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Abstract Air pollution is a major global environment and health concern. Recent studies have

suggested an association between air pollution and COVID-19 mortality and morbidity. In this

context, a close association between increased levels of air pollutants such as particulate matter

�2.5 to 10 mM, ozone and nitrogen dioxide and SARS-CoV-2 infection, hospital admissions and

mortality due to COVID 19 has been reported. Air pollutants can make individuals more suscepti-

ble to SARS-CoV-2 infection by inducing the expression of proteins such as angiotensin converting

enzyme (ACE)2 and transmembrane protease, serine 2 (TMPRSS2) that are required for viral

entry into the host cell, while causing impairment in the host defence system by damaging the

epithelial barrier, muco-ciliary clearance, inhibiting the antiviral response and causing immune

dysregulation. The aim of this review is to report the epidemiological evidence on impact of air

pollutants on COVID 19 in an up-to-date manner, as well as to provide insights on in vivo and in

vitromechanisms.

© 2024 Sociedade Portuguesa de Pneumologia. Published by Elsevier España, S.L.U. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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Introduction

In December 2019, the new coronavirus ‘Severe Acute Respi-

ratory Syndrome Coronavirus 20 (SARS-CoV-2) was first
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reported in China (Wuhan, Hubei Province): it still causes

coronavirus disease (COVID-19) that can lead to severe pneu-

monia and lung destruction. SARS-CoV-2 is an enveloped

beta coronavirus genetically like SARS-CoV-1.1 COVID-19

became a global health concern in early 2020 and was

declared as a pandemic by the World Health Organisation

(WHO) on March 11th, 2020. There have been 7,037,007

deaths out of 774,834,251 confirmed cases as of March 3rd,

2024, globally and still counting.2 According to the recent

Global Study of Diseases (GBD), Injuries and Risk Factors

2021, all-cause mortality rates in 2020 and 2021 increased in

males and females aged 15 years and older comparing to

pre-pandemic values in 2019.3

It has been shown that comorbidities are an important

risk factor for severe COVID-19.4 In addition, environmental

factors such as air pollution have been identified as risk fac-

tors for COVID-19 morbidity and mortality.4,5 Emerging evi-

dence suggested an association between environmental

factors, particularly air pollution, and COVID-19 cases, in

terms of severity and susceptibility of the disease and trans-

mission of the virus.6 As the pandemic tended to disseminate

faster in relatively highly air-polluted areas in China and

Italy, there was a concern regarding the role of air pollution

in the spreading of the infection.7,8 Indeed, studies found a

positive association of air pollution with SARS-CoV-2 infec-

tion, COVID-19 mortality, and morbidity.7-11 In particular,

increased levels of particulate matter � 2.5mM (PM2.5) were

associated with increased risk for COVID-19 mortality,12

intensive care unit (ICU) admission13 and hospitalization.10

It is important to remind the attention of major scientific

societies and organizations to this topic, as demonstrated by

a joint workshop report of the European Respiratory Society

(ERS), the International Society of Environmental Epidemiol-

ogy (ISEE), the Health Effect Institute (HEI) and the World

Health Organization (WHO), published in 2021.14 In such a

report, the potential role of air pollution in worsening of

health impacts of COVID-19, and the influence of the pan-

demic on air pollution levels in Europe were explored, as

well as the major lessons learned to chart a healthy post-

pandemic course were outlined.

Furthermore, studies reported that SARS-CoV-2 may exist

on ambient PM.15,16 Nevertheless, it is not clear whether

this plays a role in the dissemination of SARS-CoV-2 infection

since the viability and infective properties of the virus were

not investigated. Mechanistic studies suggested that air pol-

lutants can induce cell entry of SARS-CoV-2 and that they

can modulate the cellular response to the virus.17-19 Indeed,

intratracheal instillation of PM induced expression of ACE-2

and TMPRSS2 in mice lungs,18 while wood smoke increased

SARS-CoV-2 titres in human nasal epithelial cells, in vitro.19

This narrative review will focus on epidemiological, in

vivo, and in vitro mechanistic data and will provide an

updated state-of-the-art presenting the impact of air pollu-

tion on mortality and morbidity due to COVID-19.

This paper is the seventh of the Series on “Air pollution

and health”.20-25

Literature search

This manuscript contains epidemiologic and mechanistic

studies published in the form of research papers, reviews,

and commentaries related to the impact of air pollution on

COVID-19 mortality and morbidity. Searches were carried

out using PubMed and Google Scholar databases as primary

sources, and WHO and Centre for disease control and pre-

vention (CDC) websites as secondary sources using the fol-

lowing search terms “air pollution” or “meteorological

parameters”, AND “COVID-19” or “SARS-CoV-2”. Although

there was no time restriction for the literature range,

almost all the selected references covered the years 2020 to

2024 due to the period of the COVID 19 Pandemic.

Air pollution induces mortality and morbidity due to

COVID-19: epidemiological evidence

Air pollution is a major global problem and poses one of the

most serious threats to human health; it has been estimated

that air pollution annually causes over 7 million premature

deaths worldwide.26 According to WHO, about 99% of the

world population breathes polluted air, with lower- and mid-

dle-income countries most affected by this environmental

risk.27 Air pollution is associated with cardiopulmonary mor-

tality and morbidity, and there is a close interaction

between air pollution and climate change-related factors,

such as increased temperatures, wildfires, and desert dust

storms.28

Studies of SARS-CoV-2 have suggested a close link of air

pollution with morbidity and mortality due to COVID-19.

Most of these studies were from countries such as China,

Italy, and the USA that were also severely affected by

COVID-19. At the beginning of the pandemic, the outbreaks

occurred mostly in the Northern part of Italy, especially in

the Po Valley cities of Lodi, Cremona, and Bergamo, which

were among the 5 most polluted cities of Italy due to indus-

trialization.29 Moreover, this valley is surrounded by the

Alps, causing air trapping due to weak winds. Higher PM2.5

concentrations were correlated with higher all-cause mor-

tality ratios compared with less polluted cities.17 Further-

more, the highest viral lethality was found in other most

polluted Italian regions, such as Lombardy, and Emilia

Romagna.30

In a study of data from 120 cities in China, Zhu et al.

reported that a 10 mg/m3 increase in PM2.5, PM10, nitrogen

dioxide (NO2), and ozone (O3) was associated with 2.24%,

1.76%, 6.94%, and 4.76% increases in daily confirmed COVID-

19 cases, respectively.8 Similarly, increases in PM2.5 and

PM10 augmented case fatality rates by 0.24% and 0.26%,

respectively.31 Research conducted in Wuhan and XiaoGan

also found a correlation of PM2.5 and NO2 with COVID-19

incidence.32

Similarly, a study from the US showed that an increase of

only 1mg/m3 in PM2.5 was associated with an increase of 11 %

in deaths due to COVID-19.12 Furthermore, Xu et al. col-

lected data from 806 counties (out of 3143) in the US for 4

months and found that every 10 mg/m3 increment in PM2.5

and O3 levels led to an increase of 9.41% and 2.42%, in mean

daily confirmed cases, respectively.33 Adhikari and Yin34 also

demonstrated a positive correlation between daily O3 con-

centrations and new confirmed COVID-19 cases suggesting

that air pollutants may have an influence on COVID-19 trans-

mission. In their study investigating the geographical charac-

ter of the early SARS-CoV-2 infection spread, Pansini and

Fornaca reported a positive correlation both for high SARS-
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CoV-2 infection and COVID-19 mortality rates with increased

PM2.5 and NO2 levels in severely affected countries including

China, United States of America, Italy, and United King-

dom.35 In a similar fashion, the highest incidence and case-

fatality rates were recorded around London and Midlands,

zones with the highest air pollution levels observed in the

UK.36 Furthermore, a significant correlation between COVID-

19 cases and annual average concentration of PM2.5, PM10,

SO2, and O3 was observed, together with increased COVID-

19 mortality associated with annual averages of these pollu-

tants, in Poland.37 In Istanbul, Turkey, a moderate correla-

tion between the COVID-19 mortality rate per 100 000

population and PM10, SO2, and NO2 was found.11 In Tehran,

Iran, there was a positive association between air pollution

(in terms of PM2.5, PM10, O3) and COVID-19 hospitalisation/-

mortality, particularly in the warm season.38 Moreover, an

interesting case study from Israel strongly suggested the cor-

relation of population density and city/town total popula-

tion with COVID-19 morbidity, which may indirectly be

attributable to air pollution.39 These studies are summarised

in Table 1.

Meteorological factors and COVID-19

Parameters related to climate change may have an impact

on the spread of SARS-CoV-2 by both affecting viral diffusion

/ viral survival outside of the host and the immunity of the

population.40 The impact of temperature and humidity has

been relatively well studied. For instance, according to sev-

eral studies from China, low temperature, low humidity, and

mild diurnal temperature range facilitate SARS-CoV-2 trans-

mission.41-43 Yao et al. reported that COVID-19 transmission

is negatively affected by higher temperature and lower rela-

tive humidity.44 In an extensive study, which was conducted

in 3739 locations worldwide, between December 12, 2019,

and April 22, 2020, the authors found a negative relationship

between temperatures above 25°C and transmission rate of

the virus, suggesting that lower temperature can induce

SARS-CoV-2 infection.45 Furthermore, there was a weaker

association with diurnal temperature, while a U-shaped rela-

tionship with outdoor ultraviolet (UV) exposure was noted.

Together these findings suggest that changes in meteorologi-

cal parameters may impact the viability of SARS-CoV-2 and

transmission of the virus.

There is a lack of studies investigating the association

between viral transmission and other meteorological param-

eters, such as wind speed and direction, and atmospheric

pressure. However, Zhou et al. (2022) investigated the

effect of daily average wind speed in four different states in

the US. The number of confirmed COVID-19 cases in New

York, California, and Texas was negatively correlated with

daily average wind speed, while there was no correlation for

Florida, and the authors concluded that low wind speed

facilitated viral spread.46 In another study, a mild positive

association of wind speed, precipitation, and air pressure

with SARS-CoV-2 infection was found.45 The study by Adhi-

kari and Yin34 showed that meteorological factors, such as

wind speed, temperature, precipitation, and relative

humidity, were associated with new COVID-19 cases.

Few studies investigated the mechanisms underlying the

impact of meteorological factors on SARS-CoV-2 infection.

Environmental conditions may affect the stability of the

virus in nasal mucus and sputum. It was found that SARS-

CoV-2 is more stable at low-temperature and low-humidity

conditions and that warmer temperatures and higher humid-

ity shortened its half-life.47 It has been suggested that sin-

gle-stranded RNA viruses like SARS-CoV-2 are susceptible to

UV inactivation6 and that a reduction in UV penetration may

facilitate virus persistence in the ambient atmosphere. Fur-

thermore, a decrease in UV is thought to reduce the synthe-

sis of vitamin D, which has an antioxidant effect and has a

positive role in a proper defence system against SARS-CoV-

248. Finally, cold, and dry weather is also reported to induce

susceptibility of the host immunity to the virus.49 These

studies are summarised in Table 2.

In summary, epidemiological studies conducted in differ-

ent countries and regions have demonstrated that there is

clear evidence suggesting an association between air pollu-

tion and an increased risk for COVID-19 morbidity and mor-

tality worldwide. Thus, an improvement in the air quality

can be expected to have a positive impact on the outcomes

of COVID 19. On the other hand, studies on the role of mete-

orological parameters on COVID 19 are lacking clear evi-

dence. However, a limited number of studies have suggested

that lower temperatures can facilitate the spread of SARS-

CoV-2 that could lead to increased number of COVID 19

cases.

An Italian epidemiological perspective on COVID-19 and

air pollution

Italy, one of the first Western countries hit by the pandemic,

has been the site of many recent epidemiological contribu-

tions (Table 1).

Veronesi et al., 50 in a prospective study in the city of Var-

ese, were able to link citizens by residential address to 2018

average annual exposure to outdoor concentrations of air

pollutants modelled using FARM, a chemical transport

model. Citizens were further linked to regional datasets for

COVID-19 case ascertainment. The authors found that

PM2.5 was associated with a 5.1% (95% confidence interval

[CI]= 2.7% to 7.5%) increase in the rate of COVID-19, corre-

sponding to 294 additional cases per 100,000 person-years.

Similar findings were observed for PM10, NO2, and NO.

Tateo et al.,51 in a study on environmental factors influ-

encing SARS-CoV-2 spreading in North Italy, examined eight

administrative areas (altogether 26 million inhabitants) and

were able to demonstrate that PM matched the growth of

hospitalisations in areas with low chronic particulate pollu-

tion, whilst fewer hospitalisations strongly corresponded to

the higher temperature and solar radiation. They hypothes-

ised that solar radiation alone and combined with high tem-

perature exert an anti-SARS-CoV-2 effect, via both direct

inactivation of virions and stimulation of vitamin D synthesis,

improving function of the immune system.

Contiero et al.52 performed an ecological study of five

Italian Regions (Piedmont, Lombardy, Veneto, Emilia-Roma-

gna and Sicily), linking all-cause mortality by province

(administrative entities within regions) to data on atmo-

spheric concentrations of PM (PM2.5 and PM10) and ammonia

(NH3), which are mainly produced by agricultural activities,

documenting a 6.9% excess in a proxy for COVID-19 mortality

for each tonne/km2 increase in NH3 emissions.

Nobile et al.53 reported that long-term exposure to air

pollution (PM2.5 and NO2) was associated with COVID-19 mor-

tality, but not with SARS-CoV-2 incidence, in a large
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Table 1 Epidemiological studies investigating the association of air pollution and COVID-19 incidence, hospitalisation, and mortality.

Author and year of

publication

Location Air Pollutant

Type

The time interval

of air pollutant

data collection

Main results

Fattorini and

Regoli, 20207
Italy NO2, PM2.5 and

PM10 and O3

2016-2019 There was a significant correlation between air quality parameters in terms of aver-

age NO2 (r
2= 0.247), PM2.5 (r

2=0.340) and PM10 (r
2=0.267) levels and incidence of

COVID-19 cases. Also, number of days per year exceeding regulatory limits of O3

(r2=0.264) and PM10 (r
2=0.170) were positively correlated with the number of cases.

Zhu et al., 20208 China PM2.5, PM10,

NO2 and O3

January 23, 2020-

February 29, 2020

There were significantly positive associations of PM2.5, PM10, NO2, and O3 with

newly COVID-19 confirmed cases. A 10 mg/m3 increase in PM2.5, PM10, NO2, and O3

was associated with a 2.24% (95% CI: 1.02 to 3.46), 1.76% (95% CI: 0.89 to 2.63),

6.94% (95% CI: 2.38 to 11.51), and 4.76% (95% CI: 1.99 to 7.52) increase in the daily

counts of confirmed cases, respectively.

Filippini et al.,

20209
Italy (Lombardy,

Veneto, and Emi-

lia-Romagna)

NO2 February 1-23,

2020

NO2 concentration and SARS-CoV-2 prevalence were slightly correlated up to about

130 mmol/m2.

Bowe et al., 202110 US PM2.5 March 2, 2020-Jan-

uary 31, 2021

There were 25,422 (15.0%) hospitalisations; 5,448 (11.9%), 5,056 (13.0%), 7,159

(16.1%), and 7,759 (19.4%) were in the lowest to highest PM2.5 quartile, respec-

tively. 1.9 mg/m3 increase in PM2.5 was associated with a 10% (95% CI: 8%-12%)

increase in risk of hospitalisation.

Aykaç and Etiler

202211
Turkey (Istanbul) PM10, SO2, NO2 October 1, 2019-

March 31, 2020

A moderate correlation was found between the COVID-19 mortality rate/100,000

population and PM10, SO2, and NO2 (r= 0.413, 0.421, and 0.431) respectively.

Wu et al., 202012 US PM2.5 2000�2016 An escalation of 1 mg/m3 in PM2.5 was associated with a statistically significant 11%

(95% CI, 6 to 17%) escalation in the county’s COVID-19 mortality rate.

Bozack et al.,

202213
US (New York) PM2.5 NO2, and

black carbon

(BC)

March 8, 2020-

August 30, 2020.

A larger level of long-term exposure to PM2.5 was associated with an augmented risk

of mortality (risk ratio, 1.11 [95% CI, 1.02-1.21] per 1-mg/m3 increase in PM2.5) and

ICU admission (risk ratio, 1.13 [95% CI, 1.00-1.28] per 1-mg/m3 increase in PM2.5).

Neither NO2 nor BC was associated with COVID-19 mortality or ICU admission.

Frontera et al.,

202029
Italy PM2.5 February 2020 There was a positive correlation between mean PM2.5 and total number of cases

(r=0.64), ICU admission per day (r=0.65), deaths (r=0.53), hospitalised cases

(r=0.62). Moreover, mortality was two-fold larger in more polluted locations than

the other regions, despite similar rates of ICU admission (crude death rate 14 vs

7%).

Yao et al., 202031 China PM2.5, and PM10 January 15, 2020-

February 29, 2020;

2015-2019

There was a positive association between PM pollution and COVID-19 case fatality

rate (CFR). For every 10 mg/m3 rise in PM2.5 and PM10 level, the COVID-19 CFR

increased by 0.24% (0.01%-0.48%) and 0.26% (0.00%-0.51%), respectively.

Li et al., 202032 China (Wuhan and

XiaoGan)

PM2.5, PM10,

NO2 and CO

January 26, 2020-

February 29, 2020

A significant correlation was found between COVID-19 incidence and air quality

index in Wuhan and XiaoGan (R2=0.13, p<0.05; R2=0.223, p<0.01 respectively). In

Wuhan, the strongest correlation was observed between NO2 and COVID-19 cases

(R2=0.329, p <0.01). In addition to the PM2.5 (R
2=0.117, p<0.01) and

NO2 (R
2=0.015, p <0.05), a notable correlation was also observed between the

PM10 and COVID-19 incidence (R2=0.105, p<0.05) in XiaoGan.
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Table 1 (Continued)

Author and year of

publication

Location Air Pollutant

Type

The time interval

of air pollutant

data collection

Main results

Xu et al., 202233 US PM2.5 and O3 March 1, 2020-

June 30, 2020

Every 10 mg/m3 increase in mean pollutant concentration raised the number of

daily confirmed cases by 9.41% (CI: 8.77%�10.04%) for PM2.5 and by 2.42% (CI:

1.56%�3.28%) for O3.

Adhikari and Yin,

202034
US (New York) O3 February 2020-

April 2020

One-unit increase in the average O3 (ppb) values, was associated with a 10.51%

(7.47�13.63) increase in the daily new COVID-19 cases.

Pansini and For-

nacca, 202135
China, Italy, US,

Iran, France,

Spain, Germany,

UK

PM2.5, PM10,

NO2, SO2, CO

and O3

March 2020- June

2020

Significant positive correlations between air quality variables and COVID-19 infec-

tions, deaths, and mortality rates were found in China, the US, Italy, Iran, France,

and the UK, but not entirely in Spain and Germany.

Travaglio et al.,

202136
England PM2.5, PM10,

NO2, NO and O3

2014-2018; 2018-

2019

An increase of 1 mg/m3 in the long-term mean of PM2.5 was associated with a 12%

increase in COVID-19 incidence. Highest number of COVID-19 deaths were noticed

in London and in the Midlands, which are the places with the uppermost annual

average level of NOx. Also, NO2, NO and O3 levels were significantly associated with

COVID-19 mortality.

Semczuk-Kacz-

marek et al.,

202237

Poland PM2.5, PM10,

NO2, SO2, and

O3

2013- 2018 There were statistically significant correlations between COVID-19 cases (per

100,000 population) and annual average concentration of PM2.5 (R
2 = 0.367,

p = 0.016), PM10 (R
2 = 0.415, p = 0.009), SO2 (R

2 = 0.489, p = 0.003), and O3

(R2 = 0.537, p = 0.0018). Moreover, mortality (per 100,000 population) was associ-

ated with annual average concentration of PM2.5 (R
2 = 0.290, p = 0.038), NO2

(R2 = 0.319, p = 0.028), O3 (R
2 = 0.452, p = 0.006).

Khorsandi et al.,

202138
Iran (Tehran) PM2.5, PM10,

and O3

March 1, 2020-

August 31,2020

There was a positive significant correlation between O3 and COVID-related hospital

admission/mortality (p� 0.01�0.1) throughout the summer. PM.2.5, PM10 and

COVID-related hospital admission/mortality were significantly correlated only in

June (p� 0.05).

Levi and Itzhaki,

202139
Israel NOx, CO, PM10,

PM2.5 and SO2

2016�2019 Long-term exposure to air pollutants was associated with COVID-19 morbidity rates

during Israel's COVID-19 first wave, pre-second wave and second wave (March 31st,

July 24th, and September 27th, respectively).

Veronesi et al.,

202250
Italy (Varese) PM2.5, PM10,

NO2, NO and O3

2018 1mg/m3 increase in PM2.5 was related to a 5.1% rise in the rate of COVID-19 (95% CI:

2.7% to 7.5%), corresponding to 294 additional cases per 100,000 person-

years. Similar findings were observed for PM10, NO2 and NO.

Contiero et al.,

202252
Italy (Piedmon,

Lombardy, Veneto,

Emilia-Romagna

and Sicily)

PM2.5, PM10,

NH3 and NO2

2016�2019 Each tone/km2 increase in NH3 emissions corresponds to 6.9% excess in mortality

rate ratios (proxy for COVID-19 mortality).

Nobile et al.,

202253
Italy (Rome) PM2.5 and NO2 2019 COVID-19 mortality was strongly associated with PM2.5 and NO2 in terms of 1.08

(95% CI: 1.03�1.13) and 1.09 (95% CI: 1.02�1.16) hazard ratios. On the other hand,
SARS-CoV-2 incidence was not associated with air pollution.
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Table 1 (Continued)

Author and year of

publication

Location Air Pollutant

Type

The time interval

of air pollutant

data collection

Main results

Perone, 202254 Italy PM2.5, PM10,

NO2, O3, ben-

zene, Cadmium

(Cd), Arsenic

(As), benzo[a]

pyrene (BaP),

2014�2019 10 mg/m3 rise of NO2, PM2.5, and PM10 were associated with average increments of

0.27% (95% CI: 0.08�0.45), 0.44% (95% CI: 0.16�0.72), and 0.54% (95% CI:

0.32�0.76) of COVID-19 prevalence, while causing increment of 40.2 (95% CI:

14.8�65.5), 63.7 (95% CI: 14�113.4), and 81.6 (95% CI: 36�127.1) excess deaths/

100,000 people, respectively. Increase in benzene (1-unit mg/m3) and Cd (1-

unit ng/m3) was associated with increments of 0.3% (95% CI: 0.08�0.53) and 0.42%

(95% CI:� 0.05 to 0.89) in countrywide COVID-19 prevalence

respectively. Concentration rise of As (1-unit ng/m3) was correlated to an average

increment of 47.1 (95% CI: 10.8�83.4) excess deaths/100,000 people.

Fedrizzi et al.,

202356
Italy (Milan) PM10, NO2, O3 2019-2020 In short term analysis, 10 mg/m3 increase in NO2 average concentration was linked

to a higher risk of COVID-19 with 1.08 incidence rate ratio (IRR) (95% CI: 1.01; 1.16).

Data were similar in long term analysis with a 1 mg/m3 increase of NO2 concentra-

tion (IRR: 1.02, 95%CI: 1.00; 1.03).

Ranzi et al., 202357 Italy PM2.5, PM10,

NO2

2016-2019 Exposure to PM2.5, PM10, and NO2 in the long-term was significantly correlated to

the SARS-CoV-2 infection rates. Incidence of COVID-19 augmented by 0.3% (95%CI

0.1%-0.4%), 0.3% (95% CI: 0.2%-0.4%), and 0.9% (95% CI: 0.8%-1.0%) per 1 mg/m3

raise in PM2.5, PM10 and NO2, respectively.

Stafoggia et al.,

202358
Italy PM2.5, PM10,

NO2

2016-2019 1 mg/m3 elevation in PM2.5, PM10 and NO2 was significantly associated with increase

in case fatality rate by 0.7% (95% CI: 0.5%, 0.9%), 0.3% (95% CI: 0.2%, 0.5%), and

0.6% (95% CI: 0.5%, 0.8%) respectively.
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Table 2 Epidemiological studies investigating the association of meteorological parameters with COVID-19 incidence, hospitalisation, and mortality.

Author and year of

publication

Location Meteorological

parameter

The time interval of

meteorological

parameter data

collection

Main results

Lin et al., 202041 China Temperature January 22, 2020-

February 29, 2020

A negative exponential relationship was determined between the transmission

rate and the temperature (correlation coefficient: �0.56; 99% CI).

Liu et al., 202042 China Temperature,

humidity

January 20, 2020-

March 2, 2020

Each 1°C escalation in annual temperature and diurnal temperature range was

related to the decline of daily confirmed case counts, and the corresponding

pooled risk ratios were 0.80 (95% CI: 0.75, 0.85) and 0.90 (95% CI: 0.86, 0.95),

respectively. For absolute humidity, the association with COVID-19 case counts

was statistically significant in lag 7 and lag 14.

Zhang et al., 202043 China Temperature January 24, 2020-

February 29, 2020

Ambient temperature had a strong and negative effect on COVID-19 transmission

(p < 0.01).

Yao et al., 202044 China Temperature,

humidity

January 2020- March

2020

Analysis showed that the incidence of COVID-19 cases was positively correlated

with relative humidity (p=0.002) while negatively correlated with temperature

(p =0.003).

Xu et al.,202145 US, China, Aus-

tralia, Iran,

Canada

Temperature, UV

exposure, air pres-

sure, wind speed,

precipitation

December 12, 2019-

April 22, 2020

There was a moderate, negative correlation between the estimated reproduc-

tion number of virus and temperatures warmer than 25°C (a decrease of 3¢7%

[95% CI 1¢9-5¢4] per additional degree), as well as a U-shaped relationship with

outdoor ultraviolet exposure. Also, there were weaker positive associations of

SARS-CoV-2 transmission with air pressure (p=0.013), wind speed (p=0.01) and

precipitation (p <0¢0001).

Zhou et al., 202246 US Temperature, wind

speed

April 12, 2020- Octo-

ber 13, 2020,

The number of COVID-19 confirmed cases in California, New York and Texas was

negatively correlated to daily average wind speed (p < 0.01) and positively cor-

related to daily average temperature only for California and New York (p <

0.01).

Adhikari and Yin,

202034
US (New York) Wind speed, tem-

perature, precipi-

tation, relative

humidity

February 2020- April

2020

One-unit increase of average wind speed (m/s), temperature (°F), precipitation

(mm), cloud (%), relative humidity (%), and a ten-unit increase in absolute

humidity (g/cm3) values, were associated with a 3% (1.28�4.73),12.87%

(10.76�15.02), 66.06% (58.33�74.17), 3.54% (3.09�3.99) and 4.76%

(4.11�5.42) increase in the daily new COVID-19 cases, respectively.
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observational population-based cohort of >1.5 million sub-

jects in Rome.

Perone54 assessed air quality in 107 Italian provinces in

the 2014-2019 period, and the association between exposure

to nine outdoor air pollutants and COVID-19’s spread and

related mortality in the same areas. The results showed that

long-term exposure to NO2, PM2.5, PM10, benzene, benzo[a]

pyrene (BaP), and cadmium (Cd) was positively and signifi-

cantly correlated with the spread of COVID-19; in addition,

long-term exposure to NO2, O3, PM2.5, PM10, and arsenic (As)

was positively and significantly correlated with COVID-19

related mortality. In detail, PM and Cd showed the most

adverse effect on COVID-19 prevalence, while PM and As

showed the most relevant impact on excess mortality rate.

Falco et al.55 explored the possible beneficial effect of

green areas in Spain and Italy: for both countries, a statisti-

cally significant association between COVID-19 clinical fea-

tures (contagions, hospitalisations, and deaths) and the

extension of public green areas (negative correlation), as

well as the annual average concentrations of PM2.5 (positive

correlation), clearly emerged.

Fedrizzi et al.,56 investigating a cohort of health care

workers in Milan, found that a 10 mg/m3 increase in

NO2 average concentration in the four days preceding naso-

pharyngeal swab for detecting SARS-CoV-2 was associated

with a higher risk of testing positive (Incidence Rate Ratio

[IRR] = 1.08, 95% CI: 1.01; 1.16). When considering a 1 mg/

m3 increase in 2019 annual NO2 average, they observed a

higher risk of infection (IRR: 1.02, 95%CI: 1.00; 1.03) and an

increased antibody titre (IRR: 2.4%, 95%CI: 1.1; 3.6%).

The large availability of both air pollution and COVID-19

data, and the simplicity to make geographical correlations

between them, led to a proliferation of ecological studies

relating the levels of pollution in administrative areas to

COVID-19 incidence, mortality, or lethality rates. However,

the major drawback of these studies is the ecological fallacy

that can lead to spurious associations. This has prompted a

group of researchers from several epidemiological units,

including the National Institute of Health (Istituto Superiore

di Sanit�a) to launch the EpiCovAir study.56,57 Initially, the

authors investigated the association between long-term

exposure to air pollutants and the incidence of SARS-CoV-2

infections in Italy.57 A satellite-based air pollution exposure

model with 1-km2 spatial resolution for entire Italy was

applied and 2016-2019 mean population-weighted concen-

trations of PM10, PM2.5, and NO2 were calculated for each

municipality, as estimates of chronic exposures. Individual

records of diagnosed SARS-2-CoV-2 infections in Italy from

February 2020 to June 2021 reported to the Italian Inte-

grated Surveillance of COVID-19 were used. Updated statis-

tical techniques were applied: principal component analysis

(PCA); a mixed longitudinal ecological design with the study

units consisting of individual municipalities in Italy; and gen-

eralised negative binomial models controlling for several

confounders/effect modifiers. Almost 4 million COVID-19

cases in 7,800 municipalities were analysed (total popula-

tion: 59,589,357 inhabitants). It was found that long-term

exposure to PM2.5, PM10, and NO2 was significantly associ-

ated with the incidence rates of SARS-CoV-2 infection. In

particular, incidence of COVID-19 increased by 0.3% (95%CI:

0.1%-0.4%), 0.3% (0.2%-0.4%), and 0.9% (0.8%-1.0%) per 1

mg/m3 increment in PM2.5, PM10 and NO2, respectively.

Associations were higher among elderly subjects and during

the second pandemic wave (September 2020-December

2020).

Then, the authors aimed to investigate the association

between long-term exposure to air pollutants and mortality

among 4 million COVID-19 cases in Italy.58 They used the

same COVID population and methods for attributing air pol-

lution exposures and for statistical analysis, adding a gener-

alised propensity score (GPS) approach to an extensive list

of area-level covariates to account for major determinants

of the spatial distribution of COVID-19 case-fatality rates.

Overall, case-fatality rates increased by 0.7% [95% CI: 0.5%,

0.9%], 0.3% (95% CI: 0.2%, 0.5%), and 0.6% (95% CI: 0.5%,

0.8%) per 1mg/m3 increment in PM2.5, PM10, and NO2,

respectively. Associations were higher among elderly sub-

jects during the first (February 2020-June 2020) and the

third (December 2020-June 2021) pandemic waves. They

estimated that »8% of COVID-19 deaths were attributable to

pollutant levels above the WHO 2021 air quality guidelines.

In summary, the recent epidemiological contributions

from Italy have consistently reported a relationship of air

pollution exposure with several health outcomes linked to

COVID-19.

A Portuguese epidemiological perspective on COVID-19

and air pollution

Fewer studies were conducted in Portugal, mostly involving

indoor air quality and the effects of lockdown or modelling

air pollutants in cities. There is not yet a large epidemiologi-

cal study to assess the effects of outdoor air pollutants on

COVID-19 incidence or mortality.

Indeed, there has been an important nationwide study to

evaluate the effects of the 2020 lockdown on air quality.59

This study evaluated air pollution changes across all of Por-

tugal (68 stations) considering all urban, suburban, and rural

zones. PM10, PM2.5, NO2, SO2, and ozone were analysed in

the pre-, during, and post-lockdown period (January-May

2020) and, for a comparison, also in 2019. NO2 was the most

reduced pollutant in 2020, which coincided with decreased

traffic. A significant drop (15-71%) in traffic-related NO2 was

observed specifically during the lockdown period, 55% for

the largest and most populated region in the country. The

PM was affected to a lesser degree, with substantial differ-

ences found for largely populated areas (Lisbon region »

30%; North region, up to 49%); during lockdown, traffic-

related PM dropped 10-70%. PM10 daily limit was exceeded

50% less in 2020, with 80% of exceedances before the lock-

down period. SO2 decreased by 35%, due to suspended indus-

trial productions, whereas ozone concentrations slightly

(though not significantly) increased (83 vs. 80 mg m-3).

Interestingly, a systematic review of the impact of COVID

19 pandemic on air quality was published by Portuguese

authors in 2022.60 A total of 114 studies that quantified the

impact of the COVID-19 pandemic on air quality through

monitoring were selected from three databases. The authors

found that, although using different methodologies, some

studies reported a temporary air quality improvement dur-

ing the lockdown. More studies are still needed, comparing

different lockdown, and lifting periods and, in other areas,

for a definition of better-targeted policies to reduce air pol-

lution.
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Another study aimed to understand the influence of

industries (including steelworks, lime factories, and industry

of metal waste management and treatment) on the air qual-

ity of the urban-industrial area of Seixal (Portugal), during

the first period of national lockdown due to COVID-19,

whereas local industries kept their normal working sched-

ule.61 The impact of the industries located in the study area

on local air quality was identified (namely, the steelworks),

confirming the concerns of the local population. The authors

deemed that this valuable information is essential to

improve future planning and optimize the assessment of par-

ticulate matter levels by reference methods.

In summary, the epidemiological studies from Portugal

specifically focused on impact of lockdowns on air quality,

and it was found that decreases in traffic and industrial

activities led to an improvement in the air quality. It would

be useful to realize a large epidemiological study to assess

the effects of outdoor air pollutants on COVID-19 incidence

or mortality.

Effects of air pollution on COVID-19: putative

mechanisms

Transmission of SARS-CoV-2

Determining the route of transmission of the SARS-CoV-2 was

very crucial to stop the pandemic. The common transmission

routes of SARS-CoV-2 include person to-person, direct expo-

sure with cough, sneeze, and droplet inhalation within a

range of approximately 1.8 m and transmission through con-

tact with oral, nasal, and eye mucous membrane.62 How-

ever, small particles with a larger viral load can be

transferred to a distance up to 10 m from the source of emis-

sion in an indoor environment.62 Environmental factors

including temperature, humidity, and ultraviolet radiation,

such as sunlight, are also thought to impact the viability of

the virus and its infectiousness over time.63

As epidemiological studies suggested a positive associa-

tion between air pollution including PM pollution and SARS-

CoV-2 infection, it was thought that PM may also act as a car-

rier for the virus in the outdoor environment. Indeed, previ-

ous studies found that influenza virus could be transported

by ambient particles.63 Setti and colleagues collected ambi-

ent PMs in Bergamo, Italy, and analysed for the presence of

SARS-CoV-2 RNA. They found that the particles can contain

SARS-CoV-2 RNA in most of collected samples.15 In Turkey,

Kayalar and co-workers detected SARS-CoV-2 RNA in approx-

imately 10% of PM samples of various sizes collected in 10

different cities, especially in places where virus spread was

common, such as hospital gardens and city centres.16 How-

ever, whether these virus particles are infectious or not

remains to be determined. Adsorption of the SARS-CoV-2 on

airborne dust and PM may be the contributors to the long-

range transport of the virus.64

Cellular entry of SARS-CoV-2 and interaction with air

pollutants

Receptor recognition is the first step of viral infection, and it

has been reported that angiotensin-converting enzyme II

(ACE2) is the main cell receptor binding SARS CoV-2.65,66

This enzyme is involved in the renin-angiotensin system

(RAS) regulating blood pressure and inflammation. RAS sys-

tem has 2 pathways oppositely running: the first one is

Angiotensin-converting enzyme (ACE)/Angiotensin II peptide

(Ang II)/Angiotensin II type 1 receptor (AT1R), which induces

pro-inflammatory cytokine (IL-6, TNF-a) release; the second

pathway is ACE2 -> Angiotensin 1-7 peptide (Ang1-7) -> Mas

receptor, which has anti-inflammatory properties. In the

absence of SARS-CoV-2, ACE2 cleaves AngII into Ang1-7 and

inhibits the AT1R. Occupation of ACE2 by SARS-CoV-2 binding

causes downregulation of receptor and is deemed to shift

the pathway in favour of the Ang II axis which leads to an

inflammatory response.65 ACE2 receptor is largely expressed

in vascular endothelium, respiratory epithelium, alveolar

monocytes, and macrophages.66-68 Alveolar type 2 (AT2)

cells show the highest ACE2 expression in the lung.69 More-

over, viral entry requires cleavage of spike protein after

receptor binding by cellular proteases to allow the fusion of

cellular and viral membranes. Transmembrane protease,

serine 2 (TMPRSS2) is the major protease utilised by SARS-

CoV-2.66-70

Studies demonstrated upregulation of ACE2 and TMPRSS2

proteins because of PM exposure possibly inducing the entry

of SARS-CoV-2 into the host cell. Sagawa and co-workers

treated mice with PM for 24 hours and showed elevated

ACE2 and TMPRSS2 expression in the alveolar regions, espe-

cially in AT2 cells.18 A recent study conducted with mice

exposed to PM2.5 revealed a 40% increase in ACE2 protein

expression in mice lungs.71 According to the “double hit

hypothesis” by Frontera et al.,17 chronic exposure to PM2.5,

in places such as Northern Italy and the Hubei province of

China, caused upregulation of ACE2, as an initial protective

mechanism to induce anti-inflammatory pathways. However,

ACE2 expression also facilitated viral penetration into the

cell that caused viral load increases in the cell. This, in turn,

caused depletion of the ACE-2, leading to acute lung injury.

The authors suggested that a high level of NO2 in the ambi-

ent air caused a second hit, resulting in a severe form of

COVID-19.

Studies suggest that air pollutants induce the susceptibil-

ity of human beings to viral infections by altering the host

immune defence system.72 Mouse studies found that expo-

sure to diesel exhaust induced respiratory syncytial virus

(RSV) gene expression in mice infected with the virus.73 It is

known that short-term exposure to pollutants causes a pro-

inflammatory response together with elevated reactive oxy-

gen species (ROS) production inducing apoptosis, while long-

term exposure can be a reason for immune dysregulation

leading to different diseases. It has been confirmed that the

innate immune capacity of alveolar macrophages is reduced

in extremely polluted city populations because of the rela-

tive amount of phagocytosed PM.74 For instance, a study

containing co-culture of RSV-infected bronchial epithelial

cells and PM10 exposed macrophages showed that viral anti-

gen uptake in macrophages in response to the virus dropped

to half compared to the control macrophages.75 T-cell-medi-

ated adaptive immune response is an essential part of the

continuance of the clearing and suppression of viral infec-

tions in the long term. However, viral infections (including

COVID-19) may lead to decreased production of Tcells, natu-

ral killer cells, and interferon (IFN)-g secretion by CD4+ T

lymphocytes.76,77 Regarding air pollution, PM was found to

have a reducing effect on IFN-b, a key antiviral cytokine, by

affecting its promoter activity, and subsequent transcrip-

tion. Additionally, diesel exhaust particles (DEP), which are
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present in ambient atmosphere as ultrafine particles, atten-

uated IL-2 and IFN-g production by peripheral blood T lym-

phocytes causing defective immune status.78 These

processes would influence the pathogenicity of SARS-CoV-2.

Mice experiments showed that PM can cause alveolar col-

lapse due to bio-mechanical changes occurring in surfactant

function. Surfactant deficiency causes acute respiratory dis-

tress syndrome (ARDS). Hence, people living in places with

higher PM concentrations could have more severe COVID-19

infection due to dysfunctional surfactants, together with

ARDS.74

Airway epithelium forms the first line of defence against

inhaled insults, including infectious agents. It has been

shown that pollutants disrupt the epithelial barrier integrity

through occludin reduction in plasma membranes and disso-

ciation of Zonula occludens (ZO)-1, which may allow higher

levels of SARS-CoV-2 entry into the host cell. In fact, SARS-

CoV-2 itself may cause decreased epithelial barrier integrity,

together with impaired tight junctions. Dysfunctional bar-

rier can increase the risk for COVID-19 morbidity. Studies of

air pollutants reported that O3 and NO2 increased permeabil-

ity of human primary bronchial epithelial cell cultures, and

that cells from asthmatic subjects were more susceptible to

this process. Disrupted muco-ciliary clearance is also one of

the significant reasons for an inadequate immune defence

system.77 Earlier studies by Bayram et al. demonstrated that

DEP could decrease ciliary beat frequency (CBF) and induce

release of inflammatory mediators, while modulating cell

cycle progression and apoptosis of human airway epithelial

cells in several studies.79-81 Recent animal model and in

vitro studies showed that the ciliary structure is shortened

and deteriorated due to SARS-CoV-2 infection, thus causing

changes in ciliary function leading to impaired muco-ciliary

clearance in airways.82

Another aspect focuses on microbiome diversity and how

it is altered in SARS-CoV-2-infected individuals. Microbiota

Fig. 1 Mechanisms underlying the interaction between air pollution and SARS-CoV-2 infection at cellular level. Air pollutants dis-

rupt the epithelial barrier integrity together with reducing ciliary beat frequency that impairs mucociliary clearance and facilitates

the viral entry. Air pollutants also augment the entry of SARS-CoV-2 by inducing the expression of the angiotensin converting enzyme

(ACE)2 receptor. Furthermore, they induce the production of reactive oxygen species (ROS) in the host cell, which could lead to cellu-

lar injury and apoptosis. Viral proliferation together with increased levels of ROS triggers cellular damage that could lead to severe

clinical conditions such as acute respiratory distress syndrome (ARDS). IFN, interferon; TMPRSS2, Transmembrane protease, serine 2.

(The figure is original and was created using BioRender.com).
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of the respiratory tract is an essential part of immunity

development since birth; it is known that environmental fac-

tors like pollutants have an alteration effect on the diversity

of these organisms.77 RNA sequencing research, conducted

in the US with COVID-19 patients and a control group, dem-

onstrated differences in diversity and abundance of some

bacterial species in the upper respiratory tract microbiome,

in which viral and bacterial interaction can influence the

viral load, host immune response, and acute severity.83

Fig. 1 demonstrates mechanisms underlying the interaction

between air pollution and SARS-CoV-2 infection at cellular

level.

In summary, studies investigating mechanisms underlying

the interaction between air pollution and SARS-CoV-2 infec-

tion have suggested that air pollutants can induce the

expression of several proteins, which modulate cellular

entry of the virus. Furthermore, air pollutants-induced

mucociliary dysfunction, epithelial barrier disruption, oxida-

tive stress and inflammatory changes within the cell may

also enhance viral proliferation and cellular injury by SARS-

CoV-2. However, there is a lack of evidence demonstrating

the direct interaction of air pollutants with SARS-CoV-2, and

further in vitro and in vivo mechanistic studies are clearly

needed.

Conclusion

In conclusion, epidemiological studies demonstrate that air

pollutants can play an important role in COVID-19-associated

mortality and morbidity, including hospitalisation, and

admittance to ICU. Air pollutants can facilitate the entry of

SARS-CoV-2 into the host cell, by inducing expression of cel-

lular proteins such as ACE2 and TMPRSS2. Air pollutants can

also impair mucociliary function, epithelial integrity, and

airway defence mechanisms. Altered microbiome and dysre-

gulated immune system by air pollutants may also be other

plausible mechanisms. Finally, PM pollutants may act as car-

riers for long-range transport of SARS-CoV-2.

Conflicts of interest

None.

Acknowledgements

HB: Conceptualization, Investigation, Supervision, Writing �

original draft, Writing � review & editing. NK: Conceptuali-

zation, Investigation, Writing � original draft, Writing �

review & editing, Visualization. MAE: Investigation, Supervi-

sion, Writing � original draft, Writing � review & editing.

HR: Investigation, Writing � original draft, Writing � review

& editing, Visualization. GTA: Investigation, Writing � origi-

nal draft, Writing � review & editing. DM: Investigation,

Writing � original draft, Writing � review & editing. €OK:

Investigation, Writing � original draft, Writing � review &

editing. €OD: Investigation, Writing � original draft, Writing

� review & editing. LTB: Conceptualization, Investigation,

Supervision, Writing � original draft, Writing � review &

editing. GV: Conceptualization, Investigation, Supervision,

Writing � original draft, Writing � review & editing. NK was

supported by The Scientific and Technological Research

Council of Turkey (TUBITAK; Project Code: 120N806).

Funding

This research did not receive any specific grant from funding

agencies in the public, commercial, or not-for-profit sec-

tors.

Supplementary materials

Supplementary material associated with this article can be

found in the online version at doi:10.1016/j.pulmoe.2024.

04.005.

References

1. Cevik M, Bamford CGG, Ho A. COVID-19 pandemic-a focused

review for clinicians. Clin Microbiol Infect. 2020;26:842�7.

https://doi.org/10.1016/j.cmi.2020.04.023.

2. World Health Organization. WHO COVID-19 dashboard. https://

data.who.int/dashboards/covid19/cases?n=c [Accessed 3

March 2024].

3. Strong K, You D, Banerjee A, Azevedo JP. Global health esti-

mates should be more responsive to country needs. Lancet.

2024. https://doi.org/10.1016/S0140-6736(24)00463-X.

4. Ejaz H, Alsrhani A, Zafar A, Javed H, Junaid K, Abdalla AE, et al.

COVID-19 and comorbidities: deleterious impact on infected

patients. J Infect Public Health. 2020;13:1833�9. https://doi.

org/10.1016/j.jiph.2020.07.014.

5. Copat C, Cristaldi A, Fiore M, Grasso A, Zuccarello P, Signorelli SS,

et al. The role of air pollution (PM and NO(2)) in COVID-19 spread

and lethality: a systematic review. Environ Res. 2020;191:110129.

https://doi.org/10.1016/j.envres.2020.110129.

6. Weaver AK, Head JR, Gould CF, Carlton EJ, Remais JV. Environ-

mental factors influencing COVID-19 incidence and severity.

Annu Rev Public Health. 2022;43:271�91. https://doi.org/

10.1146/annurev-publhealth-052120-101420.

7. Fattorini D, Regoli F. Role of the chronic air pollution levels in the

Covid-19 outbreak risk in Italy. Environ Pollut. 2020;264:114732.

https://doi.org/10.1016/j.envpol.2020.114732.

8. Zhu Y, Xie J, Huang F, Cao L. Association between short-term

exposure to air pollution and COVID-19 infection: evidence

from China. Sci Total Environ. 2020;727:138704. https://doi.

org/10.1016/j.scitotenv.2020.138704.

9. Filippini T, Rothman KJ, Goffi A, Ferrari F, Maffeis G, Orsini N,

Vinceti M. Satellite-detected tropospheric nitrogen dioxide and

spread of SARS-CoV-2 infection in Northern Italy. Sci Total Envi-

ron. 2020;739:140278. https://doi.org/10.1016/j.scito-

tenv.2020.140278.

10. Bowe B, Xie Y, Gibson AK, Cai M, van Donkelaar A, Martin RV,

et al. Ambient fine particulate matter air pollution and the risk

of hospitalization among COVID-19 positive individuals: cohort

study. Environ Int. 2021;154:106564. https://doi.org/10.1016/

j.envint.2021.106564.

11. Aykac N, Etiler N. COVID-19 mortality in Istanbul in association

with air pollution and socioeconomic status: an ecological

study. Environ Sci Pollut Res Int. 2022;29:13700�8. https://doi.

org/10.1007/s11356-021-16624-1.

12. Wu X, Nethery RC, Sabath MB, Braun D, Dominici F. Air pollution

and COVID-19 mortality in the United States: strengths and

ARTICLE IN PRESS
JID: PULMOE [mSP6P;May 30, 2024;20:54]

11

Pulmonology 00 (xxxx) 1�14

https://doi.org/10.1016/j.pulmoe.2024.04.005
https://doi.org/10.1016/j.pulmoe.2024.04.005
https://doi.org/10.1016/j.cmi.2020.04.023
https://data.who.int/dashboards/covid19/cases?n=c
https://data.who.int/dashboards/covid19/cases?n=c
https://doi.org/10.1016/S0140-6736(24)00463-X
https://doi.org/10.1016/j.jiph.2020.07.014
https://doi.org/10.1016/j.envres.2020.110129
https://doi.org/10.1146/annurev-publhealth-052120-101420
https://doi.org/10.1016/j.envpol.2020.114732
https://doi.org/10.1016/j.scitotenv.2020.138704
https://doi.org/10.1016/j.scitotenv.2020.140278
https://doi.org/10.1016/j.scitotenv.2020.140278
https://doi.org/10.1016/j.envint.2021.106564
https://doi.org/10.1016/j.envint.2021.106564
https://doi.org/10.1007/s11356-021-16624-1


limitations of an ecological regression analysis. Sci Adv. 2020;6.

https://doi.org/10.1126/sciadv.abd4049.

13. Bozack A, Pierre S, DeFelice N, Colicino E, Jack D, Chillrud SN,

et al. Long-term air pollution exposure and COVID-19 mortality:

a patient-level analysis from New York City. Am J Respir Crit

Care Med. 2022;205:651�62. https://doi.org/10.1164/

rccm.202104-0845OC.

14. Andersen ZJ, Hoffmann B, Morawska L, Adams M, Furman E, Yor-

gancioglu A, et al. Air pollution and COVID-19: clearing the air

and charting a post-pandemic course: a joint worksho report of

ERS, ISEE, HEI and WHO. Eur Respir J. 2021;58. https://doi.org/

10.1183/13993003.01063-2021.

15. Setti L, Passarini F, De Gennaro G, Barbieri P, Perrone MG, Borelli

M, et al. SARS-Cov-2RNA found on particulate matter of Bergamo

in Northern Italy: first evidence. Environ Res. 2020;188:109754.

https://doi.org/10.1016/j.envres.2020.109754.

16. Kayalar O, Ari A, Babuccu G, Konyalilar N, Dogan O, Can F, et al.

Existence of SARS-CoV-2 RNA on ambient particulate matter

samples: a nationwide study in Turkey. Sci Total Environ.

2021;789:147976. https://doi.org/10.1016/j.scitotenv.2021.

147976.

17. Frontera A, Cianfanelli L, Vlachos K, Landoni G, Cremona G.

Severe air pollution links to higher mortality in COVID-19

patients: the "double-hit" hypothesis. J Infect. 2020;81:255�9.

https://doi.org/10.1016/j.jinf.2020.05.031.

18. Sagawa T, Tsujikawa T, Honda A, Miyasaka N, Tanaka M, Kida T,

et al. Exposure to particulate matter upregulates ACE2 and

TMPRSS2 expression in the murine lung. Environ Res.

2021;195:110722. https://doi.org/10.1016/j.envres.2021.

110722.

19. 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 epithe-

lial cells in a sex-dependent manner. Am J Physiol Lung Cell Mol

Physiol. 2022;322:L479�94. https://doi.org/10.1152/ajplung.

00362.2021.

20. Viegi G, Taborda-Barata L. A series of narrative reviews on air

pollution and respiratory health for pulmonology: why it is

important and who should read it. Pulmonology.

2022;28:243�4. https://doi.org/10.1016/j.pulmoe.2021.

12.010.

21. De Matteis S, Forastiere F, Baldacci S, Maio S, Tagliaferro S,

Fasola S, et al. Issue 1 - "Update on adverse respiratory effects

of outdoor air pollution". Part 1): outdoor air pollution and

respiratory diseases: a general update and an Italian perspec-

tive. Pulmonology. 2022;28:284�96. https://doi.org/10.1016/

j.pulmoe.2021.12.008.

22. Sousa AC, Pastorinho MR, Masjedi MR, Urrutia-Pereira M, Arrais

M, Nunes E, et al. Issue 1 - "Update on adverse respiratory

effects of outdoor air pollution" Part 2): outdoor air pollution

and respiratory diseases: perspectives from Angola, Brazil, Can-

ada, Iran, Mozambique and Portugal. Pulmonology.

2022;28:376�95. https://doi.org/10.1016/j.pulmoe.2021.12.

007.

23. Rufo JC, Annesi-Maesano I, Carreiro-Martins P, Moreira A, Sousa

AC, Pastorinho MR, et al. Issue 2 - "Update on adverse respira-

tory effects of indoor air pollution" Part 1): indoor air pollution

and respiratory diseases: a general update and a Portuguese

perspective. Pulmonology. 2023. https://doi.org/10.1016/j.

pulmoe.2023.03.006.

24. Sarno G, Stanisci I, Maio S, Williams S, Ming KE, Diaz SG, et al.

Issue 2 - "Update on adverse respiratory effects of indoor air

pollution". Part 2): indoor air pollution and respiratory diseases:

perspectives from Italy and some other GARD countries. Pulmo-

nology. 2023. https://doi.org/10.1016/j.pulmoe.2023.03.007.

25. Murgia NAM, Blanc PD, Torres Costa J, Moitra S, Mu~noz X, Toren

K, Ferreira AJ. The occupational burden of respiratory diseases,

an update. Pulmonology. 2024.

26. Landrigan PJ, Fuller R, Acosta NJR, Adeyi O, Arnold R, Basu NN,

et al. The Lancet Commission on pollution and health. Lancet.

2018;391:462�512. https://doi.org/10.1016/S0140-6736(17)

32345-0.

27. World Health Organization. WHO air pollution-overview.

https://www.who.int/health-topics/air-pollution#tab=tab_1

[Accessed 3 March 2024].

28. Bayram H, Rice MB, Abdalati W, Akpinar Elci M, Mirsaeidi M,

Annesi-Maesano I, et al. Impact of global climate change on pul-

monary health: susceptible and vulnerable populations. Ann Am

Thorac Soc. 2023;20:1088�95. https://doi.org/10.1513/Annal-

sATS.202212-996CME.

29. Frontera A, Martin C, Vlachos K, Sgubin G. Regional air pollution

persistence links to COVID-19 infection zoning. J Infect.

2020;81:318�56. https://doi.org/10.1016/j.jinf.2020.03.045.

30. Conticini E, Frediani B, Caro D. Can atmospheric pollution be

considered a co-factor in extremely high level of SARS-CoV-2

lethality in Northern Italy? Environ Pollut. 2020;261:114465.

https://doi.org/10.1016/j.envpol.2020.114465.

31. Yao Y, Pan J, Wang W, Liu Z, Kan H, Qiu Y, et al. Association of

particulate matter pollution and case fatality rate of COVID-19

in 49 Chinese cities. Sci Total Environ. 2020;741:140396.

https://doi.org/10.1016/j.scitotenv.2020.140396.

32. Li H, Xu XL, Dai DW, Huang ZY, Ma Z, Guan YJ. Air pollution and

temperature are associated with increased COVID-19 incidence:

a time series study. Int J Infect Dis. 2020;97:278�82. https://

doi.org/10.1016/j.ijid.2020.05.076.

33. Xu L, Taylor JE, Kaiser J. Short-term air pollution exposure and

COVID-19 infection in the United States. Environ Pollut.

2022;292:118369. https://doi.org/10.1016/j.env-

pol.2021.118369.

34. Adhikari A, Yin J. Short-term effects of ambient ozone, PM(2.5,)

and meteorological factors on COVID-19 confirmed cases and

deaths in Queens, New York. Int J Environ Res Public Health.

2020;17:4047. https://doi.org/10.3390/ijerph17114047.

35. Pansini R, Fornacca D. Early spread of COVID-19 in the air-pol-

luted regions of eight severely affected countries. Atmosphere.

2021;12:795. https://doi.org/10.3390/atmos12060795.

36. Travaglio M, Yu Y, Popovic R, Selley L, Leal NS, Martins LM. Links

between air pollution and COVID-19 in England. Environ Pollut.

2021;268:115859. https://doi.org/10.1016/j.env-

pol.2020.115859.

37. Semczuk-Kaczmarek K, Rys-Czaporowska A, Sierdzinski J, Kacz-

marek LD, Szymanski FM, Platek AE. Association between air

pollution and COVID-19 mortality and morbidity. Intern Emerg

Med. 2022;17:467�73. https://doi.org/10.1007/s11739-021-

02834-5.

38. Khorsandi B, Farzad K, Tahriri H, Maknoon R. Association between

short-term exposure to air pollution and COVID-19 hospital

admission/mortality during warm seasons. Environ Monit Assess.

2021;193:426. https://doi.org/10.1007/s10661-021-09210-y.

39. Levi A, Barnett-Itzhaki Z. Effects of chronic exposure to ambi-

ent air pollutants, demographic, and socioeconomic factors on

COVID-19 morbidity: the Israeli case study. Environ Res.

2021;202:111673. https://doi.org/10.1016/j.env-

res.2021.111673.

40. Ortiz-Prado E, Simbana-Rivera K, Gomez-Barreno L, Rubio-Neira

M, Guaman LP, Kyriakidis NC, et al. Clinical, molecular, and epi-

demiological characterization of the SARS-CoV-2 virus and the

Coronavirus Disease 2019 (COVID-19), a comprehensive litera-

ture review. Diagn Microbiol Infect Dis. 2020;98:115094.

https://doi.org/10.1016/j.diagmicrobio.2020.115094.

41. Lin C, Lau AKH, Fung JCH, Guo C, Chan JWM, Yeung DW, et al. A

mechanism-based parameterisation scheme to investigate the

association between transmission rate of COVID-19 and meteo-

rological factors on plains in China. Sci Total Environ.

2020;737:140348. https://doi.org/10.1016/j.scito-

tenv.2020.140348.

ARTICLE IN PRESS
JID: PULMOE [mSP6P;May 30, 2024;20:54]

12

H. Bayram, N. Konyalilar, M.A. Elci et al.

https://doi.org/10.1126/sciadv.abd4049
https://doi.org/10.1164/rccm.202104-0845OC
https://doi.org/10.1164/rccm.202104-0845OC
https://doi.org/10.1183/13993003.01063-2021
https://doi.org/10.1016/j.envres.2020.109754
https://doi.org/10.1016/j.scitotenv.2021.147976
https://doi.org/10.1016/j.scitotenv.2021.147976
https://doi.org/10.1016/j.jinf.2020.05.031
https://doi.org/10.1016/j.envres.2021.110722
https://doi.org/10.1016/j.envres.2021.110722
https://doi.org/10.1152/ajplung.00362.2021
https://doi.org/10.1152/ajplung.00362.2021
https://doi.org/10.1016/j.pulmoe.2021.12.010
https://doi.org/10.1016/j.pulmoe.2021.12.010
https://doi.org/10.1016/j.pulmoe.2021.12.008
https://doi.org/10.1016/j.pulmoe.2021.12.008
https://doi.org/10.1016/j.pulmoe.2021.12.007
https://doi.org/10.1016/j.pulmoe.2021.12.007
https://doi.org/10.1016/j.pulmoe.2023.03.006
https://doi.org/10.1016/j.pulmoe.2023.03.006
https://doi.org/10.1016/j.pulmoe.2023.03.007
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0025
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0025
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0025
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0025
https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.1016/S0140-6736(17)32345-0
https://www.who.int/health-topics/air-pollution#tab=tab_1
https://doi.org/10.1513/AnnalsATS.202212-996CME
https://doi.org/10.1513/AnnalsATS.202212-996CME
https://doi.org/10.1016/j.jinf.2020.03.045
https://doi.org/10.1016/j.envpol.2020.114465
https://doi.org/10.1016/j.scitotenv.2020.140396
https://doi.org/10.1016/j.ijid.2020.05.076
https://doi.org/10.1016/j.envpol.2021.118369
https://doi.org/10.1016/j.envpol.2021.118369
https://doi.org/10.3390/ijerph17114047
https://doi.org/10.3390/atmos12060795
https://doi.org/10.1016/j.envpol.2020.115859
https://doi.org/10.1016/j.envpol.2020.115859
https://doi.org/10.1007/s11739-021-02834-5
https://doi.org/10.1007/s11739-021-02834-5
https://doi.org/10.1007/s10661-021-09210-y
https://doi.org/10.1016/j.envres.2021.111673
https://doi.org/10.1016/j.envres.2021.111673
https://doi.org/10.1016/j.diagmicrobio.2020.115094
https://doi.org/10.1016/j.scitotenv.2020.140348
https://doi.org/10.1016/j.scitotenv.2020.140348


42. Liu J, Zhou J, Yao J, Zhang X, Li L, Xu X, et al. Impact of meteo-

rological factors on the COVID-19 transmission: a multi-city

study in China. Sci Total Environ. 2020;726:138513. https://

doi.org/10.1016/j.scitotenv.2020.138513.

43. Zhang Z, Xue T, Jin X. Effects of meteorological conditions and

air pollution on COVID-19 transmission: evidence from 219 Chi-

nese cities. Sci Total Environ. 2020;741:140244. https://doi.

org/10.1016/j.scitotenv.2020.140244.

44. Yao M, Zhang L, Ma J, Zhou L. On airborne transmission and con-

trol of SARS-Cov-2. Sci Total Environ. 2020;731:139178.

https://doi.org/10.1016/j.scitotenv.2020.139178.

45. Xu R, Rahmandad H, Gupta M, DiGennaro C, Ghaffarzadegan N,

Amini H, Jalali MS. Weather, air pollution, and SARS-CoV-2

transmission: a global analysis. Lancet Planet Health. 2021;5:

e671�80. https://doi.org/10.1016/S2542-5196(21)00202-3.

46. Zhou N, Dai H, Zha W, Lv Y. The impact of meteorological fac-

tors and PM2.5 on COVID-19 transmission. Epidemiol Infect.

2022;150:e38. https://doi.org/10.1017/S0950268821002570.

47. Matson MJ, Yinda CK, Seifert SN, Bushmaker T, Fischer RJ, van

Doremalen N, et al. Effect of environmental conditions on SARS-

CoV-2 stability in human nasal mucus and sputum. Emerg Infect

Dis. 2020;26:2276�8. https://doi.org/10.3201/eid2609.202267.

48. Bourdrel T, Annesi-Maesano I, Alahmad B, Maesano CN, Bind MA.

The impact of outdoor air pollution on COVID-19: a review of

evidence from in vitro, animal, and human studies. Eur Respir

Rev. 2021;30. https://doi.org/10.1183/16000617.0242-2020.

49. Wang J, Tang K, Feng K, Lin X, Lv W, Chen K, Wang F. Impact of

temperature and relative humidity on the transmission of

COVID-19: a modelling study in China and the United States.

BMJ Open. 2021;11:e043863. https://doi.org/10.1136/

bmjopen-2020-043863.

50. Veronesi G, De Matteis S, Calori G, Pepe N, Ferrario MM. Long-

term exposure to air pollution and COVID-19 incidence: a pro-

spective study of residents in the city of Varese, Northern Italy.

Occup Environ Med. 2022;79:192�9. https://doi.org/10.1136/

oemed-2021-107833.

51. Tateo F, Fiorino S, Peruzzo L, Zippi M, De Biase D, Lari F, Melucci

D. Effects of environmental parameters and their interactions

on the spreading of SARS-CoV-2 in North Italy under different

social restrictions. A new approach based on multivariate analy-

sis. Environ Res. 2022;210:112921. https://doi.org/10.1016/j.

envres.2022.112921.

52. Contiero P, Borgini A, Bertoldi M, Abita A, Cuffari G, Tomao P,

et al. An epidemiological study to investigate links between

atmospheric pollution from farming and SARS-CoV-2 mortality.

Int J Environ Res Public Health. 2022;19:4637. https://doi.org/

10.3390/ijerph19084637.

53. Nobile F, Michelozzi P, Ancona C, Cappai G, Cesaroni G, Davoli

M, et al. Air pollution, SARS-CoV-2 incidence and COVID-19 mor-

tality in Rome - a longitudinal study. Eur Respir J. 2022;60.

https://doi.org/10.1183/13993003.00589-2022.

54. Perone G. Assessing the impact of long-term exposure to nine

outdoor air pollutants on COVID-19 spatial spread and related

mortality in 107 Italian provinces. Sci Rep. 2022;12:13317.

https://doi.org/10.1038/s41598-022-17215-x.

55. Falco A, Piscitelli P, Vito D, Pacella F, Franco C, Pulimeno M,

et al. COVID-19 epidemic spread and green areas Italy and Spain

between 2020 and 2021: an observational multi-country retro-

spective study. Environ Res. 2023;216:114089. https://doi.org/

10.1016/j.envres.2022.114089.

56. Fedrizzi L, Carugno M, Consonni D, Lombardi A, Bandera A, Bono

P, et al. Air pollution exposure, SARS-CoV-2 infection, and

immune response in a cohort of healthcare workers of a large uni-

versity hospital in Milan, Italy. Environ Res. 2023;236:116755.

https://doi.org/10.1016/j.envres.2023.116755.

57. Ranzi A, Stafoggia M, Giannini S, Ancona C, Bella A, Cattani G,

et al. [Long-term exposure to ambient air pollution and the inci-

dence of SARS-CoV-2 infections in Italy: the EpiCovAir study].

Epidemiol Prev. 2023;47:125�36. https://doi.org/10.19191/

EP23.3.A605.025.

58. Stafoggia M, Ranzi A, Ancona C, Bauleo L, Bella A, Cattani G,

et al. Long-term exposure to ambient air pollution and mortal-

ity among four million COVID-19 cases in Italy: the EpiCovAir

study. Environ Health Perspect. 2023;131:57004. https://doi.

org/10.1289/EHP11882.

59. Slezakova K, Pereira MC. 2020 COVID-19 lockdown and the

impacts on air quality with emphasis on urban, suburban and

rural zones. Sci Rep. 2021;11:21336. https://doi.org/10.1038/

s41598-021-99491-7.

60. Silva ACT, Branco P, Sousa SIV. Impact of COVID-19 pandemic on

air quality: a systematic review. Int J Environ Res Public Health.

2022;19:1950. https://doi.org/10.3390/ijerph19041950.

61. Abecasis L, Gamelas CA, Justino AR, Dionisio I, Canha N, Kertesz

Z, Almeida SM. Spatial distribution of air pollution, hotspots and

sources in an urban-industrial area in the Lisbon Metropolitan

Area, Portugal-a biomonitoring approach. Int J Environ Res Public

Health. 2022;19:1364. https://doi.org/10.3390/ijerph19031364.

62. Centers for Disease Control and Prevention. CDC, scientific

brief: SARS-CoV-2 transmission. https://stacks.cdc.gov/view/

cdc/105949 [Accessed 5 February 2023].

63. Chen PS, Tsai FT, Lin CK, Yang CY, Chan CC, Young CY, Lee CH.

Ambient influenza and avian influenza virus during dust storm

days and background days. Environ Health Perspect.

2010;118:1211�6. https://doi.org/10.1289/ehp.0901782.

64. Qu G, Li X, Hu L, Jiang G. An Imperative need for research on

the role of environmental factors in transmission of novel coro-

navirus (COVID-19). Environ Sci Technol. 2020;54:3730�2.

https://doi.org/10.1021/acs.est.0c01102.

65. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A

pneumonia outbreak associated with a new coronavirus of prob-

able bat origin. Nature. 2020;579:270�3. https://doi.org/

10.1038/s41586-020-2012-7.

66. Rajabi H, Mortazavi D, Konyalilar N, Aksoy GT, Erkan S, Korkunc

SK, et al. Forthcoming complications in recovered COVID-19

patients with COPD and asthma; possible therapeutic opportu-

nities. Cell Commun Signal. 2022;20:173. https://doi.org/

10.1186/s12964-022-00982-5.

67. Al-Horani RA, Kar S, Aliter KF. Potential anti-COVID-19 thera-

peutics that block the early stage of the viral life cycle: struc-

tures, mechanisms, and clinical trials. Int J Mol Sci.

2020;21:5224. https://doi.org/10.3390/ijms21155224.

68. Woodby B, Arnold MM, Valacchi G. SARS-CoV-2 infection, COVID-

19 pathogenesis, and exposure to air pollution: what is the con-

nection? Ann N Y Acad Sci. 2021;1486:15�38. https://doi.org/

10.1111/nyas.14512.

69. Qi F, Qian S, Zhang S, Zhang Z. Single cell RNA sequencing of 13

human tissues identify cell types and receptors of human coro-

naviruses. Biochem Biophys Res Commun. 2020;526:135�40.

https://doi.org/10.1016/j.bbrc.2020.03.044.

70. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T,

Erichsen S, et al. SARS-CoV-2 cell entry depends on ACE2 and

TMPRSS2 and is blocked by a clinically proven protease inhibi-

tor. Cell. 2020;181:271�280.e278. https://doi.org/10.1016/j.

cell.2020.02.052.

71. Botto L, Lonati E, Russo S, Cazzaniga E, Bulbarelli A, Palestini P.

Effects of PM2.5 exposure on the ACE/ACE2 pathway: possible

implication in COVID-19 pandemic. Int J Environ Res Public

Health. 2023;20:4393. https://doi.org/10.3390/ijerph20054393.

72. Ciencewicki J, Jaspers I. Air pollution and respiratory viral

infection. Inhal Toxicol. 2007;19:1135�46. https://doi.org/

10.1080/08958370701665434.

73. Harrod KS, Jaramillo RJ, Rosenberger CL, Wang SZ, Berger JA,

McDonald JD, Reed MD. Increased susceptibility to RSV infection

by exposure to inhaled diesel engine emissions. Am J Respir Cell

Mol Biol. 2003;28:451�63. https://doi.org/10.1165/

rcmb.2002-0100OC.

ARTICLE IN PRESS
JID: PULMOE [mSP6P;May 30, 2024;20:54]

13

Pulmonology 00 (xxxx) 1�14

https://doi.org/10.1016/j.scitotenv.2020.138513
https://doi.org/10.1016/j.scitotenv.2020.140244
https://doi.org/10.1016/j.scitotenv.2020.139178
https://doi.org/10.1016/S2542-5196(21)00202-3
https://doi.org/10.1017/S0950268821002570
https://doi.org/10.3201/eid2609.202267
https://doi.org/10.1183/16000617.0242-2020
https://doi.org/10.1136/bmjopen-2020-043863
https://doi.org/10.1136/bmjopen-2020-043863
https://doi.org/10.1136/oemed-2021-107833
https://doi.org/10.1136/oemed-2021-107833
https://doi.org/10.1016/j.envres.2022.112921
https://doi.org/10.1016/j.envres.2022.112921
https://doi.org/10.3390/ijerph19084637
https://doi.org/10.1183/13993003.00589-2022
https://doi.org/10.1038/s41598-022-17215-x
https://doi.org/10.1016/j.envres.2022.114089
https://doi.org/10.1016/j.envres.2023.116755
https://doi.org/10.19191/EP23.3.A605.025
https://doi.org/10.19191/EP23.3.A605.025
https://doi.org/10.1289/EHP11882
https://doi.org/10.1038/s41598-021-99491-7
https://doi.org/10.1038/s41598-021-99491-7
https://doi.org/10.3390/ijerph19041950
https://doi.org/10.3390/ijerph19031364
https://stacks.cdc.gov/view/cdc/105949
https://stacks.cdc.gov/view/cdc/105949
https://doi.org/10.1289/ehp.0901782
https://doi.org/10.1021/acs.est.0c01102
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1186/s12964-022-00982-5
https://doi.org/10.3390/ijms21155224
https://doi.org/10.1111/nyas.14512
https://doi.org/10.1016/j.bbrc.2020.03.044
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.3390/ijerph20054393
https://doi.org/10.1080/08958370701665434
https://doi.org/10.1165/rcmb.2002-0100OC
https://doi.org/10.1165/rcmb.2002-0100OC


74. Wang B, Chen H, Chan YL, Oliver BG. Is there an association

between the level of ambient air pollution and COVID-19? Am J

Physiol Lung Cell Mol Physiol. 2020;319:L416�21. https://doi.

org/10.1152/ajplung.00244.2020.

75. Becker S, Soukup JM. Exposure to urban air particulates alters

the macrophage-mediated inflammatory response to respira-

tory viral infection. J Toxicol Environ Health A.

1999;57:445�57. https://doi.org/10.1080/009841099157539.

76. Wang F, Nie J, Wang H, Zhao Q, Xiong Y, Deng L, et al. Charac-

teristics of peripheral lymphocyte subset alteration in COVID-19

pneumonia. J Infect Dis. 2020;221:1762�9.

77. Fiorito S, Soligo M, Gao Y, Ogulur I, Akdis CA, Bonini S. Is the epi-

thelial barrier hypothesis the key to understanding the higher

incidence and excess mortality during COVID-19 pandemic? The

case of Northern Italy. Allergy. 2022;77:1408�17. https://doi.

org/10.1111/all.15239.

78. Pierdominici M, Maselli A, Cecchetti S, Tinari A, Mastrofran-

cesco A, Alfe M, et al. Diesel exhaust particle exposure in vitro

impacts T lymphocyte phenotype and function. Part Fibre Toxi-

col. 2014;11:74. https://doi.org/10.1186/s12989-014-0074-0.

79. Bayram H, Devalia JL, Khair OA, Abdelaziz MM, Sapsford RJ,

Sagai M, Davies RJ. Comparison of ciliary activity and

inflammatory mediator release from bronchial epithelial cells

of nonatopic nonasthmatic subjects and atopic asthmatic

patients and the effect of diesel exhaust particles in vitro. J

Allergy Clin Immunol. 1998;102:771�82. https://doi.org/

10.1016/s0091-6749(98)70017-x.

80. Bayram H, Ito K, Issa R, Ito M, Sukkar M, Chung KF. Regulation of

human lung epithelial cell numbers by diesel exhaust particles.

Eur Respir J. 2006;27:705�13.

81. Bayram H, Fakili F, Gogebakan B, Bayraktar R, Oztuzcu S, Diken-

soy O, Chung KF. Effect of serum on diesel exhaust particles

(DEP)-induced apoptosis of airway epithelial cells in vitro. Toxi-

col Lett. 2013;218:215�23. https://doi.org/10.1016/j.tox-

let.2013.02.006.

82. Robinot R, Hubert M, de Melo GD, Lazarini F, Bruel T, Smith N,

et al. SARS-CoV-2 infection induces the dedifferentiation of mul-

ticiliated cells and impairs mucociliary clearance. Nat Commun.

2021;12:4354. https://doi.org/10.1038/s41467-021-24521-x.

83. Rosas-Salazar C, Kimura KS, Shilts MH, Strickland BA, Freeman

MH, Wessinger BC, et al. SARS-CoV-2 infection and viral load are

associated with the upper respiratory tract microbiome. J

Allergy Clin Immunol. 2021;147. https://doi.org/10.1016/j.

jaci.2021.02.001. 1226-1233 e1222.

ARTICLE IN PRESS
JID: PULMOE [mSP6P;May 30, 2024;20:54]

14

H. Bayram, N. Konyalilar, M.A. Elci et al.

https://doi.org/10.1152/ajplung.00244.2020
https://doi.org/10.1080/009841099157539
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0076
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0076
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0076
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0076
https://doi.org/10.1111/all.15239
https://doi.org/10.1186/s12989-014-0074-0
https://doi.org/10.1016/s0091-6749(98)70017-x
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0080
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0080
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0080
http://refhub.elsevier.com/S2531-0437(24)00051-5/sbref0080
https://doi.org/10.1016/j.toxlet.2013.02.006
https://doi.org/10.1016/j.toxlet.2013.02.006
https://doi.org/10.1038/s41467-021-24521-x
https://doi.org/10.1016/j.jaci.2021.02.001
https://doi.org/10.1016/j.jaci.2021.02.001

	Issue 4 - Impact of air pollution on COVID-19 mortality and morbidity: An epidemiological and mechanistic review
	Introduction
	Literature search
	Air pollution induces mortality and morbidity due to COVID-19: epidemiological evidence
	Meteorological factors and COVID-19
	An Italian epidemiological perspective on COVID-19 and air pollution
	A Portuguese epidemiological perspective on COVID-19 and air pollution

	Effects of air pollution on COVID-19: putative mechanisms
	Transmission of SARS-CoV-2
	Cellular entry of SARS-CoV-2 and interaction with air pollutants


	Conclusion
	Conflicts of interest
	Acknowledgements
	Funding

	Supplementary materials
	References



