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ARTICLE INFO ABSTRACT

Keywords: Air pollution, to which children are more susceptible than adults, can promote airway inflammation, potentially
Pandemic exaggerating the effects of respiratory viral infection. This study examined the association between the clinical
Particulate matter manifestation of COVID-19 in unvaccinated pediatric patients hospitalized in Poland (n = 766) and levels of
llzeegiz;izinzpyrene particulate matter 2.5 (PM35) and benzo(a)pyrene (B(a)P) within a week before hospitalization. Children aged
Inflammation < 12 years exposed to mean and max 24 h B(a)P levels > 1 ng/m® revealed higher odds of cough, dyspnea, fever,

Epidemiology and increased concentrations of inflammatory markers (C-reactive protein, interleukin-6, procalcitonin, white
blood cell count). In older patients (13-17 years), elevated mean 24 h B(a)P levels increased odds of dyspnea,
fever, and diarrhea, and higher concentrations of C-reactive protein and procalcitonin. Exposure to max 24 h
PMy 5 levels > 20 pg/m® was associated with higher odds of cough, increased concentrations of C-reactive
protein (group <12 years), and increased procalcitonin concentration (groups <12 years and 13-17 years). In
both age groups, length of stay was extended in patients exposed to elevated levels of max 24 h PM, 5, mean and
max 24 h B(a)P. This study suggests that worse air quality, particularly reflected in increased B(a)P levels, might
affect the clinical course of COVID-19 in pediatric patients and adds to the disease burden during a pandemic.

1. Introduction SARS-CoV-2 infection and contribute to its spread in the population,
most pediatric cases are asymptomatic or mild with fever and cough but

The COVID-19 pandemic has posed a tremendous challenge to the no hospitalization requirement (Jackson et al., 2022). The risk of severe
healthcare system, overwhelming its different sectors and branches. The disease and death in this group is low (Mania et al., 2022; Pokor-
hospitalized patients mainly included elderly individuals suffering from ska-Spiewak et al., 2021). Despite it, some children and adolescents
obesity and various comorbidities. Although children are susceptible to require hospitalization and may develop pediatric inflammatory
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multi-system syndrome due to SARS-CoV-2 infection (Ward et al.,
2022).

Apart from socioeconomic and ethnicity disparities, comorbidities,
such as asthma, diabetes, cardiovascular diseases, neurologic disorders
obesity, were identified as the leading risk factor of severe COVID-19 in
children. In particular, medically complex individuals are more likely to
be hospitalized due to SARS-CoV-2 infection (Graff et al., 2021; Wood-
ruff et al., 2021). At the same time, it is known that air pollutants, such
as particulate matter (PM), especially its PMy s fraction (with aero-
dynamic diameter < 2.5 um), and benzo(a)pyrene, can act as an irritant
and promote inflammation in the respiratory tract (Rzymski et al.,
2022). Compared to adults, children are at higher risk of the adverse
effects of these pollutants due to smaller airway caliber with lower
pulmonary capacity but a higher respiratory rate and more susceptible
epithelium (Kurt, Zhang, and Pinkerton, 2016; Babin et al., 2007; L-J.
Wang et al., 2016).

This study aimed to analyze whether air pollution, PM; 5 and B(a)P,
is related to the severity of COVID-19 among patients aged < 18 years (n
= 766) who required hospitalization in selected Polish medical units
over 17 months of the pandemic. Specifically, the relations between
increased levels of air pollutants and the manifestation of various
COVID-19 symptoms, the concentration of inflammatory markers at
admission, oxygen saturation, and length of hospital stay were exam-
ined. Both pollutants considered in the present study are particularly
concerning in regions such as Central Europe, where the combustion of
wood and coal continues to play a role in domestic heating. This results
in elevated emissions of PM and PM-bound polycyclic hydrocarbons,
especially between late autumn and early spring (Aniot et al., 2021;
Nazar and Niedoszytko, 2022). Moreover, contrary to many world re-
gions, the COVID-19 lockdown in Poland was not associated with a
temporary decline in PM emissions, while in selected locations, they
were even increased (Rogulski and Badyda, 2021).

2. Material and methods
2.1. Patients data

All clinical data of hospitalized patients aged < 18 years were
retrieved from the SARSTer database, managed by the Polish Associa-
tion of Epidemiologists and Infectiologists. A total of 766 records of
children, and adolescents, hospitalized with COVID-19 in different
healthcare units in Poland between March 2020 and July 2021 (17
months) were collected. All patients were unvaccinated against COVID-
19. All of these individuals were diagnosed and treated according to the
Polish recommendations for the management of COVID-19 (Flisiak,
Horban et al., 2020a, 2021; Flisiak, Parczewski et al., 2020, 2020b;
Marczynska et al., 2020; Okarska-Napierata et al., 2021).

The clinical data collected for this study included:

(i) frequency of early COVID-19 symptoms cough, dyspnea, fatigue,
fever, headache, fatigue, anosmia, nausea, diarrhea, and
vomiting;

(ii) levels of inflammatory markers at admission: C-reactive protein
(CRP), interleukin-6 procalcitonin (PCT), interleukin-6, and
white blood cell (WBC) - the following levels were defined as
hyperinflammation: CRP > 10 mg/L, IL-6 > 37 pg/mL, PCT > 0.1
ng/mL and WBC > 11 x 103/pL (Yasuhara et al., 2020; Shafiek
et al., 2021);

(iii) the parameters of the clinical course of the disease: oxygen
saturation (SpO-) at admission, the need for oxygen therapy and
mechanical ventilation, length of hospital stay, and outcome
(survival or death).

As the immune system undergoes changes in children and adoles-
cents (Bartlett et al., 1998), two age groups were considered: < 12 years
and 13-17 years. Moreover, the previous epidemiological studies have
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shown that individuals aged 13-17 years are far more likely to be
infected with SARS-CoV-2 and experience symptomatic infection than
< 12 years (Jang et al.,, 2022; Ryan et al., 2022). Moreover, in the
present study, these two age groups had a similar sex distribution and
did not differ in frequencies of comorbidities.

The study had a retrospective, non-interventional nature, and ac-
cording to the Polish law (Dz.U. 2020 poz. 1291) it did not require
written consent from patients and bioethical approval. All personal data
were protected according to the European Union General Data Protec-
tion Regulation.

2.2. Air pollution data

The following air pollution parameters were included in the analysis:
PM, 5, and B(a)P. The data was collected from the Polish Chief Inspec-
torate Of Environmental Protection database, which is legally respon-
sible for the air pollution monitoring in Poland. The mean 24 h and max
24 h levels in the inhabited area during a week preceding the hospi-
talization were retrieved for each patient. If more than one air quality
monitoring station was available in a particular area, the data were
collected from all of them and averaged. The period of the week before
hospitalization was chosen because it most likely represented a time of
transition of SARS-CoV-2 infection from incubation phase to symptom-
atic one, a time during which the innate immune response constitutes an
essential line of the antiviral defense (Rzymski et al., 2022)(Kasuga
et al., 2021; Diamond and Kanneganti, 2022). Its disruption can lead to
cellular overactivation and hyper-inflammation, subsequently favoring
a more severe clinical course of COVID-19 and worsening the prognosis
(Peyneau et al., 2022; Galani and Andreakos, 2021; Blot et al., 2020;
Janssen et al., 2021). In turn, air pollutants such as PMj 5 and B(a)P have
been evidenced to promote inflammation and adversely affect innate
immune response (Glencross et al., 2020). As shown in experimental and
epidemiological studies, the pro-inflammatory effect may also occur in
the respiratory system following the short-term exposure to increased
levels of these pollutants (Fan et al., 2021; Y. Li et al., 2021; Coker et al.,
2021; Chen et al., 2017).

The following air quality limits were considered in this study: mean
24 h and max 24 h PMy 5 > 20 pg/m3, and mean 24 h and max 24 h B(a)
P>1.0 ng/m3 (Directive 2004/107/EC,; Directive 2008/50/EC,)

2.3. Statistical analysis

The data was analyzed with Statistica v. 13.1 (StatSoft, USA) sepa-
rately for patients aged < 12 and 13-17 years. 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 95% confidence interval (CI) were calculated according to
the formulas given by Bland and Altman using MedCalc (MedCalc,
Ostend, Belgium). A p-value < 0.05 was considered statistically
significant.

3. Results
3.1. Group characteristics

The studied group constituted 766 pediatric patients aged 0-17 years
hospitalized between March 2020 and July 2021 due to COVID-19.
None of the individuals was vaccinated. Their demographic character-
istics and general clinical data are presented in Table 1. The number of
patients requiring oxygen therapy or mechanical ventilation was very
low, similar to fatal cases.

3.2. Air pollution and early symptoms of COVID-19

Association between exposure to air pollution above quality limits
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Table 1
Demographic and basic clinical characteristics of the studied group of pediatric
patients (n = 766).

Age (years), mean+SD 7.5+5.9
< 12 years, n (%) 557 (72.7)
13-17 years, n (%) 209 (27.3)

Male / female, n (%) 406 (53) / 360 (47)

Comorbidities, n (%) 158 (20.6)
Asthmatic children, n (%) 10 (1.3)

Exposed to air pollution exceeding the limits
mean 24 h PM, 5 > 20 pg/mB, n (%) 43 (5.6)
max 24 h PMy 5 > 20 pg/m°, n (%) 205 (26.8)
mean 24 h B(a)P > 1 ng/m3, n (%) 292 (38.1)
max 24 h B(a)P > 1 ng/m°, n (%) 377 (49.2)

Hospital stay (days), mean+SD 4.4 +5.8

Requiring oxygen therapy, n (%) 9(1.2)

Requiring mechanical ventilation, n (%) 2(0.3)

Fatal cases, n (%) 1(0.1)

and the presence of selected early symptoms of COVID-19 were observed
(Fig. 1). The odds of cough, fever, and dyspnea were higher in children
aged < 12 years exposed to high mean and max levels of 24 h B(a)P.
Odds of cough were also increased in this group when exposed to
elevated max 24 h PMy 5 levels (Fig. 1A). Exposure to max 24 h B(a)P
level exceeding the limit increased odds of fever, dyspnea, and diarrhea
in patients aged 13-17 years (Fig. 1B). Exceedances of air pollution
parameters did not alter the odds of other symptoms considered in the
study.

3.3. Air pollution and inflammatory markers at admission

The levels of inflammatory markers in the studied groups are sum-
marized in Table 2. In the group aged < 12 and 13-17 years, signifi-
cantly elevated IL-6 concentrations were noted in individuals exposed to
max 24 h PM, 5 (by 3.8-fold and 8.6-fold, respectively), mean 24 h B(a)P
(by 5.7-fold and 8.8-fold, respectively) and max 24 h B(a)P (by 5.4-fold
and 4.9-fold, respectively) at levels exceeding the limits exhibited
significantly elevated IL-6 concentrations at admission. PCT concen-
trations were increased only in children aged < 12 years exposed to high
levels of mean 24 h B(a)P (by 2.0-fold) and max 24 h B(a)P (by 4.0-fold).
CRP and WBC concentrations were significantly elevated in children
aged < 12 years exposed to increased levels of mean 24 h B(a)P (by 1.8-
fold and 1.1-fold, respectively) and max 24 h B(a)P (by 2.0-fold and 1.1-
fold, respectively). In addition, both parameters were higher in in-
dividuals aged 13-17 exposed to mean 24 h B(a)P exceeding the limit
(by 2.0-fold and 1.1-fold, respectively).

A ® cough A fever M dyspnea

max 24h B(a)P
mean 24h B(a)P -

——A—— p<0.001

max 24h B(a)P
mean 24h B(a)P -

——— p<0.001
b———— 8 p<0.001

max 24h PM, 5+
max 24h B(a)P
mean 24h B(a)P -

—@—— 1 p<0.05
F—@&—— 1 p<0.01
—@—— p<0.05

1 I L) ] I I
08 12 16 20 24 28 32 3.6

Odds ratio of symptom manifestation

I & { p<0.001
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As further demonstrated, patients aged < 12 years exposed to max
24 h PM 5 levels exceeding the quality limit revealed increased odds of
CRP > 10 mg/L and PCT > 0.1 ng/mL at admission. In turn, exposure to
elevated mean and max B(a)P concentrations increased odds for CRP
> 10 mg/L, IL-6 > 37 pg/mL, PCT > 0.1 ng/mL and WBC > 11 x 10°%/
uL.(Fig. 2A). In case of patients aged 13-17 years, exceedances of max
24 PM, 5, mean and max B(a)P levels were associated with higher odds
of PCT > 0.1 ng/mL. Increased odds of CRP > 10 mg/L were also found
for patients exposed to max 24 h level above the quality limit (Fig. 2B).

3.4. Air pollution and the clinical course of COVID-19

0Odds for SpOy < 95% at admission were increased only in patients
aged < 12 years exposed to elevated mean 24 h B(a)P level (OR: 3.2,
95% CI: 1.2-10.6, p < 0.05). Children aged < 12 years exposed to max
24 h PMy 5, mean 24 h B(a)P and max 24 h B(aP) levels exceeding the
limits required an extended hospital stay, on average by 40.5%, 118.5%
and 120.0%, respectively (Fig. 3A). Similarly, in patients aged 13-17
years, the length of hospital stay was longer by 92.5%, 92.5% and
100.0%, respectively (Fig. 3B). Association between air pollution and
death or the need for oxygen therapy and mechanical ventilation was
not evaluated due to a low number of pediatric patients with these
outcomes (Table 1).

4. Discussion

This study demonstrates the direct links between outdoor air pollu-
tion and clinical manifestation of COVID-19 in pediatric patients, indi-
cating that exposure to pollutants such as PM; 5 and B(a)P can increase
the odds of selected symptoms manifestation, increased inflammatory
response, and extended hospital stay. Although the links between the
severity of COVID-19 and air pollution have already been explored,
contrary to our study, previous research focused on adult or general
populations, not specifically on pediatric groups (Rzymski et al., 2022;
Martinez-Boubeta and Simeonidis, 2022; Bowe et al., 2021; Kogevinas
et al., 2021).

The present study’s findings add to a general understanding of the
adverse health effects of air pollution. They are particularly relevant for
regions with deteriorated air quality, such as Poland, where air pollution
in almost all areas exceeds air standards due to extensive coal-burning
(European Environment Agency, 2021). Notably, increased airborne
levels of PMj 5 and B(a)P in the temperate zone overlap with the sea-
sonal increase in SARS-Cov-2 infections (Gavenciak et al., 2021; Rogu-
la-Koztowska et al., 2014). The present research highlights that this can

B B dyspnea A fever & diarrhea
mean 24h |, o |
B@p | N | p<0.05
mean 24h E
B(a)P :I—A—I p<0.05
mean 24h ; | |
Bap = | p<0.05

—r rrrr 111171
0.81.6243.24.04.8566.47.28.08.89.6

Odds ratio of symptom manifestation

Fig. 1. The odds ratio (95% confidence interval) of early COVID-19 symptoms manifestation in relation to the exposure of pediatric patients aged < 12 years (A) and
13-17 years (B) to air pollution parameters exceeding limits during a week before hospitalization.



P. Rzymski et al.

Ecotoxicology and Environmental Safety 239 (2022) 113651

Table 2
The inflammatory markers (mean=+SD) in patients aged < 18 years (n = 766) exposed to air pollutants exceeding/not exceeding the limits during a week before
hospitalization.
Parameter Age mean 24 h PM, 5 max 24 h PM, 5 mean 24 h B (a)P max 24 h B (a)P
group <20 g/ > 20 pg/ p  <20pug/ > 20 pg/ p/t  <1ng/ >1ng/ p <1ng/ >1ng/ p
m® m® m® m® m® m® m® m®
CRP [mg/L] <12 13.3 10.6 ns 12.5 14.5 ns 9.6 17.6 w 8.6 17.1
+ 29.6 +16.7 +27.2 + 32.7 + 20.5 + 36.6 +19.1 + 34.9
13-17 10.0 12.3 ns 9.1 13.0 ns 7.7 15.3 * 8.7 12.0 ns
+19.4 +21.0 +16.9 +25.1 + 14.6 +26.4 +15.7 +23.5
IL-6 <12 8.7 23.7 ns 7.5 28.7 wx 4.5 25.9 w o 4.5 24.2 *
[pg/mL) +23.3 +18.4 + 20.2 +47.8 +9.3 + 44.7 +9.4 + 43.3
13-17 5.9 15.2 ns 3.5 30.1 * 3.7 32.6 el 3.5 17.2
+18.4 +12.0 +10.1 +459 +10.1 +49.8 +10.7 + 35.5
PCT <12 0.3 0.2 ns 0.2 0.4 ns 0.2 0.4 * 0.1 0.4 *
[ng/mL] + 0.9 +0.3 + 0.9 +1.1 +0.5 +1.3 +0.5 +1.3
13-17 0.2 0.3 ns 0.1 0.3 ns 0.1 0.3 ns 0.2 0.2 ns
+0.7 +0.5 +0.7 +0.7 +0.8 + 0.6 +0.8 +0.5
WBC <12 8.5 9.2 ns 8.5 8.8 ns 8.1 9.1 * 7.9 9.0 *
[x 103/ + 4.4 + 3.0 + 4.5 + 3.8 +3.9 + 4.8 + 3.5 + 4.9
pL] 13-17 6.3 6.5 ns 6.1 7.0 ns 6.0 7.2 * 6.1 6.8 ns
+ 3.1 + 3.0 + 3.0 + 3.2 + 3.0 + 3.2 + 3.1 + 3.1

ns — not significant; * - p < 0.05; * * - p < 0.01; * ** - p < 0.001

¥V WBC>11x10%/uL M IL-6 > 37 pg/mL
A PCT>0.1 ng/mL ® CRP>10mg/L

A

max 24h B(a)P-|! —¥——— p<0.01
mean 24h B(a)P<4, —¥— p<0.01
]
max 24h B(a)P{! b————A—1 p<0.001
mean 24h B(a)P-! F—&——— p<0.001
max 24h PM, 5+, | A | p<0.001
1
max 24h B(a)P! | » | p<0.05
mean 24h B(a)P! | L | p<0.05
]
max 24h B@P-! | ® | p<0.001
mean 24h B(a)P-! +H—@— p<0.001
max 24h PM, ;- , —@—— p<0.05
1 1 1 1 1 1 1 1 1 ]
0.8 1.6 2.4 3.2 4.0 4.8 5.6 6.4 7.2 8.0 8.8
Odds ratio

A PCT>0.1ng/mL @ CRP>10mg/L

'
1
max 24h B(a)P-! | & { p<0.05
1
1
mean 24h B(a)P-E t A | p<0.001
i
1
max 24h PM, ;! I 4— p<0.001
:
1
:
mean 24h B(a)P ! L | p<0.05
1
I L] T T T T T L L] T L

0.8 1.6 2.4 3.2 4.0 4.8 5.6 6.4 7.2 8.0 8.8
Odds ratio

Fig. 2. The odds ratio (95% confidence interval) of significantly increased inflammatory markers at admission in pediatric patients aged < 12 years (A) and 13-17
years (B) in relation to the exposure to air pollution parameters exceeding limits during a week before hospitalization.

A

max 24h B(a)P>1 ng/m® :l t=2.5

max 24h B(a)P<1 ng/m® p<0.001
mean 24h B(a)P>1 ng/m® ] t=3.7
mean 24h B(a)P<1 ng/m® p<0.001

max 24h PM, 5>20 ;ig/m®

t=3.7
max 24h PM, 5<20 jig/m® :I

p<0.05

mean 24h PM, 5>20 ug/m°®

=-1.2
mean 24h PM, 5<20 ug/m°® :I p>0.05

2 3

T T T T T T 1
4 56 6 7 8 9 10 11 12 13 14 15

Time of hospitalization [days]

B

max 24h B(a)P>1 ng/m®
max 24h B(a)P<1 nglm3

mean 24h B(a)P>1 ng/m® t=4.0

:I t=3.7
p<0.01

mean 24h B(a)P<1 ng/m B
2 <0.01
max 24h PM, 5>20 yg/m® :I t=4.0
max 24h PM, 5<20 ug/m® p<0.01
mean 24h PM, 5>20 ug/m° t=-1.2
mean 24h PM; 5<20 “g/m3 p>0.05
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I T
01 2
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Fig. 3. The length of hospital stay (mean + SD) in patients aged < 12 (n = 557) (A) and 13-17 years (n = 209) (B) exposed to air pollutants exceeding/not exceeding
the limits during a week before hospitalization. The red bar — pollution level exceeding the quality limit; the green bar — pollution level within the quality limit.

increase the overall COVID-19 burden related to pediatric patients.
Instead of using generalized population-based data as in numerous
previous analyses of the relationship between air pollution and COVID-
19, the levels of PMjy 5 and B(a)P before hospitalization were matched
for each patient allowing to postulate the existence of a causative rela-
tionship between exposure to air pollutants and clinical course of the

disease. A week preceding hospitalization represents a period of tran-
sition of SARS-CoV-2 infection from incubation phase to symptomatic
one. During this time, the antiviral defense in unvaccinated individuals
is solely based on the innate immune response. It includes a repertoire of
cells, i.e., macrophages, natural killer cells, monocytes, neutrophils, and
dendritic cells, recognizing pathogen-associated molecular patterns and
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inducing inflammatory signaling (Kasuga et al., 2021; Diamond and
Kanneganti, 2022). Children have been shown to display higher basal
expression of the relevant pattern-recognition receptor pathways in
respiratory epithelial cells, dendritic cells, and macrophages, ultimately
resulting in a more robust innate antiviral response to SARS-CoV-2
infection compared to adult subjects (Loske et al., 2021). As postu-
lated, this is, at least partially, responsible for the higher rate of
asymptomatic and mild cases of COVID-19, faster recovery, and lower
incidence of long-term consequences of disease in children (Ding, Yan,
and Guo, 2020; Falahi, Abdoli, and Kenarkoohi, 2021; Molteni, Sudre,
Canas, Bhopal, Hughes, Antonelli et al., 2021). Significantly in this
context, PM5 5 and B(a)P are well documented to affect innate immune
responses adversely and trigger hyper-inflammation in the respiratory
tract, effectively jeopardizing its function (Xing et al., 2016; Lewis et al.,
2005).

Furthermore, some studies demonstrated that children’s nasal
epithelium and bronchial tissue reveal significantly lower expression of
receptor angiotensin-converting enzyme 2 (ACE2), acting as a cellular
receptor for SARS-CoV-2, and lower expression of TMPRSS2, which
along with furin is essential for its proteolytic activation (Bunyavanich,
Do, and Vicencio, 2020; Saheb Sharif-Askari et al., 2020). In turn, ex-
posures to PMj 5 and B(a)P have been shown to up-regulate ACE2 and
TMPRSS2 (Borro et al., 2020; H.-H. Li et al., 2021; G. Wang et al., 2021).
Therefore, exposure to elevated levels of air pollutants overlapping the
SARS-CoV-2 infection can aggravate the clinical severity of COVID-19 in
children. This may also explain the previously observed increase in the
number of children with symptomatic SARS-CoV-2 infections and pe-
diatric patients requiring hospitalization due to COVID-19 during the
second pandemic wave (September-December 2020) when compared to
the first wave (March-August 2020) (Pokorskafs/picwak et al., 2021).

Although air pollution affected symptomatology, inflammatory
markers, and length of hospitalization in both age groups of pediatric
patients considered in the study, broader effects were observed for
children < 12 years. This can be to several interlinked factors charac-
terizing this group compared to older children, such as increased minute
ventilation, immature immune response, dynamically developing res-
piratory system, and tendency to spend more time outdoors, ultimately
resulting in greater exposure and its health consequences (Buka,
Koranteng, and Osornio-Vargas, 2006; Dixon, 2002; Gilliland et al.,
1999; Pinkerton and Joad, 2000). In addition, during the pandemic
lockdowns and periods of remote learning, children may be increasingly
exposed to household air pollution. During periods of high outdoor
concentrations, air pollutants can infiltrate indoors and be trapped to
varying degrees depending on buildings’ topography, configuration, and
ventilation (Nandasena, Wickremasinghe, and Sathiakumar, 2013).

Importantly, the present study shows that children’s exposure to
elevated levels of B(a)P may have more profound effects on the COVID-
19 clinical course than in the case of PMy 5. However, the majority of
previous research on air pollution and COVID-19 and other respiratory
diseases focuses not on polycyclic aromatic hydrocarbons such as B(a)P,
but on particulates, ozone, sulfur dioxide, and nitrous oxides infections
(Rodrigues et al., 2019; Wrotek et al., 2021; Nenna et al., 2017; Mele
et al., 2021; Mendy et al., 2021; Veronesi et al., 2022). Among multi-
faceted harmful effects of B(a)P on human health, including promotion
of cancerogenesis, its short-term exposure was shown to induce airway
epithelial injury and enhance the release of epithelial-derived pro-in-
flammatory cytokines, such as thymic stromal lymphopoietin (a distant
paralog of IL-7) and IL-33 (Fan et al., 2021). In turn, increased IL-33 was
linked to more severe COVID-19 as it facilitates inflammation in the
respiratory tract by inducing the release of innate pro-inflammatory
cytokines, i.e., IL-1p, IL-6, TNF-a, IL-12, and IL-23 (Markovic et al.,
2021). Moreover, thymic stromal lymphopoietin, which, along with its
receptor, mediates the release of pro-inflammatory cytokines (including
IL-6_ and chemokines, ultimately contributing to airway inflammation,
has also been shown to correlate with more severe COVID-19 (Caterino
et al., 2021; Shan et al., 2010)). Notably, in the present study, pediatric
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patients (particularly <12 years) exposed to elevated levels of B(a)P
before hospitalization exhibited higher concentrations of different in-
flammatory markers at admission, including IL-6. All in all, further
studies on air pollution and the severity of COVID-19 and other respi-
ratory diseases in pediatric and adult patients should include B(a)P as a
separate risk factor.

Although the present findings provide important data for public
health policy, study limitations must be stressed. The research was
focused on two major air pollutants, PMy 5 and B(a)P, in regions such as
Poland, where coal and wood combustion plays a significant role in
domestic heating (Aniotl et al., 2021; Nazar and Niedoszytko, 2022).
However, studies show that other air pollutants, i.e., nitrogen oxides and
ozone, may also affect the COVID-19 severity and mortality (Mele et al.,
2021; Khorsandi et al., 2021; Achebak et al., 2021). One should also note
that the present investigation did not include the potential differences in
socioeconomic factors, health behaviors (e.g., physical activity) and
presence of comorbidities (e.g., chronic lung disease, diabetes, heart
disease, immune deficiencies, seizure disorders, obesity,) that may affect
the susceptibility of children to COVID-19 (Choi, Choi, and Yun, 2022;
Stgrdal et al., 2022). Moreover, the patient data were collected over 17
months, during which various SARS-CoV-2 variants emerged and
dominated (Hryhorowicz et al., 2021; Jabtonska et al., 2021). The shifts
in viral variants were not included in the study because the efficient
nationwide genomic surveillance was not available in Poland, while the
number of SARS-CoV-2 sequences deposited by Polish institutions in the
GISAID database was very low (Furuse, 2021). However, one should
note that the epidemiological study conducted in Poland during the
same period did not show significant increases in the admission of in-
dividuals < 18 that would otherwise indicate changes in virus patho-
genicity (Flisiak, Rzymski et al., 2021). Similarly, a study comparing the
illness profile in children infected with B.1.1.7 (alpha) variant, domi-
nant at the beginning of 2021, and B.1.617.2 (delta) variant, predomi-
nantly circulating since May 2021, did not show any relevant differences
in symptoms prevalence, disease duration, and burden (Molteni, Sudre,
Canas, Bhopal, Hughes, Chen et al., 2021). Children diagnosed with
COVID-19 caused by delta variant did not show significant differences in
inflammatory markers when compared to those infected from February
to March 2020 (Sheng, Shao, and Wang, 2021). Therefore, the
SARS-CoV-2 evolution appears insufficient in explaining the differences
in the clinical parameters found in the present study between children
exposed to and not exposed to air pollutants exceeding quality stan-
dards. One should also note that the clinical course of COVID-19 can be,
to some extent, influenced by meteorological factors such as tempera-
ture and humidity (Bochenek et al., 2022), which were not included in
the present study. Moreover, the data on the daily duration of outdoor
activity and indoor pollution levels, which may affect the exposure to B
(a)P and PM, 5 (Christian et al., 2022; Rivas et al., 2014), were not
available for the studied group. Last but not least, the pediatric group in
this study was constituted only of unvaccinated individuals. Whether
COVID-19 vaccination may suppress the effect of air pollution on the
inflammation levels during SARS-CoV-2 infection and the clinical
severity of the disease require further investigations.

5. Conclusion

The results of this study suggests that exposure to air pollutants,
particularly B(a)P, at a time of SARS-CoV-2 infection might affect the
clinical manifestation of COVID-19 in pediatric patients, with a more
significant broad effect seen in those aged < 12 years. Overall, the
findings call for more epidemiological studies on the effect of B(a)P on
the severity of COVID-19 and other respiratory diseases and highlight
that successful mitigation of the COVID-19 burden should also include
measures to decrease the exposure to air pollution.
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