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The 2019 Havemeyer Workshop brought together researchers and clinicians to discuss

the latest information on Equine Asthma and provide future research directions. Current

clinical andmolecular asthma phenotypes and endotypes in humans were discussed and

compared to asthma phenotypes in horses. The role of infectious and non-infectious

causes of equine asthma, genetic factors and proposed disease pathophysiology

were reviewed. Diagnostic limitations were evident by the limited number of tests and

biomarkers available to field practitioners. The participants emphasized the need for

more accessible, standardized diagnostics that would help identify specific phenotypes

and endotypes in order to create more targeted treatments or management strategies.

One important outcome of the workshop was the creation of the Equine Asthma Group

that will facilitate communication between veterinary practice and research communities

through published and easily accessible guidelines and foster research collaboration.
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INTRODUCTION

The effort to clarify the phenotype and terminology used to characterize horses with chronic
inflammatory airway disease started in 2000 with a workshop in East Lansing, Michigan (1).
Several workshops were subsequently held with similar goals in mind with the latest hosted in
Cabourg, France in 2014 (2). In the last few years, the terminology has further evolved with the
term equine asthma (EA) now being recommended to describe horses with chronic respiratory
signs ranging in severity from mild to severe that were previously referred as inflammatory airway
disease and recurrent airway obstruction, respectively (3). Although strong evidence supports the
role of exposure to environmental dust in the pathophysiology of both mild and severe EA, the
potential role of infectious agents (bacterial and viral) has not been clearly established.
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The goal of the 2019HavemeyerWorkshop on Equine Asthma
was to bring together researchers and clinicians from different
disciplines who are actively investigating airway inflammation to
discuss the latest information on this topic and provide some
comparative perspective from human asthma. The workshop
was designed to facilitate productive discussions that would
inform potential future revisions of the 2016 American College
of Veterinary Internal Medicine (ACVIM) Consensus Statement
on mild-moderate EA (3) and provide future research directions.

The present report follows the format of the workshop. The
manuscript is organized thematically starting with the recent
advancements in the understanding of the classification and
diagnosis of human and equine asthma. The second part is
centered on the etiology and pathophysiology of EA. The third
and final section of the manuscript summarizes the extensive
discussions conducted during the workshop with the goal of
prioritizing future directions of EA research.

CLINICAL AND MOLECULAR
PHENOTYPES OF HUMAN
ASTHMA—JAMES MARTIN

Clinical asthma phenotypes have been recognized for many
decades but were collapsed into a unified hypothesis of asthma
as an allergic disease in 1989 when age adjusted levels of
immunoglobulin E were associated with asthma. It has taken
more than 20 years to consider the heterogeneity of asthma again
with an emerging emphasis on endotypes, an intrinsically more
interesting approach to understanding asthma pathobiology
(4). The term “endotype” is used to describe a subtype of
disease defined by a molecular mechanism, genetic variation
or by treatment response (5, 6). Cluster analyses of asthma
cohorts have revealed groups with different ages of onset, lung
function, concordance or lack thereof between measures of
airway inflammation by sputum analysis and symptoms. A recent
review of asthma by a panel of experts has focused on the need
to recognize asthma in its diverse forms and to identify treatable
traits. This extensive review has highlighted areas for future
attention (7).

The application of the analysis of gene expression to airway
epithelial cells and sputum cells from well-characterized groups
of asthmatics has led to the appreciation of asthma associated
with T helper 2 cytokines and non-T2 asthma (8). The former
is the more allergic subset with higher IgE and peripheral and
sputum eosinophilia. Non-T2 asthma has fewer of these features
and is less responsive to inhaled corticosteroids. T cells that
express interleukin-17 have been linked to severe neutrophilic
asthma. These so-called Th17 cells have been shown in animal
models to be associated with steroid-unresponsiveness. The Th1
cytokine interferon-γ likewise has been found to be expressed in
the airways of severe asthmatics.

In recent years there has emerged another lymphoid cell
that participates in host responses to mucosal injury. These
innate lymphoid cells are lineage negative, lacking the usual
lymphocyte surface markers (9). They express similar panels
of cytokines to the T helper subsets and are labeled innate

lymphoid cell (ILC) 1, 2, and 3. They are rapidly activated
by epithelial signals such as thymic stromal lymphopoietin
(TSLP), interleukins 25 and 33, molecules termed alarmins. The
secretion of IL-5 and IL-13 by ILC2 may lead to a pattern of
inflammation previously interpreted as Th2. Innate lymphoid
cells are less steroid sensitive. Additionally, alarmins prime cells
such as dendritic cells and therefore may have a role in adaptive
immunity as well as innate immune responses. The synthesis
of amphiregulin, an epidermal growth factor receptor ligand,
by ILC2s but also Th2 cells, is postulated to promote mucosal
integrity. One could anticipate that viral infection of epithelial
cells or damage by irritants giving rise to inflammation mediated
by ILCs. However, their roles have yet to be fully explored.

Transcriptomic analysis of sputum has revealed three patterns
of inflammation and gene signatures consistent with both Th2
and ILC2 driven inflammation and oxidative stress (10). The
descriptions of molecular mechanisms of inflammation may
still be considered as a deeper form of phenotyping. However,
the application of novel biologics to treat asthma is now
implicating certain pathways in disease and therefore is providing
us with true disease endotypes. Most of the progress in the
identification of treatable traits has related to the T2 phenotype.
Biologics targeting IgE (omalizumab), IL-5 and therefore, the
eosinophil (mepolizumab, benrazilumab, rezlizumab) and the
T2 cytokines (dupilumab) have all demonstrated efficacy in
reducing exacerbations of asthma. Recent results of studies
targeting the alarmin TSLP and therefore both T2 high and low
asthma have confirmed efficacy against acute attacks of asthma.
Oxidative stress in asthma has not been specifically addressed.
A problematic form of asthma is that associated with airway
remodeling and fixed airway obstruction. The association with
mucus plugging and eosinophilic inflammation has been recently
identified as a potential factor in long term impaired airway
function (11).

Severe equine asthma is typically a neutrophilic form of
asthma although expression of T2 cytokines has been described
(12). There is also evidence that IL-17 is expressed in equine
asthma and its effects on neutrophil survival are steroid-
insensitive (13, 14). Although neutrophilic human asthma is less
steroid-sensitive than the eosinophilic phenotype, severe equine
asthma is responsive to steroid treatment despite the presence
of neutrophilic inflammation. Severe equine asthma shares the
structural remodeling of the airways with human asthma and a
part of the remodeling change is reversible with steroid treatment
as well as withdrawal from the inciting stimulus (15). Studies
of airway remodeling in human asthma with treatment have
not addressed key components of remodeling such as increased
airway smooth muscle mass.

CLINICAL PHENOTYPES OF EQUINE
ASTHMA—JEAN-PIERRE LAVOIE

The purpose of the 2007 ACVIM Consensus Statement on mild-
moderate EA was to review the current knowledge and opinions
concerning this condition and to help practitioners differentiate
mild-moderate EA from severe EA (16). The consensus was
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revised in 2016 and discussed the use of EA to describe these
conditions (3). The revised consensus recognized that asthmatic
horses of all severities have common clinical presentations (such
as chronic cough, excess mucus, poor performance) but also a
wide heterogeneity in terms of triggering factors, severity, and
pathologic characteristics.

A phenotype is the observable physical properties of an
organism, including measurable laboratory findings, which
is the result of the expression of the genes in response
to the environment (17). Identifying distinct phenotypes is
of interest if they facilitate the diagnosis, the prognosis or
allow the implementation of targeted therapy. While currently
loosely defined, the EA phenotypes discussed in the 2016
Consensus statements were based on clinical presentation (severe
vs. mild/moderate), triggering factors (barn/hay or pasture),
endoscopy findings (mucus) and bronchoalveolar cytology.

From a clinical standpoint, further dividing EA as distinct
“mild” and “moderate” phenotypes may promote recognition
that asthma is an underdiagnosed cause of exercise intolerance
in high performance horses. Horses with a cough or increased
respiratory rate at rest or following exercise will commonly
undergo further diagnostic procedures to confirm asthma, or
“anti-asthma” treatments will be implemented. However, this is
generally not the case when no clinical signs suggestive of an
airway disease are present. The term “mild EA” could describe
the condition affecting these horses, while “moderate EA” would
be used when clinical signs of airway disease (such as cough) are
present, but without the periods of labored breathing at rest seen
in “severe EA” (18). The inflammatory airway cell phenotypes
(neutrophils, mast cells, eosinophils) were recognized in the
2007 and 2016 consensus statements (3, 16). Future phenotypes
may include the age (early or late) of appearance of clinical
signs, or specific remodeling features affecting the airways, if
these new features are shown to facilitate prognostication or the
implementation of specific therapy.

The future development of new portable and sensitive devices
for measuring the lung function of horses (forced oscillation
or flow interruption techniques), or the discovery of blood
biomarkers for EA would help not only to facilitate the diagnosis
of mild and moderate forms of EA in clinical practice, but also to
possibly identify new phenotypes for these conditions.

To date, different inflammatory pathways have been proposed
as contributing to EA, which may eventually lead to novel
therapies (19). The discrepancies between results of the different
studies may be an indication of different endotypes in EA,
although future studies on large cohorts of horses from
multiple sites would be required before specific endotypes
can be recognized. Multicenter tissue banking could facilitate
these studies.

In summary, the 2016 ACVIM Consensus Statement
recognized the currently known distinctive features of
EA. Further defining “mild” and “moderate” EA based
on the presence or absence of easily identified clinical
signs may promote the investigation of the subclinical
(mild) phenotype. The identification of novel phenotypes
and endotypes may lead to “precision medicine” where
treatments most likely to help equine patients would be

selected. This approach is now implemented in humans
and may eventually be applicable to horses if supported by
scientific research.

SUMMER PASTURE-ASSOCIATED SEVERE
EQUINE ASTHMA: PHENOTYPE AND
TRIGGERS—CYPRIANNA SWIDERSKI

Severe equine pasture asthma (EPA) is characterized by episodes
of reversible airway obstruction in horses grazing pasture
during the summer in hot humid climates (20). Affected horses
demonstrate neutrophilic airway inflammation, airway hyper-
responsiveness extending throughout the season of remission,
and airway remodeling (21, 22). The author’s experience is
restricted to EPA as first described in horses residing in Louisiana,
and diagnosed in states with subtropical climates (Mississippi,
Alabama, and Florida) (20). Veterinarians in regions of adjoining
states and distant states (Oregon) describe similar signs in horses
grazing pastures during hot humid conditions. EPA is described
in the United Kingdom where it differs in its association with
hot dry weather or exposure to dust from harvest/burning
of crops (23). EPA demonstrates adult onset (12 ± 6 years;
range 1–29 years) without sex predilection (24). Asthma
exacerbations generally begin in summer (July), persisting until
temperature and humidity decrease (October/November) (25).
Fewer horses experience asthma in the spring. A history of prior
seasonal cough and/or exercise intolerance may be identified.
Improvement within hours to days of isolation from pasture
particulates in a stall environment is a key diagnostic feature
of EPA in the southeastern USA (20); some severe cases
necessitate isolation in a climate climate-controlled environment.
In the author’s experience, without adequate environmental
management, disease severity is progressive and responsiveness
to parenteral corticosteroids decreases.

Though specific agent(s) that elicit EPA exacerbation are
not identified, the response to stall housing implicates seasonal
pasture-associated particulates. Costa et al. reported increases
in grass but not tree pollens were significantly associated with
EPA exacerbation using a pollen station ∼90 miles from affected
horses (25). In this regard, intact pollen is too large to reach
the respirable zone of humans in order to elicit asthma, but
moist conditions that are associated with EPA exacerbations can
shatter pollen and disseminate respirable particles (26). Grass
pollen sensitization is classically associated with Th2 responses,
IgE-mediated hypersensitivity, and eosinophilic inflammatory
infiltrates. However, chronic exposure to Th2 sensitizing
antigens and to complex antigen combinations that include Th2
sensitizing antigens each generate Th17 responses accompanied
by neutrophilic airway inflammation that typifies EPA (27, 28).

Subtopical grasses differ substantially from grasses in
temperate and continental climates (29). Pollen from subtropical
grass subfamilies is important to rhinitis and human asthma in
subtropical zones of Australia, Asia, India, Africa, and America.
Pollination seasons for Bahia and Bermuda grass (spring through
September/October) align to the season of EPA exacerbation
(30, 31). The pollen season for Johnson grass is temperature
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dependent, flowering fromMay to July, with higher temperatures
moving flowering later into Autumm (32).

A role for fungal triggering in EPA exacerbation is suggested
by the near identical clinical picture presented by horses with EPA
and barn dust-associated severe asthma, wherein a role for fungal
triggering is substantiated in the latter (33). Chronic neutrophilic
airway inflammation characterizing both forms of severe equine
asthma also aligns to Th17-mediated neutrophilic inflammation
in fungal asthma models (34). Of the more than 100 species of
fungi that exist in biotropic relationships with Bermuda, Bahia,
and Johnson grasses, Curvularia, Helminthosporium, Alternaria,
Puccinia, Epicoccum, and Fusarium are implicated in eliciting
human asthma (35). Costa et al. identified fungal spores of
the genus Nigrospora, and Curvularia, as well as basidiospores,
as temporally associated with exacerbations of pasture asthma
(25). These findings are in agreement with reported correlations
between EPA exacerbation and high dew point temperature (25).
Specifically, Nigrospora conidia and basidiospore release increase
with increasing relative humidity, resulting in a peak in spore
counts during the early morning and aligning to the association
of EPA exacerbations with increased dew point temperature (25,
36). In contrast, conidia of Cladosporium, Alternaria, Epicoccum,
and Dreschlera spp. are released during warm, dry, windy
conditions, while precipitation is required for release of many
ascospores. In this way, humidity influences fungi of relevance
to asthma in different locales which could influence associations
of pasture asthma in the UK with hot dry conditions, rather
than hot humid conditions precipitating pasture asthma in the
southeastern US.

As a chronic and progressive disease of undetermined
etiology, EPA is most effectively managed by segregation from
inciting grass pastures during warm seasons. The necessity
to segregate horses from pasture, particularly at a time when
they are typically extensively ridden and grazed, presents a
conundrum that is ultimately detrimental for most affected
horses. Accordingly, there is a critical need to identify the agents
that trigger EPA in order to improve disease management.

RECOMMENDED MINIMUM DATABASE
FOR DIAGNOSIS OF EQUINE ASTHMA BY
EQUINE PRACTITIONERS IN THE FIELD
VS. CRITERIA USED FOR
RESEARCH—MELISSA MAZAN

Both veterinary practitioners and researchers muse about the
diagnostic armamentarium available to physicians—if only we
had the chest CT, the advanced lung function testing, the
biomarkers—then we would be able to have a better diagnosis.
A quick search of the literature, however, shows us that our
counterparts face many of the same diagnostic dilemmas that
we do, albeit often with higher bills! While pulmonologists have
drawn upmultiple guidelines to help in the diagnosis of asthma in
humans with its multiple phenotypes and endotypes, physician-
diagnosed asthma criteria often fail to be consistent with the
official guidelines rendering the results of large epidemiologic
studies or clinical trials fraught with the perils of resting

findings on nebulous datasets. Various forms of spirometry
or simple pulmonary function testing are readily available in
human medicine, but few non-pulmonologists avail themselves
of objective data, and instead rest on reported symptoms such
as difficulty breathing on exertion, cough or positive response to
bronchodilation (37). Indeed, the GINA toolbox identifies “lack
of access to spirometry/bronchoprovocation tests” as a barrier
to implementation of GINA guidelines in human asthmatics
(38). Moreover, the heterogeneity in published algorithms for
diagnosis of asthma—more than 66 in the literature at last
count—make even an algorithm-based diagnosis unsure (39).
Thus, the conclusion that symptom-based diagnosis is associated
with a significant risk of over-diagnosis has been reached for
asthma in humans (40). The current push in human medicine to
refine both the phenotypes and endotypes for multiple different
subtypes of asthmas aims to elucidate the underlying causes and
thus treatments that may be very different. We are still searching
for the criteria that will help us with this in equine medicine.
If there are indeed mechanistically different groups of horses
within the categories of mild, moderate, and severe EA that
are associated with genetic differences or cellular or molecular
biomarkers, then perhaps we will gain better understanding of
treatment successes and failures and will be able more logically to
choose clinical therapies and predict responses.

The difficult case for the clinician and the researcher alike
is not the horse with severe EA—because the history and
clinical exam alone can often suffice to diagnose, and there is a
visible relief in respiratory embarrassment with administration
of bronchodilator (although it can take some time in horses
with diaphragmatic exhaustion) (41). The difficult horse is the
one with moderate/severe asthma in remission and the horse
with mild-moderate EA. As was recently pointed out, the biggest
difference that we note in the clinical diagnosis of horses
with mild-moderate EA vs. severe EA is the presence of an
increased respiratory effort at rest, which is due to the underlying
pathophysiology of bronchoconstriction, increased mucus, and
bronchiolar inflammation (42). The need, then, is to detect the
mildly or subclinically affected horse.

As veterinarians, we have at hand history, clinical signs,
lung function testing, radiographs, endoscopy, analysis of airway
secretions, blood biomarkers and clinical pathology which can
be used in a minimum database in order to classify horses into
clinically useful categories that have a pathophysiologic basis
that can simultaneously allow us to diagnose, treat, and translate
clinical cases into field research.

History
A tentative diagnosis of EA in its most severe form can often
be made on history alone, with the key component being the
recognition of episodes of reversible respiratory embarrassment
precipitated by exposure to specific triggers—namely, moldy
hay in the northeast of the United States, and pasture allergens
and particulates in the south. History in subclinical or mild
cases is seldom of such definitive use; this does not mean that
it is unimportant. Such questions as parentage (43), type of
feed and how it is fed (44), and heat and pollen counts at the
time of diagnosis (45) may be important risk factors for equine
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asthma. While it has been proposed that coughing and poor
performance may serve to define a phenotype of moderate vs.
mild EA (46), these signs are not sufficiently sensitive (47) and
would misclassify a subset of horses—they alert the clinician that
moderate EA is likely, but the absence of these signs does not rule
out disease. The connections between EA and viral or bacterial
disease are not linear, but it is becoming increasingly clear that
the connection exists (48, 49), thus a thorough history should
include probing for past infectious respiratory disease. One of
the best described questionnaire analysis tools for classification
of horses based on history is the HOARSI index (50), developed
as a means of distinguishing among normal, mild-moderate EA
or severe EA phenotypes. However, clinical signs and indices
are insufficiently sensitive to distinguish horses with mild-
moderate EA from normal horses or horses with severe EA in
remission (51).

Proposed minimum database for both practitioners in the field
and for research: A common history tool should be developed that
addresses the main concerns of parentage if known, current and
lifetime exposures to particulates and allergens including feeds and
feeding practices, barn environment, vaccinations, travel history,
and recent illnesses.

Clinical Scoring/Clinical Presentation
Multiple scoring systems have been shown to be useful for
distinguishing healthy horses from horses with severe EA
in exacerbation, but, similar to questionnaire indices, these
scoring systems do not help in the more difficult problem of
distinguishing horses with mild EA from healthy or severe EA in
remission (52). Indeed, 19 years ago, Robinson et al. found that
even in horses with historical severe EA, clinical score failed to
reflect low-grade airway obstruction, and suggested that without
easily used, field-accessible testing equipment, lower airway
disease would go underdiagnosed (53). Recently, the adapted
23-point scoring system has been shown to be the most useful
in discriminating mild from severe cases, but it is unlikely to
distinguish normal from subclinical disease (54), and the IDEASS
scoring system has recently been described as a useful scoring
system for moderate-to-severe equine asthma (55). Thus, while
clinical scoring is essential to a good examination and careful
research, and can potentially be useful in measuring response
to treatment in the individual, it is insufficient in making
the phenotypic distinction between mildly affected horses and
healthy horses.

Proposed minimum database for both practitioners in the field
and for research: The 23-point modified clinical score appears to
best stratify horses with obstruction ranging from mild to severe.
An application suitable for smart phone use would enhance the
adoption of a common scoring tool.

Lung Function Testing
In human asthma, the gold standard is the detection of variability
in pulmonary function using spirometry or other methods of
lung function testing (38). Unfortunately, lung function testing
remains available only to a few specialized centers, as more
recently developed portable lung function testing modalities are
no longer on the market (41). Initial reports from the author’s

laboratory of a simple field test of respiratory resistance using
the interrupter technique hold promise for increased use of
lung function testing in the future. While the classic esophageal
balloon/pneumotachometermethod is effective in demonstrating
increased maximal pleural pressure and allows for calculation
of pulmonary resistance and elastance as well as dynamic
compliance in severe EA, it is not sufficient for demonstrating
abnormal function in mildly affected horses in which baseline
lung function is rarely abnormal and histamine or other
bronchoprovocation or bronchodilation must be used in order
in order to detect low-grade obstruction (56). Unfortunately, in
some studies, even histamine bronchoprovocation has not been
sufficient to distinguish between normal horses and horses with
mild asthma (52), and a lack of concordance between histamine
bronchoprovocation and bronchoalveolar lavage (BAL) cytology
has been noted in several studies (57, 58). While lung function
testing and histamine bronchoprovocation have shownmoderate
to strong correlations with BAL cytology in some studies (56, 59,
60), others have not (57, 58). Methods of performing histamine
bronchoprovocation are equally important: studies in human
asthmatics have shown that it is the total dose of histamine
that is most important rather than the duration of exposure. A
more precise method of dosing may be important to establish.
In human athletes, indirect stimuli, such as cold air, hypertonic
solutions such as mannitol, exercise, and AMP are all considered
more accurate and useful in predicting asthma than are direct
stimuli such as methacholine or histamine; this is an area that
requires exploration in equine pulmonology.While hay challenge
is useful for research in severe EA, it is inappropriate in a
clinical case, especially in a horse that is expected to do athletic
work (3). In moderate to severe EA, variability in airflow should
be demonstrated not through bronchoprovocation but through
bronchodilation using either systemic (BuscopanTM) or inhaled
(albuterol, ipratropium bromide) drugs to assess reversibility; it
is possible that a 24 h period of bronchodilation is necessary for
maximum effect in horses with diaphragmatic fatigue (61).

Proposed minimum database for both practitioners in the field
and for research: In research, lung function should be assessed and
airflow variability/changes in airway caliber should be assessed
with either bronchoprovocation or bronchodilation. More research
is necessary to determine if field assessment of lung function after
bronchoprovocation or bronchodilation is sufficient to determine
change with the 23-point scoring system. It is essential that a robust,
easily used system for testing lung function in the field be developed.

Airway Secretions—Bronchoalveolar
Lavage
Unlike in human pulmonology, examination of airway secretions
is a primary method of diagnosis in EA, be it mild, moderate
or severe. Although a standard volume of between 250 and
500ml of saline using a 2m long endoscope or 3m BAL
tube is recommended (3), this practice is not always followed,
and cytology should be assessed keeping in mind that the
amount of fluid infused will affect the cell percentages. The
relationship between BAL cytology and performance is still
not clear. Certainly, poor performance has been associated
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with what have been determined to be abnormal cell types or
percentages (3). There has been much discussion as to what is
normal on BAL cytology; it likely depends on a combination
of technique, environment and population. Even the “stringent”
definition proposed by Couëtil et al. (3) of <5% neutrophils,
2% mast cells, 1% eosinophils, would be considered elevated
in some high-performance populations (62, 63). Although an
earlier study found no evidence of a clear phenotype in mast
cell vs. neutrophilic inflammation with respect to pulmonary
gas exchange during exercise (64), recently, an increase in
BAL mast cells or neutrophils was shown to negatively affect
performance (44). The way that cells are counted in BAL cytology
is also important, especially for rare cells. In our laboratory we
count a minimum of 500 cells at 400x for common cells such
as macrophages and lymphocytes or neutrophils in mild EA,
whereas for rare cells such as mast cells we count 1,000 cells.
Other techniques, such as using a 5-field differential for mast
cells, are only useful if the cell density is high (65).

The conundrum of whether to assess airway fluid from both
lungs rather than blind sampling, or to pool samples, has also
occupied attention from researchers. One group found that,
depending on whether the “loose” or “stringent” categorization
was used, 8–37% of horses would have been categorized as
control vs. mild-moderate EA if only one lung were used
(66). As it is the rare practitioner who has a bronchoscope in
the field, it is unlikely that even pooled samples (63), which
may be a better representation of overall lung inflammation,
will be taken other than in referral centers or practices. The
problem is most important for rare cells. More attention will
need to be paid in future to morphology and perhaps typing of
cells. The existence of neutrophil extracellular traps (NETosis)
in horses with severe EA presents an additional method to
determine response to treatment (67), and recently the presence
of degenerate neutrophils has been shown to raise suspicion for
bacterial infection (68). The question of macrophagemorphology
as an indicator of inflammation is also an area that will
profit from further investigation (69). Recently, as well, the
paucigranulocytic phenotype has been described in which horses
with clear signs of severe EA have low neutrophil percentages in
the BAL (46). This is thought to be due to mucus plugging of
small airways that essentially sequesters neutrophils. Although
a recent publication showed a rather shocking 81% of high-
performing European horses with mild-moderate EA had fungal
elements in the BAL (62), this remains to be confirmed in
other populations.

Proposed minimum database for both practitioners in the field
and for research: For the BAL, at least 250-mls of saline should
be used, and there is a preference for counting at least 500 cells
to adequately represent rarer cells. For research purposes where
rare cells are of interest (e.g., mast cells or eosinophils), sampling
of both lungs appears preferable. Better categorization of cells
through morphological descriptions including apparent neutrophil
extracellular traps and notations of fungal or birefringent elements
should be done. Characterization of mucus on cytology may help
to elucidate the paucigranulocytic phenotype. BAL in the field will
usually be done blindly with a specialty tube.

Airway Secretions—Tracheal Wash (TW)
The debate continues to swirl around the utility of tracheal wash
vs. bronchoalveolar lavage, with Malikides et al. (70) finding
a 37% disagreement in young racehorses, while Derksen et al.
(71) determining that there was no correlation between BAL
and TW, and others finding no relationship between tracheal
neutrophil counts and racing performance (72); thus, tracheal
cytology has been considered inappropriate for diagnosis of mild
EA (3). Recently, however, a comparison of TW and BAL in
145 horses, along with evidence of mucus and endoscopy, found
that only 17.5% of horses would have been classified differently
if they had had the other procedure, eventually concluding that
there is no gold standard—except for mast cells, which are rare
in the trachea, and thus, to be found, demand that a BAL be
performed (73).

Proposed minimum database for both practitioners in the field
and for research: Tracheal wash may be most practical for some
practitioners in the field and has the added benefit of allowing
for bacterial culture. The inability to assess mast cells adequately
continues to limit this modality. In research settings, both tracheal
aspirate and BAL are preferable.

Endoscopy
Many clinical diagnoses are made on the basis of endoscopic
visualization of mucus, with strong support from the finding that
tracheal mucus quite nicely correlated with racing performance
or lack thereof (72). The recent consensus statement considers
that the demonstration through tracheobronchial endoscopy of
mucus grade 2/5 in racehorses or 3/5 for sport/pleasure horses
is sufficient to diagnose mild-moderate EA and in support of
this recommendation, Rossi et al. (73) found that visible mucus
in the trachea is indeed likely to predict inflammation. There
are varying degrees of certainty about mucus in the trachea
predicting inflammation (49, 62, 74, 75). Nonetheless, other
studies have shown that mucus is insufficient to parse out mild
vs. unaffected cases (76). Endoscopy has also been shown to be
useful in detecting an increase in upper airway abnormalities in
horses with mild-moderate EA, with Courouce-Malblanc et al.
(77) raising the chicken-and-egg question of the relationship
between mild-moderate EA and dorsal displacement of the soft
palate, andmore recently,Wysocka andKlucinski (78) found that
more horses with mild-moderate EA had dynamic pharyngeal
abnormalities. It may be that the answer will rest in whether any
of these modalities can help to define a phenotype rather than
simply further describing an already understood phenotype.

Proposed minimum database for both practitioners in the field
and for research: Upper airway endoscopy should be performed to
rule out upper airway cause of obstruction as a primary cause of
signs or that might confound lung function testing. Assessment of
tracheal mucus should be performed.

Bronchial Biopsies/Brushings
Endobronchial biopsies offer an excellent method of sampling
larger airways, although deeper layers cannot be accessed. The
brass ring—being able to distinguish normal from remission or
mild EA—remains elusive, however, as correlates were evident
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between histopathology and impulse oscillometry and showed a
difference between horses in remission at pasture and those that
remained stabled and treated with glucocorticoids, but did not
show any difference between horses with severe EA in remission
and controls (79).

Proposed minimum database for both practitioners in the field
and for research: At this time, brushings/biopsies are not considered
part of a minimum database.

Radiography/Ultrasound
Imaging is considered an important ancillary diagnostic in
humans, but radiographs have not been shown to be sensitive or
specific in horses with EA (80). Chest CT is currently not feasible
in large animals. While endobronchial ultrasound shows promise
for the elucidation of airway smooth muscle thickening in severe
EA, the ultimate goal of being able to detect low-grade disease in
erstwhile healthy horses, or to distinguish normal from severe EA
in remission remains elusive (79).

Proposed minimum database for both practitioners in the field
and for research: at this time, imaging is not considered part of the
minimum database.

HEALTH EFFECTS OF EQUINE
ASTHMA—LAURENT COUETIL

Equine asthma encompasses mild to severe forms of chronic
airway inflammation. Severe EA affects ∼14–17% of horses in
countries with Northern, cool climate (47, 81). Mild-moderate
EA affects 68–77% of pleasure horses based on tracheal wash
cytology (neutrophils > 20%) and up to 80% of racehorses based
on BAL cytology (44, 75).

Severe Equine Asthma
Horses affected with severe EA experience exacerbation of
clinical signs when exposed to organic dust originating from hay
and bedding, in particular molds present in poor quality hay. As
a result, clinical signs tend to be worse during the winter when
horses are housed indoors for extended periods of time (82).
Some horses exhibit disease flare-ups while at pasture during
summer months (EPA) (25). These horses improve clinically
during winter or after being housed indoor. A small percentage
of horses appear to suffer from both classic severe EA and EPA.
Horses with severe asthma tend to be mature (>7 years) to old
animals and a genetic predisposition has been identified in some
families (83, 84).

The main clinical sign characteristic of severe EA is
increased respiratory effort (“dyspnea”) that can rapidly improve
following bronchodilator administration. Although the decrease
in respiratory effort following bronchodilator administration can
be detected within minutes of drug administration using lung
function testing, clinical improvement may not be apparent to
clinicians (85). Acute exacerbation is associated with increased
pulmonary artery and right-heart vascular pressures as well as
increased pulmonary artery diameter on ultrasound (86). Blood
pressure return to baseline during clinical remission however,
cardiac ultrasound abnormalities such as right ventricular wall
thickness remained increased (86). Surprisingly, severe EA is

rarely fatal unless complications develop such as cor pulmonale
(87). Affected horses are more likely to be euthanized because
owners get discouraged with the expense associated with chronic
therapy and maintaining a low-dust environment (83).

Coughing and nasal discharge are non-specific signs of
respiratory disease commonly reported in horse with severe
EA (47). Horses with a history of both coughing and mucoid
nasal discharge are at increased risk of developing severe EA
(88). Thoracic auscultation may reveal increased breath sounds
bilaterally, extended area of auscultation, and abnormal breath
sounds (i.e., crackles, wheezes). However, the thick chest wall of
horses makes auscultation an insensitive indicator of pulmonary
disease, with abnormal findings obtained in <50% of horses with
severe EA (88).

Strict management changes or medical therapy will results
in rapid improvement in clinical signs however, if exposure to
triggering factors is not addressed improvement will be short
lived or incomplete (3, 15).

Mild/Moderate Equine Asthma
This form of mild respiratory disease is mainly subclinical with
horses showing non-specific signs such as intermittent coughing
and poor performance (3). However, mild asthma should not
be ruled out in horses that do not cough because coughing is
reported in only 38% of horses with mild asthma (89). Coughing
is associated with increased BAL neutrophils (56).

Poor performance and reduced willingness to perform are
associated with increased tracheal mucus scores in racehorses
and show-horses, respectively (72, 90). In racehorses, poor
performance has been associated with increased neutrophils and
mast cells in BAL fluid (44).

There is an association between nasal discharge and increased
tracheal mucus in racehorses (49). However, the association
between tracheal mucus and BAL cytology has not been
reported yet.

TISSUE REMODELING IN EQUINE
ASTHMA AND FUNCTIONAL
CONSEQUENCES—MICHELA BULLONE

The term “remodeling” defines a process resulting in a tissue
that is structurally and architecturally altered compared to
its healthy counterpart. In asthma, structural alterations are
represented by quantitative or qualitative changes of the
bronchial wall components or their surrounding tissues, whilst
architectural alterations refer to the skewed relationships among
such structures.

Airway remodeling has been studied only in horses affected
by severe EA. An increased expression of metalloproteinases and
their tissue inhibitors has been recently reported in a group of
horses with mild respiratory signs and BAL cytology compatible
with mild EA (91). However, the possibility that the horses
studied were horses with severe EA in remission of the disease
was not excluded.

Almost all airway components undergo remodeling in severe
EA, both in peripheral (diameter < 2mm) and central airways.
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The airway smooth muscle mass as well as collagen and elastic
fiber deposition are increased in the lamina propria of peripheral
airways during severe EA remission compared to healthy airways
(92, 93). Mucostasis, mucus cell hyperplasia, peribronchiolar
metaplasia, and interstitial fibrosis are more frequently detected
in horses with severe EA in remission compared to controls (94).
However, histomorphometric techniques revealed no differences
in the number of mucus cells per mm of lamina reticularis or
in the volume of stored mucosubstance in bronchial epithelial
cells (95). Central airway remodeling during disease remission
is less pronounced compared to what is observed peripherally.
Whether airway submucosal structures are significantly altered
during severe EA remission compared to control remain to be
established (79, 96, 97).

Functionally, severe EA remission is associated with a normal
lung function in spite of significant structural alterations of
the airways. In these conditions, the respiratory resistance
correlates with the amount of collagen within the lamina
propria of peripheral airways (93), indicating that, in the
absence of bronchospasm, peripheral airway stiffness is the
major determinant of respiratory resistance in asthmatic horses.
The functional implications of peripheral remodeling become
more important during disease exacerbations, when most of the
changes are further accentuated and the mechanics of breathing
are altered (73, 94).

There is no doubt that the major determinant of airway
obstruction during severe EA exacerbations is smooth muscle
contraction and that central airways play a major role (98).
By definition, the force produced by a muscle is proportional
to its cross-sectional area. Given the increased smooth muscle
mass (and cross-sectional area) during severe EA exacerbations
(79), asthmatic muscle is “stronger” and able to contract the
thickened lamina propria observed in severe EA, further reducing
the airway lumen. Increased mucus secretions into the airway
lumen also contribute to airway occlusion (99). These same

mechanisms operate in peripheral airways, where the effects
on lung function are somewhat blunted by the fact that their

overall contribution to pulmonary resistance is low, due to
their large cumulative cross-sectional area (100). At this level,

the more relevant functional effects of remodeling are the loss
of lung elasticity and airway-parenchymal tethering. Adequate
small airway patency is guaranteed by their intimal connection
to the lung parenchyma by elastic and connective fibers. When
the lung inflates during inspiration, small airways are stretched

and passively dilate. Remodeling of elastic fibers and of the
extracellular matrix within and around the airways and in the
alveolar septa alters this mechanism, preventing the smallest

airways from remaining open (101). The effect is even worse

during expiration, when the lungs physiologically recoil and the
airway diameter physiologically narrows. With a significantly
impaired expiratory airflow, part of the air that reaches the
alveoli remains trapped. This leads horses with severe EA in

exacerbation to breath at increasing lung volumes [functional
residual capacity (102)] in the attempt to maintain airway
patency, which causes lung hyperinflation and enlarged fields of
thoracic auscultation (103).

BRITISH RACING VETERINARIANS’ VIEWS
AND PRACTICES RELATING TO
MILD-MODERATE EQUINE
ASTHMA-TIERNEY KINNISON AND
JACQUELINE M. CARDWELL

Anecdotal evidence to date has suggested that, although
BAL sampling is widely accepted elsewhere as the diagnostic
tool of choice for cytological assessment of equine lower
airways, tracheal endoscopy and tracheal wash-based diagnostics
have remained the mainstay of routine clinical lower airway
investigations in British Thoroughbred racehorses in training.
Given the emphasis on BAL in research, this would present a
considerable challenge to furthering evidence-based respiratory
medicine in this important equine population. In a recent study
we investigated British racing veterinarians’ rationales for current
practices, and the challenges they face in relation to diagnosing
and managing racehorse airway inflammation (104).

Qualitative data were gathered through semi-structured
focus group discussions designed to capture current practices
and opinions relating to the diagnosis and treatment of
lower airway inflammation, as well as familiarity with and
views on the most recent ACVIM consensus statement
(3), in which the term “mild-moderate equine asthma” was
recommended. Four British veterinary practices, two primarily
serving the flat racing community and two primarily serving
the National Hunt (jump racing) community, in different
geographical regions of England, were purposively selected
to participate. Focus group discussions were conducted at
the practice premises, moderated by one of the authors
(TK), an experienced qualitative researcher who is not a
veterinarian. Discussions were audio-recorded and transcribed
verbatim, and transcripts were analyzed using an inductive,
thematic analysis.

In total, 25 participants contributed to the focus group
discussions (number per group ranged from 3 to11). All were
veterinarians (experience ranging from recent graduate to senior
partner), with the exception of one laboratory team member and
one veterinary student, and five were women. Discussions lasted
between 46 and 74 min.

Three key themes were developed through analysis of focus
group data: (i) An over-arching theme of serving the racing
industry within which two further themes (ii) disregarding of the
consensus and (iii) the pragmatic clinician were nested.

(i) Serving the racing industry: This was a key driver of clinical

approaches to racehorse respiratory health, which were
strongly trainer-influenced in particular. The trainer selects
horses for endoscopic respiratory assessment, often because
of training and racing schedules rather than any clinical
signs, and the approach to investigation and treatment is
strongly influenced by trainer expectations. This varies with
trainer personality, experience and trainingmethods, as well
as stage of the racing season, signalment of the affected
animal and general health on the yard, and is in turn driven
by commercial pressures of the racing industry.
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(ii) Disregard of the consensus: The unanimous view across

all four groups was that the condition defined as mild-
moderate EA by current concensus (3) is largely not seen in
British racehorses which, in the participants’ considerable
collective experience, are affected predominantly with
excess endoscopically-visible tracheal mucus largely
attributed to bacterial infections. It was also considered
unfeasible to fulfill two key aspects of the consensus case
definition: waiting for chronicity of clinical signs (>3 weeks
duration), and performing BAL sampling. Neither of these
would be acceptable to trainers, according to participants,
and participants themselves were not convinced of the
extra value of BAL sampling. The consensus statement was
therefore seen as having been developed for outsiders, by
outsiders without sufficient understanding of culture and
practices on British racing yards.

(iii) The pragmatic clinician: Participants shared a strong

professional identity as pragmatic clinicians often required
to base clinical decision-making on direct personal or
collective experience, rather than on research-based
or laboratory evidence. Cytological examinations of
tracheal wash samples were defended as valuable when
interpreted sequentially and combined with knowledge
of the history and idiosyncracies of the individual horse
and yard. Although this approach was generally viewed
positively as flexible and individualized, participants
did also express some frustration with the sometimes
unsatisfactory jigsaw of diagnostic information available
to them, particularly in relation to discrepancies between
clinical and laboratory findings.

Our work has highlighted a lack of alignment between clinical
practice on British racing yards and international consensus
on diagnosing lower airway inflammation, which constitutes
a barrier to furthering development of a contextually-relevant
evidence-base for this population. Equine clinicians elsewhere
may find themselves in disagreement with some of the opinions
expressed, or practices described, by our study participants.
However, these investigations were designed to understand the
experiences and rationales of clinicians in the specific context
of British racing practice. The strength and consistency of views
expressed support the anecdotal evidence that, in this context,
tracheal endoscopy and wash sampling are widely regarded
as the best available means of providing the non-invasive
monitoring of respiratory health expected by trainers and used
to inform training- and racing-related decisions. It would be
interesting to determine whether similar approaches are being
taken elsewhere, particularly in populations of yearling and 2 year
old Thoroughbred racehorses in training. Given the considerable
resistance to BAL sampling in British racing, development of
new tracheal-based or other minimally-invasive diagnostics,
including appropriate biomarkers and suitably sensitive, portable
lung function tests, would be valuable. Furthermore, our
participants’ views that mild-moderate EA as defined by current
consensus is largely not seen in British racehorses suggest
that research furthering our understanding of the etiology and

pathogenesis of airway inflammation in this equine population is
still required.

THE MICROBIOME IN EQUINE
ASTHMA—RENAUD LEGUILLETTE

The respiratory system is an interface between the outer
environment and the inner body. Lower airways have historically
been seen as a sterile milieu, thanks to the anatomical
configuration, local surface immunity and mucus production
and clearance systems (105). However, with the development
of high sensitivity and high throughput technologies, the
microbiota of the respiratory system has been described in
healthy subjects in many species, including horses (106, 107).
Further investigation of the relationship between infectious
agents, lower respiratory tract microbiota and the development
of mild EA is warranted.We and others have reported descriptive
results about the microbiota of horses with mild EA (107, 108),
but the causality between bacterial flora and the disease is far
from being understood.

Studies on the microbiome use DNA extraction followed
by high throughput amplification and sequencing of the 16S
amplicon (109). The sequences are then filtered and aligned
against a taxonomy database to identify and organize operational
taxonomic units (OTUs). Descriptive analysis of the phyla, OTUs
and bacterial species are then performed, followed by statistical
analysis at the community level (within and between samples;
alpha and beta diversity, respectively) and at the individual
level (OTU diversity analysis). Statistical analysis can be used
to compare between groups: healthy horses vs. those with mild
asthma, upper vs. lower respiratory tract (109).

The lower airways have a decreased richness (alpha diversity,
corresponding to the number and proportion of each bacterial
species) when compared to the upper airways in healthy horses
(107). However, a very large majority of the same OTUs are
present in both the upper and the lower airways, showing
an overlap and some continuity in the bacterial population
between the two anatomical environments in healthy horses.
Furthermore, treatment with corticosteroids did not affect the
composition of the bacterial flora in the upper airways (107). The
role of the upper airways microbiota in mild EA is unknown,
but two studies did not find any difference in beta diversity of
the upper airways between healthy horses and those with mild
EA (107, 108).

The relationship between bacteria and the lower respiratory
tract of the equine host seems to be dynamic. As an example,
a change in the environmental respirable particulates has an
effect on the lower respiratory tract flora in horses. Furthermore,
treatment with systemic or nebulized dexamethasone induces
some changes in the microbiota of the lower respiratory
tract in both healthy and mild asthma horses (107). Systemic
dexamethasone administration decreased the evenness of the
flora and increased the abundance of 9 OTUs. There is an
agreement between studies that the lower airways microbiota
between healthy and mild EA horses are clearly different (107,
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108). Interestingly, Streptococcus is one of the 6 OTUs which
differed with disease status, and was the OTU with the greatest
increase in relative abundance in mild EA.

The effect of the environment on the composition of the
lower airways’ microbiota is also a common finding between
studies (107, 108). However, a study found that treatment
with corticosteroids had more effect on the composition of the
bacterial flora than changes in the environment (107).

The microbiome studies are recent in equine medicine and
are limited to being descriptive. The challenge for the scientific
community will be to answer the causality dilemma of the
chicken or the egg regarding the role of the airway microbiota
in mild EA.

ROLE OF VIRUSES IN EQUINE
ASTHMA—NICOLA PUSTERLA

Human Asthma
Asthma development in humans is most probably caused
by the interaction of multiple factors, including genetics,
allergen exposure, microbiome and invading pathogens.
Human rhinovirus, human respiratory syncytial virus, human
metapneumovirus, human parainfluenza virus, human
enterovirus and human coronavirus are strongly associated
with asthma exacerbations (110). The association between
human rhinovirus-induced wheezing and the development of
childhood asthma/wheezing has been confirmed in a recent
meta-analysis (111). The risk for asthma by age 6 years has been
shown to increase (odds ratio 9.8) if children have been wheezing
with rhinovirus during the first 3 years of life (112). Further,
many prospective long-term follow-up studies have shown
that human respiratory syncytial virus-induced bronchiolitis is
associated with later development of asthma (113). However,
the pathogenic role of respiratory viruses as triggers for the
development and/or exacerbation in asthmatic human patients
has not been fully characterized. Changes in the immune
response to viral infections in genetically predisposed individuals
are very likely to be the main factor involved in the association
between viral infection and asthma (114).

Equine Asthma
The pathogenesis of EA remains incompletely defined. However,
similar to human asthma, a multifactorial process is suspected.
Conditions associated with exercise, feeding and housing
practices, location, seasonality, infection of the upper and lower
airways and genetic influences have been linked to EA (7, 8,
115, 116). A variety of viral [equine influenza virus (EIV),
equine herpesviruses (EHV) equine rhinitis viruses (ERVs)]
and bacterial (Streptococcus equi subspecies zooepidemicus,
Actinobacillus spp., Pasteurella spp.) etiological agents have been
linked to mild to moderate EA (49, 117). It remains to be
determined if these agents are triggers for the development of EA
or are secondary colonizers of already compromised airways.

Evidence for Viruses in Equine Asthma

Viral respiratory infections are one of the most common health
problems in horses throughout the world (Table 1). These
infections are often self-limiting and a full recovery can be

expected in most horses. Young performance horses, such
as racing horses, have an increased risk of respiratory viral
infections. This relates to age susceptibility, commingling, stress
and suboptimal biosecurity protocols (119, 122, 123).

Amongst respiratory viruses, only EIV and ERVs have
an affinity to the lower respiratory tract, leading to airway
hyperresponsiveness. Clinical signs associated with EIV are
usually more severe than those seen with mild to moderate
EA. Further, no association has been determined between mild
to moderate EA and infections with EIV, EHV-1 and EHV-4
(118, 120, 121). This is in sharp contrast to the detection of ERVs
(ERAV and ERBV), known to cause subclinical or mild clinical
disease (118, 120, 121). In a recent study, horses with mild to
moderate EA were significantly more likely to have a positive
titer as well as higher log-transformed titers to ERAV when
compared to control horses (120). In another study, the detection
of ERBV by qPCR was significantly associated with coughing in
Standardbred racehorses in training (118). Subclinical respiratory
viral activity in horses with poor performance has been associated
with EHV-2 and EHV-5 infection (118, 120). In a recent
study, the detection of EHV-2 by qPCR in nasal secretions
was significantly associated with mild to moderate EA (120).
In another study, the detection of EHV-2 by qPCR was
significantly associated with coughing and excessive tracheal
mucus in Standardbred racing horses (118). These results are in
sharp contrast to two recent studies performed on 66 Swedish
Standardbred trotters, which were followed for 13 months via
qPCR analysis of nasal secretions and serology (121, 124). Despite
occurrence of poor performance and subclinical viral activity in
the Swedish Standardbred trotters, the authors were unable to
detect associations between EHV-2/-5 and clinical respiratory
disease and/or poor performance. These conflicting results reflect
the ongoing challenges in establishing causality between mild to
moderate EA and gamma herpesviruses, known to be ubiquitous
in both healthy and clinically affected horses.

In conclusion, associations between specific viruses detected
via antigen or antibody detection and clinical signs of mild
to moderate EA may suggest that viruses may play a role
in triggering or exacerbating asthma. However, because
some viruses are ubiquitous both in healthy and clinically
affected horses or are often associated with subclinical
disease, establishing causality is challenging and in need for
further research.

ROLE OF NON-INFECTIOUS EXPOSURES
IN EQUINE ASTHMA—KATY IVESTER

A growing body of research demonstrates the link between
organic dust exposure and EA. Introduction of horses to
high dust environments not only induces profound BAL
fluid neutrophilia and airway obstruction in horses susceptible
to severe asthma, but also significant neutrophilic airway
inflammation in previously healthy horses (125, 126). Outside
of the experimental exposure setting, higher dust exposure has
also been associated with increased risk of tracheal mucus
accumulation in racing Thoroughbreds (127).
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TABLE 1 | Association of respiratory viruses with mild to moderate equine asthma based on antigen and/or antibody detection.

Virus Year Country Population Sample type Outcome References

EAV 2015 Sweden Standardbred trotters Nasal secretions No detection by qPCR (118)

EIV 2015 Sweden Standardbred trotters Nasal secretions No detection by qPCR (118)

2015 USA Adult horses BAL fluid No detection by qPCR (119)

2016 France Standardbred trotters Nasal secretions TW No detection by qPCR (120)

ERAV 2015 Sweden Standardbred trotters Nasal secretions No association with poor performance (118)

2015 USA Adult horses BAL fluid High seroprevalence titers (119)

2016 France Standardbred trotters Nasal secretions No detection by qPCR (120)

TW No association with equine asthma

ERBV 2015 Sweden Standardbred trotters Nasal secretions No association with poor performance (118)

2015 USA Adult horses BAL fluid No association with equine asthma (119)

2016 France Standardbred trotters Nasal secretions No association with equine asthma (120)

Tracheal wash Detection by qPCR in horses with cough

EHV-1/-4 2015 Sweden Standardbred trotters Nasal secretions No association with poor performance (118)

2015 USA Adult horses BAL fluid No detection by qPCR (119)

2016 French Standardbred trotters Nasal secretions TW No association with equine asthma (120)

EHV-2 2015 Sweden Standardbred trotters Nasal secretions No association with poor performance (121)

2015 USA Adult horses Nasal secretions Detection associated with equine asthma (119)

2016 France Standardbred trotters Nasal secretions No association with equine asthma (120)

Tracheal wash Detection by qPCR in horses with cough excessive tracheal mucus

EHV-5 2015 Sweden Standardbred trotters Nasal secretions No association with poor performance (121)

2015 USA Adult horses BAL fluid No association with equine asthma (119)

2016 France Standardbred trotters Nasal secretions TW No association with equine asthma (120)

ECoV 2016 France Standardbred trotters Nasal secretions TW No detection by qPCR (120)

EAdV-1 2016 France Standardbred trotters Nasal secretions TW No association with equine asthma (120)

EAdV-2 2016 France Standardbred trotters Nasal secretions TW No detection by qPCR (120)

BAL, bronchoalveolar lavage; EAV, equine arteritis virus; EAdV, equine adenovirus; NS, nasal secretions; PP, poor performance; STBD, Standardbred; TW, tracheal wash.

Barn dust is a complex mixture, rich in potential sources
of allergens as well as immunomodulators such as endotoxin
and β-glucan (128, 129). In addition to individual horse factors
such as age and susceptibility, this complexity may partially
account for the heterogeneity of asthma phenotypes. Respirable
particulates, nominally <4µm in diameter, have been linked
to eosinophilic inflammation in young Thoroughbreds entering
race training (130) and neutrophilic inflammation in actively
racing Thoroughbreds (44). Increasing respirable endotoxin
exposures have been shown to provide an apparent protective
effect against neutrophilic inflammation at low doses (44), while
high doses of endotoxin augment the inflammatory response to
particulates (131), suggesting a non-linear response to inhaled
endotoxin in the horse. Mast cell inflammation has been
found to be common in both young, untrained Thoroughbreds
(130) and those that are actively racing (44), but unrelated
to respirable dust or respirable endotoxin exposures. Instead,
BAL mast cell proportions are related with respirable β-glucan
exposures. Conversely, inhalable dust exposures have not been
found to affect BAL inflammatory cell proportions. Thus,
inhalable particulates, those nominally <100µm in diameter,
appear to be less relevant than respirable particulates in equine
respiratory health.

Setting exposure recommendations will require better
understanding of the dose-response to inhaled non-infectious

agents across wider ranges of age, breed, and discipline through
study designs that include both exposure and respiratory
health outcome measures and utilize appropriate statistical
tools to relate them. Advanced characterization of respiratory
health, such as investigation of alveolar macrophage function
and BAL fluid cytokine profiles, coupled with extensive
exposure assessment is likely to offer valuable insight into EA
pathophysiology and identify new targets for intervention.
Miniaturization of optical particle counters has rendered real-
time breathing zone exposure measurements on the horse both
affordable and technically feasible. Finally, the equine airway
is arguably most susceptible to particle penetration during
athletic exertion due to large tidal volumes and extension of
the head and neck, yet the exposures that horses sustain during
exercise are largely unexplored. Such measures of exposure are
complicated by the air speed and turbulence generated at the
breathing zone during such activity and will require specialized
sampling strategies.

THE ROLE OF NEUTROPHILS IN EQUINE
ASTHMA—GABRIEL MORAN

Neutrophils are key actors in host defense, migrating toward
sites of inflammation and infection, where they act as
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early responder cells toward external insults (132). However,
neutrophils can also mediate tissue damage in various non-
infectious inflammatory processes. Airway inflammation is one
of the primary characteristics of an asthma-affected horse’s
response to aeroallergens with neutrophilic bronchiolitis being
the main lesion (133). The mechanism by which airway
inflammation develops in EA is a multifaceted and dynamic
process. Current knowledge suggests that the inflammatory
component of this disease results from a combination of both
the innate and adaptive immune responses (134). Generally,
airway inflammation involves activation of pathogen-specific
inflammatory cells, modulation of gene transcription factors, and
release of inflammatory mediators (135). Within the airways,
neutrophils likely contribute to bronchoconstriction, mucus
hypersecretion, and pulmonary remodeling by release of pro-
inflammatory mediators, including the cytokines interleukins
8 and 17, neutrophil elastase, reactive oxygen species, and
neutrophil extracellular traps (NETs) (118–121). Oxidative stress
in horses with asthma is evidenced by the increase in elastase and
decrease in ascorbic acid concentrations in BALF associated with
neutrophilia secondary to exposure to organic dust (136). The
pathogenic role of NETs has been described for many infectious
and non-infectious human diseases, including respiratory cases
with a massive influx of neutrophils into the airways (137).
Excessive NET release is particularly deleterious in lung diseases
because NETs can expand easily in the pulmonary alveolar space
and cause lung injury. Furthermore, NETs and their associated
molecules can directly induce epithelial and endothelial cell
death (138).

The mechanisms that regulate neutrophil functions in tissues
are complex and incompletely understood and must be regulated
with exquisite precision and timing. Timely apoptosis of
neutrophils is central to the resolution of inflammation; dying
neutrophils are known to stimulate their own efferocytosis,
inducing macrophagic transition from a pro-inflammatory to
an anti-inflammatory profile (139). Thus, dysregulated apoptosis
and mechanisms of inflammation may play an important role
in the pathogenesis of EA. The persistence of apoptosis-resistant
neutrophils in the airways of horses with asthmamay also impede
timely neutrophil clearance and delay the resolution of airway
inflammation. The discovery and development of compounds
that can help regulate ROS, NET formation, cytokine release and
clearance of airway neutrophils would be highly beneficial in the
design of therapies for EA (133).

INSIGHTS INTO EQUINE ASTHMA
PATHOPHYSIOLOGY FROM
TRANSCRIPTOMICS—DOROTHEE
BIENZLE

Asthma is a highly heterogeneous condition of the lung. Akin to
the lining of the gastrointestinal tract, the lining of the airways
is also in contact with external substances throughout life.
Ingested substances generally pass through the gastrointestinal
tract unidirectionally, and a careful balance between processing
of digested food materials, nutrient absorption and limiting

immunoreactivity is maintained during homeostasis, with well-
known severe consequences of deviations in this balance. The
airways function differently in that only gaseous substances
normally pass into the distal alveoli and are exhaled in the
reverse direction. Inhaled particulates also have to be expelled in
reverse direction toward the nasopharynx by largely mechanical
means or taken up by alveolar macrophages for disposition with
minimal inflammatory evocation (140). Hence, a complex and
selective epithelial barrier with differing functions characterizes
both organs.

The epithelium lining the airways has unique composition,
morphology and function throughout the lung, and is intimately
connected to subepithelial structures such as the basement
membrane, mucous glands, smooth muscle, fibroblasts,
endothelium and immune cells. The epithelium forms a barrier
between inhaled components and the subepithelial constituents,
and also has to balance efficient transfer of gases with controlled
reactivity to non-gaseous components. While the lesions of
severe EA manifest predominantly with inflammation, smooth
muscle hyperplasia and fibrosis of the peripheral airways and
surrounding tissues, the larger airways are exposed to the same
inhaled substances and also have morphological, functional and
molecular changes (141).

Research initially focused on the role of club cell secretory
protein (CCSP), a member of the secretoglobin family produced
by non-ciliated epithelial cells concentrated within the
epithelium at the transition from bronchi to bronchioles.
Club cells are recognized as epithelial progenitor cells that
can differentiate into ciliated and other specialized cells of the
airway epithelium, participate in reduction of reactive oxygen
toxicants through cytochrome enzymes, and their hydrophobic
secreted protein inactivates a range of inflammatory mediators.
Horses with severe asthma have fewer club cells and lower
concentration of CCSP in airway fluids, which may be a function
of chronic inflammation resulting in reduced regenerative
capacity of the airway epithelium (142). Unique relative to
other mammals, equids have two expressed CCSP genes that
differ in 12 of 70 amino acids, and also in their interaction with
hydrophobic molecules (143). Recombinant eCCSP increased
neutrophil oxidative burst, phagocytosis and extracellular trap
formation, lending support to the notion that loss of club cells
has deleterious effects on lung health (144).

Whole transcriptomic changes in endobronchial epithelial
biopsies from sites from 5th to 12th generation bronchi were
investigated with next-generation sequencing. Each horse served
as its own control to identify changes in gene expression
associated with an inhaled challenge since inter-individual
variability exceeded changes attributable to the challenge. A
bioinformatics pipeline including quality control measures
to account for duplicates, variable sequencing depth and
dispersion was implemented, results were mapped to the
equine genome, and predicted proteins were procured with
a combination of software and manual approaches to assign
appropriate Ensemble IDs for analyzing interactions. An overall
conservative analytic approach yielded 111 genes differentially
expressed in horses with severe asthma as a result of a
challenge, with the majority up-regulated (145). Not surprisingly,
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many up-regulated genes pertained to inflammatory mediators
and effectors and were well-known members of protein
interacting networks. However, somewhat more surprisingly,
genes with altered expression also concerned more broadly
epithelial cell formation and maintenance, and the circadian
rhythm, suggesting that multiple cell properties are affected in
exacerbated EA at the transcriptomic level. Subsequent analysis
of enriched gene sets in asthmatic horses further highlighted the
importance of cell cycle regulation and repair pathways (146).

Transcriptomic studies of this nature yield a great deal of
information, which requires subsequent confirmation regarding
cell specificity, correlation with protein expression and function,
and extension to amore robust number of affected and unaffected
individuals. Albeit, there is strong evidence to indicate that the
bronchial epithelium is profoundly altered during exacerbation
of severe EA, and this insight offers new venues for investigating
the role of specific proteins and for potential therapeutic
targets (147, 148).

GENETIC RISK FACTORS OF EQUINE
ASTHMA—VINCE GERBER

The entire spectrum of EA is influenced by interactions between
the environment and genetics, but almost all research in this field
has focused on the severe clinical phenotype.

While no specific genetic risk factors have been reported for
mild to moderate forms of EA, genetic susceptibility to certain
bacterial lower airway infections could potentially be relevant
(149). Furthermore, mild but persistent respiratory signs such
as occasional coughing and nasal discharge may represent early
phenotypic indicators for an increased risk to later development
of severe EA (88). This suggests that the genetics of milder forms
of EA may be worth investigating in longitudinal studies.

Severe EA has been shown to be partly heritable in several
breeds and has been the focus of genetic research involving
family and epidemiological studies, whole-genome scans and
investigation of candidate genes. Reports of marked familial
aggregation of severe EA date back 70 years (150). Parent, age,
and stable environment have significant additive effects that
increase the risk for developing severe EA as defined by a history
of persistent frequent coughing and/or increased breathing effort
(43, 151). Offspring of affected sires have a more than 4-fold
increased risk for developing severe EA (50).

Whole genome scans in high-prevalence families indicate two
chromosome regions with a genome-wide significant association
with severe EA (152). Importantly, the associations differ
between the families: region ECA13 in one family and ECA15 in
another family. Further association and gene expression studies
indicate interleukin 4 receptor as a candidate gene in a subset
of EA-affected horses. Molecular pathway analyses of genomic
and proteomic data showed interactions between interleukin 4
receptor and SOCS5 upstream of an importantmolecular cascade
involving nuclear factor κB (153).

So far, no causal genetic variant has been identified in
interleukin 4. An allelic case-control genome-wide association
study in the general Warmblood population revealed another

region on chromosome 13. The best-associated marker was
located in the protein-coding gene TXNDC11, which may be
involved in regulating hydrogen peroxide production in the
respiratory tract epithelium as well as in the expression of
MUC5AC mucin (154). No genomic copy number variations
were found to be associated with severe EA (155). Integrative
analyses combining GWAS, differential expression (DE), and
expression quantitative trait loci (eQTLs) were not able to
uncover causative genetic variants that contribute to severe EA
through gene expression regulation. However, results showed
interesting similarities to human asthma with disease-associated
genetic variants in CLEC16A that also regulate gene expression
of DEXI (156). Furthermore, global gene expression studies
of mRNA and miRNA levels in these high-prevalence families
have shown impaired cell cycle regulation and CD4+ T
cell differentiation into Th2/Th17 cells, respectively, in severe
EA (157, 158).

At present, none of these associations are useful genetic
markers in the general population. Most of the findings pertain to
Warmbloods only, or even only to certain lines and families. The
fact that the chromosomal regions and the mode of inheritance
do not agree between families indicates genetic heterogeneity
for severe EA: depending on the genetic make-up of affected
horses, different genes confer the susceptibility for the disease.
It appears that the genetic basis of severe EA is robust, but
remarkably complex. Polygenic complexity, potentially with a
larger number of genes that each may only contribute <10% to
the total genetic effects, maymake it difficult to discover causative
variants. Nevertheless, the genetics of severe EA has revealed
interesting links between severe EA, allergic skin diseases and
susceptibility to intestinal parasites (159, 160).

ARE PERTINENT BIOMARKERS OF
EQUINE ASTHMA ALREADY AVAILABLE
TO PRACTITIONERS AND
RESEARCHERS?—ARTUR NIEDZWIEDZ

According to the National Institutes of Health, a biomarker is
a characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes or
pharmacologic responses to a therapeutic intervention (161). In
practice, biomarkers include tools and technologies that can help
in understanding the prediction, cause, diagnosis, progression,
and outcome of treatment of a disease. Although BAL cytology
has been recognized as the gold standard for diagnosing
respiratory diseases such as EA, currently, sensitive and specific
biomarker tests useful in routine laboratory diagnostics are
being sought. A simple biomarker capable of distinguishing
between animals with lower airway infections and those with
non-infectious airway inflammation would be helpful. Although
the diagnosis of severe cases of EA is relatively easy, it is
difficult to diagnose cases in remission or horses with a mild
form of the disease. Ideally, molecular biomarkers should
reflect a feature of relevant pathological processes. In addition,
biomarker assessment should be easy, low-cost, technically
accurate, repeatable and have an acceptable risk. Therefore, a
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measurement from easily obtainable body fluids or tissues is
preferred, such as blood, urine, exhaled breath condensates, as
opposed to BAL, transbronchial biopsy or lung biopsy (162).

Several biomarkers are present or altered in the airways or
circulation of horses with asthma. Inflammatory markers such as
acute phase proteins and cytokines have been studied as markers
of systemic inflammation. However, the available literature on
markers of systemic inflammation in horses with severe EA is
not well-characterized and controversial (116, 163–165). Apart
from reports on differential expression of cytokines during the
course of severe EA, only a few acute phase proteins have been
investigated. Haptoglobin is a suitable marker of both acute and
chronic systemic inflammations, whereas high concentrations
of serum amyloid A indicate acute inflammation. One study
found no difference in the acute phase protein levels (serum
amyloid A, c-reactive protein, haptoglobin) between horses with
mild EA and those with other causes of exercise intolerance
(166). Another study found elevated haptoglobin concentration
in horses with mild EA (167).

Surfactant protein D is a large multimeric collagenous
glycoprotein produced mainly by type II epithelial cells in the
lungs and is also detectable in the serum. Serum surfactant
protein D has been identified as a potential systemic biomarker
for some pulmonary diseases in humans, such as idiopathic
interstitial fibrosis and acute respiratory distress syndrome.
Elevated serum levels of surfactant protein D have been detected
in horses with mild EA (167, 168).

Circulating immune complexes are proteins that result from
an immune response against an organism or antigens of various
origin. In humans, circulating immune complexes are detectable
in a variety of systemic disorders such as autoimmune diseases,
allergies and infectious diseases (169). High levels of circulating
immune complexes have been reported in horses with severe
EA (165). Another study found circulating immune complexes
useful for differentiating healthy vs. severe EA, and monitoring
corticosteroids therapy (170).

The main group of enzymes responsible for collagen and
other protein degradation in the extracellular matrix are
matrix metalloproteinases (MMPs), while tissue inhibitors of
metalloproteinases (TIMPs) lead to fibrosis formation. Collagen
is the main structural component of connective tissue and
its degradation is a very important process in development,
morphogenesis, tissue remodeling, and repair. In horses with
severe EA, MMPs, TIMPs, and their ratios are useful in the
evaluation of the severity of respiratory disease and in identifying
subclinical cases (91). Furthermore, MMP-2, MMP-9, TIMP-1,
and TIMP-2 are significantly decreased after therapy with inhaled
glucocorticoid therapy (171).

Exhaled breath condensate is a promising source of
biomarkers of lung disease in humans. Exhaled breath
condensate hydrogen peroxide concentration and pH were
higher in horses with mild EA, vs. controls (69). Additionally,
both hydrogen peroxide and pH had a positive association with
BAL neutrophil percentage, while leukotriene B-4 demonstrated
a positive association with BAL eosinophil percentage. Another
study characterized the metabolomic profile of tracheal wash
and exhaled breath condensate in healthy horses and those

with severe EA (172). Higher concentrations of histamine and
oxidant agents, such as glutamate, valine, leucine, and isoleucine,
as well as lower levels of ascorbate, methylamine, dimethylamine
and O-phosphocholine, were found in the group of severe EA,
compared to healthy controls.

Many biomarkers of EA have been studied—some are already
being used in clinical settings, while others require further
studies. However, history, clinical evaluation, and BAL still
constitute the basis for diagnosis of EA.

HOW DO WE STANDARDIZE
IMMUNOLOGIC LABORATORY
TESTING?—ERIC RICHARD

Immune response has mainly been investigated in the airways
of horses with severe EA and more recently mild-moderate EA,
while still representing one of the futures direction for research
stated in the 2016 ACVIM Consensus Statement (3). Such
characterization has mostly been performed through relative
mRNA expression of various cytokines in BAL fluid, while
several publications also reported protein concentration in BAL
fluid for few cytokines. Various methodologies for cytokine
mRNA expressions have been published (e.g., SYBR Green or
Taqman technology, design of primers and probes, relative
quantitation, etc.).

Variation in methodologies may ultimately prevent objective
comparisons between reports, as well as the implementation of
prospective, multicenter studies. Such diversity should however
not be considered as a scientific weakness, and methodological
homogenization among the various research groups neither
represents a prerequisite nor a final goal to be reached. However,
evaluation of the methodological performances of different
research laboratories might represent a relevant goal. In this
manner, implementation of inter-laboratory comparisons based
on international standards (e.g., ISO/IEC 17043 and ISO 13528)
warrants further consideration.

Let’s consider for example mRNA expression of two different
cytokines by PCR in BALF samples. As a first and informal
procedure, a simple “blind test” could be performed among up
to four different teams. In this procedure, the “reference lab” will
provide the three other labs with aliquots of the same sample(s).
Each teamwill evaluatemRNA expression for these two cytokines
based on their own procedures, and comparisons of the results
obtained and agreement among the teams can be evaluated.
This “blind test” might then be repeated on a regular basis,
systematically alternating the “reference lab” within the group. In
the end, the procedure will provide an objective evaluation of the
results diversity among the teams, but clearly will not determine
whether several teams are more efficient than others for these
specific analyses.

A second and more structured procedure would require
the specific synthesis of standards (mRNA for two different
cytokines in this case), and the development/validation of
relevant conditioning and conservation procedures. A similar
group of four different labs would first evaluate their ability
to detect and quantify predetermined amounts of analytical
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standards (evaluation of the detection, not of the sample
extraction, etc.). This step is a necessary preliminary, in the
absence of reference methods. A panel of at least 10 samples
(previously calibrated with standards) would then be tested,
including several identical ones (for repeatability) and submitted
to the group (including a “self-shipment”) for testing and further
statistical analyses (agreement, etc.). Once the methodological
performance of the lab is considered acceptable for this panel,
the procedure might then be repeated with another two cytokines
and so on. In the end, the whole panel of standardized samples
might allow the establishment of a labeling, accessible to any
voluntary laboratory involved in equine asthma.

Mandatory considerations about such comparisons are
that there is no trap, and this does not represent an
overall examination of laboratories, but simple evaluations of
procedures. All labs are expected to use their methodologies,
whether or not the technologies are similar within the group.
Among others, samples conditioning, conservation, shipment
and their associated costs will represent major issues to
be considered, and this should be more broadly associated
with virtuous initiatives such as the Equine Respiratory
Tissue Biobank.

FUTURE RESEARCH DIRECTIONS IN
EQUINE ASTHMA: SYSTEMATIC
SUMMARY OF SUGGESTIONS FROM
FINAL ROUNDTABLE
DISCUSSIONS—JACQUELINE M.
CARDWELL, MELISSA MAZAN, LAURENT
COUETIL, RENAUD LEGUILLETTE, ERIC
RICHARD

Several group discussions were conducted during the
2019 Havemeyer Equine Asthma Workshop to identify
future research priorities. Initial rotating small-group topic
explorations (pathophysiology, risk-factors, diagnostic methods
and phenotype definition) facilitated by members of the
workshop organizing team, were followed by a final large group
“roundtable” discussion of key directions for future EA research.
The discussion was informed by data gathered directly from
∼30 participants (i.e., all who attended the final roundtable),
who were invited to propose up to three short- or long-term,
focused or “big picture,” research topics or ideas that they
considered to be key future research directions. These data were
submitted anonymously, during the workshop, as free-text on
paper and loosely arranged into broad categories for further
open discussion.

Following the workshop, in order to present an accessible,
systematic and non-selective summary of the ideas proposed by
participants, the free-text data were collated in Microsoft Excel
for content analysis using an approach based on recommended
methods for quasi-qualitative data (173, 174). The text was
transcribed verbatim and coded at two levels to categorize
content into (i) broad topic areas (Level 1) and (ii) specific
subsets of these topics (Level 2). All instances of each Level 1

FIGURE 1 | Word Cloud summary of topic areas proposed by workshop

participants as key future directions for equine asthma research.

topic code were then exported into online software (WordItOut)
to create a word cloud (Figure 1), in which the relative
frequencies of occurrence of each topic are represented by
font size.

Overall, 62 responses were received, each proposing between
1 and 3 research ideas, resulting in a total of 117 research ideas,
which were organized into the 14 broad topic codes presented
in the word cloud. Some research ideas encompassed more than
one topic and were identified with multiple codes to reflect this.
Frequencies of occurrence of each code ranged from n=28 for
“diagnostics” to n= 1 for “genetics.”

Specific proposed areas of interest in the dominant
“diagnostics” category were the development of improved,
non-invasive field diagnostics through the identification of
suitable biomarkers, development of portable lung function
tests, improved understanding of relative values of tracheal wash
in comparison with BAL cytology, or relationships between
the two, and identification of gold standards for all of these
diagnostic modalities.

Another key topic was phenotype distinction (21
occurrences)—in particular to clarify any distinction between
mild and moderate EA, and to determine whether or not such
a distinction is valuable in terms of differing pathophysiology,
diagnostic indicators, therapeutics or prognosis. As with many
of these proposed topics, phenotype distinction rests on the
back of the category “diagnostics”—pointing out a self-identified
weakness on the part of EA researchers that the goal of
identifying the horse with asthma so mild that it does not present
as respiratory disease per se, continues in many cases to elude
us and underscores a collective pragmatism that there is little
benefit in understanding the fine points if we cannot definitively
identify the case in the first place.

Ideas relating to therapeutics (18 occurrences) included
investigating the efficacy of different treatments including
environmental management and any evidence for the value of
antibiotics, as well as the development of optimal nebulized
glucocorticoids, alternatives to corticosteroids, immunological
treatments, respiratory probiotics, other novel therapeutics (e.g.,
MARCKS inhibitor peptide), and individualized treatments for
different endotypes and phenotypes.
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Suggestions relating to pathophysiology (17 occurrences)
included furthering our understanding of the role of
environmental pollutants, of when a physiological response
becomes a pathological response and of factors influencing
progression from mild to severe equine asthma.

Standardization (11 occurrences) referred in particular to the
need to develop or agree on standardized diagnostic approaches,
including in relation to BAL collection techniques, laboratory
processing and cytological methods and threshold values,
context-specific reference ranges, development of a central
repository of protocols and improved quality control protocols.
A central repository of standard protocols was suggested.

Academic-clinical communication (9 occurrences) was
recognized as an area for general improvement. Related research
suggestions included improving our understanding of the views
and practices of field clinicians, as well as their perceptions
of disease progression and treatment efficacy, particularly in
regions outside the UK (to build on the Kinnison and Cardwell
UK study) (104). This would inform the enhancement of multi-
directional communication between academia, referral and first
opinion clinical practice, development of guidelines and apps for
field practice and overall improved dialogue and engagement.

Better use of collaborative, epidemiological and longitudinal
studies was suggested for many topics and included multicenter,
cross-country collaborations, more use of the existing tissue bank
and the initiation of a new Equine Asthma Group.

It is recognized that the ideas for research directions generated
through this roundtable discussion at the end of a 3 day workshop
are subject to biases and influences relating to the interests,
priorities and perceptions of workshop participants. However, by
using and describing a systematic method of representing the
ideas proposed, we have aimed at least to be transparent in our
reporting of this. Further, longer-term, international discussion
and exchange of views will be facilitated by one of the key
outcomes of this workshop, which was the development of the
new Equine Asthma Group. The aim of this group is to offer a
platform of information for veterinary practitioners and horse
owners as well as a resource for researchers to collaborate and
exchange ideas on the understanding of EA. It was suggested that
this group could lead some initiatives in line with the proposed
areas of interest described above. There are plans for this group
to develop some guidelines for the diagnosis and treatment of
equine asthma, including for example the standardization of
diagnostic methods, as mentioned above. Development of an

Equine Asthma Group website and other communication tools
are now underway as an internationally collaborative initiative.

CONCLUSION

The 2019 Havemeyer Equine Asthma Workshop has paved the
way for a better understanding of this many-faceted disease
by bringing together researchers and clinicians to identify both
the needs of the equine industry for effective treatments and
at the same time focus researchers on the gaps in knowledge
and understanding that will facilitate our ability to deliver
on these needs. The participants made clear the requirement

for more accessible, standardized diagnostics that will enable
us to understand the underlying pathophysiology and identify
specific phenotypes and endotypes and thus create more
targeted treatments or management strategies. By creating an
Equine Asthma Group, we will have a platform to unify the
veterinary practice and research communities through agreed-
upon research targets and through published and easily accessible
guidelines, creating a point of convergence for identification of
cases that will facilitate research.

AUTHOR CONTRIBUTIONS

LC, JC, RL, MM, and ER contributed to the editing of the final
manuscript and each wrote one section of the manuscript. DB,
MB, VG, KI, J-PL, JM, GM, AN, NP, and CS each wrote one
section of the manuscript. All authors contributed to the article
and approved the submitted version.

FUNDING

The authors are grateful to Gene Pranzo, President of the
Havemeyer Foundation, for his support of the 2019 workshop
on equine asthma. We are also thankful to Boehringer Ingelheim
Animal Health, Haygain, Nortev, Trudell Medical International,
and Zoetis for their support of travel grants for participants and
workshop activities.

ACKNOWLEDGMENTS

The workshop was made possible thanks to the generous support
of the Dorothy Havemeyer Foundation, Boehringer Ingelheim,
Haygain, Nortev, Trudell Medical and Zoetis.

REFERENCES

1. Robinson NE. International workshop on equine chronic airway disease.

Michigan State University 16-18 June 2000. Equine Vet J. (2001) 33:5–19.

doi: 10.2746/042516401776767412

2. Richard EA, Robinson NE. Inflammatory airway disease congress:

one syndrome, multiple pathways: a Dorothy Russell Havemeyer

symposium. Equine Vet Educ. (2016) 28:9–12. doi: 10.1111/eve.

12465

3. Couëtil LL, Cardwell JM, Gerber V, Lavoie J-P, Léguillette R, Richard EA.

Inflammatory airway disease of horses—revised consensus statement. J Vet

Intern Med. (2016) 30:503–15. doi: 10.1111/jvim.13824

4. Ray A, Oriss TB, Wenzel SE. Emerging molecular phenotypes of

asthma. Am J Physiol Lung Cell Mol Physiol. (2015) 308:L130–40.

doi: 10.1152/ajplung.00070.2014

5. Lötvall J, Akdis CA, Bacharier LB, Bjermer L, Casale TB, Custovic A,

et al. Asthma endotypes: a new approach to classification of disease entities

within the asthma syndrome. J Allergy Clin Immunol. (2011) 127:355–60.

doi: 10.1016/j.jaci.2010.11.037

6. Svenningsen S, Nair P. Asthma endotypes and an overview of targeted

therapy for asthma. Front Med. (2017) 4:158. doi: 10.3389/fmed.2017.00158

7. Pavord ID, Beasley R, Agusti A, Anderson GP, Bel E, Brusselle G, et al.

After asthma: redefining airways diseases. Lancet. (2018) 391:350–400.

doi: 10.1016/S0140-6736(17)30879-6

Frontiers in Veterinary Science | www.frontiersin.org 16 July 2020 | Volume 7 | Article 450

https://doi.org/10.2746/042516401776767412
https://doi.org/10.1111/eve.12465
https://doi.org/10.1111/jvim.13824
https://doi.org/10.1152/ajplung.00070.2014
https://doi.org/10.1016/j.jaci.2010.11.037
https://doi.org/10.3389/fmed.2017.00158
https://doi.org/10.1016/S0140-6736(17)30879-6
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Couetil et al. Equine Asthma

8. Woodruff PG, Modrek B, Choy DF, Jia G, Abbas AR, Ellwanger

A, et al. T-helper type 2–driven inflammation defines major

subphenotypes of asthma. Am J Respir Crit Care Med. (2009) 180:388–95.

doi: 10.1164/rccm.200903-0392OC

9. Salter BM, Aw M, Sehmi R. The role of type 2 innate lymphoid

cells in eosinophilic asthma. J Leukoc Biol. (2019) 106:889–901.

doi: 10.1002/JLB.3MR1217-497R

10. Kuo C-HS, Pavlidis S, Loza M, Baribaud F, Rowe A, Pandis I, 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.

doi: 10.1183/13993003.02135-2016

11. Dunican EM, Elicker BM, Gierada DS, Nagle SK, Schiebler ML, Newell JD,

et al. Mucus plugs in patients with asthma linked to eosinophilia and airflow

obstruction. J Clin Invest. (2018) 128:997–1009. doi: 10.1172/JCI95693

12. Cordeau M-E, Joubert P, Dewachi O, Hamid Q, Lavoie J-P. IL-

4, IL-5 and IFN-γ mRNA expression in pulmonary lymphocytes

in equine heaves. Vet Immunol Immunopathol. (2004) 97:87–96.

doi: 10.1016/j.vetimm.2003.08.013

13. 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. doi: 10.1016/j.vetimm.2004.12.013

14. Murcia RY, 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. doi: 10.1371/journal.pone.0154755

15. Leclere M, Lavoie-Lamoureux A, Joubert P, Relave F, Setlakwe EL,

Beauchamp G, et al. Corticosteroids and antigen avoidance decrease airway

smooth muscle mass in an equine asthma model. Am J Respir Cell Mol Biol.

(2012) 47:589–96. doi: 10.1165/rcmb.2011-0363OC

16. Couëtil LL, Hoffman AM, Hodgson J, Buechner-Maxwell V, Viel L, Wood

JLN, et al. Inflammatory airway disease of horses. J Vet Intern Med Am Coll

Vet Intern Med. (2007) 21:356–61. doi: 10.1111/j.1939-1676.2007.tb02975.x

17. Agache I. Severe asthma phenotypes and endotypes. Semin Immunol. (2019)

46:101301. doi: 10.1016/j.smim.2019.101301

18. Gy C, Leclere M, Vargas A, Grimes C, Lavoie J-P. Investigation of blood

biomarkers for the diagnosis of mild to moderate asthma in horses. J Vet

Intern Med. (2019) 33:1789–95. doi: 10.1111/jvim.15505

19. Bullone M, Lavoie J-P. Asthma “of horses and men”–how can equine

heaves help us better understand human asthma immunopathology

and its functional consequences? Mol Immunol. (2015) 66:97–105.

doi: 10.1016/j.molimm.2014.12.005

20. Beadle RE. Summer pasture associated obstructive pulmonary disease. In:

Robinson NE, Saunders WB, editors. Current Therapy in Equine Medicine,

Philadelphia, PA (1983). p. 512–6.

21. Ferrari CR, Cooley J, Mujahid N, Costa LR, Wills RW, Johnson

ME, et al. Horses with pasture asthma have airway remodeling that

is characteristic of human asthma. Vet Pathol. (2018) 55:144–58.

doi: 10.1177/0300985817741729

22. Costa LRR, Seahorn TL, Moore RM, Taylor HW, Gaunt SD, Beadle RE.

Correlation of clinical score, intrapleural pressure, cytologic findings of

bronchoalveolar fluid, and histopathologic lesions of pulmonary tissue in

horses with summer pasture-associated obstructive pulmonary disease. Am J

Vet Res. (2000) 61:167–73. doi: 10.2460/ajvr.2000.61.167

23. Mair TS. Obstructive pulmonary disease in 18 horses at summer pasture. Vet

Rec. (1996) 138:89–91. doi: 10.1136/vr.138.4.89

24. Seahorn TL, Groves MG, Harrington KS, Beadle RE. Chronic obstructive

pulmonary disease in horses in Louisiana. J Am Vet Med Assoc.

(1996) 208:248–51.

25. Costa LRR, Johnson JR, BaurME, Beadle RE. Temporal clinical exacerbation

of summer pasture-associated recurrent airway obstruction and relationship

with climate and aeroallergens in horses. Am J Vet Res. (2006) 67:1635–42.

doi: 10.2460/ajvr.67.9.1635

26. Taylor PE, Flagan RC, Valenta R, Glovsky MM. Release of allergens as

respirable aerosols: a link between grass pollen and asthma. J Allergy Clin

Immunol. (2002) 109:51–56. doi: 10.1067/mai.2002.120759

27. Hellings PW, Kasran A, Liu Z, Vandekerckhove P, Wuyts A, Overbergh L,

et al. Interleukin-17 orchestrates the granulocyte influx into airways after

allergen inhalation in a mouse model of allergic asthma. Am J Respir Cell

Mol Biol. (2003) 28:42–50. doi: 10.1165/rcmb.4832

28. Zhao S, Jiang Y, Yang X, Guo D, Wang Y, Wang J, et al. Lipopolysaccharides

promote a shift from Th2-derived airway eosinophilic inflammation

to Th17-derived neutrophilic inflammation in an ovalbumin-

sensitized murine asthma model. J Asthma. (2017) 54:447–55.

doi: 10.1080/02770903.2016.1223687

29. Davies JM. Grass pollen allergens globally: the contribution of subtropical

grasses to burden of allergic respiratory diseases. Clin Exp Allergy J Br Soc

Allergy Clin Immunol. (2014) 44:790–801. doi: 10.1111/cea.12317

30. Weber RW. Bermuda grass. Ann Allergy Asthma Immunol. (2002) 88:A6.

31. Weber RW. On the cover. Bahia grass. Ann Allergy Asthma Immunol. (2009)

103:A4. doi: 10.1016/S1081-1206(10)60133-0

32. Weber RW. Johnson grass, Sorghum halepense. Ann Allergy Asthma

Immunol. (2004) 93:A6. doi: 10.1016/S1081-1206(10)61488-3

33. McGorum BC, Dixon PM. Evaluation of local endobronchial

antigen challenges in the investigation of equine chronic

obstructive pulmonary disease. Equine Vet J. (1993) 25:269–72.

doi: 10.1111/j.2042-3306.1993.tb02961.x

34. Zhang Z, Biagini Myers JM, Brandt EB, Ryan PH, Lindsey M, Mintz-

Cole RA, et al. β-Glucan exacerbates allergic asthma independent of fungal

sensitization and promotes steroid-resistant TH2/TH17 responses. J Allergy

Clin Immunol. (2017) 139:54–65.e8. doi: 10.1016/j.jaci.2016.02.031

35. Denning DW, O’Driscoll BR, Hogaboam CM, Bowyer P, Niven RM. The link

between fungi and severe asthma: a summary of the evidence. Eur Respir J.

(2006) 27:615–26. doi: 10.1183/09031936.06.00074705

36. Burch M, Levetin E. Effects of meteorological conditions on spore plumes.

Int J Biometeorol. (2002) 46:107–17. doi: 10.1007/s00484-002-0127-1

37. Koumbourlis AC, Perez GF. Heterogeneity in the diagnostic criteria

physicians use in pediatric asthma. Ann Am Thorac Soc. (2019) 16:148–50.

doi: 10.1513/AnnalsATS.201807-457RL

38. GINA Report, Global Strategy for Asthma Management Prevention |

Documents / Resources. GINA. Available online at: https://ginasthma.org/

gina-implementation-guide/ (accessed July 8, 2015).

39. Al Sallakh MA, Vasileiou E, Rodgers SE, Lyons RA, Sheikh A, Davies GA.

Defining asthma and assessing asthma outcomes using electronic health

record data: a systematic scoping review. Eur Respir J. (2017) 49:1700204.

doi: 10.1183/13993003.00204-2017

40. von Bülow A, Backer V, Bodtger U, Søes-Petersen NU, Assing KD, Skjold T,

et al. The level of diagnostic assessment in severe asthma: a nationwide real-

life study. Respir Med. (2017) 124:21–29. doi: 10.1016/j.rmed.2017.01.010

41. Hoffman AM, Oura TJ, Riedelberger KJ, Mazan MR. Plethysmographic

comparison of breathing pattern in heaves (recurrent airway obstruction)

versus experimental bronchoconstriction or hyperpnea in horses.

J Vet Intern Med Am Coll Vet Intern Med. (2007) 21:184–92.

doi: 10.1111/j.1939-1676.2007.tb02945.x

42. Bond S, Léguillette R, Richard EA, Couetil L, Lavoie J-P, Martin JG,

et al. Equine asthma: integrative biologic relevance of a recently proposed

nomenclature. J Vet Intern Med. (2018) 32:2088–98. doi: 10.1111/jvim.

15302

43. Marti E, Gerber H, Essich G, Oulehla J, Lazary S. The genetic basis of equine

allergic diseases. 1. Chronic hypersensitivity bronchitis. Equine Vet J. (1991)

23:457–60. doi: 10.1111/j.2042-3306.1991.tb03761.x

44. Ivester KM, Couëtil LL, Moore GE. An observational study of environmental

exposures, airway cytology, and performance in racing thoroughbreds. J Vet

Intern Med. (2018) 32:1754–62. doi: 10.1111/jvim.15226

45. Bullone M, Murcia RY, Lavoie J-P. Environmental heat and airborne pollen

concentration are associated with increased asthma severity in horses. Equine

Vet J. (2016) 48:479–84. doi: 10.1111/evj.12559

46. Bullone M, Lavoie J-P. Science-in-brief: Equine asthma diagnosis:

beyond bronchoalveolar lavage cytology. Equine Vet J. (2017) 49:263–5.

doi: 10.1111/evj.12679

47. Wasko AJ, Barkema HW, Nicol J, Fernandez N, Logie N,

Léguillette R. Evaluation of a risk-screening questionnaire to

detect equine lung inflammation: results of a large field study.

Equine Vet J. (2011) 43:145–52. doi: 10.1111/j.2042-3306.2010.

00150.x

Frontiers in Veterinary Science | www.frontiersin.org 17 July 2020 | Volume 7 | Article 450

https://doi.org/10.1164/rccm.200903-0392OC
https://doi.org/10.1002/JLB.3MR1217-497R
https://doi.org/10.1183/13993003.02135-2016
https://doi.org/10.1172/JCI95693
https://doi.org/10.1016/j.vetimm.2003.08.013
https://doi.org/10.1016/j.vetimm.2004.12.013
https://doi.org/10.1371/journal.pone.0154755
https://doi.org/10.1165/rcmb.2011-0363OC
https://doi.org/10.1111/j.1939-1676.2007.tb02975.x
https://doi.org/10.1016/j.smim.2019.101301
https://doi.org/10.1111/jvim.15505
https://doi.org/10.1016/j.molimm.2014.12.005
https://doi.org/10.1177/0300985817741729
https://doi.org/10.2460/ajvr.2000.61.167
https://doi.org/10.1136/vr.138.4.89
https://doi.org/10.2460/ajvr.67.9.1635
https://doi.org/10.1067/mai.2002.120759
https://doi.org/10.1165/rcmb.4832
https://doi.org/10.1080/02770903.2016.1223687
https://doi.org/10.1111/cea.12317
https://doi.org/10.1016/S1081-1206(10)60133-0
https://doi.org/10.1016/S1081-1206(10)61488-3
https://doi.org/10.1111/j.2042-3306.1993.tb02961.x
https://doi.org/10.1016/j.jaci.2016.02.031
https://doi.org/10.1183/09031936.06.00074705
https://doi.org/10.1007/s00484-002-0127-1
https://doi.org/10.1513/AnnalsATS.201807-457RL
https://ginasthma.org/gina-implementation-guide/
https://ginasthma.org/gina-implementation-guide/
https://doi.org/10.1183/13993003.00204-2017
https://doi.org/10.1016/j.rmed.2017.01.010
https://doi.org/10.1111/j.1939-1676.2007.tb02945.x
https://doi.org/10.1111/jvim.15302
https://doi.org/10.1111/j.2042-3306.1991.tb03761.x
https://doi.org/10.1111/jvim.15226
https://doi.org/10.1111/evj.12559
https://doi.org/10.1111/evj.12679
https://doi.org/10.1111/j.2042-3306.2010.00150.x
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Couetil et al. Equine Asthma

48. Fortier G, Richard E, Hue E, Fortier C, Pronost S, Pottier D, et al.

Long-lasting airway inflammation associated with equid herpesvirus-

2 in experimentally challenged horses. Vet J. (2013) 197:492–5.

doi: 10.1016/j.tvjl.2012.12.027

49. Cardwell JM, Smith KC, Wood JLN, Newton JR. Infectious risk factors and

clinical indicators for tracheal mucus in British national hunt racehorses.

Equine Vet J. (2014) 46:150–5. doi: 10.1111/evj.12109

50. Ramseyer A, Gaillard C, Burger D, Straub R, Jost U, Boog C, et al. Effects

of genetic and environmental factors on chronic lower airway disease in

horses. J Vet Intern Med Am Coll Vet Intern Med. (2007) 21:149–56.

doi: 10.1111/j.1939-1676.2007.tb02941.x

51. Laumen E, Doherr MG, Gerber V. Relationship of horse owner

assessed respiratory signs index to characteristics of recurrent airway

obstruction in two Warmblood families. Equine Vet J. (2010) 42:142–8.

doi: 10.2746/042516409X479586

52. Tilley P, Sales Luis JP, Branco Ferreira M. Correlation and

discriminant analysis between clinical, endoscopic, thoracic X-ray and

bronchoalveolar lavage fluid cytology scores, for staging horses with

recurrent airway obstruction (RAO). Res Vet Sci. (2012) 93:1006–14.

doi: 10.1016/j.rvsc.2011.10.024

53. Robinson NE, Olszewski MA, Boehler D, Berney C, Hakala J, Matson C,

et al. Relationship between clinical signs and lung function in horses with

recurrent airway obstruction (heaves) during a bronchodilator trial. Equine

Vet J. (2000) 32:393–400. doi: 10.2746/042516400777591147

54. Lavoie J-P, Bullone M, Rodrigues N, Germim P, Albrecht B, von Salis-Soglio

M. Effect of different doses of inhaled ciclesonide on lung function, clinical

signs related to airflow limitation and serum cortisol levels in horses with

experimentally induced mild to severe airway obstruction. Equine Vet J.

(2019) 51:779–86. doi: 10.1111/evj.13093

55. Calzetta L, Rogliani P, Page C, Roncada P, Pistocchini E, Soggiu A, et al.

Clinical effect of corticosteroids in asthma-affected horses: a quantitative

synthesis. Equine Vet J. (2018) 50:594–601. doi: 10.1111/evj.12815

56. Bedenice D, Mazan MR, Hoffman AM. Association between cough and

cytology of bronchoalveolar lavage fluid and pulmonary function in horses

diagnosed with inflammatory airway disease. J Vet Intern Med Am Coll Vet

Intern Med. (2008) 22:1022–8. doi: 10.1111/j.1939-1676.2008.0109.x

57. Wichtel M, Gomez D, Burton S, Wichtel J, Hoffman A. Relationships

between equine airway reactivity measured by flowmetric plethysmography

and specific indicators of airway inflammation in horses with

suspected inflammatory airway disease. Equine Vet J. (2016) 48:466–71.

doi: 10.1111/evj.12482

58. Cullimore AM, Secombe CJ, Lester GD, Robertson ID. Bronchoalveolar

lavage fluid cytology and airway hyper-reactivity in clinically normal horses.

Aust Vet J. (2018) 96:291–6. doi: 10.1111/avj.12721

59. Couëtil LL, Rosenthal FS, DeNicola DB, Chilcoat CD. Clinical signs,

evaluation of bronchoalveolar lavage fluid, and assessment of pulmonary

function in horses with inflammatory respiratory disease. Am J Vet Res.

(2001) 62:538–46. doi: 10.2460/ajvr.2001.62.538

60. Richard EA, Fortier GD, Denoix J-M, Art T, Lekeux PM, Van Erck E.

Influence of subclinical inflammatory airway disease on equine respiratory

function evaluated by impulse oscillometry. Equine Vet J. (2009) 41:384–9.

doi: 10.2746/042516409X366121

61. Mazan MR, Deveney EF, DeWitt S, Bedenice D, Hoffman A. Energetic

cost of breathing, body composition, and pulmonary function in horses

with recurrent airway obstruction. J Appl Physiol. (2004) 97:91–97.

doi: 10.1152/japplphysiol.00629.2003

62. Dauvillier J, Ter Woort F, van Erck-Westergren E. Fungi in respiratory

samples of horses with inflammatory airway disease. J Vet InternMed. (2019)

33:968–75. doi: 10.1111/jvim.15397

63. Hermange T, Le Corre S, Bizon C, Richard EA, Couroucé A. Bronchoalveolar

lavage fluid from both lungs in horses: diagnostic reliability of cytology from

pooled samples. Vet J. (2019) 244:28–33. doi: 10.1016/j.tvjl.2018.12.002

64. Nolen-Walston RD, Harris M, Agnew ME, Martin BB, Reef VB, Boston

RC, et al. Clinical and diagnostic features of inflammatory airway

disease subtypes in horses examined because of poor performance:

98 cases (2004-2010). J Am Vet Med Assoc. (2013) 242:1138–45.

doi: 10.2460/javma.242.8.1138

65. Fernandez NJ, Hecker KG, Gilroy CV,Warren AL, Léguillette R. Reliability of

400-cell and 5-field leukocyte differential counts for equine bronchoalveolar

lavage fluid. Vet Clin Pathol Am Soc Vet Clin Pathol. (2013) 42:92–98.

doi: 10.1111/vcp.12013

66. Depecker M, Richard EA, Pitel P-H, Fortier G, Leleu C, Couroucé-Malblanc

A. Bronchoalveolar lavage fluid in standardbred racehorses: influence of

unilateral/bilateral profiles and cut-off values on lower airway disease

diagnosis. Vet J. (2014) 199:150–6. doi: 10.1016/j.tvjl.2013.10.013

67. Vargas A, Boivin R, Cano P, Murcia Y, Bazin I, Lavoie J-P. Neutrophil

extracellular traps are downregulated by glucocorticosteroids in

lungs in an equine model of asthma. Respir Res. (2017) 18:207.

doi: 10.1186/s12931-017-0689-4

68. Jocelyn NA, Wylie CE, Lean M, Barrelet A, Foote AK. Association of

neutrophil morphology with bacterial isolates in equine tracheal wash

samples. Equine Vet J. (2018) 50:752–8. doi: 10.1111/evj.12837

69. du Preez S, Raidal SL, Doran GS, Prescott M, Hughes KJ. Exhaled breath

condensate hydrogen peroxide, pH and leukotriene B4 are associated with

lower airway inflammation and airway cytology in the horse. Equine Vet J.

(2019) 51:24–32. doi: 10.1111/evj.12979

70. Malikides N, Hughes KJ, Hodgson DR, Hodgson JL. Comparison of tracheal

aspirates and bronchoalveolar lavage in racehorses. 2. Evaluation of the

diagnostic significance of neutrophil percentage. Aust Vet J. (2003) 81:685–

87. doi: 10.1111/j.1751-0813.2003.tb12540.x

71. Derksen FJ, Brown CM, Sonea I, Darien BJ, Robinson NE. Comparison

of transtracheal aspirate and bronchoalveolar lavage cytology in 50

horses with chronic lung disease. Equine Vet J. (1989) 21:23–26.

doi: 10.1111/j.2042-3306.1989.tb02084.x

72. Holcombe SJ, Robinson NE, Derksen FJ, Bertold B, Genovese R, Miller

R, et al. Effect of tracheal mucus and tracheal cytology on racing

performance in Thoroughbred racehorses. Equine Vet J. (2006) 38:300–4.

doi: 10.2746/042516406777749191

73. Rossi H, Virtala A-M, Raekallio M, Rahkonen E, Rajamäki MM, Mykkänen

A. Comparison of tracheal wash and bronchoalveolar lavage cytology in

154 horses with and without respiratory signs in a referral hospital over

2009–2015. Front Vet Sci. (2018) 5:61. doi: 10.3389/fvets.2018.00061

74. Koblinger K, Nicol J, McDonald K, Wasko A, Logie N, Weiss M,

et al. Endoscopic assessment of airway inflammation in horses.

J Vet Intern Med Am Coll Vet Intern Med. (2011) 25:1118–26.

doi: 10.1111/j.1939-1676.2011.00788.x

75. Gerber V, Robinson NE, Luethi S, Marti E, Wampfler B, Straub R.

Airway inflammation and mucus in two age groups of asymptomatic

well-performing sport horses. Equine Vet J. (2003) 35:491–5.

doi: 10.2746/042516403775600424

76. Rettmer H, Hoffman AM, Lanz S, Oertly M, Gerber V. Owner-reported

coughing and nasal discharge are associated with clinical findings, arterial

oxygen tension, mucus score and bronchoprovocation in horses with

recurrent airway obstruction in a field setting. Equine Vet J. (2015) 47:291–5.

doi: 10.1111/evj.12286

77. Courouce-Malblanc A, Deniau V, Rossignol F, Corde R, Leleu C, Maillard K,

et al. Physiological measurements and prevalence of lower airway diseases in

trotters with dorsal displacement of the soft palate. Equine Vet J Suppl. (2010)

38:246–55. doi: 10.1111/j.2042-3306.2010.00276.x

78. Wysocka B, Klucinski W. The occurrence of dynamic structural disorders in

the pharynx and larynx, at rest and during exercise, in horses diagnosed with

mild and moderate equine asthma (inflammatory airway disease). Pol J Vet

Sci. (2018) 21:203–11. doi: 10.24425/119042

79. Bullone M, Beauchamp G, Godbout M, Martin JG, Lavoie J-P.

Endobronchial ultrasound reliably quantifies airway smooth muscle

remodeling in an equine asthma model. PLoS ONE. (2015) 10:e0136284.

doi: 10.1371/journal.pone.0136284

80. Mazan MR, Vin R, Hoffman AM. Radiographic scoring lacks predictive

value in inflammatory airway disease. Equine Vet J. (2005) 37:541–5.

doi: 10.2746/042516405775314899

81. Hotchkiss JW, Reid SWJ, Christley RM. A survey of horse owners in

great Britain regarding horses in their care. Part 1: horse demographic

characteristics and management. Equine Vet J. (2007) 39:294–300.

doi: 10.2746/042516407X177538

Frontiers in Veterinary Science | www.frontiersin.org 18 July 2020 | Volume 7 | Article 450

https://doi.org/10.1016/j.tvjl.2012.12.027
https://doi.org/10.1111/evj.12109
https://doi.org/10.1111/j.1939-1676.2007.tb02941.x
https://doi.org/10.2746/042516409X479586
https://doi.org/10.1016/j.rvsc.2011.10.024
https://doi.org/10.2746/042516400777591147
https://doi.org/10.1111/evj.13093
https://doi.org/10.1111/evj.12815
https://doi.org/10.1111/j.1939-1676.2008.0109.x
https://doi.org/10.1111/evj.12482
https://doi.org/10.1111/avj.12721
https://doi.org/10.2460/ajvr.2001.62.538
https://doi.org/10.2746/042516409X366121
https://doi.org/10.1152/japplphysiol.00629.2003
https://doi.org/10.1111/jvim.15397
https://doi.org/10.1016/j.tvjl.2018.12.002
https://doi.org/10.2460/javma.242.8.1138
https://doi.org/10.1111/vcp.12013
https://doi.org/10.1016/j.tvjl.2013.10.013
https://doi.org/10.1186/s12931-017-0689-4
https://doi.org/10.1111/evj.12837
https://doi.org/10.1111/evj.12979
https://doi.org/10.1111/j.1751-0813.2003.tb12540.x
https://doi.org/10.1111/j.2042-3306.1989.tb02084.x
https://doi.org/10.2746/042516406777749191
https://doi.org/10.3389/fvets.2018.00061
https://doi.org/10.1111/j.1939-1676.2011.00788.x
https://doi.org/10.2746/042516403775600424
https://doi.org/10.1111/evj.12286
https://doi.org/10.1111/j.2042-3306.2010.00276.x
https://doi.org/10.24425/119042
https://doi.org/10.1371/journal.pone.0136284
https://doi.org/10.2746/042516405775314899
https://doi.org/10.2746/042516407X177538
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Couetil et al. Equine Asthma

82. Hotchkiss JW, Reid SWJ, Christley RM. A survey of horse owners in great

Britain regarding horses in their care. Part 2: Risk factors for recurrent

airway obstruction. Equine Vet J. (2007) 39:301–8. doi: 10.2746/042516407X

180129

83. Couëtil LL, Ward MP. Analysis of risk factors for recurrent airway

obstruction in North American horses: 1,444 cases (1990-1999). J Am Vet

Med Assoc. (2003) 223:1645–50. doi: 10.2460/javma.2003.223.1645

84. Gerber V, Tessier C, Marti E. Genetics of upper and lower airway diseases in

the horse. Equine Vet J. (2015) 47:390–7. doi: 10.1111/evj.12289

85. Couetil L, Hammer J,Miskovic FeutzM,Nogradi N, Perez-Moreno C, Ivester

K. Effects of N-butylscopolammonium bromide on lung function in horses

with recurrent airway obstruction. J Vet Intern Med. (2012) 26:1433–8.

doi: 10.1111/j.1939-1676.2012.00992.x

86. Sage AM, Valberg S, Hayden DW, Firshman AM, Jacob K. Echocardiography

in a horse with cor pulmonale from recurrent airway obstruction.

J Vet Intern Med Am Coll Vet Intern Med. (2006) 20:694–6.

doi: 10.1111/j.1939-1676.2006.tb02918.x

87. Dixon PM, Railton DI, McGorum BC. Equine pulmonary disease: a

case control study of 300 referred cases. Part 2: details of animals

and of historical and clinical findings. Equine Vet J. (1995) 27:422–7.

doi: 10.1111/j.2042-3306.1995.tb04422.x

88. Bosshard S, Gerber V. Evaluation of coughing and nasal discharge as

early indicators for an increased risk to develop equine recurrent airway

obstruction (RAO). J Vet Intern Med Am Coll Vet Intern Med. (2014)

28:618–23. doi: 10.1111/jvim.12279

89. Christley RM, Hodgson DR, Rose RJ, Hodgson JL, Wood JL, Reid SW.

Coughing in thoroughbred racehorses: risk factors and tracheal endoscopic

and cytological findings.Vet Rec. (2001) 148:99–104. doi: 10.1136/vr.148.4.99

90. Widmer A, Doherr MG, Tessier C, Koch C, Ramseyer A, Straub R, et al.

Association of increased tracheal mucus accumulation with poor willingness

to perform in show-jumpers and dressage horses. Vet J. (2009) 182:430–35.

doi: 10.1016/j.tvjl.2008.08.015

91. Barton AK, Shety T, Bondzio A, Einspanier R, Gehlen H. Metalloproteinases

and their tissue inhibitors in comparison between different chronic

pneumopathies in the horse. Mediators Inflamm. (2015) 2015:569512.

doi: 10.1155/2015/569512

92. Leclere M, Lavoie-Lamoureux A, Gélinas-Lymburner E, David F, Martin JG,

Lavoie J-P. Effect of antigenic exposure on airway smoothmuscle remodeling

in an equine model of chronic asthma. Am J Respir Cell Mol Biol. (2011)

45:181–7. doi: 10.1165/rcmb.2010-0300OC

93. Setlakwe EL, Lemos KR, Lavoie-Lamoureux A, Duguay J-D, Lavoie J-P.

Airway collagen and elastic fiber content correlates with lung function in

equine heaves. Am J Physiol Lung Cell Mol Physiol. (2014) 307:L252–60.

doi: 10.1152/ajplung.00019.2014

94. Bullone M, Joubert P, Gagné A, Lavoie J-P, Hélie P. Bronchoalveolar

lavage fluid neutrophilia is associated with the severity of pulmonary

lesions during equine asthma exacerbations. Equine Vet J. (2018) 50:609–15.

doi: 10.1111/evj.12806

95. Bartner LR, Robinson NE, Kiupel M, Tesfaigzi Y. Persistent mucus

accumulation: a consequence of delayed bronchial mucous cell apoptosis in

RAO-affected horses?Am J Physiol Lung CellMol Physiol. (2006) 291:L602–9.

doi: 10.1152/ajplung.00500.2005

96. Bullone M, Vargas A, Elce Y, Martin JG, Lavoie J-P. Fluticasone/salmeterol

reduces remodelling and neutrophilic inflammation in severe equine asthma.

Sci Rep. (2017) 7:8843. doi: 10.1038/s41598-017-09414-8

97. Bullone M, Chevigny M, Allano M, Martin JG, Lavoie J-P. Technical and

physiological determinants of airway smooth muscle mass in endobronchial

biopsy samples of asthmatic horses. J Appl Physiol. (2014) 117:806–15.

doi: 10.1152/japplphysiol.00468.2014

98. Derksen FJ, Olszewski MA, Robinson NE, Berney C, Hakala JE, Matson

CJ, et al. Aerosolized albuterol sulfate used as a bronchodilator in

horses with recurrent airway obstruction. Am J Vet Res. (1999) 60:

689–93.

99. Cohn L. Mucus in chronic airway diseases: sorting out the sticky details. J

Clin Invest. (2006) 116:306–8. doi: 10.1172/JCI27690

100. Macklem PT. The physiology of small airways. Am J Respir Crit Care Med.

(1998) 157:S181–3. doi: 10.1164/ajrccm.157.5.rsaa-2

101. Bossé Y, Riesenfeld EP, Paré PD, Irvin CG. It’s not all smooth muscle:

non-smooth-muscle elements in control of resistance to airflow. Annu Rev

Physiol. (2010) 72:437–62. doi: 10.1146/annurev-physiol-021909-135851

102. Herholz C, Straub R, Imhof A, Busato A. Early detection of pulmonary

dysfunction in the horse - an introduction. Pferdeheilkunde. (2003) 19:365–

78. doi: 10.21836/PEM20030405

103. Léguillette R. Recurrent airway obstruction—heaves. Vet Clin Equine Pract.

(2003) 19:63–86. doi: 10.1016/S0749-0739(02)00067-6

104. Kinnison T, Cardwell JM. Conflict between direct experience and

research-based evidence is a key challenge to evidence-based respiratory

medicine on British racing yards. Front Vet Sci. (2020) 7:266.

doi: 10.3389/fvets.2020.00266

105. Huang YJ, Boushey HA. The microbiome and asthma. Ann Am Thorac Soc.

(2014) 11(Suppl. 1):S48–51. doi: 10.1513/AnnalsATS.201306-187MG

106. Timsit E, Workentine M, Schryvers AB, Holman DB, van der Meer F,

Alexander TW. Evolution of the nasopharyngeal microbiota of beef cattle

from weaning to 40 days after arrival at a feedlot. Vet Microbiol. (2016)

187:75–81. doi: 10.1016/j.vetmic.2016.03.020

107. Bond SL, Timsit E, Workentine M, Alexander T, Léguillette R.

Upper and lower respiratory tract microbiota in horses: bacterial

communities associated with health and mild asthma (inflammatory

airway disease) and effects of dexamethasone. BMC Microbiol. (2017)

17:184. doi: 10.1186/s12866-017-1092-5

108. Fillion-Bertrand G, Dickson RP, Boivin R, Lavoie J-P, Huffnagle GB, Leclere

M. Lung microbiome is influenced by the environment and asthmatic status

in an equine model of asthma. Am J Respir Cell Mol Biol. (2019) 60:189–97.

doi: 10.1165/rcmb.2017-0228OC

109. Beck JM. ABCs of the lung microbiome. Ann Am Thorac Soc. (2014)

11(Suppl. 1):S3–6. doi: 10.1513/AnnalsATS.201306-188MG

110. Jartti T, Gern JE. Role of viral infections in the development and exacerbation

of asthma in children. J Allergy Clin Immunol. (2017) 140:895–906.

doi: 10.1016/j.jaci.2017.08.003

111. Liu L, Pan Y, Zhu Y, Song Y, Su X, Yang L, et al. Association

between rhinovirus wheezing illness and the development of

childhood asthma: a meta-analysis. BMJ Open. (2017) 7:e013034.

doi: 10.1136/bmjopen-2016-013034

112. Jackson DJ, Gangnon RE, Evans MD, Roberg KA, Anderson EL, Pappas TE,

et al. Wheezing rhinovirus illnesses in early life predict asthma development

in high-risk children. Am J Respir Crit Care Med. (2008) 178:667–72.

doi: 10.1164/rccm.200802-309OC

113. Stein RT, Sherrill D, Morgan WJ, Holberg CJ, Halonen M, Taussig LM, et al.

Respiratory syncytial virus in early life and risk of wheeze and allergy by age

13 years. Lancet. (1999) 354:541–5. doi: 10.1016/S0140-6736(98)10321-5

114. Farne HA, Johnston SL. Immune mechanisms of respiratory

viral infections in asthma. Curr Opin Immunol. (2017) 48:31–37.

doi: 10.1016/j.coi.2017.07.017

115. Rosenthal FS, Gruntman A, Couetil LL. A comparison of total, respirable,

and real-time airborne particulate sampling in horse barns. J Occup Environ

Hyg. (2006) 3:599–605. doi: 10.1080/15459620600948557

116. Riihimäki M, Raine A, Elfman L, Pringle J. Markers of respiratory

inflammation in horses in relation to seasonal changes in air quality in

a conventional racing stable. Can J Vet Res Rev Can Rech Vét. (2008)

72:432–39.

117. Fortier G, van Erck E, Fortier C, Richard E, Pottier D, Pronost S, et al.

Herpesviruses in respiratory liquids of horses: putative implication in airway

inflammation and association with cytological features.VetMicrobiol. (2009)

139:34–41. doi: 10.1016/j.vetmic.2009.04.021

118. Doubli-Bounoua N, Richard EA, Léon A, Pitel P-H, Pronost S, Fortier

G. Multiple molecular detection of respiratory viruses and associated

signs of airway inflammation in racehorses. Virol J. (2016) 13:197.

doi: 10.1186/s12985-016-0657-5

119. Pusterla N, Bain F, James K, Mapes S, Kenelty K, Barnett DC, et al.

Frequency of molecular detection of equine herpesvirus-4 in nasal secretions

of 3028 horses with upper airway infection. Vet Rec. (2017) 180:593.

doi: 10.1136/vr.104240

120. Houtsma A, Bedenice D, Pusterla N, Pugliese B, Mapes S, Hoffman AM, et al.

Association between inflammatory airway disease of horses and exposure

Frontiers in Veterinary Science | www.frontiersin.org 19 July 2020 | Volume 7 | Article 450

https://doi.org/10.2746/042516407X180129
https://doi.org/10.2460/javma.2003.223.1645
https://doi.org/10.1111/evj.12289
https://doi.org/10.1111/j.1939-1676.2012.00992.x
https://doi.org/10.1111/j.1939-1676.2006.tb02918.x
https://doi.org/10.1111/j.2042-3306.1995.tb04422.x
https://doi.org/10.1111/jvim.12279
https://doi.org/10.1136/vr.148.4.99
https://doi.org/10.1016/j.tvjl.2008.08.015
https://doi.org/10.1155/2015/569512
https://doi.org/10.1165/rcmb.2010-0300OC
https://doi.org/10.1152/ajplung.00019.2014
https://doi.org/10.1111/evj.12806
https://doi.org/10.1152/ajplung.00500.2005
https://doi.org/10.1038/s41598-017-09414-8
https://doi.org/10.1152/japplphysiol.00468.2014
https://doi.org/10.1172/JCI27690
https://doi.org/10.1164/ajrccm.157.5.rsaa-2
https://doi.org/10.1146/annurev-physiol-021909-135851
https://doi.org/10.21836/PEM20030405
https://doi.org/10.1016/S0749-0739(02)00067-6
https://doi.org/10.3389/fvets.2020.00266
https://doi.org/10.1513/AnnalsATS.201306-187MG
https://doi.org/10.1016/j.vetmic.2016.03.020
https://doi.org/10.1186/s12866-017-1092-5
https://doi.org/10.1165/rcmb.2017-0228OC
https://doi.org/10.1513/AnnalsATS.201306-188MG
https://doi.org/10.1016/j.jaci.2017.08.003
https://doi.org/10.1136/bmjopen-2016-013034
https://doi.org/10.1164/rccm.200802-309OC
https://doi.org/10.1016/S0140-6736(98)10321-5
https://doi.org/10.1016/j.coi.2017.07.017
https://doi.org/10.1080/15459620600948557
https://doi.org/10.1016/j.vetmic.2009.04.021
https://doi.org/10.1186/s12985-016-0657-5
https://doi.org/10.1136/vr.104240
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Couetil et al. Equine Asthma

to respiratory viruses: a case control study. Multidiscip Respir Med. (2015)

10:33. doi: 10.1186/s40248-015-0030-3

121. Back H, Penell J, Pringle J, Isaksson M, Ronéus N, Treiberg Berndtsson L,

et al. Longitudinal study of poor performance and subclinical respiratory

viral activity in standardbred trotters. Vet Rec Open. (2015) 2:e000107.

doi: 10.1136/vetreco-2014-000107

122. Pusterla N, Kass PH, Mapes S, Johnson C, Barnett DC, Vaala W,

et al. Surveillance programme for important equine infectious respiratory

pathogens in the USA. Vet Rec. (2011) 169:12. doi: 10.1136/vr.d2157

123. Pusterla N, Mapes S, Akana N, Barnett C, MacKenzie C, Gaughan

E, et al. Prevalence factors associated with equine herpesvirus type 1

infection in equids with upper respiratory tract infection and/or acute

onset of neurological signs from 2008 to 2014. Vet Rec. (2016) 178:70.

doi: 10.1136/vr.103424

124. Back H, Ullman K, Treiberg Berndtsson L, Riihimäki M, Penell J, Ståhl

K, et al. Viral load of equine herpesviruses 2 and 5 in nasal swabs of

actively racing standardbred trotters: temporal relationship of shedding to

clinical findings and poor performance. Vet Microbiol. (2015) 179:142–8.

doi: 10.1016/j.vetmic.2015.06.002

125. Robinson NE, Berney C, Eberhart S, deFeijter-Rupp HL, Jefcoat

AM, Cornelisse CJ, et al. Coughing, mucus accumulation, airway

obstruction, and airway inflammation in control horses and horses

affected with recurrent airway obstruction. Am J Vet Res. (2003) 64:550–7.

doi: 10.2460/ajvr.2003.64.550

126. Gerber V, Lindberg A, Berney C, Robinson NE. Airway mucus in

recurrent airway obstruction–short-term response to environmental

challenge. J Vet Intern Med Am Coll Vet Intern Med. (2004) 18:92–97.

doi: 10.1111/j.1939-1676.2004.tb00140.x

127. Millerick-May ML, Karmaus W, Derksen FJ, Berthold B, Holcombe SJ,

Robinson NE. Local airborne particulate concentration is associated with

visible tracheal mucus in thoroughbred racehorses. Equine Vet J. (2013)

45:85–90. doi: 10.1111/j.2042-3306.2012.00568.x

128. Pirie RS, Collie DDS, Dixon PM, McGorum BC. Evaluation of nebulised

hay dust suspensions (HDS) for the diagnosis and investigation of heaves.

2: effects of inhaled HDS on control and heaves horses. Equine Vet J. (2002)

34:337–42. doi: 10.2746/042516402776249074

129. Samadi S, Wouters IM, Houben R, Jamshidifard A-R, Van Eerdenburg F,

Heederik DJJ. Exposure to inhalable dust, endotoxins, beta(1->3)-glucans,

and airborne microorganisms in horse stables. Ann Occup Hyg. (2009)

53:595–603. doi: 10.1093/annhyg/mep040

130. Ivester KM, Couëtil LL, Moore GE, Zimmerman NJ, Raskin RE.

Environmental exposures and airway inflammation in young thoroughbred

horses. J Vet Intern Med Am Coll Vet Intern Med. (2014) 28:918–24.

doi: 10.1111/jvim.12333

131. Pirie RS, Collie DDS, Dixon PM, McGorum BC. Inhaled endotoxin and

organic dust particulates have synergistic proinflammatory effects in equine

heaves (organic dust-induced asthma). Clin Exp Allergy J Br Soc Allergy Clin

Immunol. (2003) 33:676–83. doi: 10.1046/j.1365-2222.2003.01640.x

132. Mayadas TN, Cullere X, Lowell CA. The multifaceted

functions of neutrophils. Annu Rev Pathol. (2014) 9:181–218.

doi: 10.1146/annurev-pathol-020712-164023

133. Uberti B, Morán G. Role of neutrophils in equine asthma. Anim Health Res

Rev. (2018) 19:65–73. doi: 10.1017/S146625231800004X

134. Moran G, Folch H. Recurrent airway obstruction in horses—

an allergic inflammation: a review. Vet Med. (2011) 56:1–13.

doi: 10.17221/1566-VETMED

135. Bureau F, Bonizzi G, Kirschvink N, Delhalle S, Desmecht D, Merville M-P,

et al. Correlation between nuclear factor- κ B activity in bronchial brushing

samples and lung dysfunction in an animal model of asthma. Am J Respir

Crit Care Med. (2000) 161:1314–21. doi: 10.1164/ajrccm.161.4.9907010

136. Deaton CM, Marlin DJ, Smith NC, Roberts CA, Harris PA, Schroter RC,

et al. Antioxidant and inflammatory responses of healthy horses and horses

affected by recurrent airway obstruction to inhaled ozone. Equine Vet J.

(2005) 37:243–9. doi: 10.2746/0425164054530605

137. Porto BN, Stein RT. Neutrophil extracellular traps in pulmonary

diseases: too much of a good thing? Front Immunol. (2016) 7:311.

doi: 10.3389/fimmu.2016.00311

138. Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barreto G, Galuska

SP, et al. Neutrophil extracellular traps directly induce epithelial and

endothelial cell death: a predominant role of histones. PLoS ONE. (2012)

7:e32366. doi: 10.1371/journal.pone.0032366

139. Ortega-Gómez A, Perretti M, Soehnlein O. Resolution of

inflammation: an integrated view. EMBO Mol Med. (2013) 5:661–74.

doi: 10.1002/emmm.201202382

140. Wiesner DL, Klein BS. Lung epithelium: barrier immunity to inhaled fungi

and driver of fungal-associated allergic asthma. Curr Opin Microbiol. (2017)

40:8–13. doi: 10.1016/j.mib.2017.10.007

141. 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) 30:1739–46.

doi: 10.1111/jvim.14556

142. Katavolos P, Ackerley CA, Viel L, Clark ME, Wen X, Bienzle D. Clara cell

secretory protein is reduced in equine recurrent airway obstruction. Vet

Pathol. (2009) 46:604–13. doi: 10.1354/vp.08-VP-0255-B-FL

143. Côté O, Lillie BN, Hayes MA, Clark ME, van den Bosch L, Katavolos P, et al.

Multiple secretoglobin 1A1 genes are differentially expressed in horses. BMC

Genomics. (2012) 13:712. doi: 10.1186/1471-2164-13-712

144. Côté O, Clark ME, Viel L, Labbé G, Seah SYK, KhanMA, et al. Secretoglobin

1A1 and 1A1A differentially regulate neutrophil reactive oxygen species

production, phagocytosis and extracellular trap formation. PLoS ONE.

(2014) 9:e96217. doi: 10.1371/journal.pone.0096217

145. Tessier L, Côté O, Clark ME, Viel L, Diaz-Méndez A, Anders S,

et al. Impaired response of the bronchial epithelium to inflammation

characterizes severe equine asthma. BMC Genomics. (2017) 18:708.

doi: 10.1186/s12864-017-4107-6

146. Tessier L, Côté O, Clark ME, Viel L, Diaz-Méndez A, Anders S, et al. Gene

set enrichment analysis of the bronchial epithelium implicates contribution

of cell cycle and tissue repair processes in equine asthma. Sci Rep. (2018)

8:16408. doi: 10.1038/s41598-018-34636-9

147. Tam A, Hughes M, McNagny KM, Obeidat M, Hackett TL, Leung

JM, et al. Hedgehog signaling in the airway epithelium of patients

with chronic obstructive pulmonary disease. Sci Rep. (2019) 9:3353.

doi: 10.1038/s41598-019-40045-3

148. Gras D, Chanez P, Vachier I, Petit A, Bourdin A. Bronchial epithelium

as a target for innovative treatments in asthma. Pharmacol Ther. (2013)

140:290–305. doi: 10.1016/j.pharmthera.2013.07.008

149. Newton JR, Woodt JLN, Chanter N. Evidence for transferrin allele

as a host-level risk factor in naturally occurring equine respiratory

disease: a preliminary study. Equine Vet J. (2007) 39:164–71.

doi: 10.2746/042516407X166954

150. Schaeper W. Untersuchungen über die erblichkeit und das wesen des

lungendampfes beim pferd [Investigation into the nature and heritability of

heaves in the horse]. Tierärztl Rundsch. (1939) 45:595–601.

151. Gerber H. Sir Frederick Hobday memorial lecture. The genetic

basis of some equine diseases. Equine Vet J. (1989) 21:244–8.

doi: 10.1111/j.2042-3306.1989.tb02160.x

152. Swinburne JE, Bogle H, Klukowska-Rötzler J, Drögemüller M, Leeb T,

Temperton E, et al. A whole-genome scan for recurrent airway obstruction in

warmblood sport horses indicates two positional candidate regions. Mamm

Genome. (2009) 20:504–15. doi: 10.1007/s00335-009-9214-5

153. Racine J, Gerber V, Feutz MM, Riley CP, Adamec J, Swinburne JE, et al.

Comparison of genomic and proteomic data in recurrent airway obstruction

affected horses using ingenuity pathway analysis R©. BMC Vet Res. (2011)

7:48. doi: 10.1186/1746-6148-7-48

154. Schnider D, Rieder S, Leeb T, Gerber V, Neuditschko M. A genome-wide

association study for equine recurrent airway obstruction in European

warmblood horses reveals a suggestive new quantitative trait locus on

chromosome 13. Anim Genet. (2017) 48:691–3. doi: 10.1111/age.12583

155. Ghosh S, Das PJ, McQueen CM, Gerber V, Swiderski CE, Lavoie J-P, et al.

Analysis of genomic copy number variation in equine recurrent airway

obstruction (heaves). Anim Genet. (2016) 47:334–44. doi: 10.1111/age.12426

156. Mason VC, Schaefer RJ, McCue ME, Leeb T, Gerber V. eQTL discovery and

their association with severe equine asthma in European warmblood horses.

BMC Genomics. (2018) 19:581. doi: 10.1186/s12864-018-4938-9

Frontiers in Veterinary Science | www.frontiersin.org 20 July 2020 | Volume 7 | Article 450

https://doi.org/10.1186/s40248-015-0030-3
https://doi.org/10.1136/vetreco-2014-000107
https://doi.org/10.1136/vr.d2157
https://doi.org/10.1136/vr.103424
https://doi.org/10.1016/j.vetmic.2015.06.002
https://doi.org/10.2460/ajvr.2003.64.550
https://doi.org/10.1111/j.1939-1676.2004.tb00140.x
https://doi.org/10.1111/j.2042-3306.2012.00568.x
https://doi.org/10.2746/042516402776249074
https://doi.org/10.1093/annhyg/mep040
https://doi.org/10.1111/jvim.12333
https://doi.org/10.1046/j.1365-2222.2003.01640.x
https://doi.org/10.1146/annurev-pathol-020712-164023
https://doi.org/10.1017/S146625231800004X
https://doi.org/10.17221/1566-VETMED
https://doi.org/10.1164/ajrccm.161.4.9907010
https://doi.org/10.2746/0425164054530605
https://doi.org/10.3389/fimmu.2016.00311
https://doi.org/10.1371/journal.pone.0032366
https://doi.org/10.1002/emmm.201202382
https://doi.org/10.1016/j.mib.2017.10.007
https://doi.org/10.1111/jvim.14556
https://doi.org/10.1354/vp.08-VP-0255-B-FL
https://doi.org/10.1186/1471-2164-13-712
https://doi.org/10.1371/journal.pone.0096217
https://doi.org/10.1186/s12864-017-4107-6
https://doi.org/10.1038/s41598-018-34636-9
https://doi.org/10.1038/s41598-019-40045-3
https://doi.org/10.1016/j.pharmthera.2013.07.008
https://doi.org/10.2746/042516407X166954
https://doi.org/10.1111/j.2042-3306.1989.tb02160.x
https://doi.org/10.1007/s00335-009-9214-5
https://doi.org/10.1186/1746-6148-7-48
https://doi.org/10.1111/age.12583
https://doi.org/10.1111/age.12426
https://doi.org/10.1186/s12864-018-4938-9
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Couetil et al. Equine Asthma

157. Pacholewska A, Kraft MF, 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.

doi: 10.3390/genes8120383

158. Pacholewska A, Jagannathan V, Drögemüller M, Klukowska-Rötzler J, Lanz

S, Hamza E, et al. Impaired cell cycle regulation in a natural equine model

of asthma. PLoS ONE. (2015) 10:e0136103. doi: 10.1371/journal.pone.01

36103

159. 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 Am Coll Vet

Intern Med. (2015) 29:320–6. doi: 10.1111/jvim.12473

160. 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) 31:1877–83. doi: 10.1111/jvim.14817

161. Biomarkers Definitions Working Group. Biomarkers and surrogate

endpoints: preferred definitions and conceptual framework. Clin Pharmacol

Ther. (2001) 69:89–95. doi: 10.1067/mcp.2001.113989

162. Ley B, Brown KK, Collard HR. Molecular biomarkers in idiopathic

pulmonary fibrosis. Am J Physiol Lung Cell Mol Physiol. (2014) 307:L681–91.

doi: 10.1152/ajplung.00014.2014

163. Leclere M, Lavoie-Lamoureux A, Lavoie J-P. Heaves, an asthma-

like disease of horses. Respirol Carlton Vic. (2011) 16:1027–46.

doi: 10.1111/j.1440-1843.2011.02033.x

164. Lavoie-Lamoureux A, Leclere M, Lemos K, Wagner B, Lavoie J-P. Markers

of systemic inflammation in horses with heaves. J Vet Intern Med. (2012)

26:1419–26. doi: 10.1111/j.1939-1676.2012.00993.x

165. Niedzwiedz A, Jaworski Z, Kubiak K. Circulating immune complexes and

markers of systemic inflammation in RAO-affected horses. Pol J Vet Sci.

(2014) 17:697–702. doi: 10.2478/pjvs-2014-0101

166. Leclere M, Lavoie-Lamoureux A, Lavoie J-P. Acute phase proteins in

racehorses with inflammatory airway disease. J Vet Intern Med Am Coll Vet

Intern Med. (2015) 29:940–5. doi: 10.1111/jvim.12587

167. Bullone M, Lagarde M de, Vargas A, Lavoie J-P. Serum surfactant protein D

and haptoglobin as potential biomarkers for inflammatory airway disease in

horses. J Vet Intern Med. (2015) 29:1707–11. doi: 10.1111/jvim.13602

168. Richard EA, Pitel P-H, Christmann U, Lekeux P, Fortier G,

Pronost S. Serum concentration of surfactant protein D in horses

with lower airway inflammation. Equine Vet J. (2012) 44:277–81.

doi: 10.1111/j.2042-3306.2011.00421.x

169. Wener MH. Tests for circulating immune complexes. Methods Mol Biol

Clifton NJ. (2014) 1134:47–57. doi: 10.1007/978-1-4939-0326-9_4

170. Słowikowska M. Circulating immune complexes in horses with severe

equine asthma. In: Proceedings of the World Equine Veterinary Association

Congress. Beijing.

171. Barton AK, Shety T, Bondzio A, Einspanier R, Gehlen H. Metalloproteinases

and their inhibitors are influenced by inhalative glucocorticoid therapy in

combination with environmental dust reduction in equine recurrent airway

obstruction. BMC Vet Res. (2016) 12:282. doi: 10.1186/s12917-016-0915-1

172. Bazzano M, Laghi L, Zhu C, Magi GE, Serri E, Spaterna A, et al.

Metabolomics of tracheal wash samples and exhaled breath condensates in

healthy horses and horses affected by equine asthma. J Breath Res. (2018)

12:046015. doi: 10.1088/1752-7163/aade13

173. Garcia J, Evans J, Reshaw M. “Is there anything else you would like to tell us”

–methodological issues in the use of free-text comments from postal surveys.

Qual Quant. (2004) 38:113–25. doi: 10.1023/B:QUQU.0000019394.78970.df

174. Park S, Griffin A, Gill D. Working with words: exploring textual

analysis in medical education research. Med Educ. (2012) 46:372–80.

doi: 10.1111/j.1365-2923.2011.04184.x

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Couetil, Cardwell, Leguillette, Mazan, Richard, Bienzle, Bullone,

Gerber, Ivester, Lavoie, Martin, Moran, Niedźwiedź, Pusterla and Swiderski. This
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