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Global warming and implications for epithelial
barrier disruption and respiratory and

dermatologic allergic diseases
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Global warming has direct and indirect effects, as well as short-
and long-term impacts on the respiratory and skin barriers.
Extreme temperature directly affects the airway epithelial
barrier by disrupting the structural proteins and by triggering
airway inflammation and hyperreactivity. It enhances tidal
volume and respiratory rate by affecting the thermoregulatory
system, causing specific airway resistance and reflex
bronchoconstriction via activation of bronchopulmonary vagal
C fibers and upregulation of transient receptor potential
vanilloid (TRPV) 1 and TRPV4. Heat shock proteins are
activated under heat stress and contribute to both epithelial
barrier dysfunction and airway inflammation. Accordingly, the
frequency and severity of allergic rhinitis and asthma have been
increasing. Heat activates TRPV3 in keratinocytes, causing the
secretion of inflammatory mediators and eventually pruritus.
Exposure to air pollutants alters the expression of genes that
control skin barrier integrity and triggers an immune response,
increasing the incidence and prevalence of atopic dermatitis.
There is evidence that extreme temperature, heavy rains and
floods, air pollution, and wildfires increase atopic dermatitis
flares. In this narrative review, focused on the last 3 years of
literature, we explore the effects of global warming on
respiratory and skin barrier and their clinical consequences. (J
Allergy Clin Immunol 2023 ;uuN:muN-NEN,)
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Humanity has been facing an accelerating increase in global
temperatures and global warming since the mid-19th century.
After the industrial revolution, greenhouse gases such as carbon
dioxide (CO,), methane, nitrous oxide, and fluorinated gases have
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Abbreviations used
AD: Atopic dermatitis
AKRI1C3: Aldo-keto reductase 1C3
AR: Allergic rhinitis
CO,: Carbon dioxide
FEV,: Forced expiratory volume in 1 second
HSP: Heat shock protein
NO: Nitric oxide
NO,: Nitrogen dioxide
03: Ozone
PM: Particulate matter
PM,s: PM with diameter 2.5 pm or less
T2R: Bitter taste receptors
TJ: Tight junctions
TLR: Toll-like receptor
TRP: Transient receptor potential
TRPV: TRP vanilloid

increased as a result of anthropogenic activities and have caused
global warming by trapping excessive heat in the atmosphere. '~
Temperatures are now about 1°C above preindustrial levels, and
they continue to rise.” When high temperatures are combined
with high humidity, evaporation decreases and the temperature
feels higher than it is—the so-called wet-bulb temperature.”
A wet-bulb temperature of 35°C is theorized as the threshold for
human survival. At wet-bulb temperatures above 35°C, the human
body is unable to adapt, causing an increase in both mortality and
morbidity.”® Recent evidence in young, healthy adults suggests
that this threshold may be lower, especially in hot and dry
climates.’

Over the years, heat waves are becoming more common,
intense, and prolonged in almost all regions.® Climate change in
Asia, Europe, Africa, Australia, and South America is thought
to be responsible for regional trends in extreme temperatures.*’
The effects of heat waves might be milder for people living in
warmer climates because these populations are more acclima-
tized to higher temperatures, but more frequent extremes in these
regions and in densely populated areas pose a serious problem.”
On the one hand, more hot and dry conditions cause heat waves,
droughts, wildfires, and sandstorms. On the other hand, rising
temperatures hold more moisture, changing precipitation patterns
and causing heavy rains, floods, and thunderstorms."+>'°

All these changes pose a risk for respiratory and skin allergies
from the prenatal period to advanced age. Increasing temperatures
can affect and disrupt the epithelial barriers of the skin and
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respiratory tracts, directly or indirectly through climatic expo-
sures. Damaged epithelial cells release alarmins, activating the
type 2 response and resulting in inflammation. In addition,
cholinergic responses are stimulated by activated cytokines and
chaperones. As a result of environmental and immunologic
interactions, asthma, allergic rhinitis (AR), and atopic dermatitis
(AD) are increasingly emerging or exacerbated.'"'” Evidence of
the direct effects of extreme temperature on epithelial barriers is
scarce. Most of the data are provided from in vitro studies, cell
culture, and mouse models, along with a few human models.

In this narrative review, we highlight the recent and more
resounding publications on the effects of climate change,
particularly extreme heat and the climatic exposures due to
increased temperature, such as heavy rains and floods, air
pollution, and wildfires, on the respiratory and skin epithelium.
For the airway section, in vitro studies, animal models, and human
studies with strong and reliable results and highly cited review pa-
pers were included by scanning the publications in PubMed, Web
of Science, Scopus, and Embase from the last 3 years. For the
dermatologic section, most studies were epidemiologic in nature.
We searched PubMed for the terms “atopic dermatitis” and any of
the terms “climate change,” “extreme heat,” “heavy rains,
“floods,” “air pollution,” or “wild fires” from 2020 to early
2023 and cross-referenced articles. The introduction and conclu-
sion used a combination of the abovementioned approaches to
select references.

RESPIRATORY ALLERGIC DISEASES
Composition of respiratory epithelium

The respiratory epithelial barrier, one of the surfaces of the
human body in contact with the external environment, is very thin
and acts as a physical barrier with mucociliary cleansing and
antibacterial functions. The anterior part of the nasal cavity forms
a portal for gas exchange with the external environment and is
lined with stratified squamous epithelium.'” The conductive part
from the nasal cavity to the bronchi is lined with pseudostratified
columnar ciliary epithelium, goblet cells, and basal cells; terminal
bronchi are covered with nonciliary cubic cells (Clara cells), and
the alveoli providing gas exchange are lined with thin, flattened
simple squamous (type 1 pneumocyte) and cubic (type 2 pneumo-
cyte) epithelium. Goblet cells are the main secretory cells that
adhere to each other by tight junctions (TJ), joining between cili-
ated cells to form a physical barrier against external contami-
nants.'” Neighboring pseudostratified columnar ciliated airway
cells are interconnected by TJs. Along with adherens junctions
below them, they constitute the zonula adherens and mediate
the cephalic propulsion of tracheobronchial secretions by the co-
ordinated action of cilia.'”'" Desmosomes on the lateral borders
of the cells connect one cell to another. The respiratory epithelium
sits on the basal membrane and strongly binds to the underlying
extracellular matrix that is formed by the lamina propria.'” Soli-
tary chemosensory cells such as tuft cells in turbinated tissues of
the upper airways, trachea, and proximal airways are close to the
nerve fiber, acting as epithelial guards and initiating the produc-
tive immune response.'® Neuronal transient receptor potentials
(TRPs) are expressed in epithelial cells and regulate the perme-
ability of barriers. Increased expression of TRP vanilloid 1
(TRPV1) disrupts the epithelial barrier integrity in AR.'® More-
over, Lee and colleagues have suggested that TRPV4 plays a
role in epithelial barrier disruption (Fig 1)."”

J ALLERGY CLIN IMMUNOL
mmm 2023

After environmental epithelial damage, cross talk between
nasal and bronchial epithelial cells and immune cells releases
cytotoxic mediators, free oxygen radicals, and collagenases,
leading to inflammation and activation of innate and adaptive
immune cells.'® These type 1 and type 2 inflammatory responses
open the bronchial epithelial barrier, resulting in increased epithe-
lial permeability.'>"®

Extreme temperature events

Extreme heat is roughly defined as a period of high heat in
which temperatures are above normal average levels for at least 2
or 3 days.'” Extreme temperatures have been defined differently
in different studies as being above the 90th, 95th, or 97.5th
percentile cutoff points for the mean daily temperature.”*'
They are associated with more intense heat waves and increase
the risk of desertification. The definition of a heat wave differs be-
tween regions, depending on how high the measured temperature
is above the seasonal average and how many days it lasts.” The
probability of a heat wave occurring is 2.8 times greater now
than in the preindustrial era. However, the increased risk is
much higher in regions where heat waves are infrequent.® For
every Celsius degree increase in temperature, the risk of prema-
ture death from respiratory disease increases, primarily in vulner-
able populations such as the elderly, pregnant persons, and
children.” A study of 5896 adults showed that there is a 20 mL
decrease in the forced expiratory volume in 1 second (FEV))
for every 5°C increase in temperature, especially in the winter
and spring.22 Urban areas likely have more propensity for extreme
heat events compared to rural areas. By replacing natural land
covers with closely packed buildings and paved surfaces, temper-
atures in urban areas are higher than in rural regions.z’23 This tem-
perature gradient is a result of increased heat absorption,
differences in convection efficiency, and evaporation in urban
structures, termed the heat island effect. In addition, high pollu-
tion and high traffic-related air pollution levels in urban areas
amplify the mortality and morbidity due to heat waves.

Direct effects

Studies about the direct effects of heat stress on respiratory
system include mostly in vitro studies and animal models (Table
I). According to a recent meta-analysis, extreme heat affects the
thermoregulatory system; it increases tidal volume, respiratory
rate, and systemic inflammatory response.”* In animal models,
heat stress was found to directly disrupt the epithelial barrier of
the intestine by enhancing TJ permeability, upregulating the
structural protein occludin, and downregulating the functional
protein zonula occludens 1.7 Because of these findings, we sur-
mised that similar changes could be seen in the respiratory epithe-
lial barrier under extreme heat. This process should be studied in
animal and human models. Furthermore, high temperature may
aggravate airway inflammation by increasing IL-4, IL-183, IL-6,
and TNF-o and by shifting the Ty1/Ty2 balance to Ty2, altering
mucus production, damaging the airway epithelium, and trig-
gering airway hyperreactivity in mice.”® All these molecular ef-
fects detected in animal models give us an idea about the
changes that can be seen in the respiratory epithelial barrier in hu-
mans under heat stress.

A study on the ciliated respiratory epithelial cells obtained by
nasal brushing from 100 healthy individuals showed that rising
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FIG 1. Healthy and impaired respiratory epithelial barrier. Adjacent pseudostratified columnar ciliated
airway cells are interconnected by TJ, adherens junctions, and desmosomes. Respiratory epithelium sits on
basal membrane, attached to lamina propria. Neuronal TRPs are expressed in epithelial cells and regulate
permeability of barriers. When disrupted by increased temperature, airborne allergens, and pollution, TJ
proteins such as zonula occludens-associated occludin, claudin, and JAM are disrupted and epithelial
junctions open. TRPV1 and TRPV4 are upregulated; HSP-70, HSP-90, and HSP-72 are increased, and ROS are
formed. All these cause increased inflammation, increased paracellular permeability, increased mucus,
reduced ciliary movement, damaged cilia, and epithelial shedding. JAM, Junctional adhesion molecules;

ROS, reactive oxygen species.

temperatures increase the ciliary beat.”” Another study on ciliated
airway cells obtained by brushing nasal and airway mucosa from
30 healthy adults showed that the cilia stabilizes after reaching
normal motility between 20°C and 45°C, and the motility declined
above 45°C.”*?’ Recently, a comprehensive meta-analysis re-
ported that extreme heat plays a crucial and independent role in
the pathogenesis of asthma flares (Figs 1 and 2).

From the larynx to the alveolar wall, the airway is innervated by
vagal sensory nerves mostly composed of unmyelinated (C)
afferent fibers expressing neural TRP channels. TRP receptors,

especially TRPV1 and TRPV4, are sensitive to hot temperatures,
>42°C and 22-40°C, respectively, and are activated by breathing
hot air.”**” TRPV1 channels are overexpressed in the airways
of patients with refractory asthma and AR; they are activated by
chemical mediators during chronic airway inflammation in vivo
and in vitro.”>*" In addition to mice models showing that breath-
ing hot air aggravates the airway inflammation, this hypothesis is
supported by epidemiologic evidence of heat-induced asthma at-
tacks.”**? Breathing hot and humid air activates bronchopulmo-
nary vagal C fibers, upregulating TRPV1 and TRPV4,
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TABLE I. Summary of studies on extreme heat exposures and airway outcomes
Main outcome/
Study Study design Study size finding Strengths Limitations

Rice (2019)* Cohort study 5896 participants @ Each 5°C higher ® Validated spatiotemporal ® Includes only White,

previous-week

temperature model using

middle-age, and

temperature satellite surface older people, so not
was associated temperature data was representative.
with 20 mL used to more precisely Only 2 repeated
lower FEV;. predict temperature. measures.
@ This association ® Individual, neighborhood,
was present and seasonal confounders
in winter or were considered in
spring only. measurements.

Han (2022)** Meta-analysis 111 studies @ Extreme heat ® Systematically summarized @ Lack of standardization
increases tidal studies with epidemiologic across studies for
volume, evidence and clinical meteorologic
respiratory rate, implications. definitions,
and SIR. measurements, and

® Extreme heat is exposure assessment.
an independent
trigger of asthma
exacerbations.
® TRP receptors
are activated
by breathing
hot air.

Deng (2020)*° Animal model 60 mice ® High temperature ® Can be a predictor for Obscurity of way
caused bronchial human studies due high temperature
epithelium thickness, to success of mouse activates TRPs and
subepithelial fibrosis model. changes at different
and inflammatory humidity.
cell infiltration
around airways;
triggered IL-4, IL-1[3,

IL-6, TNF-a releasing
and shifted TH1/TH2
balance to TH2.

® High temperatures
aggravated airway
wall remodeling.

® TRPs are important
in high
temperature—induced
allergic asthma.

® TRPVI expression
was higher at 40°C.

Nikolaizik (2020)*’ Experimental 100 healthy ® Nasal ciliary beat ® Important to indicate Effects of cofactors

human study adults frequency gradually physiologic temperature such as pH were
increased at 25°C, for nasal ciliary activity not measured.
32°C, and 37°C. in humans. For ethical reasons,
® Optimum temperature healthy children
to measure ciliary were not included
beat frequency in study.
was 32°C.
Clary-Meinesz Ex vivo and 30 adults o Cilia motility of nasal o Effect of a wide ® Small sample size.

29

(1992)°

in vitro

and bronchial mucosa
reached normal

level at 20-45°C

and decreased

above 45°C.

range of temperature
on human cilia of both
upper and lower
respiratory tract was
evaluated.

(Continued)
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Study Study design

Study size

Main outcome/
finding

Strengths

Limitations

Harford (2021)*" In vitro

Lu (2023)* In vivo/animal

model

In vivo and in
vitro/guinea
pigs, human
airway samples
from donor
tissue and
cell culture

Bonvini
(2020)**

Hayes (2012)*” Experimental

human study

Based on primary
human bronchial
epithelial cells
derived from

anonymous

patient donors

90 Balb/c mice

NA

6 patients with
asthma and
6 healthy
volunteers

® TRPVI1 channels

were overexpressed

in airways of

patients with asthma
and activated by
chemical mediators
during chronic

airway inflammation.
TRPV1 upregulated
after either separate

or combined exposure
to high temperature
(35°C) and NO,.

Both separate and
combined exposure

to high temperature
and NO, aggravated
AHR.

Total white blood
cells, total IgE,

IL-4, IL-4, IFN-y
increased after both
separate and
combined exposure

to high temperature
and NO,.

TRPV4 agonist
caused contraction

in vivo in guinea

pig, and in human

and guinea pig
tracheal tissue.
TRPV4 activation
increased intracellular
Ca** and released
ATP from ASM cells,
triggering mast cell
degranulation resulting
in bronchoconstriction.
Exposure to humidified
air at high temperature
(49°C) significantly
increased specific airway
resistance and triggered
cough in patients

with asthma.
Ipratropium pretreatment
had a blocking effect
on humidified hot
air-induced
bronchoconstriction

in patients with asthma.
Humidified hot
air-induced
bronchoconstriction
was mediated by
cholinergic reflex
pathway.

o First study to show
increased basal and
RSV-induced TRPV1
expression in lower
airway epithelium of
children with asthma.

® Supports epidemiologic
evidence by revealing
mechanism of
heat-NO,—induced
toxicity.

® Revealed novel
mast cell-ASM
interaction and
TRPV4 as driver of
IgE-independent mast
cell-dependent
bronchospasm.

® This rare human
study shows that
inhalation of warm,
moist air causes
cough and
bronchoconstriction in
patients with asthma
and that airway
constriction is mediated
by cholinergic reflex.

® Performed in vitro,
so cannot fully
understand process
in vivo.

® Uncertainty of human
health risk analysis
through animal
experimental studies.

® Although effect of
extreme heat alone
was shown in study,
its main purpose
was to examine
effect of high
temperature-NO,
interaction on allergic
asthma.

NA

NA

(Continued)



6 CELEBI SOZENER ET AL

J ALLERGY CLIN IMMUNOL

mmm 2023

TABLE I. (Continued)

Main outcome/

Study Study design Study size finding Strengths Limitations

Yombo (2019)*’ Mouse model NA ® Lack of HSP-70 caused @ Identified pathogenic NA
significant decrease role of HSP-70 in
in airway inflammation, allergic airway
goblet cell hyperplasia, inflammation.

IL-4, IL-5, and IL-13 ® Indicated potential
in mouse model of utility of
SEA-induced airway targeting
inflammation. HSP-70 to reduce
allergen-induced
TH2 cytokines,
goblet cell
hyperplasia,
and airway
inflammation.
Hulina-Tomaskovié¢ Human bronchial NA Recombinant human ® Suggested ® Nature of study.
(2019)** epithelial cell HSP-70 induced proinflammatory
culture IL-6 and IL-8 effects of extracellular
secretion depending HSP-70 in chronic
on concentration inflammation of human
and time. bronchial
Rh HSP-70 suppressed epithelium.
caspase-3/7
activities.
Nava (2020)* Meta-analysis 12 studies Heat acclimation ® Notable in terms ® Small number of
including increases HSP-70 of showing effect of studies.
118 human protein and mRNA heat acclimation on ® High levels of
participants expression. HSP-70 induction in statistical
HSP-70 plays an humans and indicating heterogeneity.
important part in lack of work in field o Failure to take
ability of cells as well. into account
become systemic
thermotolerant. adaptation
to heat
exposure.

Ye (2019)* Mouse model NA Secreted HSP-90« ® Well designed. ® Need to be supported
participated in ® Can be a predictive by human studies.
epithelial barrier model for human
dysfunction of asthma and targeted
asthmatic mice. therapy.

Secreted HSP-90a
promoted release
of TH2 cytokines in
asthmatic mice.
Neutralization of
HSP-90a inhibited
phosphorylation of
AKT and
ameliorated
epithelial barrier
dysfunction.

Carey (2022)" In vitrolcell NA HSP-90 inhibition o Important in @ It is unclear how

culture reduced demonstrating HSP-90 contributed
T2R-stimulated that HSP-90 to immune function

NO production and
ciliary beating.

plays important
role in airway
innate
immunity.

performed by airway
epithelial cells.

(Continued)
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Study Study design

Study size

Main outcome/
finding

Strengths

Limitations

Bouchama (2017)* Experimental

human study

15 volunteers

® HSPAIA gene (encodes
heat shock proteins
HSP-70-1), upregulated
immediately after
heat stress.

® Unfolded protein
response was most
significant pathway
in early response to
heat stress.

® HSP90ABI and
HSPBI1 genes
(encode HSP-90
alpha family) were
downregulated.

® HSPB6 and HSPBS
were upregulated.

® NF-kB pathways
inhibited immediately
after heat stress
and 1 hour after
heat stress.

o First study to
demonstrate human
gene expression
response to extreme
heat.

® It is unclear
whether gene
changes observed
in this study are
generalizable to cell
types other than
peripheral blood
mononuclear cells.

AHR, Airway hyperresponsiveness; ASM, airway smooth muscle; ATP, adenosine triphosphate; NA, not applicable; NF-kB, nuclear factor kappa-light-chain enhancer of activated

B cells; RSV, respiratory syncytial virus; SEA, soluble egg antigen; SIR, systemic inflammatory response.

increasing cholinergic responses, and increasing the specific
airway resistance and reflex bronchoconstriction.”****> There
have been few human studies investigating the role of TRPV1
and TRPV4 in thermoregulation,3 5 and more research is needed.
Future studies should investigate the effects of hot air inhalation
on TRPV1 and TRPV4 activation in humans.

Heat shock proteins (HSPs), chaperones that are activated in
heat stress conditions, increase to protect cells from heat injury.
Several in vivo and in vitro experiments have shown that the ef-
fects of HSP-70 on the respiratory epithelium are controver-
sial.”**° Traditionally, it is thought that intracellular HSP-70, a
cytoprotective chaperone that has proinflammatory properties,
acts as an alarmin when secreted into the extracellular space.’“’
Proinflammatory HSP-70 can support the allergic airway
response and maintains increased levels of IL-4, IL-5, IL-13,
and eosinophils.37 It also stimulates the secretion of IL-1, IL-6,
and IL-8 by epithelial cells and alveolar macrophages, which am-
plifies the recruitment of neutrophils to the site.*® However, HSP-
70 also has anti-inflammatory properties, preventing neutrophil
hyperactivation, downregulating eosinophils, and suppressing
allergic cytokines.”® Moreover, higher levels of HSP-70 in
Caco-2 cell cultures have been shown to increase occludin levels
and decrease epithelial permeability.””*’ This finding suggests
that HSP-70, which is stimulated in the respiratory tract epithe-
lium by heat, may have similar effects and may have protective
effects for the airway epithelial barrier. Further research is
needed. Both in vitro experiments and human studies showed
that when activated by extreme heat, HSP-70/72 prevents cell
apoptosis and plays a critical role in the ability of cells to become
thermotolerant.”* HSP-90«, which plays a role in heat acclima-
tion, also has an important role in airway barrier dysfunction
and supports the development of asthma in house dust mite—
induced asthmatic mice.*! In cell cultures, HSP-90 has been

shown to regulate bitter taste receptor (T2R)-dependent nitric ox-
ide (NO) pathways in primary sinonasal epithelial cells, and its in-
hibition reduces T2R-/NO-driven nasal ciliary beating.*’
Consistent with a sustained inhibition of the inflammatory
response, the nuclear factor kappa-light-chain enhancer of acti-
vated B cells (aka NF-kB) pathway, which influences both
adaptive and innate immunity, has been shown to be downregu-
lated by heat stress in a study population of young and healthy
volunteers exposed to extreme heat for short periods in a sauna
(Figs 1 and 2).%%*

Indirect effects

Heavy rains and floods. Excessive evaporation due to
increased air temperature causes heavy rains and floods, creating
hot and humid conditions that contribute to increased indoor mold
contamination.”* Molds disrupt the epithelial barrier by secreting
proteases and reducing the transepithelial resistance, causing cilia
dysfunction, and increasing barrier permeability.45 “4° In addition,
they induce airway inflammation and cause airway remodeling.*’
Moreover, heavy rainfall increases the atmospheric concentration
of allergenic particles such as pollen grains and fungal spores by
mechanical impact and fractionation. Independent of humidity
and pollution exposure, Nassikas and colleagues found that pre-
cipitation was associated with higher fractional exhaled nitric ox-
ide among adolescents with asthma.”’ In conjunction, multiple
studies have demonstrated worsening of AR and asthma after
thunderstorms.***’

Airborne allergens. Increasing temperature, humidity and
high CO, levels increase the concentration of airborne allergens
(ie, pollens, mites, fungi), leading to a longer pollen season
—and even driving the emergence of new allergenic species.”’
In addition, air pollutants (ie, nitrogen dioxide [NO,] and ozone
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FIG 2. Direct and indirect effects of extreme heat on upper and lower respiratory epithelial barrier. Results
are summarized of cell culture, animal models, and human studies; levels of evidence are indicated in text.
HDM, House dust mite; ROS, reactive oxygen species; RR, respiratory rate; SIR, systemic inflammatory
response; TRAP, traffic-related air pollution; TV, tidal volume.

[O3]) can modify the chemical characteristics of airborne pollen
and increase its allergenicity.” Pollen with proteolytic activity
such as molds and house dust mites disrupt the epithelial barrier
integrity. This facilitates the recognition and presentation of aller-
gens in the respiratory tract, initiating allergic inflammation and
leading to the development of sensitivity to other allergens
(Figs 1 and 2).°' Accordingly, a 25-year longitudinal study
showed a significant association between increased temperatures
and longer pollen seasons, increased peak pollen duration, more
severe seasonal AR, and increased hospital admissions.”’

Air pollution, sand and dust storms, and wildfires.
Climate change and air pollution affect the mortality and
morbidity of allergic diseases. Increased solar activity, which
amplifies the effects of particulate matter with a diameter of
2.5 pm or less (PM,; 5), induces reductions in FEV and forced vi-
tal capacity.52 A recent large study from Europe showed that
deaths from lung diseases increase much more when air pollution
is combined with high temperatures.”> PM, s disrupts both the
nasal and the respiratory tract epithelium by reducing TJ proteins,
increasing paracellular permeability, causing goblet cell meta-
plasia, and leading to increased mucus secretion, ciliary loss,
and dysfunction.””5 435 On another note, sand and dust storms
are an undeniable cause of air pollution with PMj, s, pollen, chem-
icals, and microbiologic elements such as bacteria and fungi.

They induce neutrophilic and eosinophilic inflammation by either
stimulating proinflammatory cytokines and mediators or via
Toll-like receptor (TLR)-2— and TLR-4-mediated inflammatory
response.“"57 PM, s, particulate matter with a diameter of
10 pwm or less, and dust storms have been shown to worsen both
AR and asthma clinically.”®” Recently a study from Turkey
showed that dust storms increased the risk of mortality, emer-
gency visits, and hospitalization in patients with asthma.®’

Wildfires destroy ecosystems by absorbing CO, from the atmo-
sphere and creating particulate pollution such as dust storms. Ze-
glinski and colleagues demonstrated the disruptive effects of
wildfires on the barrier dysfunction in a human airway epithelium
model (Figs 1 and 2).°" Wildfires have caused specific DNA
methylation patterns in nasal epithelial cells, affecting the Tyl
and Ty2 activation pathways.®” Clinically, in a Brazilian study
involving more than 2 million patient records, wildfire-related
PM,s was associated with a 23% increase in respiratory
complaint-related hospital admissions.*®

An increased frequency of heat waves leads to increased
ground-level O3 production and exacerbation of surface O3 pollu-
tion events.®* Animal models have shown that exposure to O re-
sults in shedding of the ciliary epithelium, transcriptional changes
in genes related to barrier function, and epithelial organiza-
tion.®>%® O3 exposure augments TLR-2— and TLR-4—enhanced
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FIG 3. Hypothesized effects of heat and particulate matter on skin barrier structure. Skin is composed of
epidermis and dermis; layers and components of these layers are labeled. Heat activates TRPV3 in keratino-
cytes, increasing TSLP, NGF, and PGE,. (TRPV3 expression and function is increased in AD.) PM has several
hypothesized effects in AD: (1) decreases expression of stratum corneum and TJ-related proteins, (2) in-
duces expression of AKR1C3 (AKR1C3 variant is overexpressed in AD), (3) leads to differential expression
of genes controlling skin barrier integrity and immune response, increasing skin inflammation, and (4) re-
sults in increased epidermal and dermal thickness and increased dermal inflammation. NGF, Nerve growth
factor; PGE,, prostaglandin E,; TSLP, thymic stromal lymphopoietin.

neutrophil migration, stimulates cytokines including IL-17A, is a need for translational studies investigating the validity in
TNF-a, IL-8, IL-1a, and IL-1p, activating TRPV1 channels, humans of results obtained in cell cultures or animal models, as
and forming reactive oxygen species (Figs 1 and 2).°*°” Consis-  well as epidemiologic studies to see the actual effects in
tent with these results, chronic exposure to Oz was associated with  populations.
an increased risk of airway hyperresponsiveness, asthma flares,
and even respiratory mortality.””%*
DERMATOLOGIC ALLERGIC DISEASES
Composition of dermatologic epithelium
Implications for AR and asthma Skin is divided into 2 major layers, the epidermis and dermis
In summary, recent reports have revealed the direct and indirect ~ (Fig 3). The epidermis is composed of 4 sublayers—the stratum
effects of extreme temperatures on the respiratory epithelial  corneum, stratum granulosum, stratum spinosum, and stratum ba-
barrier. The evidence points to an increased prevalence and risk of ~ sale—followed by the basement membrane.”” The stratum cor-
AR and asthma exacerbations, hospitalizations, and mortality = neum is important in barrier formation; it is the outer layer
with climatic exposures. Further studies are needed to individu-  containing enucleated keratinocytes called corneocytes. In addi-
ally elucidate the potential treatment strategies to act on affected  tion to the epithelial cells, structural proteins, secreted epithelial
mediators, chaperones, receptors, and proteins. In addition, there =~ products, and microbiota comprise the epidermis. Filaggrin, an
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important structural protein, aligns the keratin filaments, aiding in
the barrier function. TJ prevent transepidermal water loss.”” The
dermis, below the epidermis, is primarily composed of connective
tissue. Fibroblasts function as the primary cells, providing resis-
tance and elasticity through the secretion of collagen and elastin.
Nerve endings, sebaceous glands, hair follicles, and blood and
lymphatic vessels are embedded within this layer.

Patients with AD have a disrupted skin barrier, thereby
allowing allergens and air pollutants entry into the body,
triggering a type 2 immune response.’’ Recent reviews offer
comprehensive summaries of mechanistic and epidemiologic
studies relating to climate change and AD.””’* Much of the
data are epidemiologic in nature and provide interesting hypoth-
eses that should be explored further.

Direct effects

Extreme temperature events. One feature of climate
change is extreme temperature, especially, as mentioned above,
extreme heat events.”* Limited data exist on the effect of extreme
heat on the skin epithelium. However, heat can trigger itch in
AD.”® One study examined the role of TRPV3 in heat-induced
itch in AD.”® TRPV3, a thermosensitive TRP channel, is ex-
pressed in keratinocytes and activated by heat. Keratinocytes
from patients with AD had increased expression and hyperactive
function of TRPV3. TRPV3 activation led to increased secretion
of thymic stromal lymphopoietin, nerve growth factor, and pros-
taglandin E,, suggesting that TRPV3 is a therapeutic target for
heat-induced itch (Fig 3).

The data on the effect of sweat on the epithelial function in the
setting of extreme heat is limited and over a decade old,”” "
comprising a mix of in vitro and in vivo studies. We know that
ambient temperature, humidity, and climate affect sweat gland ac-
tivity.*® However, while sweat gland activity increases with
increasing temperatures, it is unclear whether skin sweat glands
are constitutively active or activated at a certain tempera-
ture.””7%%! Furthermore, increased transepidermal water loss, a
measure of a disturbed or disrupted skin barrier, is associated
with increasing temperature and decreasing relative humidity,
although it is more strongly correlated with temperature than hu-
midity.”” Studies examining the role of sweat on epithelial barrier
function in current climate patterns are needed.

The clinical evidence for the effect of temperature on AD has
been inconclusive. A time series analysis found that both low and
high temperatures were associated with increased AD outpatient
visits, especially in the pediatric age group of 14 years old and
younger.”” Another time series analysis explored the synergistic
effect of heat with pollution.®” This study examined the associa-
tion between multiple meteorologic factors and over 2 million
clinical visits for childhood allergic diseases in 2 large pediatric
hospitals in Shanghai, China, over a decade (2007 to 2017); it
found that low temperatures and high levels of NO,, among other
factors, were associated with increased clinical visits for child-
hood AD. A smaller longitudinal study found that higher indoor
temperatures and higher relative humidity contributed to higher
indoor formaldehyde levels.** The extent to which formaldehyde
exposure increased AD symptoms varied according to child age
and indoor temperature. Taken together, these data suggest that
extreme temperatures may contribute to AD flares, with limited
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data suggesting TRPV3 to be a potential therapeutic target in
heat-triggered AD (Fig 3).

Indirect effects

Heavy rains and floods. Two recent clinical studies have
assessed the effect of heavy rains and floods on skin condi-
tions.®”%® The first was a retrospective population-based study us-
ing a time-stratified matched-period case-crossover design of
children aged 0 to 12 years in Taiwan.” There were increased
odds of childhood AD visits on weeks with floods compared to
weeks without floods. The second study was a retrospective
cross-sectional study of pediatric patients in the Houston area
before and after Hurricane Harvey.*® Dermatologic complaints
were more commonly seen in the 30 days after the hurricane
compared to the same period a year before. These time series
studies provide initial data supporting an association between
floods and AD flares, but more data are needed.

Air pollution. Recent studies have explored the association
between air pollution and AD, including 3 mechanistic studies
examining the effects of particulate matter (PM) (Fig 3).57% Us-
ing a mouse model, Woo and colleagues found that exposure to
PM with diameter 10 pm or less induces and worsens skin inflam-
mation via the differential expression of genes controlling skin
barrier integrity and immune response.”® Next, using a mouse
model of oxazolone-induced AD-like skin and human keratino-
cyte cells, Bae and colleagues found that PM downregulates the
expression levels of several stratum corneum and TJ-related pro-
teins.®” The epidermal and dermal thickness in an AD-like mouse
model was significantly increased, and dermal inflammation was
prominent in the PM-treated, AD-like skin. Finally, Vogeley and
colleagues explored whether genetic susceptibilities modified the
effect to which air pollution affects AD.* Their group specifically
looked at a gene variant of aldo-keto reductase 1C3 (AKR1C3),
which is highly expressed in AD skin, in the GINIplus/LISA birth
cohort. PM exposure induced AKR1C3 expression in human skin.
With chronic PM exposure, each rs12529 single nucleotide poly-
morphism allele of this gene increased the chance of developing
AD by 37% to 38%, suggesting that certain populations may be
more susceptible to the effects of pollution on AD.

A wealth of recent epidemiologic information adds to these
mechanistic studies by showing an association between air
pollution and AD.”"”” We highlight recent longitudinal, time se-
ries, and machine learning studies assessing this topic. Several
longitudinal studies made up of several thousand participants
each have found an association between pollution and AD inci-
dence and symptoms.”*°® Using the Korean National Health In-
surance Service—National Sample Cohort database from 2008 to
2013, this study found that long-term exposure to air pollutants,
including sulfur dioxide, NO,, carbon monoxide, and PM, was
an independent risk factor for developing AD.”* Another study
used 13 years of the Taiwan National Health Insurance research
database linked to the Taiwan Air Quality Monitoring Database
and similarly found that exposure to higher concentrations of total
hydrocarbons and methane were associated with an increased risk
of childhood AD.” Both studies used more than 5 years’ worth of
national health insurance data with more than 3000 subjects and
independently found an association of pollution with AD inci-
dence. An additional longitudinal study found that indoor concen-
trations of PM, CO,, and volatile organic compounds were lower
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Characteristic

Biological mechanism

Epidemiologic trends

Global warming effect—Direct, extreme ® What are the biological mechanisms in
humans of the direct and indirect effects
of global warming on asthma, AR, and AD?

temperature; indirect, (1) heavy
rains and floods, (2) wildfires, and

® How do extreme temperature, heavy
rains and floods, and wildfires affect
the prevalence or incidence of AD?

(3) air pollution ® What are the long-term impacts on the ® What are the synergistic effects of

epithelial barrier of the direct and indirect
effect of global warming in asthma, AR, and AD?

climatic factors on the severity of
asthma, AR, and AD?

® Are airway inflammation and structural changes ® How may climatic factors affect the

in the epithelial barrier caused by heavy rains
and floods, air pollution, sand and dust storms

burden of allergic diseases between
low-resource and high-resource regions?

and wildfires reversible if necessary precautions are

taken?

® What is the role of sweat in epithelial barrier
function in different climates and among different

population groups?

® What are the genetic factors that may increase
susceptibility for developing allergic disease
when exposed to global warming?

Implications for AR, asthma, and AD

® What is the efficacy and safety of individualized ® What are the underlying risk factors
treatment strategies acting on affected mediators,
chaperones, and TRPV channels in global

for asthma, AR, and AD development
due to global warming?

warming-related AR and asthma? ® What are the best air pollution mitigation

® What is the mechanistic effect of different
treatment modalities, including biologics,
on global warming—related AD?

interventions to decrease the effects
of climatic factors on asthma, AR, and
AD severity?

® Which medical interventions
(eg, biologics) are more effective at
reducing the burden of asthma and AD
due to global warming?

in energy-efficient homes after controlling for seasonality.”® CO,
was associated with daily risk of AD symptoms. Finally, Huang
and colleagues used machine learning in a longitudinal birth
cohort and found that prenatal air quality was important to predict
childhood AD development.”” Four time series studies found that
various air pollutants, including PM, sulfur dioxide, NO,, carbon
monoxide, and O3, were associated with an increase in AD
visits.”” """’ This effect was stronger in the cool season and among
children and the elderly.”®'"" Interestingly, a recent study
explored the effect of air pollution on patients with moderate-
to-severe AD on dupilumab and found a dose-dependent relation-
ship between air pollutants and risk of an AD flare.'’" These data
are limited as a result of the lack of a control group (ie, patients not
receiving dupilumab therapy), so we cannot assess whether dupi-
lumab might provide some protective effect, given its positive ef-
fect on restoring the skin barrier.'’? In summary, there is recent
robust clinical evidence showing an association between air
pollution and an increase in the incidence, prevalence, symptoms,
and severity of AD. Next steps should attempt to bridge these
studies by providing translational human mechanistic studies of
patients affected by air pollution.

Wildfires. There are also limited recent mechanistic studies
assessing the effect of wildfires on AD. We reviewed recent
epidemiologic studies, which found an association between
wildfires and AD flares. Two studies of the 2018 California
Camp Fire highlight key findings about the relationship between
wildfires and AD.'"*'* The authors evaluated associations be-
tween wildfire air pollution and (1) clinic visits for AD or itch
and (2) prescribed medications for AD management.'” This
time series study found an increased rate of AD and itch visits

for both pediatric and adult patients on weeks with wildfires
compared to weeks without wildfires. There was a statistically
significant increase in the rate of systemic medication prescrip-
tion during wildfire weeks among adults with AD. Among adults
aged 65 years or older, there were higher rates of clinic visits for
itch on weeks with a wildfire.'®* For both this age group and the
younger adult age group of 18- to 64-year-olds, there was a signif-
icant increase in AD visits on wildfire weeks. Smoke plume den-
sity from satellite imaging was also associated with a higher rate
of clinic visits for AD in both age groups and for pruritus in the
older age group. Future work on the effect of wildfires on AD
may focus on elucidating mechanistic pathways through animal
or human models.

Implications for AD

Recent studies provide evidence of the effects of climate
change—specifically of extreme temperature, heavy rains and
floods, air pollution, and wildfires—on AD. Some of these
associations need to be studied further to account for confounders
and to further elucidate the biological mechanisms, ultimately to
better understand how to manage climate change—associated AD
exacerbations.

Conclusion

In this review article, we discuss the effects of extreme
temperatures resulting from the deterioration of the climate
system. Extreme temperatures adversely affect respiratory and
skin barriers by acting directly, or by causing extreme weather
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events such as heavy rain, floods, dust storms, wildfires, and air
pollution. While evidence is limited, these changes appear to
disrupt structural proteins that make up the epithelial barriers and
the development of inflammation and the activation of cholinergic
pathways, contributing to increased frequency and severity of
AR, asthma, and AD. Future studies should aim to fill our
knowledge gaps of the effects of climate change on atopic disease
(Table II).

Individuals, providers, scientists, and legislators should act in
unison to combat the climate change crisis and its effects on
atopic disease. Future research will illuminate individualized
management strategies against the damage caused by global
warming. Together, we can all take steps to mitigating the legacy
of climate change for future generations.
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