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Abstract

Exposure to air pollutants has been associated with respiratory viral infections. Epi-

demiological studies have shown that air pollution exposure is related to increased

cases of SARS-COV-2 infection and COVID-19-associated mortality. In addition, the

changes of meteorological parameters have also been implicated in the occurrence

and development of COVID-19. However, the molecular mechanisms by which pollu-

tant exposure and changes of meteorological parameters affects COVID-19 remains

unknown. This review summarizes the biology of COVID-19 and the route of viral

transmission, andelaborates on the relationshipbetweenair pollution and climate indi-

cators and COVID-19. Finally, we envisaged the potential roles of air pollution and

meteorological parameters in COVID-19.
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1 INTRODUCTION

In late 2019, a group of patients with unexplained pneumonia were

related to a seafood wholesale market in China. Since then, a novel

coronavirus (SARS-CoV-2), which can cause serious acute respira-

tory syndrome, has triggered off a pneumonia outbreak in China. The

World Health Organization names this disease as coronavirus dis-

ease 2019 (COVID-19) in February 2020 and announced COVID-

19 has pandemic characteristics in March 11, 2020. As of 26 March

2021, the number of confirmed cases was 124 535 520 and the

number of confirmed deaths was 2 738 876 among 223 coun-

tries, areas or territories (https://www.who.int/emergencies/diseases/

novel-coronavirus-2019).

The incubation period of COVID-19 is typically 3-7 days (range: 1-

14). The main clinical manifestations include symptoms of respiratory

© 2021 Chinese Cochrane Center,West China Hospital of Sichuan University and JohnWiley & Sons Australia, Ltd

tract infection (eg, nasal obstruction, runny nose, sore throat, fever, dry

cough, and dyspnea), gastrointestinal issues, neurological impairment,

and cutaneous manifestations.1 Multiple system complications (ner-

vous system, respiratory system, cardiovascular system, digestive sys-

tem, urinary system) tend to occur in patients with severe COVID-19.1

Subjects with chronic diseases, including hypertension, obesity, dia-

betes, cardiovascular disease, chronic obstructive pulmonary disease

(COPD), malignancy, and chronic kidney disease, are at higher risk.1

Solid, liquid, and gas components in air pollution affect biological

systems. Impact of air pollution and climatic changeon the spread,mor-

bidity, and mortality of the virus has been increasingly studied. In this

review, we summarize the impacts of particulate matter (PM), carbon

monoxide (CO), nitrogen dioxide (NO2), ozone (O3), and sulfur dioxide

(SO2) on COVID-19 infection. Previous results showed significant het-

erogeneity across countries. For example, Liu et al selected data from9
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countries coveringAsia, NorthAmerica, and Europe, and found greater

influence of PM2.5 andPM10 onCOVID-19 infection in European coun-

tries, but greater impact of O3 and PM2.5 on COVID-19 infection in

North American countries.2 For Asian countries, PM10, CO, and PM2.5

were more strongly correlated with infection in China; O3 and PM2.5

were more strongly linked with infection in Japan, whereas SO2 and

PM2.5 weremore strongly related to infection in Korea.2

This review first summarizes the biology of SARS-CoV-2 and its

route of transmission, and then discusses the results of major epidemi-

ological studies on the influences of air pollution and climate indicators

on COVID-19.We then envisage the possible roles of air pollution and

meteorological parameters in COVID-19.

2 CORONAVIRUS BIOLOGY

Coronaviruses (COVs) is a highly diverse family of enveloped positive-

sense single-stranded RNA viruses.3,4 According to the phylogenetic

relationship and genomic structure, the viruses are classified into

four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus,

and Deltacoronavirus.5 The genome size of coronavirus ranges from

26 000-32 000 bases, including an variable number of open read-

ing frames.6 COVID-19 is 99.4% homologous to SARS-COV, indicat-

ing that the two viruses belong to the same SARSr-COV.7 SARS-COV

genomestructure followsother knowncoronavirus characteristic gene

sequences.8 It is blocked at the 5′ end, has a 3′ poly (a) tail and a short
5′ and 3′UTR sequence.8 Coded proteins include S, envelope (E), mem-

brane (M) andN proteins.9 Among these proteins, spinous proteins are

essential for the binding of virus to host, andmediate the entry of virus

into host cells. The spinous process of coronavirus consists of three

fractions: a large outer domain, a one-way transmembrane anchor, and

a short intracellular tail. The outer domain is composed of receptor

binding subunit S1 and membrane fusion subunit S2.10 Entry of coro-

naviruses into host cells is a two-step process mediated by the virion

spike proteins that modify the virus particles. S1 domain is in charge

of receptor binding, S2 domain is in charge of membrane fusion.11

COVs replication and transcription occur in the cytoplasm of invaded

cells and aremediated by replication transcript (RTC). In COVs genome

replication, continuous negative RNA synthesis is designed to produce

full-length complementary templates, which are then replicated into

multiple positive offspring genomes.12

3 EFFECT OF CORONAVIRUS ON IMMUNE
SYSTEM

SARS-COV-2 infection activates innate and adaptive immune

responses, which can lead to immune system damage, such as

lymphopenia, lymphocyte activation and dysfunction, abnormal

granulocyte and monocyte, high cytokine level and high antibody

level.13,14

Innate immune cells trigger a series of inflammation.15 The inter-

action between SARS-COV-2 and hosts is initiated by the single

stranded RNA (ssRNA) and double-stranded RNA (dsRNA) of SARS-

COV-2 through the cytoplasmic RIG pattern recognition receptors.16

PRR senses the viral replication process and forms abnormal RNA

structure, and activates IRFs and NF-αβ.17,18 Activated PRR triggers

cytokine secretion via downstream signal transduction cascades.16

A large body of clinical evidences suggested critical roles of a wide

range of cytokines in the nosogenesis of COVID-19.19 It has been

confirmed that there is an uncontrolled “cytokine storm” in patients

with poor prognosis, which is characterized by local and systemic

pro-inflammatory factors, including interleukin (IL)−6, tumor necrosis

factor-α (TNF-α) and IL-1β.20–24

The adaptive immune system is mainly composed of B cells, CD4+ T

cells (helper T cells) and CD8+ T cells (cytotoxic or killer cells), which

react to pathogens in an antigen-specific way and produce protective

immunity.25 Acute respiratory distress syndrome (ARDS) is an impor-

tantmanifestation of COVID-19.Macrophages participate in epithelial

injury during ARDS.26 When recognizing damage associated molecu-

lar pattern (DAMP) or pathogen associated molecular pattern (PAMP)

in the process of COVID-19, macrophages are activated via TLRs,

NLRP3/inflammasome or triggering cytoplasmic DNA sensors. Subse-

quent signal transduction stimulates the secretion of cytokines and

activates the antiviral gene expression program in adjacent cells.27,28

4 COVID-19 PATHOGENESIS

Theaverage incubationperiodofCOVID-19 is 6.4 days and could range

from 2.1 to 11.1 days.29 The pathogenesis of SARS-COV-2 infection is

akin to that of SARS-COV infection.30 Nasal epithelial cells are the pri-

mary site of SARS-COV-2 infection; lower respiratory tract infection

may be caused by inhalation-mediated virus seeding into the lung.31

Patients infected with SARS coronavirus initially show fever, sore

throat, cough, and dyspnea.32,33 In addition to respiratory symptoms,

some infected patients also have gastrointestinal symptoms, such as

stomachache, diarrhea, inappetence, nausea, and vomiting.34–36 The

gastrointestinal tropism of SARS-COV-2 coronavirus has also been

confirmed by biopsy specimens and fecal virus test.37 SARS-COV-2

could combine with the viral receptor angiotensin converting enzyme

(ACE2), and the overexpression of ACE2 mRNA in the gastrointestinal

system may explain the gastrointestinal symptoms.38 General symp-

toms includingmyalgia, headache, and loss of taste and smell.

Patients with severe COVID-19 are characterized by profound

hypoxemia but no proportional signs of respiratory distress and rapid

deterioration.39 In addition, the immune system releases a large

amount of cytokines during virus infection and secondary infection,

which can lead to sepsis. In these patients, uncontrolled inflammation

can result in multiple organ damage, including the heart, liver, and kid-

neys. Most patients who developed renal failure after SARS-COV-2

infection eventually die.40

Epidemiological data showed that the most commonmode of trans-

mission is face-to-face contact (talking, coughing, or sneezing). Contact

transmission is another feasible mode of transmission. Aerosols may

alsomediate transmission.41
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TABLE 1 Effect of AQI on COVID-19 cases andmortality

Author Country Period Analysis method Quantified results

Bashir et al43 USA (California) 1Mar to 12 Apr

2020

Observational Study(Kendall and

Spearman’s rank correlation tests)

AQI was significantly correlatedwith

COVID-19 incidence .

Li et al44 China (Wuhanand

Xiaogan)

26 Jan to 29 Feb

2020

Linear regressionmodel AQI was significantly correlatedwith

COVID-19 incidence in bothWuhan

(R2= 0.13, P< 0.05) and Xiaogan

(R2= 0.223, P< 0.01).

Zhang et al45 219 prefecturecities

in China

24 Jan to 29 Feb

2020

Multivariate regressionmodel As the AQI increase by 10 units, the

coronavirus further spreads by 5%−7%.

Jiang et al46 Wuhan in China 25 Jan to 7 Apr 2020 The Pearson’s and Poisson’s regression

models

AQI was positively correlatedwith the daily

COVID-19 deaths.

Wang et al47 337 prefecture-level

cities in China

NA Spearman’s rank correlation analysis

andmultiple linear regression

AQI was positively correlatedwith newly

confirmed COVID-19 cases.

Pei et al48 325 cities in china Up to 27May 2020 Geographically weighted regression AQI was negatively correlatedwith

COVID-19 deaths.

AQI: air quality index.

5 EPIDEMIOLOGICAL STUDY BETWEEN AIR
POLLUTANTS AND COVID-19

Studies have analyzed the associationbetweenCOVID-19andair qual-

ity index (AQI), and found that there were significant relationship

between air quality and daily new cases, total cases, andmortality42–48

(Table 1).

5.1 Particulate matters and COVID-19

PM2.5 can invade deeply into the lungs and deposits into alveoli. Ele-

vated concentration of PM2.5 and PM10 has been associated with

increased number of confirmed COVID-19 cases.49 After adjusting

for confounding and spatial autocorrelation, each 1 μg/m3 increase

in the PM2.5 exposure is associated with 1.4% (95% CI: −2.1%-

5.1%) increase in COVID-19 mortality risk.50 A study in India using

machine learning verified a causal relationship between PM2.5 and

COVID-19 deaths.51 Similarly, many studies have shown positive cor-

relations between PM2.5, PM10 and daily new COVID-19 cases and

mortality,2,42,44,46–48,52–69 indicating that air pollution increases sus-

ceptibility to COVID-19.

There are significant inconsistencies among different results. For

example, Bontempi et al failed to find a correlation between PM10

and the diffusion of the COVID-19 virus. Specifically, cities with

most severe event of PM10 pollution had low number of cases,

whereas cities where PM10 concentration exceeded the higher limit

only occasionally had the highest number of cases.67 Liang et al also

failed to observe a significant association.70 Jiang et al suggested

that COVID-19 deaths are positively associated with PM2.5 but neg-

atively with PM10.
46 Another study in the United States showed

that as the moving average of PM2.5 (μg/m3) increased by one unit,

the number of daily new COVID-19 cases decreased by 33.11%

(Table 2).

5.2 NO2 and COVID-19

Many studies have examined the association between NO2 and

COVID-19.66,10–74 NO2, an endogenously generated oxidant, has a

potential impact on COV19 epidemic transmission.75 NO2 has been

positively associated with COVID-19 infectivity, positive cases, inci-

dence and deaths.44,56,63,64 After adjustment for relative humidity and

temperature, transmission ability of the 11 Cities in Hubei Province

(except Xianning City) was positively related to NO2 concentration

(with 12-day time lag), indicating that NO2 may increase underly-

ing risk of infection during COVID-19 transmission.76 Magazino et al

demonstrated a causal effect of NO2 on mortality, namely, the abil-

ity of NO2 to accelerate COVID-19 mortality.69 Ogen et al showed

that out of the 4 443 fatality cases, 3 487 (78%) were in five regions

with the highest NO2 concentrations.77 A recent study found a 0.5%

(95% CI: −0.2%, 1.2%) increase in COVID-19 mortality risk for every

1 μg/m3 increase in NO2, after adjusting for confounding and spa-

tial autocorrelation.50 Liu et al found that aggravating effect of NO2

on COVID-19 infection in Canada and France.2 A 10-μg/m3 increase

(lag 0-14) in NO2 was associated with a 6.94% (95% CI: 2.38-11.51)

increase in the daily counts of confirmed cases.49 The causal links

between NO2 and COVID-19 deaths were also verified in India by a

study using machine learning method.51 However, two other studies

showed that ground level NO2 was inversely correlated with COVID-

19 infections and the basic reproductive ratio(R0).
71,78 In anML exper-

iment byMele et al, when NO2 exceeded the threshold level, the num-

ber of deaths from COVID-19 increased.75 Overall, NO2 renders the

respiratory systemmore susceptible to COVID-1975 (Table 3).

5.3 O3 and COVID-19

A 10 μg/m3 increase (lag 0-14) in O3 was associated with a 4.76%

increase in thedaily counts of confirmed cases.49 Liu et al evaluated the
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TABLE 2 Effect of PM2.5 and PM10 on COVID-19 cases andmortality

Author Country Period Analysis method Quantified results

Liu et al2 9 countries 21 Jan to 20May 2020 Discontinuous linear regression PM10 plays a stronger role in accelerating

the spread of COVID-19 infection in

China, England, Germany, and France.

Zoran et al42 Italy (Milan) 1 Jan to 30 Apr 2020 NA Daily maximumPM2.5 and PM10 were

positively associated with daily new

COVID-19 cases.

Li et al44 China (Wuhanand

Xiaogan)

26 Jan to 29 Feb 2020 Linear regressionmodel PM2.5 was prominently correlatedwith

COVID-19 incidence.

Jiang et al46 Wuhan in China 25 Jan to 7 Apr 2020 The Pearson’s and Poisson’s

regressionmodels

PM2.5 was positively associated (relative

risk [RR]= 1.079, 95%CI 1.071-1.086,

P< 0.01) with COVID-19 deaths.

Jiang et al46 Wuhan in China 25 Jan to 7 Apr 2020 The Pearson’s and Poisson’s

regressionmodels

PM10 was inversely associatedwith

COVID-19 deaths.

Wang et al47 337 prefecture-level

cities in China

NA Spearman’s rank correlation

analysis andmultiple linear

regression

PM2.5, PM10 were positively correlated

with newly confirmed COVID-19 cases.

Pei et al48 325 cities in china Up to 27May 2020 Geographically weighted

regression

PM2.5 and PM10 had significantly positive

impacts on COVID-19.

Zhu et al49 China (120 cities) 23 Jan to 29 Feb 2020 Generalized additivemodel 10mg/m3 increase in PM2.5 was positively

associatedwith 2.24% (95%CI:

1.02-3.46) increase in the daily counts of

confirmed cases; 10mg/m3 increase in

PM10 was positively associated with

1.76% (95%CI: 0.89-2.63) increase in

the daily counts of confirmed cases.

Konstantinoudis

et al50
England Up to 30 June 2020 Bayesian hierarchical models Every 1 μg/m3 increase in PM2.5 was

associatedwith a 1.4% (95%CI:

−2.1%-5.1%) increase in COVID-19

mortality risk.

Frontera et al52 Italy Updated to 31March

2020

Pearson’s correlation analyses Mean PM2.5 was positively associatedwith

COVID-19 total number cases, ICU

admissions per day, deaths, and

hospitalized cases.

Frontera et al52 Italy 1 Feb to 31Mar 2020 Correlation analyses PM2.5 was positively associated with total

number of COVID-19 cases.

Frontera et al53 Europe

(47regionalEuro-

peancapitals and

107major

Italiancities)

10 Feb to 10 Apr 2020 Binary classifier based on an

artificial neural network

PM2.5 and PM10 were positively associated

with number of COVID-19 cases.

Setti et al54 Italy (northern 110

Italian provinces)

7 Feb to 15Mar 2020 Correlation analyses The average number of exceedances of

PM10 daily limit value was positively

associatedwith the number of

COVID-19 cases in each province.

Wang et al55 China (63 cities) 1 Jan to 2Mar 2020. Generalized additivemodels

(GAM)with a quasi-Poisson’s

distribution

A 10 μg/m3 increase in the concentration

of PM10 and PM2.5 were positively

associatedwith the confirmed cases of

COVID-19, and the estimated strongest

RRs (both at lag 7) were 1.05 (95%CIs:

1.04-1.07) and 1.06 (95%CIs:

1.04-1.07), respectively.

Travaglio et al56 UK Biobank data

sources

2018-2019 Generalized linear models,

negative binomial regression

analyses

An increase of 1m3 in the long-term

average of PM2.5 was associated with a

12% increase in COVID-19 cases.

(Continues)
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TABLE 2 (Continued)

Author Country Period Analysis method Quantified results

Travaglio et al56 UK Biobank data

sources

2018-2019 Generalized linear models,

negative binomial regression

analyses

A one-unit increase in PM10 was

associatedwith approximately 8%more

COVID-19 cases in the UK biobank.

Pozzer et al57 Worldwide Up to June 2020 Global atmospheric chemistry

general circulationmodel

(EMAC)

PM2.5 contributed 15% (95%CI: 7%-33%)

to COVID-19mortality worldwide.

Yao et al58 Wuhan in China 19 Jan to 15Mar 2020 Time series analysis PM2.5 and PM10 were positively associated

with the case fatality rate of COVID-19

(CFR).

Magazzino et al59 Paris, Lyon, and

Marseille

NA Artificial Neural Networks

(ANNs) experimentsMachine

Learning (ML) methodology

PM2.5 and PM10 showed a direct

relationship with COVID-19 fatality.

Coker et al60 Northern Italy 1 Jan to 30 Apr 2020 Negative binomial regression A one-unit increase in PM2.5 concentration

(μg/m3) was associatedwith a 9% (95%

CI: 6%-12%) increase in COVID-19

relatedmortality.

Vasquez-

Apestegui

et al61

20 districts in Lima

(Peru)

As of 12 June 2020 Ecological study, linear regression Higher PM2.5 levels were associatedwith

higher number of cases and deaths of

COVID-19.

Hendryx et al62 USA As of 31May 2020 Mixedmodel linear multiple

regression analyses

Greater diesel particulatematter (DPM)

were significantly associated with

COVID-19 prevalence andmortality

rates.

Landoni et al63 33 European

countries

NA Pearson’s correlation analysis PM2.5 was positively correlatedwith

positive COVID-19 cases and deaths.

Jiang et al64 China

(Wuhan,Xiaogan

andHuanggang)

25 Jan to 29 Feb 2020 Multivariate Poisson’s regression PM2.5 was positively associated with daily

COVID-19 incidence inWuhan (1.036,

95%CI: 1.032-1.039), Xiaogan (1.059,

95%CI: 1.046-1.072), andHuanggang

(1.144, 95%CI: 1.12-1.169).

Jiang et al64 China

(Wuhan,Xiaogan,

andHuanggang)

25 Jan to 29 Feb 2020 Multivariate Poisson’s regression PM10 was negatively associated with daily

COVID-19 incidence inWuhan (0.964,

95%CI: 0.961-0.967), Xiaogan (0.961,

95%CI: 0.95-0.972), and Huanggang

(0.915, 95%CI: 0.896-0.934).

Wu et al65 USA (3000 counties) Up to 22 April 2020 Binomial mixedmodels 1mg/m3 increase in PM2.5 was positively

associatedwith 8% increase in the

COVID-19 death rate (95%CI: 2%-15%).

Fattorini et al66 Italy (71 provinces) Updated 27 April 2020 NA PM2.5 and PM10 were favorable for the

spread of virulence of the SARS-CoV-2.

Bontempi et al67 Italy (Piedmont,

Lombardy, 12

cities)

10 Feb to 27Mar 2020 Correlation analyses No evidence of correlations between the

presence of high quantities of PM10 and

COVID-19 cases.

Amoatey et al68 Middle Eastern

countries

NA NA Facilitate transmission of SARS-CoV-2

virus droplets and PM in indoor

environments.

Magazzino et al69 NewYork state NA Machine Learning experiments PM2.5 accelerated COVID-19 death.

Liang et al70 USA (3 122US

counties)

22 Jan to 29 Apr 2020 Zero-inflated negative binomial

models

No significant association was observed

between PM2.5 and COVID-19.

Adhikari et al79 USA (Queens,NY) 1Mar to 20 Apr 2020 Negative binomial regression

model

A one-unit increase in themoving average

of PM2.5 (μg/m3) was associatedwith a

33.11% (95%CI: 31.04-35.22) decrease

in the daily newCOVID-19 cases.
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TABLE 4 Effect of O3 on COVID-19 cases andmortality

Author Country Period Analysis method Quantified results

Liu et al2 9 countries (China, Japan,

Korea, Canada, America,

Russia, England, Germany,

France)

21 Jan to 20May 2020 Discontinuous linear

regression

O3 presents amore pronounced positive

effect on COVID-19 infection inmore

countries (such as Japan, Canada, America,

Russia, France, etc).

Zhu et al49 China (120 cities) 23 Jan to 29 Feb 2020 Generalized additivemodel Per 10mg/m3 increase in O3 was associated

with 4.76% (95%CI: 1.99-7.52) increase in

the daily counts of confirmed cases,

respectively.

Fronza et al53 Europe (47 regional capitals

and 107major

Italian)cities)

10 Feb to 10 Apr 2020 Artificial neural network O3 was negatively associatedwith number of

COVID-19 cases per million (r=−0.44).

Travaglio et al56 UK 2018-2019 Generalized linear models,

negative binomial

regression analyses

O3 was significantly associatedwith

COVID-19 deaths and cases at the sub

regional level.

Jiang et al64 China (Wuhan, Xiaogan, and

Huanggang)

25 Jan to 29 Feb 2020 Multivariate Poisson’s

regression

O3 was negatively associatedwith daily

COVID-19 incidence inWuhan (0.99,

95%CI: 0.989-0.991) and Xiaogan (0.991,

95%CI: 0.989-0.993) and positively

associatedwith daily COVID-19 incidence

in Huanggang (1.016, 95%CI: 1.012-1.02).

Liang et al70 USA (3 122US counties) 22 Jan to 29 Apr 2020 Zero-inflated negative

binomial models

No significant associations betweenO3 and

COVID-19 cases.

Adhikari et al79 NewYork, USA 1Mar to 20 Apr 2020 Negative binomial regression

mode

A one-unit increase in O3 was associatedwith

a 10.51% (95%CI: 7.47-13.63) increase in

the daily newCOVID-19 cases.

Zoran et al71 Milan, Italy 1 Jan to 30 Apr 2020 Time series analysis COVID-19 infections showed a positive

correlationwith ground level O3.

relationship between air pollution and COVID-19 infection in 9 coun-

tries, and showed that O3 has a positive effect on COVID-19 infection

in many countries across north America, Europe, and Asia.2 However,

several other studies reported negative association between O3 and

the number of infected individuals.53,56,71,79 In a study by Jiang et al,

the correlation between O3 and daily incidence was positive in some

areas (eg, Huanggang City), but negative in other areas (eg,Wuhan and

Xiaogan City).64 Liang et al failed to find any significant associations

between long-termexposures toO3 andCOVID-19death outcomes.70

A metabolomics study showed that long-term exposure to O3 is not

correlated to anymetabolite change, but short-term exposure is linked

to cysteine, a component of cysteine, methionine, taurine, and SAM

metabolism80 (Table 4).

5.4 CO and COVID-19

CO and CO2 24-hour concentrations were positively correlated with

R0 and newly confirmed cases.47,78 CO increased the propagation

speed of COVID-19 infection, especially in Korea andChina.2 Similarly,

there are inconsistent results. Pei et al explored the effects of environ-

mental andmeteorological factors onCOVID-19using theGWRmodel

and found that CO exhibited negative effects.48 In a study by Jiang

et al,46 the correlation between CO and daily incidence was positive

inWuhanCity but negative in Xiaogan andHuanggangCity64 (Table 5).

5.5 SO2 and COVID-19

Study has shown that SO2 increased the propagation speed of COVID-

19 infection, especially in Korea and China.2 SO2 is positively corre-

lated with newly confirmed cases and deaths.47,63 However, negative

associations have also been found.46 In a study by Zhu et al, the num-

ber of confirmed COVID-19 cases reduced by 7.79% with every 10-

μg/m3 increase in SO2 (lag time: 0-14 days).49 In addition, Jiang et al

did not find correlation between SO2 and daily incidence.
64 In conclu-

sion, SO2 may also play an important role in the spread of COVID-19

(Table 6).

5.6 Temperature and COVID-19

Several studies have shownnegative correlation between temperature

and daily incidence.44,47,48,64 However, in a study that analyzed the

association between COVID-19 and temperature using Kendal corre-

lation test and Spearman’s test, temperature was positively associated

with new cases, total cases, and mortality among New York citizens.43

Several studies supported evidence showing that warm season does

not stop COVID-19 spreading.71,79 Adding to the complexity, Heibati

et al did not observe statistically significant association between tem-

perature and COVID-19, possibly due to small number of cases and

restricted time period81 (Table 7).
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TABLE 5 Effect of CO on COVID-19 cases andmortality

Author Country Period Analysis method Quantified results

Liu et al2 9 countries 21 Jan to 20May 2020 Discontinuous linear

regression

COwill increase the propagation speed of

COVID-19 infection, which is significant in

Korea and China, respectively.

Jiang et al46 Wuhan in China 25 Jan to 7 Apr 2020 The Pearson’s and

Poisson’s regression

models

COwas inversely associatedwith COVID-19

deaths.

Wang et al47 337 prefecture-level

cities in China

NA Spearman’s rank

correlation analysis and

multiple linear

regression

COwas positively correlatedwith newly

confirmed COVID-19 cases.

Pei et al48 325 cities in china Up to 27May 2020 Geographically weighted

regression,

CO had a negative effect on COVID-19 deaths.

Jiang et al64 China (Wuhan,Xiaogan,

andHuanggang)

25 Jan to 29 Feb 2020 multivariate Poisson’s

regression

COwas positively correlatedwith daily incidence

inWuhan (1.932, 95%CI: 1.763-2.118); but

negatively correlatedwith daily incidence in

Xiaogan (0.041, 95%CI: 0.026-0.066) and

Huanggang (0.032, 95%CI: 0.017-0.063).

Lin et al78 29 Provinces inChina 21 Jan to 3 Apr 2020 Chain-binomial model,

correlation analyses

COwas positively correlatedwith the basic

reproductive ratio of COVID-19.

TABLE 6 Effect of SO2 on COVID-19 cases andmortality

Author Country Period Analysis method Quantified results

Liu et al2 9 countries 21 Jan to 20May 2020 Discontinuous linear

regression

SO2 increased the propagation speed of

COVID-19 infection, which is significant in

Korea and China, respectively.

Jiang et al46 Wuhan, China 25 Jan to 7 Apr 2020 The Pearson’s and

Poisson’s regression

models

SO2 was inversely associated with COVID-19

deaths.

Wang et al47 337 prefecture-level

cities in China

NA Spearman’s rank

correlation analysis and

multiple linear

regression

SO2 was positively correlatedwith newly

confirmed cases.

Zhu et al49 120 cities, China 23 Jan to 29 Feb 2020 Generalized additive

model

10 μg/m3 increase of SO2 was associatedwith a

7.79% decrease (95%CI:−14.57 to−1.01) in

COVID-19 confirmed cases.

Landoni et al63 33 European countries NA Pearson’s correlation

analysis

SO2 was positively correlatedwith positive

COVID-19 cases and deaths.

Jiang et al64 Wuhan, Xiaogan and

Huanggang, China

25 Jan to 29 Feb 2020 Multivariate Poisson’s

regression

SO2 was not correlatedwith daily COVID-19

incidence.

5.7 Humidity, wind speed, cloud and air pressure,
and COVID-19

Several studies analyzed the effects of relative humidity on COVID-

19, but the results are inconsistent. Three studies showed that rel-

ative humidity was positively associated with daily new COVID-

19 cases and R0.
64,78,79 The other three studies failed to observe

the association between relative humidity and COVID-1945,71,81

(Table 8).

Elevated wind speed (m/s) has been associated with increased daily

new COVID-19 cases.79 But several other studies reported opposite

findings: mean wind speed was inversely correlated with R0 coron-

avirus infection,45,78 indicating that higher wind speed may decrease

the risk of coronavirus infection because of its ability in clearing the

fine particles and modulating the dynamics of various vectors and

pathogens (Table 8).

Increase in the moving average of cloud has also been associ-

ated with increased daily new COVID-19 cases.79 For air pressure, in
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TABLE 7 Effect of temperature on COVID-19 cases andmortality

Author Country Period Analysis method Quantified results

Li et al44 China (Wuhanand

Xiaogan)

26 Jan to 29 Feb 2020 Linear regressionmodel Temperature was inversely correlatedwith

COVID-19 incidence (P< 0.05).

Zhang et al45 219 prefecturecities in

China

24 Jan to 29 Feb 2020 Multivariate regression

model

Maximum temperature andminimum

temperature had a significant and negative

impact on newly confirmed COVID-19 cases.

Wang et al47 337 prefecture-level

cities in China

NA Spearman’s rank

correlation analysis and

multiple linear

regression

Temperature was negatively correlatedwith the

newly confirmed cases, indicating that the

ambient temperature had a certain inhibitory

effect on the transmission of COVID-19.

Pei et al48 325 cities in china Up to 27May 2020 Geographically weighted

regression

Temperature was negatively correlatedwith

COVID-19 incidence.

Jiang et al64 China (Wuhan,Xiaogan,

andHuanggang)

25 Jan to 29 Feb 2020 multivariate Poisson’s

regression

Temperature was negatively correlatedwith

daily COVID-19 incidence inWuhan (0.969,

95%CI: 0.966-0.973), Xiaogan (0.89, 95%CI:

0.871-0.911), and Huanggang (0.738, 95%CI:

0.717-0.75).

Zoran et al71 Milan, Italy 1 Jan to 30 Apr 2020 Time series analysis Temperature was positively correlatedwith

COVID-19 incidence, supporting the

hypothesis that warm seasonwill not stop

COVID-19 spreading.

Lin et al78 29 Provinces inChina 21 Jan to 3 Apr 2020 Chain-binomial model,

correlation analyses

Daily maximum temperature was inversely

correlatedwith the basic reproductive ratio of

COVID-19.

Adhikari et al79 NewYork City, USA 1Mar to 20 Apr 2020 Negative binomial

regressionmode

A one-unit increase in temperature was

associated with a 12.87% (95%CI:

10.76-15.02) increase in the daily new

COVID-19 cases.

Heibati et al81 Finland 1 Jan to 31May 2020 Quasi-Poisson’s

generalized additional

model

Temperature was not related to the COVID-19

incidence.

provinces with medium flow, mean/maximum/minimum air pressure

was inversely correlated with R0
78 (Table 8).

6 EFFECT OF POLLUTANT EXPOSURE ON
COVID-19

6.1 PM exposure

Effects of PM on COVID-19 have been associated with: (1) inflamma-

tory effects and immune dysregulation; (2) oxidative stress and cyto-

toxicity of polycyclic aromatic hydrocarbons(PAHs); (3) dysfunctional

surfactants; (4) ACE-2; (5) metabolic pathways.

First, excessive inflammatory response, resulting in a massive

release of pro-inflammatory cytokines, also known as “cytokine

storms,” has a significant impact on COVID-19. PM2.5 is involved in

inflammatory pathways, such as toll-like receptor (TLR) signaling82

that improve systemic pro-oxidant and proinflammatory effects. Gao

et al showed that among COPD patients, exposure to air pollution lead

to the reduced eotaxin (IL-4 and IL-13), and increased serum levels

of IL-2, IL-12, IL-17A, IFNγ, and monocyte displacing protein 1 (MCP-

1).83 Acute exposures were related to lower the forced vital capac-

ity % predicted, possibly due to elevated Th1 and Th17 cytokines and

decreased Th2 cytokines.83 On the other hand, PMmay trigger inflam-

matory state. Long-term residential exposure to PM2.5 has been asso-

ciated with increased IL-6 and IL-10 concentrations in patients evalu-

ated for suspectedobstructive sleep apnea.84 Becauseof human innate

immunity, when PM entered the body, alveolar macrophages would

be induced to release cytokines IL-1, IL-6 and TNF-α for reducing

the phagocytosis of virus, promoting its proliferation and producing a

pro-inflammatory state. PM could increase the severity of COVID-19

through directly damaging the immune response of the lungs to infec-

tion or indirectly aggravating respiratory or cardiovascular diseases.56

Second, oxidative stress may play important roles. Metal content in

fine particles contribute to PM cytotoxicity.85 It can cause oxidative

stress and the formation of reactive oxygen species.86 Oxidative stress

can lead to mitochondrial dysfunction, causing DNA damage, protein

adduct formation and cell apoptosis. In addition, oxidative stress can

stimulate the activation of redox sensitive pro-inflammatory transcrip-

tion factors NF-κB, AP-1 as well as Nrf2. PAHs contained in PM is

another factor for PM cytotoxicity, and may act as ligands for aryl

hydrocarbon receptors (AHRS), triggering their nuclear translocation,
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and ultimately increasing the expression of proteins involved in het-

erologousmetabolism, such as cytochromeP450. AHRS can also cross-

talk with inflammatory and antioxidant transcription factors (eg, NF-

κB, STAT1, andNrf2).85

Third, surfactants decrease surface tension of lung air-fluid inter-

face and prevent alveolar collapse at the end of expiration.87 Lack

of surfactants can lead to ARDS.87 Experimental studies suggested

that physical interaction between PM and surfactant can change the

biomechanical function of surfactant.88 In mice, PM can cause alveo-

lar collapse.89 On the one hand, PM could compromise the integrity of

human respiratory barrier andweaken the host defense.90

Fourth, ACE2 plays a key role in viral entry into respiratory epithe-

lial cells.91 In addition to its physiological function, ACE-2 could serve

as a receptor for SARS-COV2. ACE-2 is overexpressed upon chronic

exposure to NO2 and PM2.5 in mouse experiments.92 Wide spread

presence of ACE2 may help to explain the various symptoms associ-

ated with COVID-19. Increased ACE2 expression on epithelial cells

promotes viral infection in vitro.93 Impaired tryptophan homeostasis

in ACE2-deficient mice decreases antimicrobial peptide generation,

resulting in an altered intestinal microbio.9 This finding may explain

the gastrointestinal symptoms in COVID-19 patients. SARS-COV-2

interactswith the renin-angiotensin-aldosterone system throughACE-

2; thus, ACE-2 inhibitors have been proposed in the prevention and

treatment of COVID-19.95 Moreover, SARS-COV-2 interaction with

ACE2resulted indecreasedACE2surfaceexpressionand impaired car-

diopulmonary protection.96 PM may pass through the alveolar capil-

lary membrane and enter the circulatory system, directly altering the

blood vessels,97 which may explain the high risk of thrombogenesis in

COVID-19 patients.98

Fifth, eightmetabolic pathways in glycerophospholipid, propanoate,

sphingolipid, and glutathione metabolism have been associated with

long-term exposure to PM2.5.
80 These pathways are associated with

oxidative stress, inflammation, immunity, and nucleic acid damage and

repair.80 The above-mentioned mechanisms may work together to

enhance the pathogenicity of SARS-COV-2.87,99

6.2 NO2 exposure

NO2 is associated with increased likelihood of inhalational allergies

and poor respiratory health. The main sources of NO2 are emissions

from transportation vehicles and fuel combustion. Effects of NO2 lev-

els on COVID-19 have been associated with (1) inflammatory effects

and immune dysregulation; (2) increasing pulmonary epithelial perme-

ability; (3) metabolic pathways; and (4) monocyte enrichment.

Many studies have reported the effect of NO2 on immune inflam-

mation. A prospective study in nonsmokers showed that higher expo-

sure to NO2 was associated with IL-17.100 NO2 exposure can pro-

mote neutrophil and eosinophil recruitment, and a mixed Th2/Th17

responseuponantigen challenge.101 Similarly,NO2 exposure canboost

theproductionof IL-6 andNF-κBactivation.102,103 NO2 can function as

an adjuvant and induce an antigen-specific Th2 immune response.104

Inhalation of 15 ppm NO2 for just 1 hour can induce MCP-1 within

the lungs,105 indicating that NO2 can promote DC recruitment. After

NO2 exposure, CD11c+ pulmonary cells secreted increased amount

of IL-1α, IL-1β, IL-12p70, and IL-6, and increased Th2 cell activity.104

In addition, high-level NO2 exposure can induce endothelial dysfunc-

tion and oxidative stress disturbances.106 Thus, it is possible that NO2

exposure contributes to inflammation and immune disorders and exac-

erbate SARS-COV-2–induced lung damage.

High concentrations of NO2 lead to bronchoconstriction and

bronchial hyperreactivity andmay also result in damage and inflamma-

tion of the airway epithelium. Studies have showed that NO2 exposure

disrupts tight junctions in the lungs and increases epithelial permeabil-

ity and human bronchial epithelial cell dysfunction.107,108 In addition,

NO2 exposure reduced the ability of alveolar macrophages to inacti-

vate influenza virus.109

Nassan et al found significant associations between long-term

exposure to NO2 and 15 blood metabolites using an untargeted

metabolomic approach. Short-term exposure to NO2 was related to

100 unique metabolites and four perturbed metabolic pathways (glu-

tathione, glycerophospholipid, beta-alanine, and taurine and hypotau-

rinemetabolisms).80

Monocytes are key white blood cells of the innate immune system

and play a central role in inflammasome activation and cardiovascu-

lar diseases. Exposure toNO2 was positively associatedwithmonocyte

levels and diastolic blood pressure after full adjustment.106 Thus NO2

may promote monocyte enrichment and DNA methylation in mono-

cytes, which subsequently affects diastolic blood pressure and ulti-

mately aggravates COVID-19.

ACE-2 may also play important roles. Study showed about 100-

folds higher expression of ACE-2 upon NO2 exposure.110 Study in

mice showed a higher risk of ACEmediated respiration disorderswhen

chronically exposed to 5 ppm NO2.
111 Therefore, ACE-2 plays a cru-

cial role in COVID-19 since ACE-2 is associated with cardiovascular

diseases.

6.3 O3 exposure

Mounting evidence suggested a link between COVID-19 and O3, CO,

and SO2. Studies have shown that O3 can ameliorate inflammation

and pain in addition to its bactericidal, virucidal and antiparasitic

property.112 O3 forms reactive oxygen species (ROS) and lipid oxida-

tive products (LOP) in the plasma, which in turn serve as messengers

to mediate biological functions. O3 and its metabolites could modulate

immune system by regulating the release of cytokines113 and the host

immune system can produce O3 to develop bactericidal activity.114 A

possible explanation for the virucidal property of O3 is the oxidization

of glycoproteins in the viral membrane from the reduced form (R-S-H)

to the oxidized form (R-S-S-R), which directly prevents the virus from

fusing with cells.115 In addition, through the nuclear factor activated T

cells (NFAT) and activated protein 1 (AP-1) signaling pathways, O3 can

stimulate cellular and humoral immunity.115 These signaling pathways

can induce gene expression to release inflammatory cytokines such as

IL-2, IL-6, IL-8, TNF-α, and IFN-γ for phagocytosis, thereby killing local
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pathogens. At therapeutic concentration, O3 can regulate the nuclear

factor type 2 (Nrf2) and NF-κB signaling pathways and maintain the

balance of the antioxidant environment.116,117 The imbalance of NF-

κB and Nrf2 pathways is related to a variety of diseases, as are the

complications of COVID-19. O3 is capable of reducing C-reactive pro-

tein (CRP) levels and erythrocyte sedimentation rate (ESR). Moreover,

O3 therapy can normalize plasma fibrinogen and prothrombin levels

in patients with COVID-19 infection, suggesting that O3 therapy can

stabilize liver metabolism.112 In summary, O3 is a promising treatment

strategy for COVID-19.

6.4 CO exposure

CO is a gas that is colorless, odorless, tasteless, and hardly soluble

in water. At nontoxic concentrations, CO produces vasodilation and

anti-inflammatory effects.118 Previous studies indicated that CO is

positively correlated with cumulative cases and cumulative deaths of

COVID-19,119 and the increase in the concentration of CO is capable

of exacerbating clinical manifestations.120 The possible mechanism is

that high level of CO damages alveolar-capillary units, resulting in loss

of alveolar units and impaired gas exchange. Therefore, low concentra-

tion of CO may contribute to the recovery of lung tissue damage due

to vasodilation andanti-inflammatory effects,whereas high concentra-

tion of CO may aggravate the clinical symptoms of COVID-19 due to

damaged alveolar-capillary unit.

6.5 SO2 exposure

Excessive SO2 exposure induces allergies, and could cause varying

degrees of damage to the brain and other tissues. Zhang et al exam-

ined the association between short-term exposure to ambient air pol-

lutants and the daily number of clinic visits of college students. After

controlling for the other pollutants, the effect of SO2 appeared to

be the largest among all pollutants, indicating the important roles of

SO2.
121

The available evidences of SO2 and COVID-19 are intricate. Zhu

et al demonstrated that an increase in SO2 concentration by 10 μg/m3

was associated with a 7.79% reduction in confirmed cases of COVID-

19.49 However, Hoang et al showed that SO2 concentration was pos-

itively correlated with daily confirmed cases.122 Due to the inherent

antibacterial properties of SO2, low concentration of SO2 may have a

protective effect on COVID-19. Nevertheless, high concentrations of

SO2 may damage the respiratory tract and increase host susceptibility.

6.6 Temperature

Temperature is implicated through a variety of mechanisms. Firstly,

immune system function may be repressed under low temperature.

Cold stress decreases the phagocytic function of pulmonary alveolar

macrophages, secretionof proinflammatory cytokines (eg, IL-6, IL-8, IL-

10,MCP-1), and the number of neutrophilic granulocytes,123,124 which

in turn are required for SARS-COV-2 clearance.125 Temperature varia-

tion could also influence local immune responses. Exposure to cold air

leads and subsequent temperature reduction of the respiratory epithe-

lium compromise local immune responses both in upper airway and

nasal mucociliary clearance.126 Second, patients with existing cardio-

vascular and/or nervous system diseases have higher risk of develop-

ing severe COVID-19.127 Compared to moderate temperature, cold

and heat stress can exacerbate the underlying cardiovascular and ner-

vous system diseases due to increased sympathetic activity and circu-

lation regulation as well as the heat-induced dehydration and systemic

inflammation.128,129 Lung function could also be jeopardized under

low temperature. Previous study suggested the forced expiratory vol-

ume in one second was declined in cold environment.130 Breathing

cold air can cause bronchoconstriction and mucus hyper-secretion,

which in turn increase the susceptibility to pulmonary infection.131,132

A positive correlation has been shown between outdoor tempera-

ture and serum concentrations of lipoprotein particles as well as some

amino acids. Interestingly, lipid metabolism disorders (eg, decreased

apolipoproteins) are frequently found in patients with COVID-19,

especially in severe COVID-19 patients.133,134 Finally, Zhou et al

showed a protective effect of higher body temperature in COVID-19

patients. Studies that simulate molecular dynamics suggested an asso-

ciation between temperature and the combination of SARS-COV-2 to

human ACE2.135 37°C was the most appropriate temperature for the

combination of SARS-COV-2 to human ACE2 and the binding affinity

decreased with increasing temperature. These findings might explain

why patients typically have low fever after infection with SARS-COV-

2. To sum up, it is important to control COVID-19 by environmental

interventions. Reducing air pollutants through aggressive policy inter-

ventions could help to decrease the susceptibility of the general popu-

lation to SARS-COV-2, and if indeed infected, follow a milder disease

course.136 Such a task requires the entire community to participate,

extensive international andmulti-sectoral collaboration.137

7 CONCLUSION

Air pollution and meteorological parameters have critical effects on

the rate of propagation and severity of COVID-19 cases. The mecha-

nisms are far from clear, butmay include air pollution-mediated comor-

bidities, airway damage, pulmonary epithelial permeability, inflamma-

tory and immune dysregulation, metabolic pathway and pollution-

induced overexpression of ACE-2 receptor. The governments must

establish effective pollution monitoring systems to benefit environ-

mental health, thereby reducing the potential impact of pollution and

climate change on current and future pandemics.137
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