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Abstract

Mild to moderate equine asthma syndrome (MEAS) affects horses of all ages and breeds. To date,
the etiology and pathophysiology of mEAS are still active areas of research, and it remains
incompletely understood whether mEAS horses with different immune cell ‘signatures” on BAL
cytology represent different phenotypes, distinct pathobiological mechanisms (endotypes), varied
environmental conditions, disease severity, genetic predispositions, or all of the above. In this
descriptive study, we compared gene expression data from BAL cells isolated from horses with
normal BALF cytology (n=5), to those isolated from horses with mild/moderate neutrophilic
inflammation (n=5), or mild/moderate mastocytic inflammation (n=5). BAL cell protein lysates
were analyzed using Multiplex Bead Immunoassay to evaluate cytokine/chemokine levels, and
using immunoblot to evaluate levels of select proteins, on 11 out of 15 horses used for RNA-seq.
The transcriptome, determined by RNA-seq and analyzed with DEseq2, contained 20, 63, and 102
significantly differentially expressed genes in horses with normal vs. neutrophilic, normal vs.
mastocytic, and neutrophilic vs. mastocytic BALF cytology, respectively. Pathway analyses
revealed that BAL-isolated cells from horses with neutrophilic vs. normal cytology showed
enrichment in inflammation pathways, and horses with mastocytic vs. normal cytology showed
enrichment in pathways involved in fibrosis and allergic reaction. BAL cells from horses with
mastocytic mEAS, compared to neutrophilic mEAS, showed enrichment in pathways involved in
alteration of tissue structures. Cytokine analysis determined that IL-18 was significantly different
in the lysates from horses with neutrophilic inflammation compared to those with normal or
mastocytic BAL cytology. Immunoblot revealed significant difference in the relative level of
MMP?2 in horses with neutrophilic vs. mastocytic mMEAS. Upregulation of mRNA transcripts
involved in the IL-1 family cytokine signaling axis (/L1a, /L1b, and /L1R2) in neutrophilic mEAS,
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as well as K/TmRNA in mastocytic mEAS, are novel, potentially clinically relevant, findings of
this study. These findings further inform our understanding of inflammatory cell subtypes in

MEAS.
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1 Introduction

Mild/moderate equine asthma (mEAS), previously referred to as inflammatory airway
disease (IAD), is an extremely common noninfectious respiratory disease that can affect
horses of any age or breed (Couétil et al., 2016). Clinical signs of mEAS are often subtle
and/or variable and can include exercise intolerance, decreased racing performance and/or
chronic, occasional coughing with no increase in respiratory rate or effort at rest (Bond et
al., 2018; Couétil et al., 2016; Lavoie et al., 2011). The lower airway inflammation of EAS
can be diagnosed by bronchoalveolar lavage fluid (BALF) cytology. Advanced diagnostics
such as pulmonary function testing are also used, although they are typically limited to
veterinary referral or research facilities. Therefore, in the majority of cases, BALF cytology
is the sole means to determine the inflammatory status of the lower airways in horses.

In both equine and human medicine, asthma is increasingly recognized as a complex and
heterogenous disease in which the etiology and pathophysiology remain incompletely
understood. In human asthma, phenotypic terms such as “atopic’, ‘non-atopic’, and ‘late-
onset’ are used to describe various clinical presentations, while endotypes, such as ‘Th2-
high” and ‘Th2-low’, refer to the varied underlying pathobiological mechanisms of asthma
(Braido et al., 2018). Recently, it has been proposed that the inflammatory cell signature of
BALF cytology in horses with mEAS could be due to differences in asthma
pathophysiology, and that understanding these differences could contribute to the
development of specific therapeutic targets for horses with different phenotypes and/or
endotypes of MEAS (Klier et al., 2015; RS., 2017). There are several subtypes/phenotypes
of mEAS that have been proposed based on the inflammatory cell populations present in the
BALF (Bedenice et al., 2008; Couétil et al., 2016; Lavoie et al., 2011). Neutrophilic or
mastocytic inflammation are most commonly observed in the BALF of horses with mEAS
(Davis and Sheats, 2019). An eosinophilic phenotype is less common overall, but is
described in horses less than 5 years of age (lvester et al., 2014; Lavoie et al., 2011).
Argument for these inflammatory cell subtypes of EAS is supported by studies that show
cytokine profiles in BAL fluid supernatant tend to differ coincident with the immune cell
“signature” of the BALF cytology (Beekman et al., 2012; Lavoie et al., 2011; Lavoie et al.,
2001). Additional research is needed to investigate potential similarities and differences in
asthma immunopathology in horses with different inflammatory cell profiles on BAL
cytology, with the ultimate goal that a better understanding of disease mechanism could help
identify targets for future therapies (Bond et al., 2018).
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The objective of this study was to determine whether the BAL cells from horses with
different inflammatory cell profiles of lower airway inflammation had differentially
expressed genes and cell signaling pathways compared to BAL cells from horses with
normal BAL cytology and no evidence of respiratory disease. We also sought to identify
genes that were differentially expressed (DE) in BAL cells from horses with neutrophilic vs.
mastocytic lower airway inflammation. Limited protein analysis of BAL cell lysates by
Multiplex Bead Immunoassay and immunoblot adds additional insight to several of our
findings.

2 Materials and Methods

2.1 Horses

The North Carolina State University Institutional Animal Care and Use Committee (IACUC
#16-074-0) approved all procedures performed for the purposes of this study. Horses
included in this study were university owned teaching animals that lived on pasture in the
southeastern United States, received the same feed, and received no medications for the
duration of this study. Each horse received a physical exam, clinical score, and a BAL. The
clinical score rubric (Table S1) was previously described and included respiratory rate,
cough score, nostril flare score, abdominal lift score, nasal discharge score, and lung
auscultation score (Davis and Sheats, 2019). Fifteen horses were included in the RNA
sequencing and DE analysis of this study. Samples from seven of these horses (4 normal, 1
neutrophilic, and 2 mastocytic) were chosen at random for Multiplex Bead Immunoassay;
which also utilized samples from an additional eight horses (Table S2).

2.2 BALF Collection and Sample Processing

BALF collection was performed as described previously (Davis and Sheats, 2019). Briefly,
horses were placed under standing sedation with detomidine (0.005-0.01 mg/kg V) and
butorphanol (0.02-0.04 mg/kg 1V), and 300 total mL of warmed sterile saline solution was
infused and re-aspirated, 150mL at a time, through a cuffed catheter. Procedure time took an
average of 10 minutes and horses were monitored until they recovered from sedation
(approximately 45 minutes). The pooled sample was submitted for 300 cell differential
count by blinded clinical pathologists (see Supplemental Methods for explanation of
additional validation of differential count). BALF cytology was used to assign horses to one
of three groups: normal, mild/moderate neutrophilic inflammation or mild/moderate
mastocytic inflammation. Differential count was performed on a cytospin preparation slide.
A previously published criterion was utilized for BALF cytology classification (Davis and
Sheats, 2019). Horses in the normal group had < 6% neutrophils, < 2% mast cells and < 1%
eosinophils, horses in mild/moderate neutrophilic group had 7-19% neutrophils but < 2%
mast cells and horses in mild/moderate mastocytic group had = 3% mast cells but < 6%
neutrophils in the BALF (Bedenice et al., 2008; Lavoie et al., 2011).

2.3 Statistical Analysis

Physical examination results (except for sex) and BALF differential cell counts, multiplex
immunoassay, and immunoblot results were analyzed by One-way ANOVA with Tukey’s
post-hoc test. Chi-square test was performed to determine whether there was a significant
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difference in the sex distribution among groups. P<0.05 was considered statistically
significant. All analyses were performed using GraphPad Prism (\Version 8.0, GraphPad
Software, La Jolla, CA).

2.4 RNA Isolation

RNA isolation and DNAse materials were obtained from QIAgen (Valencia, CA, USA). All
samples were processed within an hour of collection. Following isolation, BAL cells were
briefly centrifuged and supernatant was removed. RNA was then isolated from the BAL
cells using an RNeasy Mini Kit with QIA shredder column homogenization per
manufacturer’s protocol. An RNase-free DNAse set was used to perform DNase digestion
on-column per manufacturer’s protocol. Following DNase digestion, RNA cleanup was
performed using the RNeasy Mini Kit. The isolated RNA samples were kept frozen at
—80°C for 8 to 18 months.

2.5 mRNA Sequences and Data Analysis

Messenger RNA sequencing via polyA selection was carried out (Illumina, San Diego, CA)
by an external laboratory (Genewiz, Inc; South Plainfield, NJ). Quality and concentration of
RNA samples were determined with Bioanalyzer RNA nanochip (Agilent 2100) (Table S3).
Samples were expanded, with individual sample reads ranging from 23-42 M at 2 X150 bp,
and sequence reads were trimmed to remove possible adapter sequences and nucleotides
with poor quality using Trimmomatic v.0.36. For read quality, a score of Q30 = 80% was
considered acceptable. The trimmed reads were mapped to the Equus caballus EquCab3.0
reference genome available on ENSEMBL using the STAR aligner v.2.5.2b. For mapping
quality, % Total Mapped Reads = 90% and % Unique Mapped Reads = 80% were
considered acceptable. Unique gene hit counts were calculated by using feature Counts from
the Subread package v.1.5.2. Only unique reads that fell within exon regions were counted.
Using DESeqz2, the raw counts were normalized using variance-stabilizing transformation
and a comparison of gene expression between the defined groups of samples was performed
(Love et al., 2014). The Wald test was used to generate p-values and log2 fold changes.
After Benjamini-Hochberg false discovery correction, genes with an adjusted p-value < 0.05
and absolute log2 fold change > 1 were identified as differentially expressed genes for each
comparison.

2.6 Quantitative RT-PCR

Quantitative RT-PCR was performed to further evaluate differential gene expression of three
select genes: /L1b, MMPZ2and KIT. For these assays we used RNA isolated from BAL cells
of 2 horses with normal BALF cytology, 2 horses with mild/moderate neutrophilic
inflammation and 2 horses with mild/moderate mastocytic inflammation (population 1),
selected at random. Primers and probes were obtained from Invitrogen’s proprietary equine-
specific gene expression assay database and have been validated by the company
(Invitrogen, Thermo Fisher Scientific, Grand Island, NY, USA). All samples were assayed in
triplicate and the mean was used for analysis. Fold change in mRNA level was determined
using the AACt data analysis method with SDHA as an endogenous control (Livak and
Schmittgen, 2001). For each gene, the directionality of normalized mRNA fold change, as
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determined by RNA-seq or qRT-PCR, was compared. See supplemental methods for
additional information on the gRT-PCR protocol.

2.7 Pathway Analysis

Functional annotation was performed using Ingenuity Pathway Analysis (IPA,
www.ingenuity.com) using predefined pathways and functional categories of the Ingenuity
Knowledge Base. Fisher’s exact test was applied to identify significantly enriched
differentially expressed genes as members of pathways and functional categories. Relevant
gene regulatory networks were identified using the Ingenuity Knowledge Base.

2.8 Multiplex Bead Immunoassay sample collection and analysis

Protein lysates prepared from BAL cells were utilized for cytokine protein analysis. Cell
supernatants were collected and stored at —80°C. Protein analysis was carried out using an
equine-specific Milliplex® Map Magnetic Bead Panel (EMD Millipore, Billerica, MA,
USA) per manufacturer’s protocol (see Supplemental Methods for additional information).
Mean fluorescence intensity data using five-parameter logistic standard curve was used to
calculate analyte concentration, and the results were normalized to total cell counts. Levels
of 23 different cytokines and chemokines were assayed. Cytokines and chemokines included
in the analysis were as follows: IL-1a (interleukin-1a), IL-1p, IL-2, IL-4, IL-5, IL-6, IL-8,
IL-10, IL-12 (p70), IL-13, IL-17A, IL-18, IFNy (interferon -y), TNFa (tumor necrosis factor
a), FGF-2 (fibroblast growth factor-2), Eotaxin (CCL11), G-CSF (granulocyte-stimulating
factor), GM-CSF (granulocyte monocyte-stimulating factor), GRO (growth-regulated protein
or CXCL1), MCP-1 (monocyte chemotactic protein-1 or CCL2), fractalkine (CX3CL1),
RANTES (CCL5) and IP-10 (IFNy~induced protein 10).

2.9 Immunoblot

Samples were resolved by gel electrophoresis using MES running buffer (Thermo
Scientific™) and transferred to Immobilon-P PVDF membrane (Millipore, Billerica, MA,
USA) with NuPAGE™ Transfer Buffer (Thermo Scientific™). Following blocking with 5%
nonfat dry milk in TBS/T, membranes were incubated overnight with anti-MMP2, anti-
CD117/c-KIT, or anti-beta actin antibodies at 4°C. Following incubation with the
appropriate HRP-conjugated secondary antibody for 1 hour at room temperature, the
membranes were developed using enhanced chemiluminescence (ChemiDoc™ XRS+
System, Bio-Rad, Hercules, CA, USA) for 5 minutes at room temperature and imaged using
the ChemiDoc MP imager (Bio-Rad). The Band Analysis tool of ImageLab software version
6.0.1 (Bio-Rad) was used to determine the background-subtracted density of the bands.
Relative expression levels of proteins of interest were determined by dividing the relative
density of the protein band of interest by the relative density of the corresponding beta-actin
loading control band, and expressed as arbitrary units. See supplemental methods for the
complete immunoblot protocol.
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3 Results

3.1 Physical Examination and BALF Cytology

The horses included in this study ranged in age from 6 to 20 years and were of mixed breed
and gender (Table 1, Table S2). No horses had abnormal respiratory signs at rest. Five horses
had normal BALF cytology, five horses had mild/moderate neutrophilic inflammation and
five horses had mild/moderate mastocytic inflammation (Table 1, Table S2). One-way
ANOVA with Tukey’s post-hoc test revealed significant difference in the % neutrophils in
mild/moderate neutrophilic group compared to normal and mild/moderate mastocytic groups
(p<0.0001 for both), and significant difference in the % mast cells in mastocytic group
compared to normal and mild/moderate neutrophilic group (p=0.002 and p=0.0012,
respectively). Along with other measured parameters, BAL cellularity (total cell count/uL)
was not significantly different among the groups.

3.2 mRNA Sequencing and Differential Gene Expression

All RNA samples met minimum quality control criteria established by the sequencing
laboratory (Table S3). All samples yielded data with = 80% Q30 quality scores, % Total
Mapped Reads = 90% and % Unique Mapped Reads 2 80%. On average, 29,618,357 total
reads were analyzed per sample. The raw read data sets for each sample are available in the
NCBI sequence Read Archive (SRA accession: PRINA589665).

Gene expression comparison between horses with normal BAL cytology vs. horses with
mild/moderate neutrophilic inflammation identified 14,328 unique genes. Of those, 20 genes
were significantly differentially expressed; 18 were upregulated genes, while 2 were
downregulated (Table 2, Table 3, Figure S1).

Gene expression comparison between horses with normal BAL cytology vs. horses with
mild/moderate mastocytic inflammation identified 14,331 unique genes. Of those, 63 genes
were significantly differentially expressed; 60 were upregulated genes, while 3 were
downregulated (Table 2, Table 4, Supplemental Table S4, Figure S1).

Gene expression comparison between horses with mild/moderate neutrophilic inflammation
vs. mild/moderate mastocytic inflammation identified 14,401 unique genes. Of those, 102
genes were significantly differentially expressed; 80 were upregulated, while 22 were
downregulated (Table 2, Table 5, Supplemental Table S5, Figure S1).

PCA plot of differential gene expression shows some overlap of individuals with different
inflammatory cell subtypes of mMEAS with normal horses, as well as a potential outlier in the
normal group (Figure 1). Overall, gene expression profiles for the top 30 DE genes in BAL
cells from horses with the same inflammatory cell profile were similar (Figure 2). A
comparison of unique vs. overlapping DEG in the 3 groups identified 36 DEG in common
between normal vs. mastocytic and neutrophilic vs. mastocytic results, 1 DEG in common
between normal vs. mastocytic and normal vs. neutrophilic, and 4 DEG in common between
normal vs. neutrophilic and neutrophilic vs. mastocytic comparison (Figure 3). There were
no DEG in common for all three comparison groups (Figure 3).
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3.3 Quantitative RT-PCR

Three gene transcripts identified as differentially expressed by RNAseq, /L15, MMPZ, and
KIT, were also examined by gRT-PCR. Results from horses with normal (n=2), neutrophilic
(n=2), or mastocytic (n=2) BAL cytology yielded similar fold change for the three examined
transcripts (Figure 4). Figure S2 shows the normalized expression of these genes for each
individual in pairwise comparisons. These data can also be found in Table S6(a-c). Figure S3
shows the ACt values of the 3 genes for each individual horse. The gRT-PCR data show a
3.3, and 3.0, fold increase in /L15 mRNA expression in mild/moderate neutrophilic and
mild/moderate mastocytic groups, compared to normal, respectively. Compared to normal,
there was a 2.0, and 4.9, fold increase in K/7 mRNA expression in mild/moderate
neutrophilic and mastocytic groups, respectively. There was a 0.9, and 2.7, fold increase in
MMP2mRNA expression in mild/moderate neutrophilic and mastocytic groups compared to
normal, respectively. Across the 6 samples, the endogenous control SODHA had a mean,
standard deviation (SD) and coefficient of variation (CV) of threshold cycles of 22.9373112
(mean), 0.52724221 (SD), and 2.29862255 (CV) (Table S7). Log 2 scale of the relative
expression levels of the three target genes compared to the reference gene are shown in
Table S8.

3.4 Pathway Analysis

Use of the Ingenuity Knowledge Base to analyze differentially expressed genes revealed that
compared with normal horses, horses with mild/moderate neutrophilic inflammation had
enrichment in inflammation pathways such as p38 MAPK signaling, cell adhesion and
diapedesis, and cytokine production. Compared to normal horses, horses with mild/moderate
mastocytic inflammation showed enrichment in pathways that are involved in fibrosis and
allergic reaction. Additionally, when compared to horses with mild/moderate neutrophilic
inflammation, horses with mild/moderate mastocytic inflammation showed enrichment in
pathways that are involved in tissue remodeling such as epithelial adherens junction
signaling, tight junction signaling, and fibrosis (Figure 4).

3.5 Protein Analysis

Samples from 15 horses were used for Multiplex Bead Immunoassay analysis of BAL
protein lysate. Of those, 6 horses had normal BALF cytology, 4 horses had mild/moderate
neutrophilic inflammation, and 5 horses had mild/moderate mastocytic inflammation. Most
proteins in the assay kit were below the lower limit of detection. Those that were detected
included IL-18, TNFa, IFNy, Fractalkine, and GRO/CXCL1. One horse in the mastocytic
group had TNFa concentration that was below the lower limit of detection (2.7 pg/mL).
Another horse in the mastocytic group had GRO concentration that was below the detection
limit (4.42 pg/mL). For those samples with results below the detection limit, a value less
than the detection limit (2.0 pg/mL for TNFa and 4.0 pg/mL for GRO) was assigned for
statistical analysis. There was a statistically significant difference in the IL-12 level in the
lysates from horses with mild/moderate neutrophilic inflammation compared to mild/
moderate mastocytic horses. There was a trend towards increased TNFa, IFNy and GRO
levels in mild/moderate neutrophilic group compared to normal and mild/moderate
mastocytic groups (Figure 5).
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BAL cell protein lysates from 11 of the 15 horses used for RNA-seq were also analyzed by
immunoblot for relative levels of MMP2 and KIT proteins. There was a significant
difference in the relative level of MMP2 protein detected in BAL cell lysates from horses
with neutrophilic mEAS vs. mastocytic mEAS inflammation (Figure 6).

4 Discussion

In horses, several categories of MEAS inflammation have been identified based on the
immune cells featured in the BALF cytology, including neutrophilic, mastocytic,
eosinophilic, and mixed inflammation (Bond et al., 2018). However, it remains unclear
whether the inflammatory cell signature on BAL cytology informs mEAS phenotype,
endotype, or both. In this study, our goal was to determine which genes and molecular
pathways were differentially expressed in horses with different inflammatory cell
‘signatures’ on BAL cytology, as this could inform our understanding of both unique and
shared disease immunopathology and/or therapeutic targets.

We performed DE analysis on three different pairwise comparisons of horses that were
grouped as ‘normal’, ‘neutrophilic mMEAS’, or ‘mastocytic mEAS’ based on BALF cytology.
All horses were members of a teaching animal herd housed on adjacent pastures. Despite
being housed on pasture, the majority of these horses had BAL cytology consistent with
mMEAS of varying inflammatory cell subtypes. Potential triggers in the environment of these
horses include year-round exposure to round-bale hay, environmental pollution from a
pasture-adjacent roadway, and allergens associated with pasture. DE analyses identified 20,
63, and 102 DE genes (Table 2) between horses with no vs. neutrophilic (Table 3), no vs.
mastocytic (Table 4, Table S4), and neutrophilic vs. mastocytic inflammation (Table 5, Table
S5), respectively.

Of the 20 significant DEG in the normal vs. neutrophilic comparison, only 1 was also DE in
the normal vs. mastocytic comparison (Figure 3, Table 2, 3, Table S4). While this result
suggests a consistent role for /L1A in mEAS lower airway inflammation regardless of cell
signature, it also suggests that the top DEG in mEAS differ with the type of inflammation
present. The normal vs. neutrophilic and neutrophilic vs. mastocytic comparisons shared 4
DEG, while the normal vs. mastocytic and neutrophilic vs. mastocytic comparisons shared
36 DEG (Figure 3, Table 2, S4, S5). Interestingly, the neutrophilic vs. mastocytic
comparison identified 62 DEG that were not identified in the other comparisons (Figure 3,
Table S5). In addition to the normal vs. cell specific comparisons, these results may help to
identify cell signaling and cellular targets unique to the inflammatory cell subtypes of
mMEAS. Further work is needed to determine whether these genes could provide insight into
differences in the pathophysiology of neutrophilic vs. mastocytic mEAS.

Previous findings suggest that Th1l and Th2 immune responses, as well as IL-17, are
implicated in mild/moderate EAS (Bond et al., 2018). Transcripts for four of the classic T
helper cytokines, IL-4, IL-9, IL-13, and IL-2, as well as IL-17, were not identified at all in
our RNAseq results, presumably due to lack of mRNA transcript in the sample. Th2
cytokines reported included IL-5, and Th1 cytokines reported included IFNy and TNFa.
While expression of these cytokine transcripts was not significantly different between
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groups, there was a trend towards increased TNFa in both mastocytic and neutrophilic
samples compared to normal (consistent with Multiplex results), and a trend towards
increased IL-5 in neutrophilic vs. normal. Possible reasons for the lack of significant
findings include small sample size, mild clinical phenotype, and differences in cytokine
mMRNA vs. protein levels. Future studies to address cytokine profiles in mEAS inflammatory
cell subtypes would benefit from simultaneous analysis of cytokine mRNA in both bronchial
epithelial and BAL isolated cells, as well as cytokine protein levels in BALF supernatant.

In the comparison between normal vs. neutrophilic BALS, several transcripts of interest were
upregulated, including CXCLZ, IL1B, IL1a, ILIRZ, and LOC100058291 mRNA. CXCL2
protein, also known as macrophage inflammatory protein 2-alpha (MIP2-a.) or Growth-
regulated protein beta (Gro-p), is a small cytokine that is primarily produced by
macrophages, but also neutrophils and mast cells, and is chemotactic for neutrophils.
Previous findings by Deluca et al. reported increased CXCL 2 expression in BAL cells from
horses challenged with stabling and hay feeding (DeLuca et al., 2008). LOC100058291
MRNA, which is a predicted transcript variant for £quus caballus CXC chemokine receptor
type 2, is a receptor for both CXCL2 and IL8. IL8 has already been identified as playing a
significant role in the pathophysiology of severe EAS (Tessier et al., 2017). In a mouse
model, CXCR2 signaling was identified as playing a key role in IL-17A/IL33-induced
neutrophilic inflammation and airway hyperresponsiveness, and inhibition of CXCR2 with
anti-CXCR2 mAb attenuated early-phase airway obstruction and subsequent Th2 cytokine
responses (Mizutani et al., 2014). Interleukin-1, comprised of subtypes IL1a and IL1B, is a
proinflammatory cytokine with diverse effects on both innate and adaptive immune
responses. While IL1a and IL1 are encoded by different genes, they have similar
biological activities and activate the same cell surface receptors (Dinarello, 2018). BAL cell
IL1R2 (Interleukin-1 receptor type 2) mRNA was also significantly upregulated in horses
with neutrophilic mEAS compared to normal horses, in our study. This is consistent with a
recent report by Hansen et al. (Hansen et al., 2020). IL1R2, also known as IL1RA, is a non-
signaling receptor that acts as an anti-inflammatory member of the IL-1 family. This
receptor competes with IL1R1 (Interleukin 1 receptor type 1) for IL-1a/p binding, and
because it is a “dummy” receptor, it reduces the proinflammatory activity of IL1 cytokines
(Dinarello, 2018). /L 1B has been repeatedly linked to lower airway inflammation in horses
with and without clinical signs (Beekman et al., 2012; Hughes et al., 2011; Joubert et al.,
2011; Lavoie et al., 2011; Padoan et al., 2013). Upregulation and expression of anti-
inflammatory components of the I1L-1 family could have a role in balancing IL-1a/p
mediated inflammation in the lower airway. Research into both CXCR2 and IL-1 signaling
as potential therapeutic targets in inflammatory diseases such as asthma is ongoing (Al-
Alwan et al., 2013; Osei et al., 2019).

Our results show that BAL cells from horses with mastocytic inflammation have increased
expression of MMPZ, and KITmRNA, compared to horses with no inflammation. Several
previous studies evaluated matrix metalloproteinases (MMPS) in equine BALF samples.
Similar to our results, Koivunen et al. report increased concentrations of MMP?2 in tracheal
aspirates from horses with SEAS compared to those from healthy controls (Koivunen et al.,
1997). A positive correlation between BALF MMP2 concentration and stable dust
concentrations in horses has also been reported (Nevalainen et al., 2002; Simonen-Jokinen et
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al., 2005). Unlike other differentially expressed genes highlighted in our study, our finding
that K/Tis upregulated in BAL cells from horses with mastocytic mEAS is novel. K/Tis a
proto-oncogene which encodes a receptor tyrosine kinase, located at the cell surface of
certain cell types, including mast cells (Da Silva et al., 2006). KIT plays an essential role in
mast cell homeostasis, and both experimental animal models and human clinical trial data
support KIT/c-kitas a potential therapeutic target for asthma. Using a mouse asthma model,
Wau et al. report that intranasal delivery of siRNA nanoparticles targeting c- k7t reduced
airway mucus secretion and the infiltration of eosinophils in bronchoalveolar lavage fluid
(Wu et al., 2014). Cahill et al. report that treatment of patients with severe, poorly controlled
asthma with imatinib, a KIT-receptor inhibitor, decreased airway hyperresponsiveness, mast-
cell counts, and tryptase release, compared with placebo (Cahill et al., 2017). Further
investigations are warranted to determine whether KIT/c-kit may be a potential novel
therapeutic target of mastocytic equine asthma.

Compared to horses with neutrophilic inflammation, horses with mastocytic inflammation
had increased transcript levels of RET and LOC100069290 mRNA, and decreased transcript
levels CRISPLD2 mRNA. “Rearranged duration translation” (RET) is a proto-oncogene that
encodes a transmembrane receptor tyrosine kinase RET. This receptor is expressed in lung
tissues in immune and epithelial cells and is preferentially activated by neurotrophic factor
neurturin (NTN) (Mauffray et al., 2015). NTN signaling through RET was recently shown to
decrease IL-6 and TNF-a by immune and epithelial cells (Mauffray et al., 2015). Authors of
this research suggest that NTN may be useful as a novel anti-inflammatory treatment for
asthma. LOC100069290is a predicted transcript variant for Equus caballus caspase-12
(XM_023644724.1, NCBI), analogous to the human caspase 12 gene/pseudogene, but the
predicted amino acid sequence shares homology with human caspase-1 (NP_001244047.1,
NCBI). Caspase 1 is known to be involved in cytokine maturation, and caspase 12 has been
linked with inflammatory/innate immune response and sepsis risk in African Americans
(Saleh et al., 2004). CR/SPLD2 mRNA encodes for a cysteine-rich secretory protein known
as Cysteine-rich secretory protein LCCL domain-containing 2. CR/SPLD2 mRNA
expression and protein levels are increased in primary human airway smooth muscle (ASM)
cells following dexamethasone treatment and IL1p stimulation. Further, SIRNA knockdown
of CRISPLDZ2in ASM cells increased IL1p, IL6, and IL8 (Himes et al., 2014). Due to these
effects on inflammatory cytokines, CRISPLD? is being investigated as an asthma
pharmacogenetics candidate gene.

In addition to RNA-seq, we performed two different methods of protein analysis of BAL cell
lysates from horses with normal, mild/moderate neutrophilic, and mild/moderate mastocytic
lower airway inflammation. Multiplex Bead Immunoassay revealed a significant difference
in the IL-1p protein level in the BAL cell lysates from horses with mild/moderate
neutrophilic inflammation compared to normal horses and horses with mild/moderate
mastocytic inflammation. These findings are consistent with the RNA-seq data, which
showed a significant difference in the /L1 gene expression level in the mild/moderate
neutrophilic group compared to normal group. Interestingly, the multiplex bead
immunoassay also showed a significant difference in the IL-1f protein level in the mild/
moderate neutrophilic group vs. the mild/moderate mastocytic group, although there was no
significant difference in the /L 18 gene expression level between these groups. IL-1p is
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initially translated as the inactive, pre-cursor protein pro-IL-1p, that must be cleaved into a
mature form (Dinarello, 2018). Intracellularly, caspase-1 mediates IL-1p cleavage and
activation. Alternatively, extracellular proteases produced by both neutrophils (i.e. elastase
and cathepsin G) and mast cells (i.e. chymase) are also capable of cleaving pro-I1L-1p into a
biologically active form (Afonina et al., 2015). Increased levels of secreted IL-1f in BALF
supernatant, without increased transcription of /L28 mRNA, could be explained by
increased activity of proteases in horses with increased airway neutrophils. Multiplex also
showed a trend towards increased GRO/CXCLL1 in the neutrophilic group. CXCL1, a
chemokine produced by both macrophages and TNF-stimulated endothelial cells, works in
concert with CXCL2 to promote neutrophil diapedesis (Girbl et al., 2018). Although
increases in CXCL1 in BALF supernatant did not achieve significance, this trend is
consistent with the upregulation of CXCLZ2/GRO mRNA identified in horses with
neutrophilic mEAS.

Based on immunablot, the mean relative level of MMP2 protein was significantly different
in BAL cell lysates from horses with neutrophilic vs. mastocytic mMEAS. This observed
increase in MMP2 in horses with neutrophilic inflammation is consistent with previous
reports of increased MMP2 and MMP9 protein expression and gelatinolytic activity in
BALF supernatant in horses with both mild and severe neutrophilic EAS (Barton et al.,
2015). Interestingly, our DE analysis and immunaoblot findings offer conflicting results
regarding MMP2 in BAL cells from horses with mastocytic inflammation. While analysis of
RNA-seq indicated an increase in MMP2 mRNA expression in BAL cells from mastocytic
vs. normal horses, immunoblot results show a trend towards decreased mean protein levels
of MMP2 in mastocytic vs. normal horses. MMPs are zinc-dependent proteolytic enzymes
that contribute to airway inflammation by degrading extracellular matrix. Because these
proteins are secreted by white blood cells, the discrepancy between the mRNA and protein
expression data could be explained by MMP2 protein levels in the BALF supernatant, which
were not examined in this study. Alternatively, enhanced mast cell accumulation and
activation could lead to increased secretion of MMP2, causing a decreased amount of
protein within BAL cells. Mast cell tryptase and chymase have been implicated in the
regulation of MMP-2 and -9 (Iddamalgoda et al., 2008; Tchougounova et al., 2005). It is
therefore possible that horses with increases in airway mast cells have increased tryptase
and/or chymase activity, which could lead to activation and subsequent release of MMPs
from other immune cells (i.e. lymphocytes and macrophages). Simultaneous evaluation of
BAL cell lysate and supernatant proteins would further inform our understanding of the
different immunopathologies that could be contributing to mEAS in horses with different
inflammatory cell phenotypes.

Similar to MMP2, conclusions from our KIT protein immunoblot data are also limited.
Despite a trend towards increasing, mean KIT protein levels in BAL cell lysates from horses
with neutrophilic and mastocytic inflammation compared to normal were not significantly
different; while mRNA differential expression analysis showed a 4.9 fold change in the K/T
MRNA expression in mild/moderate mastocytic horses compared to normal horses. It is
possible that our ability to measure KIT by immunoblot was limited by protein stability. The
signaling of the KIT cell surface receptor is modulated /77 vivo both by protein phosphatases,
and by rapid internalization and degradation of the receptor. Even though protease and
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phosphatase inhibitors were added to our BAL samples as soon as they were collected, KIT
protein in our samples could have degraded, particularly in the samples containing mast
cells, which are prone to degranulate when manipulated.

In addition to the DE analysis, our results using Ingenuity Pathway Analysis software also
highlighted enrichment in distinct pathways associated with different BALF cytology
profiles. BAL cells from horses with neutrophilic inflammation showed enrichment in
pathways involved in inflammatory reactions, such as p38 MAPK signaling, granulocyte
adhesion and diapedesis, and cytokine signaling pathways. BAL cell from horses with
mastocytic inflammation showed enrichment in pathways involved in tissue structure
alteration or remodeling, such as fibrosis, epithelial adherens junction signaling, tight
junction signaling and epithelial-mesenchymal transition pathway (Figure 4). These IPA
results are consistent with previous reports documenting the significant role of mast cell-
derived mediators in the pathogenesis of airway remodeling. Mediators such as tryptase and
chymase are known to induce proliferation of fibroblasts, airway smooth muscle cells,
endothelial cells, and airway epithelial cells, and degradation of the basement membrane
components (Okayama et al., 2007). Our IPA results are also consistent with reports that
neutrophils both respond to and perpetuate a cycle of airway inflammation during asthma. In
neutrophilic asthma, inflammatory cytokines (i.e. CXCR2) and bacterial derived triggers
(i.e. fMLP) activate neutrophil p38 MAPK, which regulates neutrophil chemotaxis by
controlling surface expression of receptors including CXCR1, leading to increased airway
neutrophils (Kim and Haynes, 2013). It is important to point out that IPA analyses of our
data are limited by the fact that several of the top DE genes we identified had no associated
HGNC symbol. Additional investigation is needed to further characterize these potentially
relevant genes.

One of the limitations of this study was that BAL cytology reference ranges used to group
horses into inflammatory cell subtypes of MEAS are not a definitive diagnosis. While the
reference ranges used for normal and abnormal cytology have been previously published,
debate remains regarding which cytology values should be used to determine normal vs.
abnormal. Therefore, we suggest that our findings regarding the molecular mechanisms
associated with inflammatory cell subtypes in mild/moderate Equine Asthma Syndrome
should be viewed as initial, rather than definitive, findings. In futures studies, additional
diagnostics, including airway endoscopy and/or pulmonary function testing, could help to
further define subtypes/phenotypes, and potentially even endotypes, of EAS (Kuruvilla et
al., 2019).

Another limitation of the data presented here is the small sample size. Differential
expression analysis based on a small sample size can be greatly impacted by each
individual’s RNAseq data. RNAseq data is in turn affected by factors including RNA
integrity at the sample and individual transcript level, methods of normalization, as well as
inclusion of samples that do not truly represent the condition and treatment (Soneson and
Delorenzi, 2013). Methods to avoid potential sampling errors in analysis of RNAseq data
have been described (Son et al., 2018). Because the RNA integrity of our samples was high
(i.e. RIN>8.0), bias in gene expression levels due to poor transcript integrity is unlikely
(Gallego Romero et al., 2014). Gene expression principal component analysis of our
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RNAseq data did identify an outlier in our normal group of horses. While it is unclear
whether this individual had a significant impact on results of our DE analysis, this individual
met the definitions of our study criteria for “normal BAL cytology” and therefore had no
reason to be excluded.

Finally, because horses with mEAS do not have clinical signs at rest, mEAS is arguably a
disease of performance horses, and our study used samples from non-performance horses.
However, it is reasonable to think that non-performance horses can experience the same
underlying immunopathology of mEAS as performance horses. While the sedentary lifestyle
of horses in our study precluded our ability to know whether they were performance limited,
they were determined to have normal or abnormal BAL cytology per previously published
guidelines (Couétil et al., 2016). Mild to moderate changes in BAL cytology have repeatedly
been associated with airway hyperreactivity and performance impacts (lvester et al., 2018;
Rossi et al., 2018; Secombe et al., 2019). Due to lack of pulmonary function testing
equipment, we were unable to investigate possible alterations in airway function in horses in
our study. However, the similarities between our findings and previously identified equine
asthma mediators, such as CXCLZ, MMPZ, ILIR1, and /LI mRNA, and MMP2, and
TNFa protein, support the relevance of our study population for investigating mEAS
immunopathology, and lend credibility to our more novel findings. An important follow up
to the current study will be to determine whether novel transcripts and proteins, which we
identified as differentially expressed in neutrophilic and mastocytic airway inflammation,
are also altered in performance horses with mEAS.

5 Conclusion

In this study, horses with the same cellular subtypes of mEAS (neutrophilic or mastocytic)
had similar expression patterns of top DEG. Additionally, the top DEG in the neutrophilic
subtype showed very little overlap with the top DEG in the mastocytic subtype. Many of the
genes identified as differentially expressed in this population of horses with inflammatory
BAL cytology have been previously implicated in asthma pathophysiology in human and/or
mouse studies and warrant further investigation. Upregulation of mMRNA transcripts involved
in the IL-1 family cytokine signaling axis (/LIa, /L14, and /LIR2) in BAL cells from
horses with neutrophilic mEAS, as well as K/7TmRNA in BAL cells from horses with
mastocytic mEAS, may offer novel, inflammatory-cell specific targets for future
investigation. Whether these findings are consistent or relevant in other populations of
horses with mEAS remains to be determined.
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Principal component analysis plots of RNA-seq data from BAL cells isolated from horses
with normal vs. neutrophilic (a), normal vs. mastocytic (b), and neutrophilic vs. mastocytic
(c), BAL cytology. These plots show the characteristics of samples according to gene
expression (FPKM) levels. FPKM, fragments per kilobase of transcript per million mapped

reads.
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Figure 2.
Bi-clustering heat map of top statistically significant differentially expressed genes between

normal vs. neutrophilic (a), normal vs. mastocytic (b), and neutrophilic vs. mastocytic (c).
Color intensity was normalized to log, (fragments per kilobase of transcript per million
mapped reads +1), with red colors representing more highly expressed genes and blue colors
representing less highly expressed genes. Hierarchial clustering is based on the Manhattan
distance among samples and is intended to highlight relative differences in expression
between groups.
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Normal vs. Neutrophilic Normal vs. Mastocytic

Neutrophilic vs. Mastocytic

Figure 3.
Venn diagram of the three sets of differentially expressed genes between the three

comparisons: ‘Normal vs. Neutrophilic’, ‘“Normal vs. Mastocytic’, and ‘Neutrophilic vs.
Mastocytic’. The three overlapping sets shared between two contrasts varied from 1 to 36
genes (Table 2, S4, S5).
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Figure 4.
Fold change of /L1b(a), K/T (b) and MMPZ2 (c) mRNA, determined via RNA-seq

differential gene expression analysis (black bars, n=5 per group) and gRT-PCR (white bars,
n=2 per group) performed on BAL cell RNA samples. For RNA-seq, Log2fold change was
calculated as Log2 (Group 2 mean normalized counts/Group 1 mean normalized counts).
For the qRT-PCR assays, relative quantification was calculated as dCT with equine succinate
dehydrogenase complex, subunit A, flavoprotein (SDHA) used as an endogenous control,
and AACT was used to calculate fold change.
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Figure 5.
Summary of pathway analysis for differentially expressed genes. The differentially

expressed genes were compared between normal vs. neutrophilic phenotype (a), normal vs.
masotytic phenotype (b), and neutrophilic vs. mastocytic phenotype (c). Functional
annotation was performed using Ingenuity Pathway Analysis using predefined pathways and
functional categories of the Ingenuity Knowledge Base. Fisher’s exact test was applied to
identify significantly enriched differentially expressed genes as members of pathways and
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functional categories. Relevant gene regulatory networks were identified using the Ingenuity
Knowledge Base.
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Figure 6.

L] Ll
Normal Neutrophilic

Mastocytic

IL-15(a), TNFa(b), IFNy (c), Fractalkine (d) and GRO (e) levels in BAL cell lysates
determined by Multiplex Bead Immunoassay. 6 normal horses, 4 mild/moderate neutrophilic
horses and 4 mild/moderate mastocytic horses were sampled. Protein concentrations
normalized to total protein concentrations were averaged and compared between groups

shown on the x-axis.
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Figure 7.
MMP2 (a) and KIT (b) immunoblot results from horses with normal BALF cytology (n=3),

neutrophilic inflammation (n=4), and mastocytic inflammation (n=4). Box-and-whisker plot
(arbitrary units) for the relative protein levels of MMP2 and KIT in BAL cells, respectively.
*

p<0.05.
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(@) Clinical characteristics and BALF cytology results of horses included in the RNA-seq experiment. P values
on the tables represent ANOVA p values. (b) Clinical characteristics and BALF cytology results of horses

included in the Multiplex Bead Immunoassay.

(@) Normal Mild/moderate neutrophilic ~ Mild/moderate mastocytic  p value
Number of horses 5 5 5

Mean (range) age, years 14 (9-20) 10.8 (6-19) 11.8 (7-18) 0.5752
Sex, mare/gelding 5/1 4/1 2/3 0.092
Mean (range) resting respiratory

rate 16.8 (12-20) 16 (12-24) 14.4 (12-20) 0.638
Mean (range) clinical score 1.2 (0-3) 1.08 (0-1) 0.8 (0-1) 0.2814
Mean (range) total cell count, /uL 419.2 (310-588)  439.8 (150-663) 286 (208-346) 0.2186
Neutrophils, mean (range) % 3.68 (2.7-5) 11.62 (9—16.3)5'17 2.72 (1-5) <0.0001
Mast cells, mean (range) % 1.44 (0-2.3) 1.2 (0_2)517 5.06 (3.3-8) 0.0007
Eosinophils, mean (range) % 0.52 (0-1) 0.44 (0-1.7) 0.06 (0-0.3) 0.3406
Macrophages, mean (range) % 49.82 (42.3-57.3)  41.54 (37-45) 48.48 (39-60.3) 0.1632
Lymphocytes, mean (range) % 44,54 (38.7-49.7)  45.2 (40-53) 43.46 (35.3-54) 0.8942
(b) Normal Mild/moderate neutrophilic ~ Mild/moderate mastocytic  p value
Number of horses 6 4 5

Mean (range) age, years 14 (9-20) 12.25 (9-21) 11.2 (6-18) 0.6548
Sex, mare/gelding 6/0 3/1 2/3 0.0809
Mean (range) resting respiratory rate  18.67 (12-28) 17 (12-24) 16 (12-20) 0.6696
Mean (range) clinical score 1.33(1-3) 0.5 (0-2) 0.4 (0-1) 0.1445
Mean (range) total cell count, /uL 351 (240-588) 334.5 (235-443) 196.6 (118-346) 0.0744
Neutrophils, mean (range) % 3.9(1.7-6.3) 12.53 (7_173)5'/7 2.74 (1.7-5) 0.0003
Mast cells, mean (range) % 1.63 (0.3-2.3) 1.53(0.7-2) 6.18 (3_6_9)& ¢ 0.0003
Eosinophils, mean (range) % 0.38 (0-1) 0.38 (0-1) 0.26 (0-7) 0.854
Macrophages, mean (range) % 46.4 (37-57.3) 51.4 (34.3-66) 50.16 (39-58.4) 0.689
Lymphocytes, mean (range) % 47.67 (38.7-56.3)  34.18 (16-47.7) 40.66 (30.3-47.7) 0.0961

.4
Superscripts

e

different from normal

aapyrs

different from mastocytic

fhinrr

c designate significant difference on post-hoc pairwise comparison (Tukey’s).

different from neutrophilic. All p-values were calculated with One-way ANOVA test except for sex, which was calculated with Chi-square test.
The bold values are p values were there was a statistically significant difference.
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Table 2.

Number of differentially expressed genes in three comparison groups (P adjusted < 0.05).

Normal vs. Neutrophilic ~ Normal vs. Mastocytic ~ Neutrophilic vs. Mastocytic

Number of upregulated genes 18 60 80
Number of downregulated genes 2 3 22
Total number of differentially expressed genes 20 63 102
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Table 3.

Top 20 differentially expressed genes in the comparison between BAL cells from samples with no vs.
neutrophilic mild/moderate lower airway inflammation as ranked by adjusted p value.

Gene Name Normalized Mean Expression Value log2FoldChange P adjusted
A" 601.7532302 1.466654334 7.14E-26
IL1IB 1531.549148 1.680370875 1.08E-12
S0CS3 928.6570283 1.03059484 2.00E-11
MEFV 93.60427726 1.826504204 8.62E-06
cAl Z’f 231.4487655 1.463863307 0.000109
HRH1 106.4905373 1.665822377 0.000255
cXcLz 1110.789335 1.105310608 0.00283
LOC111768766  184.8342195 2.221595825 0.003553
KCNJ2 1012.908394 1.544264791 0.003918
KCNJ15 437.9658698 1.058194198 0.004821
PLA2G2D 543.1491738 1.509280014 0.005019
CRISPL Dz’t 134.3474915 1.472082729 0.006033
TGM3 149.8147891 1.285760594 0.007896
LOC1000582911 313.0407757 1.057526648 0.007896
ILIR2 37.2824749 1.426952822 0.013795
LOC111768069  17.7114675 -3.585449383 0.013795
LOC102149298  66.80223464 1.103784651 0.015772
AZML1 50.36311547 2.120189457 0.016433
LOCJJJ773283¢ 72.98146484 -2.253909193 0.019715
LOCI100061252  109.8851836 6.11209782 0.034616

w5y
‘o

indicates transcript is also differentially expressed in normal vs. mastocytic

fafrs

indicates transcript is also differentially expressed in neutrophilic vs. mastocytic.
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Table 4.

Top 20 differentially expressed genes in the comparison between BAL cells from samples with no vs.
mastocytic mild/moderate lower airway inflammation as ranked by adjusted p value.

Gene Name Normalized Mean Expression Value log2FoldChange P adjusted
LO(,‘100069290¢ 476.8198255 1.441352317 1.35E-09
HDC’t 196.0091624 1.755953953 1.37E-06
£BL N2¢ 86.68946323 1.926733234 1.17E-05
ATP8BI 43.66733507 2.376097341 1.22E-05
MS4A2 758.3826438 2.03602185 1.22E-05
BDKRBZ2 33.04048547 1.822029257 1.22E-05
FSTL1 32.91000323 1.679590784 1.22E-05
K/TI 797.552028 1.906031326 2.21E-05
DSCAML 11 47.67390766 2.048198364 0.000143
PTPRM‘t 51.81351726 2.209788787 0.000159
LOCJOZM.%’ZEI 29.61753678 2.616200332 0.00017
PODXL 64.76425103 1.94288855 0.00022
SOXJ.B’I 95.100782 1.762004081 0.00022
LOC100060011  38.36159103 1.48841687 0.00022
MAST- 4;‘ 33.69569004 2.461504003 0.00027
5TX3¢ 53.69883963 1.690978348 0.000296
PTGSJ’t 138.7606042 1.692464108 0.000407
PLCE 4¢ 80.77665148 1.835501008 0.000488
C‘OL23A1¢ 35.56291541 2.861169681 0.000556
TAL 1,2‘ 59.7161359 1.866790726 0.000649

indicates transcript is also differentially expressed in normal vs. neutrophilic

i

indicates transcript is also differentially expressed in neutrophilic vs. mastocytic. A complete list of DEG is in Table S4.
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Top 20 differentially expressed genes in the comparison between BAL cells from samples with neutrophilic vs.

mastocytic mild/moderate lower airway inflammation as ranked by adjusted p value.

Gene Name Normalized Mean Expression Value log2FoldChange P adjusted
LOC100069290°  505.9593753 1.4608234

SCNSB. 120.1143648 —-2.6518194 4.01E-13
LOC100629802  321.9237115 -8.1917093 1.35E-12
HDC 226.9187589 1.2973479 4.28E-08
RGS13 78.25494936 1.38684148 1.55E-05
CBLN3 133.0952636 -3.2494852 3.37E-05
coL23AL" 37.9219877 2.87296169 3.75E-05
FBINS 96.50730284 1.65514937 6.64E-05
LOCI100063525  38.54942578 5.66089589 0.000132
TMEM35B 188.207381 -1.5496595 0.000207
LTC4S 192.4608192 1.57097899 0.000222
CIH10orf128 98.8223954 1.621126 0.00023
TRPC6 35.47032587 1.63006794 0.00026
RET 1211.0403 1.03017536 0.000283
CDI1A6 37.39546429 1.94542597 0.000349
PTGSI 152.9107785 1.50526771 0.00042
L0C102149751° 210.6348848 1.38781634 0.00042
CHRMA 79.64067396 2.26087112 0.000494
LOC100057298  165.627884 1.57776757 0.000517
STEAP4 169.5686494 -1.4026596 0.000537

ay s
‘o

indicates also transcript is also differentially expressed in normal vs. mastocytic

wprr

indicates transcript is also differentially expressed in normal vs. neutrophilic. A complete list of DEG is in Table S5.
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