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Abstract

Climate change is considered the greatest threat to global health. Greenhouse gases as well

as global surface temperatures have increased causing more frequent and intense heat and

cold waves, wildfires, floods, drought, altered rainfall patterns, hurricanes, thunderstorms, air
pollution, and windstorms. These extreme weather events have direct and indirect effects on

the immune system, leading to allergic disease due to exposure to pollen, molds, and other
environmental pollutants. In this review, we will focus on immune mechanisms associated with
allergy and asthma-related health risks induced by climate change events. We will review current
understanding of the molecular and cellular mechanisms by which the changing environment
mediates these effects.
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The environmental exposures that the human immune system encounters is vastly different
from that during preindustrial times. The increased use of fossil fuels in conjunction with
deforestation, urbanization, loss of biodiversity, and effluents from mining, agriculture, and
industry have led to fundamental shifts in the physical and chemical nature of Earth. Here,
we review these fundamental shifts in the environment, extreme weather events and their
association with increased prevalence of allergic diseases, and the mechanism by which they
alter immune responses leading to allergic sensitization and reactions.
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Environmental shifts caused by fossil fuel usage: Climate change and air

pollution.

Burning of fossil fuels has led to increases in heat-trapping greenhouse gases (eg., carbon
dioxide (CO5,), methane, nitrous oxides, and fluorinated compounds) resulting in increased
surface global temperatures, which are now 1.1°C higher than in 1880.[1] In May 2022, CO,
levels were 421 parts per million, levels last seen four million years ago during the Pliocene
Era[2] and 50% higher than pre-industrial levels.[3] The ocean has absorbed enough CO,
since the start of the preindustrial age to lower its pH by 0.1 units, from 8.21 to 8.10, a 30%
increase in acidity.[4] These fundamental shifts are altering weather patterns and leading

to increases in the intensity, frequency, and duration of extreme weather events, such as
thunderstorms, heat waves, and drought.[5-7]

Two extreme weather events that are increasing air pollutants are wildfires and sandstorms.
Wildfire smoke is a complex mixture of gases, particulate matter, complex hydrocarbons,
trace minerals, and several other toxic and carcinogenic compounds. Particle matter,

that are <2.5um in diameter (PM 5) are called fine particulate matter and are small

enough to penetrate deep into the lungs and enter the bloodstream, while larger ones are
deposited in the upper respiratory tract. Wildfires also emit greenhouse gases such as

CO», methane, and nitrous oxides, which further exacerbate global warming and increase
risk of wildfires creating a vicious circle. Other gaseous particulates emitted by wildfires
include carbon monoxide, sulfur dioxide, and biogenic volatile organic compounds. Volatile
organic compounds are precursors of Os. Sand and dust storms (SDS) are common in
Northern Africa and Asia[8] and concentrations of dust and sand over 6,000 pg/m™2 have
been observed during major storms. Dust typically contains a complex mixture of PM; g
(e.9., silicates, clay, minerals, quartz, silicon dioxide, heavy metals, pollen, fungi, viruses,
bacteria, and other pollutants).[9]

Fossil fuels in addition to increasing greenhouse gases, also affect our environment through
other ways. They are used to make synthetic materials such as plastics and resins, which
are used in a myriad of products. It is estimated that 140,000 chemicals and mixtures of
chemicals have been created by humans, most of which did not exist previously.[10]

These climate changes have indirect effects, such as food and water shortage, increases

in geographical spread of infectious vectors, loss of habitats and biodiversity, human
displacement and migration, political and social instability and health service disruption
(Figure 1). For example, increases in the prevalence of allergy has been observed between
migrants and native-born and between second and first generation migrants.[11] All these
factors affect human immune health.

Epidemiology of asthma and allergic diseases in relation to climate change

Recent decades have seen increases in respiratory disorders and allergic diseases such as
allergic asthma, allergic rhinitis, food allergy, and atopic dermatitis. There has been a 2—
3-fold increase in asthma prevalence in the latter part of the 20th century.[12] Currently,
food allergy is estimated at 10%, atopic dermatitis at 20%, allergic asthma at 8%, and
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allergic rhinitis between 30%.[13-16] These increases have been linked to climate change.
Further, studies have shown that climate change factors act synergistically with air pollutants
to directly and indirectly increase incidence and exacerbation of allergic diseases.

Increased risk of asthma exacerbation in terms of asthma-associated emergency room

visits and hospital admissions has been associated with O3, nitrogen dioxide, and sulfur
dioxide.[17] Studies conducted in regions with frequent sandstorms suggest an increased
prevalence of asthma between 15% to 25%.[18] In Kuwait, dust storm with PM15>200
pg/m3 were associated with respiratory disease in children.[19] During the 2013 wildfire
season in Oregon, a 10 pg/m?3 increase in wildfire smoke increased risk in asthma

diagnosis at emergency departments, office visit, and outpatient visits and was associated
with increased asthma rescue inhaler medication fills.[20] A study in Thailand found that
chronic smoke exposure decreased forced expiratory volume (FEV1)/ forced vital capacity
(FVC) ratio compared with the general Thai population suggesting that long-term smoke
exposure induces obstructive lung abnormality.[21] While most studies of wildfire smoke
exposure have focused on respiratory effects, one study found an association between
atopic dermatitis and itch-related dermatology visits with wildfire smoke exposure. A study
conducted in a hospital located 175 miles from the Camp Fire in Paradise, CA, found that a
10-pg/m3 increase in weekly mean PM, 5 concentration was associated with a 7.7% increase
in weekly pediatric itch clinic visits. The rates of visits for atopic dermatitis during the
Camp Fire was 1.49 and 1.15 for pediatric and adult patients, respectively.[22]

Pollen and mold spores have increased in conjunction with the rising incidence of allergies
and asthma. Higher temperatures, CO,, and O3 are increasing pollen concentrations,
geographical distribution, and allergenicity. [23] In the San Francisco Bay Area, between
2002-2019, the average increase in duration for tree pollens was found to be 0.47 weeks
and 0.51 weeks for mold spores. The common ragweed (Ambrosia artemisiifolia L) has
spread from Central to Northern and Eastern Europe.[24] Higher CO, levels increase
photosynthesis in plants leading to increased pollen production.[25] Under controlled
climate chamber conditions, a study by Choi et al found that Amb a 1, a ragweed allergen,
increased by 230% and 272% at CO, concentrations of 600 and 1000ppm, respectively,
compared to more recent CO, concentrations of 380ppm.[26] NO, and O3 has been shown
to alter the protein structure of Pla a 3 allergen, a tree allergen, via nitrification and oxidation
enhancing its immunogenicity and stability.[27]

A systemic review and meta-analysis found that an increase in 10 grass pollen grains per
cubic meter of exposure was associated with a statistically significant increase in asthma
emergency department presentations.[28] In some studies, Afternaria, Cladosporium, and
Aspergillus were associated with increased hospital admissions for asthma. [29] A random,
retrospective allergy chart review found that mold reactivity increased from 16% to 55%
post-hurricane. Further, the post hurricane population included more patients with asthma
or lower respiratory symptoms. [30] A study in Austria, found that O3 has an effect on the
severity of symptoms of pollen allergy sufferers during the pollen season.[31]

The occurrence of cyanobacteria, also known as blue-green algae, in water systems is a
growing public health and environmental concern.[32] Cyanobacteria can form harmful
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algal blooms (HABs), which are expected to increase in number as climate temperature
increases.[33, 34]. Since warm water provides a better environment for the algae to grow,
they can increase their biomass forming scum on the water’s surface.[35] A study found that
fresh water, marine and terrestrial cyanobacteria displayed distinct allergen characteristics
and that cyanobacterial antigen-specific IgE levels in the plasma of allergic donors and
mediator release from sensitized human FceR1-transfected rat basophilic leukemia cells
were significantly higher compared to non-allergic controls.[36]

Immune Mechanisms underlying environmental effects on allergies and

asthma

In normal healthy individuals, immune tolerance is dominant and is an active process.
Immune tolerance has been associated with exposure to pets and farm animals, breast
feeding, rural living, probiotics, diversity of diet, protection of the skin barrier, and fiber-rich
food, all of which increase microbial exposures. These exposures educate the immune
system to build immune tolerance. Evidence suggests that the first year of a child’s life is a
critical window where immune tolerance is developed. Both the innate and adaptive immune
systems play a key role in maintaining homeostasis and health by promoting tolerance to
innocuous substances and allergic reactions to noxious foreign substances. In tolerance, T
regulatory cells are upregulated. Antigens are first processed by dendritic cells and presented
to naive T cells. Dendritic cells secrete co-stimulatory molecules such as TGF-, 1L-10,
retinoic acid, indoleamine 2,3, dioxygenase, and retinal aldehyde dehydrogenase. These
promote the differentiation of naive T cells into CD4* Treg cells, which further secrete
IL-10 and TGF-B. Further, these cytokines promote class switching of B cells to secrete
1gG4 and IgA. 1gG4 is thought to compete with IgE to dampen allergic response and

IgA binds antigens by either preventing attachment of the antigen to the epithelium or by
promoting agglutination of antigen. Overall, tolerance is thought to be brought about by

one of more of the following mechanisms: Suppression of Th2 cells, increases in Tregs,
decreased production of IgE and increased production of 1gG4 and IgA production by B
cells, increases in 1L-10 and TGF-B cytokines, and suppression of basophil, eosinophil, and
mast cell activation.[37, 38]. (Figure 2)

In the last few decades, immune deviation leading to allergic reactions has rapidly increased
due to multiple factors such as increased hygiene and decreased exposure to common
environmental microbes and pathogens and increased exposure to pollutants. While genetic
factors play a role in allergic diseases, the increase in the prevalence of allergic diseases

in the last few decades is too rapid to be explained by heritable genetic changes and

these rapid changes are now attributed to environmental factors, which mediate their

effects through epigenetic changes. Pollution and climate change events increase epithelial
barrier permeability, microbial dysbiosis, and alter immune responses (innate and adaptive).
Climate change associated events such as air pollution, flooding, heat stress and water
pollution affect allergic diseases and asthma. Secondary effects such as migration and
human displacement and water and food insecurity also affect allergic diseases and asthma.
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Major air pollutants that affect allergies and asthma include particulate matter, greenhouse
gases, pollen, and mold spores. Air pollutants have increased dramatically due to increases
in intensity and frequency of wildfires and sandstorms. Anthropogenic pollutants are also
increasing with increased human activity.

The epithelial cells of the skin and lungs are the first line of defense against air pollutants.
With increasing environmental pollutants, there is an increasing number of assaults on
barrier surfaces. Many of the compounds encountered by these surfaces are novel synthetic
ones, which humans have never encountered before. These environmental assaults lead

to impairment of the epithelial barrier and the release of the proinflammatory epidermal
cytokines (Type 2 alarmins) thymic stromal lymphopoietin (TSLP), IL-25, and IL-33

by damaged keratinocytes, which orchestrate immune allergic responses. These alarmins
activate dendritic cells and drive differentiation of naive CD4+ T cells to Th2 cells, which
produce Th2 type cytokines (IL-4, IL-5, IL-9, and IL-13). ILC2s are also stimulated by
alarmins and secrete considerable levels of IL-5, IL-13, as well as IL-4 and IL-9, and
thus also drive Th2 response. [39-41]These type 2 cytokines promote tissue mast cells,
basophils, and eosinophil accumulation, IgE class switching by B cells, and production
of IgE. Allergen-specific IgE antibodies then bind to FceRI receptors on mast cells or
basophils, leading to sensitization to the specific allergen. These cells are now activated
and crosslinking of FceRI-bound IgE antibodies on subsequent allergen exposure leads
with degranulation of these cells. leading to the release of histamine, prostaglandins D2,
leukotrienes, and tryptase and other inflammatory mediators. Symptoms of an allergic
reaction include vasoconstriction, eosinophilic infiltration, bronchoconstriction, smooth
muscle contraction, and stimulation of nocireceptor.[38] (Figure 2)

The role of Th2 and Tregs in allergic reactions and immune tolerance are the most well
researched. Another cell more recently implicated in tolerance are Bregs and Natural killer
1 (NK1) cells. Bregs secrete the immunomodulatory cytokines IL-10, TGF-$, and I1L-35 and
play a role in immune tolerance.[42] NK1 cells produce IFN-B and suppress IgE production
from B cells.[43] In addition to Th2 cells, research in animal models suggests a significant
role of -y8 T cells in regulation of IgE production and influx of eosinophils to airways. A
number of different -y6 T cell subsets appear to exist capable of a rapid response to a range
of stimuli. Further research on these pathways are needed.[44] (Figure 2)

PM, volatile organic compounds, tobacco smoke, wildfire smoke, traffic-related air
pollution, and heat stress can impact skin barrier integrity and form reactive oxygen species
increasing the risk of atopic dermatitis and other allergic diseases [45-48] PM also activates
NF-kB and NLRP3 inflammasome signaling and production of pro-inflammatory mediators
including I1L-1, IL-2, IL-6, IL-8, IL-12, TNF-a and could act synergistically with allergens
to mediate allergic response.[49] Epigenetics also plays a role. Children exposed to air
pollution had increased methylation of FOXP3, two times the risk of asthma diagnosis,[50]
and up to 4 times higher asthma severity scores [51]. Fire fighters exposed to wildfires
show increased pulmonary and systemic inflammation, and serum taken from fire fighters
12 hours after exposure has increased IL-6 and IL-12 and decreased IL-10.[52, 53] The aryl
hydrocarbon receptor (AhR) has also been implicated in asthma. Particulate matter and other
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air pollutants such as polycyclic aromatic hydrocarbons activate AhR and induce MUC5AC
expression and mucus hypersecretion.[54] (Figure 3).

Air pollution can alter pollen morphology, protein content, or release. In addition, pollen
and fungal spores also release other compounds that can act as adjuvants in mediating
allergy. The outer surface of the pollen contains a complex mixture of pigments, waxes,
lipids, aromatics and proteins. It has been found that air pollution enhances release of
pollen-associated lipid mediators (PALMs) and significantly higher levels were found for
pollen collected near roads with heavy traffic. Further PALMs from ragweed pollen extract
enhanced IgE production in Th2 primed B cells.[55, 56] In addition, bacteria and bacterial
endotoxins have been associated with highly allergenic pollen. /n vitro cell cultures using
selected bacterial isolates from hazel pollen induced a potent concentration-dependent
release of chemokine IL-8 and MCP-1, chemokines that are responsible for the recruitment
of granulocytes [57] O3 increases symptom severity in those with pollen allergy during

the extended birch, grass, and ragweed pollen seasons (which can begin as early as mid-
December and subside only in October of the following year) [58].

Thunderstorms and Flooding

Global warming causes more water to evaporate increasing moisture content in the air.[59]
Extreme precipitation events, which used to occur once every decade are now occurring
30% more frequently.[60] A 2020 analysis showed that the likelihood of a tropical storm
developing into a Category 3 or higher hurricane are increasing by 8% per decade.[61]

Sea level rise, warmer temperatures, and increased rainfall facilitate growth of molds.
Following Hurricane Maria (2017) in Puerto Rico, high levels of indoor filamentous fungi,
such as Aspergillus species, was observed one year after the event. [62] In damp and poorly
ventilated buildings, concentrations of bioaerosols such as fungi (e.g., molds and yeasts),
fungal spores, and hyphae, as well as allergens, bacteria, spores, and microbial toxins are
high. [63] They can also contain pro-inflammatory components, such as mycotoxins, dust
mite allergens, algae, amoebae, and viruses.[64] Following hurricane Katrina in 2015 in
New Orleans, the heat and wet debris provided ideal breeding grounds for molds. Homes
with greater flood damage demonstrated higher levels of mold growth compared with homes
with little or no flooding. Many of the molds identified were allergenic, including Alternaria,
Aspergillus, Cladosporium, Curvularia, and Penicillium.[65]

The synergistic effects of thunderstorms and pollen on allergy and asthma is well
documented. During certain thunderstorms, the number of individuals presenting with
asthma was found to suddenly and significantly increase.[66] This phenomenon has been
termed thunderstorms asthma (TA). The 2016 TA event in Melbourne, Australia, resulted in
nearly 10,000 hospital emergency department presentations for asthma and 10 deaths.[67]
A Canadian study found a doubling of fungal spore counts and more than a 15% increase
in pediatric asthma emergency room visits on thunderstorm days.[68] TA is relatively rare.
Since 1983, there have been only 29 reported events; however, these events are likely to
increase in frequency with global warming.[69]
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During a thunderstorm, pollen and/or mold spores are swept upwards by warm updrafts
where they are broken by osmatic shock into smaller more allergenic fragments by either
an electric charge or by absorption of moisture into smaller more allergenic fragments.[70]
Ruptured pollen fragments are more easily inhaled due to their small size inducing bronchial
hyperresponsiveness and exacerbations of allergic rhinitis and asthma. Even non-asthmatic
individuals with only seasonal rhinitis are at greater risk of having an asthma attack during
such thunderstorms.[71] Figure 4 depicts some of the climate change events that affect
allergies and asthma.

In 2018, an increase of 220 million heatwave exposure events were observed compared

to the average number of heatwave events between 1986-2005.[72] Studies have shown
that high temperatures are associated with lower lung function in those with asthma.[73] A
study in Maryland, USA, found that exposure to extreme heat was associated with a 3%
increased risk of hospitalization for asthma and that the risk was considerably higher when
the analysis was restricted to the summer season. A systematic review and meta-analysis
found that pooled relative risks for asthma attacks in extreme heat was 1.07.[74] However,
another systematic review of six studies evaluating the association between air pollution,
pollen, and heat was inconclusive.[75]

Heat stress mediates asthma and allergy by multiple pathways. During heat stress, blood
is redirected from the central organs to the periphery increasing membrane fluidity and
facilitating heat loss. Studies on heat stress in humans have mainly been conducted during
exertional heat stress. Studies in humans during exertional heat stress and in domestic
animals show that intestinal integrity is compromised leading to intestinal permeability
(leaky gut).[76]. At high temperatures, disruption of claudins, occludins, and junctional
adhesion molecules, which are the major transmembrane proteins of the tight junctions,
occur leading to increase in intestinal epithelial permeability and translocation of luminal
antigens including endotoxins such as lipopolysaccharides (LPS). Binding of toll like
receptor 4 (TLR4) to LPS activates the transcription factor nuclear factor xB (NF-xB).
Nf-kB is also activated due to release of reactive oxygen species (ROS) and subsequent
production of heat shock proteins (HSPs) during heat stress. NF-KB mediates its effects
through the inflammasome NLRP3 and subsequent release of pro-inflammatory mediators
such as prostaglandin 2 (PGE2), tumor necrosis factor (TNF)-a., IL-1p, IL-6, IFN-y, and
C-reactive protein (CRP). [77-79]

An additional mechanism that has been postulated by which heat stress mediates its
effects on asthma and allergic disease are transient receptor potentials (TRPs), a family of
Ca2+-permeable, non-selective cation channels, found in epidermal keratinocytes allowing
sensation to a range of temperatures. There are a number of different TRP channels and
research in their varying roles is still ongoing. Four thermo-TRPs have been characterized
to date that respond to heat: TRPVs1-4 are activated by varying levels of heat. TRPV1 is
activated at 242°C, TRPV2 at =52°C, TRPV3 at 32°C~39°C, and TRPV4 at 27°C~34°C.
[80] TRPV1 channels have been found overexpressed in the airways of patients with
refractory asthma.[81] In a murine model of asthma, TRPV1 antagonist or TRPV1 siRNA
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was accompanied by reduction of airway hyperresponsiveness and airway inflammation
with reduction of inflammatory cytokines, such as TSLP, IL-25, IL-33, IL-4, IL-5, and
IL-13.[82] In pulmonary inflammatory diseases, TRPV4 has been linked with fungal
sensitization and asthma in children.[83] Extreme heat has also been shown to induce
bronchoconstriction and trigger asthma symptoms by stimulating cholinergic reflex pathway
and vagal bronchopulmonary C-fiber sensory nerves.[73] (Figure 5)

Water and food insecurity

Climate warming is increasing drought, food and water insecurity. Over 2 billion people
live in countries which are water stressed. These numbers are expected to increase with
climate change and population growth. Additionally, water is increasingly contaminated
with metals and other chemicals. Common drinking water pollutants include metals, such as
arsenic, lead, and mercury, and organic chemicals such as poly and per- and polyfluoroalkyl
substances (PFAS) and phthalates, have been identified as pollutants of concern. [84, 85]

It is approximated that about 200 million people are currently being exposed to arsenic
through contaminated groundwater. A study in Bangladesh found that arsenic exposure
levels was positively associated with IL-4, IL-5, 1L-13, and eotaxin.[86] Further, a study
found that in utero exposure to arsenic was associated with a higher risk of infection during
the first year of life, particularly infections requiring medical treatment, and with diarrhea
and respiratory symptom. [87] Climate change is also likely to increase food insecurity due
to changing weather patterns such as drought, heat waves, and heavy rainfall. It is estimated
that nearly 670 million people will still be undernourished in 2030 — 8 percent of the

world population.[88] Rising CO, concentrations are linked to a reduction in the nutritional
quality of major cereal crops, which affect immune health.[89] Climate-induced migration
and forced displacement due to water and food insecurity expose humans to allergens and
infectious vectors that they have never encountered before. For example, climate change
has enabled the lone star tick to expand its geographical habitat. The tick is responsible

for sensitizing individuals to red meat, also termed alpha-gal syndrome. When it bites an
individual, it transmits a sugar called alpha-gal sensitizing the person to alpha-gal, which

is found in mammalian meat. On consuming mammalian meat, these sensitized individuals
undergo an allergic reaction.[90]

Conclusion

Climate change is altering our environment and affecting human health, including allergies
and asthma. The human body is exposed to higher concentrations of natural pollutants

as well as many novel synthetic chemicals. Environmental assaults have been shown

to increase epithelial barrier permeability, microbial dysbiosis, and allergic responses to
innocuous environmental factors. There have been great advances in understanding the
mechanism underlying immune tolerance and how the environment mediates allergic
reactions. The pathways underlying Th2 mediated allergy is well elucidated. Further work
on other pathways and how pollutants, climatic factors, and the microbiome synergistically
work together is needed.
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Highlights
. Fossil fuels are increasing greenhouse gas concentrations.
. Greenhouse gases have increased global temperatures by 1.1°C higher than in
1880
. COs, levels are high at 421 ppm, levels last seen four million years ago.
. Climate change is adversely affecting immune health
. Prevalence of allergies and asthma have increased with climate change
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Figure 1:
Global impacts of climate change. These factors directly and indirectly affect human health,

including immune health and allergic diseases.
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Figure 2:
Th2 and Treg allergic and tolerogenic reactions on encountering allergens
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Figure 3:
Mechanistic pathways by which air pollutants mediate proinflammatory cytokines in the

lungs. IL, interleukin; TNF, tumor necrosis factor; NF-kB, Nuclear factor kappa B, AhR,
aryl hydrocarbon receptor
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Effects of climate change and anthropogenic pollutants on allergic diseases
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Figure 4:

Mechanisms by which climate change events mediate allergic response independently and
synergistically in conjunction with allergens.
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Figure 5:
Mechanisms by which heat stress mediates allergic diseases and asthma
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