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Abstract
Purpose of Review  To review the recent literature on the effects of wildfire smoke (WFS) exposure on asthma and allergic 
disease, and on potential mechanisms of disease.
Recent Findings  Spatiotemporal modeling and increased ground-level monitoring data are allowing a more detailed picture 
of the health effects of WFS exposure to emerge, especially with regard to asthma. There is also epidemiologic and some 
experimental evidence to suggest that WFS exposure increases allergic predisposition and upper airway or sinonasal disease, 
though much of the literature in this area is focused more generally on PM2.5 and is not specific for WFS. Experimental 
evidence for mechanisms includes disruption of epithelial integrity with downstream effects on inflammatory or immune 
pathways, but experimental models to date have not consistently reflected human disease in this area.
Summary  Exposure to WFS has an acute detrimental effect on asthma. Potential mechanisms are suggested by in vitro and 
animal studies.

Keywords  Wildfire smoke · Wood smoke · Asthma · Allergy

Introduction

Abundant epidemiologic evidence now strongly links expo-
sure to particulate air pollution with human respiratory dis-
eases and mortality, and experimental evidence suggests 
this is linked to oxidative effects on cellular function and 
inflammation [reviewed in 1]. Although some studies link 
air pollution with risk for non-respiratory conditions such 
as cancer and diabetes, the most consistent and concern-
ing findings are for increased risk of cardiopulmonary dis-
ease and mortality with exposure to fine particulate matter 
(PM2.5). Studies have applied increasingly sophisticated and 
detailed exposure assessment methods to gain knowledge 
of risk factors, dose–response, and clues as to mechanisms 

of disease. Recent examples include the use of zip code-
level air pollution assessments in New York City to estimate 
reductions in mortality and asthma morbidity resulting from 
specific air quality improvements [2], and the use of land-
use regression models for air pollutant exposure in a large 
prospective longitudinal cohort in the United Kingdom, to 
estimate risk of developing chronic lung disease in a healthy 
adult population [3].

PM2.5 is chemically heterogeneous depending on its 
sources, which include traffic, industry, and biomass burn-
ing; health effects thus vary by source. While PM2.5 levels 
have decreased overall in the USA in the decades following 
the Clean Air Act, exposure from biomass fuel burning and 
wildfires is a major global problem and is also increasing 
regionally in the USA in association with climate change 
[4–6]. As a result, wildfire smoke (WFS) is a specific sub-
type of PM2.5 that has received more attention in recent years 
in terms of health effects, especially in relation to respiratory 
illness [7–9]. WFS is composed of a complex mixture of 
particulate matter, carbon oxides, nitrogen oxides, hazardous 
air pollutants, water vapor, and trace levels of thousands of 
other compounds [8]. A 2019 workshop convened by the 
American Thoracic Society concluded that WFS causes 
acute respiratory effects, particularly for those with underly-
ing chronic respiratory disorders, and that research is needed 
regarding longer-term effects of exposures, especially in 
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susceptible subgroups like children, asthmatics, or occu-
pationally exposed groups [10•]. A systematic review pub-
lished in 2021 found that for 5 pre-post and 11 cross-sectional 
studies of sites from the USA and several other countries, 
there was a significant increase in emergency department 
(ED) visits and hospitalizations for respiratory illnesses 
after WFS exposure, particularly in children < 5 years old 
[11]. Techniques have advanced to estimate the PM2.5 health 
effects specific for WFS in large populations, using combina-
tions of ground-level monitoring and satellite imaging with 
chemical analysis of aerosols; in California, such studies have 
demonstrated exposure dose-related increases in respiratory 
hospitalizations in the presence of WFS [12] and health dis-
parities in PM2.5 exposures [13].

Wildfires are increasing in both prevalence and intensity 
worldwide as a result of global climate change [14–16]. 
Wildfires impact the lives of hundreds of thousands of indi-
viduals in the USA alone. According to the National Intera-
gency Fire Center, as of October 3, 2022, in the USA, there 
had been 54,184 fires, covering almost 7 million acres, thus 
far during that year [17]. Of particular concern, there has 
been rapid growth in the prevalence of homes located within 
the wildland-urban interface (WUI), representing homes that 
reside within 0.5 miles of wildlands [18•, 19]. Fires at this 
interface are likely to produce smoke that differs chemically 
from WFS in wilderness areas, with complex mixtures of 
combustion emissions from both biogenic and anthropogenic 
sources, including plastics, metals, insulation material, and 
other sources with known toxic combustion products.

For the above reasons, it is critical that we better under-
stand WFS exposures, their complexity, and their resulting 
impacts on public health. In the current review, we sum-
marize recent epidemiologic literature relevant to effects of 
WFS exposure on asthma and on allergic or sinonasal dis-
ease, as well as emerging mechanistic concepts.

Wildfire Smoke and Asthma

As pointed out in a 2019 review by Reid and Maestas [20], 
the evidence for an association between WFS and respira-
tory diseases is clearest for acute effects on asthma, com-
pared to the evidence for long-term effects or for acute 
respiratory conditions other than asthma, as illustrated 
by several population-based studies of hospital admission 
rates [21, 22]. We focused the current review on original 
research studies referenced in PubMed, for the past 5 years, 
using search terms “wildfire smoke AND asthma.” Studies 
that did not attempt to estimate WFS-specific exposure (as 
opposed to particulate matter in general) were not reviewed. 
Highlights of these studies are shown in Table 1 [refer-
ences 23••, 24-38, 39•]. A variety of specific methods were 
used to estimate exposure, but most involved combining 
data from ground-level, fixed monitoring sites for PM2.5 

with meteorological data and satellite-based imaging or 
physicochemical data to model the portion of exposure 
specific to WFS. Nearly all studies showed a statistically 
significant, exposure dose-related increase in risk for diag-
nosis or exacerbation of asthma after exposure to WFS. 
Many of these studies were conducted in western North 
America, where seasonal wildfires are common, but it has 
been pointed out by O’Dell and colleagues [40] that actual 
asthma morbidity from WFS in the USA may be greater in 
the east, due to much greater population density.

The information summarized in Table 1 shows that most 
studies sought to link WFS exposure estimates with health 
markers for asthma from de-identified population health 
databases, using billing codes and discrete, easily quanti-
fied events such as ED visits or hospital admissions. Peri-
ods of active WFS exposure were typically compared with 
non-exposure periods for the same population; some studies 
employed a time-stratified case-crossover analysis, which can 
compare exposure days vs. adjacent non-exposure days at the 
individual level. Some reports also estimated specific lag 
times for WFS effects. Reported relative risk or odds ratios for 
increased short-term WFS effects on asthma were remarkably 
consistent, most commonly around 1.10 (range 1.07–1.68) 
per 10 μg/m3 increase in WFS PM2.5 (range 1–23 μg/m3). 
Increased risk of new onset asthma, as measured by increases 
in asthma consultation post-fire, was also found in firefighters 
exposed to the Fort McMurray fire in Alberta, Canada [39•]. 
Notably, the reported odds ratio was higher in this frequently 
exposed occupational group than most of the other studies in 
Table 1 (OR 2.56). Only one of the studies reviewed did not 
find a significant risk from WFS; uniquely among this series 
of papers, this study looked at lung function and symptom 
scores in a relatively small group of asthmatics [27]. Many 
of the reviewed studies also assessed risk for non-asthma res-
piratory conditions such as pneumonia or COPD, and non- 
respiratory conditions such as cardiovascular disease. In gen-
eral, the evidence for WFS exposure effects was less consist-
ent for these conditions, than for asthma.

Young asthmatic children may be at special risk for WFS-
induced exacerbation of symptoms [11, 23••]. Childhood 
risk was highlighted in a recent review [41], along with the 
possibility that longer-term effects on lung function could 
occur, as has been noted in a study of infant rhesus monkeys 
exposed to ambient WFS [42••]. However, other studies did 
not find a difference between children and adults in terms of 
risk for asthma exacerbation from WFS exposure. Increased 
risk for those with low socioeconomic status was highlighted 
by Reid et al. [21], and several studies highlighted increased 
risk for indigenous groups [33–35]. The two studies that spe-
cifically commented on sex-specific effects reported stronger 
WFS effects in women than in men [21, 34].

As noted above, evidence from animal studies suggests 
there may be long-term impacts of WFS exposure on lung 
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function or disease [42••]. However, there are few published 
data as to longer-term effects of WFS exposures on humans 
with or without asthma. An observational cohort study in 842 
patients at an allergy clinic assessed peak flow rates 1 year 
after the 2008 and 2011 Dismal Swamp peat bog fires in 
northeastern North Carolina and estimated a decrease in peak 
flow rates related to past smoke exposure, based on records 
of winds blowing in the direction of the community from the 
fires [38]. In a report currently under review for publication 
[43], our group conducted a retrospective study assessing the 
link between developmental exposure to wildfire smoke and 
evidence for childhood upper and lower respiratory diseases; 
this study demonstrated that wildfire smoke exposure dur-
ing the first 6 months of life was associated with increased 
use of medications for respiratory symptoms. In the study 
of Alberta firefighters, clinical assessments up to 46 months 
post-fire were completed. When analyzing those who com-
plained of pulmonary symptoms related to the fire, there was 
increased incidence of positive methacholine challenge test 
(28.6% in those with ongoing symptoms and 8.9 without) as 
well as combined positive MCT and bronchiole wall thick-
ening, both of which were also associated with higher esti-
mated exposure during the fire (10.4 ± 1.4 logPM2.5 μg/m3*h) 
[39•]. These studies together suggest potential for long-term 
impacts of WFS exposure, which should be studied further.

Wildfire Smoke and Upper Respiratory Illness, 
Allergy, or Rhinitis

Older epidemiologic studies have associated an increase in the 
incidence of sinonasal symptoms with wildfire or wood smoke 
exposure, especially among children and first responders [44, 
45]. These include a study from the Southern California wild-
fires of October 2003, during which a 1.98 OR was reported 
for sneezing or runny nose [46]. More recently, a 3.11 OR 
(1.62, 5.97) for itchy/watery eyes was reported among chil-
dren exposed to a large wildfire in Spain, especially among 
asthmatics [47]. Several studies have been published recently 
assessing a specific link between WFS and rhinitis or allergy 
symptoms, but with mixed results. Among the previously dis-
cussed asthma epidemiological studies, several included an 
assessment of the association between WFS and acute upper 
respiratory illnesses (URI), with some showing no signifi-
cant WFS effect [25, 31], one showing a positive association 
with RR 1.77 [23••], and one showing less impact of WFS 
compared to non-wildfire PM2.5 on URI risk [32]. Fadadu 
et al. [48] found a RR of 1.49 (1.07, 2.07) for children and 
1.15 (1.02, 1.31) for adults for clinic visits for atopic der-
matitis symptoms, during exposure to WFS from the 2018 
Camp Fire in the San Francisco area. While not specific for 
WFS exposure, several reports are of interest for suggesting 
that PM2.5 exposure can serve as a risk factor for worsening 

chronic rhinosinusitis (CRS) disease severity, with histologi-
cal evidence of type 2 eosinophilic inflammation [49–52].

Mechanistic and Experimental Studies

The mechanisms of WFS effects on the lower airways and 
lungs, under asthmatic or healthy conditions, are likely com-
plex and are an area of active investigation. As reviewed by 
Tuazon et al. [53], potential mechanisms for which there is 
supporting evidence include alteration of Th1/Th2 immune 
balance, epigenetic modifications, oxidative stress, altera-
tions in responses to infectious agents, disrupted epithe-
lial barrier function in the respiratory tract, and coincident 
increases in wildfires and allergen exposure due to global 
warming. Additional recent literature in these areas is sum-
marized below and in Table 2 [references [54-75]. While 
WFS-specific data are only starting to emerge, some recent 
experimental data from PM2.5 exposure are also relevant to 
mechanistic hypotheses.

Altered Immune or Inflammatory Responses

Studies using lung cell lines or cultured primary cells have 
allowed exploration of cellular mechanisms for the gener-
ally pro-inflammatory effects of direct wood smoke expo-
sure (a commonly used model of wildfire or biomass smoke) 
in vitro, including activation of NFkB and caspase-1 signal-
ing pathways [54–58]. Exactly how these pathways impact 
manifestations of asthma and allergy is not yet clear. In 
terms of acute inflammatory responses to WFS or to wood 
smoke, interesting data are emerging from experimental 
studies in animal models. Some recent reports indicate that 
wood smoke induces a pro-inflammatory response in the res-
piratory tract in rodents, as evidenced by increased cytokines 
or inflammatory cells in lavage fluid [58, 61]. A study in 
a guinea pig model found increased BALF cytokines after 
smoke exposure, but an actual decrease in neutrophils [60]. 
Sun and colleagues showed that treatment with ursolic acid, 
an antioxidant, following PM2.5 exposure helped to alleviate 
symptoms of sneezes and nasal rubs in rats, and reduced 
serum IL-4, IL-5, IL-13, and eotaxin-1 while reducing nasal 
mucosal eosinophilia [61]. In contrast, exposure of HDM-
allergic mice to smoldering eucalyptus or oak led to reduced 
minute volume and peak inspiratory flow rates, but actually 
suppressed markers of inflammation (IL-4, IL-5, in BALF; 
mixed inflammatory cells in lung) [59]. Thus, the lung wood 
smoke response in experimental animal models appears to 
be variable and model dependent.

Limited data are available from controlled exposures 
of human volunteers to wood smoke and those studies 
since 2020 have been reviewed in Schwartz et al. [76]. In 
one study of healthy adult subjects, increasing levels of 
IL-8, IL-1β, and 8-epi-PGF2⍺ in nasal lavage fluid was 
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correlated to rising levels of ambient exposure to PM2.5 
[77]. Our group has recently reported that a history of 
underlying mild asthma was associated with increased risk 
for sputum inflammation (neutrophils, IL-8), 24 h after 
exposure of healthy young adult volunteers to moderate 
concentrations of wood smoke (smoldering oak) for 2 h 
[62]. These studies thus suggest that altered inflammation 
or immunity might be associated with increased risk for 
WFS-induced asthma effects, but the mechanisms are not 
yet clear.

Altered Response to Infectious Agents

Another potential pathway for WFS to affect asthma symp-
toms is by increasing risk of respiratory infection [78]. WFS 
exposure was linked to an increased risk of SARS-CoV2 
infection during the COVID-19 pandemic [79, 80]. An exper-
imental study suggested that exposure to wood smoke might 
increase risk for mycobacterial infection, by inhibiting mac-
rophage mitochondrial function [63]. In another study, human 
nasal epithelial cells (hNECs) cultured at air–liquid interface 
(ALI) exposure to condensates from biomass smoke emis-
sions prior to infection with SARS-CoV-2 reduced expres-
sion of antiviral mediators, interferon, and chemokines; cells 
from female donors displayed a greater downregulation of 
gene expression following SARS-CoV-2 infection than male 
cells [64]. In C57BL/6 mice, however, wood smoke particle 
exposure appeared to be protective against subsequent influ-
enza infection [65]. In our recent controlled wood smoke 
exposure study, healthy young adults that were exposed to 
2 h of either filtered air or wood smoke particles, then nasally 
inoculated with live-attenuated influenza virus vaccine, dis-
played a sex-based difference in inflammatory gene expres-
sion patterns in the nasal mucosa [66]. Thus, the role of WFS 
exposures in altering susceptibility or responses to respira-
tory infection, and its effect on asthma and allergy, appears to 
be complex and not consistently mimicked by experimental 
models to date.

Oxidative Stress

Many forms of particulate matter contain redox active 
chemical components and thus have the ability to gener-
ate reactive oxidative species leading to inflammation [81]. 
In in vitro studies of primary human nasal epithelial cells 
(hNEC) in culture, PM2.5 exposure has been shown to induce 
endogenous oxidative stress and increase the release of 
inflammatory cytokine mediators such as IL-6, IL-8, IL-13, 
TNF-α, and eotaxin [82, 83]. Oxidative stress was recently 
reported for human lung cells lines exposed in vitro to prod-
ucts of wood burning [67].

Respiratory Epithelial Integrity

In the respiratory tract, adjacent epithelial cells are bound 
together on the apical mucosal surface primarily via tight 
junction complexes that serve to limit paracellular flux and 
help to establish distinct apical and basolateral membrane 
domains [84]. Disruption of this epithelial barrier can per-
mit penetration of pathogens, allergens, and other toxins 
into the underlying submucosal tissues leading to inflam-
mation and disease. Multiple experimental studies have 
shown that long-term particulate matter exposure can lead 
to downregulation of the nuclear erythroid 2–related fac-
tor 2 (Nrf2) pathway which can negatively affect epithelial 
barrier permeability and can predispose to chronic rhinosi-
nusitis and type 2 inflammation [85–88]. Zeglinski et al. 
[71] assessed the effects of a wood smoke-infused solu-
tion on alveolar epithelial barrier function, cell migration, 
and survival, and found reduction in barrier function. They 
also noted that wood smoke exposure activated the p44/42, 
MAPK signaling pathway, and inhibition of p44/42 phos-
phorylation prevented loss of barrier. Other recent reports 
confirm specific effects of wood smoke particles on epithe-
lial barrier factors in vitro [68–70]. Thus, it is possible that 
WFS has its initial impact on the airways via direct impact 
on epithelial integrity.

Allergen Exposure

It has been speculated that increased allergen exposure asso-
ciated with global warming and climate change is driving 
increased WFS-linked asthma or allergy effects; similar 
interactions between allergens and air pollutants have been 
recently demonstrated [89, 90]. However, two recent stud-
ies do not appear to support this concept. Bagheri et al. [91] 
found that pollen counts and PM2.5 were each associated 
with increased respiratory hospital admissions, but pollen 
was not an independently significant risk factor in multivari-
ate analysis. Paudel et al. [92], using time-series regression 
models for the period 2002–2019, also did not find signifi-
cant association between pollen concentrations and wildfire 
smoke exposure.

Other Mechanistic Studies

Experimental studies have been published recently using 
animal or cell culture models. Koval and colleagues [75] 
assessed lung transcriptomic signatures in female mice 
exposed to biomass smoke condensates produced from a 
variety of biogenic sources relevant to wildfires. While  
exposure to emission condensates from smoldering red 
oak and smoldering peat caused moderate transcriptomic 
changes, exposures from flaming peat, flaming eucalyptus,  
and smoldering eucalyptus induced the greatest  
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transcriptomic responses, with similarity to the pro- 
inflammatory agent lipopolysaccharide. These data suggest 
that smoke resulting from combustion of these biomass 
sources induces responses similar to those caused by inhaling  
endotoxin and that combustion source and temperature 
affect respiratory outcomes. Carberry et al. [93] found that 
post-exposure, lung (and heart) extracellular vesicle (EV) 
microRNA showed differential expression profiles enriched 
for hypoxia and cell stress-related pathways, and postulated 
that wildfire exposures induce cardiopulmonary responses 
mediated by circulating plasma EVs. Interestingly, Xu et al. 
[94] studied female Australian twin pairs and found that 
long-term exposure to wildfire-related PM2.5 was associated 
with distinct blood DNA methylation signatures compared 
to non-wildfire PM2.5 exposures, supporting the concept of 
epigenetic effects of WFS.

Conclusions and Areas of Further Research

In summary, there is abundant and fairly consistent epide-
miologic evidence suggesting that exposure to WFS has 
an acute detrimental effect on asthma and that WFS may 
be more problematic in this regard than other forms of 
PM2.5. Research in this area has been limited historically 
by the inability to accurately assess exposure at either the 
population or individual level, but recent advances in spa-
tiotemporal modeling, increased availability of ground-
level monitoring data, in combination with access to large 
health effects databases, are allowing a more detailed 
picture of the health effects of WFS exposure to emerge, 

especially with regard to asthma. There is also epidemio-
logic and some experimental evidence to suggest that WFS 
exposure increases allergic predisposition and upper air-
way or sinonasal disease, though much of the literature 
in this area is focused more generally on PM2.5 and is not 
specific for WFS. Potential mechanisms for these effects, 
such as disruption of epithelial integrity with downstream 
effects on type 2 inflammatory or immune pathways, are 
emerging from in vitro and animal studies (Fig. 1), but 
experimental models to date have not consistently reflected 
human disease in this area.

Since WFS exposures are expected to increase in the 
coming decades, this is a major public health and equity 
concern, but major gaps remain in our understanding of 
these complex interactions, and therefore in our ability 
to formulate effective preventive strategies. For example, 
there are currently very few data directly addressing the 
longer-term effects of repeated or chronic WFS exposures 
on established asthma and/or allergic disease, the specific 
WFS chemical toxicities of greatest impact on human 
health, strategies to protect high-risk and vulnerable pop-
ulations, or the feasibility of large-scale application of 
monitoring technologies to guide individual actions. The 
complexity inherent in WFS exposures and how they relate 
to biological systems will ultimately require the application 
of new data analysis approaches such as the one described 
recently by Kim et al. [95]. These approaches may be able 
to uncover hazardous chemical components/groups within 
complex WFS mixtures driving respiratory toxicity and its 
manifestations in asthma and allergic disease.

Fig. 1   Potential mechanisms for 
WFS effects, such as disrup-
tion of epithelial integrity with 
downstream effects on type 
2 inflammatory or immune 
pathways, are emerging from 
in vitro and animal studies



384	 Current Allergy and Asthma Reports (2023) 23:375–387

1 3

Funding  Dr. Worden was supported by the NIDCD branch of the 
NIH under award number 5T32DC005360. Drs. Noah, Rebuli and 
Jaspers were supported by U.S. Environmental Protection Agency 
cooperative agreement CR-84033801. Drs. Noah and Jaspers were 
supported by Department of Defense grant W81XWH-18–1-0731. Dr. 
Rebuli was supported by the NIEHS branch of the NIH under award 
K01ES032837. Dr. Worden received a pilot project from the NIEHS 
branch of the NIH under award P30ES010126.

Declarations 

Conflict of Interest  No authors have any financial conflicts of interest.

Human and Animal Rights and Informed Consent  All reported stud-
ies/experiments involving human or animal subjects performed by the 
authors were in accordance with the ethical standards of institutional 
and/or national research committee and with the 1964 Helsinki declara-
tion and its later amendments or comparable ethical standards.

Disclaimer  The content is solely the responsibility of the authors and 
does not necessarily represent the official views of the National Insti-
tutes of Health.

References

Papers of particular interest, published recently, have 
been highlighted as:  
•   Of importance  
•• Of major importance

	 1.	 Pryor JT, Cowley LO, Simonds SE. The physiological effects of 
air pollution: particulate matter, physiology and disease. Front 
Public Health. 2022;10:882569. https://​doi.​org/​10.​3389/​fpubh.​
2022.​882569.

	 2.	 Shukla K, Seppanen C, Naess B, Chang C, Cooley D, Maier 
A, et al. ZIP code-level estimation of air quality and health risk 
due to particulate matter pollution in New York City. Environ 
Sci Technol. 2022;56(11):7119–30. https://​doi.​org/​10.​1021/​acs.​
est.​1c073​25.

	 3.	 Wang X, Chen L, Cai M, Tian F, Zou H, Qian ZM, et al. Air 
pollution associated with incidence and progression trajec-
tory of chronic lung diseases: a population-based cohort study. 
Thorax. 2023 :thorax-2022–219489. https://​doi.​org/​10.​1136/​
thorax-​2022-​219489.

	 4.	 Ford B, Val Martin M, Zelasky SE, Fischer EV, Anenberg SC, 
Heald CL, Pierce JR. Future fire impacts on smoke concentrations, 
visibility, and health in the contiguous United States. Geohealth. 
2018;2(8):229–47. https://​doi.​org/​10.​1029/​2018G​H0001​44.

	 5.	 O’Dell K, Bilsback K, Ford B, Martenies SE, Magzamen S, 
Fischer EV, Pierce JR. Estimated mortality and morbidity attrib-
utable to smoke plumes in the United States: not just a Western 
US problem. Geohealth;5(9):e2021GH000457. https://​doi.​org/​
10.​1029/​2021G​H0004​57.

	 6.	 Wilmot TY, Mallia DV, Hallar AG, Lin JC. Wildfire plumes 
in the Western US are reaching greater heights and injecting 
more aerosols aloft as wildfire activity intensifies. Sci Rep. 
2022;12(1):12400. https://​doi.​org/​10.​1038/​s41598-​022-​16607-3.

	 7.	 Balmes JR. Where there’s wildfire, there’s smoke. N Engl J Med. 
2018;378(10):881–3. https://​doi.​org/​10.​1056/​NEJMp​17168​46.

	 8.	 Cascio WE. Wildland fired smoke and human health. Sci Total 
Environ. 2018;624:586–95. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2017.​12.​086.

	 9.	 Naughten SM, Aguilera R, Gershunov A, Benmarhnka T, 
Leibel S. A perspective on pediatric respiratory outcomes 
during California wildfires due to smoke and PM2.5 expo-
sure. Front Pediatr 2022;10:891616. https://​doi.​org/​10.​3389/​
fped.​2022.​891616.

	10.•	 Rice MB, Henderson SB, Lambert AA, Cromar KR, Hall JA, 
Cascio WE, et al. Respiratory impacts of wildland fire smoke: 
future challenges and policy opportunities. An Official Ameri-
can Thoracic Society Workshop Report. Ann Am Thorac Soc. 
2021;18(6):921–930.  https://​doi.​org/​10.​1513/​Annal​sATS.​
202102-​148ST. This workshop reviewed the then-available 
evidence for health impacts of wildfire smoke exposure, and 
highlighted potential policy implications.

	11.	 Henry S, Ospina MB, Dennett L, Hicks A. Assessing the risk 
of respiratory-related healthcare visits associated with wildfire 
smoke exposure in children 0–18 years old: a systematic review. 
Int J Environ Res Public Health. 2021;18(16):8799. https://​doi.​
org/​10.​3390/​ijerp​h1816​8799.

	12.	 Aguilera R, Corringham T, Gershunov A, Leibel S, Benmarhnia 
T. Fine particles in wildfire smoke and pediatric respiratory health 
in California. Pediatrics. 2021;147(4):e2020027128.

	13.	 Thilakaratne R, Hoshiko S, Rosenberg A, Hayashi T, Buckman 
JR, Rappold AG. Wildfires and the changing landscape of air 
pollution-related health burden in California. Am J Respir Crit 
Care Med. 2022. https://​doi.​org/​10.​1164/​rccm.​202207-​1324OC.

	14.	 Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW. Warming 
and earlier spring increase western U.S. forest wildfire activity. 
Science. 2006;313(5789):940–3. https://​doi.​org/​10.​1126/​scien​ce.​
11288​34. Epub 2006 Jul 6.

	15.	 Hurteau MD, Westerling AL, Wiedinmyer C, Bryant BP. Pro-
jected effects of climate and development on California wildfire 
emissions through 2100. Environ Sci Technol. 2014;48(4):2298–
304. https://​doi.​org/​10.​1021/​es405​0133.

	16.	 Centre for Research on the Epidemiology of Disasters. Economic 
Losses, Poverty and Disasters 1998–2017. Economic Losses, Pov-
erty, and Disasters 2017 [cited 2020 Nov 1]. Available from: https://​
www.​preve​ntion​web.​net/​files/​61119_​crede​conom​iclos​ses.​pdf. 
Accessed 14 Apr 2023.

	17.	 NIFC. National Fire News: National Preparedness Level 5: 
National Interagency Fire Center; 2021 [cited 2021 Sep 9]. 
Available from: https://​www.​nifc.​gov/​fire-​infor​mation/​nfn. 
Accessed 14 Apr 2023.

	18.•	 Radeloff VC, Helmers DP, Kramer HA, Mockrin MH, Alexandre 
PM, Bar-Massada A, et al. Rapid growth of the US wildland-
urban interface raises wildfire risk. Proc Natl Acad Sci U S A. 
2018;115(13):3314–9. This study documented the expansion 
of the wildland-urban interface (WUI) over 2 decades in the 
U.S., which is of importance because it quantifies expanding 
risk of exposure.

	19.	 National Academies of Sciences, Engineering and Medicine. The 
Chemistry of Fires at the Wildland-Urban Interface.https://​nap.​
natio​nalac​ademi​es.​org/​resou​rce/​26460/​inter​active/. Accessed 14 
Apr 2023.

	20.	 Reid CE, Maestas MM. Wildfire smoke exposure under climate 
change: impact on respiratory health of affected communities. 
Curr Opin Pulm Med. 2019;25:179–87. https://​doi.​org/​10.​1097/​
MCP.​00000​00000​000552.

	21.	 Reid CE, Jerrett M, Tager IB, Petersen ML, Mann JK, Balmes 
JR. Differential respiratory health effects from the 2008 northern 
California wildfires: a spatiotemporal approach. Environ Res. 
2016;150:227–35. https://​doi.​org/​10.​1016/j.​envres.​2016.​06.​012.

	22.	 Gan RW, Ford B, Lassman W, Pfister G, Vaidyanathan A, 
Fischer E, et al. Comparison of wildfire smoke estimation 
methods and associations with cardiopulmonary-related hos-
pital admissions. Geohealth. 2017;1(3):122–36. https://​doi.​
org/​10.​1002/​2017G​H0000​73.

https://doi.org/10.3389/fpubh.2022.882569
https://doi.org/10.3389/fpubh.2022.882569
https://doi.org/10.1021/acs.est.1c07325
https://doi.org/10.1021/acs.est.1c07325
https://doi.org/10.1136/thorax-2022-219489
https://doi.org/10.1136/thorax-2022-219489
https://doi.org/10.1029/2018GH000144
https://doi.org/10.1029/2021GH000457
https://doi.org/10.1029/2021GH000457
https://doi.org/10.1038/s41598-022-16607-3
https://doi.org/10.1056/NEJMp1716846
https://doi.org/10.1016/j.scitotenv.2017.12.086
https://doi.org/10.1016/j.scitotenv.2017.12.086
https://doi.org/10.3389/fped.2022.891616
https://doi.org/10.3389/fped.2022.891616
https://doi.org/10.1513/AnnalsATS.202102-148ST
https://doi.org/10.1513/AnnalsATS.202102-148ST
https://doi.org/10.3390/ijerph18168799
https://doi.org/10.3390/ijerph18168799
https://doi.org/10.1164/rccm.202207-1324OC
https://doi.org/10.1126/science.1128834
https://doi.org/10.1126/science.1128834
https://doi.org/10.1021/es4050133
https://www.preventionweb.net/files/61119_credeconomiclosses.pdf
https://www.preventionweb.net/files/61119_credeconomiclosses.pdf
https://www.nifc.gov/fire-information/nfn
https://nap.nationalacademies.org/resource/26460/interactive/
https://nap.nationalacademies.org/resource/26460/interactive/
https://doi.org/10.1097/MCP.0000000000000552
https://doi.org/10.1097/MCP.0000000000000552
https://doi.org/10.1016/j.envres.2016.06.012
https://doi.org/10.1002/2017GH000073
https://doi.org/10.1002/2017GH000073


385Current Allergy and Asthma Reports (2023) 23:375–387	

1 3

	23.••	Hutchinson JA, Vargo J, Milet M, French NHF, Billmire M, 
Johnson J, Hoshiko S. The San Diego 2007 wildfires and 
Medi-Cal emergency department presentations, inpatient 
hospitalizations, and outpatient visits: an observational study 
of smoke exposure periods and a bidirectional case-crossover 
analysis. PLoS Med. 2018;15(7):e1002601. https://​doi.​org/​
10.​1371/​journ​al.​pmed.​10026​01. Findings from this large 
study in southern California suggest that the AQI level 
“unhealthy for sensitive groups” was associated with emer-
gency department visits for respiratory conditions the day 
following WFS exposure, compared to the AQI level “good” 
(OR 1.73; 95% CI 1.18–2.53). This effect was especially pro-
nounced for very young children.

	24.	 DeFlorio-Barker S, Crooks J, Reyes J, Rappold AG. Car-
diopulmonary effects of fine particulate matter exposure 
among older adults, during wildfire and non-wildfire periods, 
in the United States 2008–2010. Environ Health Perspect. 
2019;127(3):37006. https://​doi.​org/​10.​1289/​EHP38​60.

	25.	 Stowell JD, Geng G, Saikawa E, Chang HH, Fu J, Yang CE, et al. 
Associations of wildfire smoke PM2.5 exposure with cardiorespi-
ratory events in Colorado 2011–2014. Environ Int. 2019;133(Pt 
A):105151. https://​doi.​org/​10.​1016/j.​envint.​2019.​105151.

	26.	 Reid CE, Considine EM, Watson GL, Telesca D, Pfister GG, 
Jerrett M. Associations between respiratory health and ozone 
and fine particulate matter during a wildfire event. Environ Int. 
2019;129:291–8. https://​doi.​org/​10.​1016/j.​envint.​2019.​04.​033.

	27.	 Lipner EM, O’Dell K, Brey SJ, Ford B, Pierce JR, Fischer EV, 
Crooks JL. The associations between clinical respiratory out-
comes and ambient wildfire smoke exposure among pediatric 
asthma patients at National Jewish Health, 2012–2015. Geohealth. 
2019;3(6):146–59. https://​doi.​org/​10.​1029/​2018G​H0001​42.

	28.	 Gan RW, Liu J, Ford B, O’Dell K, Vaidyanathan A, Wilson 
A, et  al. The association between wildfire smoke exposure 
and asthma-specific medical care utilization in Oregon dur-
ing the 2013 wildfire season. J Expo Sci Environ Epidemiol. 
2020;30(4):618–28. https://​doi.​org/​10.​1038/​s41370-​020-​0210-x.

	29.	 Kiser D, Metcalf WJ, Elhanan G, Schnieder B, Schlauch K, Joros 
A, et al. Particulate matter and emergency visits for asthma: a 
time-series study of their association in the presence and absence 
of wildfire smoke in Reno, Nevada, 2013–2018. Environ Health. 
2020;19(1):92. https://​doi.​org/​10.​1186/​s12940-​020-​00646-2.

	30.	 Magzamen S, Gan RW, Liu J, O’Dell K, Ford B, Berg K, et al. 
Differential cardiopulmonary health impacts of local and long-
range transport of wildfire smoke. Geohealth. 2021;5(3):e2020
GH000330. https://​doi.​org/​10.​1029/​2020G​H0003​30.

	31.	 Tornevi A, Andersson C, Carvalho AC, Langner J, Stenfors N, 
Forsberg B. Respiratory health effects of wildfire smoke during 
summer of 2018 in the Jämtland Härjedalen region, Sweden. Int 
J Environ Res Public Health. 2021;18(13):6987. https://​doi.​org/​
10.​3390/​ijerp​h1813​6987.

	32.	 Malig BJ, Fairley D, Pearson D, Wu X, Ebisu K, Basu R. Exam-
ining fine particulate matter and cause-specific morbidity during 
the 2017 North San Francisco Bay wildfires. Sci Total Environ. 
2021;787:147507. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​147507.

	33.	 Hahn MB, Kuiper G, O’Dell K, Fischer EV, Magzamen S. Wild-
fire smoke Is associated with an increased risk of cardiorespira-
tory emergency department visits in Alaska. Geohealth. 2021;5
(5):e2020GH000349. https://​doi.​org/​10.​1029/​2020G​H0003​49.

	34.	 Howard C, Rose C, Dodd W, Kohle K, Scott C, Scott P, Cunsolo 
A, Orbinski J. SOS! Summer of Smoke: a retrospective cohort 
study examining the cardiorespiratory impacts of a severe and 
prolonged wildfire season in Canada’s high subarctic. BMJ Open. 
2021;11(2):e037029. https://​doi.​org/​10.​1136/​bmjop​en-​2020-​037029.

	35.	 Beyene T, Harvey ES, Van Buskirk J, McDonald VM, Jensen 
ME, Horvat JC, et al. ‘Breathing fire’: impact of prolonged bush-
fire smoke exposure in people with severe asthma. Int J Environ 

Res Public Health. 2022;19(12):7419. https://​doi.​org/​10.​3390/​
ijerp​h1912​7419.

	36.	 Heaney A, Stowell JD, Liu JC, Basu R, Marlier M, Kinney P. 
Impacts of fine particulate matter from wildfire smoke on respira-
tory and cardiovascular health in California. Geohealth. 2022;6(6
):e2021GH000578. https://​doi.​org/​10.​1029/​2021G​H0005​78.

	37.	 Moore LE, Oliveira A, Zhang R, Behjat L, Hicks A. Impacts of 
wildfire smoke and air pollution on a pediatric population with 
asthma: a population-based study. Int J Environ Res Public Health. 
2023;20(3):1937. https://​doi.​org/​10.​3390/​ijerp​h2003​1937.

	38.	 Blando J, Allen M, Galadima H, Tolson T, Akpinar-Elci M, 
Szklo-Coxe M. Observations of delayed changes in respira-
tory function among allergy clinic patients exposed to wild-
fire smoke. Int J Environ Res Public Health. 2022;19(3):1241. 
https://​doi.​org/​10.​3390/​ijerp​h1903​1241.

	39.•	 Cherry N, Barrie JR, Beach J, Galarneau JM, Mhonde T, 
Wong E. Respiratory outcomes of firefighter exposures in 
the Fort McMurray fire: a cohort study From Alberta Canada. 
J Occup Environ Med. 2021;63(9):779–786. https://​doi.​org/​
10.​1097/​JOM.​00000​00000​002286. Findings from this study 
suggest that occupational exposures to WFS are associated 
with special risk for asthma symptoms and diminished 
lung function.

	40.	 O’Dell K, Bilsback K, Ford B, Martenies SE, Magzamen S, 
Fischer EV, Pierce JR. Estimated mortality and morbidity attrib-
utable to smoke plumes in the United States: not just a western 
US Problem. Geohealth. 2021;5(9):e2021GH000457. https://​doi.​
org/​10.​1029/​2021G​H0004​57.

	41.	 Holm SM, Miller MD, Balmes JR. Heath effects of wildfire 
smoke in children and public health tools: a narrative review. J 
Expos Sci Environ Epidemiol. 2021;31:1–20. https://​doi.​org/​10.​
10138/​s41370-​00267-4.

	42.••	Black C, Gerriets JE, Fontaine JH, Harper RW, Kenyon NJ, 
Tablin F, et al. Early life wildfire smoke exposure is associ-
ated with immune dysregulation and lung function decrements 
in adolescence. Am J Respir Cell Mol Biol. 2017;56:657–66. 
https://​doi.​org/​10.​1165/​rcmb.​2016-​0380oc. This unique study 
investigated long-term effects of early-like WFS exposure on 
lung function and markers of immune function in macaque 
monkeys. These findings in a primate cohort provide strong 
evidence that WFS exposure can have lasting consequences 
for lung health.

	43.	 Dhingra R, Keeler C, Staley BS, Jardel HV, Ward-Caviness C, 
Rebuli ME, et al. Wildfire smoke exposure and early childhood 
respiratory health: a study of prescription claims data (preprint 
accessed 14 Apr 2023). https://​doi.​org/​10.​1101/​2022.​09.​20.​
22280​129v2.​full.​pdf.

	44.	 Gallanter T, Bozeman WP. Firefighter illnesses and injuries at a 
major fire disaster. Prehosp Emerg Care. 2002;6(1):22–6. https://​
doi.​org/​10.​1080/​10903​12029​09387​24.

	45.	 Duclos P, Sanderson LM, Lipsett M. The 1987 forest fire dis-
aster in California: assessment of emergency room visits. Arch 
Environ Health. 1990;45(1):53–8. https://​doi.​org/​10.​1080/​
00039​896.​1990.​99359​25.

	46.	 Künzli N, Avol E, Wu J, Gauderman WJ, Rappaport E, Millstein 
J, et al. Health effects of the 2003 Southern California wildfires 
on children. Am J Respir Crit Care Med. 2006;174(11):1221–8. 
https://​doi.​org/​10.​1164/​rccm.​200604-​519OC.

	47.	 Vicedo-Cabrera AM, Esplugues A, Iñíguez C, Estarlich M, 
Ballester F. Health effects of the 2012 Valencia (Spain) wild-
fires on children in a cohort study. Environ Geochem Health. 
2016;38(3):703–12. https://​doi.​org/​10.​1007/​s10653-​015-​9753-5.

	48.	 Fadadu RP, Grimes B, Jewell NP, Vargo J, Young AT, Abuabara 
K, et al. Association of wildfire air pollution and health care use for 
atopic dermatitis and itch. JAMA Dermatol. 2021;157(6):658–66. 
https://​doi.​org/​10.​1001/​jamad​ermat​ol.​2021.​0179.

https://doi.org/10.1371/journal.pmed.1002601
https://doi.org/10.1371/journal.pmed.1002601
https://doi.org/10.1289/EHP3860
https://doi.org/10.1016/j.envint.2019.105151
https://doi.org/10.1016/j.envint.2019.04.033
https://doi.org/10.1029/2018GH000142
https://doi.org/10.1038/s41370-020-0210-x
https://doi.org/10.1186/s12940-020-00646-2
https://doi.org/10.1029/2020GH000330
https://doi.org/10.3390/ijerph18136987
https://doi.org/10.3390/ijerph18136987
https://doi.org/10.1016/j.scitotenv.2021.147507
https://doi.org/10.1029/2020GH000349
https://doi.org/10.1136/bmjopen-2020-037029
https://doi.org/10.3390/ijerph19127419
https://doi.org/10.3390/ijerph19127419
https://doi.org/10.1029/2021GH000578
https://doi.org/10.3390/ijerph20031937
https://doi.org/10.3390/ijerph19031241
https://doi.org/10.1097/JOM.0000000000002286
https://doi.org/10.1097/JOM.0000000000002286
https://doi.org/10.1029/2021GH000457
https://doi.org/10.1029/2021GH000457
https://doi.org/10.10138/s41370-00267-4
https://doi.org/10.10138/s41370-00267-4
https://doi.org/10.1165/rcmb.2016-0380oc
https://doi.org/10.1101/2022.09.20.22280129v2.full.pdf
https://doi.org/10.1101/2022.09.20.22280129v2.full.pdf
https://doi.org/10.1080/10903120290938724
https://doi.org/10.1080/10903120290938724
https://doi.org/10.1080/00039896.1990.9935925
https://doi.org/10.1080/00039896.1990.9935925
https://doi.org/10.1164/rccm.200604-519OC
https://doi.org/10.1007/s10653-015-9753-5
https://doi.org/10.1001/jamadermatol.2021.0179


386	 Current Allergy and Asthma Reports (2023) 23:375–387

1 3

	49.	 Zhang Z, Kamil RJ, London NR, Lee SE, Sidhaye VK, Biswal 
S, Lane AP, Pinto JM, Ramanathan M Jr. Long-term exposure to 
particulate matter air pollution and chronic rhinosinusitis in non-
allergic patients. Am J Respir Crit Care Med. 2021;204(7):859–
62. https://​doi.​org/​10.​1164/​rccm.​202102-​0368LE.

	50.	 Padhye LV, Kish JL, Batra PS, Miller GE, Mahdavinia M. The 
impact of levels of particulate matter with an aerodynamic diam-
eter smaller than 2.5 μm on the nasal microbiota in chronic rhinos-
inusitis and healthy individuals. Ann Allergy Asthma Immunol. 
2021;126(2):195–197. https://​doi.​org/​10.​1016/j.​anai.​2020.​10.​006.

	51.	 Patel TR, Tajudeen BA, Brown H, Gattuso P, LoSavio P,  
Papagiannopoulos P, Batra PS, Mahdavinia M. Association of air 
pollutant exposure and sinonasal histopathology findings in chronic 
rhinosinusitis. Am J Rhinol Allergy. 2021;35(6):761–7. https://​doi.​
org/​10.​1177/​19458​92421​993655.

	52.	 Yang X, Shen S, Deng Y, Wang C, Zhang L. Air pollution expo-
sure affects severity and cellular endotype of chronic rhinosi-
nusitis with nasal polyps. Laryngoscope. 2022;132(11):2103–10. 
https://​doi.​org/​10.​1002/​lary.​29974.

	53.	 Tuazon JA, Kilburg-Basnyat B, Oldfield LM, Wiscovitch-Russo 
R, Dunigan-Russell K, Fedulov AV, Oestreich KJ, Gowdy KM. 
Emerging insights into the impact of air pollution on immune-
mediated asthma pathogenesis. Curr Allergy Asthma Rep. 
2022;22(7):77–92. https://​doi.​org/​10.​1007/​s11882-​022-​01034-1.

	54.	 Gonzalez DH, Soukup JM, Madden MC, Hays M, Berntsen J, 
Paulson SE, Ghio AJ. A fulvic acid-like substance participates in 
the pro-inflammatory effects of cigarette smoke and wood smoke 
particles. Chem Res Toxicol. 2020;33(4):999–1009. https://​doi.​
org/​10.​1021/​acs.​chemr​estox.​0c000​36.

	55.	 Wang B, Chen H, Xenaki D, Liao J, Cowie C, Oliver BG. Dif-
ferential inflammatory and toxic effects in-vitro of wood smoke 
and traffic-related particulate matter from Sydney, Australia. 
Chemosphere. 2021;272:129616. https://​doi.​org/​10.​1016/j.​
chemo​sphere.​2021.​129616.

	56.	 Gupta A, Sasse SK, Gruca MA, Sanford L, Dowell RD, Gerber 
AN. Deconvolution of multiplexed transcriptional responses to 
wood smoke particles defines rapid aryl hydrocarbon receptor 
signaling dynamics. J Biol Chem. 2021;297(4):101147. https://​
doi.​org/​10.​1016/j.​jbc.​2021.​101147.

	57.	 Fu X, Hong W, Li S, Chen Z, Zhou W, Dai J, Deng X, Zhou 
H, Li B, Ran P. Wood smoke particulate matter (WSPM2.5) 
induces pyroptosis through both Caspase-1/IL-1β/IL-18 and 
ATP/P2Y-dependent mechanisms in human bronchial epithelial 
cells. Chemosphere. 2022;307(Pt 2):135726. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2022.​135726.

	58.	 Ihantola T, Di Bucchianico S, Happo M, Ihalainen M, Uski O, 
Bauer S, et al. Influence of wood species on toxicity of log-
wood stove combustion aerosols: a parallel animal and air-
liquid interface cell exposure study on spruce and pine smoke. 
Part Fibre Toxicol. 2020;17(1):27. https://​doi.​org/​10.​1186/​
s12989-​020-​00355-1.

	59.	 Hargrove MM, Kim YH, King C, Wood CE, Gilmour MI, Dye JA, 
Gavett SH. Smoldering and flaming biomass wood smoke inhibit 
respiratory responses in mice. Inhal Toxicol. 2019;31(6):236–47. 
https://​doi.​org/​10.​1080/​08958​378.​2019.​16540​46.

	60.	 Ramos C, Cañedo-Mondragón R, Becerril C, González-Ávila 
G, Esquivel AL, Torres-Machorro AL, Montaño M. Short- 
term exposure to wood smoke increases the expression of pro-
inflammatory cytokines, gelatinases, and TIMPs in guinea pigs. 
Toxics. 2021;9(9):227. https://​doi.​org/​10.​3390/​toxic​s9090​227.

	61.	 Sun N, Han Z, Wang H, et al. Effects of ursolic acid on the 
expression of Th1-Th2-related cytokines in a rat model of 
allergic rhinitis after PM2.5 exposure. Am J Rhinol Allergy. 
2020;34(5):587–596.

	62.	 Alexis NE, Zhou LY, Burbank AJ, Almond M, Hernandez 
ML, Mills KH, et al. Development of a screening protocol to 

identify persons who are responsive to wood smoke particle-
induced airway inflammation with pilot assessment of GSTM1 
genotype and asthma status as response modifiers. Inhal Toxi-
col. 2022;34(11–12):329–39. https://​doi.​org/​10.​1080/​08958​378.​
2022.​21103​34.

	63.	 Sada-Ovalle I, Chávez-Galán L, Vasquez L, Aldriguetti S, 
Rosas-Perez I, Ramiréz-Venegas A, et al. Macrophage exposure 
to polycyclic aromatic hydrocarbons from wood smoke reduces 
the ability to control growth of Mycobacterium tuberculosis. 
Front Med (Lausanne). 2018;5:309. https://​doi.​org/​10.​3389/​
fmed.​2018.​00309.

	64.	 Brocke SA, Billings GT, Taft-Benz S, Alexis NE, Heise MT, 
Jaspers I. Woodsmoke particle exposure prior to SARS-CoV-2 
infection alters antiviral response gene expression in human 
nasal epithelial cells in a sex-dependent manner. Am J Physiol 
Lung Cell Mol Physiol. 2022;322:L479–94. https://​doi.​org/​10.​
1152/​ajplu​ng.​00362.​2021.

	65.	 Vose A, McCravy M, Birukova A, Yang Z, Hollingsworth JW, Que 
LG, Tighe RM. Wood smoke particle exposure in mice reduces 
the severity of influenza infection. Toxicol Appl Pharmacol. 
2021;426:115645. https://​doi.​org/​10.​1016/j.​taap.​2021.​115645.

	66.	 Rebuli ME, Speen AM, Martin EM, Addo KA, Pawlak EA, 
Glista-Baker E, et  al. Wood smoke exposure alters human 
inflammatory responses to viral infection in a sex-specific man-
ner. A randomized, placebo-controlled study. Am J Respir Crit 
Care Med. 2019;199(8):996–1007. https://​doi.​org/​10.​1164/​rccm.​
201807-​1287OC.

	67.	 Pardo M, Li C, Fang Z, Levin-Zaidman S, Dezorella N, Czech 
H, Martens P, et al. Toxicity of water- and organic-soluble wood 
tar fractions from biomass burning in lung epithelial cells. Chem 
Res Toxicol. 2021;34(6):1588–603. https://​doi.​org/​10.​1021/​acs.​
chemr​estox.​1c000​20.

	68.	 Deering-Rice CE, Nguyen N, Lu Z, Cox JE, Shapiro D, Romero 
EG, et l. Activation of TRPV3 by wood smoke particles and 
roles in pneumotoxicity. Chem Res Toxicol. 2018;31(5):291–
301. https://​doi.​org/​10.​1021/​acs.​chemr​estox.​7b003​36.

	69.	 Burrell KL, Nguyen ND, Deering-Rice CE, Memon TA, 
Almestica-Roberts M, Rapp E, et al. Dynamic expression of 
transient receptor potential vanilloid-3 and integrated signal-
ing with growth factor pathways during lung epithelial wound 
repair following wood smoke particle and other forms of lung 
cell injury. Mol Pharmacol. 2021;100(3):295–307. https://​doi.​
org/​10.​1124/​molph​arm.​121.​000280.

	70.	 Li X, Zheng M, Pu J, Zhou Y, Hong W, Fu X, et al. Identification 
of abnormally expressed lncRNAs induced by PM2.5 in human 
bronchial epithelial cells. Biosci Rep. 2018;38(5):BSR20171577. 
https://​doi.​org/​10.​1042/​BSR20​171577.

	71.	 Zeglinski MR, Turner CT, Zeng R, Schwartz C, Santacruz S, 
Pawluk MA, Zhao H, Chan AWH, Carlsten C, Granville DJ. Sol-
uble wood smoke extract promotes barrier dysfunction in alveo-
lar epithelial cells through a MAPK signaling pathway. Sci Rep. 
2019;9(1):10027. https://​doi.​org/​10.​1038/​s41598-​019-​46400-8.

	72.	 Memon TA, Nguyen ND, Burrell KL, Scott AF, Almestica-
Roberts M, Rapp E, Deering-Rice CE, Reilly CA. Wood smoke 
particles stimulate MUC5AC overproduction by human bronchial 
epithelial cells through TRPA1 and EGFR signaling. Toxicol Sci. 
2020;174(2):278–90. https://​doi.​org/​10.​1093/​toxsci/​kfaa0​06.

	73.	 Tassew D, Fort S, Mebratu Y, McDonald J, Chu HW, Petersen 
H, Tesfaigzi Y. Effects of wood smoke constituents on mucin 
gene expression in mice and human airway epithelial cells and 
on nasal epithelia of subjects with a susceptibility gene variant 
in Tp53. Environ Health Perspect. 2022;130(1):17010. https://​
doi.​org/​10.​1289/​EHP94​46.

	74.	 Singh D, Tassew DD, Nelson J, Chalbot MG, Kavouras IG, 
Tesfaigzi Y, Demokritou P. Physicochemical and toxicologi-
cal properties of wood smoke particulate matter as a function 

https://doi.org/10.1164/rccm.202102-0368LE
https://doi.org/10.1016/j.anai.2020.10.006
https://doi.org/10.1177/1945892421993655
https://doi.org/10.1177/1945892421993655
https://doi.org/10.1002/lary.29974
https://doi.org/10.1007/s11882-022-01034-1
https://doi.org/10.1021/acs.chemrestox.0c00036
https://doi.org/10.1021/acs.chemrestox.0c00036
https://doi.org/10.1016/j.chemosphere.2021.129616
https://doi.org/10.1016/j.chemosphere.2021.129616
https://doi.org/10.1016/j.jbc.2021.101147
https://doi.org/10.1016/j.jbc.2021.101147
https://doi.org/10.1016/j.chemosphere.2022.135726
https://doi.org/10.1016/j.chemosphere.2022.135726
https://doi.org/10.1186/s12989-020-00355-1
https://doi.org/10.1186/s12989-020-00355-1
https://doi.org/10.1080/08958378.2019.1654046
https://doi.org/10.3390/toxics9090227
https://doi.org/10.1080/08958378.2022.2110334
https://doi.org/10.1080/08958378.2022.2110334
https://doi.org/10.3389/fmed.2018.00309
https://doi.org/10.3389/fmed.2018.00309
https://doi.org/10.1152/ajplung.00362.2021
https://doi.org/10.1152/ajplung.00362.2021
https://doi.org/10.1016/j.taap.2021.115645
https://doi.org/10.1164/rccm.201807-1287OC
https://doi.org/10.1164/rccm.201807-1287OC
https://doi.org/10.1021/acs.chemrestox.1c00020
https://doi.org/10.1021/acs.chemrestox.1c00020
https://doi.org/10.1021/acs.chemrestox.7b00336
https://doi.org/10.1124/molpharm.121.000280
https://doi.org/10.1124/molpharm.121.000280
https://doi.org/10.1042/BSR20171577
https://doi.org/10.1038/s41598-019-46400-8
https://doi.org/10.1093/toxsci/kfaa006
https://doi.org/10.1289/EHP9446
https://doi.org/10.1289/EHP9446


387Current Allergy and Asthma Reports (2023) 23:375–387	

1 3

of wood species and combustion condition. J Hazard Mater. 
2023;441:129874. https://​doi.​org/​10.​1016/j.​jhazm​at.​2022.​129874.

	75.	 Koval LE, Carberry CK, Kim YH, McDermott E, Hartwell 
H, Jaspers I, Gilmour MI, Rager JE. Wildfire variable toxic-
ity: identifying biomass smoke exposure groupings through 
transcriptomic similarity scoring. Environ Sci Technol. 
2022;56(23):17131–42. https://​doi.​org/​10.​1021/​acs.​est.​2c060​43.

	76.	 Schwartz C, Bølling AK, Carlsten C. Controlled human 
exposures to wood smoke: a synthesis of the evidence. Par-
ticle Fibre Toxicol. 2020;17(1):49. https://​doi.​org/​10.​1186/​
s12989-​020-​00375-x.

	77.	 Sun B, Song J, Wang Y, Jiang J, An Z, Li J, et al. Associa-
tions of short-term PM2.5 exposures with nasal oxidative stress, 
inflammation and lung function impairment and modification by 
GSTT1-null genotype: a panel study of the retired adults. Envi-
ron Pollut. 2021;285:117215. https://​doi.​org/​10.​1016/j.​envpol.​
2021.​117215. Epub 2021 Apr 24. PMID:33932759.

	78.	 Rebuli ME, Brocke SA, Jaspers I. Impact of inhaled pollutants 
on response to viral infection in controlled exposures. J Allergy 
Clin Immunol. 2021;148(6):1420–9. https://​doi.​org/​10.​1016/j.​
jaci.​2021.​07.​002.

	79.	 Zhou X, Josey K, Kamareddine L, Caine MC, Liu T, Mickley LJ, 
Cooper M, Dominici F. Excess of COVID-19 cases and deaths 
due to fine particulate matter exposure during the 2020 wild-
fires in the United States. Sci Adv. 2021;7(33). https://​doi.​org/​
10.​1126/​sciadv.​abi87​89.

	80.	 Curtis L. PM2.5, NO2, wildfires, and other environmental 
exposures are linked to higher COVID-19 incidence, sever-
ity, and death rates. Environ Sci Pollut Res Int. 2021. Epub 
2021/08/20. PubMed PMID:34410599. https://​doi.​org/​10.​1007/​
s11356-​021-​15556-0.

	81.	 London NR Jr, Tharakan A, Rule AM, Lane AP, Biswal S,  
Ramanathan M Jr. Air pollutant-mediated disruption of sinonasal 
epithelial cell barrier function is reversed by activation of the Nrf2 
pathway. J Allergy Clin Immunol. 2016;138(6):1736–1738.e4. 
https://​doi.​org/​10.​1016/j.​jaci.​2016.​06.​027.

	82.	 Cho DY, Le W, Bravo DT, Hwang PH, Illek B, Fischer H, Nayak JV. 
Air pollutants cause release of hydrogen peroxide and interleukin-8 
in a human primary nasal tissue culture model. Int Forum Allergy 
Rhinol. 2014;4(12):966–71. https://​doi.​org/​10.​1002/​alr.​21413.

	83.	 Hong Z, Guo Z, Zhang R, Xu J, Dong W, Zhuang G, Deng 
C. Airborne fine particulate matter induces oxidative stress and 
inflammation in human nasal epithelial cells. Tohoku J Exp Med. 
2016;239(2):117–25. https://​doi.​org/​10.​1620/​tjem.​239.​117.

	84.	 France MM, Turner JR. The mucosal barrier at a glance. J Cell 
Sci. 2017;130(2):307–14. https://​doi.​org/​10.​1242/​jcs.​193482.

	85.	 London NR Jr, Tharakan A, Mendiola M, Sussan TE, Chen M, 
Dobzanski A, et al. Deletion of Nrf2 enhances susceptibility to 
eosinophilic sinonasal inflammation in a murine model of rhi-
nosinusitis. Int Forum Allergy Rhinol. 2019;9(1):114–9. https://​
doi.​org/​10.​1002/​alr.​22222.

	86.	 Zhao R, Guo Z, Zhang R, Deng C, Xu J, Dong W, et  al. 
Nasal epithelial barrier disruption by particulate matter ≤2.5 

μm via tight junction protein degradation. J Appl Toxicol. 
2018;38(5):678–687. https://​doi.​org/​10.​1002/​jat.​3573.

	87.	 Ramanathan M Jr, Tharakan A, Sidhaye VK, Lane AP, Biswal S, 
London NR Jr. Disruption of sinonasal epithelial Nrf2 enhances 
susceptibility to rhinosinusitis in a mouse model. Laryngoscope. 
2021;131(4):713–9. https://​doi.​org/​10.​1002/​lary.​28884.

	88.	 Park B, London NR Jr, Tharakan A, Rengasamy P, Rajagopalan S, 
Biswal S, et al. Particulate matter air pollution exposure disrupts 
the Nrf2 pathway in sinonasal epithelium via epigenetic alterations 
in a murine model. Int Forum Allergy Rhinol. 2022;12(11):1424–
7. https://​doi.​org/​10.​1002/​alr.​23010.

	89.	 Carlsen HK, Haga SL, Olsson D, Behndig AF, Modig L, Meister 
K, et l. Birch pollen, air pollution and their interactive effects on 
airway symptoms and peak expiratory flow in allergic asthma 
during pollen season - a panel study in Northern and Southern 
Sweden. Environ Health. 2022;21(1):63. https://​doi.​org/​10.​1186/​
s12940-​022-​00871-x.

	90.	 Stawoska I, Myszkowska D, Oliwa J, Skoczowski A, Wesełucha-
Birczyńska A, Saja-Garbarz D, Ziemianin M. Air pollution in 
the places of Betula pendula growth and development changes 
the physicochemical properties and the main allergen content of 
its pollen. PLoS One. 2023;18(1):e0279826. https://​doi.​org/​10.​
1371/​journ​al.​pone.​02798​26.

	91.	 Bagheri O, Moeltner K, Yang W. Respiratory illness, hospital 
visits, and health costs: is it air pollution or pollen? Environ Res. 
2020;187:109572. https://​doi.​org/​10.​1016/j.​envres.​2020.​109572.

	92.	 Paudel B, Chu T, Chen M, Sampath V, Prunicki M, Nadeau KC. 
Increased duration of pollen and mold exposure are linked to 
climate change. Sci Rep. 2021;11(1):12816. https://​doi.​org/​10.​
1038/​s41598-​021-​92178-z.

	93.	 Carberry CK, Koval LE, Payton A, Hartwell H, Ho Kim Y, Smith 
GJ, et al. Wildfires and extracellular vesicles: exosomal microR-
NAs as mediators of cross-tissue cardiopulmonary responses to 
biomass smoke. Environ Int. 2022;167:107419. https://​doi.​org/​
10.​1016/j.​envint.​2022.​107419.

	94.	 Xu R, Li S, Wu Y, Yue X, Wong EM, Southey MC, et al. 
Wildfire-related PM2.5 and DNA methylation: an Australian 
twin and family study. Environ Int. 2023;171:107704. https://​
doi.​org/​10.​1016/j.​envint.​2022.​107704.

	95.	 Kim YH, Rager JE, Jaspers I, Gilmour MI. Computational 
approach to link chemicals in anthropogenic smoke particulate 
matter with toxicity. Chem Res Toxicol. 2022;35(12):2210–3. 
https://​doi.​org/​10.​1021/​acs.​chemr​estox.​2c002​70.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.jhazmat.2022.129874
https://doi.org/10.1021/acs.est.2c06043
https://doi.org/10.1186/s12989-020-00375-x
https://doi.org/10.1186/s12989-020-00375-x
https://doi.org/10.1016/j.envpol.2021.117215
https://doi.org/10.1016/j.envpol.2021.117215
https://doi.org/10.1016/j.jaci.2021.07.002
https://doi.org/10.1016/j.jaci.2021.07.002
https://doi.org/10.1126/sciadv.abi8789
https://doi.org/10.1126/sciadv.abi8789
https://doi.org/10.1007/s11356-021-15556-0
https://doi.org/10.1007/s11356-021-15556-0
https://doi.org/10.1016/j.jaci.2016.06.027
https://doi.org/10.1002/alr.21413
https://doi.org/10.1620/tjem.239.117
https://doi.org/10.1242/jcs.193482
https://doi.org/10.1002/alr.22222
https://doi.org/10.1002/alr.22222
https://doi.org/10.1002/jat.3573
https://doi.org/10.1002/lary.28884
https://doi.org/10.1002/alr.23010
https://doi.org/10.1186/s12940-022-00871-x
https://doi.org/10.1186/s12940-022-00871-x
https://doi.org/10.1371/journal.pone.0279826
https://doi.org/10.1371/journal.pone.0279826
https://doi.org/10.1016/j.envres.2020.109572
https://doi.org/10.1038/s41598-021-92178-z
https://doi.org/10.1038/s41598-021-92178-z
https://doi.org/10.1016/j.envint.2022.107419
https://doi.org/10.1016/j.envint.2022.107419
https://doi.org/10.1016/j.envint.2022.107704
https://doi.org/10.1016/j.envint.2022.107704
https://doi.org/10.1021/acs.chemrestox.2c00270

	The Effects of Wildfire Smoke on Asthma and Allergy
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Wildfire Smoke and Asthma
	Wildfire Smoke and Upper Respiratory Illness, Allergy, or Rhinitis
	Mechanistic and Experimental Studies
	Altered Immune or Inflammatory Responses
	Altered Response to Infectious Agents
	Oxidative Stress
	Respiratory Epithelial Integrity
	Allergen Exposure
	Other Mechanistic Studies

	Conclusions and Areas of Further Research

	References


