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Abstract: Epidemic thunderstorm asthma (ETSA) occurs following a thunderstorm due to
the interaction of environmental and immunologic factors. Whilst first reported in the 1980s,
the world’s largest event in Melbourne, Australia, on November 21, 2016 has led to a wealth
of clinical literature seeking to identify its mechanisms, susceptibility risk factors, and
management approaches. Thunderstorm asthma (TA) typically presents during an aeroaller-
gen season in individuals sensitized to perennial rye grass pollen (RGP) in Australia, or
fungus in the United Kingdom, in combination with meteorological factors such as thunder-
storms and lightning activity. It is now well recognized that large pollen grains, which
usually lodge in the upper airway causing seasonal allergic rhinitis (SAR), are ruptured
during these events, leading to sub-pollen particles respirable to the lower respiratory tract
causing acute asthma. The identified risk factors of aeroallergen sensitization, specifically to
RGP in Australians with a history of SAR, and individuals born in Australia of South-East
Asian descent as a risk factor for TA has been key in selecting appropriate patients for
preventative management. Moreover, severity-determining risk factors for ETSA-related
asthma admission or mortality, including pre-existing asthma or prior hospitalization, poor
inhaled corticosteroid adherence, and outdoor location at the time of the storm are important
in identifying those who may require more aggressive treatment approaches. Basic treat-
ments include optimizing asthma control and adherence to inhaled corticosteroid therapy,
treatment of SAR, and education regarding TA to increase recognition of at-risk days.
Precision treatment approaches may be more beneficial in select individuals, including the
use of allergen immunotherapy and even biologic treatment to mitigate asthma severity.
Finally, we discuss the importance of environmental health literacy in the context of concerns
surrounding the increased frequency of ETSA due to climate change and its implications for
the frequency and severity of future events.
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Introduction

Epidemic thunderstorm asthma (ETSA) events are recognized as health disasters
characterized by multiple presentations of acute asthma following a thunderstorm.
Historically, ETSA occurs unexpectedly, causing an overwhelming burden on
health care services. The combination of environmental and individual factors are
key determinants of the occurrence of ETSA. The world’s largest ETSA event
occurred on November 21, 2016, in Melbourne, Australia, with a 672% increase in
respiratory-related emergency department (ED) presentations (3,365 more cases
than expected), which led to 10 tragic deaths.'™ This event was challenging to

emergency and health care services due to the sudden and unforeseen increase in
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the numbers of acutely unwell patients. This tragic event
has led to increased recognition of ETSA, prompting con-
sideration of strategies for management, as well as imple-
mentation of health campaigns and forecasting alert
systems.

The pathogenesis of thunderstorm asthma (TA) has been
shown to depend on the combination of aeroallergen sensitiza-
tion, particularly with ryegrass pollen (RGP), seasonal allergic
rhinitis (SAR), including in those without a prior diagnosis of
asthma, and follows within hours of a recent thunderstorm.®’
The severity of TA causing presentation to hospital has been
correlated with a history of pre-existing or prior hospital
admission with asthma, South Asian ethnicity, and the pre-
sence of elevated levels of specific immunoglobulin E (sIgE) to
RGP."® The wind-pollinated pasture grass, perennial ryegrass
(Lolium perenne) with major allergen Lol p 5, is prevalent in
south-eastern Australia in the spring season. Intact ryegrass
pollen grains are >30 um in diameter, preferentially lodging in
the upper respiratory tract to cause naso-ocular symptoms
consistent with allergic rhinitis (AR).® In TA, these grains are
ruptured by osmotic shock when exposed to high levels of
moisture or by lightning activity itself, releasing thousands of
sub-pollen particles (SPP) of size <2.5 um respirable to the
level of the lower respiratory tract, causing bronchoconstric-
tion and the clinical presentation of TA.%'® Other important
factors associated with TA severity include high aeroallergen
levels, and meteorological factors such as the influence of
annual rainfall on grassland biomass and pollen production,
rapid temperature changes, high humidity, thunderstorm wind
outflows, convergence line weather events, geographical loca-
tion, and lightning activity itself.***'""'* The understanding of
TA has required a wide range of interdisciplinary research
across multiple fields in health, botany, and atmospheric
sciences.

Overview of Historical Episodes

The first published reports of epidemics of acute respiratory
distress associated with exceptional weather conditions was
published from Birmingham, UK in 1983 with approximately
106 attendances of patients with Didymella exitialis and
Sporobolomyces allergy.®> Prior to this, epidemic asthma
events were usually documented in conjunction with elevated

14716 and castor-bean

levels of air pollutants, such as smog
dust.'” However, there were earlier studies noting associations
with sudden temperature changes and high barometric
pressure.'® In total, there have now been 27 documented
ETSA episodes occurring across the globe, with the majority

affecting Australia (10), the UK (7), and also Europe, North

America, the Middle East, and China (Table 1). It must be
noted that there have been multiple worldwide locations
reporting increased asthma presentations coinciding with thun-
derstorms that have not been formally documented as
ETSA,'"?° suggesting that the occurrence is more common
than currently appreciated. Furthermore, convergence line
weather events have been associated with a significant propor-
tion of increased asthma presentations which may not always
be thunderstorm related, including in Australia and Iran.*'*>
The largest ETSA event prior to 2016 was in the UK in 1994,
attributed to grass pollen (GP) allergen, with 640 hospital
attendances, five intensive care unit (ICU) admissions, and
the first ETSA-related death.® To date, there have been cumu-
lative reports of over 7,000 hospital presentations with 18
reported deaths due to ETSA. In Australia, the frequency of
ETSA is approximately two per decade. The absence of
a predictable pattern is a clear concern for deploying effective
population health measures. Despite ETSA events being
uncommon, asthma exacerbations following thunderstorms
are likely under-reported. Furthermore, from an environmental
perspective, the effects of climate change carry the potential to
increase aeroallergen concentration, and increase the fre-
quency of extreme weather events such as thunderstorms,
posing a great risk for the future health and wellbeing of the
large at-risk population.”®

Management Overview

Management of ETSA can be divided into identification of risk
factors to enable targeting of preventive therapies to those at
greatest predicted risk, individual preventative management,
and larger systems-based approaches such as forecast alert
systems and environmental health literacy. The approach to
medical management of TA progresses from allergen avoid-
ance to desensitization, an emphasis on drug treatment of
asthma with on demand inhaled corticosteroid (ICS)/long-
acting beta agonist (LABA) now indicated in steps 1 and 2 of
the Global Initiative For Asthma (GINA) guidelines for mild
asthma,”* to novel treatment options, such as prophylactic
biologic therapies. The emerging options include allergen-
specific immunotherapy to induce immunological tolerance
in sensitized individuals, as well as considerations for precision
therapy to prevent ETSA with monoclonal antibody agents
targeting components of the T-helper 2 (TH-2) specific cascade
such as IgE (omalizumab), interleukin (IL)-5 (benralizumab
and mepolizumab), and IL-4/IL-13 (dupilumab). The general
emergence of environmental health literacy (EHL) facilitates
public awareness, empowering communities to reduce expo-
sures to potentially harmful environmental conditions, and has
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Table 1 Summary of Reported Episodes of ETSA to Date

Location Date Season | Hospital Death | Allergen Trigger(s) Reference
Presentations
UK, Birmingham 1983, Jul Summer | 106 0 Didymella exitialis, Sporobolomyces [12]
UK, Nottingham 1984, Jun Summer | 19 0 Didymella exitialis, | GP [91]
Australia, Melbourne 1984, Nov | Spring 85 0 Not specified [92]
Australia, Melbourne 1987, Nov | Spring 154 | Grass pollen [32]
UK, Leicester 1989, Jul Summer | 32 0 Didymella ascospores [93]
Australia, Melbourne 1989, Nov | Spring 277 0 Grass pollen [32]
Australia, Tamworth 1990, Nov | Spring 110 0 Grass pollen [94]
UK, London 1994, Jun Summer | 640 | Grass pollen [20]
Australia, Wagga 1997, Oct | Spring 215 0 Grass pollen [25]
Australia, Newcastle 1998, Oct | Spring 6 0 Grass pollen [45]
Canada, Calgary 2000, Jul Summer | 157 0 Amaranthaceae pollen, Myxomycetes Fungi | [42]
UK, Cambridge 2002, Jul Summer | 57 | Alternaria spores [41]
Saudi Arabia, Al-Khobar | 2002, Nov | Autumn | NS NS NS [95]
Australia, Melbourne 2003, Nov | Spring 70 0 Grass pollen [34]
Italy, Naples 2004, Jun | Summer | 7 0 Parietaria pollen [43]
UK, South-East England | 2005, Jun | Summer | NS NS NS [96]
Italy, Puglia 2010, May | Spring 20 0 Olive tree pollen [44]
Australia, Melbourne 2010, Nov | Spring 36 0 Grass pollen [28]
Australia, Melbourne 2011, Nov | Spring 30 0 Grass pollen [28]
UK, London 2013, Jul Summer | 40 0 NS [97]
Iran, Ahvaz 2013, Nov | Autumn | 443 0 Conocarpus erectus [8, 98, 101]
Australia, Canberra 2014, Oct | Spring 15 0 Grass pollen [99]
Israel 2015, Oct | Winter | NS NS NS [102]
Iran, Ahvaz 2015, Oct | Autumn | NS 0 NS [103]
Australia, Melbourne 2016, Nov | Spring 3,365 10 Grass pollen [4]
Middle East, Kuwait 2016, Dec | Winter | 844 5 NS [100]
Hamilton, New Zealand | 2017, Dec | Summer | 38 NS [105]
China, Yulin 2018, Sep | Autumn | 392 0 Mugwort pollen [104]

Note: Adapted from®.
Abbreviations: UK, United Kingdom; NS, not specified.

specific application in the population health management
approach to ETSA. Public forecast notification systems are
now established to operate in the spring season in Victoria,
Australia, combining data on grass pollen levels, thunderstorm
predictions, and wind speed to predict low, moderate, and high-
risk days. This enables health and emergency services to be
suitably prepared, and to alert the general public of prepared-
ness for at risk days. This forecasting depends on EHL to
reduce the health impacts of an ETSA event. Here, we discuss
the current available options and potential new insights into
managing ETSA.

Mechanisms and Risk Factors

Meteorological Factors

Our current understanding of ETSA is from the combined
result of complex environmental and individual factors. The
precise mechanism of ETSA is not fully understood,

however the key factors that have been identified include
exposure to respirable particles of aeroallergens in sensitized
individuals which are concentrated in thunderstorm
downdrafts.® Factors that may influence the scale of the
event itself are likely to include the exposure of high-
density urban populations, the time of day, with the influence
on outdoor air exposure, priming of sensitized individuals in
the days preceding the event, and the prevalence of unme-
dicated patients.* A summary of previously described risk
factors is depicted in Table 2. Although there is incomplete
data on some of the prior ETSA events, there is a consistent
association with higher levels of aeroallergens, particularly
grass pollen (GP) and fungi, in the days before significant
ETSA events.” These findings are clearly limited by the air
sample collection methods, including the proximity of mon-
itoring to the affected locations. Another common associa-

tion is that of spring and summer seasons, which typically
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Table 2 Summary of Risk Factors for Thunderstorm Asthma

Category Evidence Reference
Environmental
Aeroallergen Extremely high levels of RGP recorded in preceding days before the Melbourne 2016 event [4]
concentration
Rainfall, humidity Rainfall and humidity can lead to rupturing of pollen grains by osmotic shock [10]
Lightning activity Lightning can rupture pollen grains [9]
Sudden temperature | Observational data [8]
changes
Air pollution Possible contributing factor; more research warranted [9]
Climate change Potential to increase aeroallergen biomass and severe weather events [31]
Aeroallergens
Rye grass pollen Evidence of high skin prick or sIgE levels in affected individuals [7,46]
Fungal spores Fungal sensitization in UK patients [42]
Other Specific pollen associated with geographic region (eg, Olive tree) [5]
Immunological
Aeroallergen RCT of pre-seasonal grass SLIT in 34 subjects with SAR found that SLIT was protective for the 2016 [5]
immunotherapy Melbourne event: no SLIT patients reported an asthma exacerbation on that day, compared with 41% (7/17)
on pharmacotherapy alone
Genetic Increasing severity if born in Australia of Asian ethnicity [6]
Ongoing studies required
Individual
Behavioral Outdoor air exposure [3,4]
Ethnicity 39% of ED presentations had Indian or Asian ethnicity [
Asians who are born in Australia have an increased risk of hospital admission (odds ratio=5.4)
Asthma Current asthma increases risk of hospital admission (odds ratio=1.9) [n
Recent asthma admission increases risk of hospital admission (odds ratio=3.2)
Allergic rhinitis 87% of individuals presenting to ED have SAR [

Abbreviations: RGP, rye grass pollen; sIgE, serum specific immunoglobulin E; UK, United Kingdom; RCT, randomized control trial; SLIT, sublingual immunotherapy; ED,

emergency department; SAR, seasonal allergic rhinitis.

may have higher concentrations of aeroallergens; all pre-
vious ETSA events in Australia have occurred in spring.’
Increased rainfall prior to the spring-time period has been
shown to increase grassland biomass and subsequent grass
pollen formation.”® For previous Australian ETSA events
where clinical data was recorded, nearly all patients had
SAR with confirmed RGP sensitization.®

Studies have noted the ability of osmotic shock to
rupture RGP grains to release ultra-fine respirable particles
which can lodge in the small airways.'® This mechanism

may offer some explanation for the report that describes as

few as 10% of affected patients having previously known
asthma.”” The role of high humidity and pollen rupture
due to osmotic shock has been frequently quoted in pre-
vious studies. However, recent insights into other mechan-
isms have suggested that lightning may underpin SPP
generation.” The SPPs are concentrated by emergent
weather events and then transported to ground level by
the thunderstorm outflow tract which may be facilitated by
outflows and cold down drafts.*® The role of air pollution
as an additional co-factor for TA remains uncertain, as

higher levels of PM, (associated with acute asthma)?’
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were noted prior to the 2016 Melbourne ETSA event, and
also described in other studies.*°

Climate change may bring an increased frequency of pre-
cedent conditions for ETSA, not only for the Australian popu-
lation, but also for other major cities that may begin to
encounter similar environmental conditions. Increasing atmo-
spheric greenhouse gases have dramatically increased since
the Industrial Era commencing in the 1750s, with rapid
changes recorded in the last 50 years. The increasing air
temperatures and carbon dioxide concentration are associated
with increased pollen production and lengthening of pollen
seasons that may be expected to increase levels of population
sensitization.”® Alongside this, the projected increase in
extreme weather events, including flooding and tropical
cyclones, may increase mold growth in homes, and thunder-
storm frequency itself might increase the risk of large ETSA

events.31’32

Aeroallergens and Aerobiology

In studies of ETSA from South-Eastern Australia, the
dominant associated allergen is RGP, with subsequent
confirmed sensitization in affected individuals suggesting
this is likely a key trigger." *® Assessment of causative
aeroallergens has been subject to ascertainment bias, with
investigations being limited to specific pollen or spore
types. Moreover, only half of ETSA studies have aeroal-
lergen exposure data.® Despite these limitations, the col-
lective evidence for a role for RGP is compelling for
Australian events, with elevated levels documented prior
to ETSA events.>> By contrast, the UK events have
occurred in summer, with exposure to high levels of fungal
spores.’

Grass pollens are a major source of allergens during
spring season in Australia, and are thought to be the major
trigger of Australian ETSA events.>® It is therefore not
surprising that sensitization to RGP in particular was
a dominant characteristic of patients affected during
ETSA epidemics in Melbourne.*>** RGP as a potential
allergenic trigger was first alluded to in a case-controlled
study following the epidemic events in Melbourne in 1987
and 1989, where 12 ETSA affected patients reported
a greater likelihood of RGP allergy in comparison with
asthma patients unaffected by ETSA.** A follow-up study
on patients who presented to the ED with ETSA during the
2016 Melbourne epidemic found that 100% were sensi-
tized to RGP, with a mean sIgE of 55+34 kUA/L (normal
range 1-100 kKUA/L).*® The rate of RGP sensitization was
significantly higher in ETSA-affected patients compared to

severe asthma patients unaffected during an ETSA event.>”
Similar observations were made in all the previously

4,30,34,36 and also

reported ETSA episodes in Melbourne,
Wagga Wagga in New South Wales.?’

Lol p 1 (35 kDA glycoprotein) and Lol p 5 (28-32
kDA glycoprotein) are identified as the major allergenic
proteins in RGP as they account for >90% of IgE mediated
reactions in sensitized individuals.*’=° Lol p 5 is mainly
found in the starch granules of RGP, whereas Lol p 1 is
present in the cytoplasm of mature pollen grains and sub-
sequently secreted on its surface.*” Symptoms of SAR are
triggered when intact pollen grains are lodged in the upper
airways and patients are exposed to Lol p 1. On the other
hand, a key mechanistic feature during thunderstorms is
rainfall-related pollen rupture leading to the release of Lol
p 5 containing starch granules as described in a seminal
paper by Suphioglu et al.*' Extremely high levels of these
starch granules, up to 50-fold, can be detected in the
Melbourne atmosphere following rainfall and bronchial
provocation testing with starch granules on asthma
patients has been shown to elicit symptoms of reversible
airway constriction.*! These findings were further sup-
ported by a recent report on ETSA patients who presented
to the ED, in which mean blood sIgE to Lol p 5 was higher
compared to non-ETSA asthma controls.® Further recei-
ver-operating characteristic (ROC) analysis suggested that
measuring Lol p 5 sIgE was useful in distinguishing TA
patients from other asthma patients, whereas Lol p 1 sIgE
had no diagnostic utility.® Although the role of Lol p 5 as
a biomarker in ETSA risk assessment is worth further
confirmation at present, assays for Lol p 5 sIgE are not
commercially available in Australia, rendering its mea-
surement currently a research tool.

Due to geographical differences, the responsible aero-
allergen in TA might vary in other global communities,
limiting the validity of extrapolating Australian data. It
would be of great relevance to note the patterns of pre-
dominant aeroallergen sensitization as a risk factor
amongst TA patients in affected regions in Europe, North
America, and the Middle East. In addition to grass pollens,
studies on UK events have reported on transient rises in
environmental fungal spores such as Ustilago,
Cladosporium, and Didymella sp. during and after the
rain.">*? A major UK event in 2000 which resulted in
one death was found to be triggered by fungal spores
including Alternaria, where it was reported that sensitiza-
tion to Alternaria conferred a 9-fold odds ratio of devel-

oping TA (OR=9.31, 95% CI=2.305-37.601), which
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increased if sensitized to Alternaria, Cladosporium, or
both  (OR=63.966, 95%  CI=3.577-1143.9).
Environmental fungal spores were similarly implicated in
a Canadian case report.** Cladosporium spores are 3—4
pm in diameter and would be respirable to the lower air-
way, whereas Alternaria spores form macroconidia with
larger dimensions with a diameter of 10 pm.* It is possi-
ble, although conjecture, that a similar meteorological
process as seen in the Australian studies of RGP grain
rupture occur for fungal species during ETSA events. In
Italy, unique sensitization to Parietaria pollen (an urtica-
cea weed) as well as olive tree pollen appeared to confer
a risk of developing TA.*>*

Immunologic Factors

The allergic basis underpinning thunderstorm asthma
pathophysiology is supported by the significant degree
of RGP sensitization (mean skin prick wheal size of 10—
11 mm, mean serum sIgE at 55 kUA/L), and a finding of
increased sputum eosinophilia, including in those who
were on an ICS, in those who suffered from TA in the
2016 Melbourne event.***>*” The rapid onset of symp-
toms in TA is suggestive of mast cell degranulation and
airway narrowing, as classically seen in allergic asthma.
This requires individuals to be sensitized to RGP antigens
through production of RGP-sIgE, which upon re-
exposure leads to crosslinking of IgE with the high affi-
nity receptor Fc epsilon RI (FceRI) present on mast cells
and basophils, leading to the production of proinflamma-
tory mediators that promote mucosal edema, luminal
mucous accumulation, and smooth muscle contraction
(Figure 1). New insights into the role of yd T cells have
also been noted in allergic inflammatory diseases, with
upregulation in the nasal mucosa including in nasal
polyps, and modulation of allergic inflammation through
forkhead box protein P3 (FOXP3) and IL-10.**%
Ongoing studies into the role of yd T-cells in allergic
inflammatory diseases may not only improve understand-
ing of some of the immunologic pathophysiology in
allergic asthma, but may also point to novel immunore-
gulatory approaches to skew individual sensitization
away from a TH-2 bias.

The importance of eosinophils in TA pathogenesis is
underscored by evidence of elevated IL-5 positive cells
and eosinophil numbers in the airway spaces of patients
during an acute exacerbation of TA,* in keeping with the
inflammatory profile of TH-2 asthma.’® This mimics the
airway inflammatory responses observed using allergen

inhalation challenge as a clinical model for allergic
asthma.”' Interleukin-5 is the key mediator in the recruit-
ment, activation, and degranulation of eosinophils, which
are critical to the pathogenesis of allergic asthma.’
Measurement of blood eosinophilia is a useful surrogate
for airway eosinophilia and has proven utility in predicting
eosinophilic asthma.> However, the same cannot be said
for predicting TA, as there is scant evidence to show
significant differences in blood eosinophil levels when
compared to other asthma phenotypes.>> Furthermore, it
is not known whether peripheral blood eosinophilia corre-
lates well with levels of eosinophils in airway spaces of
TA patients.

Lung Function Testing
Lung function testing, or spirometry, is a readily available
clinical tool, the results of which most clinicians are able
to interpret, including the ability to potentially identify
asymptomatic asthmatics in the SAR population, many of
whom presented for the first time during ETSA. However,
the use of spirometry on its own has not been demon-
strated as an effective diagnostic tool to distinguish TA
patients from other asthma patients.*>

To further classify TA patients, a more specific bio-
marker such as fractional exhaled nitric oxide (FeNO) is
needed in addition to spirometry. FeNO is increasingly
used in respiratory function laboratories as a diagnostic
and monitoring tool to guide treatment decisions in asthma
of TH-2
inflammation.>* FeNO levels are raised in patients with

patients, as it is an indicator airway
AR, with or without known asthma.”® The degree of air-
way inflammation as indexed by FeNO in patients who
presented with ETSA was comparable to that in severe
chronic asthma patients.>® At present, there is no prospec-
tive evidence on the utility of FeNO in predicting TA risk,
but it may have a role in monitoring of treatment adher-

ence and dosage guidance in asthma preventer treatment.

Asthma Genomics

Genomics data on ETSA is lacking, but precedence has been
set with the identification of several susceptibility genes in
(GWAS) of asthma.
Previous estimations have noted that genetic predisposition
accounted for 25-80% of asthma risk and up to 90% of AR
risk.’® The chromosome 17q21 region is the most well

genome-wide association studies

described and consistently replicated region with asthma
susceptibility.” ORMDL sphingolipid biosynthesis regulator
3 (ORMDL3) was the first gene identified in this region, which
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Figure |1 The mechanisms underlying TA. (A) In TA aeroallergens are swept into the cloud systems including whole pollen grains produced by flowering grasses and fungal
elements. These are ruptured through osmotic shock and lightning activity, releasing an abundance of respirable aeroallergens. Strong winds are able to carry these particles
across long distances to urban populations. Downdrafts push these particles to the ground surface for human contact. (B) A prior sensitization phase previously occurring in
the respiratory airway primes the immune system for its acute allergic phase upon reintroduction. Inhaled aeroallergens are then introduced to the lower airway where they
are detected by dendritic cells, which produce TSLP (in addition the respiratory epithelium) and IL-33 and present these to naive T-cells in the lymph nodes, which switch to
TH-2 cells through the influence of IL-4 and IL-13. TH-2 cells activate B-cells via IL-4 and IL-13, leading to plasma cells which produce allergen sIgE. TH-2 cells also activate
eosinophils through IL-5. Re-exposure to an aeroallergen in a sensitized individual leads to activation of eosinophils and secretion of its proinflammatory mediators, and
activation of mast cells through pre-formed slgE, leading to degranulation. The clinical presentation of TA results secondary to the acute allergic phase. Part (A) and (B) were
created using BioRender.com.

codes for transmembrane proteins anchored in the endoplas-  upregulation of airway remodeling genes. A whole genome
mic reticulum.>® Polymorphisms in this genetic region are  and ribonucleic acid sequencing study found that polymorph-
associated with altered expression of IL-4 and IL-13 cytokine ism in GSDMB was associated with asthma severity and
levels, both TH-2 pathway mediators.” Other identified sus-  exacerbations.”” Furthermore, GSDMB correlated with
ceptibility genes include zona pellucida-binding protein 2  expression of interferon and TH-1 related antiviral pathways,
(ZPBP2)® and gasdermin B (GSDMB).®’ GSDMB was  suggesting a complex interaction between viral infection and
thought to be involved in epithelial cell apoptosis and  subsequent asthma exacerbations.’'
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Another notable asthma candidate gene is a disintegrin
and metalloprotease 33 (ADAM33) located on chromo-
some 20p13. ADAM33 is a susceptibility gene expressed
in airway smooth muscles, fibroblasts, and mesenchymal
progenitor cells, and genetic polymorphisms of this gene
are associated with early childhood asthma risk. Increased
levels of soluble ADAM33 in airways is linked to bron-
chial hyper-responsiveness and airway remodeling through
non-inflammatory pathways. Experimental murine models
have demonstrated the effects of inducing expression of
soluble ADAM33 in utero, which promoted bronchial
hyper-responsiveness and eosinophilia in postnatal life,
even at low level aeroallergen exposure.®?

Much progress has been made in the understanding of
gene—environment interaction in asthma pathogenesis. The
hygiene hypothesis of allergy prevalence was convincingly
refined by studies on genetically similar European popula-
tions, the Hutterites and Amish, that migrated to the US to
establish farming communities.> The remarkable observa-
tion of a 75% reduction in atopy in Amish was ascribed to
increased environmental endotoxin exposure due to low
mechanization farming practices. This study highlights the
need to consider gene by environment interactions. It is
also known that migrant populations have increased risk of
developing asthma and AR compared to the native popu-
lation and interestingly this risk increases with length of
stay in the host country,®* suggesting the effects of envir-
onmental exposure on susceptibility genes. This risk dis-
tinction is less clear between first and second generation
migrants, with conflicting evidence.®’

Recent reviews have summarized the risk variants
shared between those with asthma, AR, and eczema, pro-
viding evidence for shared disease pathogenesis and elu-
cidating the function of identified genes including major
histocompatibility complex (MHC) Class II molecules, IL-
1 receptor like 1 (IL1RL1), and mediators of TH-2 path-
ways such as IL-5, IL-13, and IL-33.%° Nevertheless,
further studies on the genetics of TA are needed to provide
insight into risk and severity prediction, and highlight the
role and potential for personalized medicine.

Clinical and Severity Risk Factors

There is an increasing body of evidence characterizing
clinical risk factors for severe asthma in TA. The largest
analysis on ETSA was from the 2016 Melbourne event
which clearly identified that there are distinct gradients of
risk. For Australian individuals, there is an increased risk
of TA in individuals of Asian ethnicity born in Australia,

suggesting a genetic predisposition, with an odds ratio of
5.4 for TA-related hospital admission.! Of the total num-
ber of ETSA presentations at the ED, 39% were of Indian
or Asian ethnicity.! The degree of sensitization to RGP,
and to Lol p 5, confers the greatest risk of TA, with 87% of
patients presenting to the ED having a diagnosis of
SAR.'® Pre-existing asthma is not identified as a risk
factor for all individuals affected by TA, but has been
associated with severity, with an odds ratio of 1.9 for
hospital admission, and for those who required intensive
care unit support (35 patients) or died due to TA (10
patients) there was a prior history of asthma.' In these
cases with known asthma, there was likely uncontrolled
airway inflammation with a history of poor disease con-
trol, as reflected by prior asthma-related hospital admis-
sion and ICS adherence.* It is thought that the majority of
affected individuals have mild symptoms and do not self-
present for healthcare assistance, as noted in a survey of
health care workers, with 25% having asthma symptoms
during the 2016 Melbourne event.®’

Management
ETSA Preparedness and Risk Reduction

A key lesson of the Melbourne thunderstorm asthma epi-
demic was its framing of ETSA risk for individuals with-
out known airways disease. Prior to November 2016, it
was established that 36-44% of those affected by ETSA
epidemics had not been formally diagnosed with
asthma.””®® In the Melbourne event, this figure was up
to 60%,*** highlighting both the need to broadly expand
target populations for counseling in ETSA preparedness
and risk reduction and the prevalence of undiagnosed
asthma in the community.

It is now known that SAR alone is a risk factor for
thunderstorm asthma, under certain meteorological condi-
tions. Affected individuals should therefore be instructed
on behavioral interventions: most importantly, avoiding
exposure to the outdoors environment in the hours leading
up to a thunderstorm and monitoring local grass pollen
counts when possible. Clinicians must also perform
a targeted history to elicit features suspicious of undiag-
nosed asthma, in order to identify those with occult dis-
ease. Retrospective reviews indicate that this group
constituted 25-46% of ETSA affected patients in the
Melbourne event.*>*

The National Asthma Council of Australia recom-
mends that individuals with asthma at risk of ETSA be

4544

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Chatelier et al

given a written Asthma Action Plan, reliever, and preven-
ter (either regular ICS and as-needed short acting beta
agonist [SABA], or as-needed low dose budesonide/for-
moterol). Those not on year-round ICS treatment should
commence one of the above preventer strategies in the
lead-up to pollen season (2 weeks before at a minimum)
and continue it throughout the period of peak airborne
allergen load.®

Choice of Inhaled Therapy
It is well established that SABA-only treatment is sub-

optimal  therapy  for asthma

70,71

prevention  of

exacerbations. However, the choice between as-
needed ICS/LABA combination treatment and continuous
ICS plus as-needed SABA is contentious. The first strat-
egy seems likely to improve treatment adherence, particu-
larly in individuals with intermittent symptoms (who are
presumed to represent a significant proportion of “at-risk”
TA patients).

A post-hoc analysis of the Symbicort Given as-needed
in Mild Asthma study (SYGMAT1) found that as-needed
budesonide-formoterol had similar efficacy to maintenance
ICS in reducing the frequency of SABA use and risk of
subsequent exacerbations.”” However, there is stronger
long-term data on use of regular ICS or ICS/LABA in
prevention of asthma-related morbidity and mortality.”>”*
Furthermore, it remains unclear whether the “as-needed”
strategy is superior with regard to symptom control and
exacerbation prevention, creating an area of ambiguity for
TA management. Nevertheless, the rapid onset of bronch-
odilator action of formoterol makes it well suited to pro-
vide acute relief in TA, whereas the concurrent ICS dosing
from a combination therapy may limit on-going impacts of

the acute episode of asthma.

Novel Approaches to Prevention
Immunotherapy

Given the strong link between aeroallergen sensitization
and inflammatory airway changes underlying TA, allergen
desensitization (immunotherapy) presents an intriguing
opportunity to both treat SAR and reduce allergic asthma
exacerbations. Systematic review has demonstrated that
immunotherapy reduces asthma symptoms, potentially to
the same extent as inhaled steroids.”” A recent controlled
trial of pre-seasonal grass pollen sublingual immunother-
apy (SLIT) in 34 subjects with SAR found that SLIT was
protective for the 2016 Melbourne ETSA event: no SLIT
patients reported an asthma exacerbation on that day,

compared with 41% (7/17) of pharmacotherapy-only
patients.”® However, prospective larger-scale studies are
lacking and will be difficult to power given the rarity
and unpredictability of ETSA events, although given the
increased frequency of asthma in those with SAR, studies
of the utility of grass pollen SLIT in preventing asthma
morbidity or signs during the spring season would be
valuable indicators of likely efficacy.

Leukotriene Antagonists

To date, research on use of leukotriene antagonists for
prevention of seasonal asthma has largely been focused
on children and results have been mixed. It was initially
reported that montelukast plus standard care reduces risk
of worsening asthma symptoms and unscheduled physi-
cian visits during the annual peak asthma season for
children (September in North America).”’
Pranlukast seemed to have a similar benefit, particularly

school

among boys aged 1-5 years.”® However, a subsequent
larger study found that montelukast was not associated
with a significant reduction in missed days of school due
to asthma.”® The exceptionally high level of allergen expo-
sure and the temporally discrete activation of mast cells in
TA could be expected to increase the significance of the
acute actions of cysteinyl leukotrienes in the ensuing air-
way obstruction. The aforementioned studies provide only
indirect guidance as to the potential of this drug class.

Biologics

The advent of biologic therapies for difficult-to-control
asthma has revolutionized respiratory medicine.
Currently, four asthma biologics have Therapeutic Goods
Administration approval in Australia for severe asthma.
Each biologic has been shown to reduce systemic steroid
use, ED visits, and hospitalization.go These treatments are
targeted towards a TH-2 asthma phenotype, which clearly
correlates with the risk profile for SAR with TA.
Furthermore, the anti-IgE medication omalizumab has
been shown to have increased benefit in autumn and spring
(compared with summer months) across all age groups in
individuals with allergic asthma in the US.®!

However, the use of biologic asthma therapies for pre-
vention of intermittent allergic asthma and TA specifically
is not established and they are indicated for chronic severe
asthma requiring continuous use rather than to prevent
episodic asthma. Given the cost and inconvenience of
these medications, further research is needed to accurately
stratify TA risk; thus enabling targeted treatment for the
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most susceptible individuals. Short-term pre-seasonal use
of asthma biologics may prove to be an economically
sound and effective strategy to prevent seasonal exacerba-
tions of allergic asthma, including TA in selected patients.
Evidence to support the abbreviated use of anti-IgE is
found in a North American study of pre-seasonal
(3-month) omalizumab for prevention of autumn asthma
exacerbations in inner-city children. In this cohort, exacer-
bations were reduced by 52% in the omalizumab treatment
arm compared to placebo.®

Environmental Health Literacy
Whilst the triggers and risk factors for TA are reasonably
well established, a question arises as to what might be
done to mitigate the effects of TA in the community?
Ensuring the availability of emergency warnings and treat-
ments for those affected by TA has been the focus of major
public health initiatives in Victoria since 2016. The initia-
tion of preventive physical strategies as well as therapies
for TA in those who suffer from SAR might also be
implemented at an individual level by an understanding
of risk factors for TA, but this depends on the capacity of
individuals and communities to recognize and act to miti-
gate such risks. The capacity to recognize and act on
environmental threats to health is
Environmental Health Literacy (EHL).*
EHL can be defined as a strategy that can enable

measured as

individuals and communities to moderate environmental
exposures that pose a risk to health outcomes.** EHL in its
substantive context embraces community and socioeco-
nomic diversity in a hierarchy of knowledge and empow-
erment to recognize, understand, analyze, evaluate, and
respond to environmental health risks to enable and inform
mitigation strategies. Importantly, EHL intersects with
public and professional communication and education stra-
tegies regarding environmental threats and recognizes the
diversity between individuals and within communities that
challenges effective communication strategies and man-
dates community involvement to enable effective solutions
to be devised.®

One strategy to inform the community of approaching
risk for TA is through emergency warning systems.
Following the 2016 event the Victorian State Government
established a pollen monitoring and warning system mea-
sured from several sentinel pollen monitoring stations in the
State. Information was distributed through the Melbourne
Pollen Count publicized through an available website and
and

smartphone app (www.melbournepollen.com.au)

further publicized through generic warning systems such
as the state emergency services and weather advice apps,
and weather reports distributed in public media.*® The
Melbourne Pollen App provides pollen counts, advice, and
warnings for risks for thunderstorm asthma based on state-
wide pollen counts and meteorological modeling to esti-
mate the future risk of pollen-induced thunderstorm asthma
events, or “high-asthma admission days”.®” The capacity of
individuals to respond to such advice is determined by
e-health literacy, relying on the capacity of individuals
and communities to access e-health and media information
and warnings to influence health knowledge seeking
behavior and to implement its advice.*® The internet and
Google searches might also be considered a warning system
per se, with the Google trends data for searches for
“asthma” in Melbourne in relation to the 2016 TA epidemic
and Kuwait during episodes of epidemic asthma clearly
demonstrating a peak in the searches compared to seasonal
asthma.® Evidently the community at large made use of the
internet to seek advice in the event of thunderstorm asthma,
a fact that might be used to provide advice in the likely
event of recurrence.

At an individual level, recognition of the threats and
risk of TA might inform individual behaviors such as
ensuring adherence to preventing therapies, maintaining
a supply of asthma medication, and ensuring emergency
plans for asthma are in place. Health literacy generally and
EHL in particular might also enable such preventive stra-
tegies as recognition of the threat and staying indoors at
the time of thunderstorm passing overhead and recogniz-
ing the likely weather events preceding a thunderstorm
asthma event to inform decisions regarding travel and
being outdoors. It is notable that the majority of TA events
in Victoria have occurred in the setting of an evening
thunderstorm coinciding with evening peak-hour when
people are more likely to be outdoors whilst traveling
home from work, thereby exposing individuals to the
risks of a pollen-laden storm-front whilst in transit
outdoors.> Importantly, communication of such risks
must be culturally and demographically appropriate to
maximize individual understanding and
maximize impacts on behaviors.** Information that
enables accurate risk determination at an individual level
might also inform health providers of the importance of
environmental health threats, enabling appropriate empha-
sis to advise those at greatest risk and inform medical
planning of medical interventions and ensure that such
advice is targeted and the investment of individual
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education made most productively.”> Appreciation of an
individual’s health risks must also be cognizant of the
significant association of lower education and socioeco-
nomic status with risk factors for asthma mortality.”
Addressing such barriers will require a systematic

approach.

Summary

TA events have historically occured unexpectedly, causing
an inundation to health care services that have prompted
improvements in the understanding of its mechanistic
underpinnings. Our understanding of the management of
TA has significantly improved in recent times with a large
body of health and environmental research supporting the
mechanistic factors responsible for its occurrence. The
most common identified aeroallergens include RGP and
fungi, however consideration should not be restricted to
these factors as it is likely that the combination of prior
sensitization and exposure to respirable particles is
required to cause thunderstorm asthma. Management can
include both public health strategies and individual treat-
ment advice. Early warning systems related to meteorolo-
gical factors and improved awareness through EHL will
reduce the overall burden of affected individuals. The
challenge remains difficult for risk identification for pre-
vention strategies in at risk individuals. Patients who have
known asthma should have optimization of asthma pre-
ventive treatments and adherence to ICS during the at-risk
seasons promoted, noting that adherence to regular pre-
ventive therapies in asthma is often inadequate and
improvements in health education are important to raise
with
approaches can be utilized, including allergen-specific

awareness. Precision treatment immunological
immunotherapy, which has its own financial and duration
constraints, and whilst currently without evidence, biolo-
gic agents might be considered as pre-seasonal therapy to
prevent severe TA episodes in those most at risk. With
predictions of more frequent events due to climate change,
awareness and preparedness need to improve, including in
regions previously unaffected. Further research is required
to understand the mechanisms of TA, possible biomarkers
for risk stratification, and inform improvements in targeted
treatment approaches.
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