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Equine asthma is a naturally occurring lung disease characterized by chronic, partially reversible airway obstruction, pulmonary remodeling, and lower airway inflammation. Asthma is currently divided into two major groups, mild to moderate asthma (mEA) and severe asthma (sEA), but further subtyping by phenotype (i.e., clinical presentation) and/or endotype (i.e., cellular mechanisms) may be warranted. For this study, we were interested in further investigation of cellular and inflammatory characteristics of EA, including airway mast cells. The purpose of this study was to: (1) compare mast cell protease mRNA expression between healthy and asthmatic horses, (2) analyze the cytokine profile present in BALF of currently defined equine asthma groups, and (3) use these data to evaluate potential biomarkers of defined asthma groups. We hypothesized that there would be significant differences in the cellular mast cell phenotypes (i.e., mucosal vs. connective tissue) and cytokine profiles in the BALF of asthmatic vs. healthy horses and across asthma groups. We assert these characteristics may inform additional subtypes of equine asthma. Adult horses were recruited from the institution's teaching herd and clinical caseload. Mast cell protease gene expression of the BALF cellular component and multiplex bead immunoassay for cytokine concentrations in the BALF supernatant were investigated. Airway mast cells primarily expressed tryptase, with low levels of chymase. No significant changes in protease expression were detected across groups. Horses with severe asthma had increased TNF-α, CXCL-8, and IFN-γ concentrations in BALF supernatant. Multidimensional analysis demonstrated healthy and mEA horses have overlapping characteristics, with sEA separating from the other groups. This difference was primarily due to BALF neutrophil and lymphocyte concentrations. These study results further inform understanding of EA immunopathology, and future studies designed to investigate asthma phenotypes and endotypes. Ultimately, a better understanding of these groups could help identify novel therapeutic strategies.
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1. Introduction

Equine asthma is a chronic inflammatory lung disease characterized by enhanced bronchial reactivity; chronic, partially reversible airflow obstruction; pulmonary remodeling, including fibrosis; and lower airway inflammation (1–3). Equine asthma prevalence in the Northern hemisphere is about 14%, and the disease can be not only frustrating to manage, but even career or life ending for the horse (4, 5). A 2016 consensus statement by the American College of Veterinary Medicine defined two categories of equine asthma syndrome (EAS), currently designated as mild to moderate asthma (mEA) and severe asthma (sEA) (1). The diagnosis of asthma is based on history, physical examination, bronchoalveolar lavage fluid (BALF) cytology, +/– lung function tests. BALF cytological findings supportive of asthma include an increased percentage of neutrophils (most pronounced in severe asthma), mast cells, eosinophils, or some combination of increase in these cells without evidence of bacterial or fungal pneumonia. In human medicine, a diagnosis of asthma can be classified by phenotype (typical clinical presentation and/or triggers), endotype (defined by molecular pathways), genetic variation, or treatment response.

In both horses and humans, asthma immune responses have been broadly characterized by a Type 2 immune response, termed Type 2 high; and those with a mixed immune response, termed Type 2 low or non-type 2 (6, 7). In human asthma, type 2 high is most associated with increases in airway IL-4, IL-5, and IL-13 as drivers of eosinophilic inflammation and type 2 low, which has been less well studied, is recognized as the absence of type 2 cytokines and non-eosinophilic inflammation. In studies of asthmatic horses, these endotypes have been identified in both EA phenotypes, mEA and sEA, suggesting classification systems other than mEA and sEA may be needed to describe underlying disease immunopathology (8). The cytokine profiles of mEA and sEA, either at the protein or mRNA level, may support a type 1, type 2, type 17, or mixed immune response, depending on the study (9–21). Inconsistencies in reported cytokine profiles and subcategorizing EA based on clinical severity rather than immune characteristics of the disease have limited ability to fully describe the pathogenesis of EA and establish clinically relevant disease categories, which ultimately limits diagnostic, treatment, and management abilities. Understanding how immune cells are activated and recruited to continue the inflammatory cycle is key to curtailing inflammation. For example, horses with severe asthma have a markedly increased BALF neutrophil proportions. This is presumptively the result of increased CXCL8 gene expression (a chemokine involved in neutrophil recruitment), as has been shown in one small clinical study (22). Further defining the cytokine and chemokine milieus in asthmatic horses and how these may vary between types of asthma is key to identifying targets for therapy and improving tailored therapy for individual horses.

In human asthma, endotype classification (Type 2 high vs. Type 2 low) is further defined by the predominant inflammatory cells present in the airways, such as eosinophilic, neutrophilic, or paucigranulocytic (23–25). The discrimination of asthma endotype in humans is essential to understanding pathogenesis, but is also clinically relevant since different endotypes respond to different treatments (26, 27). Discrimination of asthma endotype based on cytokine profiles is essential to informing specific biologic therapy with drugs such as omalizumab, which inhibits binding of IgE to the receptor on mast cells and basophils (28, 29). Studies using “omic” technologies have implicated innate immune cells, such as basophils and mast cells, in the pathogenesis of inflammation (30, 31). The presence of mast cells in human asthmatics' BALF and induced sputum samples has been shown to correlate with asthma phenotype, including response to therapy (32–35).

Mast cells are classically identified by expression of CD117 (c-kit), the receptor for stem cell factor (SCF), and FcεRI, the high affinity receptor for IgE. In humans, two main phenotypes of mast cells are recognized based on the proteases they contain: tryptase-only containing mast cells (MCT, mucosal location); and tryptase, chymase, and carboxypeptidase A3 containing mast cells (MCTC, connective tissue location) (36, 37). Healthy human lungs predominantly contain mast cells of the mucosal type (MCT), and asthma is associated with an increase in MCT (predominantly mild asthma) and increasing chymase expression (severe asthma) (32, 38). Cytological identification of mast cells in induced human sputum is difficult due to low cell prevalence and release of cytoplasmic protease content by mast cells which precludes mast cell identification by staining for cytoplasmic proteases. Therefore, using protease mRNA expression, termed molecular phenotyping, is preferred to identify mast cells. Using molecular phenotyping of human asthma samples, a third mast cell type (tryptase+/carboxypeptidase A3+/chymaselow) was identified that correlated with eosinophilic asthma and increased responsiveness to corticosteroids (33, 34). Given their clinical relevance in human asthma, phenotypes of lung mast cells in EA warrant further investigation (39, 40).

The objectives of this study were to: (1) compare mast cell protease mRNA expression between healthy and asthmatic horses, (2) analyze the cytokine profile present in BALF of currently defined equine asthma groups, and (3) use these data to evaluate potential biomarkers of defined asthma groups. We hypothesized that healthy and asthmatic horses would have significantly different BALF mast cell protease mRNA expression and cytokine/chemokine levels that would correlate with BALF cytology results and health status.



2. Material and methods


2.1. Study population

Horses were enrolled from the institution's equine hospital caseload and research herd from February 2018 to April 2019. Client-owned horses presented to the institution due to complaints of active respiratory signs were evaluated by the attending large animal internal medicine clinicians at the time of client-owned horse enrollment. The institution's research herd was evaluated by the same two investigators for all horses (JW and CS). The healthy control group included 11 institution-owned horses, mEA included 4 client-owned and 1 institution-owned horse, and sEA included 13 client-owned and 1 institution-owned horse. Procedures were approved by the University of Tennessee Institutional Animal Care and Use Committee (protocol 2533). Horses from the clinical caseload were enrolled on a volunteer basis with written, informed owner consent, and completed standardized questionnaire. The institution's research herd guidelines for care and use are in accordance with USDA guidelines. All horses had a physical examination (including rebreathing exam), modified 22-point respiratory clinical score (Supplementary Table 1) (41), CBC and fibrinogen, and bronchoalveolar lavage at the time of enrollment.

Horses were retrospectively classified based upon history, clinical presentation, blood work, and BAL cytology. Table 1 contains the diagnostic criteria for each experimental group, in part defined using consensus guidelines stating that airway disease is present, regardless of the procedure, when BALF cytology values are >10% neutrophils, >5% mast cells and >5% eosinophils (1, 42–46). Horses were excluded if < 1 year of age, history of systemic or respiratory disease (besides suspected asthma) in the past 3 months, fever, or corticosteroid (systemic or intranasal) administration initiated within or having significant dosage changes within 2 weeks of enrollment. Healthy horses were defined by a history of no respiratory disease in the last 3 months, normal physical exam, a complete blood count and plasma fibrinogen concentration not consistent with inflammation, and with a normal BALF cytology (< 10% neutrophils, ≤ 1% eosinophils, ≤ 2% mast cells, and ≤ 50% lymphocytes). Asthmatic horses were defined by a history and physical exam findings consistent with asthma, and abnormal BALF cytology. Clinical signs supportive of asthma included cough, increased respiratory rate and effort, poor performance/exercise intolerance, and serous, mucoid, or mucopurulent nasal discharge at rest and/or at exercise. Thoracic auscultation of horses with asthma at rest or during rebreathing exam may reveal wheezes, crackles, cough, tracheal rattle, and/or a prolonged recovery from a rebreathing exam. A complete blood count and plasma fibrinogen concentration was performed at time of enrollment on suspected asthmatic horses to screen for systemic inflammation. A fibrinogen concentration >450 mg/dl was considered abnormal. A BALF cytology consistent with mEA or sEA was required at the time of enrollment. Mild/moderate asthma was defined by a BALF cytology ≥10% neutrophils, ≥5% mast cells, and/or ≥5% eosinophil, and sEA BALF cytology ≥25% neutrophils. At the time of patient enrollment, asthmatic horses were allowed in the study if corticosteroids was initiated > 2 weeks prior to enrollment and no significant changes to current dosages were made within 2 weeks of enrollment as the horses were displaying clinical disease at the time of enrollment despite therapy.


TABLE 1 Defined experimental groups.
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2.2. Sample collection

Blood was collected from the jugular vein into K2EDTA tubes (Becton, Dickson, and Co., Franklin Lakes, NJ) prior to sedation, and was submitted to the institution's clinical pathology laboratory for CBC determination using an Advia 2120i hematology instrument (Siemens Healthcare Diagnostics, Inc., Tarrytown, NY) and heat-precipitated fibrinogen measurement using an analog Goldberg TS meter clinical refractometer (Reichert Technologies, Buffalo, NY) by a licensed medical technologist.

Bronchoalveolar lavage procedure was performed on standing, sedated horses using a blind technique with a BAL catheter (Mila International, Florence, KY). Sedation for each horse was determined by the attending clinician and consisted of xylazine (0.2–0.5 mg/kg) or detomidine (5–10 μg/kg), combined with butorphanol (10–20 μg/kg) IV. The BAL catheter was passed nasotracheally until wedged. Once wedged, the cuff was inflated and 200 mL of sterile saline was infused and re-aspirated by 60 ml syringe. The first 10 ml of aspirated sample was discarded as dead space, with subsequent BALF collected and pooled for analysis.



2.3. BALF cell count and cytologic analysis

BALF clinicopathologic analysis consisted of a total nucleated cell count (TNCC) and cytologic examination of cytocentrifuged BALF. To optimize preservation of cell morphology, BALF was placed in K2EDTA tubes for TNCC and cytologic evaluation.

TNCC was performed using a scil Vet ABC hematology analyzer (scil animal care, a divison of Henry Schein Animal Health, Gurnee, IL) by a trained laboratory assistant or medical technologist according to laboratory standard operating procedures. Daily quality control using three concentrations of commercial control material (Minotrol 16 Whole Blood Hematology Control, Scil AnimalCare, a division of henry Schein Animal Health, Gurnee, IL) was performed. The WBC reported by the instrument was reported as TNCC. To prepare BALF for TNCC, 200 μl of well-mixed BALF was placed into a previously prepared hyaluronidase-containing cryo tubes, in order to break down any mucus that could clog the instrument (47, 48). All TNCC measurements were done in duplicate to mitigate measurement imprecision, and average of the duplicate TNCC was reported.

For cytologic evaluation, 100 μl of well-mixed BALF was placed in a cytocentrifuge (Aerospray 7120 Slide Stainer and Cytocentrifuge, Wescor Incorporated, Logan UT). Cytocentrifuged specimens were air-dried and stained with aqueous Wright's stain. A 300-cell differential cell count, or all cells when < 300 cells on a slide, was performed by a blinded clinical pathologist (BF); respiratory epithelial cells were excluded from these differential counts.



2.4. BALF preparation for RNA and cytokine analysis

Pooled BALF was refrigerated at 4°C until further processing, within 2 h of collection. To prepare specimens for cytokine and RNA analysis, BALF was strained through sterile 4 × 4 gauze, followed by a 70 μm nylon cell strainer to remove mucus, and then centrifuged. Aliquots of supernatant were made and stored at −80°C until further analysis. Cell pellets were washed (1 × PBS) two additional times and were stored dry at −80°C until further processing.



2.5. RNA extraction and gene expression

RNA was extracted from BALF cell pellets using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) per manufacturer instructions. Quantification and purity of RNA extracted was assessed via NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). RNA integrity was analyzed on a subset of samples using 2100 Bioanalyzer and the RNA 6000 Nano kit (Agilent, Santa Clara, CA). Reverse transcription and cDNA synthesis was performed on 200 ng of RNA using Maxima First Strand cDNA synthesis kit (Thermo Fisher Scientific) and stored at −80°C. Taqman Gene Expression Assays were used for all target genes; β-actin (actb), CD117 (ckit), tryptase (tpsb2), chymase (cma1), and carboxypeptidase A3 (cpa3) (Applied Biosystems, Foster City, CA) (Supplementary Table 2 for primer information). Real time PCR was performed on 10 ng cDNA, with Taqman Fast Advanced Master Mix (Applied Biosystems). QuantStudio 6 Flex Real-Time PCR system (Applied Biosystems) was used for thermal cycling at recommended settings. Results were normalized to β-actin and relative quantification was performed using 2−ΔΔCt method (33, 34). Plate results were used when β-actin standard deviations were ≤ 0.7. Average standard deviation of all plates run was 0.55.



2.6. Multiplex bead immunoassay analysis

BALF supernatant was thawed at room temperature and centrifuged to remove any precipitates formed during thawing. Cytokines/chemokines included in the assay were: interleukin (IL)-2, IL-4, IL-5, IL-17A, CXC motif chemokine ligand (CXCL)-8, interferon gamma (IFN-γ), and tumor necrosis factor alpha (TNF-α). Cytokine concentrations were quantified using an equine-specific Milliplex® Map Magnetic Bead Panel (EMD Millipore, St Louis, MO, USA) according to the manufacturer's instructions using a Luminex® 200 instrument and Luminex xPONENT® software run in duplicate (Luminex, Austin, TX, USA). Dilutional linearity and percent recovered were determined using low cytokine containing BALF spiked with kit cytokine standard.

Data analysis was done using Milliplex Analyst v5.1 software (EMD Millipore). A bead count of at least 50 beads per well was used for inclusion in analysis and individual samples with a coefficient of variation (CV) > 15% were not included. The Analyst® software assigned the lowest detectable concentration for the individual analytes in which the cytokine/chemokine concentrations fell below the lower limit of detection (LLOD) of the assay. Best-fit standard curve for each analyte was used to calculate analyte concentrations. Analyte concentrations for each horse was normalized to BALF volume recovered.



2.7. Statistical analysis

Normality of data was assessed using Shapiro-Wilk test. Descriptive data were expressed as median with interquartile range for both normal and non-normally distributed data for consistency. Descriptive data, protease expression, and cytokine concentrations were analyzed using one-way analysis of variance with Tukey's multiple comparisons in normally distributed data, and by Kruskall-Wallis with Dunn's multiple comparisons in non-normally distributed data. Pairwise correlation of variables including age, sex, cell concentrations, gene expression fold changes, and normalized cytokine concentrations was performed, with additional multidimensional scaling (MDS) analysis in order to visualize on a two-dimensional figure the clustering of samples based on age, sex, cell concentrations, gene expression fold changes, and normalized cytokine concentrations. Bray-Curtis distance function was applied to calculate the dissimilarity matrix of dataset, which ignored missing gene expression values in 4 samples. To evaluate which variable contribute the most to sample clustering, an additional principal components analysis (PCA, which is a specific solution of MDS based on Euclidean distance of complete data) on the samples with no missing values was performed, followed by quantification of the contributions of each variable to the first two principal components. Significance was set at p ≤ 0.05.




3. Results


3.1. Study population

A total of 54 horses were sampled. Twenty-four horses were excluded because they did not meet inclusion criteria (Table 1). Final groups were comprised of 11 healthy and 19 asthmatic horses (5 mild/moderate and 14 severe) (Supplementary Table 3). Median age was not significantly different between groups. The age range of horses enrolled was 8–26 years of age. No young racing horses were included, not on purpose, but was not the typical case load of the institution at the time of sampling. Various breeds were represented in each group.



3.2. BALF cell count and cytologic analysis

Results of BALF cell count and cytological analysis are described in Table 2 and Supplementary Table 4. The median total nucleated cell count (TNCC) of each group was not statistically different, although 5 outliers in the sEA group had TNCC > 1,000 cell/μl. As expected, based on standard diagnostic criteria, horses with severe asthma had significantly higher percentages of neutrophils compared to healthy horses (p < 0.0001). Horses with sEA had lower percentages of lymphocytes in their BALF when compared to healthy or mEA (p = 0.01, p = 0.0001, respectively). The composition of leukocytes in healthy horses was predominated by macrophages compared to sEA (p < 0.0001). Three horses with mEA had eosinophils detected in their BALF. No eosinophils were detected in BALF from any healthy horses or horses with sEA. Mast cells were detected in two mEA horses and one healthy horse.


TABLE 2 Bronchoalveolar lavage fluid cytology results.

[image: Table 2]



3.3. Mast cell protease gene expression in BALF cell pellet

To determine whether BALF mast cells have altered protease expression, tryptase, chymase, and/or carboxypeptidase A3 gene expression analysis was performed on BALF cell pellets (Table 3, Figure 1). Four sEA samples were excluded due to poor quality or RNA concentration. First, healthy horse mast cell molecular phenotypes were assessed using relative protease gene expression analysis with normalization to the reference gene, β-actin. Healthy equine airway mast cells express higher amounts of tryptase [fold change: 0.94 (0.60–2.01)] relative to chymase [0.013 (0.002–0.018)] (Figure 1D). Carboxypeptidase A3 was not amplified in any sample, with either primer set identified. Next, evaluation across the three groups was performed. No significant differences in CD117 or protease expression was identified.


TABLE 3 Relative mast cell specific gene expression in BALF cell pellets.
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FIGURE 1
 Equine airway mast cells primarily express tryptase with no significant changes in asthmatic horses. Relative gene expression level of (A) tryptase (tpsb2), (B) chymase (cma1), and (C) CD117 (ckit) in BALF cell pellets in healthy (n = 11), mild/moderate asthma (n = 5), and severe asthma (n = 10). All target genes were normalized to the house keeping gene β-actin (actb). (D) Healthy horse relative expression of detected proteases. Displayed figures represent the median and IQR. sEA, Severe Asthma; mEA, Mild/Moderate Asthma; Ctr, Healthy. *** p ≤ 0.001.




3.4. Multiplex bead immunoassay analysis (IL-2, IL-4, IL-5, IL-17A, CXCL-8, IFN-γ, TNF-α)

In order to evaluate multiple analytes, maximize limited sample availability, reduce technical errors and optimize efficiency of analysis, multiple bead immunoassay was used for cytokine analysis. Significant differences between groups were found for normalized concentrations for TNF-α, CXCL-8 (formerly known as IL-8), and IFN-γ (Figure 2, Table 4). Analysis showed that horses with severe asthma had significantly higher TNF-α (p = 0.0005), CXCL-8 (p < 0.0001), and IFN-γ (p = 0.006) compared to healthy horses. There were no statistical differences in cytokine concentrations between horses with mEA or sEA, but comparison is limited due to small sample size. Results were not significantly changed by removing horses [4 sEA (horse #6, 9, 11, 12) and 1 mEA (horse #18)] that had a use of corticosteroid therapy with continued clinical signs and potentially corticosteroid-refractory disease (Supplementary Figure 1). Other analytes were extremely low or not detected, therefore normalization and comparison across groups was not performed, but raw values are reported (Supplementary Table 6).


[image: Figure 2]
FIGURE 2
 Asthmatic horses have elevated pro-inflammatory cytokines. Normalized cytokine concentrations of (A) TNF-α, (B) CXCL-8/IL-8, and (C) IFN-γ measured via multiplex bead immunoassay in healthy (n = 11), mild/moderate asthma (n = 5), and severe asthma (n = 14). Displayed figures represent the median and IQR. sEA, Severe Asthma; mEA, Mild/Moderate Asthma; Ctr, Healthy. **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.



TABLE 4 Normalized cytokine concentrations in BALF supernatant.
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The equine multiplex bead immunoassay has been used to analyze other more common samples, such as serum, but to the authors' knowledge has not been used to evaluate BALF; therefore, further validation of the assay was performed. A spike and recovery assay using the kit standard and low cytokine concentration BALF was performed, which found the percent recovered was lowest for IL-17A and high at low concentrations for IL-4 and TNF-α (Supplementary Table 7). Additionally, dilutional linearity was achieved for all analytes (Supplementary Figure 2).



3.5. Analysis of similarity between samples

Pairwise correlation of data was performed (Figure 3). Analysis showed a strong positive correlation between CD117 and tryptase expression (r = 0.94), suggesting mast cells primarily express tryptase. Pairwise correlation analysis of the consistently detected cytokines (CXCL-8, IFN-γ, and TNF-α) demonstrated a positive correlation between neutrophil concentration and CXCL-8 and IFN-γ concentrations (Pearson's r = 0.38 and 0.93, respectively). Neutrophil concentration showed weak positive correlation with TNF-α (r = 0.36), but this association was not statistically significant (p = 0.06). CXCL-8 and TNF-α showed a strong positive correlation with lymphocyte and macrophage concentration. The data do not allow interpretation of which cells are making the cytokines, the strong correlations warrant further investigation regarding production and function. While other cytokines also showed significant correlations (IL-5, IL-2, and IL-4), these are hard to interpret due to low to minimal detection. Additionally, significant correlations with mast cell concentration are difficult to interpret due to only 3 horses (2 mEA and 1 healthy) having detectable mast cells.


[image: Figure 3]
FIGURE 3
 Correlation data. Pairwise correlation of variable. Only significant (p < 0.05) correlations are shown. The size of the circle represents the strength of the correlation, and the color represents directionality. The variables are hierarchically clustered based on their correlations.


Multidimensional scaling (MDS) analysis showed separation between samples from horses with sEA, mEA, and healthy horses (Figure 4). The healthy samples and mEA samples did not form distinct clusters, but a gradual trend from healthy to mEA to sEA was observed on both axes of the two-dimensional projection. Further principal component analysis on samples with complete data showed that the first two principal components (PCs) explained the majority of the variance, with the first PC explaining 99.97%, and the second PC explaining 94.38% of the variance. The absolute value of the loadings of the first two PCs quantified the contribution of each variable to the observed clustering pattern. By ranking the variables on the maximum absolute loadings from PC1 and PC2, neutrophil concentration and lymphocyte concentration were the main drivers of the observed clusters. While lymphocyte percent decreases in severely asthmatic horses due to pronounced increase in neutrophil percentage, when taking into account cell concentrations, lymphocyte concentration increases alongside neutrophils.
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FIGURE 4
 PCA/MDS. (A) Multidimensional scaling of the samples based on age, sex, cell percentages, gene expression fold changes, and cytokine concentrations. Each sample is labeled with its anonymous numeric identifier. Asthma status is indicated by gray scale and symbol. (B) The maximum contribution to first two principal components from each variable, which shows the relative importance of each variable in driving the observed clustering pattern.





4. Discussion

To our knowledge, this study is the first to examine both BALF supernatant cytokine/chemokine concentrations and mast cell protease expression in BALF isolated cells in horses with asthma. These results add to our understanding of the pathophysiology of asthma, while also identifying areas for further investigation.

Further investigation of mast cell phenotypes in horses is supported by human studies in which mast cells and their type is associated with asthma pathology. Increased numbers of MCT in smooth muscle of subjects with asthma have been associated with airway hyper-reactivity (32, 49). Additionally, an increase in MCTC type has been suggested to be protective of lung function in severe, steroid-dependent human asthmatics, which may be associated with corticosteroids ability to decrease MCT numbers (32, 50). Molecular analysis of human lung samples revealed that tryptase and carboxypeptidase A3 were among the most differentially expressed genes in asthmatics vs. control, with Type 2 high asthma associated with expression of tryptase and carboxypeptidase A3, but not chymase (51, 52). Taken together this suggests the importance of continued investigation of mast cell phenotype in relation to asthma type, pathogenesis, and response to therapy in equine asthma.

In healthy horses and those with neutrophilic asthma, this study demonstrates that mast cells in equine BALF express both tryptase and chymase mRNA, but fail to express carboxypeptidase A3. These results suggest the molecular phenotype of healthy equine airway mast cells is primarily tryptase-expressing with low levels of chymase expression and potentially no expression of carboxypeptidase A3. Carboxypeptidase A3 was not amplified in any sample with either primer set utilized. It is currently unclear whether this was due to a lack of carboxypeptidase A3 gene expression in airway mast cells or lack of primary performance. Due to the limited sample size of horses with mastocytic asthma, we were unable to fully evaluate molecular mast cell phenotypes in this group, but it warrants further investigation. Evaluation of mast cell molecular phenotypes was based on previous human studies in which they utilized β-actin as the reference gene; therefore β-actin was used as the reference gene in this study, but recent work in humans and horses has suggested other more suitable reference genes and this will be pursued in further investigations (53, 54). Previous work evaluating mast cell types in horses have investigated lung tissue samples, but not BALF, and reports have been conflicting. A report comparing types in sEA vs. control after moldy hay challenge found no MCTC, although severely asthmatic horses had significantly more MCC in the wall of the bronchi (39). In contrast to this report, another study found increased tryptase expression in lung tissue from asthmatic horses vs. control (40). BALF IgE-bearing cells have been evaluated in asthmatic horses and were not different from control horses, although this is not mast cell-specific and did not evaluate mast cell protease expression (55). A very recent study utilized a technique to isolate mast cells from BALF of horses to generate about a 93% pure mast cell population (56). This population of cells then underwent transcriptome analysis and mast cell phenotyping. These results indicated that equine airway mast cells solely express tryptase, with no chymase or carboxypeptidase detected. These results were not further supported by real time PCR. Additionally, the population of cells expressed high levels of MHC class II molecules, further supporting a potential role for mast cells in airway inflammation. The current study suggests mast cell protease dysregulation does not occur in the horses sampled here, although sample size is limited and did not include a group with consistently identified mast cells upon BALF cytological evaluation. It is currently unknown whether inclusion of a mastocytic asthma group would affect these findings or whether a mastocytic asthma subtype within mild to moderate asthma is warranted.

Utilizing a multiplex bead immunoassay allowed simultaneous detection of a panel of cytokines/chemokine concentrations in BALF supernatant. In this study, cytokine/chemokine concentrations in BALF revealed elevated TNF-α and CXCL-8 in sEA horses; therefore, these are potential targets for further subclassification and treatment in asthma. Elevated TNF-α and CXCL-8 parallels findings in human asthma in which asthmatics had increased TNF-α and CXCL-8 vs. control, and neutrophilic asthma was associated with further increased CXCL-8 (57, 58). Our correlation data did not identify a significant correlation with age and protein concentrations, although the concept of inflamm-aging is likely pertinent, especially when evaluating a larger sample size and age ranges. Use of corticosteroids can decrease inflammatory cytokine production, although human asthmatics can be corticosteroid-refractory, which is also likely true in equine asthma. When removing the horses who appeared corticosteroid-refractory, results were not significantly different; therefore, they were left in the overall analysis. In future large-scale studies to further support these initial findings we hope to include “corticosteroid-refractory” EA patients as a separate group. A caveat to the immunoassay used in this study is that a few analytes were poorly detected; therefore, assays having greater analytical sensitivity would be beneficial to define the type of immune response more clearly at the protein level.

We utilized multidimensional scaling to integrate clinical data, cytokine/chemokine concentrations, and mast cell protease expression to investigate potential biomarkers of equine asthma. This analysis indicated that neutrophil and lymphocyte concentrations are key drivers of equine asthma differences, particularly in severe equine asthma. The BAL cytology of sEA is characteristically neutrophilic, with percentages >25%. These results further support the actual concentration increasing, making both neutrophils and lymphocytes potential targets for treatment. Corticosteroids can reduce inflammation by general mechanisms such as inhibiting gene expression of inflammatory cytokines, but targeted cellular therapy against neutrophil/lymphocyte ratios may be more effective, such as reducing CXCL-8, which is key to recruiting and activating neutrophils.

The primary limitation of this study is small sample size, especially that of the mEA in which elevations in mast cell numbers are appreciated. Future directions are aimed at enrolling horses with mastocytic mEA. The institution's case load was skewed toward older horses with severe asthma. Including a younger population of athletic horses with mEA and specifically mastocytic mEA is needed. Another limitation is the evolving definitions of equine asthma. It is very likely that both mEA and sEA have several endotypes and phenotypes. Historically sEA has been typified as those horses with a “heave line” at rest. While sEA horses can have profound clinical signs at rest, they can also experience remission in which their disease becomes subclinical while their neutrophilic inflammation remains (42). The neutrophil driven sEA is reflected in BALF cytology, with neutrophil percent's >25%. In human asthma they use the term severe asthma solely for those that do not respond to therapy despite adherence to optimized therapeutics, but this is not how the veterinary community uses the term currently (59). Evaluating each horse's history, clinical signs, physical examination and diagnostic testing included in this study we can see that respiratory signs can vary between sEA and mEA but the grading of clinical signs is higher in sEA. All cases at the time of evaluation were displaying active clinical signs, although some of the mild to moderate cases are subtle and only displayed signs during exercise. A scoring system or disease severity score that can work across EA types is needed, as well as a consensus on BALF cytological reference ranges for healthy, mEA and sEA. “Gray zones” are present for all the major inflammatory cell types, for example 6–9% neutrophils, 2–4% eosinophils, and 3–4% mast cells. Clinically the neutrophil percent in BALF is the factor that typically delineates between normal and abnormal, as eosinophils and mast cells are innately in lower numbers in normal horses. Lung function testing would give additional objective data for diagnosis, but this is not widely available in non-research setting for client-owned horses. Adult horses were included in this study and while the mean age was not statistically different across groups, this was a small sample size. Aged, geriatric healthy horses have been noted to have changes in BALF cytological evaluations, including increased in lymphocytes and a decreased in macrophages, potentially influencing BALF cytological interpretations (60). The concept of inflamm-aging in horses is also pertinent when interpreting results regarding inflammatory cytokines/chemokines concentrations as elevations in inflammatory proteins has been noted in systemic samples, but how exactly it is involved in airway inflammation is not clear (61, 62).

Innate variations of a blind BALF collection, such as the location sampled or volume of return, even when performed in the same manner, could have influenced results. Evaluation of protein concentrations in BALF supernatant does not have a universally accepted method of normalizing the cytokine/chemokine concentrations across patients. Further, although normalization of analyte concentration to fluid volume recovered during the BAL procedure has been recommended, it is not consistently employed in the literature (63). Our results were normalized to BALF volume recovered. Additional manipulation of the supernatant, such as concentrating techniques, may result in protein loss and inconsistent concentrating due to technical error; therefore, if possible, not manipulating the samples is ideal (64, 65). The analysis of cytokine/chemokine levels in asthma can be done at the gene expression level or protein concentration. In this study we elected to analyze protein concentrations, because changes at the mRNA level are not always reflected at the protein level, for example, due to post-transcriptional modifications.

Ideally mast cell protease expression would have been performed on a homogenous cell population. Tryptase and chymase are primarily made by mast cells, although mast cell protease knockout models have suggested they may also be produced by basophils. However, to our knowledge, basophils have not been identified in equine BALF and were not identified in our samples (66–69). As further evidence, in our study, CD117 expression was highly correlated with tryptase expression levels, therefore the tryptase gene expression is likely to be of mast cell origin, since basophils do not retain CD117 expression once differentiated (70, 71). CD117 can be expressed on differentiated type 2 innate lymphoid cells, however these cells have not yet been described in the horse (72). While we would have preferred mast cell specific analysis of cell protease expression, mast cell isolation techniques and/or flow cytometric analysis of mast cells requires further optimization and will be a part of our ongoing investigations.

This study documented differences in cytokine/chemokine profiles and BALF cell types in asthmatic and healthy horses and provides a basis for further study of these findings. We propose that further evaluation of protease and cytokine/chemokine profiles in larger cohorts of horses, optimally from different geographic locations, will identify biomarkers that support defining equine asthma subtypes based on BALF cellular infiltrate, for example including eosinophilic mEA, mastocytic mEA, neutrophilic mEA, and neutrophilic sEA. We hypothesize that these groups likely have differences that will require specific environmental management and/or treatments for optimal management of the patient.

In conclusion, this study demonstrates that, similar to human patients with asthma, horses with sEA have increases in CXCL-8, TNF-α, and IFN-γ compared to clinically healthy horses. These findings further support the potential role of horses serving as a naturally occurring model of human asthma.
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Median normalized cytokine concentrations of IFN-y, CXCL-8, and TNF-a measured via multiplex bead immunoassay in healthy (n = 11), mild/moderate asthma (n = 5), and severe
asthma (n = 14). sEA, Severe Asthma; mEA, Mild/Moderate Asthma; Ctr, Healthy. Raw concentrations (pg/ml) are normalized to BALF volume recovered (ml) and multiplied by 100.
Data are expressed as median [IQR]. Medians in the same column with the same superscript symbol differ significantly from each other.
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SEA, n = 14; mEA, n = 5. sEA, Severe Asthma; mEA, Mild/Moderate Asthma; Ctr, Healthy; TNCC, Total Nucleated Cell Count (average recorded); N, neutrophil; L, lymphocyte; M,

macrophage; E, eosinophil; MC, mast cell. Medians in the same column with the same superscript symbol differ significantly from each other.
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Relative gene expression level of CD117, tryptase, and chymase. Data is represented at the median [IQR] for cach group. sEA, Severe Asthma; mEA, Mild/Moderate Asthma; Ctr, Healthy.
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