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Abstract

Purpose of review The purpose of this chapter is to review allergic disease and how it is
potentially impacted by climate change. It is difficult to measure the direct impact climate
change has on allergic disease. This is difficult because there are many variables impacting
human health as well as what capacity humans have to adapt to these changes. Asthma is
tightly associated with allergies and environmental factors, especially in children. In this
review, we will explore evidence of environmental changes associated with climate change
and the potential impacts on allergy and associated respiratory disease. Furthermore, this
paper is to review the impact of climate change on allergy to atmospheric fungi which are
known to cause a common allergic response. In this review, we will explore evidence of
environmental changes associated with climate change and the potential impacts on

allergy.
Recent findings The climate has been measurably changing for the past 100 years and has

been described as the most significant health threat of the twenty-first century. How
climate change impacts human health is varied and coming more into focus. While direct
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effects, such as heatwaves, severe weather, drought, and flooding, are well reported,
effects that are indirect or secondary impacts involving changes in ecosystems are less
obvious, though the body of data is growing and becoming more robust. It is these
changes in ecosystems that may have the greatest impact on allergic and respiratory
diseases. Otherwise, the airborne pollens and spores have also been linked with upper and
lower respiratory conditions. Atmospheric pollen and spore concentrations are influenced
by a wide array of environmental, meteorological, and biological factors and various
interspecies interactions. Pollen and spores underlie seasonal variations. Especially cli-
matic factors and circadian patterns influence the spectrum of their species and their
concentrations in the environment. It may have the greatest impact on respiratory allergic

diseases.
Summary This review will explore some of the impacts our changing climate, current and

predicted, has which influences upper and lower respiratory allergic diseases. The discus-
sion will focus on changing pollination with altered pollen patterns, as well as alteration of
the composition and transformation of atmospheric allergic fungi with increased CO, air
pollution and heat stress. The sporulation of fungi is likely to be amplified as CO,
concentration increases with climate change, potentially contributing to the increasing

prevalence and severity of asthma and other respiratory allergies.

The impact of climate change on pollen allergy

Introduction
Climate change may indeed be the most significant

health threat of the twenty-first century [1, 2]. In
1988, the Intergovernmental Panel on Climate Change
was created in cooperation with the United Nations
Environmental Program and the World Meteorological
Organization and presents comprehensive reports
based on scientific, technical, and socio-economic
knowledge on climate change, its impacts, and future
risks [3]. The science is compelling that our climate is
warming at an unprecedented rate; consequently, sur-
face air temperatures have increased globally over this
last century, reflected by warming oceans, rising sea
levels, melting glaciers, and shrinking sea ice [3]. Glob-
al annually averaged surface air temperature has in-
creased 1.8 °F (1.0 °C) over the last 115 years
(1901-2016) with annual average near-surface air tem-
peratures across Alaska and subarcticregionsincreasing
more than double that [4]. Globally, our planet is the
warmest in the history of modern civilization. This past
decade has experienced record-breaking, climate-
related weather extremes, and this trend is expected to
continue into the foreseeable future [4]. Indicators of
climate change are varied, including physical responses
such as changes in surface temperature, atmospheric
water vapor, precipitation, severe weather events,

retracting glaciers, rising sea level, and changes in sea
and land ice [3].

Changing climate variables and both the potential
and realized impacts on health have become more clear-
ly focused over the past 20 years. Health outcomes as-
sociated with heat stress, flooding, crop failure, and
vector-borne and waterborne diseases have been well
reported [4, 5]. Allergies and associated respiratory dis-
ease are heterogenous, though tightly linked with envi-
ronmental and consequently immunologic interaction
[6e]. Some of these environmental impacts include
changing pollen patterns, altered composition and
transformation of atmospheric allergic fungi, and the
influence of climate on air pollution. Heat stress, espe-
cially in combination with pollution, promotes inflam-
mation and lowers the airway hyperreactivity threshold,
thereby increasing the mortality rate [7].

Changing patterns of pollination

Seasonal pollen levels have long been directly linked
with the development and worsening of upper and
lower respiratory allergic disease. Carbon dioxide
(CO,) is the leading greenhouse gas implicated in global
warming and has been shown to impact the growth rate,
biomass, and allergenicity of some wind-pollinated
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plants. Atmospheric CO, levels have topped 400 ppm,
up from the pre-industrial level of 280 ppm [3, 4].

There is compelling evidence that higher ambient
CO, concentrations and warmer temperatures result in
increased pollen production, especially in the urban
communities, where temperature and CO, are higher
than in surrounding rural areas [5, 7-9]. Heightened
pollen levels have been associated with increased CO,
levels as demonstrated in environmental chambers with
controlled variables, as well as in open-field studies [8-
11]. Furthermore, when CO, levels doubled, individual
ragweed plant pollen production increases 30 to 90%
[8-10, 12]. In urban areas, where CO, levels and tem-
peratures are elevated, ragweed flowers earlier and pro-
duces significantly more pollen [9].

Lengthening pollen seasons in North America have
been correlated with increased temperatures, and
lengthening frost-free periods, with increases greater in
higher latitudes [13]. Elevated CO, levels have also been
demonstrated to increase the major allergenic peptide of
ragweed, Amb a 1, making each pollen grain and pollen
particle more allergenic [11]. The major allergen of birch
pollen, Bet v 1, has also been similarly demonstrated to
be increased when trees are exposed to higher daily
mean temperatures [14].

Correlating these data clinically, in an Italian study
[15e], Ariano et al. monitored pollen counts and mete-
orological data, along with changes in allergen sensiti-
zation patterns of their patients. Over that 27-year peri-
od, there was a progressive 25% increase in measured
tree and weed pollen levels as well as prolonged spring
and fall pollen seasons were observed. These measured
pollen cycle changes corresponded with rising daily
temperature and more frequent days >30 °C. An in-
crease incidence of pollen sensitivity was observed dur-
ing this same period, while there was no significant
change to dust mite, a perennial allergen. The authors
concluded that progressive climate changes, with in-
creased temperatures, correlated with extended pollen
seasons and increased pollen load, thus may have influ-
enced the observed increased incidence of seasonal al-
lergic sensitization [159].

In summary, warmer temperatures, earlier frost off in
the spring, and later onset of frost in the fall promote a
prolonged allergy season for millions of people with
seasonal allergy and asthma [13, 16]. Increasing CO,
levels have been shown to significantly increase pollen
load and intensify allergenicity in studied weed and tree
pollens. Moreover, as the climate changes, plant species
will likely adapt and undergo an expansion of

demographic distribution, expanding the zone of many
allergenic plants.

Air pollution and health impacts

Pollution has long been associated with chronic lung
disease, cancer, and cardiac disease. More recently, data
indicate that pollen grains and air pollution mutually
act, altering metabolic and physiologic features of pol-
len, resulting in potentiation immune reactivity [17].
Pollutants in conjunction with meteorological changes,
especially in urban environments, provoke significant
stress response in plants, further increasing biomass
and allergenicity [18]. Additionally, air pollutants inten-
sify aeroallergen sensitization by a direct impact on the
respiratory mucosal environment. Two proposed princi-
pal mechanisms are an increased epithelial permeability
associated with oxidative injury and a direct adjuvant
effect [19¢]. Ozone is known to induce an increase in
NADPH in ragweed pollen, generating reactive oxygen
species [18, 19]. A pollutant gas, ground-level ozone
(O3), has a direct impact on the human respiratory
system, increasing frequency of asthma exacerbations,
increasing susceptibility to infection and possible pro-
motion of chronic obstructive pulmonary disease
(COPD) [20]. At ground level, O; is generated by a
photochemical reaction involving nitrogen dioxide
(NO,), hydrocarbons, heat, and ultraviolet radiation.
Ground-level O3, a major pollutant, has increased since
pre-industrial times. Though air quality in the USA has
improved over recent decades, ground ozone remains a
major pollutant principally related to increasing emis-
sions of methane, carbon monoxide, and nitrogen ox-
ides, chiefly produced by transportation-related activi-
ties [6, 21]. Ground-level Ojs levels are highest during
summers having the highest number of hot days (>
32 °QC) [5]. Exposure to O3 induces increased airway
permeability, promotes airway inflammation, decreases
lung function, and elevates the risk of asthma exacerba-
tions [21, 22]. Beck et al. [23] demonstrated that expo-
sure to elevated levels of O3 enhances the allergic re-
sponse to birch pollens in asthmatics. Prolonged expo-
sure to O3 promotes inflammation, impairs pulmonary
function, particularly those predisposed to respiratory
disease, and is associated with a higher risk of fatality
from respiratory causes [24]. Furthermore, in the Chil-
dren’s Health Study [25], higher levels of O3, NO,, and
fine particulate matter PM2.5 were linked with worsen-
ing pulmonary function as demonstrated by decreases in
FEV;.
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Exposure to a high level of particulates poses a sig-
nificant risk of worsening cardiorespiratory health.
PM2.5 is a mixture of organic and inorganic solid parti-
cles and liquid particles of varying sizes and composi-
tion, which are formed from a variety of sources, includ-
ing, but not limited to, diesel exhaust, forest fire smoke,
airborne dusts, volcanic eruptions, glacial silt, and in-
dustrial emissions [2, 5]. The correlation between in-
creased severity of asthma and allergic disease with liv-
ing near high-traffic areas and exposure to diesel exhaust
has been well studied and reported [24-28]. Forest fires
are becoming more frequent and severe in northern
latitudes at least in part related to warmer and drier
conditions in these regions. Western United States and
Alaska have experienced a significant increased inci-
dence in large forest fires since the early 1980s with
further increases projected, risking a profound change
in the ecosystem [4]. Higher temperatures spur more
thunderstorms and lightning, the most common trigger
of forest fires. Drier conditions compromise contain-
ment and resultant extensive spread of fire, resulting in
a further increase in airborne particulates [29]. Exposure
to these elevated levels of particulates and ozone has
been correlated with worsening respiratory disease as
well as increased mortality [24].

Weather change and associated health impacts

As predicted by climate scientists, extreme weather events
have increased and consequently have adversely impact-
ed respiratory morbidity and mortality. Increased fre-
quency and intensity of hurricanes and thunderstorms
bring more rainwater and potential flooding [19].
Flooding promotes damp buildings and resultant indoor
fungi growth [30e]. In the presence of rainwater from
storms, pollen grains rupture releasing respirable
aeroallergens [22, 31]. Thunderstorms have been shown
to concentrate pollen grains at ground level, resulting in
the release of allergenic particles of respirable size in the
atmosphere as a result of pollen grain rupture by osmotic
shock [32]. During the first 20-30 min of a thunder-
storm, pollen-allergic individuals are at risk of exposure
to high concentrations of the allergenic peptides and can
potentially induce severe asthmatic exacerbations [32,
33].

Globally, we have experienced an average sea level
rise of 7 to 8 in. since 1900, with almost half of that rise
occurring since 1993 [4]. Although there is widespread
variability in these data, recent estimates are that sea
level rose to 1.8 mm per year for the past century and
has increased between 2.8 and 3.1 mm annually over

the past decade [34]. Sea level rises are expected to result
in an increase in indoor moisture in seaside communi-
ties, contributing to damp buildings, ultimately promot-
ing mold growth and resultant increase in associated
respiratory events [35]. Low-lying coastal areas and
along the ocean fronts have seen population expansion
over the past 50 years. Worldwide, it is estimated that up
to 3.3 billion people live near coastal regions and are
vulnerable to the potential increase risk of flooding [36].
A sizable percentage of the US population living in
coastal and wetland areas are also at risk of damp build-
ings, posing an increased risk of indoor mold contami-
nation and resultant exposure. The evidence that damp
buildings and consequential mold growth are associated
with respiratory disease is compelling [35, 37]. A quan-
titative meta-analysis of 33 epidemiologic studies re-
vealed an increase of 30 to 50% in adverse respiratory
health outcomes in occupants because of dampness and
resultant mold exposure [38].

Heatwaves represent another health risk and are likely
to increase in frequency, intensity, and duration as a con-
sequence of climate change and world temperature rise |3,
39]. Mortality related to heatwaves is typically greatest in
urban areas, largely due to the “heat island effect” [40].
The heat island effect is largely created by large, treeless
swaths of asphalt and large heat-retaining structures that
block cooling breezes. In a meta-analysis, heatwaves asso-
ciated with increased mortality were observed, especially
among more vulnerable populations, such as the elderly
and those with health issues, such as ischemic heart dis-
ease, stroke, heart failure, and chronic obstructive pulmo-
nary disease [41]. In a review of 33 relevant articles, Witt
et al. [7] reported that death rates related to chronic lung
disease during a heatwave were 1.8 to 8.2% higher, com-
pared to average summer temperature. Heat stress causes
fluid loss, disrupting pulmonary perfusion and in con-
junction with increased concentrations of pollutants, and
promotes bronchial inflammation and decreased thresh-
old for bronchoconstriction [42, 43]. McCormack et al.
[43] studied patients with moderate to severe COPD and
found that increases in maximal indoor temperature cor-
related with worsening dyspnea, cough, and sputum pro-
duction. Lin et al. [44] reported that the hospitalization
rate for patients in New York with COPD increased 7.6%
for every 1 °C increase in temperatures above 29 °C.
Indoor temperature and indoor air pollution have also
been associated with worsening respiratory symptoms
[43]. With projections for worsening heatwaves in the
future, it is likely that we will experience more heat-
related worsening cardiorespiratory disease and death.
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The impact of climate change on the sporulation of atmospheric
fungi

Introduction

Fungi are ubiquitous microorganisms which have been estimated that around 1
to 1.5 million fungal species exist worldwide, but so far, only 80,000 have been
described [45]. Their main mode of dispersal is to liberate sexually or asexually
produced spores into the atmosphere. These spores can travel great distances, so
they are important vectors by which fungi colonize new substrates. From these,
112 genera are thought to be a source of allergens. The 4 genera most com-
monly associated with the development of allergy are Alternaria, Cladosporium,
Penicillium, and Aspergillus [46]. These genera belong to the phylum Ascomyco-
ta, but allergens have also been described from Basidiomycota and
Zygomycota. Overall, 107 allergens from 28 fungal genera have been approved
by the International Allergen Nomenclature Sub-committee (http://www.
allergen.org).

These airborne spores have also been linked with human respiratory aller-
gies [46, 47]. Atmospheric spore concentrations are influenced by a wide array
of environmental, meteorological, and biological factors and various interspe-
cies interactions. The number of spores in the atmosphere underlies seasonal
variations. Especially climatic factors and circadian patterns influence the spec-
trum of fungal species and their concentrations in the environment [48, 49].
The number of spores in the air rises in particular in late summer and early
autumn, while they diminish in winter. Considering daily fluctuations, the
highest concentration of spore can be found in the afternoon and early evening
[49].

A few spores of fungi are known to cause an allergic disease. Alternaria
alternata and Cladosporium herbarium can cause allergenic asthma and rhinitis
[48, 50]. As Alternaria is a saprophyte living on most vegetation, the volumes of
dust generated by combine harvesters will include many Alternaria spores which
will be dispersed over a wide area. The threshold level of spore necessary to elicit
allergic symptoms in sensitized patients is not known and varies between
different species. Spore concentrations of Alternaria equal or greater than 100
spores/m” are believed to evoke allergic symptoms [48, 51|, whereas the
reference value for Cladosporium is estimated to be 3000 spores/m? [52].

Sensitization to allergic fungi

The exact sensitization rate to fungi is not known but is estimated to range from
3 to 10% in the general population. The prevalence of sensitization in atopic
individuals varies depending on many factors as it was exemplified in several
studies [53-55]. A multicenter study in 7 European countries investigated the
prevalence of Alternaria and Cladosporium sensitization in 877 children and
adults with rhinitis and/or asthma. From these, approximately 9.5% were skin
prick positive to at least one or both fungal species [56]. In another very recent
multinational study, specific IgE antibodies to food and aeroallergens were
determined in 2184 with atopic eczema. The overall sensitization rate to
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Alternaria in this population was 3.7%, but variations were observed between
the different countries [57]. The third National Health and Nutrition Examina-
tion Survey in the USA revealed that approximately 12.9% of the population
showed positive skin prick results in Alternaria alternata [58]. A survey per-
formed by Global Allergy and Asthma European Network in 16 European
countries showed general sensitization rates of 11.9% for Alternaria alternata
and 5.8% for Cladosporium herbarum with the highest prevalence in the UK,
Ireland, and Northern Europe. Based on studies that consider the age of patients
in the evaluation of prevalence data, it was assumed that sensitization to fungi is
an age-dependent process with a higher prevalence in children. Alternaria-
specific IgE antibodies increase significantly in early childhood until they reach
a maximum level and then seem to decline again with increasing age [57-60].
Fewer people are allergic to fungi but spores have been implicated as a major
risk factor for fatal asthma attacks in Chicago. These people react immediately
on exposure in the upper airways with symptoms like allergic rhinitis or asthma
[61]. The risk of asthma-related deaths is more than doubled when there is a
high incidence of fungi spores [61] and Alternaria is a known risk factor of
asthma in childhood and young adults [62]. Atmospheric Alternaria was the
commonest fungal spore to cause seasonal allergy in the late summer and early
autumn; only very small numbers of this spore penetrate from the outside to
the inside [63].

Increased CO_ and fungal allergy

A number of studies also indicate that fungi exposure is affected by climate
change. Their community-level responses to elevated CO,, one of the major
global climate change factors impacting ecosystems, are not well understood. In
terms of pollen, climate change is expected to result in earlier pollination with
longer seasonal exposure [16], and higher pollen loads and changes in pollen
allergenicity to elevated CO, [64, 65]. Such shifts may lead to critical changes in
the incidence, severity, and distribution of human health effects, including
allergic diseases. Wolf et al. have shown experimentally that Alternaria, when
grown on leaves of timothy grass plants grown at potential future elevated CO,
concentrations, produces nearly three times the number of spores and more
than twice the total antigenic protein per plant than at lower CO, concentra-
tions [66]. As with pollen production, the sporulation of allergenic fungi is
likely to be amplified as atmospheric CO, concentration increases and is also
likely to contribute to the increasing prevalence and severity of asthma and
allergies.

Large increases in atmospheric CO, concentration have been shown to alter
both plant biomass and chemistry in many plant species. These two physiolog-
ical changes have the potential to alter phloem function [67, 68]. The responses
of individual plant species to large increases in atmospheric CO, concentration
are variable but often include greater total biomass production and greater
carbon-to-nitrogen ratios (C:N) of plant tissues [69]. In this study, there were
significant positive relationships between leaf C:N and Alternaria alternata and
Cladosporium phlei spore production per gram leaf, although only Alternaria
alternata sporulation was associated with CO, concentration after accounting
for changes in leaf C:N. These relationships suggest that considerable increases
in sporulation of both species will occur and may already be occurring, if rising
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atmospheric CO, concentration increases plant C:N in the field. Eventually
allergenic fungi that grow on living or dead plant materials are likely to
encounter changes in substrate quality or quantity as global CO, concentration
increases [70].

Climate change and the altered sporulation of allergic fungi
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Fungal communities play a major role as decomposers in the earth’s ecosys-
tems. Soils in terrestrial systems host biogeochemical transformations of im-
portant greenhouse gases. Soils might be drier with global warming and in-
crease evaporative water loss. The harmful impacts of acid rain on natural
ecosystems include water contamination, soil acidification, and death to many
organisms in the last decades. The major sources of acid rain are sulfur dioxide
and nitrogen oxides emitted into the atmosphere [71].

Aerobiological monitoring of atmospheric fungal spores has been taking
place in 4 cities (Seoul, Guri, Busan, and Jeju) of South Korea since 1997. This
study focused on the evaluation of change of allergenic fungal species and their
concentration compared with the allergenic pollens in the same period (Fig. 1).
There have been no long-term detailed studies of concentration and seasonal
variation of allergic fungi spores in the outdoor. It has become apparent that
spore concentration of Alternaria and Cladosporium has decreased and the other
fungi have disappeared for the last 22 years (Figs. 2 and 3). The trend of
weather has been changed to a dry moderate weather zone in South Korea
during the last 50 years (Fig. 4). It may suggest that the weather change like
atmospheric dryness and warming evaporated soils with silent droughts. This
condition decreased the concentration of fungi and even disappeared some
certain fungi in South Korea (submitted to Allergy, 2020).

Climate change forecast widespread changes in precipitation regimes, in-
cluding longer, more intense droughts, causing desertification and promoting
the expansion of drylands globally [72ee]. Drought had a stronger effect on
fungal community composition and induced greater functional loss. The mag-
nitude of the fungal community change was directly proportional to the
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M Busan

Jeju

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Year

Fig. 1. Annual change of total spore concentration of fungi in Seoul, Guri, Busan, and Jeju of South Korea for the last 22 years. There is
shown to decrease them in major 4 cities in Korea annually since 1998 (submitted to Allergy Asthma Immunology Research).
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Fig. 2. Annual change of spore concentration of each fungus in Seoul for the last 22 years. It has become apparent that spores of
fungi have decreased or dropped away annually since 1998 (submitted to Allergy Asthma Immunology Research).
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precipitation gradient [73]. An experiment demonstrated how the exclusion of
aerially dispersed fungi and bacteria altered the compositional and functional
response of soil microbial and fungal communities to drought. The study
presented that aerial dispersal rate alters soil microbial and fungal responses
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Fig. 3. Annual concentration of Alternaria (a) and Cladosporium (b) in 4 cities of South Korea for the last 22 years. It has become
apparent that the spore concentration of Alternaria and Cladosporium has decreased since 1998 (submitted to Allergy Asthma

Immunology Research).
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Fig. 4. Weather-type trend of Seoul since 1965. The trend of weather has been changed to a dry moderate weather zone in South
Korea during the last 50 years (submitted to Allergy Asthma Immunology Research).

to disturbance. Changes in dispersal rates should be considered when
predicting microbial and fungal responses to climate change [74e].

Conclusion

Coupled with air pollution and increases in exposure to aeroallergens, climate
change is projected to have potentially serious adverse consequences for human
health. Allergenic and immune responses to a variety of environmental factors,
such as pollens, fungi, and pollutants, have been clearly demonstrated to be
associated with an increased burden of upper and lower respiratory diseases
[36]. The U.S. Global Change Research Program, Fourth National Climate
Assessment reports that it is extremely likely that human activities, especially
emissions of greenhouse gases, are the dominant cause of the observed
warming since the mid-twentieth century. There are no convincing alternative
explanations supported by observational evidence [31]. Asthma is a significant
health and economic burden to patients, their families, and society [75].
Though many factors have contributed to the increase in the prevalence of
atopic diseases, observed changes in environmental factors, many related to
the changing climate, are an important contributor.

Otherwise, the sporulation of allergenic fungi is likely to be amplified as
atmospheric CO, concentration increases with climate change, and is also likely
to contribute to the increasing prevalence and severity of asthma and other
respiratory allergies. Furthermore, global warming to drought and atmospheric
dryness significantly altered the community composition and biochemical
transformation of atmospheric allergic fungi [73].

Recognition of environmental changes and their impact on respiratory
allergy is paramount, as is working to lessen the impact on patients and
adapting practices to meet those needs.
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