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Abstract
Purpose for Review Since the coronavirus SARS-CoV-2 outbreak in China in late 2019 turned into a global pandemic,
numerous studies have reported associations between environmental factors, such as weather conditions and a range of air
pollutants (particulate matter, nitrogen dioxide, ozone, etc.) and the first wave of COVID-19 cases. This review aims to
offer a critical assessment of the role of environmental exposure risk factors on SARS-CoV-2 infections and COVID-19
disease severity.
Recent Findings In this review, we provide a critical assessment of COVID-19 risk factors, identify gaps in our knowledge (e.g.,
indoor air pollution), and discuss methodological challenges of association and causation and the impact lockdowns had on air
quality. In addition, we will draw attention to ethnic and socioeconomic factors driving viral transmission related to COVID-19.
The complex role angiotensin-converting enzyme 2 (ACE2) plays in COVID-19 and future promising avenues of research are
discussed.
Summary To demonstrate causality, we stress the need for future epidemiologic studies integrating personal air pollution
exposures, detailed clinical COVID-19 data, and a range of socioeconomic factors, as well as in vitro and in vivo mechanistic
studies.
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Introduction

Nearly a century after the 1918 influenza pandemic that killed
an estimated 50 million people worldwide [1], 2019 saw the
emergence in Wuhan, China, of a new coronavirus (2019-
nCov) causing severe respiratory symptoms, called coronavi-
rus disease 2019 (COVID-19) [2, 3]. Its sequence homology
with the coronavirus causing the acute respiratory syndrome
(SARS-CoV) in 2003 leads to the adoption of its present
name: SARS-CoV-2 [2]. As this new coronavirus quickly
spread across the world, the World Health Organization
(WHO) declared SARS-Cov-2 a public health emergency on
January 30, 2020, and a global pandemic on March 11, 2020.

As of November 2020, the United States is leading the world in
number of SARS-CoV-2 positive cases (> 11 million) and
COVID-19-associated death (> 245,000) [4], largely surpassing
the cumulative deaths attributed to influenza over the last 5 years
(https://www.cdc.gov/flu/about/burden/past-seasons.html).
Worldwide, over 55 million cases and 1.3 million death is
attributed to COVID-19, numbers that are likely undercounted
and will unfortunately rise over the coming winter months.

Epidemiology and Clinical Features
of COVID-19

Likemany respiratory viruses, SARS-CoV-2 is transmitted by
close contact, notably via small respiratory droplets emitted
when people sneeze, cough, and to a lesser extent speak. Early
reports out of China highlighted that elderly people, notably
men with underlying health conditions, were at high risk of
hospitalization and death [5]. Indeed, the fatality rate among
people over 70 years of age diagnosed with COVID-19 was
well above 10% but was 0.1% for children and young adults
[6]. While rare, cases of severe or fatal COVID-19 do occur in
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adolescents and young individuals in their twenties [7, 8],
suggesting either an undiagnosed underlying health condition
and/or potential genetic and gene-environment interactions. A
growing list of potential gene polymorphisms conferring in-
creased susceptibility to severe COVID-19 is being reported
[9]. Unsurprisingly, some of these life-threatening polymor-
phisms impair antiviral responses by affecting type 1 IFN
signaling [10, 11]. Future research might uncover gene-
environment interactions between candidate genes like these
and air pollutants. However, gene-environment studies have
their challenges, notably inadequate sample size/power, ex-
tensive computational demand, and the burden of multiple
testing [12, 13].

The aforementioned underlying health conditions reported
to increase the risk of developing severe or fatal COVID-19
include obesity; diabetes; hypertension; cardiovascular dis-
eases; heart, kidney, and liver diseases; immunodeficiencies
(cancers, transplants, etc.); and chronic obstructive pulmonary
disease (COPD) (Fig. 1) [14, 15]. Interestingly, most early
reports from the first wave of the pandemic found a low prev-
alence of asthma among patients with severe COVID-19 [16].
However, a large population-based study with almost half a
million participants (UK Biobank) found asthmatics, notably
those with non-allergic asthma, were at increased risk of de-
veloping severe COVID-19 [17]. It has been proposed that
patients suffering from non–type 2 asthma, some of which
have comorbidities like obesity or COPD, are at a higher risk
for progression to severe COVID-19 [18]. A recent compre-
hensive review of COVID-19 risk factors can be found here
[14].

Advanced age (> 80 years) is by far the major risk factor for
fatal COVID-19 [5, 19]. Other demographic risk factors in-
clude male sex, race, and socioeconomic status (Fig. 1) [19,
20]. Indeed, racial minorities and people of low socioeconom-
ic status in general represent an outsized portion of COVID-19
deaths [21–24]. Among 2658 SARS-CoV-2-tested UK
Biobank participants, low socioeconomic status was associat-
ed with a higher risk of confirmed infection (risk ratio 2.19;
95% CI 1.80–2.66 for most deprived quartile vs least) [25].
Individuals of Black race (RR 3.35; 95% CI 2.48–4.53) or
Pakistani ethnicity (RR 3.24; 95% CI 1.73–6.07) were at in-
creased risk for COVID-19-related hospitalization compared
to White British even after accounting for socioeconomic var-
iables (RR 2.05; 95% CI 1.39–3.03) [25]. In a retrospective
cohort study in Louisiana, Blacks were overrepresented
among all patients who died in the hospital (70.6%) [26].
However, Black race was not associated with higher in-
hospital mortality than White race, after adjusting for differ-
ences in sociodemographic characteristics [26]. Similarly, in a
US cohort study of 11,210 adult patients from 12 states hos-
pitalized with COVID-19, there was no statistically significant
difference in risk of mortality between Black and White hos-
pitalized patients after adjustment for age, sex, insurance, co-
morbidities, neighborhood deprivation, and site of care [27].
Nevertheless, in Louisiana, Black individuals were at in-
creased risk of being hospitalized compared to Whites (OR
1.96; 95% CI 1.62–2.37) [26]. Taken together, these findings
suggest that socioeconomically deprived racial minorities are
at increased risk of infection by SARS-CoV-2, likely for a
range of reasons including crowded living conditions and

Fig. 1 Air pollution’s impact on health exacerbates COVID-19. Chronic
exposure to air pollution contributes to adverse health outcomes
associated with a range of chronic diseases most of which overlap with
risk factors for severe COVID-19. The receptor for SARS-CoV-2,

angiotensin-converting enzyme 2 (ACE2), is expressed in numerous
organs explaining the wide range of symptoms associated with
COVID-19
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being essential workers during the lockdown [21, 23, 24].
While growing evidence support an association between vita-
min D deficiency and adverse COVID-19 outcomes [28], its
contribution to the increased risk faced by individuals with
dark skin with low vitamin D requires further investigation.

Environmental Factors Affecting COVID-19
Cases and Outcomes

While a wide range of environmental factors may contribute
to SARS-CoV-2 transmission and COVID-19 severity, pub-
lished studies so far have mainly focused on air pollution and
weather conditions. We will therefore present here a compre-
hensive overview as well a critical assessment of the most
relevant of this rapidly growing list of peer-reviewed publica-
tions investigating association between air pollution and
COVID-19 outcomes. We will discuss challenges in
conducting these studies, most of which are ecological in na-
ture and limitations in their interpretation.

Air Pollution, Mortality, Health Disparities, and
Chronic Diseases

The impact of air pollution on human health is supported by
numerous epidemiologic studies worldwide and represents a
significant contributor to the global burden of disease [29, 30].
Air pollution is a complex mixture that includes, among
others, small particulate matter (PM2.5, PM10), nitric dioxide
(NO2), SO2, CO, and volatile organic compounds (VOCs)
derived from vehicular traffic, industry, and household emis-
sions. The majority of large cohorts around the world found a
significant increased risk of mortality per 10μg/m3 increase in
PM2.5 exposure [31]. Increased air pollution–associated mor-
tality is not only observed in developing countries in Africa
and Asia [30], but also in the United States despite much
stricter air quality standards [32]. Specifically, a 10 μg/m3

increase in long-term PM2.5 exposure is associated with a
7.3% (hazard ratio 1.073; 95% CI 1.071–1.075) increase in
the rate of all mortality causes. Among Blacks, the estimate
for PM2.5 was three times as high as that for the overall pop-
ulation [32]. Indeed, pollution-associated health effects
disproportionally affect low-income families and racial minor-
ities in the United States [33].

Fine and ultrafine particles (particles smaller than, respec-
tively, 2.5 and 0.1 μm in diameter) can reach the alveoli and
cross into not only the blood stream but may also cross the
brain barrier or reach the fetus, potentially contributing to low
infant birth weights [34, 35]. Thus, air pollution does not only
promote oxidative stress in the airways [36], it also leads to an
accumulation of particles throughout the body over a lifetime.
Accordingly, exposure to air pollutants has been associated
with not only acute respiratory illnesses but also with a wide

range of chronic diseases like cardiovascular diseases, diabe-
tes, cancers, and chronic liver and kidney diseases [30], most
of which overlap with risk factors for severe COVID-19 (Fig.
1). Air pollution can negatively influence lung development in
children and adolescents [37]. However, the greatest
pollution-related deleterious impacts may occur later in life,
since reduced lung function is a strong risk factor for compli-
cations and early death during adulthood [38]. Besides its
reported impact on COPD and asthma [39, 40], air pollution
has also been shown to promote respiratory viral infections,
recently reviewed here [41]. Notably, in a large observational
case-crossover study, short-term increases in PM2.5 were as-
sociated with elevated odds of being diagnosed with RSV in
young children or influenza in children of all ages [42].
Importantly, three studies assessing the impact of air pollution
on the SARS outbreak in the spring of 2003 in China reported
positive associations [43–45]. Specifically, each 10 μg/m3

increase over a 5-day moving average of PM10 and NO2

corresponded to a relative risk increase of, respectively, 1.06
(95% CI 1.00–1.12) and 1.22 (95% CI 1.01–1.48) [44].
However, meteorological factors appear to show a stronger
association than air pollution index in the third study [45]. A
critical review of these studies and their limitations can be
found here [46].

Weather Conditions Affect Air Pollution and COVID-19
Cases

Viral infections often increase during the winter season. The
rise in the cases is thought to be due to the effect of the envi-
ronment on viral stability, transmission, behavior changes of
humans where colder temperatures restrict outdoor activities
in favor of indoor gatherings, and changes in immunity level
[47, 48]. Winter months are usually associated with lower
temperatures, lower absolute humidity, and lower indoor rel-
ative humidity. The first wave of the pandemic affected coun-
tries in the Northern hemisphere (China, Europe, and the
United States) during the winter and early spring months.
There is evidence that SARS-CoV-2 survives longer on sur-
faces in temperate rather than warm conditions [49]. COVID-
19 cases have been substantially lower in tropical countries,
potentially in part because of higher temperature [50]. Indeed,
several studies have found modest but significant associations
between weather conditions, notably humidity and tempera-
ture, and COVID-19 cases [51–54]. However, other studies
have not always found significant associations between mete-
orological factors and COVID-19 cases [55]. Anecdotally,
while COVID-19 cases substantially decreased during the
summer months in Europe following spring lockdowns and
continuous social distancing measures, COVID-19 cases in-
creased over the summer months in some US states like
Florida where usage of air conditioning is ubiquitous, suggest-
ing that outdoor temperatures may not be a critical factor in
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SARS-CoV-2 transmission. Indeed, the potential impact of
climate and weather conditions on SARS-CoV-2 transmission
is likely minor when placed in the context of mitigation strat-
egies and lack of population immunity during a pandemic and
should not adversely shape risk perception [54, 56, 57]. A
framework to improve research vying to link weather, climate,
and COVID-19 has been proposed [58]. Finally, it is also
important to note that weather conditions also directly impact
air pollution [59], and this should be taken into account when
trying to assess the respective contribution of weather condi-
tions and air pollution on COVID-19.

Impact of Lockdowns on Air Pollution

In the early days of the pandemic, numerous affected countries
have resorted to mitigation strategies involving some form of
home isolation to curb the spread of the virus [60–63].
Because long-term exposure studies often use average yearly
exposure measurements from prior years, the long-term stud-
ies mentioned above won’t take into account variation in pol-
lution exposure following total lockdowns of whole regions or
countries. These shelter-in-place lockdowns have resulted in
significant decreases in traffic-related air pollution, especially
in the most highly polluted areas in China, India, Brazil, Italy,
and the United States [64–66]. Of note, in New York City
where air pollution is severalfold lower than in Wuhan or
Delhi, the observed reduction in NO2 and PM2.5 levels ob-
served in early spring of 2020 was similar in magnitude to
seasonal declines were observed in the previous 5 years
[66]. Finally, several studies have now reported that this de-
crease in traffic-related air pollution during regional lock-
downs was associated with a significant increase in ozone
[64, 65, 67] as well as, in China at least, fine particulate matter
[64, 68]. These changes in the nature of air pollutants during
the first wave of the SARS-CoV-2 pandemic highlight the
challenges in assessing the potential impact of air pollution
on COVID-19 outcomes. They also offer opportunities to im-
prove mathematical modeling of the impact that these dramat-
ic reductions in traffic-related air pollution will have on over-
all pollution levels in cities around the world. Estimating the
benefit from this transient decrease in traffic-related air pollu-
tion on SARS-CoV-2 spread in light of the mitigation strate-
gies designed to curb the spread of the virus is even more
challenging.

Assessing the Impact of Air Pollution on the First
Wave of the Pandemic

As soon as the first wave of COVID-19 cases exploded in
China and Italy in early 2020, several reports noticed an asso-
ciation between highly polluted regions, like the Po Valley in
Italy, and large numbers of COVID-19 cases.Within a month,
a string of studies of varying quality started to appear in

preprint on medRxiv. A couple of summaries of these early
studies have been published [46, 69].

Before we highlight a few studies from China, Europe, and
the United States, it is important to acknowledge that these
early studies are ecological in nature. This means that the data
used in these studies rely on publicly available air pollution
data and COVID-19 cases within administrative regions and
offer no insight into individual exposures or health outcomes.
A portion of these early studies are long-term exposure stud-
ies, which assess the chronic impact of air pollutants on dis-
ease outcomes, often using annual mean levels of certain pol-
lutants (NO2, PM2.5, etc.) during prior years. Thus, long-term
exposure studies are a reflection of the impact that years of
exposure to air pollution have on a range of chronic diseases
representing risk factors for severe COVID-19. In contrast,
short-term studies use time-series to determine the effects of
short-term changes in air pollution on health outcomes [70],
by modeling potential associations between daily variations in
both air pollution and, for example, COVID-19 mortality.

In a short-term exposure study conducted in 120 Chinese
cities between January 23 and February 29, 2020, Zhu et al.
found a positive association between daily concentrations of
PM2.5, PM10, NO2, O3, and to a lesser degree CO with daily
confirmed COVID-19 cases [71]. All air pollutants signifi-
cantly correlated with each other and with average daily tem-
peratures and humidity. To reduce collinearity, the author
assessed each pollutant separately, while controlling for
weather (temperature, humidity, air pressure, wind speed)
and time-independent fixed effects, like city size and popula-
tion density. As the incubation period for SARS-CoV-2 is 3–
14 days, the authors estimated the association between
COVID-19 cases and moving average concentrations of air
pollutant (lag0-7, lag0-14, lag0-21) using a generalized addi-
tive model (GAM) and assumed a Gaussian distribution.
Specifically, a 10 μg/m3 increase (lag0-14) in PM2.5, PM10,
NO2, and O3 were associated with, respectively, a 2.24%,
1.76%, 6.94% and 4.76% increase in COVID-19 cases. Of
note, SO2 showed an inverse association. Overall results were
generally similar if the city of Wuhan, which had significantly
more cases, was excluded from the analysis or when the au-
thors used a two-pollution model. Findings for particulate
matter were confirmed by another short-term study excluding
the city of Wuhan but including 63 cities (37 with > 100 cases
and 26 with 50–100 cases) [72]. The small number of con-
firmed COVID-19 cases outside the city ofWuhan and the use
of regression models assuming normal distribution temper
these findings [46].

A long-term study in the United States used COVID-19
death counts reported in 3089 US counties between
March 22 and June 18, 2020, and average PM2.5 concentra-
tions (2000–2016) for each county based on calculated esti-
mates combining satellite data, chemical transport models,
and ground monitors [73]. Of note, during this first wave of
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the pandemic, the majority of less-populated central states
reported few cases and as a result about 40% of US counties
had no COVID-19 deaths as of June 18. The authors therefore
used a negative binomial mixed regression model and also
conducted numerous sensitivity analyses to assess the robust-
ness of their findings. The authors found that an increase of 1
μg/m3 in long-term average PM2.5 is associated with a sig-
nificant 11% (mortality rate ratio 1.11; 95% CI 1.06–1.17)
increase in COVID-19 mortality rate [73]. Other significant
confounding associations with COVID-19 mortality included
population density, median household income, education (less
than high school degree), smoking, and age (> 65 years). The
strength of the association between PM2.5 and COVID-19
mortality remained largely unchanged when the city of New
York, which experienced a large number of COVID-19
deaths, were excluded. The authors highlight the strength
and limitations (no adjustment for individual-level risk; poten-
tial outcome errors; no real-time exposures) of their study in a
detailed table [73]. A similar study focused on hazardous pol-
lutants also found that a 1 μg/m3 increase in PM2.5 correlated
with a 7% (MRR 1.07; 95% CI 1.02–1.12) increase in
COVID-19 mortality rate ratio [74]. However, while positive
associations with diesel PM and acetaldehyde hazard quo-
tients remained significant in a multi-pollution model, PM2.5

did not. Similarly, in another cross-sectional nationwide study
using zero-inflated negative binomial models to estimate the
association between long-term (2010–2016) county-level ex-
posures to NO2, PM2.5, and ozone and COVID-19 case-fatal-
ity andmortality rates, PM2.5 was significantly associatedwith
COVID-19 mortality rates when a single pollutant model was
used but was barely significant (MRR 1.15; 95% CI 1.00–
1.32; p = 0.051) in a tri-pollutant model, whereas NO2 levels
remained positively associated with both COVID-19 case-fa-
tality and mortality rates [75]. Although the authors controlled
for several confounders including weather conditions; demo-
graphic, socioeconomic, and health-related factors; and pop-
ulation density, they could not exclude that NO2 may be a
proxy for urbanicity [75].

The long-term study by Travaglio et al. is the first pub-
lished study to employ individual-level data obtained by the
UK Biobank to assess the relationship between air pollution
exposure and COVID-19, after controlling for individual con-
founders such as age, socioeconomic status, and underlying
health conditions [76]. This dataset contained 1464 partici-
pants who had been tested by April 26, 2020, including 664
diagnosed with COVID-19. Long-term average (2014–2018)
exposure to PM2.5, PM10, and NO2 were significantly associ-
ated with increased COVID-19 cases. Specifically, a 1-unit
increase in PM2.5, PM10, and NO2 were associated with, re-
spectively, a 12%, 8%, and 4.5% increase in cases [76]. In
contrast, their ecological study using local-level data (103,409
lab-confirmed COVID-19 cases and 32,903 deaths reported in
England between February 1 and end of April 2020) suggests

that while a 1 μg/m3 increase in NO2 is associated with little
over 3% more cases and COVID-19-related deaths, PM2.5,
PM10, and ozone are negatively associated with infections
and COVID-19mortality [76]. This discrepancy likely reflects
ecological bias, notably when assessing exposure levels, as
the Biobank participant exposure was estimated based on the
nearest available air pollutionmeasures. Taken together, while
these studies support a role for air pollution in promoting
COVID-19, more detailed studies covering multiple waves
of SARS-CoV-2 infections and including more personalized
data are needed to confirm these findings.

Potential Contribution of Particulate Matter to
Airborne SARS-CoV-2 Transmission

SARS-CoV-2 has been proposed to not only be carried by
respiratory droplets but also by smaller airborne particles
(droplet nuclei < 5 μm) that can stay in the air for hours and
travel longer distances [77–79]. Airborne SARS-CoV-2 RNA
has been detected indoors in two Wuhan hospitals and in
crowded areas nearby [80]. However, more studies are needed
to assess to what degree airborne SARS-CoV-2 transmission
occurs indoors, not only in a hospital setting but also in house-
holds where poor indoor air quality may promote viral trans-
mission. The potential contribution of particulate matter to
outdoor SARS-CoV-2 transmission was raised by a study
where a quarter of the 34 PM10 samples collected from out-
door air samplers in the Italian City of Bergamo had detectable
SARS-CoV-2 RNA [81]. Another study collected particulate
matter from Venice in northern Italy and Lecce, in the south,
and found concentrations of virus-laden aerosol PM10 samples
below 0.8 copies/m3 [82]. These low concentrations are un-
likely to represent a major vector of transmission for SARS-
CoV-2 in outdoor settings, at least at these levels of pollution
and SARS-CoV-2 reported cases.

Indoor Air Pollution and COVID-19

In addition to some outdoor pollutants, indoor air contains a
range of pollutants, includingVOCs from furniture and house-
hold products [83, 84] (https://www.epa.gov/indoor-air-
quality-iaq/what-are-volatile-organic-compounds-vocs).
Exposure to indoor air pollution from household energy use
depends on type of fuel, housing characteristics, and stove use
behavior. In developing countries, fumes from burning
biomass (wood) for heating and cooking are a major source
of indoor air pollution and contribute to respiratory infections
[85, 86]. Exposure to smoke from biomass burning is reported
to promote COPD [86, 87]. However, in a recent large
population-based study (Burden of Obstructive Lung
Disease), which included 18,554 adults from low-/middle-
and high-income countries, airflow obstruction was not asso-
ciated with self-reported use of solid fuels for cooking or
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heating [88]. Thus rigorous studies will be needed to deter-
mine if, as suggested [89], biomass burning might also impact
COVID-19. Early studies suggest that a history of smoking
and/or COPD increases the risk of developing severe COVID-
19 [5, 15, 90]. The role of current smoking is not yet clear [90,
91]. In the British OpenSAFELY study, which included
10,926 COVID-19-related death, hazard ratios for former
smokers were substantially higher than current smokers and
remained high (HR 1.19; 95% CI 1.14–1.24) after taking into
account a range of confounding factors [19]. Thus, the irre-
versible decline in lung function following years of smoking is
driving risk rather than current smoking status. There is lim-
ited information on the impact of secondhand smoke exposure
on airway infections [92] and to our knowledge none regard-
ing SARS-CoV-2. As mitigation strategies to limit the spread
of this coronavirus have shifted the way people work and
dramatically increased time spent indoors, more research on
household and workplace air quality and its impact on health
in general, and COVID-19 in particular, is urgently needed.

In Search of a Causal Link Between Air
Pollution and COVID-19 Severity

The Challenge of Determining Causality in
Epidemiology

It is important to distinguish between association and cau-
sation. Epidemiologists strive to conclude about causation,
but most epidemiologic studies focus on establishing asso-
ciations. Association is a statistical relationship between
two variables, which may be associated without a causal
relationship. Hence, correlation doesn’t necessarily mean
causation especially when numerous potential confounders
are not assessed. Well-planned study design and analysis
methods are part of the standard methodologic toolkit to
determine causality in epidemiology. An excellent review
of causal modeling methods used to assess the effects of
environmental exposures like air pollution on health out-
comes were recently published [93]. Because observational
studies are not randomized, groups need to be as compara-
ble as possible and significant results from these studies
should always be interpreted with caution because of po-
tential collider bias. For example, patients hospitalized
with COVID-19 or volunteers participating in a large study
like the UK Biobank may not be representative of the gen-
eral population [94]. Bias and the use of incorrect paramet-
ric model specifications are limitations of causal inference.
Using a cohort of 68 million Medicare enrollees and math-
ematical estimates of PM2.5 levels at the ZIP code levels,
Wu et al. used both traditional regression modeling as well
as three approaches for causal inference that rely on the
potential outcomes framework and generalized propensity

scores (GPSs) [95]. These approaches adjust for confound-
ing using (i) matching by GPS, (ii) weighting by GPS, and
(iii) adjustment by GPS, by including GPS as a covariate in
the health outcome model. While traditional approaches
rely on regression modeling to account for confounding
factors, there is a need for individualized pollution assess-
ment and large-scale testing for SARS-CoV-2 infections to
identify all asymptomatic cases. In addition, current ap-
proaches are based on average regional value and there is
a need of high-sensitivity wearable devices to monitor per-
sonal airborne biological and chemical exposures. The de-
velopment of personalized air pollution monitors coupled
with GPS tracking and the ability of smartwatches/health
trackers to offer early warning of potential SARS-CoV-2
infection promises more personal risk assessments [96,
97]. Ultimately, personalized exposure measurements
could be integrated with detailed personal health data
resulting from the growing use of multi-omics most nota-
bly in COVID-19 patients.

Potential Mechanisms: ACE2 Friend or Foe?

Within months of its discovery, scientists established that like
SARS-CoV [98], SARS-CoV2 infects cells through binding
its spike glycoprotein to the angiotensin-converting enzyme 2
receptor (ACE2) following priming by transmembrane prote-
ase serine 2 (TMPRSS2) (Fig. 2) and/or other host proteases
(furin, cathepsin, etc.) [99–101]. The presence of ACE2 on a
wide array of cell types, across numerous organs (lung, heart,
intestine, etc.), help explain the wide range of symptoms as-
sociated with COVID-19 (Fig. 1) [102].

Elevated ACE2 expression on epithelial cells, combined
with the high affinity of the SARS-CoV-2 spike protein for
ACE2 promotes viral infection in vitro [99, 100]. The fact that
ACE2 expression levels in the airway increase with age is
only one potential reason young children have milder
COVID-19 symptoms [8]. The hypothesis that severe
COVID-19 cases might result from higher tissue levels of
ACE2, increased infection and ultimately greater viral load
is being actively investigated. Others have proposed that
SARS-CoV-2 interaction with ACE2 leads to decreased
ACE2 surface expression and impaired cardiopulmonary pro-
tection [103]. By converting angiotensin (Ang) I and II into
Ang1-9 and Ang1-7, respectively, ACE2 acts as a regulator of
the renin-angiotensin system [102], limiting vasoconstriction
and pulmonary injuries (Fig. 2). In animal models of acute
lung injury, ACE converts Ang I into Ang II driving severe
lung failure via its receptor, whereas ACE2 generation of
Ang1-9 and Ang1-7 act through their receptor to limit lung
injury [104, 105]. Consistent with its protective role in the
lung, elevated pulmonary expression of ACE2 has been re-
ported in smokers and in COPD patients [101, 106–108].
Pulmonary exposure of mice to PM2.5 for 3 consecutive days
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has also been shown to increase ACE2 expression in the lungs
[109]. In this mild model of lung injury, Ace2 deficiency
did not exacerbate inflammation but did impair recovery
from injury [109]. Ace2-deficient mice also display defec-
tive intestinal amino acid absorption and impaired intestinal
barrier repair upon DSS challenge in a classic model of
colitis [110]. Notably, impaired tryptophan homeostasis in
Ace2-deficient mice decreases antimicrobial peptide gener-
ation resulting in an altered intestinal microbiome [110].
With ACE2 being highly expressed in enterocytes, it is
therefore not surprising that intestinal infections with
SARS-CoV-2 would promote gastrointestinal symptoms
like diarrhea [111].

Assessing the impact of different air pollutants on ACE2
expression in a range of human cells and their role in modu-
lation SARS-CoV-2 infections in vitro will offer valuable in-
sights as well as provide tools to investigate mechanistic path-
ways shared or specific to each pollutant. Furthermore, the
rapid development of a range of murine models expressing
human ACE2 or SARS-CoV-2 variants that efficiently bind
to murine ACE2 [112–115] will allow investigations into fun-
damental questions about this virus pathogenicity and identify
novel disease mechanisms. Exposing these models to air pol-
lutants like PM2.5, diesel exhaust particles, ozone, or cigarette
smoke, before and/or during an infection with SARS-CoV-2,
will ultimately provide mechanistic answers and highlight
critical pathways involved in air pollution-mediated increased
COVID-19 severity.

Conclusions

While a range of epidemiologic studies have provided sup-
port for the notion that environmental factor like air pollu-
tion contribute to COVID-19 during the first wave of the
pandemic, more detailed studies conducted over the course
of the whole pandemic using individualized health data
and a whole range of outdoor and indoor pollutant expo-
sures are needed to better assess to what extent air pollu-
tion did contribute to SARS-CoV-2 transmission and
COVID-19 outcomes. Causality can be confirmed using
animal models, which represent useful tools to investigate
disease mechanisms. As age is by far the largest risk factor
for severe or fatal COVID-19 [19], studying the role that
lifelong exposure to air pollution has on an aging immune
response [116] to viral infections should be a priority.
Taken together and put into context with other socioeco-
nomic factors, these studies should inform and promote
governments facing a range of COVID-19-related chal-
lenges to adopting policies that focus on minimizing health
risks and economic fallouts for vulnerable populations.
Clean outdoor air conditions are community resources of-
ten not within the control of individuals. A three-pronged
approach, with actions at the individual, community, and
national level, may be needed to protect susceptible people
from the negative health impacts of air pollution. Even if
the advent of successful large-scale vaccination campaigns
manages to eradicate this coronavirus, decreasing the

Fig. 2 The central role of ACE 2 in SARS-CoV-2 infection and COVID-
19 severity. Exposure to air pollutants like cigarette smoke and PM2.5

increases ACE2 expression (1) notably in upper and lower airway
epithelial cells, providing more opportunities for SARS-CoV-2 binding
[2]. SARS-CoV-2 fusion glycoproteins forming the spikes require
cleaving by an endogenous protease like transmembrane protease serine

type 2 (TMPRSS2) in order to optimally bind to its receptor ACE2 and be
internalized for replication [3]. The decreased surface expression of
ACE2 limits the amount of Angiotensin II that is cleaved by ACE2 into
Ang1-7. This decrease in Ang1-7 signaling through its G couple receptor
MAS in favor of the pro-inflammatory AngII/AT1R pathway likely
contributes to COVID-19 disease pathogenesis
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impact that poor diet and air pollution has on the global
burden of disease will allow us to better weather the next
pandemic.
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