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ABSTRACT

Outdoor air pollution and particulate matter (PM) in outdoor air is a major cause of lung
cancer. The purpose of this article is to review the current knowledge regarding the effects
of outdoor air pollution on lung cancer development and progression. There is clear and
substantial evidence of a link between outdoor ambient air pollution and lung cancer.
There is an interplay between environmental exposure and host factors, especially in those
with genetic risk. PM can promote development and progression of lung cancer through
inflammatory and immune mechanisms on pre-existing oncogenic mutations, by altering
the lung microbiome and through metabolic perturbations. There is an urgent need to
support efforts to improve air quality by reducing fossil fuel use. Health professionals
and policy decision makers play an important role in supporting continued advances in
research and implementation of measures to reduce the adverse health effects of outdoor
air pollution.
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INTRODUCTION
Background

Lung cancer continues to be the most diag-
nosed cancer and the leading cause of cancer
death globally with over 1.8 million deaths a
year'. At 20% or less, the five-year net survival
for lung cancer is among the lowest of all types
of cancer?. While tobacco smoking has been
the major cause of lung cancer, increasing ev-
idence indicates that air pollution and its ma-
jor component, particulate matter (PM), is the
second-highest specific cause of lung cancer
in many countries in Central and Eastern Eu-
rope, Southeast, East, Central and South Asia,
Latin America, North Africa and the Middle
East?. In some East Asian countries, the inci-
dence of lung adenocarcinoma has been in-
creasing over time, despite a steady decline
in male smoking since the 1990s and a constant
low smoking rate among females*, with over
50% of lung cancers now from people who have
never smoked*. In 2013, the International Agen-
cy for Research on Cancer (IARC) classified
outdoor air pollution and PM in outdoor air as
carcinogenic to humans (Group 1) and causes
of lung cancer’”. A Global Burden of Disease
Study in 2019 estimated that the percentage of
global lung cancers attributable to different risk
factors was 62.4% for smoking, 15.3% for PM
air pollution, 5.8% for second-hand smoke, and
4% for household air pollution from use of sol-
id fuels for cooking, pointing to the importance
of PM in the development of lung cancer®.

Objective

The purpose of this narrative review is to
review the current knowledge regarding the

effects of ambient air pollution on lung cancer
development and progression relevant to health
professionals and policy makers to mitigate
the harms.

METHODS

An English language literature search of
PubMed, Cochrane Library and Web of Sci-
ence was conducted using the keywords re-
lated to air pollution and lung cancer. The
date of last search was October 31, 2023.

MAIN FINDINGS
Epidemiologic evidence

Results of epidemiologic studies considered
as part of the IARC evaluation (above) consis-
tently demonstrated positive associations of
both outdoor air pollution and PM in out-
door air and lung cancer risk in a range of
cohort and case-control studies from different
continents, including studies in people who
have never smoked®>”!. In one large cohort
(n =188,699 enrolled in 1982) of never-smoking
individuals in the Cancer Prevention Study-II
(CPS-1I), the association between long-term
ambient PM with an aerodynamic diameter
< 2.5 microns (PM, ;) and lung cancer mortal-
ity was studied!!. Mean Metropolitan Statisti-
cal Area (MSA) PM, . concentrations were
determined for each participant based on cen-
tral monitoring data. Each 10 pg/m? increase
in PM, . concentrations was associated with a
15%-27% increase in lung cancer mortality.
The findings contributed to addressing con-
cerns regarding potential residual confound-
ing by cigarette smoking in previous work
and strengthened evidence for an association.
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Among more recent studies, the “Effects of
Low-level Air Pollution: a Study in Europe”
(ELAPSE) collaboration pooled data from
307,550 participants in seven cohorts from Eu-
rope to examine in more detail the shape of
the exposure-response relationship at low ex-
posure levels. The median (Q1, Q3) annual
(2010) exposure level of PM, . was 154 pg/m?>
(12.8, 17.3). A positive association with lung
cancer incidence was observed, including an
estimated linear or supra-linear association
with no threshold, at chronic exposure levels
below the current European Union (EU) air
quality limit of 25 pg/m® and possibly the
2005 World Health Organization (WHO) air
quality guideline (AQG) of 10 ug/m?3 2. There
were no associations with other pollutants
(NO,, BC or O,). In an analysis of PM, . elemen-
tal components, there were positive associa-
tions of lung cancer incidence with a range of
components, including biomass (K), oil burn-
ing (Ni, V) and secondary inorganic aerosols
(S)'3. Another study in a low air pollution area
in Australia also reported positive associa-
tions of both PM and BC and lung cancer
incidence in a cohort of older men'.

In registry-based studies, there were positive
associations with lung cancer incidence in the
county-level ecological analysis of > 1 million
lung cancer cases in the Surveillance, Epide-
miology, and End Results (SEER) program
data®. Primary time-independent models us-
ing average incidence rates from 1992-2016
and average PM, . from 1988-2015 were esti-
mated. The incident rate ratio per 10-ug/m?
increase in PM, ., for lung cancer was 1.19
(95% CI: 1.09, 1.30)!. In an analysis of lung
cancer incidence in the U.S. Medicare cohort,
there were significant positive associations of
long-term PM, . and NO, concentrations and

a marginal positive association with particle
radioactivity (PR) in multi-pollutant model-
ing'®. There were stronger associations of PM,
and PR observed among men, older partici-
pants, black participants, and those residing
in lower-income areas. Positive associations
for PM, . and NO, were also observed at levels
below current U.S. national air quality stan-
dards. Potential limitations include a lack of
individual-level risk factor data and general-
izability to the broader elderly population.
There were no associations between PM, . and
lung cancer mortality in analysis of national
population-based cohorts in Canada'”.

Analysis in the California Multiethnic Co-
hort sought to examine racial/ethnic differ-
ences in lung cancer risk!®. The study includ-
ed 2,796 incident lung cancer cases between
1993-2013. Latino (41%) and African Ameri-
can (32%) participants comprised the major-
ity of the included study population and
more often lived in lower socioeconomic
status (SES) areas with higher ambient air
pollution concentrations. The study observed
positive associations of several ambient air
pollutants and lung cancer incidence over-
all, and stronger associations with NO,_ and
NO, among participants residing in lower
SES areas.

Findings from analysis of six cohorts from the
Asia Cohort Consortium, including data on
over 340,000 participants from Bangladesh, In-
dia, Iran, Japan, Korea, and Taiwan, observed
positive associations of satellite-based NO,
(HR per 10 ppb = 1.13, 95% CI 1.01-1.26) but not
PM, . concentrations, and lung cancer mortal-
ity". The study contributes to fill important
data gaps in regions with fewer previous
studies.
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In the UK Biobank, analysis sought to exam-
ine if ambient air pollutants modified genetic
susceptibility to lung cancer based on poly-
genic risk score data of 18 SNPs?’. Overall,
there were significant positive associations
of PM, ., PM10, NO,, and NO_ and lung can-
cer incidence, with the greatest relative in-
creases among those with high genetic risk.
In a case-control study in Taiwanese females
who had never smoked, GWAS identified
SNPs and PM, . were found to improve lung
cancer risk prediction more than clinical de-
mographic data alone?!. Findings of an addi-
tive interaction between ambient air pollu-
tion and genetic risk suggest that efforts to
reduce ambient air pollution concentrations
will further benefit those with a higher ge-
netic susceptibility.

Less is known regarding ultrafine PM (< 0.1
microns in diameter) (UFP) for lung cancer. Re-
cent findings from the Los Angeles Ultrafines
Study, including 45,012 participants and 1,770
lung cancer cases, showed a modest positive
association of 10-year lagged historical residen-
tial ambient UFP number concentrations with
lung cancer risk overall, and somewhat stron-
ger associations for adenocarcinoma, particu-
larly among men??. In an analysis of 10.8 mil-
lion adults including 71,622 lung cancer deaths,
the Dutch national cohort reported significant
positive associations between annual average
UFP and lung cancer mortality?.

Specific sources of air pollutants

Outdoor air pollution derives from a range of
anthropogenic and natural sources. Few stud-
ies have examined specific outdoor air pollu-
tion sources or components in relation to lung

cancer risk!3?. Recently, due to climate chang-
es, and with increases in the frequency and
magnitude of wildfires, there is an emerging
literature on human health impacts of wild-
tire smoke on the general population. Wildfire
smoke impacts respiratory health more than
fine particles from other sources due to the
presence of more polar organic compounds®
and is threatening to erase the progress to im-
prove air quality. Findings from a recent pop-
ulation-based cohort study in Canada have
also pointed to long-term exposure to wild-
fires and increased lung cancer incidence?.
In an analysis of the 1996 Canadian Census
Health and Environment Cohort followed to
2015, excluding participants who lived in ma-
jor cities, there was a 4.9% (95% CI 3%-7%)
increased risk of lung cancer incidence for
participants exposed to wildfires based on
area burned within 50 km of the residence in
the previous 10 years compared to unexposed
populations. Findings were similar for a 20 km
radius. Further work to develop more refined
estimates of wildfire smoke exposure and its
constituents was recommended.

In addition to general population exposure to
wildfire smoke, there is also occupational ex-
posure among wildland firefighters. Although
occupational exposure as a firefighter was re-
cently classified as “carcinogenic to humans”
(Group 1) by an IARC Working Group, with
sufficient evidence for mesothelioma and blad-
der cancer, there was no clear epidemiological
evidence for an association with lung cancer
— though there remain potential methodologi-
cal concerns related to negative confounding
with lower rates of cigarette smoking among
firefighters than the general population?. Fire-
tighters are exposed to a range of combustion
products, building materials, asbestos, diesel
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engine exhaust (below), and other hazardous
agents. There were few studies of cancer risk
among wildland firefighters with and with-
out using respirators, though concentrations
of PM, . in the range of 0.25-1.0 mg/m? in
breathable air were described?.

Diesel engine exhaust was classified as a
Group 1 human carcinogen for lung cancer in
2012%. Consistent positive findings were ob-
served across a range of studies in different
industries, with well-characterised exposures,
many adjusting for cigarette smoking®. In a
recent extended follow-up of the Diesel Ex-
haust in Miners Study, doubling the number
of observed deaths, findings of increased
lung cancer mortality were sustained, with
an SMR of 1.24 (95% CI 1.13-1.37), and 1.26
(95% CI 1.11-142) among workers who ever
worked underground?®. In a nested case-con-
trol analysis, there were stronger adverse as-
sociations in the previous 10-19 year exposure
time window, sustained adverse associations
for 20+ years following cessation of exposure,
as well as a plateau/decline in risk in the
most exposed workers®. An overview of oc-
cupational agents of relevance for lung cancer
can be found in Loomis et al®.

In 2020, opium consumption was classified as
a Group 1 human carcinogen for lung cancer®.
A meta-analysis estimated an approximate
three-fold increase in lung cancer risk associat-
ed with a history of ever opium consumption?®.

There is little known regarding potential in-
teractions of outdoor air pollution with other
agents. In one study, it was estimated that 14%
(95% CI 00-25%) of lung cancer mortality in the
CPS-II was due to the interaction of ambient
PM, ; concentrations and cigarette smoking?*.

Measurement of air pollutants

Exposure assessment in previous epidemio-
logical studies of ambient air pollution and
lung cancer risk has been conducted using a
range of methods, often estimated at the res-
idential address for single- or multiple-years,
and either averaged for fixed time periods
near cohort baseline or end of follow-up or
updated in analysis over follow-up time in a
time-dependent manner. Cohort participants
are typically followed up for long periods of
time, often decades, for studies of cancer oc-
currence with differing trends in ambient air
pollution concentrations observed in different
geographic regions. In one study, it was esti-
mated that the global mean urban PM, . con-
centration was 35 ug/m? in 2019 overall, with
large regional differences in concentration
trends from 2000 to 2019, with the largest in-
creases observed in cities in South-East Asia
and the largest decreases in cities in Africa¥.

Among studies considered as part of the 2013
IARC evaluation®, ambient air pollution con-
centrations were generally estimated using
measured central outdoor monitoring data,
modeled based on atmospheric transport or
land-use regression models or using satellite-
based approaches (where measurement data
may be limited or unavailable)?’. For studies of
lung cancer survival, due to the relatively short
survival period from diagnosis, ambient air
pollution estimates at finer scales of temporal
resolution have been used (monthly or sea-
sonal values rather than annual estimates)®40,

Models for ambient air pollution exposure
estimation are being continually advanced
and refined. In the recent ELAPSE study, hy-
brid Europe-wide models were developed
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combining monitoring, land use data, satellite
observations, and dispersion model estimates at
the participant residence at a 100 m by 100 m
geographic scale for the year 2010 (towards
the end of follow-up), and were applied to the
residential address of cohort participants at
baseline!?. The models were validated to en-
sure the stability of the spatial structure at
different points in time*!. Yearly pollutant con-
centrations were also estimated using back-
extrapolation methods from 2010 to the cohort
recruitment year. For some cohorts, sensitivity
analysis taking into account residential mo-
bility patterns over time was performed.

In one recent US study, comparisons of nine
PM, . concentration models were performed
using different geophysical chemical trans-
port models, interpolation methods, a satellite-
derived aerosol optical depth-based method,
a Bayesian statistical regression model, and
data-rich machine learning methods*?. At re-
gional and national scales, the nine models
provided broadly consistent estimates. Anoth-
er previous study compared the use of ground-
based to remote sensing PM, . exposure met-
rics®. Recently, multi-year annual average PM,
estimates by source and composition concen-
tration were described at the US census tract
level*. There is also increasing interest in
better characterizing UFPs, through the de-
velopment of emission inventories and sys-
tematic monitoring and modelling®. A high
spatial resolution land-use regression model
for urban UFPs in Shanghai, China was re-
cently described*.

With the advent of exposome methods, there
have been increasing efforts in characterizing
personal air pollution exposure, including
specific constituents of PM, .*. Though such

measurements are usually performed on the
time scale of days to weeks, such studies pro-
vide useful information to understand assump-
tions of and agreement with outdoor exposure
estimates for different pollutants and expo-
sure circumstances®. In one study based on
agent-based modeling and personal sensors,
large differences in PM, . inhalation between
housemates and neighbours were observed?.
Another recent study applied an automated
classification of time-activity-location patterns
to improve the estimation of personal exposure
to air pollution®. Personal ambient air pollu-
tion exposures are influenced by outdoor and
indoor sources, time-activity patterns, and com-
muting behavior, though there are few studies
of lung cancer with such detailed data®. In
the UK Biobank, there was an increased lung
cancer risk among those commuting by public
transportation (HR = 1.58, 95% CI 1.08-2.33)
compared with automobile use, but not for
other commuting modes®. The association
with public transportation use was stronger
among those residing in higher NO, areas.

Environmental carcinogens
and tumorigenesis

A clinical study in Canada compared the de-
mographic and clinical features of lung can-
cer patients who had never smoked versus
those who had ever smoked. Using individu-
al assessment of cumulative exposure to out-
door PM, . quantified with a high spatial res-
olution global exposure model over a period
of 20 years prior to their cancer diagnosis, a
significantly higher cumulative outdoor PM, .
exposure was observed among those who
had never smoked™. The latter were more
likely females (70.5% versus 48.2%, p <0.001),
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who were significantly younger (66.5 years ver-
sus 69.2 years, p=0.0001), with adenocarcinoma,
more frequently East Asian (67.8% versus 16.7%
p <0.001), born outside of Canada (80.4% versus
374%, p <0.001), better educated, less likely to
have chronic obstructive pulmonary disease,
or a family history of lung cancer and lower
exposure to secondhand smoke. Workplace ex-
posure to known occupational carcinogens
such as asbestos, chromium, nickel, arsenic or
polycyclic hydrocarbons were infrequent™.
Therefore, lung tumors from patients who
have never smoked may provide insights into
the effects of air pollution exposure on lung
cancer development and progression.

Several large genomic and proteomic studies
have been conducted in lung cancer patients
who have never smoked using whole exome
sequencing, RNA sequencing, and proteome
analyses®*®”. Many carcinogens do not cause
a detectable DNA mutational signature in tu-
mors following exposure®®®. Although onco-
genic driver mutations such as EGFR muta-
tion are more prevalent in patients who have
never smoked, no dominant carcinogenic sig-
nal of mutations deriving from exogenous
sources have been identified aside from those
with indoor radon exposure®®¢!. Oncogenic
driver mutations such as EGFR mutations can
be present in non-tumor tissue in 19% of the
patients who have never smoked in whom the
same mutations were not selected during NS-
CLC tumorigenesis”. KRAS mutations were
also found in 38% of healthy lung tissue from
people without lung cancer who had never
smoked®”. Females are more likely to have an
EGFR mutation in healthy non-tumor lung
tissue”. A mutational signature that is more
commonly found in tumors from patients
who had never smoked is SBS18 (single base

substitutions 18, damage by reactive oxygen
species, Catalogue of Somatic Mutations in
Cancer)®62 Mutational signatures linked to
nitrated polycyclic aromatic hydrocarbons
(Nitro-PAH), and polycyclic aromatic hydro-
carbons (PAH) which are constituents of
PM, ; have been identified in lung adenocar-
cinomas of never smokers in several stud-
ies®>>% Nitro-PAHs and PAHs are formed
from incomplete combustion of fossil fuels
and biomass. Important sources include die-
sel exhaust from vehicles, industrial process-
es, and forest fires?0286364 Nitro-PAH can be
present in very fine particles down to the size
of < 1 um which can then accumulate in the
distal airways over time®. In a human bron-
chial epithelial malignant transformed cell
model, PM, . exposure was found to activate
APOBEC3B and other oncogenes and lead
to APOBEC mutational signatures. In 1,117
non-small cell lung cancers (NSCLCs) from
patients across four different geographic re-
gions, a significantly higher prevalence of
APOBEC mutational signatures was found in
NSCLCs from non-smoking versus smoking
Chinese patients, but this difference was not
observed in the TCGA Caucasian cohort®.
The mutational signature associated with di-
rect exposure to tobacco smoking (SBS4) was
not observed or observed in very low fre-
quency>>°7%’. Endogenous processes such as
SBS8 (linked to nucleotide excision repair de-
ficiency and late replication errors®®®, SBS6,
15, 21, 26, 44 (defective DNA mismatch re-
pair), and SBS1 (age-associated)*** predomi-
nate over exogenous processes. The sum of
these data suggests that the effect of air pol-
lution is likely to be related to an interplay
between environmental exposure and host
factors in keeping with a study using the UK
Biobank data that showed long-term exposure
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to air pollution may increase the risk of lung
cancer, especially in those with high genetic
risk (above)®.

Recently, a non-mutagenic mechanism where-
by air pollutants such as PM, , promote tum-
origenesis through pre-existing oncogenic mu-
tations accumulated in the aging process was
proposed by Swanton and colleagues®”77.
Using data from 5 cohorts from England, South
Korea, Taiwan, Canada and the UK Biobank,
which contain 440,466 individuals of White
and Asian ancestries, a significantly higher
incidence of lung cancer with EGFR mutation
was observed with higher PM, . exposure. The
frequency of EGFR-driven lung cancer cases
was 73% after three years of high air pollutant
exposure compared to 40% with low exposure
(p = 0.03). This association was not observed
after 20 years of high compared with low cu-
mulative exposure. The result suggested that
three years of high PM, . exposure may be suf-
ficient for EGFR-driven lung cancers to arise™.

Using genetically engineered mouse models
of lung adenocarcinoma with oncogenic hu-
man EGFRM>R expression, intratracheal in-
stillation of fine PM before or after oncogene
induction was found to promote carcinogen-
esis without enhancing mutagenesis with
short-term exposure”. A competent immune
system was required for tumorigenesis. An
enhanced and sustained increase in intersti-
tial alveolar macrophages with an increase
in PD-L1 expression was observed after PM
exposure. There was upregulation of genes
known to regulate macrophage recruitment,
including those that encode interleukin-1§3
(IL-1B), GM-CSE, CCL6 and NF-xB and the epi-
thelial-derived alarmin IL-33. There was also
upregulation of genes previously associated

with AT2 progenitor cell states. AT2 cells are
thought to be the cell of origin of lung adeno-
carcinoma’®. In a 3D organoid system, PM
exposure in macrophages alone was found to
be sufficient to increase organoid formation
efficiency of EGFR mutant AT2 cells com-
pared to control and the use of IL-1B antibody
Canakinumab, during PM exposure could
attenuate tumor formation. The study indi-
cates macrophages are a key source of IL-1B3
in response to PM and IL-1f signaling is re-
quired for the promotion of PM-mediated
EGFR-driven lung adenocarcinoma®.

Patients with lung cancer who have never
smoked are usually younger than those who
have smoked™. The source of EGFR or KRAS
mutant clones in normal lung tissue cannot
be explained by the effect of aging alone. The
possibility that PM, . and other air pollutants
cause premature aging in lung cells in sus-
ceptible individuals similar to the heightened
risk of chronic obstructive pulmonary dis-
ease (COPD) in people living with human
immunodeficiency virus” is an interesting
hypothesis that requires investigation such as
by measuring the epigenetic age using the
Horvath clock and the methylation telomere
length estimator™*”>. Exposure to traffic air
pollutants during infancy was found to have
an impact on lung function up to adolescence
suggesting a long-lasting effect”®. Potential
long-lasting detrimental effects from expo-
sure to air pollutants during infancy or child-
hood resulting in the development of mutant
clones should be considered in future studies.
In addition, as discussed above®?*, PM,; is
comprised of a complex mixture of chemical
species from diverse sources**7778, each po-
tentially having different effects on lung car-
cinogenesis. Global spatial variation in PM, .
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composition may explain the differences in the
molecular alterations in lung adenocarcinoma
between countries”. In vitro and animal stud-
ies need to be done with PM, . from different
sources to examine their mutagenic effects in
addition to tumor promotional effects.

Chronic exposure to environmental air pol-
lutants such as PM, . can also promote lung
cancer development or progression through
alteration of the lung microbiome. There is
increasing evidence that the commensal mi-
crobiota in the body, such as the lungs, reg-
ulate many important physiological func-
tions including the metabolism and immune
system and that certain microbes and micro-
biome dysbiosis are correlated with develop-
ment and progression of lung cancer®-%.
Recent studies have demonstrated the impor-
tance of the interplay between tumors and
bacterial symbiotes. For example, the local
microbiome can stimulate Myd88-dependent
IL-1B and IL-23 production from myeloid
cells, inducing proliferation and activation of
Vy6+Vol+ v0 T cells to produce IL-17 and oth-
er effector molecules to promote inflamma-
tion and lung tumor cell proliferation®:. In a
study that had paired malignant and non-ma-
lignant lung tissue from the same lobe or
segment from 75 patients with lung cancer,
the lung tumor microbiome was found to be
specifically enriched in bacteria that produce
L-methionine — an essential amino acid for
tumor cell growth and a precursor to S-ade-
nosyl methionine for DNA methylation that
cannot be synthesized by mammalian cells®.
Very recently, intratumor mycobiome such as
Aspergillus sydowii was found in patients
with lung adenocarcinoma®. In three differ-
ent syngeneic lung cancer mice models, A.
sydowii was found to promote lung tumor

progression by IL-1B secretion via B-glucan/
Dectin-1/CARD9 pathway, resulting in ex-
pansion and activation of myeloid-derived
suppressor cells, suppressed activity of cyto-
toxic T lymphocyte cells and accumulation of
PD-1+ CD8+ T cells. Human tumors enriched
in A. sydowii were associated with immuno-
suppression and poor outcome®. Exposure to
PM can alter the lung microbiome. In a study
by Yu and colleagues using the patients’ res-
idential address during the year prior to sur-
gical resection of their lung tumors to esti-
mate PM,, air particulate exposure, the lung
microbiome alpha diversity was found to in-
crease with environmental exposures to PM,
air particulates?.

Metabolic perturbations associated with air
pollution exposure that may play a role in
mediating lung cancer development were re-
cently studied using blood samples collected
from participants in the CPS-II and CPS-IIL
Gammaglutamyglutamine and gamma-glu-
tamylmethionine were found to be signifi-
cantly associated with CO, NO,, and PM,,
exposure and lung cancer incidence®. Metab-
olomic alterations associated with air pollu-
tion exposure and lung cancer development
need further investigations.

Clinical implications

The lung cancer promotion effect of PM ex-
posure has important clinical implications.
There is an emerging literature on the im-
pacts of outdoor air pollution on survival in
lung cancer patients. In an analysis of 352,053
California lung cancer patients, exposure to
higher levels of ambient PM,;, PM,, and
NO, were associated with poorer survival

4% ¥ BARCELONA
—d_ -+ RESPIRATORY
LF NETWORK

Collaborative research



S. Lam, M.C. Turner. Air pollution and lung cancer

following diagnosis, particularly among those
with early-stage adenocarcinoma. The medi-
an survival for patients with early-stage lung
cancer was 2.4 years for those with high
PM, . exposure (> 16 ug/m?) and 5.7 years for
those with low PM, . exposure (< 10 ng/m?3®.
Another study including 252,123 lung can-
cer patients from the Pennsylvania Cancer
Registry, observed the strongest adverse im-
pacts with NO, for deaths two-year post-
diagnosis, and among those with localized
disease. There were also adverse impacts of
PM,., O, and PM,*°. Another US study
sought to examine the impact of wildfire
exposure on postoperative long-term overall
survival in a cohort of 466,912 non-small cell
lung cancer patients®. Associations of active
wildfire detected at the zip code of resi-
dence at different times after surgery (rang-
ing from 0-12 months) were examined. Over-
all, there were adverse associations among
patients exposed to wildfires within three
months (HR = 1.43, 95% CI 1.41-1.45), from
4-6 months (HR = 1.39, 95% CI 1.37-1.41), and
from 7-12 months (HR = 1.17, 95% CI 1.15-
1.19) following hospital discharge for stage I
to III resection compared to unexposed pa-
tients. In a study of 11 million Medicare ben-
eficiaries in the South-Eastern U.S., adverse
associations of both long-term PM, . and O,
exposures with a first hospital admission
for lung cancer were observed, indicating
potential impacts on disease exacerbation®?.
In US SEER data from the years 2000-2016,
the relevance of county-level long-term am-
bient PM, . concentrations for mortality in a
cohort of 5,591,168 total cancer patients and
2,318,068 five-year cancer survivors was as-
sessed”. There was a weak adverse association
for all-cause mortality (HR per 10 ug-m? = 1.01,
95% CI 1.00-1.03), but stronger associations for

other mortality endpoints including COPD,
cardiovascular, and influenza and pneumo-
nia, ranging from 10% to 55% increases in
mortality risk. Stronger adverse cardiopulmo-
nary mortality associations were also observed
among those who received chemotherapy
or radiation treatments. The adverse effect of
air pollution exposure on survival, treatment
complication and second primary lung cancer
in lung cancer patients receiving treatment
may be analogous to patients who continue
to smoke®. The effectiveness of the use of
HEPA air filtering devices at home and wear-
ing N95 face mask outdoors or the use of IL-
1B inhibitor® as a short-term measure to mit-
igate the effect of PM,. during periods of
high pollution level such as during forest fire
smoke season requires further study.

From a chemoprevention perspective, identifi-
cation of microbiome specific to lung cancer in
relation to PM, . and other air pollutants expo-
sure may uncover the pathways and microen-
vironment changes driving tumor formation
and progression. Significant changes in the
lung microbiome of airways can occur sever-
al years before lung cancer diagnosis®. Mod-
ulation of the lung microbiome as a chemo-
preventive intervention needs to be explored.

Prediction of lung cancer risk
associated with air pollution
exposure

While validated lung cancer risk prediction
model such as the PLCOm2012 work well for
identifying high-risk individuals who have
ever smoked to guide selection of individuals
for CT screening and is being used in screen-
ing programs in Canada and the UK"%, the
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PLCOmM?2012 and other risk prediction models
exclude important established risk factors,
such as outdoor air pollution. The current
PLCOmM2012 model has the following predict-
ors: age, race/ethnicity, education (estimator
of socioeconomic circumstance), body mass
index, history of COPD, personal history of
cancer, family history of lung cancer, smok-
ing status (current versus former), smoking
intensity (cigarettes per day), smoking dur-
ation and smoking quit-years in former smok-
ers. For people who have never smoked, with-
out the addition of blood biomarkers such
as carcinoembryonic antigen (CEA), alpha-
fetal protein, single nucleotide polymorph-
isms (SNDPs) or spirometry data, the accur-
acy of these prediction models was modest™.
A risk prediction model that includes air pol-
lution exposure may help to identify never or
light smoking individuals with sufficient lung
cancer risk, who would benefit from thoracic
CT screening. However, inclusion of air pol-
lution exposure into a lung cancer risk pre-
diction model requires defining the relevant
exposure interval. For example, shorter-term
measurement of the previous three-year ex-
posure to reflect possible tumor promotion
effects of PM is less challenging than assess-
ing the effects of air pollution since birth be-
cause accurate measurement of PM and other
air pollutants are not available before the
1980’s. Since exposure to traffic-related air
pollution in infancy is negatively associated
with FEV1 in adolescence, with an additional
negative effect from later exposures’™, spiro-
metry measurement may be a simple and
cost-effective means to improve the accuracy
of lung cancer risk prediction in never smok-
ers and light smokers!®. The addition of gen-
etic factors may improve lung cancer risk pre-
diction further?2..

Public health recommendation

It has been clearly recognized that outdoor air
pollution is a major worldwide public health
challenge requiring multiple multi-level pub-
lic health and policy interventions for lung
cancer prevention'’l. There are a range of op-
portunities for engagement of the medical and
health community in the area of outdoor air
pollution which have been described in a re-
cent review by the International Association
for the Study of Lung Cancer Early Detection
and Screening Committee'®. They include in-
creasing awareness by health care communi-
ty and patients that exposure to air pollution
is the second largest risk factor for lung can-
cer, advocating for enhanced environmental
policies to decrease fossil fuel emissions and
use clean, sustainable energy instead; restrict-
ing air emission targets to the lowest levels as
recommended by the WHO, and support fur-
ther research into the pathophysiological and
carcinogenetic effects of PM, . and other pol-
lutants on human health.

In terms of guidelines and regulatory ap-
proaches, in 2021, the WHO released new
AQGs, lowering the threshold for recommend-
ed annual mean concentrations of PM, . from
10 ug/m? to 5 pg/m? and of NO, from 40 ug/m?
to 10 ug/m31%. The updated AQGs were based
on systematic reviews of the evidence, includ-
ing long-term PM, . and PM,, and lung can-
cer'®. In Europe, there has been detailed de-
bate regarding the proposal for revision of
the 2008 EU Ambient Air Quality Directives
(AAQD:s) in terms of potential alignment with
the updated WHO AQGs*1951%6, Tn 2022, the
European Commission published a proposal
for revision of the AAQDs which included
new annual limit values for PM, cand NO, of
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10 pug/m3 and 20 pg/m3 respectively by the year
2030, among other updates!?”1%. The proposal
was later updated in 2023 to include full align-
ment with the WHO AQGs by the year 2035%.

CONCLUSION

There is clear and substantial evidence of a
link between outdoor ambient air pollution
and lung cancer. There is an urgent need to
support efforts to improve air quality. Health
professionals and policy decision makers play
an important role in supporting continued
advances in research and implementation of
measures to reduce the adverse health effects
of air pollution.
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