A, Hartung T. Human monocytes 

express functional receptors for granulocyte colony-stimulating factor that mediate 

suppression of monokines and interferon-gamma. Blood. 2000;95(1):270-6.  

41. Wen Q, Kong Y, Zhao HY, Zhang YY, Han TT, Wang Y, et al. G-CSF-induced 

macrophage polarization and mobilization may prevent acute graft-versus-host disease 

after allogeneic hematopoietic stem cell transplantation. Bone Marrow Transplant. 

2019;54(9):1419-33.  

42. Martins A, Han J, Kim SO. The multifaceted effects of granulocyte colony-

stimulating factor in immunomodulation and potential roles in intestinal immune 

homeostasis. IUBMB Life. 2010;62(8):611-7.  

 

 

 

 

 

 



 

 

 

 

146 

 

Figure 4.1: Cytocentrifuge preparation of alveolar macrophages after 7 days of culture. 
Bronchoalveolar lavage fluid cells were allowed to adhere for 4 hours, non-adherent 
cells were removed, and the remaining cells were cultured for 7 days. At that time point 
the cultures consisted of a uniform population of macrophages. Modified Wright’s stain, 
400X magnification. 
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Figure 4.2: Electrophoresis and western blot. Lanes 1 and 2: Protein electrophoresis. 
Lane 1: Eluate in buffer containing 0.2 % sodium dodecyl sulfate and 0.1 % Tween-20 
in 50 mM Tris HCl pH 8 yielded a single band ~240 kDa, consistent with SALSA. Lane 
2: Equine duodenal tissue lysate. Equine duodenal tissue lysate showed a prominent 
band of similar size. Lanes 1 and 2 were present on the same gel as the ladder, and 
these lanes were spliced together to only show the relevant lanes. Lanes WB1 and 
WB2: Western blot of eluate and duodenal tissue lysate, respectively. A protein of ~240 
kDa was detected with antibody to SALSA in both the eluate and the tissue lysate. A 
less intense lower molecular weight band likely represents an isoform of equine SALSA 
or degradation within these lanes. 
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Figure 4.3: Phagocytosis assay. A: Phagocytes, which were mostly neutrophils, were 
gated based on high forward and side scatter. Lymphocytes were readily identified by 
low forward and side scatter. B: Fluorescence in three different cell populations; 
histograms. Neutrophils not incubated with bacteria (grey) were used to set the 
threshold for fluorescence. After incubation with bacteria, >90 % of neutrophils (red) 
were fluorescent. Lymphocytes incubated with bacteria (yellow) did not fluoresce except 
for a small proportion (<4 %), which may reflect inclusion of some phagocytes 
(monocytes or neutrophils) in the gate. C: Cytocentrifuge preparation of a sample 
incubated with 20 μg/mL SALSA at 37 °C. Most neutrophils (thick arrows) contained 
multiple phagocytosed bacterial cocci in the cytoplasm. These bacteria were also noted 
in clusters extracellularly (thin arrow). Lymphocytes (arrowheads) did not contain 
bacteria. The background contains many lysed and a few intact erythrocytes, an 
expected finding in a sample that underwent erythrocyte lysis during sample 
preparation. Modified Wright’s stain, 1000X magnification. 
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Figure 4.4: Neutrophil phagocytosis of bacteria after incubation with different 
concentrations of SALSA: A: The highest concentration of SALSA (red line, 20 μg/mL) 
resulted in fewer fluorescent and more non-fluorescent cells, consistent with decreased 
phagocytosis, compared to the other incubation groups. B: Ridgeline plot of 
fluorescence in cells incubated with different concentrations of SALSA or PBS. 
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Figure 4.5: Mean or median cytokine concentration in alveolar macrophage 
supernatant. Macrophages were incubated for 24 hours with 20, 10, or 5 μg/mL of 
SALSA / 1 μg/mL LPS, with only LPS or with media alone. Error bars represent the 95 
% confidence intervals.  
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Table 4.1: Neutrophil phagocytosis of bacteria after incubation with different 

concentrations of SALSA  

Incubation group   Percent fluorescent neutrophils (37 °C) 

  Horse 1 2 3 4 5 6 7 

SALSA 20 μg/mL   63.4 83.6 49.8 85.1 93.5 69.4 97.7 

SALSA 10 μg/mL   88.8 90.2 63.3 90.5 95.4 72.7 98.1 

SALSA 5 μg/mL   85.2 91.0 60.6 91.4 91.3 67.9 97.9 

SALSA 2.5 μg/mL   84.1 88.0 64.4 92.2 92.4 67.3 98.9 

PBS   76.4 91.5 78.4 91.9 96.2 68.0 98.3 

   Percent fluorescent neutrophils (ice) 

SALSA 20 μg/mL   61.8 84.6 65.8 81.9 95.5 72.6 97.0 

SALSA 10 μg/mL   58.2 84.1 41.5 84.3 92.3 64.8 96.1 

SALSA 5 μg/mL   70.0 89.8 57.8 85.1 95.2 74.0 95.5 

SALSA 2.5 μg/mL   57.0 85.1 58.5 83.4 95.7 55.4 95.4 

PBS   56.9 89.0 65.7 84.8 96.8 53.6 95.2 

PBS: Phosphate buffered saline 
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Table 4.2: P-values comparing fluorescent neutrophil percentages in samples 

incubated with different concentrations of SALSA 

Incubation group SALSA 20  SALSA 10  SALSA 5  SALSA 2.5  PBS 

SALSA 20  
        On ice 

37 °C 
0.1234 0.8131 0.2887 0.6835 

SALSA 10  0.0078 
        On ice 

37 °C 
0.0768 0.6251 0.2539 

SALSA 5  0.0649 0.3899 
        On ice 

37 °C 
0.1958 0.5200 

SALSA 2.5  0.0265 0.6378 0.6958 
        On ice 

37 °C 
0.5115 

PBS 0.0048 0.8626 0.3025 0.5201 
        On ice 

37 °C 

P-values below the diagonal line represent samples incubated at 37 °C, and p-values 
above the diagonal line represent samples incubated on ice.  

SALSA 20: 20 μg/mL SALSA 

SALSA 10: 10 μg/mL SALSA 

SALSA 5: 5 μg/mL SALSA 

SALSA 2.5: 2.5 μg/mL SALSA 

PBS: Phosphate buffered saline 
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Table 4.3: Cytokine concentrations (pg/mL) in supernatant of alveolar 
macrophages 

Cytokine Incubation  Mean SDa Median 25th pctb 75th pct 

CCL2 

SALSA 20/LPSc 68.04 17.19 80.30 49.65 80.30 
SALSA10/LPS 76.30 6.70 79.28 71.33 79.79 
SALSA5/LPS 76.61 3.37 77.75 73.87 78.77 

LPSd 78.15 1.32 77.75 77.23 79.28 
Media 72.30 13.31 78.26 63.37 78.26 

CXCL1 

SALSA 20/LPS 1.20 0.61 1.14 0.65 1.78 
SALSA10/LPS 0.94 0.51 0.78 0.52 1.44 
SALSA5/LPS 0.75 0.52 0.52 0.52 1.11 

LPS 29.20 17.99 37.88 11.65 42.41 
Media 0.52 0.00 0.52 0.52 0.52 

CXCL10 

SALSA 20/LPS 6.92 2.60 6.11 5.13 9.12 
SALSA10/LPS 6.11 2.53 5.73 4.01 8.39 
SALSA5/LPS 3.29 2.13 2.39 2.15 4.88 

LPS 5.21 4.08 6.49 0.92 8.86 
Media 0.92 0.00 0.92 0.92 0.92 

G-CSF 

SALSA 20/LPS 134.13 30.36 121.56 114.60 159.90 
SALSA10/LPS 139.99 17.36 146.07 123.30 153.7 
SALSA5/LPS 125.10 21.29 124.51 104.30 146.2 

LPS 49.51 19.16 42.67 35.76 66.68 
Media 47.77 26.09 42.67 26.75 71.33 

IL-1β 

SALSA 20/LPS 9.42 6.62 5.27 4.78 16.13 
SALSA10/LPS 7.64 6.42 8.17 1.95 13.06 
SALSA5/LPS 11.22 11.26 4.94 2.58 23.01 

LPS 11.43 11.08 8.72 4.47 19.75 
Media 1.97 0.73 1.64 1.64 2.46 

IL-8 

SALSA 20/LPS 38.62 17.82 45.38 22.44 51.43 
SALSA10/LPS 35.83 19.91 38.90 18.02 52.10 
SALSA5/LPS 29.92 15.06 23.40 18.57 44.53 

LPS 77.87 16.14 80.93 65.42 88.77 
Media 59.71 16.85 65.38 46.58 70.01 

IL-10 

SALSA 20/LPS 3.54 0.00 3.54 3.54 3.54 
SALSA10/LPS 3.54 0.00 3.54 3.54 3.54 
SALSA5/LPS 3.54 0.00 3.54 3.54 3.54 

LPS 32.70 34.44 30.27 3.54 63.07 
Media 3.54 0.00 3.54 3.54 3.54 

IL-12 

SALSA 20/LPS 6.24 0.44 6.12 5.88 6.67 
SALSA10/LPS 6.50 0.88 6.59 5.72 7.22 
SALSA5/LPS 6.81 0.32 6.91 6.50 7.07 

LPS 6.37 0.66 6.11 5.80 7.07 
Media 6.15 0.67 6.12 5.64 6.67 

TNF-α 

SALSA 20/LPS 2.38 1.56 1.27 1.27 4.05 
SALSA10/LPS 2.82 2.06 2.23 1.27 4.67 
SALSA5/LPS 2.92 3.70 1.27 1.27 5.40 

LPS 967.15 682.70 1102.69 334.90 1532.00 
Media 7.09 6.21 4.62 1.75 13.65 

	1	 a 

Standard deviation; b Percentile; c SALSA 20 μg/mL + LPS 1 μg/mL; d LPS 1 μg/mL 
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Table 4.4: P-values comparing cytokine production by macrophages incubated 
with different concentrations of SALSA 

Cytokine Incubation  SALSA20/LPSa SALSA10/LPS SALSA5/LPS LPS Neg 

CCL2 

SALSA20/LPS - 0.2087 0.5574 0.1283 0.5088 
SALSA10/LPS 0.2087 - 0.4874 0.7728 0.5350 
SALSA5/LPS 0.5574 0.4874 - 0.3301 0.9398 

LPS 0.1283 0.7728 0.3301 - 0.3673 
Media 0.5088 0.5350 0.9398 0.3673 - 

CXCL1c 

SALSA20/LPS - 0.8390 n/a 0.0012 n/a 
SALSA10/LPS 0.8390 - n/a 0.0010 n/a 
SALSA5/LPS n/ab n/a - n/a n/a 

LPS 0.0012 0.0010 n/a - n/a 
Media n/a n/a n/a n/a - 

CXCL10 

SALSA20/LPS - 0.7195 0.0562 0.2944 n/a 
SALSA10/LPS 0.7195 - 0.1065 0.4802 n/a 
SALSA5/LPS 0.0562 0.1065 - 0.3294 n/a 

LPS 0.2944 0.4802 0.3294 - n/a 
Media n/a n/a n/a n/a - 

G-CSF 

SALSA20/LPS - 0.6966 0.5496 <0.0001 <0.0001 
SALSA10/LPS 0.6966 - 0.3283 <0.0001 <0.0001 
SALSA5/LPS 0.5496 0.3283 - 0.0001 <0.0001 

LPS <0.0001 <0.0001 0.0001 - 0.9075 
Media <0.0001 <0.0001 <0.0001 0.9075 - 

IL-1β 
SALSA20/LPS - 0.7317 0.9999 0.9901 n/a 
SALSA10/LPS 0.7317 - 0.7317 0.5271 n/a 
SALSA5/LPS 0.9999 0.7317 - 0.9901 n/a 

LPS 0.9901 0.5271 0.9901 - n/a 
Media n/a n/a n/a n/a - 

IL-8c 
SALSA20/LPS - 0.7986 0.4243 0.0022 0.0293 
SALSA10/LPS 0.7986 - 0.5830 0.0013 0.0174 
SALSA5/LPS 0.4243 0.5830 - 0.0004 0.0054 

LPS 0.0022 0.0013 0.0004 - 0.2314 
Media 0.0293 0.0174 0.0054 0.2314 - 

IL-10c 
SALSA20/LPS - n/a n/a n/a n/a 
SALSA10/LPS n/a - n/a n/a n/a 
SALSA5/LPS n/a n/a - n/a n/a 

LPS n/a n/a n/a - n/a 
Media n/a n/a n/a n/a - 

IL-12 

SALSA20/LPS - 0.5597 0.2065 0.7728 0.8261 
SALSA10/LPS 0.5597 - 0.4796 0.7664 0.4248 
SALSA5/LPS 0.2065 0.4796 - 0.3202 0.1424 

LPS 0.7728 0.7664 0.3202 - 0.6123 
Media 0.8261 0.4248 0.1424 0.6123 - 

TNF-α 
SALSA20/LPS - 0.9986 0.9968 0.0001 0.9825 
SALSA10/LPS 0.9986 - 0.9982 0.0001 0.9840 
SALSA5/LPS 0.9968 0.9982 - 0.0001 0.9858 

LPS 0.0001 0.0001 0.0001 - 0.0001 
Media 0.9825 0.9840 0.9858 0.0001 - 

	1	  
a See Table 3 for abbreviations. 

b Not applicable. Data were not analyzed since at least one of the compared groups had 
cytokine concentrations below the limit of detection.  
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c Data were not normally distributed, thus median concentrations were compared. 
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Supplemental table 4.S1: Cytokine concentrations, CCL2 (pg/mL) 

Horse 1 2 3 4 5 

SALSA 20 μg/mL + LPS 65.39 17.26 50.68 79.28 82.34 79.28 50.68 82.34 31.56 79.28 79.28 82.34 79.28 82.34 79.28 

SALSA 10 μg/mL + LPS 82.34 79.28 31.56 79.28 79.28 79.28 79.28 76.21 79.28 82.34 79.28 79.28 79.28 82.34 76.21 

SALSA 5 μg/mL + LPS 79.28 50.68 82.34 79.28 79.28 79.28 79.28 76.21 79.28 77.74 76.21 48.63 79.28 79.28 74.68 

LPS 82.34 79.28 79.28 79.28 76.21 77.74 80.81 79.28 73.15 82.34 76.21 76.21 76.21 76.21 77.74 

Culture medium 31.56 31.56 82.34 76.21 79.28 79.28 76.21 79.28 79.28 79.28 79.28 76.21 76.21 79.28 79.28 

 
LPS: LPS 1 μg/mL 
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Supplemental table 4.S2: Cytokine concentrations, CXCL1 (pg/mL) 

Horse 1 2 3 4 5 

SALSA 20 μg/mL + LPS 1.31 0.52* 0.52* 1.31 1.59 0.52* 1.88 1.88 2.43 1.59 1.59 1.31 0.52* 0.52* 0.52* 
SALSA 10 μg/mL + LPS 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 1.31 1.31 1.59 2.3 1.31 1.59 0.52* 
SALSA 5 μg/mL + LPS 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 1.31 3.24 0.52* 0.52* 0.52* 

LPS 1.31 1.31 0.52* 23.78 22.39 20.56 42.46 41.26 31.97 44.87 46.26 47.65 38.02 36.59 39.03 
Culture medium 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 0.52* 

 

LPS: LPS 1 μg/mL 
* Below limit of detection 
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Supplemental table 4.S3: Cytokine concentrations, CXCL10 (pg/mL) 

Horse 1 2 3 4 5 

SALSA 20 μg/mL + LPS 11.56 11.56 11 4.17 7.64 2.98 5.34 7.64 5.34 4.17 4.17 7.64 5.34 7.64 7.64 

SALSA 10 μg/mL + LPS 5.34 5.34 6.5 0.92* 2.98 2.98 5.34 5.34 6.5 9.89 7.64 8.77 8.77 7.07 8.2 

SALSA 5 μg/mL + LPS 0.92* 2.37 3.58 0.92* 0.92* 4.17 0.92* 4.17 2.98 7.64 6.5 0.92* 0.92* 5.34 0.92* 
LPS 0.92* 0.92* 0.92* 8.77 6.5 8.77 6.5 7.64 5.34 0.92* 0.92* 0.92* 9.89 7.64 11.56 

Culture medium 0.92* 0.92* 0.92* 0.92* 0.92* 0.92* 0.92* 0.92* 0.92* 0.92* 0.92* 0.92* 0.92* 0.92* 0.92* 

 

LPS: LPS 1 μg/mL 
* Below limit of detection 
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Supplemental table 4.S4: Cytokine concentrations, G-CSF (pg/mL) 

Horse 1 2 3 4 5 

SALSA 20 μg/mL + LPS 183.51 189.83 185.65 116.8 131.08 116.8 116.8 149.35 134.35 124.21 116.8 116.8 116.8 108.73 104.39 

SALSA 10 μg/mL + LPS 167.56 154.84 154.84 124.21 108.73 108.73 143.59 116.8 137.52 140.6 160.08 137.52 154.84 149.35 140.6 

SALSA 5 μg/mL + LPS 134.35 143.59 149.35 108.73 124.21 140.6 84.04 116.8 99.8 152.13 137.52 160.08 116.8 108.73 99.8 

LPS 41.12 18.91 63.01 89.7 63.01 89.7 63.01 53.53 41.12 18.98 53.53 18.98 41.12 23.87 63.01 

Culture medium 23.87 41.12 63.01 16.54 11.65 14.09 77.84 77.84 99.8 41.12 63.01 14.09 41.12 77.84 53.53 

 
LPS: LPS 1 μg/mL 
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Supplemental table 4.S5: Cytokine concentrations, IL-1β (pg/mL) 

Horse 1 2 3 4 5 
SALSA 20 μg/mL + LPS 4.93 6.43 4.45 20.94 18.4 19.66 12.97 11.26 13.56 4.45 3.97 6.43 3.97 5.43 4.45 

SALSA 10 μg/mL + LPS 8.78 7.99 8.78 17.16 20.29 15.33 6.94 8.52 9.05 1.64* 1.64* 3.5 1.64* 1.64* 1.64* 

SALSA 5 μg/mL + LPS 24.22 28.3 29.7 19.02 17.16 19.66 3.97 5.43 5.43 1.64* 3.97 1.64* 1.64* 1.64* 1.64* 

LPS 7.2 9.6 10.15 7.99 10.7 7.46 8.52 6.94 6.43 1.64* 1.64* 1.64* 25.22 28.65 37.69 

Culture medium 1.64* 1.64* 1.64* 1.64* 1.64* 1.64* 1.64* 1.64* 1.64* 1.64* 1.64* 1.64* 1.64* 1.64* 1.64* 

                
LPS: LPS 1 μg/mL 
* Below limit of detection 
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Supplemental table 4.S6: Cytokine concentrations, IL-12 (pg/mL) 

Horse 1 2 3 4 5 
SALSA 20 μg/mL + LPS 3.27 7.54 7.06 3.27 7.54 7.54 7.54 6.59 6.59 6.59 7.54 3.27 6.59 6.59 6.11 
SALSA 10 μg/mL + LPS 3.27 7.06 1.01 7.54 7.54 7.54 6.59 6.59 6.59 6.59 6.59 7.54 6.59 5.64 6.59 
SALSA 5 μg/mL + LPS 5.07 7.54 6.59 6.59 7.54 6.59 7.54 6.59 6.59 6.59 7.54 7.54 6.59 5.64 7.54 

LPS 7.54 6.59 7.54 7.54 6.59 6.59 6.59 6.11 4.69 6.59 5.64 6.11 6.11 5.64 5.64 
Culture medium 3.27 7.54 7.54 6.59 5.64 6.59 5.64 3.27 6.59 7.06 6.59 7.54 5.64 6.11 6.59 

 
LPS: LPS 1 μg/mL 
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Supplemental table 4.S7: Cytokine concentrations, IL-8 (pg/mL) 

Horse 1 2 3 4 5 

SALSA 20 μg/mL + LPS 10.18 9.54 6.87 50.68 48.13 51.52 53.61 48.13 56.51 46.41 41.59 48.13 35.71 35.71 36.63 

SALSA 10 μg/mL + LPS 11.43 10.81 12.04 39.35 41.15 37.54 66.18 62.2 66.18 39.8 38.45 38.45 25.13 22.58 26.14 

SALSA 5 μg/mL + LPS 14.4 14.4 14.4 34.78 35.71 37.54 52.78 51.52 54.86 22.06 21.01 27.13 21.01 24.12 23.1 

LPS 47.27 51.52 51.1 87.52 82.69 72.43 91.19 91.92 77.79 83.44 77.79 81.57 91.92 89.36 90.46 

Culture medium 66.18 67.36 62.6 68.15 69.32 72.43 63 72.43 74.74 64.59 66.58 58.15 28.11 31.02 31.02 

 
LPS: LPS 1 μg/mL 
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Supplemental table 4.S8: Cytokine concentrations, IL-10 (pg/mL) 

Horse 1 2 3 4 5 

SALSA 20 μg/mL + LPS 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 

SALSA 10 μg/mL + LPS 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 

SALSA 5 μg/mL + LPS 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 
LPS 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 41.47 48.03 26.4 76.94 86.46 99.1 28.11 21.22 41.47 

Culture medium 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 3.54* 

 

LPS: LPS 1 μg/mL 
* Below limit of detection 
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Supplemental table 4.S9: Cytokine concentrations, TNF-α (pg/mL) 

Horse 1 2 3 4 5 

SALSA 20 μg/mL + LPS 1.27* 1.27* 1.27* 1.27* 1.27* 1.27* 2.7 3.36 4.64 4.33 4.01 5.26 1.27* 1.27* 1.27* 

SALSA 10 μg/mL + LPS 1.27* 1.27* 1.27* 1.27* 2.7 2.7 5.26 6.46 7.05 2.7 1.27* 5.26 1.27* 1.27* 1.27* 

SALSA 5 μg/mL + LPS 1.27* 1.27* 1.27* 1.27* 1.27* 1.27* 8.78 9.35 10.47 1.27* 1.27* 1.27* 1.27* 1.27* 1.27* 

LPS 46.19 52.8 55.19 593.09 669.94 592.17 1906.65 2029.84 1715.74 1133.29 1165.01 1239.19 978.76 1044.44 1284.88 

Culture medium 1.27* 2.7 2.7 1.27* 1.27* 1.27* 9.91 12.92 13.72 14.25 15.82 15.3 4.64 3.36 5.87 

 
LPS: LPS 1 μg/mL 
* Below limit of detection 
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5 Chapter 5 

General discussion and future directions 

5.1 General discussion  

Severe equine asthma (SEA) is a common, naturally occurring inflammatory airway 

disease of horses that has a strong environmental basis, but is also influenced by 

genetic factors. Transcriptomic studies were previously conducted in an attempt to 

decipher these genetic factors; these studies identified differentially-expressed genes in 

horses with SEA compared to healthy controls, including the gene for salivary 

scavenger and agglutinin (SALSA) which was noted to be downregulated in asthmatic 

horses (1-3). In humans, SALSA has numerous functions, including functions in innate 

immunity and the modulation of inflammation (4, 5). Given that SEA is a highly 

inflammatory condition, the functions of SALSA could directly impact disease 

pathogenesis and progression. Prior to these investigations, SALSA remained poorly 

characterized in horses (6). The goal was to improve our understanding of equine 

SALSA, in the hope of acquiring additional insights into the pathogenesis of SEA. 

Ultimately, improving our understanding of the pathogenesis is a necessary step in 

devising ways to mitigate disease progression and prevent irreversible airway changes. 

The overarching aims of this thesis were to characterize SALSA in horses, determine its 

relationship with SEA, and understand its functions in relation to innate immunity and 

inflammation. The aims of our first study were to obtain baseline information about 

SALSA in horses. A commercial antibody directed against SALSA was validated in 

horses, through immunoprecipitation and mass spectrometric analysis, and comparison 

with a separate antibody provided by Dr. Holmskov (6). This allowed the use of this 

antibody for immunohistochemical analysis, to determine where SALSA is expressed in 

equine tissues. The results showed that SALSA is highly expressed in mucosal 

surfaces, including the epithelial surfaces of airways, as well as in the salivary gland 

and pancreas. Immunolabeling was concentrated in the apical regions of epithelial cells. 
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This localization implied that SALSA is a secreted protein, which fits prior studies 

identifying it in various bodily secretions in humans (7). Being secreted from mucosal 

surfaces allows SALSA to be at the interface between host and pathogens, where it can 

best influence innate immunity and inflammation. Through PCR for whole gene 

sequencing, it was established that equine SALSA is composed of similar domains as 

the human protein, namely three to five scavenger receptor cysteine-rich (SRCR) 

domains, two CUB (C1r/C1s, uegf, bmp-1) domains and one Zona Pellucida domain. 

Just like in humans, the results showed that different horses had different SALSA 

isoforms due to varying numbers of SRCR domains (5). The similarities in tissue 

localization and structure between horses and humans suggested that equine SALSA 

had similar functions to human SALSA, and would be expected to play a role in the 

modulation of inflammation, which is of interest in SEA. The significance of isoforms 

remains to be elucidated. This study also confirmed that asthmatic horses had lower 

SALSA gene expression compared to non-asthmatic horses when assessed by 

quantitative PCR, which mirrored the previously-obtained results by next-generation 

sequencing. Downregulation of SALSA may be related to airway remodeling, altered 

mucus secretion, prior exposure to particulate, or immune dysregulation. 

Given that the gene for SALSA was downregulated in SEA, the second study aimed to 

establish whether this downregulation correlated with decreased protein production and 

secretion. This would also help determine whether decreased immunolabeling for 

SALSA could be used as a biomarker for the disease. Bronchial biopsies from both 

asthmatic and non-asthmatic horses were immunohistochemically labeled for SALSA, 

and the labeling intensity was quantified using image analysis software. However, 

contrary to the hypothesis, SALSA labeling did not differ significantly in asthmatic 

horses compared to non-asthmatic horses. Concurrent increases in serum amyloid A 

confirmed systemic inflammation in asthmatic horses, but this did not impact on SALSA 

labeling. These results indicated that immunohistochemical labeling for SALSA in 

bronchi was not useful neither for the diagnosis of SEA, nor as a biomarker for systemic 

inflammation. Additionally, this questioned whether SALSA production within the large 
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airways changes significantly during SEA. Generally, inflammatory conditions in 

humans are associated with an increase in immunohistochemical labeling for SALSA, 

implying an increase in protein production in response to inflammation (7-10). Airway 

remodeling and inflammation are most prominent in smaller airways, that is bronchioles, 

compared to bronchi in SEA, and perhaps SALSA labeling would have been different if 

bronchioles were assessed (11, 12).   

The second study also focused on describing potential tests for diagnosing SEA in live 

horses, and identified bronchial brush cytology as a good alternative diagnostic test 

when bronchoalveolar lavage cannot be performed.  

The final study focused on identifying functions of equine SALSA associated with innate 

immunity and inflammation, specifically neutrophil phagocytosis and cytokine production 

by macrophages. The results indicated that SALSA inhibited neutrophil phagocytosis 

and the release of inflammatory cytokines by macrophages. Overall, these findings 

pointed towards an anti-inflammatory role, and mirrored previous findings in humans (5, 

13).  Initially, it was hypothesized that SALSA would increase phagocytosis, based on 

its ability to agglutinate bacteria and increasing the surface area available for 

complement deposition (13). However, the results were opposed to the hypothesis, with 

SALSA inhibiting neutrophil phagocytosis. A proposed reason was that agglutination 

could potentially result in particle sizes that are too big for neutrophils to phagocytose 

(14-16). Professional phagocytes like macrophages might have been required to 

accommodate for the increase in particle size.  

For the cytokine assay, alveolar macrophages incubated with both SALSA and 

lipopolysaccharide (LPS) released less CXCL1, IL-8, IL-10 and TNF-α compared to 

macrophages incubated with LPS alone. These cytokines are normally released 

following recognition of LPS by toll-like receptor (TLR) 4 on macrophages, and 

activation of the downstream NF-κB pathway (17-19). Therefore, it is suspected that 

SALSA interferes either with recognition of LPS, or with a major pathway like the NF-κB 

pathway (13). Additionally, G-CSF secretion was increased in macrophages incubated 
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with SALSA. This cytokine can influence immune cells, causing a shift towards an anti-

inflammatory phenotype, such as a shift towards Th2 lymphocytes and M2 

macrophages (20-22). In mice and humans, pre-treatment with G-CSF can attenuate 

inflammatory cytokine release following stimulation with LPS, which is akin to our study 

(23, 24). Therefore, it is possible that the decrease in cytokine production associated 

with SALSA may be in part associated with increased G-CSF release. This novel anti-

inflammatory mechanism has not been described for SALSA previously.  

Synthesizing the information from all studies, it can be deduced that equine SALSA 

shares many similarities to human SALSA, namely similar structure, tissue localization 

and anti-inflammatory functions (5). The structure provides an optimal surface for ligand 

binding, for example through a dual-cation binding site which is highly conserved within 

the SRCR superfamily (25). Being secreted from mucosal surfaces allows SALSA to 

rapidly come in contact with pathogens and influence the inflammatory response. Anti-

inflammatory effects include decreased inflammatory cytokine production, perhaps 

through the release of G-CSF.  

In the context of SEA, gene expression was decreased in asthmatic horses, but there 

were no significant changes in protein concentrations in their bronchi compared to non-

asthmatic horses, as assessed by immunohistochemistry. Immunohistochemical 

labeling for SALSA in bronchi was not appropriate for evaluating systemic inflammation. 

The lack of changes in protein labeling could be due to bronchi not showing significant 

inflammation or remodeling, compared to smaller airways like bronchioles. In our study, 

we focused on identifying tests that could be used on live animals in a clinical setting, 

and bronchioles could not be assessed due to the impracticality of obtaining lower 

airway samples in live horses, and concerns about possible morbidity. Decreased 

expression of equine SALSA could result in impaired anti-inflammatory functions, which 

would contribute to the severe inflammatory changes noted in SEA.  

In summary, this thesis significantly expands our knowledge of SALSA in horses, and 

shows that it has anti-inflammatory functions which may be dysregulated in SEA. 
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Harnessing these anti-inflammatory functions may provide an additional way of 

countering this and other inflammatory diseases. 

5.2 Future directions 

This thesis provides baseline information about SALSA in horses, and touches on a 

potential relationship with SEA. However, these studies only provide an introduction, 

and the intricacies surrounding equine SALSA remain. 

Our first study confirmed the presence of SALSA isoforms in different horses, but the 

significance of these isoforms remains unclear. In humans, shorter isoforms were 

hypothesized to have decreased ability to agglutinate bacteria due to fewer SRCR 

domains (26, 27). The significance of isoforms regarding other functions such effects on 

cytokine production remain undetermined. This can be evaluated by extracting SALSA 

from different horses, and comparing functional assays between different horses with 

different SALSA isoforms. 

In the second study, a significant difference in immunohistochemical labeling for SALSA 

was not identified in bronchial biopsies of asthmatic horses, despite evidence of 

systemic inflammation. Given that inflammation and airway remodeling are most 

prominent in bronchioles, a similar study can be performed on tissue sections of 

bronchioles. Obtaining bronchioles is more challenging, as it would either require post-

mortem samples or other collection methods such as percutaneous lung biopsies. Post-

mortem samples would be ideal, as they provide ample tissue material that can be 

subject to a variety of analyses, but mortality and post-mortem examination due to SEA 

are not typical, and horses will likely die from unrelated conditions which could 

potentially interfere with the assessment. Percutaneous lung biopsies on the other hand 

may be difficult to replicate in different horses, leading to inconsistencies in the samples 

collected. Additionally, a high level of technique is required to obtain representative 

samples, without causing significant morbidity. 
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The mechanisms by which SALSA interferes with cytokine production are also not 

entirely defined. While it can be deduced that SALSA interferes with either the 

recognition of LPS by TLR4 or with a major pathway like the NF-κB pathway, the details 

of that interference are still missing. Visualization of signal transduction events through 

fluorescent markers applied to macrophages can be used to track changes in the cells, 

for example changes in a specific protein or cytokine, to determine in more detail the 

changes happening. Over time, development of bioinformatics data sets will allow more 

accurate predictions of the signaling pathways involved when assessing gene changes.  

In conclusion, it should be recognized that SALSA is only one piece of the puzzle that is 

SEA, and information from this thesis should be integrated with the surrounding 

literature.  
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