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A B S T R A C T   

Air pollution can adversely affect the immune response and increase the severity of the viral disease. The present 
study aimed to explore the relationship between symptomatology, clinical course, and inflammation markers of 
adult patients with coronavirus disease 2019 (COVID-19) hospitalized in Poland (n = 4432) and air pollution 
levels, i.e., mean 24 h and max 24 h level of benzo(a)pyrene (B(a)P) and particulate matter <10 μm (PM10) and 
<2.5 μm (PM2.5) during a week before their hospitalization. Exposures to PM2.5 and B(a)P exceeding the limits 
were associated with higher odds of early respiratory symptoms of COVID-19 and hyperinflammatory state: 
interleukin-6 > 100 pg/mL, procalcitonin >0.25 ng/mL, and white blood cells count >11 £ 103/mL. Except for 
the mean 24 h PM10 level, the exceedance of other air pollution parameters was associated with increased odds 
for oxygen saturation <90%. Exposure to elevated PM2.5 and B(a)P levels increased the odds of oxygen therapy 
and death. This study evidences that worse air quality is related to increased severity of COVID-19 and worse 
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gmail.com (A. Dworzańska), bbolewska@ump.edu.pl (B. Bolewska), grzegorzangielski1@gmail.com (G. Angielski), jdkowalska@gmail.com (J. Kowalska), 
podlasin@zakazny.pl (R. Podlasin), bgrzesik@hoga.pl (B. Oczko-Grzesik), wlodek.maz@gmail.com (W. Mazur), ola.szymczak@gmail.com (A. Szymczak), robert. 
flisiak1@gmail.com (R. Flisiak).  

Contents lists available at ScienceDirect 

Environmental Pollution 

journal homepage: www.elsevier.com/locate/envpol 

https://doi.org/10.1016/j.envpol.2022.119469 
Received 17 March 2022; Received in revised form 2 May 2022; Accepted 9 May 2022   

mailto:rzymskipiotr@ump.edu.pl
mailto:bpon@ump.edu.pl
mailto:joaros@ump.edu.pl
mailto:pmagdar@gmail.com
mailto:dorota1010@tlen.pl
mailto:marta.rorat@gmail.com
mailto:annamoniuszko@op.pl
mailto:lormar@gumed.edu.pl
mailto:lormar@gumed.edu.pl
mailto:d.kozielewicz@wsoz.pl
mailto:annapiekar@gmail.com
mailto:ksikorska@gumed.edu.pl
mailto:annadw8@gmail.com
mailto:annadw8@gmail.com
mailto:bbolewska@ump.edu.pl
mailto:grzegorzangielski1@gmail.com
mailto:jdkowalska@gmail.com
mailto:podlasin@zakazny.pl
mailto:bgrzesik@hoga.pl
mailto:wlodek.maz@gmail.com
mailto:ola.szymczak@gmail.com
mailto:robert.flisiak1@gmail.com
mailto:robert.flisiak1@gmail.com
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2022.119469
https://doi.org/10.1016/j.envpol.2022.119469
https://doi.org/10.1016/j.envpol.2022.119469
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2022.119469&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Environmental Pollution 306 (2022) 119469

2

outcome in hospitalized patients. Mitigating air pollution shall be an integral part of measures undertaken to 
decrease the disease burden during a pandemic of viral respiratory illness.   

1. Introduction 

Several studies indicate the positive association between exposure to 
air pollutants and transmission and the severity of respiratory viral in-
fections (Domingo and Rovira, 2020). This has been evidenced in 
particular for influenza, influenza-like illness, rhinovirus, and respira-
tory syncytial virus (RSV) infections (Nenna et al., 2017; Rodrigues 
et al., 2019; Wrotek et al., 2021). Air pollutants can increase suscepti-
bility to viral infections by damaging airway epithelial cell cilia, and 
impair antiviral immunity by affecting different immune cell types, 
including macrophages, neutrophils, lymphocytes, and dendritic cells, 
induce oxidative stress and stimulate proinflammatory cytokine release 
and other inflammasome responses (Abramson et al., 2020; Barraza--
Villarreal et al., 2008; Gangwar et al., 2020; Glencross et al., 2020; Yan 
et al., 2016; Zhao et al., 2016). 

Most severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infections are asymptomatic or mild, with an infection-hospitalization 
rate estimated at approx. 7% (Mahajan et al., 2021). Severe coronavi-
rus disease 2019 (COVID-19) is manifested by progressive pneumonia 
and acute respiratory syndrome accompanied by the release of high 
levels of proinflammatory cytokines, risk of thrombosis and multiple 
organ damage (Gu et al., 2021; Robba et al., 2020). Various risk factors 
have been identified, including age, obesity, male sex, and comorbidities 
such as cardiovascular disease, diabetes, and cancer (Booth et al., 2021; 
J. H.-H. Li et al., 2021; Zaher et al., 2021). Whether factors related to 
environmental quality can affect the severity of COVID-19 is subject to 
various studies. Some investigations indicate that air particulates with a 
diameter of ≤2.5 μm may act as SARS-CoV-2 carriers and support its 
spread (Borisova and Komisarenko, 2021; Khan et al., 2021; Nor et al., 
2021). Moreover, the number of hospitalized and fatal patients tends to 
be increased in regions and periods characterized by air pollution (Bowe 
et al., 2021; Khan et al., 2021; Kogevinas et al., 2021; Martinez-Boubeta 
and Simeonidis, 2022; Paital and Agrawal, 2020). Importantly, inhala-
tion of airborne particulate matter was shown experimentally to in-
crease the expression of angiotensin-converting enzyme 2 (ACE2) in 
respiratory epithelial cells (Khan et al., 2021; Lin et al., 2018; Paital and 
Agrawal, 2020). As postulated, ACE2 may partially alleviate the adverse 
consequences of such exposure (Lin et al., 2018). However, since it also 
acts as the pivotal receptor for SARS-CoV-2 infection and propagation, 
its protective capacity may be lost during COVID-19, while exaggeration 
of inflammatory processes can be expected (Chaudhry et al., 2020). 
Therefore, it is pivotal to evaluate whether pollutants such as particulate 
matter <10 μm (PM10) and <2.5 μm (PM2.5) and benzo(a)pyrene (B(a)P) 
can be associated with changes in symptomatology, inflammation sta-
tus, and clinical course and outcome of COVID-19. This is particularly 
relevant for regions such as Central Europe, where wood and coal 
combustion still plays a significant role in domestic heating and in-
creases the emissions of PM and PM-bound polycyclic aromatic hydro-
carbons such as B(a)P between late autumn and early spring (Anioł et al., 
2021; Nazar and Niedoszytko, 2022). Although lockdowns associated 
with the COVID-19 pandemic have resulted in temporary declines in the 
emission of air pollutants in different world regions (Venter et al., 2020; 
Xu et al., 2020), the research shows that in countries such as Poland, the 
pollution with PM did not decrease or even significantly increased in the 
selected location (Rogulski and Badyda, 2021). 

The present study aimed to assess the potential relationship between 
air pollution (PM10, PM2.5, and B(a)P levels) and the clinical course of 
COVID-19 in a group of Polish patients hospitalized with the severe 
disease between March 2020 and July 2021. To this end, the data on air 
quality was collected for each individual during the week preceding the 
hospitalization. It was hypothesized that exposure to increased levels of 

pollutants at the moment of infection might be associated with a 
different pattern of early symptoms of COVID-19 (respiratory, systemic, 
and anosmia), decreased oxygen saturation, and worse inflammatory 
profile, clinical course, and outcome. 

2. Material and methods 

2.1. Patients data 

The clinical data for this retrospective study was retrieved from the 
SARSTer, a national database of hospitalized COVID-19 patients in 
Poland, managed by the Polish Association of Epidemiologists and 
Infectiologists. Overall, records of 4432 adult patients with confirmed 
SARS-CoV-2 infection hospitalized over the period of 17 months be-
tween March 2020 and July 2021 in one of 30 healthcare units were 
obtained. All of these individuals were diagnosed and treated according 
to the most recent Polish recommendations for the management of 
COVID-19 (Flisiak et al., 2020a, 2020b; 2020c; 2021a). 

The demographic data included age, gender, and BMI. The data 
collected on early symptoms of COVID-19 were used to create three 
categories: (i) respiratory symptoms (cough, dyspnea), (ii) systemic 
symptoms (fever, headache, fatigue), (ii) anosmia. The data on baseline 
inflammatory markers included C-reactive protein (CRP), interleukin-6 
(IL-6), procalcitonin (PCT), and white blood cell (WBC) at admission. 
The following values were used to define hyperinflammatory state: CRP 
>200 mg/L, IL-6 > 100 pg/mL, PCT >0.25 ng/mL and WBC >11 £ 103/ 
μL (Chilimuri et al., 2020; Cleland and Eranki, 2021; Flisiak et al., 
2021b). The clinical data included oxygen saturation (SpO2) at admis-
sion, the need for oxygen therapy and mechanical ventilation, and 
outcome (survival or death). 

The study had a retrospective, non-interventional nature; therefore, 
it did not require approval of the Ethics Committee and written consent 
by participants. The patients’ data were protected according to the Eu-
ropean Union General Data Protection Regulation. 

2.2. Air pollution data 

Air quality data were retrieved from the Chief Inspectorate Of 
Environmental Protection in Poland, which is legally responsible for the 
national air pollution monitoring program. The following parameters 
were considered for this study: PM10, PM2.5, and B(a)P. Stations were 
equipped with instruments using the gravimetric method for PM mea-
surement, which is considered the most accurate method (Whalley and 
Zandi, 2016). For each patient, each parameter’s mean 24 h level during 
a week preceding hospitalization and the maximum 24 h level noted 
during this week were recorded. This period of time was selected as it 
takes into account the delay between infection, the onset of symptoms 
and hospitalization during which disruption of immune response may 
result in more severe disease (Faes et al., 2020; Rzymski et al., 2022). 
Due to the strict regionalization of COVID-19 health services in Poland, 
the medical units taking part in this study were admitting patients from 
specific residence areas for which the air quality data was collected. In 
the case more than one monitoring station was available in the area, the 
data were retrieved from all of them and averaged. The following air 
quality limits were considered in this study: mean 24 h and max 24 h 
PM10 > 50 μg/m3, mean 24 h and max 24 h PM2.5 > 20 μg/m3, and mean 
24 h and max 24 h B(a)P > 1.0 ng/m3 (Directive 2004/107/EC; 
“Directive 2008/50/EC). 
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2.3. Statistical analysis 

The data was analyzed with Statistica v. 13.1 (StatSoft, USA). For 
continuous variables, differences were tested with a Student’s t-test. To 
evaluate associations between exceedance of air pollution limits and 
symptomatology, biochemical parameters, and clinical course, the 
classical odds ratios (ORs) with a confidence interval were calculated 
according to the formulas given by Bland and Altman using MedCalc 
(MedCalc, Ostend, Belgium). A p-value < 0.05 was considered statisti-
cally significant. 

3. Results 

3.1. Demographic characteristics of studied patients and air quality data 

The studied group constituted adult COVID-19 patients (n = 4432), 
including 54.5% men, hospitalized with COVID-19 in Poland between 
March 2020 and June 2021. Their mean ± SD age and BMI were 61.3 ±
16.5 years and 28.3 ± 5.3 kg/m2, respectively. The majority (75.0%) 
suffered from at least one comorbidity. The groups exposed to air pol-
lutants exceeding and not exceeding the limit values revealed de-
mographic homogeneity and did not differ from each other in age, BMI, 
sex and presence of comorbidities. Oxygen supplementation was 
required by 52.4% (n = 2324) patients, while mechanical ventilation by 
5.2% (n = 231). Total 478 deaths (10.8%) were recorded in the 
considered group. 

Throughout the studied period, a mean ± SD concentration of PM10, 
PM2.5 and B(a)P were 25.7 ± 11.0 μg/m3, 17.5 ± 9.1 μg/m3 and 2.6 ±
2.5 ng/m3, respectively. The worst air quality, indicated by the share of 
results exceeding the limit values, was seen between November 2020 
and March 2021, with the highest percentage of exceedances of mean 
24 h PM10 and PM2.5 in February 2021 (Fig. 1). Overall, 4.0% and 25.4% 
of individuals were exposed to 24 h mean and max PM10 exceeding limit 
levels in the week before hospitalization, respectively. This concerned 
28.3% and 60.5% of patients in the case of mean and max 24 h PM2.5, 
respectively, and 62.5% and 64.5% in the case of 24 h mean and max B 
(a)P, respectively. Moreover, the exceedance of more than one limit 
value for daily mean and daily max air quality parameters was noted for 
28.3% and 54.7% of patients, respectively. 

3.2. Air pollution and early symptoms 

There was an association between air pollution levels and early 
symptoms of COVID-19 (Table 1). Higher odds of respiratory manifes-
tations were seen in patients exposed to mean 24 h PM10, mean and max 
24 h PM2.5, and mean and max 24 h B(a)P exceeding the air quality 
limits. No effect of air pollution on the frequency of systemic symptoms 
onset was observed. Patients exposed to elevated max 24 h PM2.5 and 
mean and max 24 B(a)P revealed significantly lower odds of anosmia 
(Table 1). 

3.3. Air pollution and inflammatory markers 

COVID-19 patients exposed to increased levels of air pollutants 
before hospitalization revealed distinct differences in selected inflam-
matory markers at admission (Table 2). Those exposed to max 24 h 
PM2.5, mean 24 h B(a)P and max 24 h B(a)P at levels exceeding the limits 
exhibited serum CRP concentration elevated on average by 18, 24, and 
25%, respectively, while in case of serum IL-6 level, a respective increase 
by 44, 41 and 42% were observed. In addition, a slightly higher WBC 
count (by 6%) was found in patients exposed to a max 24 h PM2.5 above 
the limit (Table 2). The levels of inflammatory markers in groups 
exposed to air pollutants exceeding and not exceeding the limit values 
were relatively spread out as indicated by f standard deviation values 
(Table 2). 

As further revealed, patients exposed to mean and max 24 h B(a)P at 
levels exceeding the limits had increased odds of CRP >200 mg/L. In 
addition, patients exposed to increased levels of mean and max 24 B(a)P 
and max 24 h PM2.5 revealed higher odds for PCT >0.25 ng/mL, WBC 
>11 × 103/μL and IL-6 > 100 pg/mL at admission (Fig. 2). 

3.4. Air pollution and the clinical course of the disease 

Except for the mean 24 h PM10, all other air pollution parameters had 
significantly increased odds for SpO2 < 90% at the admission of hospi-
talized patients. Exceedances of daily mean and max 24 h PM2.5 and B(a) 
P limits were associated with significantly increased odds for oxygen 
therapy. The incidence of fatal cases was higher in groups exposed to 
elevated max 24 h PM2.5 and mean and max 24 h B(aP) levels (Fig. 3). 
The time from hospitalization to death did not differ between patients 
exposed to air pollutants exceeding and not exceeding the limit levels. 

Fig. 1. Share of air quality levels (mean and max 24 h levels of PM10, PM2.5 and B(a)P) exceeding the limit values during a week preceding the hospitalization in the 
studied group of COVID-19 patients (n = 4432) hospitalized in Poland between March 2020 and July 2021. 

P. Rzymski et al.                                                                                                                                                                                                                                



Environmental Pollution 306 (2022) 119469

4

4. Discussion 

The present study, encompassing 17 months of the COVID-19 
pandemic in Poland, provides evidence that air pollution is related to 
increased inflammation and worse prognosis in hospitalized COVID-19 

patients. These findings indicate that poor environmental quality can 
exaggerate the COVID-19 burden. They are significant for all regions, 
which, similarly to Polish cities, are characterized by deteriorated air 
quality (European Environment Agency, 2021) and lower preparedness 
levels to cope with the pandemic crisis (Coccia, 2022). Therefore, 

Table 1 
The odds ratio (95% confidence interval) of a different group of symptoms in relation to exposure to air pollution parameters (mean and max 24 h levels of PM10, PM2.5 
and B(a)P) exceeding limits during a week before hospitalization in the studied group of COVID-19 patients hospitalized in Poland.  

Parameter Respiratory symptoms p Systemic symptoms P Anosmia p 

Mean 24 PM10 1.4 (0.9–2.0) >0.05 0.9 (0.7–1.4) >0.05 0.9 (0.6–1.5) >0.05 
Max 24 h PM10 1.0 (0.8–1.2) >0.05 0.9 (0.8–1.1) >0.05 0.9 (0.7–1.1) >0.05 
Mean 24 h PM2.5 1.3 (1.1–1.5) <0.01 0.9 (0.8–1.1) >0.05 0.8 (0.7–1.0) >0.05 
Max 24 h PM2.5 1.5 (1.3–1.7) <0.001 0.9 (0.8–1.1) >0.05 0.7 (0.6–0.8) <0.001 
Mean 24 h B(a)P 1.5 (1.3–1.7) <0.001 1.1 (0.9–1.2) >0.05 0.8 (0.7–1.0) <0.05 
Max 24 h B(a)P 1.4 (1.2–1.7) <0.001 1.0 (0.9–1.2) >0.05 0.8 (0.6–0.9) <0.01  

Table 2 
The inflammatory markers (mean ± SD) in COVID-19 patients (n = 4432) exposed to air pollutants (mean and max 24 h levels of PM10, PM2.5 and B(a)P) exceeding/not 
exceeding the limits during a week before hospitalization.  

Parameter Group CRP [mg/L] p PCT [ng/mL] p WBC [ × 103/μL] p IL-6 [pg/mL] p 

mean 24 h PM10 ≤50 μg/m3 78.7 ± 77.6 >0.05 0.5 ± 3.8 >0.05 6.9 ± 5.7 >0.05 74.0 ± 183.9 >0.05 
>50 μg/m3 66.7 ± 69.3 0.2 ± 0.5 6.5 ± 3.3 57.6 ± 133.8 

max 24 h PM10 ≤50 μg/m3 78.0 ± 77.5 >0.05 0.5 ± 3.8 >0.05 6.9 ± 6.2 >0.05 77.9 ± 158.9 >0.05 
>50 μg/m3 78.9 ± 76.8 0.5 ± 3.6 6.9 ± 3.7 77.1 ± 237.4 

mean 24 h PM2.5 ≤20 μg/m3 75.4 ± 76.6 >0.05 0.6 ± 4.0 >0.05 6.9 ± 5.1 >0.05 69.8 ± 156.9 >0.05 
>20 μg/m3 78.9 ± 76.4 0.5 ± 3.2 6.8 ± 3.4 79.7 ± 224.6 

max 24 h PM2.5 ≤20 μg/m3 68.6 ± 75.0 <0.001 0.6 ± 4.8 >0.05 6.6 ± 5.3 <0.01 56.8 ± 106.6 <0.001 
>20 μg/m3 80.8 ± 77.1 0.5 ± 3.1 7.0 ± 4.3 81.6 ± 210.5 

mean 24 h B(a)P ≤1 ng/m3 65.7 ± 70.9 <0.001 0.6 ± 4.2 >0.05 6.7 ± 5.6 >0.05 56.3 ± 122.9 <0.01 
>1 ng/m3 81.6 ± 78.2 0.4 ± 3.6 6.9 ± 4.1 79.5 ± 200.9 

max 24 h B(a)P <1 ng/m3 65.5 ± 70.0 <0.001 0.6 ± 4.2 >0.05 6.7 ± 5.7 >0.05 56.0 ± 124.6 <0.01 
>1 ng/m3 81.6 ± 78.3 0.5 ± 3.6 6.9 ± 4.1 79.3 ± 199.5  

Fig. 2. The odds ratio (95% confidence interval) of significantly increased biochemical parameters at admission: (A) CRP >200 mg/L, (B) PCT >0.25 ng/mL, (C) 
WBC >11 × 103/μL and (D) IL-6 > 100 pg/mL in relation to exposure to air pollution parameters (mean and max 24 h levels of PM10, PM2.5 and B(a)P) exceeding 
limits during a week before hospitalization in the studied group of COVID-19 patients hospitalized in Poland. 
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reductions in emissions of air pollutants and mitigating the effects the 
emitted levels (e.g., by increasing residential greeness) may have on 
health should be an integral part of various measures undertaken to 
decrease the effects that an epidemic of respiratory disease can have on 
public health (Coccia, 2021a, 2021b; 2020a; Halabowski and Rzymski, 
2020; Peng et al., 2022). 

Although linkages between air pollution and increased rates of 
hospitalization and deaths due to COVID-19 have been already 
demonstrated, the previously presented results were elaborated mainly 
on a population level and had a correlation nature (Accarino et al., 2021; 
Bashir et al., 2020; Beig et al., 2020; Coker et al., 2020; Isphording and 
Pestel, 2021; Magazzino et al., 2020; Martinez-Boubeta and Simeonidis, 
2022; Wu et al., 2020; Zhou et al., 2022). Moreover, these studies did not 
explore the potential associations between airborne B(a)P and 
COVID-19. Contrary to this, our research assessed patient-related levels 
of PM and B(a)P during a week before hospitalization, a time of tran-
sition of SARS-CoV-2 infection from incubation phase to symptoms 
onset. During this period, the antiviral defense is based on the repertoire 
of the innate immune response, encompassing dendritic cells, natural 
killer cells, macrophages, monocytes, and neutrophils, that recognize 
pathogen-associated and damage-associated molecular patterns to 
induce inflammatory signaling associated with the production of mul-
tiple interferons and cytokines (Diamond and Kanneganti, 2022; Kasuga 
et al., 2021). Studies indicate that dysregulation of these responses, 
manifested by overactivation and hyperinflammation, can significantly 
favor a more severe clinical course and worsen the prognosis (Blot et al., 
2020; Galani and Andreakos, 2021; Janssen et al., 2021; Kapała et al., 
2022; Peyneau et al., 2022). Notably, air pollutants such as PM (and 
PM2.5 in particular) and B(a)P are well documented to affect innate 
immune responses adversely. Inhalation exposure to these agents trig-
gers inflammation in the respiratory tract and jeopardizes its function 
(Lewis et al., 2005; Xing et al., 2016). In the case of PM, these effects are 
more likely during exposure to PM2.5 than PM10 as the smaller size of 

this fraction allows it to penetrate the lungs more deeply, causing 
greater irritation of the alveolar wall (Xing et al., 2016). This may 
explain why in the present study, the association between COVID-19 
severity was only seen for elevated levels of PM2.5. However, the po-
tential adverse effect of PM10 fraction on the COVID-19 clinical course 
should not be disregarded since some research indicate that it may 
significantly increase the likelihood of having pneumonia (Pegoraro 
et al., 2021). Last but not least, exposure to PM2.5 has been shown to 
mediate up-regulation of receptor angiotensin-converting enzyme 2, 
which acts as a cellular receptor for SARS-CoV-2 as well as TMPRSS2, 
which is essential for proteolytic activation of this coronavirus (Borro 
et al., 2020; H.-H. J. Li et al., 2021). Therefore, in case of simultaneous 
exposure to air pollution and infection with SARS-CoV-2, the clinical 
severity can eventually be aggravated. 

The present study clearly shows increased CRP and IL-6 in patients 
hospitalized a week after the mean and maximum 24 h levels of PM2.5 
and B(a)P exceeded the limits. These biomarkers have prognostic value 
in COVID-19 (Herold et al., 2020; Liu et al., 2020). In addition, the 
present study has shown that exposure to elevated concentrations of 
PM2.5 and particularly B(a)P increase odds of hyperinflammatory state 
in COVID-19 manifested by CRP >200 mg, PCT >0.25 ng/mL, IL-6 >
100 μg/mL, or WBC >11 × 103/μL. This, in turn, can have a profound 
effect on disease outcomes if one considers that acute inflammatory 
response can not only promote tissue and organ failure but lead to 
coagulopathy and increased risk of thrombotic events (Branchford and 
Carpenter, 2018; Violi et al., 2021; Xiong et al., 2021). As previously 
shown, exposure to B(a)P can induce the production of nuclear factor 
kappa B and tumor necrosis factor alpha, which in turn, upregulate the 
IL-6 expression and promote the inflammation (Amrani et al., 2001; 
Malik et al., 2018; Tanabe et al., 2010; Tzeng et al., 2017). Moreover, 
experiments in human cells demonstrated that B(a)P metabolites (e.g., 
diol epoxides) inhibited the induction of interferon alpha and interferon 
beta (Hahon and Booth, 1986). These cytokines have antiviral and 

Fig. 3. The odds ratio (95% confidence interval) of (A) SpO2 < 90% at admission, (B) need for oxygen therapy, (C) mechanical ventilation, and (D) death in relation 
to exposure to air pollution parameters (mean and max 24 h levels of PM10, PM2.5 and B(a)P) exceeding limits during a week before hospitalization in the studied 
group of COVID-19 patients hospitalized in Poland. 
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immunomodulatory activities, act as anti-inflammatory mediators, and 
play an important role in the initial response to viral infections (Ben-
veniste and Qin, 2007; Biron, 1998). However, it has been shown that 
during SARS-CoV-2 infection, their expression is diminished (Nakhlband 
et al., 2021). Therefore, exposure to elevated B(a)P levels can further 
alter the immune response to infection and promote more severe forms 
of COVID-19. 

In line with this, exposure to an elevated level of air pollution before 
hospitalization affected the odds of a worse clinical course of COVID-19 
in studied patients. Exceedances of outdoor PM (including also max 24 h 
PM10) and B(a)P concentrations were associated with a greater fre-
quency of SpO2 < 90% at admission, indicating the hypoxic state. 
Therefore, unsurprisingly, exposure to elevated PM2.5 and B(a)P 
increased the odds of oxygen supplementation. However, no similar 
association with mechanical ventilation was found. According to our 
epidemiological analysis, patients requiring mechanical ventilation 
accounted for 4.5–5% of hospitalized individuals in Poland, and this 
percentage was steady throughout the first 17 months of the COVID-19 
pandemic (Flisiak et al., 2021c). Mechanical ventilation is necessary 
when previously undertaken therapeutic measures fail. The decision to 
use it is usually undertaken not earlier than in the second week of dis-
ease and is not only influenced by the course of COVID-19 but and by 
comorbidities. Moreover, in the periods of high hospital occupancy, 
when the availability of mechanical ventilation stations became limited, 
the qualification criteria had to be tightened. The lack of clear associa-
tion between air pollutants and the risk of mechanical ventilation is 
likely due to all of these factors. 

Nevertheless, odds of death were increased in patients exposed to a 
high level of PM2.5 and B(a)P levels. The link between air pollution and 
COVID-19 mortality has been explored and documented in various 
previous studies using population-based data and long-term air pollu-
tion monitoring results (Comunian et al., 2020; Dettori et al., 2021; 
Mendy et al., 2021; Semczuk-Kaczmarek et al., 2021; Wu et al., 2020). 
As estimated, air pollution contributed 15% to global COVID-19 mor-
tality (Pozzer et al., 2020). Our study indicates that even short-term 
exposure to elevated air pollution can potentially affect the outcome 
of viral disease. This is in line with experimental studies in humans in 
which short-term exposures to an elevated level of PM induced DNA 
methylation changes implicated in inflammation (e.g., CD14, TLR4, 
TRIM45) and oxidative stress (e.g., PREX1) (Cantone et al., 2017; Li 
et al., 2018; Zhong et al., 2017). In rodents, even short-term exposures to 
elevated B(a)P levels were shown to promote lung inflammation and 
airway epithelial injury via Wnt5a signaling, a biomarker of patholog-
ical progression and acute respiratory distress syndrome in COVID-19 
patients (Choi et al., 2020; Fan et al., 2022). 

Consistently with the links between air pollution, increased inflam-
matory markers, and lower oxygen saturation, the present study also 
revealed the higher odds for early respiratory symptoms of COVID-19 in 
patients exposed to elevated levels of PM2.5 and B(a)P. Interestingly 
though, lower odds of anosmia presence were found. As previously 
shown, COVID-19 patients with loss of smell have a less severe clinical 
course and outcome of COVID-19, including these individuals who 
require hospitalization (Flisiak et al., 2021c; Foster et al., 2020; Talavera 
et al., 2020). It is suggested that the local inflammation in the area of the 
olfactory bulbs (which is considered to play an immunological role in 
preventing viral invasions) can be correlated with a more controlled 
antiviral response during the SARS-CoV-2 infection (Durrant et al., 
2016; Gori et al., 2020; Le Bon and Horoi, 2020). In line with this, pa-
tients presenting anosmia were found to have significantly lower in-
flammatory markers such as CRP, PCT, and IL-6 (Coccia, 2020b, 2021c). 
Therefore, assuming that the exposure to air pollution is destabilizing 
immune responses in COVID-19, while anosmia is an indication of an 
appropriate immune response to viral infections in the nasopharynx, one 
could expect, in accordance with our observations, this symptom to be 
less frequent in periods of increased levels of PM and B(a)P. 

Study limitations need to be highlighted. Firstly, the meteorological 

data, such as air temperature and humidity, was not included in this 
study, and as shown by other research, it may also influence the clinical 
course of COVID-19 (Bochenek et al., 2022; Diao et al., 2021; Fareed 
et al., 2021). Although the data on the wind was also not considered, 
changes to its speed had to be indirectly reflected in air quality levels 
collected from the monitoring stations since high wind speeds are 
known to increase air pollution, while little wind can induce stagnation 
of various air particulates (Coccia, 2020b, 2021c). Secondly, the study 
did not assess the vaccination status of the patients hospitalized during 
2021. However, according to other analyses conducted in Poland, the 
share of vaccinated patients requiring hospitalization in the first half of 
2021 was negligible (Rzymski et al., 2021). Thirdly, the study did not 
stratify patients according to the previously diagnosed chronic lung 
disease that, in some cases, could be a result or be promoted by pro-
longed exposure to air pollution. Last but not least, the investigated 
period included 17 months, during which different SARS-CoV-2 lineages 
were dominant in Poland. Throughout 2020 an increase in the frequency 
of the G superclade with hallmark D614G mutation in spike protein was 
observed; the beginning of 2021 was dominated by B.1.1.7 (alpha) 
variant, while in May 2021, the B.1.617.2 (delta) variant started to 
emerge (Hryhorowicz et al., 2021; Jabłońska et al., 2021). This could 
potentially affect selected aspects of the clinical course of severe 
COVID-19 (Flisiak et al., 2021c). However, the accurate data on shifts of 
variants could not be included in the study as the efficient nationwide 
genomic surveillance was not available in Poland for the substantial 
period considered by this study, and a very low number of SARS-CoV-2 
sequences deposited by Poland institutions in the GISAID database 
(Furuse, 2021). On the other hand, the most evident shift in disease 
severity was due to the delta variant (Saito et al., 2022; Twohig et al., 
2022), which was not playing a role in the majority of infections 
included in our study. Contrary to this, animal and epidemiological 
studies indicated that infection with alpha variant did not cause more 
severe COVID-19 compared to D614G variants (Nuñez et al., 2021). 
Therefore, the SARS-CoV-2 evolution appears to be insufficient in 
explaining the differences in the clinical parameters and outcomes found 
in the present study between patients exposed and not exposed to PM 
and B(a)P levels exceeding quality standards. 

5. Conclusion 

In addition to population-based studies using long-term data on air 
pollution monitoring, this study provides a direct link between levels of 
PM and B(a)P prior to hospitalization and symptomatology, inflamma-
tion, and clinical course of COVID-19. Mitigation of COVID-19 burden, 
and likely any future epidemics of respiratory disease, requires urgent 
multifaceted, short-term and long-term measures to decrease exposure 
to air pollution such as PM and B(a)P. This is particularly pivotal for 
populations inhabiting regions already highly affected by deteriorated 
air quality, such as Poland. 
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