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Simple Summary: Severe equine asthma (sEA) is a highly prevalent respiratory disease affecting
adult horses. Affected horses present with cough, nasal discharge and increased respiratory effort
at rest. Although a complex diversity of genetic and immunological pathways contribute to the
disease, these remain to be fully understood. Several studies have reported the role of inflammatory
mediators and of some cells found in sEA airway inflammation. However, the reported results
revealed some inconsistencies between studies. A better understanding of sEA’s genetics and detailed
immunology is fundamental in order to characterize the underlying mechanisms involved in the
disease’s occurrence and to establish an adequate therapy and a precise prognosis. This review
examines some literature findings on the genetic and immunology of sEA and discusses further
research areas.

Abstract: Severe equine asthma is a chronic respiratory disease of adult horses, occurring when
genetically susceptible individuals are exposed to environmental aeroallergens. This results in airway
inflammation, mucus accumulation and bronchial constriction. Although several studies aimed at
evaluating the genetic and immune pathways associated with the disease, the results reported are
inconsistent. Furthermore, the complexity and heterogeneity of this disease bears great similarity to
what is described for human asthma. Currently available studies identified two chromosome regions
(ECA13 and ECA15) and several genes associated with the disease. The inflammatory response
appears to be mediated by T helper cells (Th1, Th2, Th17) and neutrophilic inflammation significantly
contributes to the persistence of airway inflammatory status. This review evaluates the reported
findings pertaining to the genetical and immunological background of severe equine asthma and
reflects on their implications in the pathophysiology of the disease whilst discussing further areas of
research interest aiming at advancing treatment and prognosis of affected individuals.
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1. Introduction

Severe equine asthma (sEA) is a naturally occurring chronic respiratory disease [1],
affecting up to 20% of adult horses in the Northern hemisphere [2]. Disease develops upon
exposure of genetically susceptible individuals to environments with high concentrations
of airborne respirable particles, capable of inducing airway inflammation [3]. A vast array
of antigens have been implicated in the etiology of sEA and it is thought that airway inflam-
mation results from the synergistic effect of multiple allergens [4], to which individuals are
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susceptible in unique ways. This disease has been mostly associated with hay feeding and
stabling, being termed as stable-associated sEA, but summer pasture-associated sEA also
occurs [1,5,6]. Fungal spores, bacterial endotoxins, forage and storage mites, microbial tox-
ins, peptidoglycans, proteases, pollen and plant debris, as well as inorganic particles trigger
clinical signs of disease [5–10]. Several fungi (>50 species), especially Aspergillus fumigatus,
have been widely recognised as significant risk factors for sEA [11–13]. Recent research by
White and colleagues has uncovered the potential role of novel allergens including new
species of fungi, mites, pollen, and arthropods, but also that of latex proteins [5], which
hadn’t yet been clearly associated with the disease.

During disease exacerbation affected horses develop cough, nasal discharge and
increased respiratory effort at rest [1,14,15], due to neutrophil recruitment, mucus plugging,
bronchospasm and airway remodeling [16,17].

Severely asthmatic horses are usually managed through antigen avoidance and the use
of corticosteroids and bronchodilators to reduce airway inflammation, bronchoconstriction
and improve lung function [18]. However, some horses are unresponsive to corticosteroid
treatment posing a challenge to clinicians. Thus, the identification of causal antigens and
the development of antigen screening tests is fundamental and will enable a personalized
treatment approach using specific immunotherapy [5,19].

Disease diagnosis is mostly based on history, clinical signs, and bronchoalveolar lavage
fluid (BALF) differential cytology. Although lung function testing can accurately detect
sEA, such equipment is unavailable to most field practitioners [1,14,20]. The genetic and
immunological mechanisms associated with this disease are complex and heterogenous,
implicating the activation of different inflammatory pathways [21–23]. Currently there is a
need to better characterize the immune events leading to the occurrence and persistence of
airway inflammation as this will help clinicians in determining the best treatment approach
and in providing an accurate prognosis. Moreover, the development of novel ancillary
diagnostic tests and therapeutic targets are required for early diagnosis of sEA and total
resolution of airway inflammation in refractory cases.

Because sEA shares many similarities to its human counterpart, the horse is considered
a good model for the study of the non-allergic and late on-set asthma phenotypes, since
disease occurs naturally and sample collection can be easily performed [24]. Thus, further
contributions to the disease’s characterization will benefit both horses and humans alike.

In the present systematic review, the intention was to combine the data published
over the last twenty years on the immune mechanisms which have been identified, de-
scribed, and associated with sEA, in order to help researchers and clinicians to better
understand this highly prevalent respiratory disease. We must recognize the limitations
of this systematic review, as it does not reanalyze available data as a metanalysis would.
Nevertheless, we believe that, by assembling the existing information, we can contribute to
the identification of knowledge gaps to address in future scientific discussions and research
projects, hopefully leading to further enlightening of the immune mechanisms of sEA.

2. Genetic Background

Although sEA’s heritability has been shown in several horse breeds, and a familial
aggregation has long been ascertain, external factors, such as environment, increase the
likelihood of expressing the disease [3,21,22].

The chromosome region ECA13 has been associated with sEA in one family of Swiss
Warmbloods, while region ECA15 has been implicated in a different family of the same
breed. The inheritance mode differed between both families, being autosomal recessive in
the first family and autosomal dominant in the second [25]. Additionally, in the first family
of horses the Interleukin 4 receptor (IL-4R) gene and its neighboring regions in ECA13
appeared to contribute to disease in some individuals [26–28]. In humans, polymorphic
differences in the Interleukin 4 receptor α chain (IL4Rα) gene play an important role in the
development of asthma, since they induce the isotopic switch to immunoglobulin E (IgE)
and the differentiation of T-helper type 2 (Th2) lymphocytes [29,30].
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Racine and colleagues described an interaction between IL-4R and products of the SOCS5
gene, which may influence the molecular cascades involving nuclear factor (NF)-κB [31]. The
gene coding for SOCS5 is located in the ECA15 chromosome region, and it is predominantly
expressed by Th1 cells while further inhibiting Th2 differentiation. The inhibitory effect of
SOCS5 on IL-4 signaling contributes to the non-Th2 cytokine profile observed in human
non-allergic asthma [32], and may explain further similarities between both species.

In a genome wide association study (GWAS), the gene responsible for the TXNDC11
protein, also located in the ECA13 region, has been linked to sEA [33]. In humans, TXNDC11
controls the production of hydrogen peroxide in the respiratory epithelium [34], as well
as the expression of MUC5AC mucin, which has been shown to play a significant role on
airway hyperreactivity in mice [35]. In sEA-affected horses MUC5AC is upregulated, thus
contributing to the mucus plugging observed in the disease [36].

The analysis of genomic copy number variants did not reveal any relevant variant
regions which could be associated with the sEA, although a copy number loss was reported
on chromosome 5 involving the gene NME7 [37]. The expression of this gene is necessary for
ciliary function in the lungs and may be involved in sEA, since in knockout mice it induces
primary ciliary dyskinesia [38]. Also, using RNA sequencing technique, a single point
substitution was detected in the PACRG and RTTN genes in asthmatic horses, predictively
altering their proteins, which are related to ciliary function [39].

In a gene set enrichment analysis of the bronchial epithelium after hay dust exposure,
asthmatic horses presented upregulated genes of the E2F transcription factor family, which
contribute to cell cycle regulation. Thus, asthmatic horses may suffer from impaired
bronchial epithelial regeneration associated to subepithelial remodeling [40].

These recent studies have shown that the respiratory epithelium contributes to the
immunological response observed in severely asthmatic horses.

Furthermore, an analysis of expression quantitative trait loci (eQTLs) allied with
GWAS did not find a significant association between observed genetic variants and sEA,
except for a disease-genetic variant in CLEC16A gene, which regulates gene expression of
dexamethasone-induced protein (DEXI) [41]. This is of special importance in comparative
pathology, as DEXI has also been reported in human asthma [42], although in horses it
appears to not be a reliable indicator of sEA [41].

The identification and differential expression analysis of microRNAs (miRNAs) present
in the serum of sEA-affected horses, showed a downregulation of miR-128 and miR-
744. These findings suggest that a Th2/Th17 immunological response may characterize
sEA [10,43].

Additionally, a recent work on Polish Konik horses aimed to detect the effects of
inbreeding on sEA, however no effects were observed at the individual level [44].

Although most of these findings relate to certain families of Swiss Warmblood horses,
they illustrate the complex genetic heterogeneity of sEA, which most likely results from
the interaction of different genes. However, the use of such specific horse families and the
likelihood of high variety of genetic background mechanisms contributing to the disease
limits the application of these findings to the general equine population.

3. Immunological Phenotypes and Endotypes

Phenotype is the term used to describe the observable clinical characteristic of a
disease, whereas endotype, a subclass of phenotype, refers to its molecular and genetic
mechanism or treatment response [45].

As stated in the 2016 consensus, equine asthma (EA) is currently defined by two
major phenotypes, which differ according to disease onset, clinical presentation and its
severity—mild/moderate EA (mEA) and the already described sEA, which is the focus of
this review [1]. However, phenotypes are insufficient when deciding upon the appropriate
therapeutic management or determining the prognosis, which mainly depend on the
immunological mechanisms of the disease.
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Human asthma is usually considered to be a type 1 hypersensitivity, due to increased
levels of IgE associated with a Th2 response, resulting in the recruitment of eosinophils
into the airways [46]. However, an endotype which does not appear to be associated
to a Th2 response has also been identified. As such, human asthma is divided into two
major endotypes according to cytokine profile: Th2 and non-Th2 type asthma [47]. The
Th2 type asthma is considered an allergic phenotype with the aforementioned eosinophil
involvement and because its cytokine profile has been thoroughly described, several
biomarkers are available for characterizing the disease and will be addressed bellow.

However, sEA is typically characterized by a neutrophilic response [1,48], and appears
to not have the typical presentation of a type 1 hypersensitivity [49]. Although a Th2
cytokine profile has been described in sEA-affected horses, these animals do not display
an early phase response [50,51]. However, a late phase response leading to neutrophilic
bronchiolitis, associated with an increase in CD4+ T cells in the bronchoalveolar lavage
fluid (BALF), has been described [50,52,53]. These features have led to the hypothesis that a
type 3 hypersensitivity response, resulting in antibody-antigen complexes and activation of
complement cascade, were involved in the disease’s immunology [54]. However, because
sEA does not possess most of the features described in type 3 hypersensitivities, it is
unlikely that this type of response accounts for the main immunological features of the
disease [55].

Still the precise cytokine profile of sEA remains unclear, with a multitude of reports
pointing to either a Th1, a Th2, a Th17 or a mixed mediated response. Table 1 illustrates the
cytokines reported in sEA-affected horses.

Table 1. Cytokines reported in sEA-affected horses according to T helper subtype [10,43,49,52,56–62].

Th2 Th17 Th1/Th2 Th1/Th17 Th2/Th17 Undefined

↑ IL-4 1(r) ↑ CXCL13 2(r) ↑ IL-4 1(r) ↑ IL-1β1(r) ↓ miR-197 2(r) ↓ IFN-γ 1(r)

↑ IL-5 1(r) ↑ IFN-γ 1(r) ↑ IL-8
1(r); 3(r); 3(p) ↑ miR-744 2(r) ↓ IL-4 1(r)

↓ IFN-γ 1(r) ↑ IFN-γ 1(r) ↓ miR-26a 4(r) ↓ IL-5 1(r)

↑ TNF-α 1(r) ↑ miR-31 4(r) ↓ IL-13 1(r)

↑ IL-17 1(r) ↓ TNF-α 4(r)

↑ IL-4R 4(r)

1—BALF recovered cells; 2—Peripheral blood; 3—bronchial epithelial biopsy; 4—Lung tissue (post-mortem).
r—RNA detected; p—protein detected. ↑—increased expression; ↓—decreased expression. IL—interleukin;
IL-4R—interleukin 4 receptor; IFN-γ—gamma-interferon; TNF-α—tumor necrosis factor-α; miR—microRNA.

Using immunohistochemistry and in situ hybridization, the expression of IL-4 and
IL-5 was observed in the BALF lymphocytes of sEA-affected horses [49,53]. However,
the Th2 cytokine profile of these animals was accompanied by airway neutrophilia, but
not eosinophilia.

Other authors have reported an increased expression of IL-1β, IL-8, gamma-interferon
(IFN-γ), tumor necrosis factor (TNF)-α, and IL-17, mainly suggesting a Th1 and/or Th17
mixed mediated response [59–61].

Gene expression analysis of BALF cells and bronchial epithelium of severely asthmatic
horses, using reverse transcription polymerase chain reaction (RT-PCR), revealed that the
expression of IL-1β, IL-8, NF-κB and toll-like receptor (TLR)4 was upregulated in these
animals. Furthermore, authors reported that these findings correlated with the neutrophil
percentage detected in the BALF [59].

Ainsworth and colleagues reported that during remission severely asthmatic horses
exhibited an increased expression of IL-13 and despite BALF neutrophilia no differences
in cytokine expression were observed 24 h after environmental challenge. However, after
5 weeks of chronic exposure to aeroallergens asthmatic horses presented increased IFN-γ
and IL-8 gene expression [60].

After antigen challenge, the BALF cells of sEA-affected horses showed elevated gene
expression of IL-17, IL-8 and TLR4. Gene expression of IL-8 was also increased in the
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bronchial epithelium, and using immunohistochemistry was tracked to the ciliated ep-
ithelium of affected horses. Additionally, stimulated peripheral blood neutrophils of
asthmatic horses incubated with lipopolysaccharide (LPS) and formyl-methionyl-leucine
phenylalanine (fMLP), two potent pro-inflammatory agents associated with sEA, revealed
upregulated gene expression of IL-17 and TLR4 [61].

The presence of a mixed Th1/Th2 cytokine profile, involving mediators such as
IL-4 and IFN-γ, has also been reported [57,58]. Disease exacerbation, post-antigen chal-
lenge, was also accompanied by elevated expression of IL-1β, TNF-α, IL-8 and IFN-γ, and
treatment with fluticasone decreased mRNA expression of TNF-α [57]. Similarly, horses
diagnosed with summer pasture-associated sEA developed disease exacerbation during
the summer months, with increased expression of IL-13 and IFN-γ by BALF lymphocytes
and CD4+ lymphocytes from peripheral blood. Furthermore, during disease remission, in
the winter, these animals exhibited increased IL-4 mRNA expression [58].

The possibility of a mixed Th2/Th17 response has also been postulated [43], associated
with a dysregulated Th17 cell differentiation pathway [62]. Eleven differentially expressed
miRNAs (DEmiRs) were reported in the serum of asthmatic horses, compared to healthy
individuals. Also, a shift towards the maturation of Th2 cells was proposed, supported by
decreased levels of miR-128, which in association with decreased miR-197 and increased
levels of miR-744 affects the maturation of Th cells towards a Th17 profile [43].

The analysis of the miRNAs and mRNA found in the lung tissue of sEA-affected
horses supports the hypothesis of a Th17 mediated response, but also of a Th2 immune
response [62]. Additionally, the upregulated miRNAs miR-142-3p and miR-223 found
in asthmatic horses are also associated with severe neutrophilic asthma in humans, and
with increased expression of IL-1β, IL-6 and IL-8 [63] cytokines, some of which have been
associated with sEA [57,59].

Contrarily, Kleiber and colleagues reported neither a specific Th1 nor a Th2 specific
response, but a downregulation of expressed cytokines (IL-4, IL-5, IL-13 and IFN-γ) in the
CD4 and CD8 populations of the peripheral blood and BALF of sEA-affected horses [56],
which could implicate the involvement of other pathways in the disease.

Thus, the reported results may reflect the heterogeneity of the cytokine profile in-
volved in sEA and may imply the existence of different disease endotypes. However
the interpretation of these results must necessarily take into consideration the described
methodologies of the above-mentioned studies. For example, cytokine expression was
investigated using distinct samples, namely BALF, bronchial and lung tissue, as well as
peripheral blood. As such, results may not only reflect the inflammatory response of the
examined cells, but also differences between local and systemic inflammatory responses.

With the development of transcriptomics, novel techniques for assessing the existence
and relative prevalence of several RNA species have been introduced to the scientific
community. This is portrayed in the reported methodologies of the aforementioned studies,
where recent experiments sequence mRNA and miRNA, contrasting with the less com-
prehensive/detailed methods, such as traditional targeted immunohistochemistry, in situ
hybridization and RT-PCR.

Additionally, the experimental design of most studies involved the exacerbation of the
disease by exposing the asthmatic horse to an intense pro-inflammatory environment, using
hay dust and/or by stabling the affected horses. It cannot be excluded that the experimental
induction of airway inflammation may interfere to some extent with the expressed cytokine
profile, especially considering individual susceptibilities to specific allergens. Therefore,
this factor also needs to be taken into account when interpreting reported results.

As in human asthma, it is highly likely that sEA possesses multiple endotypes, and con-
sidering the neutrophil recruitment observed in affected horses, a Th17 mediated response
is probably part of the inflammatory pathways involved in this disease. Nevertheless, more
encompassing studies involving genomics, transcriptomics and proteomics are required to
better define the cytokine profile of sEA and to determine therapeutic targets in affected
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horses, and although further confirmation is required, the reported DEmiRs may constitute
novel therapeutic targets for sEA.

Severely asthmatic horses may also present an altered response to allergens, since ex
vivo and in vivo hay dust stimulation revealed upregulation of several genes participating
in the inflammation [10,64]. Pacholewska and colleagues reported an increased expression
of CXCL13 chemokine [10] which may indicate a Th17 mediated response [65], but no
evidence of a Th1 nor a Th2 response was found. Additionally, in a murine model of
allergic airway inflammation increased expression of CXCL13 has been reported and its
neutralization reduced allergic inflammation by decreasing lymphocytes, eosinophils,
as well as the recruitment of CXCR5-bearing cells [66]. Accordingly, in humans, IL-17
expression has been associated with severe neutrophilic asthma and in horses this cytokine
is responsible for the activation and persistence of neutrophils in the airways. Also, IL-17
was shown to be associated with reduced response to corticosteroids, with post-treatment
persistence of IL-8 [67,68].

The described heterogeneity also occurs in human asthma, where one could con-
sider the existence of three distinct phenotypes: allergic asthma, non-allergic asthma and
late-onset asthma [22]. These phenotypes may also be applicable when describing sEA.
In this sense the allergic asthma phenotype would be characterized by a Th2 mediated
response and usually associated with other allergic diseases. In general, horses affected
with sEA may also suffer from other allergic diseases such as insect bite hypersensitivity or
atopy [69,70]. Interestingly, Lo Feudo and colleagues have reported the presence of a type 1
hypersensitivity in sEA-affected horses in response to intradermal allergen test, which may
further support the hypothesis of an allergic phenotype [71]. Additionally, the use of skin
prick tests has previously been used to identify allergic sensitization in severely asthmatic
horses [19]. Similarly, evidence of a type 1 hypersensitivity to different allergens has also
been described in severely asthmatic horses using allergen inhalation [72].

The non-allergic phenotype in humans is usually associated with the presence of
neutrophils in the airways, a hallmark of sEA. This phenotype also reflects the involvement
of a Th1 and of a Th17 response [62], which has also been described as contributing to the
immune response in asthmatic horses.

Finally, the late-onset asthma is age-associated and also occurs in sEA where affected
individuals are mature adults [2,73]. This age association is thought to be the consequence
of immunosenescence and inflammaging, which describe the immune and inflamma-
tory modifications observed in geriatric patients [74–76], a subject extensively revised by
Bullone et al. [75]. Immunosenescence is essentially a disfunction of the immune system. In
horses it is usually characterized by a dysregulation of adaptative immunity associated with
a lower proliferative response of T lymphocytes [77], and a decrease in mean percentage of
regulatory T cells [78].

On the other hand, the term inflammaging defines the chronic inflammatory state
observed in older individuals accompanied by an increased expression of inflammatory
cytokines [74]. A correlation between age and IL-6 has also been described in healthy
geriatric horses [79]. Also, compared to young adults, geriatric horses with colitis had
higher levels of IL-6 and TNF-α [80]. It has also been described that older horses exhibit
increased expression of IL-1β, IL-15, IL-18, IFN-γ and TNF-α mRNA [77,81,82]. These
studies confirm that inflammaging and immunosenescence occur in geriatric horses both
systemically and locally [74], and are most likely involved in the immunology of sEA,
although further research is needed to clarify the age-associated changes and how they
affect airway inflammatory response.

The reported differences in the immunological pathways contributing to sEA illus-
trate the complexity of this disease and suggest the existence of several endotypes, which
converge into the same clinical phenotype. One must also consider that the method-
ological differences of the above mentioned studies, such as time of sample collection,
natural vs. stimulated inflammatory response and duration of the disease, may have con-
tributed to the reported variations. It is therefore fundamental that holistic studies, encom-
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passing more exhaustive and complementary approaches, and preferably large multi-center
studies can be performed to unravel sEA’s different immunological responses.

4. The Epithelium

The bronchial epithelium is a complex tissue composed of a single layer of ciliated
columnar or cuboidal cells that intercalate with secretory cells, namely club and goblet
cells [83]. These epithelial cells act as a protective barrier against foreign particles and mi-
crobes, while the mucus secreted by both epithelial secretory cells and submucosal glands,
comprising a mixture of ions, proteins, lipids and large amounts of mucin glycoproteins,
namely MUC5AC [36], actively contribute to this protection [84]. The relative amount of
the cells that constitute this tissue is also dynamic. One example of this plasticity is the fact
that the relative number of secretory cells is known to be increased in asthmatic horses in
exacerbation phases when compared to controls [85]. Also, the composition of the produced
mucus is disrupted in inflammatory conditions, such as sEA, and it is known that asthmatic
horses, whether or not in exacerbation, have significantly decreased Salivary Scavenger
and Agglutinin (SALSA) production, thus impairing innate antibacterial abilities [86].

Also present are a number of immunologically active cells, such as neutrophils,
macrophages and lymphocytes. The relative number of these immune cells also varies
according to inflammation status and it is known that mononuclear leukocytes [87], and
mast cells [88] are increased in asthmatic patients. Airway epithelial cells are supported by
a loose connective tissue [83], which is also involved in immune response and in reactive
airway remodeling. In fact, recent studies have determined that the interactions between
fibroblasts and the epithelium can influence airway remodeling [89].

A wide array of studies have found that the protective role of the respiratory epithe-
lium is not exclusively mechanic, as these cells are capable of responding to offensive
stimuli by secreting immunomodulatory molecules, such as chemokines, cytokines, and
host defense molecules, including acute phase proteins and complement proteins [90], that
regulate respiratory innate immune response. As such, studies have found that healthy
bronchiolar epithelium transcribes genes of all TLR [90], and that TLR3 is not only the most
transcribed TLR in equine bronchial epithelial cells [91], but is also particularly active in
response to stimulation [90,91].

Unsurprisingly, several studies have found that the epithelium of asthmatic horses
responds differently to offensive stimuli than that of healthy horses. In a transcriptome
analysis of endoscopically obtained biopsies, Tessier et al. found many differentially
expressed genes, among which were the neutrophil chemotaxis (GO:0030593) gene set
which was overrepresented in asthmatic derived samples and can explain the observed
marked airway neutrophilia [64]. This study also identified the increase in MMP-1, MMP-9,
TLR4 and IL-8 transcription as a central player in the inflammation process observed
in asthmatic horses. Another relevant epithelial produced chemokine, likely involved in
asthma pathophysiology and uncovered by in vitro hay dust exposure assays, is CXCL2 [92].
CXCL2 is related to IL-8 and shares its ability to potentiate early airway neutrophilia.

Interestingly, the differences found between the airway epithelium of asthmatic and
healthy horses can account for more than the pathophysiological development of the
condition, impacting also its treatment. RNA-seq analysis found a decreased expression
of the rhythmic process (GO:0048511) gene set in asthmatic horses, namely CIART, which
could disrupt the natural glucocorticoid response and promote treatment resistance [64].

As the first barrier against foreign respirable particles and microbes, the airway ep-
ithelium plays an essential role in the defense of the lung and is an integral part of the
regulatory mechanisms that drive lung inflammatory processes. The continuation of the
study of this tissue’s immunomodulatory properties and ways in which they can be im-
paired in sEA will undoubtably contribute to advance our knowledge of this pathology
and find better and more efficient treatment approaches.
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5. Alveolar Macrophages

Alveolar macrophages (AMs) are the most common immune cells found in the lungs
of healthy horses. By releasing cytokines and chemokines, such as IL-8, CXCL2 (also
known as macrophage inflammatory protein-2), and TNF-α, AMs act as first respondents
in the host’s defense [57,93–96]. Therefore, it is likely that these cells contribute to the
pathomechanisms of sEA.

Macrophages present different characteristics depending on the tissue where they are
located [97]. Compared to peritoneal macrophages (PMs), AMs appear to possess increased
responsiveness and phagocytic capacity [98]. When exposed to LPS, an important antigen
implicated in sEA, AMs presented upregulation of the MyD88 and TRIF pathways [98],
further highlighting the importance of these cells in the innate immune response. In
comparison, only the MyD88 pathway was upregulated in PMs [98], further illustrating
the differentiated role of AMs.

Depending on local microenvironment, macrophages can modify their phenotype [99,100].
The pro-inflammatory phenotype (M1) is induced by pathogen-associated molecular pat-
terns (PAMPS) and IFN-γ [100], while the anti-inflammatory (M2) phenotype is related to
wound healing and tissue repair, thus playing an important role in controlling neutrophilic
inflammation through efferocytosis [101,102]. The cytokines IL-4 and IL-13 have been
reported as modulators of the latter phenotype [103,104].

However, sEA-affected horses may lack this dynamic modulation. A recent study
found that asthmatic horses at pasture had an increased expression of IL-10 in comparison
to healthy controls. The authors also reported a simultaneous increased expression of IL-10
(M1 phenotype) and CD206 (M2 phenotype), suggesting the presence of a non-canonical
phenotype. Furthermore, AMs maintained their responsiveness to LPS and expressed an
increase in IL-8, even in the presence of IL-10, known as an inhibitor of LPS response. As
such, an impaired response to IL-10 may contribute to sEA’s pathogenesis [105]. Addition-
ally, the AMs of sEA-affected horses exposed to moldy hay presented not only increased
expression of CD206 markers, but also of CD163 markers [106], further reenforcing the
anti-inflammatory profile of these cells.

AMs may also contribute to the dysregulation of apoptosis described in sEA [105,107].
Apoptosis is a physiological mechanism for programed cell death and thus fundamental
for inflammatory control. In asthmatic horses a delay in the apoptosis of BALF neutrophils
has been reported [107–109]. Furthermore, Niedzwiedz and colleagues also described an
increase in the early apoptotic rate of the BALF AMs [109].

Current knowledge on the role of macrophages is quite limited, and advances in
genomic and transcriptomic analysis may help to enlighten how these cells contribute
to the disease. In particular we need to understand if these cells are in fact the main
agent responsible for the neutrophil recruitment and understand how they influence
the inflammatory pathways associated with equine asthma. One must also consider
that the M1/M2 phenotype nomenclature of macrophages is a rather simplistic concept,
since it categorizes the activity of these cells into two extreme opposites—pro and anti-
inflammatory. This concept is mostly based on in vitro studies (i.e., stimulation with LPS)
and fails to take into consideration the local microenvironment found in vivo. Furthermore,
studies have shown that macrophages can simultaneously exhibit characteristics of both
phenotypes [97,110], urging the creation of a new nomenclature based on their ontogeny
which more clearly encompasses the recent findings on this subject.

AMs derive from embryonic precursors and blood monocytes, which migrate to the
lung and differentiate into AMs. A recent work by Evren and colleagues describes the
pathways involved in this differentiation and further defines populations of AMs based
on surface cell proteins, using a humanized mouse model [111]. However, compared
to humans and mice, knowledge about the precise origin of equine AMs is still vague
and several conclusions are extrapolated from in vitro and in vivo studies conducted in
other species.



Animals 2022, 12, 744 9 of 26

By expressing a non-canonical phenotype associated with an altered apoptotic rate,
AMs may contribute to the persistence of airway inflammation. Nonetheless, a better
characterization of the equine lung macrophage population is fundamental to understand
how these cells influence the inflammatory response in EA.

6. The Role of Neutrophils

Neutrophil recruitment, and consequent airway infiltration, is a hallmark of sEA [48,112]
and has been extensively discussed in the literature [113,114]. Neutrophils contribute to
the innate immune response through the phagocytosis of pathogens and the production
of cytokines, chemokines and proteases, as well as reactive oxygen species (ROS) and
neutrophil extracellular traps (NETs) [115,116]. Their apoptosis serves as a mechanism of
controlling the action of these cells and limiting secondary tissue damage [117].

The airway neutrophilia observed in sEA and in human severe neutrophilic asthma
is typically not associated with a septic inflammation. The exposure to aeroallergens and
irritants results in the activation of pattern recognition receptors, namely TLR2, TLR4
and NOD2 [118,119], which interact with adaptor protein MyD88 and result in a conse-
quent increase of cytokines and chemokines, such as IL-17, IL-8, CXCL2 and CXCL10,
promoting the migration of neutrophils into the airways [120–123]. Although several
studies have reported an increased expression of IL-8 in asthmatic horses during dis-
ease exacerbation [57,60,124,125], the IL-17 cytokine, whose role is further upstream in
the cytokine cascade, appears to play a more significant role in neutrophil recruitment
contributing to the chronicity of sEA [61,67,125,126]. IL-17 stimulates the production of
CXCL1, CXCL2 [127–129], IL-8 and granulocyte macrophage-colony stimulating factor
(GM-CSF) [127,130] and decreases neutrophil apoptosis [68].

Additionally, the increased expression of TLR4 mRNA in asthmatic horses after antigen
challenge [61] correlates with IL-8 mRNA expression [131] and may further contribute to
neutrophil inflammation.

NETosis is one of the mechanisms employed by neutrophils to impair infectious
agents [132]. NETs are composed by nuclear DNA associated with nuclear and granule
proteins and enzymes [133–135]. However, they are also cytotoxic and can themselves
promote lung injury [135–137]. The IL-8 chemokine, which has been shown to be upregu-
lated in sEA-affected horses, induces NETosis in severe human asthma [138]. Furthermore,
NETs were increased in the BALF of asthmatic horses during exacerbation [139,140] and
low density neutrophils (LDNs), a subpopulation of neutrophils with a greater capacity for
producing NETs, have been found to be increased in the peripheral blood of humans and
horses with severe asthma [141,142].

ROS are formed by inflammatory cells, such as neutrophils, involving NADPH ox-
idase [143] and contribute to cell injury and airway remodeling [144–146]. They are also
responsible for the activation of transcription factors [147,148] and the expression of inflam-
matory cytokines [149]. In order to prevent oxidative injury, cells produce antioxidants.
However, horses with sEA show signs of oxidant/antioxidant imbalance [150,151], in-
cluding a reduction in ascorbic acid and an increase in elastase concentrations in the
BALF [152,153]. Oxidative stress may also contribute to corticosteroid insensitivity in
asthmatic horses. These animals maintain neutrophilic inflammation even after treatment
with corticosteroids, which may be caused by the expression of the chemoattractant IL-8.
In vitro it was demonstrated that oxidative stress increases the mRNA expression of IL-8
and IL-1β by peripheral blood neutrophils of both healthy and asthmatic horses and that
in spite treatment with dexamethasone, the upregulation of IL-8 persisted, whilst IL-1β
became downregulated [154]. In vivo research about the precise role of IL-8, and IL-17 will
help determine if the IL-8 pathway is a suitable target for immunotherapy in asthmatic
horses and humans with corticosteroid insensitivity. Additionally, sEA-affected horses may
benefit from the correction of oxidative stress, although research using a more encompass-
ing model, illustrating the microenvironment of the lungs in vivo, should be considered to
evaluate the impact of oxidative stress in the inflammatory pathway.
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Moreover, the bronchial epithelium is susceptible to the cytotoxic effects of neutrophil
byproducts, such as ROS, exosomes and proteases [155,156], and in humans NETs are also
able to induce the expression of pro-inflammatory cytokines by the epithelium [157]. In
asthmatic horses the production of secretoglobulin 1A1 (SCGB1A1), a protein produced
by club cells with anti-inflammatory functions, is compromised. This could be due to the
decrease in the number of club cells or to a depletion of SCGB1A1 in response to chronic
inflammation [139,158].

As previously mentioned, dysregulation of neutrophil apoptosis may also contribute
to sEA [107,109]. This can occur through several mechanisms, such as (1) the expression
of a non-canonical phenotype by AMs, which may compromise their response to effero-
cytes [105,159], and (2) the presence of IL-17 which increases neutrophil viability [68], thus
perpetuating neutrophilic inflammation.

Neutrophils play a significant role in sEA and thus limiting their activation and
increasing their clearance can improve disease resolution and limit potential complications
associated with tissue injury.

7. Inflammatory Biomarkers

Several biological molecules have been implicated in the inflammatory response of sEA
and their identification and the knowledge of their interactions could ultimately contribute
to a personalized diagnosis and disease monitoring. However, in order for a biomarker to
have clinical applicability it must meet several requirements, which are summed up by the
“SAVED” model. “SAVED” stands for “Superior”, “Actionable”, “Valuable”, “Economical”,
and “clinically Deployable”, indicating that the new biological marker must improve
current practice and patient management, as well as patient outcome, but also be cost-
effective while using technology available in clinical laboratories [160]. This criteria is also
being used in the development of novel biomarkers for human asthma [161].

Research on the biomarkers for equine asthma focuses mostly on two major sampling
methods–BALF and peripheral blood. BALF has the advantage of better portraying the
degree of airway inflammation, thus it is considered to be more representative of the
disease [162]. However, BALF collection is an invasive procedure unfit to be used routinely
to obtain repeated measurements or in horses with severe respiratory distress. Serum
biomarkers require sampling of peripheral blood which is a far less invasive process and is
usually well tolerated by horses. Unlike BALF markers, peripheral blood markers indicate
systemic inflammation, rendering their application less disease-specific and making the
interpretation of the obtained results more challenging [163]. Comparatively human
medicine has other non-invasive alternatives, such as sputum induction [164], which is
an unfeasible option in horses, and exhaled breath condensate (EBC). The applicability of
exhaled breath condensate (EBC) is currently being investigated in equine asthma, although
it requires specific equipment [165].

As previously mentioned, Th2 type human asthma has been thoroughly described and
several biomarkers are available, thus better aiding the definition of a suitable therapeutic
approach [161,166]. As such, serum IgE, fractional exhaled nitric oxide (FeNO) and blood
eosinophilia are used in a clinical context to characterize disease and predict response to
corticosteroids [166]. Current research is focusing on novel biomarkers which have shown
promise for clinical application and require minimally invasive procedures [161], such
as sputum mRNA analysis [167], serum periostin [168], exhaled breath volatile organic
compounds [169], dipeptidyl peptidase-4 [170] and urinary leukotriene E4 [171]. Contrast-
ingly, considerably less biomarkers are described for the non-Th2 type human asthma,
where cytokine profile studies based on genetic, transcriptomic and proteomic analysis
are considered fundamental [166,167]. Ultimately, these studies will allow optimization of
personalized therapeutic targets and ensure a good clinical outcome.

Currently, only one biomarker is widely used for the diagnosis of sEA, requiring
the sampling of BALF (Table 2). Since BALF neutrophilia is a hallmark of severely asth-
matic horses, cutoff values have been established and are commonly used in everyday
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practice [1,14,172]. Unlike human Th2 type asthma, where eosinophilia occurs both in
the BALF and in the peripheral blood [173], in sEA blood neutrophilia isn’t observed [1]
and therefore cannot be used as a diagnostic tool. As such, current research focuses on
alternative biomarkers which can substitute BALF collection, as well as consensual cutoff
values, which would prove useful in identifying severely asthmatic horses in remission,
monitor treatment response and contribute to precision medicine.

Acute phase proteins (APP), such as haptoglobin or serum amyloid A (SAA), are being
investigated as potential indicators of disease [174–176]. The expression of haptoglobin
was decreased in horses with summer pasture-associated sEA, compared to healthy con-
trols [175]. This protein has been associated with airway remodeling [177], and in asthmatic
children serum haptoglobin is reported to have decreased immediately after antigen chal-
lenge, although its levels did increase 24 h after exposure [178]. A different study reported
that mean serum haptoglobin values were increased in severely asthmatic horses. However,
authors reported that after antigen exposure an increase was also observed in the control
group, suggesting that airway inflammation is reflected systemically [176].

SAA has been associated with neutrophil recruitment [179] and is increased in the
serum and sputum of asthmatic people [180]. Similarly, seven days after antigen challenge
sEA-affected horses presented a higher concentration of SAA [176].

Table 2. Biomarkers described for sEA.

Sampling Method Biomarker Reported Results References

BALF
Neutrophils

(>25% as cutoff for sEA) Marked neutrophilia [1]

Haptoglobin Decreased [175]
IFN-γ Increased [172]

MMP-8 Increased [181]
MMP-9 Increased [181,182]

Peripheral blood

Serum amyloid A Increased [176]
Haptoglobin Increased [176]

Circulating immune
complexes Conflicting results [183,184]

Exhaled breath condensate
Methanol Increased [185]
Ethanol Increased [185]

BALF—Bronchoalveolar lavage fluid; IFN-γ—gamma-interferon; MMP—matrix metalloproteinase.

Although APP can help in identifying local and systemic inflammation associated
with sEA, they are not disease specific, and while SAA could potentially be associated with
neutrophil recruitment, the role of these proteins in sEA needs to be better investigated.

The applicability of circulating immune complexes (CIC), which are formed by the
union of an antigen and an antibody, has also been studied in sEA. These complex molecules
were found to be increased in this disease [183,184] and, although conflicting reports
question their diagnostic power, they may contribute to the monitoring of treatment re-
sponse [184].

Similarly, matrix metalloproteinases (MMPs), tissue inhibitors of metalloproteinases
(TIMPs) and MMPs/TIMPs ratio can be used to monitor disease severity and response to
corticosteroids [181,182,186–188]. In general, MMPs are responsible for tissue destruction
through collagen degradation [189], whilst TIMPs lead to the formation of fibrosis [190], and
as such are thought to contribute to airway remodeling and fibrosis in chronic inflammation.
The concentration of MMP-2, MMP-9, TIMP-1 and TIMP-2 decrease in response to treatment
with corticosteroids [186], and with cytosine-phosphate-guanosine-oligodeoxynucleotides
(CpG-ODN), an immunostimulatory drug [187]. However, since these biomarkers require
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invasive sampling, as they are measured in BALF, they are not suitable for evaluating
treatment response.

IFN-γ has also been proposed as a biomarker of sEA, since it is increased in the BALF
of these animals and is capable of distinguishing severely asthmatic horses from healthy
individuals [172]. However, similarly to what is seen with MMP, it requires BALF sampling,
rendering it unsuitable for repeated measurements.

In mEA-affected horses with airway neutrophilia (presenting more than 15% neu-
trophils in BALF), serum concentration of surfactant protein D (SPD) was reported to be
significantly increased [191]. SPD could be a relevant biomarker for the diagnosis of EA,
but additional research is required in severely asthmatic horses.

EBC is a non-invasive method which allows sampling of airway material and access
to information about the metabolic status of the patient, even during disease exacerba-
tion [165,185,192]. Preez et al. found that horses with lower airway inflammation have
a higher pH and an increased hydrogen peroxide (H2O2) concentration in the air they
exhale [192]. However, a different study reported no variations in the pH nor in the concen-
tration of H2O2 between healthy horses and those with lower airway inflammation [165].
Both these studies did not focus exclusively on severely asthmatic horses and so it remains
unclear whether these parameters could be of use as biomarkers of the disease. An ad-
ditional study of metabolites in the EBC revealed that sEA-affected horses had increased
concentrations of methanol and ethanol, compared to healthy controls [185]. The study of
metabolomics in EBC has the potential to be a non-invasive approach to sEA diagnosis.
Nonetheless, further research is necessary to better understand if this method has limi-
tations, particularly if it can adequately distinguish between sEA-affected horses during
remission and healthy individuals.

Current knowledge on sEA biomarkers is still limited and their use in a clinical
context requires further research, since a noticeable benefit must be associated with these
molecules in order for them to be included in the clinical guidelines for disease diagnosis
and monitoring.

8. Microbiome

The term microbiome refers to the community of microbes, such as bacteria, fungi,
virus and archaea of a particular biological location [193,194]. These microorganisms inter-
act functionally and metabolically, playing an important role in modulating the host’s innate
immune response [195] and contributing to the inhibition of potential pathogens [196–198].

For many years it was mistakenly thought that the lung environment was sterile.
However, the identification of microbiota in the lower respiratory tract of healthy humans
has since discredited this belief [199–202].

Similarly, studies on equine microbiome have revealed that the same organizational
taxonomic units (OTUs) can be found in the upper and lower airways of healthy individuals,
although the latter anatomic region possessed an inferior biomass with decreased richness
and diversity [203,204].

The phyla Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria were found to
be highly represented in healthy horses [203]. These phyla are also dominant in the lungs
of healthy humans along with two other—Fusobacteria and Acidobacteria [199,200,205].

The microbiome is highly dependent on the host’s interaction with its environment.
Thus, geographical location, housing conditions, diet, interactions with other individu-
als, and also treatment with antimicrobials and corticosteroids make each individual’s
microbiome unique [204,206–212].

In humans, dysbiosis during infancy is considered a significant risk-factor for respira-
tory diseases such as asthma [213–215]. However, this relation has yet to be described in
the equine population.

The lung microbiome of adult asthmatic people has been demonstrated to differ in
both number and composition from that of healthy individuals, and these differences have
been associated with airway hyperresponsiveness and obstruction [216,217]. Thus, the
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study of the lower airway microbiome in equine asthma stems from the hypothesis that
these microbes play an important role in modulating the innate immune response of the
host and may, therefore, contribute to the immunology of sEA [195].

The comparison of lung, nasal, and oral microbiomes of healthy and asthmatic horses
showed that significant differences between groups could only be found in the lung mi-
crobiome at the taxonomic family level, with an overrepresentation of the Pasteurellacea
family, but not at the phylum or OTU level, leading to the hypothesis that these differences
were not inherent, but rather a consequence of inflammation [204].

Additionally, the bacteria Nicoletella semolina, a Pasteurellacea, has been detected in
the upper and lower airways of both healthy and severely asthmatic horses [218–220].
Although its prevalence was increased in asthmatic horses, as detected by quantitative
polymerase chain reaction (qPCR), no specific functional association between this bacteria
and sEA was found [220], suggesting that it may be an opportunistic agent perpetuating
airway inflammation in asthmatic animals.

Inversely, Corynebacterium spp. was commonly found in the trachea of a group of
healthy horses, but its presence was decreased in the evaluated asthmatic group. As such,
this microorganism could be a part of the normal microbiota of healthy horses, and might
be one of the populations affected by the inflammatory changes in the airways [221].

Recent studies further point to the occurrence of dysbiosis in the lower airway mi-
crobiome of mEA-affected horses, although it is still unclear whether this results from
persistent inflammation or chronic treatment with corticosteroids [203,221]. Furthermore,
the relative abundance of Streptococcus was increased in mildly asthmatic horses, sug-
gesting that the presence of this genus might be a risk-factor for mEA [203,222]. Sim-
ilarly, infections with Streptococcus pneumoniae, and other opportunistic agents such as
Haemophilus influenzae and Moraxella catarrhalis, are associated with acute asthma exacerba-
tions in humans [223,224].

Fungi are often implicated in sEA exacerbation and are also considered as risk factors
in human asthma [5,6]. Despite their relevance in disease pathophysiology, research fo-
cusing on the lung mycobiota of healthy and asthmatic horses is very limited. In healthy
humans agents such as Davidiellaceae and Cladosporium [225], as well as Eremothecium,
Systenostrem, and Malassezia [202], are the main contributors to the lung mycobiome. On
the other hand, Charlson et al. have found that Malassezia pachydermatis is exclusively
found in the BALF of asthmatic patients, which also showed significantly increased pop-
ulations of Termitomyces clypeatus and Psathyrella candollean [225]. As for equine species,
Bond and colleagues reported that the mycobiota of a group of mildly asthmatic horses
comprised mainly of two phyla - Ascomycota and Basidiomycota [226]. Although a better
characterization of healthy and asthmatic equine lung mycobiome is necessary, the reported
results differ from those described in healthy humans [202,225]. Nonetheless, significant
differences between the two species are to be expected, since stabling and hay feeding
promote an environment rich in fungi [6].

To mitigate signs of airway inflammation and improve lung function, asthmatic
patients are usually prescribed long-term treatment with corticosteroids. Because of their
immunomodulatory effect, the use of corticosteroids can promote microbiome dysbiosis.
In mEA-affected horses, the use of systemic dexamethasone affected the microbiota of the
lower respiratory tract of healthy and asthmatic horses, increasing the relative abundance
of 9 OTUs, including the abundance of Streptococcus spp. in the asthmatic group [203].
Similarly, the nebulization of dexamethasone resulted in an increase in the genera Alysiella
and Bordetella in the lower respiratory tract, however this treatment had no effect on the
population of Streptococcus found in the airways [226].

The relation between microbiome and corticosteroid is not unidirectional, since re-
sponse to treatment is also influenced by lung microbiome. The microbiome of asthmatic
humans diagnosed with corticosteroid resistance showed differences at the genus level
compared to that of responsive patients. Furthermore, BALF AMs from asthmatic patients
stimulated with Haemophilus parainfluenzae, a potential pathogen found in asthmatics with
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corticosteroid resistance, resulted in inhibition of response to corticosteroids, along with
increased p38 mitogen-activated kinase phosphatase (MAPK) activation and increased
IL-8 and mitogen-activated kinase phosphatase 1 (MKP1) mRNA expression. On the other
hand, exposure to commensal Prevotella melaninogenica did not have a similar effect [227].
Reports also indicate that H. parainfluenzae can convert a Th2-type allergic asthma sensi-
tive to corticosteroid treatment to a Th1 neutrophilic profile, with Il-17 expression [228].
Interestingly, Goleva and colleagues have also reported that inhibition of the transforming
growth factor-β-associated kinase-1 (TAK1) in monocytes collected from the peripheral
blood of asthmatic patients restored cellular sensitivity to corticosteroids [227], which could
represent a novel therapeutic approach in patients which are refractory to these drugs. As
such, the study of the microbiome can be useful in determining the response to therapy
with corticosteroids.

Several studies have described how the gut microbiome of people with respiratory
disease differs from that of healthy individuals [229–231], highlighting an immunological
relationship between the lungs and gut. This interaction is termed the gut-lung axis,
illustrating how these two distant anatomical sites appear to communicate. Not only does
gut microbiota have a local immunological effect by interacting with the mucosal immune
system [232], but it also produces pro and anti-inflammatory metabolites, such as biogenic
amines (i.e., histamine), oxilipins, and short-chain fatty acids (SCFAs), which modulate
the inflammatory response both locally and in the lung [233–236]. SCFAs reduce allergic
response and airway inflammation in both humans and mice [237–241]. Trompette and
colleagues reported that in an ovalbumin (OVA)-model, where mice were challenged with
ovalbumin protein to induce an allergic inflammation in the lung, treatment with SCFAs
increased the presence of dendritic cells with high phagocytic ability but with impaired
capacity of activating Th2 effector cells in the lungs [240].

Allergic diseases are also associated with a lower fecal microbial diversity in humans,
and, although these findings have mostly been reported in infants, they have also been
described in adults [242].

Differences in the fecal microbiome of asthmatic (mEA) and healthy horses appeared
to occur mostly during disease exacerbation [207]. The reported dysbiosis was observed
using an OTU analysis approach and was found to be accompanied by an increased
representation of the Firmicutes phylum, namely Clostridia class [207]. These authors
hypothesized that lung inflammation and compromised oxygenation would induce changes
in the gut microenvironment, since fewer differences were observed when both groups
of horses were at pasture, a less pro-inflammatory environment. However, no causative
relation was established and disease remission could also be secondary to the changes
induced in the gut microbiome by leaving the horses out to pasture. Dysbiosis of bacteria
belonging to the phylum Firmicutes has also been documented in several studies on gut
and respiratory microbiome of asthmatic humans [243,244] and further research could
prove to be of interest in equine asthma.

Conversely, Kaiser-Thom and colleagues compared the fecal microbiota of horses
diagnosed with either sEA, culicoides hypersensitivity or both to that of healthy individuals
using a Divisive Amplicon Denoising Algorithm (DADA2) approach to analyze microbial
taxonomy, and found no significant differences between the microbe populations [206].

Research is currently focused on alternative therapies which could revert the dysbiosis
observed in asthmatic individuals and thus impacting immune responses. Since treatment
with antibiotics is not a viable option, supplementation with probiotics and soluble fiber
are currently under investigation [238,245]. In an OVA-induced mouse model of allergic
airway inflammation, the use of probiotics induced regulatory T cells differentiation and
suppressed Th2 allergic response [245]. Further studies are necessary to understand if
horse gut microbiome could also benefit from such treatments and whether they would in
fact result in the modulation of the inflammatory response associated with sEA.

The microbiome of asthmatic humans has been associated with specific disease endo-
types. For example, increased representation of Proteobacteria is found in severe asthma
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with neutrophilic exacerbation [246] and Th17-related gene expression [247]. As such, study
of the microbiome can further enable the practice of precision medicine, and increase the
likelihood of a good prognosis in asthmatic patients since it will allow a personalized thera-
peutic approach. However, these interactions have yet to be described in equine medicine.

Studies on the microbiome of asthmatic horses are mostly descriptive, portraying
the microbial populations found in the respiratory and intestinal tract. Although some
studies do characterize the degree of airway inflammation of these horses by using BALF
cytology and lung function evaluation, cross-referenced data with existing cytokine profile
is, nonetheless, currently missing. Whether equine pulmonary microbiome will differ
according to asthma endotype and inflammatory cell population remains to be ascertained.

Another limitation is the small number of animals enrolled in each study which limits
the statistical significance of the results, influences the conclusions and may further impair
the establishment of causality. Additionally, in most studies disease exacerbation was
achieved by altering the horses’ environment and diet which inevitably influences the
microbiome of the studied horses and works as a confounding factor in the interpretation of
results. Furthermore, it is still not clear to which extent the altered microbiome causes, per-
petuates or is secondary to airway inflammation in equine and human asthmatic patients.

Further research on the microbiome of equine asthmatics will undoubtably contribute
to the elucidation of the current loopholes in this subject.

9. Conclusions and Future Directions

Further characterization of the disease’s genetic background is fundamental to improve
current knowledge of the pathways involved in the heritability and expression of sEA. The
reported genetic research focuses mostly on a well characterized subpopulation of Swiss
Warmblood horses which limits the applicability of these findings to the general horse
population. Nonetheless, the reported genetic heterogeneity and complexity observed in
the above mentioned families likely occurs in other individuals, although, potentially, other
genes and pathways may be involved. Thus, research on a large multi-center population of
client owned sEA-affected horses with a detailed genetic background is needed to further
contribute to the description of the genetic events that take place in these animals.

Although the clinical phenotype of sEA has been thoroughly described [1], the im-
munological mechanisms which lead to inflammation and structural changes in the airways
(mucus accumulation, bronchial constriction and bronchial wall thickening) still lack clarifi-
cation. Several cytokines, chemokines and inflammatory cells participate in the pathogene-
sis of asthma; however their precise characterization is still unclear. The inconsistencies
found between reported studies may arise from differences in their experimental design
and methodologies. Furthermore, the limited number of animals included in these works
may hinder the attainment of significant results.

Thus, cooperation between research groups and research based on large multi-center
populations of client owned sEA-affected horses could potentially solve some of these limi-
tations. Also, uniformization of methodologies and protocols will enable the comparison
of reported results, allowing a better definition of the genetic and immune mechanisms
associated with sEA.

Additionally, more encompassing studies using genomic, transcriptomic, proteomic
and metabolomic analysis will undoubtably enhance the scientific knowledge of the disease.
This will enable an understanding of how genetics can determine cytokine and chemokine
expression and how these proteins and metabolites influence disease expression. Fur-
thermore, the impact of lung and gut microbiome also needs to be assessed, since these
microbes regulate the immune innate response from an early age and can also promote
airway hyperreactivity and inflammation in asthmatic individuals.

Although sEA shares many similarities with its human counterpart, an understanding
of this disease based on the extrapolation of reported data for other species is unfeasible.
Thus understanding the origin of equine AMs and the characterization of this popula-
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tion is necessary to recognize how these cells influence the inflammatory pathways of
asthmatic horses.

Immunological and genetic characterization will likely assist in the identification of
disease endotypes and more importantly contribute to the development of novel therapeu-
tic targets. For example, anti-interleukin targeted therapies, using monoclonal antibodies,
could help manage the disease, especially in horses with resistance to corticosteroids. This
is currently being researched in human asthma, where identification of disease endotypes
associated with specific cytokine profiles has led to the development of monoclonal anti-
bodies. One such example is Tralokinumab, a human anti-IL-13 monoclonal antibody for
uncontrolled asthma [248].

Since the precise cytokine profiles of equine asthma are not fully understood, current
research is focusing on identifying the causal allergens which trigger airway inflamma-
tion [5], and how immunotherapy can help modulate the inflammatory response with
promising results [9,187]. Also, determining specific allergen susceptibility can contribute
to the development of specific immunotherapy and, in theory, help devise environmental
management protocols for affected horses.

Novel diagnostic tools based on genetics or disease biomarkers would prove of signifi-
cant value to equine medical practitioners, especially if they are able to positively identify
a severely asthmatic horse during remission. Current diagnosis relies mostly on invasive
methods which are not suitable for evaluating treatment response, since it will require
repeated measurements. Thus, systemic blood biomarkers and exhaled breath condensate
are attractive alternatives to BALF sampling. Research should focus on defining cutoff
levels and constructing a panel of biomarkers which could substitute BALF cytology when
monitoring treatment response.

In conclusion, current research shows that the genetic and inflammatory pathways
involved in sEA are complex and variations are to be expected between subsets of indi-
viduals. A deeper knowledge of the disease’s immunological pathways will allow the
definition of endotypes, the detection of inflammatory biomarkers of diagnostic value, and
a personalized therapeutic approach targeting the inflammatory pathways involved in
the disease.
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Bendlová, B.; et al. Semi-lethal primary ciliary dyskinesia in rats lacking the nme7 gene. Int. J. Mol. Sci. 2021, 22, 3810. [CrossRef]

39. Tessier, L.; Côté, O.; Bienzle, D. Sequence variant analysis of RNA sequences in severe equine asthma. PeerJ 2018, 2018, e5759. [CrossRef]
40. Tessier, L.; Côté, O.; Clark, M.E.; Viel, L.; Diaz-Méndez, A.; Anders, S.; Bienzle, D. Gene set enrichment analysis of the bronchial

epithelium implicates contribution of cell cycle and tissue repair processes in equine asthma. Sci. Rep. 2018, 8, 16408. [CrossRef]
41. Mason, V.C.; Schaefer, R.J.; McCue, M.E.; Leeb, T.; Gerber, V. eQTL discovery and their association with severe equine asthma in

European Warmblood horses. BMC Genom. 2018, 19, 581. [CrossRef] [PubMed]
42. Ferreira, M.A.R.; Matheson, M.C.; Tang, C.S.; Granell, R.; Ang, W.; Hui, J.; Kiefer, A.K.; Duffy, D.L.; Baltic, S.; Danoy, P.; et al.

Genome-wide association analysis identifies 11 risk variants associated with the asthma with hay fever phenotype. J. Allergy Clin.
Immunol. 2014, 133, 1564–1571. [CrossRef] [PubMed]

43. Pacholewska, A.; Kraft, M.F.; Gerber, V.; Jagannathan, V. Differential expression of serum MicroRNAs supports CD4+ t cell
differentiation into Th2/Th17 cells in severe equine asthma. Genes 2017, 8, 383. [CrossRef] [PubMed]

44. Borowska, A.; Wolska, D.; Niedzwiedz, A.; Borowicz, H.; Jaworski, Z.; Siemieniuch, M.; Szwaczkowski, T. Some genetic and
environmental effects on equine asthma in polish konik horses. Animals 2021, 11, 2285. [CrossRef]

45. Kuruvilla, M.E.; Lee, F.E.H.; Lee, G.B. Understanding Asthma Phenotypes, Endotypes, and Mechanisms of Disease. Clin. Rev.
Allergy Immunol. 2019, 56, 219–233. [CrossRef]

46. Holgate, S.T. Innate and adaptive immune responses in asthma. Nat. Med. 2012, 18, 673–683. [CrossRef]
47. Kuo, C.H.S.; Pavlidis, S.; Loza, M.; Baribaud, F.; Rowe, A.; Pandis, I.; Sousa, A.; Corfield, J.; Djukanovic, R.; Lutter, R.; et al. T-

helper cell type 2 (Th2) and non-Th2 molecular phenotypes of asthma using sputum transcriptomics in U-BIOPRED. Eur. Respir. J.
2017, 49, 1602135. [CrossRef]

48. Rossi, H.; Virtala, A.M.; Raekallio, M.; Rahkonen, E.; Rajamäki, M.M.; Mykkänen, A. Comparison of tracheal wash and bron-
choalveolar lavage cytology in 154 horses with and without respiratory signs in a referral hospital over 2009–2015. Front. Vet. Sci.
2018, 5, 61. [CrossRef]

49. Cordeau, M.E.; Joubert, P.; Dewachi, O.; Hamid, Q.; Lavoie, J.P. IL-4, IL-5 and IFN-γmRNA expression in pulmonary lymphocytes
in equine heaves. Vet. Immunol. Immunopathol. 2004, 97, 87–96. [CrossRef]

50. McGorum, B.C.; Dixon, P.M.; Halliwell, R.E.W. Phenotypic analysis of peripheral blood and bronchoalveolar lavage fluid
lymphocytes in control and chronic obstructive pulmonary disease affected horses, before and after “natural (hay and straw)
challenges. Vet. Immunol. Immunopathol. 1993, 36, 207–222. [CrossRef]

51. Deaton, C.M.; Deaton, L.; Jose-Cunilleras, E.; Vincent, T.L.; Baird, A.W.; Dacre, K.; Marlin, D.J. Early onset airway obstruction in
response to organic dust in the horse. J. Appl. Physiol. 2007, 102, 1071–1077. [CrossRef]

52. Kleiber, C.; Grünig, G.; Jungi, T.; Schmucker, N.; Gerber, H.; Davis, W.C.; Straub, R. Phenotypic Analysis of Bronchoalveolar
Lavage Fluid Lymphocytes in Horses with Chronic Pulmonary Disease. J. Vet. Med. Ser. A Physiol. Pathol. Clin. Med. 1999, 46,
177–184. [CrossRef]

53. Lavoie, J.P.; Maghni, K.; Desnoyers, M.; Taha, R.; Martin, J.G.; Hamid, Q.A. Neutrophilic airway inflammation in horses with
heaves is characterized by a Th2-type cytokine profile. Am. J. Respir. Crit. Care Med. 2001, 164, 1410–1413. [CrossRef]

54. Moran, G.; Folch, H.; Henriquez, C.; Ortloff, A.; Barria, M. Reaginic antibodies from horses with Recurrent Airway Obstruction
produce mast cell stimulation. Vet. Res. Commun. 2012, 36, 251–258. [CrossRef] [PubMed]

55. Felippe, M.J.B. Equine Clinical Immunology, 1st ed.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2016; ISBN 9781119086512.
56. Kleiber, C.; McGorum, B.C.; Horohov, D.W.; Pirie, R.S.; Zurbriggen, A.; Straub, R. Cytokine profiles of peripheral blood and

airway CD4 and CD8 T lymphocytes in horses with recurrent airway obstruction. Vet. Immunol. Immunopathol. 2005, 104, 91–97.
[CrossRef] [PubMed]

57. Giguère, S.; Viel, L.; Lee, E.; MacKay, R.J.; Hernandez, J.; Franchini, M. Cytokine induction in pulmonary airways of horses with
heaves and effect of therapy with inhaled fluticasone propionate. Vet. Immunol. Immunopathol. 2002, 85, 147–158. [CrossRef]

http://doi.org/10.1073/pnas.202477099
http://www.ncbi.nlm.nih.gov/pubmed/12242343
http://doi.org/10.1111/age.12583
http://www.ncbi.nlm.nih.gov/pubmed/28737212
http://doi.org/10.1074/jbc.M709108200
http://doi.org/10.1038/ncomms7281
http://doi.org/10.2746/042516403776148291
http://doi.org/10.1111/age.12426
http://doi.org/10.3390/ijms22083810
http://doi.org/10.7717/peerj.5759
http://doi.org/10.1038/s41598-018-34636-9
http://doi.org/10.1186/s12864-018-4938-9
http://www.ncbi.nlm.nih.gov/pubmed/30071827
http://doi.org/10.1016/j.jaci.2013.10.030
http://www.ncbi.nlm.nih.gov/pubmed/24388013
http://doi.org/10.3390/genes8120383
http://www.ncbi.nlm.nih.gov/pubmed/29231896
http://doi.org/10.3390/ani11082285
http://doi.org/10.1007/s12016-018-8712-1
http://doi.org/10.1038/nm.2731
http://doi.org/10.1183/13993003.02135-2016
http://doi.org/10.3389/fvets.2018.00061
http://doi.org/10.1016/j.vetimm.2003.08.013
http://doi.org/10.1016/0165-2427(93)90020-5
http://doi.org/10.1152/japplphysiol.00264.2006
http://doi.org/10.1046/j.1439-0442.1999.00210.x
http://doi.org/10.1164/ajrccm.164.8.2012091
http://doi.org/10.1007/s11259-012-9534-x
http://www.ncbi.nlm.nih.gov/pubmed/23011757
http://doi.org/10.1016/j.vetimm.2004.10.002
http://www.ncbi.nlm.nih.gov/pubmed/15661334
http://doi.org/10.1016/S0165-2427(01)00420-2


Animals 2022, 12, 744 19 of 26

58. Horohov, D.W.; Beadle, R.E.; Mouch, S.; Pourciau, S.S. Temporal regulation of cytokine mRNA expression in equine recurrent
airway obstruction. Vet. Immunol. Immunopathol. 2005, 108, 237–245. [CrossRef] [PubMed]

59. Padoan, E.; Ferraresso, S.; Pegolo, S.; Castagnaro, M.; Barnini, C.; Bargelloni, L. Real time RT-PCR analysis of inflammatory
mediator expression in recurrent airway obstruction-affected horses. Vet. Immunol. Immunopathol. 2013, 156, 190–199. [CrossRef]

60. Ainsworth, D.M.; Grünig, G.; Matychak, M.B.; Young, J.; Wagner, B.; Erb, H.N.; Antczak, D.F. Recurrent airway obstruction (RAO)
in horses is characterized by IFN-γ and IL-8 production in bronchoalveolar lavage cells. Vet. Immunol. Immunopathol. 2003, 96,
83–91. [CrossRef]

61. Ainsworth, D.M.; Wagner, B.; Franchini, M.; Grünig, G.; Erb, H.N.; Tan, J.Y. Time-dependent alterations in gene expression
of interleukin-8 in the bronchial epithelium of horses with recurrent airway obstruction. Am. J. Vet. Res. 2006, 67, 669–677.
[CrossRef] [PubMed]

62. Hulliger, M.F.; Pacholewska, A.; Vargas, A.; Lavoie, J.P.; Leeb, T.; Gerber, V.; Jagannathan, V. An integrative mirna-mrna expression
analysis reveals striking transcriptomic similarities between severe equine asthma and specific asthma endotypes in humans.
Genes 2020, 11, 1143. [CrossRef] [PubMed]

63. Maes, T.; Cobos, F.A.; Schleich, F.; Sorbello, V.; Henket, M.; De Preter, K.; Bracke, K.R.; Conickx, G.; Mesnil, C.;
Vandesompele, J.; et al. Asthma inflammatory phenotypes show differential microRNA expression in sputum. J. Allergy
Clin. Immunol. 2016, 137, 1433–1446. [CrossRef]

64. Tessier, L.; Côté, O.; Clark, M.E.; Viel, L.; Diaz-Méndez, A.; Anders, S.; Bienzle, D. Impaired response of the bronchial epithelium
to inflammation characterizes severe equine asthma. BMC Genom. 2017, 18, 708. [CrossRef]

65. Takagi, R.; Higashi, T.; Hashimoto, K.; Nakano, K.; Mizuno, Y.; Okazaki, Y.; Matsushita, S. B Cell Chemoattractant CXCL13 Is
Preferentially Expressed by Human Th17 Cell Clones. J. Immunol. 2008, 181, 186–189. [CrossRef] [PubMed]

66. Baay-Guzman, G.J.; Huerta-Yepez, S.; Vega, M.I.; Aguilar-Leon, D.; Campillos, M.; Blake, J.; Benes, V.; Hernandez-Pando, R.;
Teran, L.M. Role of CXCL13 in asthma: Novel therapeutic target. Chest 2012, 141, 886–894. [CrossRef] [PubMed]

67. Debrue, M.; Hamilton, E.; Joubert, P.; Lajoie-Kadoch, S.; Lavoie, J.P. Chronic exacerbation of equine heaves is associated with an increased
expression of interleukin-17 mRNA in bronchoalveolar lavage cells. Vet. Immunol. Immunopathol. 2005, 105, 25–31. [CrossRef]

68. Murcia, R.Y.; Vargas, A.; Lavoie, J.P. The interleukin-17 induced activation and increased survival of equine neutrophils is
insensitive to glucocorticoids. PLoS ONE 2016, 11, e0154755. [CrossRef]

69. Kehrli, D.; Jandova, V.; Fey, K.; Jahn, P.; Gerber, V. Multiple hypersensitivities including recurrent airway obstruction, insect bite
hypersensitivity, and urticaria in 2 warmblood horse populations. J. Vet. Intern. Med. 2015, 29, 320–326. [CrossRef]

70. Lanz, S.; Brunner, A.; Graubner, C.; Marti, E.; Gerber, V. Insect Bite Hypersensitivity in Horses is Associated with Airway
Hyperreactivity. J. Vet. Intern. Med. 2017, 31, 1877–1883. [CrossRef]

71. Lo Feudo, C.M.; Stucchi, L.; Alberti, E.; Conturba, B.; Zucca, E.; Ferrucci, F. Intradermal testing results in horses affected by
mild-moderate and severe equine asthma. Animals 2021, 11, 2086. [CrossRef]

72. Klier, J.; Lindner, D.; Reese, S.; Mueller, R.S.; Gehlen, H. Comparison of Four Different Allergy Tests in Equine Asthma Affected
Horses and Allergen Inhalation Provocation Test. J. Equine Vet. Sci. 2021, 102, 103433. [CrossRef] [PubMed]

73. Couëtil, L.L.; Ward, M.P. Analysis of risk factors for recurrent airway obstruction in North American horses: 1,444 Cases
(1990-1999). J. Am. Vet. Med. Assoc. 2003, 223, 1645–1650. [CrossRef] [PubMed]

74. Hansen, S.; Baptiste, K.E.; Fjeldborg, J.; Horohov, D.W. A review of the equine age-related changes in the immune system:
Comparisons between human and equine aging, with focus on lung-specific immune-aging. Ageing Res. Rev. 2015, 20, 11–23.
[CrossRef] [PubMed]

75. Bullone, M.; Lavoie, J.P. The contribution of oxidative stress and inflamm-aging in human and equine asthma. Int. J. Mol. Sci.
2017, 18, 2612. [CrossRef]

76. Franceschi, C.; Bonafè, M.; Valensin, S.; Olivieri, F.; De Luca, M.; Ottaviani, E.; De Benedictis, G. Inflamm-aging. An evolutionary
perspective on immunosenescence. Ann. N. Y. Acad. Sci. 2000, 908, 244–254. [CrossRef]

77. Adams, A.A.; Breathnach, C.C.; Katepalli, M.P.; Kohler, K.; Horohov, D.W. Advanced age in horses affects divisional history of T
cells and inflammatory cytokine production. Mech. Ageing Dev. 2008, 129, 656–664. [CrossRef]

78. Robbin, M.G.; Wagner, B.; Noronha, L.E.; Antczak, D.F.; De Mestre, A.M. Subpopulations of equine blood lymphocytes expressing
regulatory T cell markers. Vet. Immunol. Immunopathol. 2011, 140, 90–101. [CrossRef]

79. Suagee, J.K.; Corl, B.A.; Crisman, M.V.; Pleasant, R.S.; Thatcher, C.D.; Geor, R.J. Relationships between Body Condition Score and
Plasma Inflammatory Cytokines, Insulin, and Lipids in a Mixed Population of Light-Breed Horses. J. Vet. Intern. Med. 2013, 27,
157–163. [CrossRef]

80. Sage, S.E.; Bedenice, D.; McKinney, C.A.; Long, A.E.; Pacheco, A.; Wagner, B.; Mazan, M.R.; Paradis, M.R. Assessment of the impact of
age and of blood-derived inflammatory markers in horses with colitis. J. Vet. Emerg. Crit. Care 2021, 31, 779–787. [CrossRef]

81. McFarlane, D.; Holbrook, T.C. Cytokine dysregulation in aged horses and horses with pituitary pars intermedia dysfunction.
J. Vet. Intern. Med. 2008, 22, 436–442. [CrossRef]

82. Hansen, S.; Sun, L.; Baptiste, K.E.; Fjeldborg, J.; Horohov, D.W. Age-related changes in intracellular expression of IFN-γ and TNF-α in
equine lymphocytes measured in bronchoalveolar lavage and peripheral blood. Dev. Comp. Immunol. 2013, 39, 228–233. [CrossRef]

83. Davis, J.D.; Wypych, T.P. Cellular and functional heterogeneity of the airway epithelium. Mucosal Immunol. 2021, 14, 978–990.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.vetimm.2005.07.013
http://www.ncbi.nlm.nih.gov/pubmed/16098607
http://doi.org/10.1016/j.vetimm.2013.09.020
http://doi.org/10.1016/S0165-2427(03)00142-9
http://doi.org/10.2460/ajvr.67.4.669
http://www.ncbi.nlm.nih.gov/pubmed/16579761
http://doi.org/10.3390/genes11101143
http://www.ncbi.nlm.nih.gov/pubmed/32998415
http://doi.org/10.1016/j.jaci.2016.02.018
http://doi.org/10.1186/s12864-017-4107-6
http://doi.org/10.4049/jimmunol.181.1.186
http://www.ncbi.nlm.nih.gov/pubmed/18566383
http://doi.org/10.1378/chest.11-0633
http://www.ncbi.nlm.nih.gov/pubmed/22016489
http://doi.org/10.1016/j.vetimm.2004.12.013
http://doi.org/10.1371/journal.pone.0154755
http://doi.org/10.1111/jvim.12473
http://doi.org/10.1111/jvim.14817
http://doi.org/10.3390/ani11072086
http://doi.org/10.1016/j.jevs.2021.103433
http://www.ncbi.nlm.nih.gov/pubmed/34119204
http://doi.org/10.2460/javma.2003.223.1645
http://www.ncbi.nlm.nih.gov/pubmed/14664454
http://doi.org/10.1016/j.arr.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25497559
http://doi.org/10.3390/ijms18122612
http://doi.org/10.1111/j.1749-6632.2000.tb06651.x
http://doi.org/10.1016/j.mad.2008.09.004
http://doi.org/10.1016/j.vetimm.2010.11.020
http://doi.org/10.1111/jvim.12021
http://doi.org/10.1111/vec.13099
http://doi.org/10.1111/j.1939-1676.2008.0076.x
http://doi.org/10.1016/j.dci.2012.11.007
http://doi.org/10.1038/s41385-020-00370-7
http://www.ncbi.nlm.nih.gov/pubmed/33608655


Animals 2022, 12, 744 20 of 26

84. Rose, M.C.; Voynow, J.A. Respiratory tract mucin genes and mucin glycoproteins in health and disease. Physiol. Rev. 2006, 86,
245–278. [CrossRef] [PubMed]

85. Bullone, M.; Hélie, P.; Joubert, P.; Lavoie, J.P. Development of a Semiquantitative Histological Score for the Diagnosis of Heaves
Using Endobronchial Biopsy Specimens in Horses. J. Vet. Intern. Med. 2016, 30, 1739–1746. [CrossRef] [PubMed]

86. Lee, G.K.C.; Tessier, L.; Bienzle, D. Salivary Scavenger and Agglutinin (SALSA) Is Expressed in Mucosal Epithelial Cells and
Decreased in Bronchial Epithelium of Asthmatic Horses. Front. Vet. Sci. 2019, 6, 418. [CrossRef]

87. Kaup, F.-J.; Drommer, W.; Deegen, E. Ultrastructural findings in horses with chronic obstructive pulmonary disease (COPD) I:
Alterations of the larger conducting airways. Equine Vet. J. 1990, 22, 343–348. [CrossRef]

88. Dacre, K.J.; McGorum, B.C.; Marlin, D.J.; Bartner, L.R.; Brown, J.K.; Shaw, D.J.; Robinson, N.E.; Deaton, C.; Pemberton, A.D.
Organic dust exposure increases mast cell tryptase in bronchoalveolar lavage fluid and airway epithelium of heaves horses. Clin.
Exp. Allergy 2007, 37, 1809–1818. [CrossRef]

89. Abs, V.; Bonicelli, J.; Kacza, J.; Zizzadoro, C.; Abraham, G. Equine bronchial fibroblasts enhance proliferation and differentiation
of primary equine bronchial epithelial cells co-cultured under air-liquid interface. PLoS ONE 2019, 14, e0225025. [CrossRef]

90. Sha, Q.; Truong-Tran, A.Q.; Plitt, J.R.; Beck, L.A.; Schleimer, R.P. Activation of airway epithelial cells by toll-like receptor agonists.
Am. J. Respir. Cell Mol. Biol. 2004, 31, 358–364. [CrossRef]

91. Frellstedt, L.; Gosset, P.; Kervoaze, G.; Hans, A.; Desmet, C.; Pirottin, D.; Bureau, F.; Lekeux, P.; Art, T. The innate immune
response of equine bronchial epithelial cells is altered by training. Vet. Res. 2015, 46, 3. [CrossRef]

92. Ainsworth, D.M.; Matychak, M.B.; Reyner, C.L.; Erb, H.N.; Young, J.C. Effect of in vitro exposure to hay dust on the gene
expression of chemokines and cell-surface receptors in primary bronchial epithelial cell cultures established from horses with
chronic recurrent airway obstruction. Am. J. Vet. Res. 2009, 70, 365–372. [CrossRef] [PubMed]

93. Parbhakar, O.P.; Duke, T.; Townsend, H.G.G.; Singh, B. Depletion of pulmonary intravascular macrophages partially inhibits
lipopolysaccharide-induced lung inflammation in horses. Vet. Res. 2005, 36, 557–569. [CrossRef] [PubMed]

94. Laan, T.T.J.M.; Bull, S.; van Nieuwstadt, R.A.; Fink-Gremmels, J. The effect of aerosolized and intravenously administered
clenbuterol and aerosolized fluticasone propionate on horses challenged with Aspergillus fumigatus antigen. Vet. Res. Commun.
2006, 30, 623–635. [CrossRef] [PubMed]

95. Joubert, P.; Cordeau, M.E.; Lavoie, J.P. Cytokine mRNA expression of pulmonary macrophages varies with challenge but not with
disease state in horses with heaves or in controls. Vet. Immunol. Immunopathol. 2011, 142, 236–242. [CrossRef] [PubMed]

96. Aharonson-Raz, K.; Lohmann, K.L.; Townsend, H.G.; Marques, F.; Singh, B. Pulmonary intravascular macrophages as proinflammatory
cells in heaves, an asthma-like equine disease. Am. J. Physiol. -Lung Cell. Mol. Physiol. 2012, 303, 189–198. [CrossRef]

97. Nahrendorf, M.; Swirski, F.K. Abandoning M1/M2 for a network model of macrophage function. Circ. Res. 2016, 119, 414–417. [CrossRef]
98. Karagianni, A.E.; Kapetanovic, R.; Summers, K.M.; McGorum, B.C.; Hume, D.A.; Pirie, R.S. Comparative transcriptome analysis

of equine alveolar macrophages. Equine Vet. J. 2017, 49, 375–382. [CrossRef]
99. Mantovani, A.; Biswas, S.K.; Galdiero, M.R.; Sica, A.; Locati, M. Macrophage plasticity and polarization in tissue repair and

remodelling. J. Pathol. 2013, 229, 176–185. [CrossRef] [PubMed]
100. Karagianni, A.E.; Kapetanovic, R.; McGorum, B.C.; Hume, D.A.; Pirie, S.R. The equine alveolar macrophage: Functional and

phenotypic comparisons with peritoneal macrophages. Vet. Immunol. Immunopathol. 2013, 155, 219–228. [CrossRef]
101. Brazil, T.J.; Dagleish, M.P.; McGorum, B.C.; Dixon, P.M.; Haslett, C.; Chilvers, E.R. Kinetics of pulmonary neutrophil recruitment

and clearance in a natural and spontaneously resolving model of airway inflammation. Clin. Exp. Allergy 2005, 35, 854–865.
[CrossRef] [PubMed]

102. Mosser, D.M.; Edwards, J.P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 2008, 8, 958–969.
[CrossRef] [PubMed]

103. Jackson, K.A.; Stott, J.L.; Horohov, D.W.; Watson, J.L. IL-4 induced CD23 (FcεRII) up-regulation in equine peripheral blood
mononuclear cells and pulmonary alveolar macrophages. Vet. Immunol. Immunopathol. 2004, 101, 243–250. [CrossRef] [PubMed]

104. Varin, A.; Gordon, S. Alternative activation of macrophages: Immune function and cellular biology. Immunobiology 2009, 214,
630–641. [CrossRef] [PubMed]

105. Wilson, M.E.; McCandless, E.E.; Olszewski, M.A.; Robinson, N.E. Alveolar macrophage phenotypes in severe equine asthma.
Vet. J. 2020, 256, 105436. [CrossRef]

106. Kang, H.; Bienzle, D.; Lee, G.K.C.; Piché, É.; Viel, L.; Odemuyiwa, S.O.; Beeler-Marfisi, J. Flow cytometric analysis of equine
bronchoalveolar lavage fluid cells in horses with and without severe equine asthma. Vet. Pathol. 2022, 59, 91–99. [CrossRef]

107. Bureau, F.; Delhalle, S.; Bonizzi, G.; Fiévez, L.; Dogné, S.; Kirschvink, N.; Vanderplasschen, A.; Merville, M.-P.; Bours, V.; Lekeux,
P. Mechanisms of Persistent NF-κB Activity in the Bronchi of an Animal Model of Asthma. J. Immunol. 2000, 165, 5822–5830.
[CrossRef] [PubMed]

108. Turlej, R.K.; Fiévez, L.; Sandersen, C.F.; Dogné, S.; Kirschvink, N.; Lekeux, P.; Bureau, F. Enhanced survival of lung granulocytes in an
animal model of asthma: Evidence for a role of GM-CSF activated STAT5 signalling pathway. Thorax 2001, 56, 696–702. [CrossRef]

109. Niedzwiedz, A.; Jaworski, Z.; Tykalowski, B.; Smialek, M. Neutrophil and macrophage apoptosis in bronchoalveolar lavage fluid
from healthy horses and horses with recurrent airway obstruction (RAO). BMC Vet. Res. 2014, 10, 29. [CrossRef]

110. Mitsi, E.; Kamng’ona, R.; Rylance, J.; Solórzano, C.; Jesus Reiné, J.; Mwandumba, H.C.; Ferreira, D.M.; Jambo, K.C. Human alveolar
macrophages predominately express combined classical M1 and M2 surface markers in steady state. Respir. Res. 2018, 19, 66.
[CrossRef] [PubMed]

http://doi.org/10.1152/physrev.00010.2005
http://www.ncbi.nlm.nih.gov/pubmed/16371599
http://doi.org/10.1111/jvim.14556
http://www.ncbi.nlm.nih.gov/pubmed/27527123
http://doi.org/10.3389/fvets.2019.00418
http://doi.org/10.1111/j.2042-3306.1990.tb04287.x
http://doi.org/10.1111/j.1365-2222.2007.02857.x
http://doi.org/10.1371/journal.pone.0225025
http://doi.org/10.1165/rcmb.2003-0388OC
http://doi.org/10.1186/s13567-014-0126-3
http://doi.org/10.2460/ajvr.70.3.365
http://www.ncbi.nlm.nih.gov/pubmed/19254149
http://doi.org/10.1051/vetres:2005016
http://www.ncbi.nlm.nih.gov/pubmed/15955281
http://doi.org/10.1007/s11259-006-3346-9
http://www.ncbi.nlm.nih.gov/pubmed/16838204
http://doi.org/10.1016/j.vetimm.2011.05.022
http://www.ncbi.nlm.nih.gov/pubmed/21664702
http://doi.org/10.1152/ajplung.00271.2011
http://doi.org/10.1161/CIRCRESAHA.116.309194
http://doi.org/10.1111/evj.12584
http://doi.org/10.1002/path.4133
http://www.ncbi.nlm.nih.gov/pubmed/23096265
http://doi.org/10.1016/j.vetimm.2013.07.003
http://doi.org/10.1111/j.1365-2222.2005.02231.x
http://www.ncbi.nlm.nih.gov/pubmed/16008670
http://doi.org/10.1038/nri2448
http://www.ncbi.nlm.nih.gov/pubmed/19029990
http://doi.org/10.1016/j.vetimm.2004.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15350754
http://doi.org/10.1016/j.imbio.2008.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19264378
http://doi.org/10.1016/j.tvjl.2020.105436
http://doi.org/10.1177/03009858211042588
http://doi.org/10.4049/jimmunol.165.10.5822
http://www.ncbi.nlm.nih.gov/pubmed/11067942
http://doi.org/10.1136/thx.56.9.696
http://doi.org/10.1186/1746-6148-10-29
http://doi.org/10.1186/s12931-018-0777-0
http://www.ncbi.nlm.nih.gov/pubmed/29669565


Animals 2022, 12, 744 21 of 26

111. Evren, E.; Ringqvist, E.; Tripathi, K.P.; Sleiers, N.; Rives, I.C.; Alisjahbana, A.; Gao, Y.; Sarhan, D.; Halle, T.; Sorini, C.; et al.
Distinct developmental pathways from blood monocytes generate human lung macrophage diversity. Immunity 2021, 54,
259–275.e7. [CrossRef]

112. Léguillette, R. Recurrent airway obstruction—Heaves. Vet. Clin. N. Am. -Equine Pract. 2003, 19, 63–86. [CrossRef]
113. Uberti, B.; Morán, G. Role of neutrophils in equine asthma. Anim. Health Res. Rev. 2018, 19, 65–73. [CrossRef]
114. Davis, K.U.; Sheats, M.K. The Role of Neutrophils in the Pathophysiology of Asthma in Humans and Horses. Inflammation 2021,

44, 450–465. [CrossRef] [PubMed]
115. Kolaczkowska, E.; Kubes, P. Neutrophil recruitment and function in health and inflammation. Nat. Rev. Immunol. 2013, 13,

159–175. [CrossRef]
116. Cheng, O.Z.; Palaniyar, N. NET balancing: A problem in inflammatory lung diseases. Front. Immunol. 2013, 4, 1. [CrossRef] [PubMed]
117. Fox, S.; Leitch, A.E.; Duffin, R.; Haslett, C.; Rossi, A.G. Neutrophil apoptosis: Relevance to the innate immune response and

inflammatory disease. J. Innate Immun. 2010, 2, 216–227. [CrossRef] [PubMed]
118. Simpson, J.L.; Grissell, T.V.; Douwes, J.; Scott, R.J.; Boyle, M.J.; Gibson, P.G. Innate immune activation in neutrophilic asthma and

bronchiectasis. Thorax 2007, 62, 211–218. [CrossRef] [PubMed]
119. Poole, J.A.; Romberger, D.J. Immunological and inflammatory responses to organic dust in agriculture. Curr. Opin. Allergy Clin.

Immunol. 2012, 12, 126–132. [CrossRef] [PubMed]
120. Nocker, R.E.T.; Schoonbrood, D.F.M.; Van de Graaf, E.A.; Hack, E.; Lutter, R.; Jansen, H.M.; Out, T.A. Lnterleukin-8 in

airway inflammation in patients with asthma and chronic obstructive pulmonary disease. Int. Arch. Allergy Immunol. 1996,
109, 183–191. [CrossRef]

121. Medoff, B.D.; Sauty, A.; Tager, A.M.; Maclean, J.A.; Smith, R.N.; Mathew, A.; Dufour, J.H.; Luster, A.D. IFN-γ-Inducible Protein 10
(CXCL10) Contributes to Airway Hyperreactivity and Airway Inflammation in a Mouse Model of Asthma. J. Immunol. 2002, 168,
5278–5286. [CrossRef]

122. Singh, S.R.; Sutcliffe, A.; Kaur, D.; Gupta, S.; Desai, D.; Saunders, R.; Brightling, C.E. CCL2 release by airway smooth
muscle is increased in asthma and promotes fibrocyte migration. Allergy Eur. J. Allergy Clin. Immunol. 2014, 69, 1189–1197.
[CrossRef] [PubMed]

123. Molet, S.; Hamid, Q.; Davoine, F.; Nutku, E.; Taha, R.; Pagé, N.; Olivenstein, R.; Elias, J.; Chakir, J. IL-17 is increased
in asthmatic airways and induces human bronchial fibroblasts to produce cytokines. J. Allergy Clin. Immunol. 2001, 108,
430–438. [CrossRef] [PubMed]

124. Franchini, M.; Gill, U.; Von Fellenberg, R.; Bracher, V.D. Interleukin-8 concentration and neutrophil chemotactic activity in
bronchoalveolar lavage fluid of horses with chronic obstructive pulmonary disease following exposure to hay. Am. J. Vet. Res.
2000, 61, 1369–1374. [CrossRef] [PubMed]

125. Riihimäki, M.; Raine, A.; Art, T.; Lekeux, P.; Couëtil, L.; Pringle, J. Partial divergence of cytokine mRNA expression in bronchial
tissues compared to bronchoalveolar lavage cells in horses with recurrent airway obstruction. Vet. Immunol. Immunopathol. 2008,
122, 256–264. [CrossRef] [PubMed]

126. Korn, A.; Miller, D.; Dong, L.; Buckles, E.L.; Wagner, B.; Ainsworth, D.M. Differential gene expression profiles and selected
cytokine protein analysis of mediastinal lymph nodes of horses with chronic recurrent airway obstruction (RAO) support an
interleukin-17 immune response. PLoS ONE 2015, 10, e0142622. [CrossRef]

127. Ouyang, W.; Kolls, J.K.; Zheng, Y. The Biological Functions of T Helper 17 Cell Effector Cytokines in Inflammation. Immunity
2008, 28, 454–467. [CrossRef] [PubMed]

128. Ramirez-Carrozzi, V.; Sambandam, A.; Luis, E.; Lin, Z.; Jeet, S.; Lesch, J.; Hackney, J.; Kim, J.; Zhou, M.; Lai, J.; et al.
IL-17C regulates the innate immune function of epithelial cells in an autocrine manner. Nat. Immunol. 2011, 12, 1159–1166.
[CrossRef] [PubMed]

129. Wolf, L.; Sapich, S.; Honecker, A.; Jungnickel, C.; Seiler, F.; Bischoff, M.; Wonnenberg, B.; Herr, C.; Schneider-Daum, N.;
Lehr, C.M.; et al. IL-17A-mediated expression of epithelial IL-17C promotes inflammation during acute Pseudomonas aeruginosa
pneumonia. Am. J. Physiol. -Lung Cell. Mol. Physiol. 2016, 311, L1015–L1022. [CrossRef] [PubMed]

130. Honda, K.; Wada, H.; Nakamura, M.; Nakamoto, K.; Inui, T.; Sada, M.; Koide, T.; Takata, S.; Yokoyama, T.; Saraya, T.; et al. IL-17A
synergistically stimulates TNF-α-induced IL-8 production in human airway epithelial cells: A potential role in amplifying airway
inflammation. Exp. Lung Res. 2016, 42, 205–216. [CrossRef]

131. Berndt, A.; Derksen, F.J.; Venta, P.J.; Ewart, S.; Yuzbasiyan-Gurkan, V.; Robinson, N.E. Elevated amount of Toll-like receptor 4
mRNA in bronchial epithelial cells is associated with airway inflammation in horses with recurrent airway obstruction. Am. J.
Physiol. -Lung Cell. Mol. Physiol. 2007, 292, 936–943. [CrossRef]

132. Porto, B.N.; Stein, R.T. Neutrophil extracellular traps in pulmonary diseases: Too much of a good thing? Front. Immunol. 2016, 7, 311.
[CrossRef] [PubMed]

133. Martinelli, S.; Urosevic, M.; Baryadel, A.; Oberholzer, P.A.; Baumann, C.; Fey, M.F.; Dummer, R.; Simon, H.U.; Yousefi, S. Induction
of genes mediating interferon-dependent extracellular trap formation during neutrophil differentiation. J. Biol. Chem. 2004, 279,
44123–44132. [CrossRef] [PubMed]

134. Papayannopoulos, V.; Metzler, K.D.; Hakkim, A.; Zychlinsky, A. Neutrophil elastase and myeloperoxidase regulate the formation
of neutrophil extracellular traps. J. Cell Biol. 2010, 191, 677–691. [CrossRef] [PubMed]

http://doi.org/10.1016/j.immuni.2020.12.003
http://doi.org/10.1016/S0749-0739(02)00067-6
http://doi.org/10.1017/S146625231800004X
http://doi.org/10.1007/s10753-020-01362-2
http://www.ncbi.nlm.nih.gov/pubmed/33150539
http://doi.org/10.1038/nri3399
http://doi.org/10.3389/fimmu.2013.00001
http://www.ncbi.nlm.nih.gov/pubmed/23355837
http://doi.org/10.1159/000284367
http://www.ncbi.nlm.nih.gov/pubmed/20375550
http://doi.org/10.1136/thx.2006.061358
http://www.ncbi.nlm.nih.gov/pubmed/16844729
http://doi.org/10.1097/ACI.0b013e3283511d0e
http://www.ncbi.nlm.nih.gov/pubmed/22306554
http://doi.org/10.1159/000237218
http://doi.org/10.4049/jimmunol.168.10.5278
http://doi.org/10.1111/all.12444
http://www.ncbi.nlm.nih.gov/pubmed/24931417
http://doi.org/10.1067/mai.2001.117929
http://www.ncbi.nlm.nih.gov/pubmed/11544464
http://doi.org/10.2460/ajvr.2000.61.1369
http://www.ncbi.nlm.nih.gov/pubmed/11108181
http://doi.org/10.1016/j.vetimm.2007.12.001
http://www.ncbi.nlm.nih.gov/pubmed/18243337
http://doi.org/10.1371/journal.pone.0142622
http://doi.org/10.1016/j.immuni.2008.03.004
http://www.ncbi.nlm.nih.gov/pubmed/18400188
http://doi.org/10.1038/ni.2156
http://www.ncbi.nlm.nih.gov/pubmed/21993848
http://doi.org/10.1152/ajplung.00158.2016
http://www.ncbi.nlm.nih.gov/pubmed/27694471
http://doi.org/10.1080/01902148.2016.1190796
http://doi.org/10.1152/ajplung.00394.2006
http://doi.org/10.3389/fimmu.2016.00311
http://www.ncbi.nlm.nih.gov/pubmed/27574522
http://doi.org/10.1074/jbc.M405883200
http://www.ncbi.nlm.nih.gov/pubmed/15302890
http://doi.org/10.1083/jcb.201006052
http://www.ncbi.nlm.nih.gov/pubmed/20974816


Animals 2022, 12, 744 22 of 26

135. Twaddell, S.H.; Baines, K.J.; Grainge, C.; Gibson, P.G. The Emerging Role of Neutrophil Extracellular Traps in Respiratory Disease.
Chest 2019, 156, 774–782. [CrossRef]

136. Saffarzadeh, M.; Juenemann, C.; Queisser, M.A.; Lochnit, G.; Barreto, G.; Galuska, S.P.; Lohmeyer, J.; Preissner, K.T.
Neutrophil extracellular traps directly induce epithelial and endothelial cell death: A predominant role of histones.
PLoS ONE 2012, 7, e32366. [CrossRef]

137. Narasaraju, T.; Yang, E.; Samy, R.P.; Ng, H.H.; Poh, W.P.; Liew, A.A.; Phoon, M.C.; Van Rooijen, N.; Chow, V.T. Excessive
neutrophils and neutrophil extracellular traps contribute to acute lung injury of influenza pneumonitis. Am. J. Pathol. 2011, 179,
199–210. [CrossRef]

138. Pham, D.L.; Ban, G.Y.; Kim, S.H.; Shin, Y.S.; Ye, Y.M.; Chwae, Y.J.; Park, H.S. Neutrophil autophagy and extracellular DNA traps
contribute to airway inflammation in severe asthma. Clin. Exp. Allergy 2017, 47, 57–70. [CrossRef]

139. Côté, O.; Clark, M.E.; Viel, L.; Labbé, G.; Seah, S.Y.K.; Khan, M.A.; Douda, D.N.; Palaniyar, N.; Bienzle, D. Secretoglobin 1A1
and 1A1A differentially regulate neutrophil reactive oxygen species production, phagocytosis and extracellular trap formation.
PLoS ONE 2014, 9, e96217. [CrossRef]

140. Vargas, A.; Boivin, R.; Cano, P.; Murcia, Y.; Bazin, I.; Lavoie, J.P. Neutrophil extracellular traps are downregulated by glucocorti-
costeroids in lungs in an equine model of asthma. Respir. Res. 2017, 18, 207. [CrossRef]

141. Fu, J.; Tobin, M.C.; Thomas, L.L. Neutrophil-like low-density granulocytes are elevated in patients with moderate to severe
persistent asthma. Ann. Allergy, Asthma Immunol. 2014, 113, 635–640.e2. [CrossRef]

142. Herteman, N.; Vargas, A.; Lavoie, J.P. Characterization of Circulating Low-Density Neutrophils Intrinsic Properties in Healthy
and Asthmatic Horses. Sci. Rep. 2017, 7, 7743. [CrossRef] [PubMed]

143. Nguyen, G.T.; Green, E.R.; Mecsas, J. Neutrophils to the ROScue: Mechanisms of NADPH oxidase activation and bacterial
resistance. Front. Cell. Infect. Microbiol. 2017, 7, 373. [CrossRef] [PubMed]

144. Chan, T.K.; Tan, W.S.D.; Peh, H.Y.; Wong, W.S.F. Aeroallergens Induce Reactive Oxygen Species Production and DNA Damage
and Dampen Antioxidant Responses in Bronchial Epithelial Cells. J. Immunol. 2017, 199, 39–47. [CrossRef] [PubMed]

145. Bucchieri, F.; Puddicombe, S.M.; Lordan, J.L.; Richter, A.; Buchanan, D.; Wilson, S.J.; Ward, J.; Zummo, G.; Howarth, P.H.;
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164. Paggiaro, P.L.; Chanez, P.; Holz, O.; Ind, P.W.; Djukanović, R.; Maestrelli, P.; Sterk, P.J. Sputum induction. Eur. Respir. J. Suppl.
2002, 20, 3s–8s. [CrossRef]

165. Duz, M.; Whittaker, A.G.; Love, S.; Parkin, T.D.H.; Hughes, K.J. Exhaled breath condensate hydrogen peroxide and pH for the
assessment of lower airway inflammation in the horse. Res. Vet. Sci. 2009, 87, 307–312. [CrossRef] [PubMed]
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