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Abstract

Previous ecological studies suggest the existence of possible interplays between the exposure to air pollutants and SARS-
CoV-2 infection. Confirmations at individual level, however, are lacking. To explore the relationships between previous
exposure to particulate matter < 10 pm (PM,)) and nitrogen dioxide (NO,), the clinical outcome following hospital admit-
tance, and lymphocyte subsets in COVID-19 patients with pneumonia. In 147 geocoded patients, we assessed the individual
exposure to PM,, and NO, in the 2 weeks before hospital admittance. We divided subjects according to the clinical outcome
(i.e., discharge at home vs in-hospital death), and explored the lymphocyte-related immune function as an index possibly
affecting individual vulnerability to the infection. As compared with discharged subjects, patients who underwent in-hospital
death presented neutrophilia, lymphopenia, lower number of T CD45, CD3, CD4, CD16/56+CD3 +, and B CD19+cells, and
higher previous exposure to NO,, but not PM,,. Age and previous NO, exposure were independent predictors for mortality.
NO, concentrations were also negatively related with the number of CD45, CD3, and CD4 cells. Previous NO, exposure is a
co-factor independently affecting the mortality risk in infected individuals, through negative immune effects. Lymphopenia
and altered lymphocyte subsets might precede viral infection due to nonmodifiable (i.e., age) and external (i.e., air pollution)
factors. Thus, decreasing the burden of air pollutants should be a valuable primary prevention measure to reduce individual
susceptibility to SARS-CoV-2 infection and mortality.
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Introduction

A novel coronavirus emerged at the end of 2019, known as
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), causing a cluster of pneumonia cases in Wuhan, a

Responsible Editor: Lotfi Aleya city in the Hubei Province of China, and resulting in a global
pandemic. Since February 2020, the disease was named
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COVID-19 has caused, to date and globally, over 271
million confirmed cases and over 5.3 million deaths (World
Health Organization 2021).
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outcomes, ranging from asymptomatic form to mild clinical
presentation, severe respiratory and systemic involvement,
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successfully prevent SARS-CoV-2 infection; and to date,
over 8.3 billion vaccine doses have been administered
worldwide (World Health Organization 2021). However,
strategies aimed to prevent the worst outcomes following
a SARS-CoV-2 infection are still under evaluation. In this
respect, several risk factors for severe COVID-19 outcome
have been identified (Gao et al. 2021) and include increasing
age, comorbidities (i.e., cardiovascular disease, diabetes
mellitus, chronic obstructive pulmonary disease, cancer,
chronic kidney disease, solid organ or hematopoietic stem
cell transplantation, obesity, and smoking), socioeconomic
background and gender, several laboratory abnormalities,
viral, and genetic factors. Besides these factors, a critical
role seems to be played by environmental exposure to air
pollutants. In particular, as for other infectious diseases
(Ibironke et al. 2019; Rivas-Santiago et al. 2015; Williams
et al. 2011), the possibility exists that chronic exposure to
air pollution can also affect the immune response to SARS-
CoV-2 infection, with worse clinical course of disease.
Ecological studies suggest that short- and long-term air
pollution can negatively affect the clinical outcome in
COVID-19 patients (Bowe et al. 2021; Ho et al. 2021;
Woodby et al. 2021). These studies, however, rely on
aggregated data, while a comprehensive confirmation
at individual level and considering pathophysiological
implications is still lacking (Villeneuve and Goldberg
2020). In fact, although some individual-level studies are
available (Bowe et al. 2021; Elliott et al. 2021; Kogevinas
et al. 2021; Lopez-Feldman et al. 2021), evidence are limited
by residual biases as an incomplete evaluation of individual
confounders, a limited age range of participants, lack of
information about exposure to gaseous pollutants or on the
immunological status, uncertainty about recent residence of
enrolled patients, and lack of data about recent individual
exposure.

Furthermore, scarce information is available about the
interactions between air pollution and possible immune
alterations in patients with COVID-19. In this respect, pre-
cise pathways accounting for both disease incidence and
clinical course of infected individuals still remain poorly
understood, and a clear prognostic value of possible inter-
plays between air pollution, individual immune response,
and definitive clinical outcome is lacking.

Among laboratory abnormalities, a decrease in absolute
lymphocyte count (lymphopenia of less than 800/pL) has
been frequently described in COVID-19 patients, and this
index is considered a predictor of disease severity (Henry
et al. 2020; Jin et al. 2020). However, a direct effect of
SARS-CoV-2 on B or T lymphocytes seems unlikely, since
these cells do not express the angiotensin-converting enzyme
2 (ACE2) receptor (Hamming et al. 2004; Li et al. 2003),
the functional receptor for this novel coronavirus in humans
(Letko et al. 2020).

Although some secondary mechanisms have been hypoth-
esized (De Biasi et al. 2020; Diao et al. 2020; Song et al.
2020; Xu et al. 2020), the pathways linking SARS-CoV-2
infection and the decreased number of lymphocytes in the
peripheral blood are still undetermined. From this point of
view, the possibility exists that lymphopenia and decreased
lymphocyte subsets can precede, rather than follow, SARS-
CoV-2 infection, thus conditioning individual vulnerability
to COVID-19. Thus, the main aim of the present study is to
evaluate, for the first time at individual level, how a previ-
ous, medium-term exposure can affect the main features of
lymphocyte subsets measured at hospital admission, and the
final clinical outcome. These findings have great interest
in the determination of individual vulnerability following
a SARS-CoV-2 infection, and in terms of possible primary
prevention measures oriented at reducing the severity of this
disease at a community level.

Subjects and methods
Subjects

We studied 147 patients (mean age 66.8 + 1.3 years, age
range 31-99 years, 93 males) originating from 10 cities
in Apulia (Southern Italy) including Bari and its Province
(Bitonto, Altamura, Casamassima, Modugno, Palo del Colle,
Barletta, Andria, Molfetta, Monopoli). Patients were admit-
ted to the COVID-unit of internal medicine “A. Murri” of
the large Regional Hospital Policlinico of Bari, from March
2020 to April 2021 due to acute SARS-CoV2 infection with
pneumonia. Patients were laboratory confirmed to be SARS-
CoV-2 infected by real-time RT-PCR (nasopharyngeal
swab). Data for each individual was collected by medical
personnel. All patients underwent a full clinical assessment
and blood sampling with a count of white blood cells the
same day of hospital admission. Inclusion criteria were (a)
diagnosis of acute pneumonia, defined as pulmonary infiltra-
tion (CT confirmation); (b) no need for admission to inten-
sive care unit; (c) availability of a valid pre-hospitalization
address, and (d) living in the 2 weeks before hospitalization
in an urban area where air monitoring stations were present
and active.

None of patients received immunomodulating drugs
before hospital admission. Patients with known blood dis-
eases were excluded.

Assessment of air pollutants
The collected information included individuals’ address of resi-

dence immediately before hospital admission, thus allowing us
to geocode enrolled patients and to calculate previous exposure.
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In particular, the average daily air concentrations of particu-
late matter < 10 pm (PM,5) and nitrogen dioxide (NO,) were
assessed, for each subject, during the 2 weeks preceding the day
of hospital entry and in the specific living area. The exposure to
pollutants was determined for each patient considering a specific
time-window based on the day of hospital admittance.

The concentration of air pollutants was measured by the
network of air monitoring stations positioned in the explored
area, and regularly managed by the Regional Environmental
Agency (ARPA Puglia https://www.arpa.puglia.it/). Periodic
quality control and validation of recorded data are performed
by ARPA Puglia according to technical criteria depicted by
national and international directives (D. Lgs. 155/2010, EU
Directive 2008/50/CE). The concentrations of PM,, and NO,
are available, for each monitoring station, as average daily
values expressed in pg/m>. The full database of recorded
data is publicly available (http://old.arpa.puglia.it/web/guest/
meta-aria).

Analysis of lymphocyte subsets

The determination of lymphocyte subsets was available in a
random subgroup of 87 patients (mean age 65.1 + 1.6 years,
52 males). All these patients underwent whole blood sam-
pling in the fasting state on the same day of hospital admis-
sion. Blood samples were collected by venipuncture into
ethylenediamine tetra-acetic acid (EDTA) collection tubes,
and lymphocyte subpopulations were subsequently deter-
mined in the same day of sampling by a routine procedure
(flow cytometer).

Statistical analysis

We calculated frequencies of categorical variables, means,
and standard errors of continuous variables. The chi-squared
test (proportions) or the Student’s ¢ test for comparison of
unpaired data were employed to evaluate differences. The
Pearson correlation coefficient was used for correlations.
Statistical analyses were performed with NCSS2021 Statisti-
cal Software (NCSS, LLC. Kaysville, UT). To calculate odds
ratios (OR) and confidence intervals (CI) for air pollutant
levels associated with in-hospital mortality, separate logistic
regression models were fitted, and results were adjusted for
confounders. Models were fitted using R software version
3.1.1 (R Project for Statistical Computing, available from
https://www.r-project.org/).

Study approval

The study protocol was approved by the local Ethics Com-
mittee (study No. 6362, authorization No. 0034675).
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Results

There were 112 (76.2%) patients discharged after healing,
and 35 (23.8%) in-hospital deaths. Patients who died were
older and more often females, than discharged patients. The
rate of chronic comorbidities and the average length of hos-
pital stay were similar in the two subgroups (Table 1).

Studying the profile of blood cells count, patients who
died showed significantly higher counts of leukocytes, neu-
trophils, a lower number of lymphocytes as absolute and
percentage values, and a higher neutrophils/lymphocytes
ratio, than discharged patients (Table 1).

Leukocyte (R=0.18, P=0.03) and neutrophil count
(R=0.22, P=0.02) increased, whereas lymphocyte count
decreased (R= —0.20, P=0.01) with age.

The subgroup of 87 patients studied for lymphocyte sub-
sets (Table 1) did not differ from the whole group in terms
of percent death and discharged. In addition, differences
concerning blood cells count between death and discharged
group were confirmed. Studying the profile of lymphocyte
subsets, patients who died showed lower number of T CD45,
CD3, CD4, CD16/56+CD3+, and B CD19 +cells, than
discharged patients. No difference was evident in CD4/CD8
ratio (Table 2).

Negative correlations existed between age and CD45
(R=-0.35, P=0.008), CD3 (R=-0.33, P=0.001), CD4
(R=-0.34, P=0.001),CD3+CD8+(R=—-0.22, P=0.04),
B CD19 (R= —-0.46, P=0.0001) cells.

Table 1 General characteristics and outcome of enrolled COVID-19
patients

Death Discharged P
n (%) 35(23.8) 112(76.2)
Age (yrs) 823+19 619x12 0.00001
Males/females 16/19 77/35 0.03
Females (%) 54.3 313 0.01
Comorbidities (presence/absence) 12/23 53/59 ns
Hospital stay (days) 15.6+£1.8 12.6+0.7 ns

Blood cells count

Leukocytes (x 10° cells/pL) 103+1.0 7.29+0.2 0.006
Neutrophils (x 10? cells/pL) 87+1.0 53+02 0.0001
Neutrophils (%) 81.4+1.8 71.3x1.1 0.00001
Lymphocytes (x 10° cells/uL) 1.0£0.1 1.4+0.08 0.005
Lymphocytes (%) 12.7+1.5 202+09 0.00006
Neutrophils/lymphocytes ratio 12.0+2.0 5.2+0.5 0.002

ns, not significant; PM,,, particulate matter <10 pm; NO,, nitrogen
dioxide. Previous exposure to air pollutants is the average, daily air
concentration in the 2 weeks preceding the day of hospital admit-
tance. P values obtained by chi-squared test (proportions) or Stu-
dent’s ¢ test for unpaired data
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Table2 Clinical characteristics and outcome in a subgroup of 87
COVID-19 patients undergoing analysis of lymphocyte subsets

Death Discharged P
n (%) 19 (21.8) 68 (78.2)
Age 81.9+1.8 60.4+1.6 0.00001
Males/females 9/10 43/25 ns
Comorbidities (presence/ 11/8 46/22 ns
absence)
Hospital stay (days) 142+1.6 11.6+1.0 ns
Blood cells count
Leukocytes (x 10° cells/uL)  9.2+1.3 74+03 0.03
Neutrophils (x 10 cells/uL) 7.9+1.3 5.5+03 0.03
Neutrophils (%) 823+24 729+1.5 0.002
Lymphocytes (x 103 cells/ 0.86+0.1 1.4+0.1 0.004
pL)
Lymphocytes (%) 12.0+2.0 19.1+1.1 0.004
Neutrophils/lymphocytes 13.4+3.0 5.8+0.8 0.02
ratio
Lymphocyte subsets
T CD45 (cells/pL) 750.8+104.6 1146,3+76.2 0.004
T CD3 (%) 70.7+3.2 69.1+1.5 ns
T CD3 (cells/pL) 522.8+73.6 822.1+653 0.02
T CD3+HLA-DR + (%) 3.6+0.7 3.0+£0.3 ns
T CD4 (%) 42.6+3.1 440+14 ns
T CD4 (cells/pL) 303.8+46.4 540.0+50.9 0.01
CD3+CD8+ (%) 26.2+3.3 232+1.1 ns
CD3+ CD8 + (cells/pL) 204.0+41.8 265.2+20.5 ns
CD3-CD8+ (%) 32+0.6 3.1+0.3 ns
CD3-CD8 + (cells/pL) 26.7+7.4 31.1+3.3 ns
CD16/56+CD3 — (%) 174+2.7 14.0+1.2 ns
CD16/56+CD3 — (cells/pL) 155.4+39.2 138.3+11.8 ns
CD16/56+CD3 + (%) 43+0.38 55+0.6 ns
CD16/56+CD3+ (cells/pL) 31.3+7.4 623+7.3 0.03
B CD19 (%) 11.2+19 16.4+1.0 0.02
B CD19 (cells/pL) 67.0+11.0 181.9+16.4 0.0004
CD4/CDS ratio 25+0.5 23+0.2 ns

ns, not significant. P values obtained by chi-squared test (proportions)
or Student’s 7 test for unpaired data

Assessment of air pollutants

Enrolled patients were geolocated according to their resi-
dential address. As depicted in Fig. 1, the analysis of air
pollutants revealed that the exposure to NO, in the 2 weeks
before hospital admittance was significantly higher in
patients who died (51.7 +2.1 pg/m?), than in patients dis-
charged after healing (46.3 + 1.3 pg/m®, P=0.04). The
average air concentration of PM,, in the 2 weeks before
hospital admittance was similar in patients who underwent
in-hospital death (25.1 + 1.1 pg/m?) and in discharged
patients (23.8 +0.7 pg/m>, P=NS).
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Fig.1 Average daily air concentrations of PM;, and NO, during
the 2 weeks preceding the day of hospital admittance in COVID-19
patients admitted for pneumonia, who underwent in-hospital death or
discharge at home. Patients were geocoded based on the residential
address. The exposure to PM,, and NO, before hospital admittance
was assessed, for each subject, in the specific living area. Asterisk
indicates P=0.04

Logistic regression models indicated age (OR 1.19 [95%
CI 1.11-1.26]) and the average NO, air concentrations in
the 2 weeks before hospital admission (OR 1.029 [95% CI
1.0008-1.059]) as significant predictors of mortality. The
increased mortality risk linked with previous NO, expo-
sure persisted after adjusting for age, gender, and presence
of comorbidities (OR 1.045 [95% CI 1.003-1.088]). No
significant effect was detected for PM,, (Fig. 2).

PM,, ' L |

T T

0,95 1,00 1,05 1,10 1,15
OR (95% Cl)

Fig.2 Odds ratios and 95% confidence interval (CI) for the asso-
ciation between average air concentrations of PM,, and NO, in the
2 weeks before hospital admittance and in-hospital COVID-19 death,
adjusted for age, sex, and presence of comorbidities, as covariates
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NO, air concentration decreased with the percentage of
lymphocytes (R —0.20, P=0.01), and increased with the
percentage of neutrophils (R=0.18, P=0.02).

When lymphocyte subsets were considered, negative
correlations were present between NO, air concentrations
and the blood count of T CD45 (R—-0.27, P=0.01), CD3
(R-0.26, P=0.01), and CD4 cells (R —0.24, P=0.028).

Discussion

We confirm the link between neutrophilia, lymphopenia,
and risk of death in patients hospitalized for COVID-19
pneumonia and admitted to internal medicine division.
While confirming the negative prognostic value of age,
we also show for the first time that NO, exposure in the
2 weeks before hospital admittance is a co-factor contrib-
uting to mortality risk through immune effects. In fact, our
data show a link between both age and NO, exposure with
blood count of multiple lymphocyte subset. The findings
point to negative immune outcomes likely predisposing to
SARS-CoV-2 infection and worse clinical course.

Previous evidence from ecological studies suggested
that air pollution can affect both incidence (H Li et al.
2020a, b) and clinical course of COVID-19 (Bowe et al.
2021; Ho et al. 2021; Woodby et al. 2021), and that the
rapid development of the pandemic in some geographic
regions may have depended on air pollution in the same
areas (Ho et al. 2021; Stufano et al. 2021).

Short-term exposures to NO,, PM, 5, and PM,, have
been linked with COVID-19 incidence in a Chinese time
series study (H Li et al. 2020a, b). Data from 33 Euro-
pean countries also indicate direct correlations between
the cumulative number of COVID-19 deaths and air con-
centrations of PM,,, PM, 5, ammonia, sulfur dioxide, non-
methane volatile organic compounds, NO,, and greenhouse
gas elements. The strongest correlations were emerged for
PM, 5 and nitrogen oxides (Lembo et al. 2021).

The link between air pollution and the clinical outcome
in COVID-19 patients has also been suggested in the case
of long-term exposures to critical levels of PM, s and
nitrogen oxides, which have been linked with COVID-19
morbidity and mortality rates (Barnett-Itzhaki and Levi
2021; Hou et al. 2021).

These reports, however, are limited by their ecological
design. In fact, the use of aggregated data (i.e., analyses con-
ducted at a population level) can provide useful suggestions in
terms of prevention policies but, since results are not adjusted
for individual variables, an accurate evaluation of pathogenic
pathways and cause-effect mechanisms is not possible.

A recent individual-level study showed a direct effect
between exposure to PM, s and nitrogen dioxide, and the
severity of disease. However, data from the cited study
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seem to exclude that long-term exposure to air pollut-
ants can affect host susceptibility to SARS-CoV-2 infec-
tion, based on serological data (i.e., antibody response)
(Kogevinas et al. 2021).

At variance with previous studies, we enrolled a well-
characterized cohort of hospitalized subjects, including
precise measurement of recent individual exposure at
a residential level, the analysis of lymphocyte subsets,
and the effect of possible individual confounders. This
approach allowed us to avoid many sources of bias limit-
ing previous studies.

In this respect, the present study supports, with individual
findings, data from previous ecological studies, underlying
the role of NO, exposure on the clinical outcome of COVID-
19 pneumonia. We found that age and average NO, air con-
centrations in the 2 weeks before hospital admission were
significant predictors of mortality in patients hospitalized
following an acute SARS-CoV-2 infection and pneumonia.
According to results from logistic regression models, how-
ever, the NO,-related death risk was independent from age,
gender, and presence of comorbidities.

The evidence of a link between NO, air concentration
and the mortality risk confirms a previous, large ecological
survey in two Northern Italy regions (Veneto and Emilia-
Romagna), showing an association between ground-level
nitrogen dioxide concentrations and daily COVID-19
mortality (Filippini et al. 2021). Several other studies
reported a link between the exposure to nitrogen oxides and
COVID-19 morbidity and mortality at a population level
(Barnett-Itzhaki and Levi 2021; Hou et al. 2021; Lembo
et al. 2021; H Li et al. 2020a, b), and the evidence that this
relationship seems particularly critical during elderly (Dales
et al. 2021).

At variance with previous epidemiologic observations
suggesting negative health effects of both short- and long-
term exposure to particulate matter (Barnett-Itzhaki and
Levi 2021; Hou et al. 2021; Lembo et al. 2021; H Li et al.
2020a, b), in our series, PM,, exposure seems to have no
significant effect on COVID-19 mortality. This discrepancy
might be explained, at least in part, with the evidence that
the effect of PM,, on COVID-19 fatality is concentration-
dependent, and with the lower average PM, air concentra-
tions recorded, in our study, in the explored areas (mean
24.1+0.6 pg/m?), as compared with PM,, levels measured
in previous ecological studies, in particular from China (on
average > 50 pg/m®) (Hou et al. 2021; H Li et al. 2020a, b).
On the other hand, data from an individual-level study in
Mexico-city indicated that exposure to PM, 5 was positively
related with COVID-19 mortality, but that this effect was
mainly driven by long-term exposure (Lopez-Feldman et al.
2021). This might be an additional element explaining the
lack of significant effects of particulate matter on individual



Environmental Science and Pollution Research (2022) 29:44404-44412

44409

mortality observed, in the present study, following short-
term exposure.

Although further surveys better exploring short- and
long-term exposure to different concentrations of particu-
late matter in COVID-19 patients are certainly needed, data
from the present study and from previous surveys indicate
a diverse role played by exposures to NO, and particulate
matter. This hypothesis is confirmed by a study conducted
in a large cohort of English COVID-19 patients. Authors
explored the effect of long-term exposure to NO, and
PM, 5 on mortality using a high geographical resolution,
and adjusting results for individual (age, sex, ethnicity) and
area-based prevalence of confounders. The analysis demon-
strated an association between long-term exposure to NO,
and COVID-19 mortality, with effects proportional to NO,
air concentration, but with no convincing effects of PM, s
exposure (Konstantinoudis et al. 2021). Although the spatial
resolution used in the cited study was relatively small as
compared with other ecological studies, the study design was
still ecological, and results cannot fully reflect individual
associations. Results from the cited study, however, are in
line with our findings, that revealed a NO,-related mortal-
ity risk independent from individual comorbidities. Of note,
Konstantinoudis et al. (Konstantinoudis et al. 2021) indi-
cated that considering the area prevalence of major comor-
bidities (i.e., hypertension, diabetes, chronic obstructive pul-
monary diseases) as confounder did not change their results.
Their results support our findings and point to the existence
of an independent effect of NO, exposure on SARS-CoV-2
mortality. This conclusion is in line with a number of previ-
ous evidence demonstrating clear relationships between NO,
exposure, lung inflammation and functional abnormalities
(Jiang et al. 2019; Johannson et al. 2014; Sack et al. 2017),
vulnerability to respiratory infections (Kirwa et al. 2021),
lymphopenia, and reduced amount of lymphocyte subsets
(Frampton et al. 2002; Sandstrom et al. 1992; Solomon
et al. 2000; Steenhof et al. 2014). Human studies showed
that exposure to NO, is able to induce acute exacerbation
of idiopathic pulmonary fibrosis (Johannson et al. 2014), to
increase interstitial lung abnormality (Sack et al. 2017), to
promote respiratory inflammation, and to affect lung func-
tion acting by epigenetic mechanisms (i.e., hypomethylation
of the arginase — nitric oxide synthase pathway) (Jiang et al.
2019).

In a large cohort of adults explored over 12 years (mul-
tiethnic study of atherosclerosis, MESA), an increase in
residential concentration of NO, from the 25th to the 75th
percentile in the previous 2—6 weeks period was linked with
21% higher risk of reporting a recent respiratory infection
(Kirwa et al. 2021).

An experimental study in healthy volunteers undergoing
controlled NO, exposure and subsequent bronchoalveolar
lavage (BAL) demonstrated, in BAL, an increased

percentage of neutrophils and a decrease in T-helper cells
following NO, exposure, as compared with filtered air
(Solomon et al. 2000). Healthy volunteers exposed in the
short-term (3 h) to NO, showed a subsequent decrease
in blood count of total and T lymphocytes, mild airway
inflammation, and increased susceptibility to respiratory
syncytial virus (Frampton et al. 2002). Furthermore,
repeated exposures to NO, in healthy volunteers induced
decreased amount of B and natural killer-cells in BAL and
lymphopenia in peripheral blood (Sandstrom et al. 1992).
Of note, in a series of healthy volunteers, the significant
decrease in the number of lymphocytes recorded following
short-term (5 h) air pollution exposure and the negative
correlation between the number of lymphocytes and NO, air
concentrations were independent from other air pollutants,
underlying the role played by this specific gaseous pollutant
(Steenhof et al. 2014).

Taken together, these findings confirm the negative effects
of NO, exposure on lymphocyte-linked immune function
and support results obtained in the present study, suggest-
ing the possibility that altered lymphocyte subsets linked
with environmental factors can precede, rather than follow,
SARS-CoV-2 infection, increasing individual vulnerability
to COVID-19.

Our data confirm the link of neutrophilia and lympho-
penia at admission with progression to severe disease and
death (Henry et al. 2020; Jin et al. 2020). Neutrophilia can
be explained with the extent of inflammation and with the
cytokine storm linked with the progression of viral infection
(Wang et al. 2020).

Lymphopenia, on the other hand, has been frequently
described in COVID-19 patients (G Chen et al. 2020a, b; T
Chen et al. 2020a, b; Henry et al. 2020; Jin et al. 2020; Liu
et al. 2021; Zhang et al. 2020), although possible causes are
still uncertain. Direct negative effects of SARS-CoV-2 on
human lymphocytes seem unlikely, since the ACE?2 receptor,
the functional receptor for this virus in humans (Letko et al.
2020), is not expressed in B and T lymphocytes (Hamming
et al. 2004; Li et al. 2003). Since a diffused lymphocyte infil-
tration in the lung has been reported during severe COVID-
19 pneumonia (Song et al. 2020; Xu et al. 2020), a decreased
blood cell count might be secondary to lymphocyte isola-
tion in the severely inflamed lung, with activation-induced
apoptosis (Song et al. 2020). An additional hypothesis might
be an exhaustion of T cells in peripheral blood following a
severe clinical presentation, due to reduced replicative abili-
ties upon stimulation (De Biasi et al. 2020; Diao et al. 2020).

Besides a decrease in total lymphocyte count, previous
observations also reported decreased lymphocyte sub-
sets following SARS-CoV-2 infection, mainly in terms of
decreased T CD45, CD3, CD4, CDS8, and B cells (Iannetta
et al. 2021; Jin et al. 2020; Kazancioglu et al. 2021; Yan
et al. 2021). These subsets play a critical role in immune
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system function and in the clearance of the virus; and a
reduced number of these cells has been reported, in particu-
lar, in severe and critical COVID-19 patients (Iannetta et al.
2021; Yan et al. 2021).

The evidence of decreased lymphocyte subsets has been
confirmed in our series, with lower blood counts of CD45,
CD3, CD4, CD16/56+CD3+, and B CD19 cells in patients
who underwent in-hospital death, as compared with dis-
charged patients.

The decrease count of CD45 seems of particular rel-
evance, since this event can lead to an impaired T cell
activation (Altin and Sloan 1997), with subsequent T- and
B-lymphocyte dysfunction and a critical, combined immune
deficiency (Rheinlander et al. 2018).

Of note, results from the present study indicated that the
medium-term levels of NO, air concentration before hospital
admittance were negatively correlated with the blood count
of T CD45, CD3, and CD4 cells, pointing to environmental
exposure to this gaseous pollutant as a contributing factor in
the onset of lymphocytopenia and, possibly, in determining
the clinical outcome of infected patients. From this point of
view, our results are in line with previous findings reveal-
ing, in patients with severe COVID-19, a decreased blood
count of CD3, CD4, and CD45 cells in the first 3 days after
hospital admission, with a gradual recovery in the survival
group, but persistent low levels in the death group (Q Li
et al. 2020a, b).

In the present series, subjects who underwent in-hospital
death were older than discharged patients. Our findings con-
firm elderly as a risk factor for COVID-19 (Wu et al. 2020),
and the negative prognostic value of advanced age in these
patients (Jin et al. 2020; Wu et al. 2020). Our data also sug-
gest that this effect might be secondary to an altered immune
function in aged patients (Fulop et al. 2005; Jin et al. 2020;
Valiathan et al. 2016), rather than to the viral infection. In
this respect, a most evident decrease in the count of total
lymphocyte, CD3, CDS, and CD45 cells has been previously
reported in aged patients with COVID-19 as compared with
younger groups, as an expression of a progressive deteriora-
tion of the immune function with increasing age (Jin et al.
2020).

Of note, however, in the present series, results from logis-
tic regression models indicated that the negative effect of
NO, exposure before hospital admission on the mortality
risk was independent from age.

In our study, a significant point of strength is the analysis,
at individual level, of the relationships between medium-
term exposure and air pollutants, indices of immune func-
tion, and the clinical outcome in patients infected by SARS-
CoV-2 and developing pneumonia.

The main limitations of the present study are a relatively
low number of enrolled cases, the lack of evaluation of
indoor individual exposure, and the older age of patients who
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underwent in-hospital death. However, findings clearly point
to the previous exposure to air pollution as an external factor
influencing the individual mortality risk following a SARS-
CoV-2 pneumonia, proportionally to the air concentration of
pollutants, independently from age, and through pathways
involving the immune function. Another limitation, in the
present study, is the outdoor exposure of enrolled subjects
to relatively low PM, air concentrations. This is due to the
scarcity, in the living areas of enrolled subjects, of relevant
anthropogenic sources of PM, (mainly industrial plants)
and to vehicular traffic and home heating generating nitro-
gen oxides as prevalent sources of urban pollution. Further
researches are needed to expand our findings, evaluating in
particular subjects living in geographical areas mainly char-
acterized by industrial pollution, and larger series of subjects
with a broader age range, also including pediatric age.

In conclusion, our results point to both NO, exposure
and elderly as relevant co-factors able to increase individual
vulnerability to SARS-CoV-2 infection through immuno-
suppression and increased inflammation, leading to a worse
clinical outcome. Besides the role of unmodifiable factors
(i.e., age, comorbidities, genetic factors), our data sug-
gest that lowering the level of environmental pollution can
increase the possibility of a less severe outcome following a
SARS-CoV-2 infection, in particular in fragile individuals
as aged people.

In fact, according to available data, lymphopenia and
the reduced lymphocyte subsets recorded in patients with
COVID-19 and in those with a severe course of disease
might precede the viral infection, with a major role for both
age and environmental pollution. In this respect, a decrease
in the environmental burden of air pollutants should be con-
sidered a valuable primary prevention measure to reduce
individual susceptibility to SARS-CoV-2 infection and
COVID-19-related mortality.
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