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ARTICLE INFO ABSTRACT

Keywords: Background: There is wide, largely unexplained heterogeneity in immunological and clinical responses to SARS-
SARS-CoV-2 CoV-2 infection. Numerous environmental chemicals, such as persistent organic pollutants (POPs) and chemical
COVID-19 elements (including some metals, essential trace elements, rare earth elements, and minority elements), are
Environmental pollutants . dul d f ad linical h . di he eff
Metals immunomodulatory and cause a range of adverse clinical events. There are no prospective studies on the effects
I - of such substances on the incidence of SARS-CoV-2 infection and COVID-19.

mmunotoxicity

Objective: To investigate the influence of blood concentrations of POPs and elements measured several years
before the pandemic on the development of SARS-CoV-2 infection and COVID-19 in individuals from the general
population.

Methods: We conducted a prospective cohort study in 154 individuals from the general population of Barcelona.
POPs and elements were measured in blood samples collected in 2016-2017. SARS-CoV-2 infection was detected
by rRT-PCR in nasopharyngeal swabs and/or by antibody serology using eighteen isotype-antigen combinations
measured in blood samples collected in 2020-2021. We analyzed the associations between concentrations of the
contaminants and SARS-CoV-2 infection and development of COVID-19, taking into account personal habits and
living conditions during the pandemic.

Abbreviations: BHS, Barcelona Health Survey; BMI, body mass index; CI, confidence interval; COVID-19, coronavirus disease 2019; DDD, p,p’-dichlor-
odiphenyldichloroethane (p,p’-isomer); DDE, dichlorodiphenyldichloroethene (p,p’-isomer); DDT, p,p’-dichlorodiphenyltrichloroethane (p,p’-isomer); HCB, hexa-
chlorobenzene; HCH, hexachlorocyclohexane; LOD, limit of detection; LOQ, limit of quantification; OCs, organochlorine compounds; OCPs, organochlorine
pesticides; OR, odds ratio; PAHs, polycyclic aromatic hydrocarbons; PBDEs, polybrominated diphenyl ethers; PCBs, polychlorinated biphenyls; POPs, persistent
organic pollutants; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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Results: Several historically prevalent POPs, as well as arsenic, cadmium, mercury, and zinc, were not associated
with COVID-19, nor with SARS-CoV-2 infection. However, DDE (adjusted OR = 5.0 [95% CI: 1.2-21]), lead (3.9
[1.0-15]), thallium (3.4 [1.0-11]), and ruthenium (5.0 [1.8-14]) were associated with COVID-19, as were
tantalum, benzo(b)fluoranthene, DDD, and manganese. Thallium (3.8 [1.6-8.9]), and ruthenium (2.9 [1.3-6.71)
were associated with SARS-CoV-2 infection, and so were lead, gold, and (protectively) iron and selenium. We
identified mixtures of up to five substances from several chemical groups, with all substances independently

associated to the outcomes.

Conclusions: Our results provide the first prospective and population-based evidence of an association between
individual concentrations of some contaminants and COVID-19 and SARS-CoV-2 infection. POPs and elements
may contribute to explain the heterogeneity in the development of SARS-CoV-2 infection and COVID-19 in the
general population. If the associations are confirmed as causal, means are available to mitigate the corresponding

risks.

1. Introduction

There is wide, largely unexplained heterogeneity in immunological
and clinical responses to SARS-CoV-2 infection (Karachaliou et al., 2021;
Menges et al., 2022; Le Bert et al., 2021; Mazzoni et al., 2021). Personal
characteristics, comorbidities, lifestyles, living conditions, and the
shared environment only partly account for such variation; this is
particularly clear among healthy individuals from the general popula-
tion (Kogevinas et al., 2021; Weaver et al., 2022; Patanavanich and
Glantz, 2021).

Numerous environmental chemicals are immunoactive and cause a
range of adverse clinical effects (Karachaliou et al., 2021; Kogevinas
et al., 2021; Weaver et al., 2022; Gore et al., 2015; Dietert et al., 2010;
Germolec et al., 2022; International Programme on Chemical Safety,
2012; Alper and Sawyer, 2019; Bulka et al., 2022; Franza and Cianci,
2021). It has been hypothesized that some agents, including persistent
organic pollutants (POPs) and chemical elements, might also affect the
risk of COVID-19 across multiple systems and pathways (Weaver et al.,
2022; Bulka et al., 2022; Rayasam et al., 2022; Kostoff et al., 2023;
Clerbaux et al., 2022). However, uncertainties abound, particularly for
the so-called rare earth elements and other chemical elements (including
some metals, essential trace elements, and minority elements). (Pagano
et al., 2015; Agency for Toxic Substances and Disease Registry (ATSDR),
2019; Henriquez-Hernandez et al., 2017a).

Humans are continuously exposed to multiple contaminants, and
scientific evidence for heightened toxicity from mixtures of pollutants
has long accrued (Kortenkamp and Faust, 2018; Caporale et al., 2022;
UNEP - United Nations Environment Program, 2022; European Chem-
icals Agency, 2023). Yet, many studies focus on just a few substances,
often for lack of biological material or other resources. Also, appropriate
regulation of risks to human health from chemical mixtures is usually
lagging behind (Kortenkamp and Faust, 2018). Human exposure to a
high number of POPs and elements is thus common, evolving, and
variable worldwide (Henriquez-Hernandez et al., 2017a; Caporale et al.,
2022; UNEP - United Nations Environment Program, 2022; European
Chemicals Agency, 2023; Centers for Disease Control and Prevention,
2023; Porta et al., 2008; Porta et al., 2021).

In spite of such evidences and hypotheses, no prospective studies
have measured body concentrations of biomarkers of exposure to
immunomodulatory contaminants in individuals from the general pop-
ulation to analyze if such agents influenced the development of SARS-
CoV-2 infection and COVID-19 disease. The only few studies that
measured individual concentrations of contaminants used convenience
biological samples from undefined groups of persons already infected or
admitted to hospital with COVID-19 (Grandjean et al., 2020; Zeng et al.,
2021a, 2021b; Ji et al., 2021). Therefore, they could not assess the in-
fluence of the contaminants on the development of the infection and the
disease.

We aimed to investigate the influence of individual blood concen-
trations of POPs and chemical elements measured several years before
the pandemic on the development of SARS-CoV-2 infection and COVID-

19 in individuals from the general population.
2. Methods
2.1. Study population

We conducted a prospective cohort study based on the Barcelona
Health Survey (BHS) of 2016 (Porta et al., 2012, 2021). The BHS
generated a sample representative of the general, adult,
non-institutionalized population of the city of Barcelona. Through
face-to-face interviews, the survey collected information about chronic
disorders (e.g., chronic bronchitis, anemia), mental health, life styles,
uses of health services and preventive practices. At the end of the 2016
BHS interview, participants were offered to take part in a study on POPs
and other contaminants, and 240 individuals accepted. Subsequently, a
nurse personally interviewed again such individuals, measured weight,
height, and the hip and waist circumference, and collected blood and
urine samples (Fig. S1) (Porta et al., 2021)

Participants had been asked to fast for at least 8 h before blood
extraction. Blood was collected in a vacuum system tube and centrifuged
for 15 min x 3000 rpm at 4 °C to obtain serum, which was divided in
1-3 mL aliquots and stored at —80°. Whole blood was also collected in 4
mL EDTA tubes and stored at —80 °C (Porta et al., 2021).

After procuring funding for the study in July 2020, and organising
field work, on October (still in a severe phase of the pandemic), the 240
participants began to be invited to a follow-up visit through intense
efforts. The visit was actually attended by 174 participants (72.5%)
between November 18, 2020 and June 7, 2021 (Fig. S1). During such
period, the SARS-CoV-2 predominant variant circulating in Barcelona
was lineage B1.1.7 (88%), followed by B.1.177/A222V (7.5%) (Catala
Moll and Noguera Julian, 2023). During the follow-up visit a nurse
measured their weight, height, and collected blood and urine samples.
Body mass index (BMI) was computed by measured weight [kg] divided
by measured height squared [mz]. The median time between the
extraction of biological samples in 2016-2017 and 2020-2021 was 4.1
years. Compared to the 66 subjects who did not attend the follow-up
visit (15% due to refusal, 23% due to pandemic-related problems,
51% who could not be recontacted, and 11% for other reasons), the 174
participants were more commonly women, younger, born in Catalonia,
with a lower BMI, more affluent, and with better self-perceived health
(Table S1). Blood concentrations of the contaminants in 2016 (see sec-
tion 2.4 and Table S2) were similar in the 66 and 174 subjects
(Table S3). Of the 174 participants, 20 had received COVID-19 vacci-
nation before the follow-up visit. Therefore, our main analyses will be
based on 154 individuals who had not received any COVID-19 vaccine at
the time of the visit (Fig. S1).

The Ethics Committee of the Parc de Salut Mar reviewed and
approved the study protocols, and all participants signed an informed
consent before sample collection and completing questionnaires (Porta
et al., 2021).
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2.2. Socioeconomic and living conditions

Shortly before the follow-up visit, participants completed an online
survey concerning signs and symptoms of COVID-19, diagnostic tests
performed and their results, use of health services, and vaccination, all
during the previous period of the pandemic. This information was
completed with the data base of the System of Diseases of Mandatory
Reporting of the Agency of Public Health of Barcelona. The survey also
elicited information on participants living conditions and experiences
during the pandemic, smoking, and alcohol drinking, physical activity,
educational level, chronic disorders, self-perceived and mental health,
and household conditions (Table 1). During the visit, the nurse clarified
answers to the online survey and asked further questions on vaccination,
weight changes, and pregnancies. A household outdoor index was
computed taking into account the number of individuals living in the
same household, the availability of an outdoor space (balcony, terrace,
garden), and the frequency of use of this outdoor space; the score of the
index increased as the number of individuals increased and the avail-
ability and frequency of use of the outdoor space decreased. Other fac-
tors included in the survey were: work conditions (e.g., online, in
person), use of public and private transport during the week and
weekends, and individual measures taken to avoid infection (as hand
washing, use of mask or gloves, social distance).

2.3. Determination of SARS-CoV-2 infection and COVID-19

2.3.1. SARS-CoV-2

SARS-CoV-2 infection was determined at the Centre for Genomic
Regulation (CRG) in all 174 members of the cohort who attended the
follow-up visit in 2020-2021 (section 2.1) by real time reverse-
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transcriptase polymerase chain reaction (rRT-PCR) in nasopharyngeal
swabs. Briefly, samples were collected in 600 pL of lysis solution (DNA/
RNA Shield, Zymo) to inactivate the virus, break membranes and sta-
bilize the RNA. Samples were processed in a TECAN Dreamprep robot to
isolate the RNA using the Quick-DNA/RNA Viral MagBead kit (Zymo;
#R2140), and the purified RNA was analyzed by rRT-PCR in a ABI 7900
HT (384 wells) following the CDC standard procedure. N1, N2 viral
amplicons and the cellular RNase P were reverse transcribed and
amplified; the anealing temperature used was 64 °C to increase speci-
ficity. Positive and negative controls were included in each assay plate.
A result was considered positive if the Ct values for N1, N2 and RNase P
were below 40. Samples discordant for N1 and N2 were repeated and
samples with a Ct > 40 for RNase P were considered as invalid. Among
the 174 participants, there were 4 rRT-PCR-positives.

To detect previous infections, SARS-CoV-2 antibody serological sta-
tus of each participant was assessed in serum samples analyzed at the
ISGlobal Immunology Laboratory in Barcelona. The levels [median
fluorescence intensity (MFI)] of IgG, IgM and IgA were assessed by high-
throughput multiplex quantitative suspension array technology,
including 5 SARS-CoV-2 antigens: the Spike (S) protein and the Receptor
Binding Domain (RBD) (both fused with C-terminal 6xHis and StrepTag
purification sequences and purified from supernatant of lentiviral-
transduced CHO-S cells cultured under a fed-batch system), the S1 (aa
1-681, expressed in Expi293 and His tag-purified), the S2 subunit
(purchased from SinoBiologicals), the Nucleocapsid full length protein
(NFL), and its C-terminal (NCt) (expressed in E. coli and His tag-
purified). Assay performance was previously established as 100%
specificity and 95.78% sensitivity for seropositivity 14 days after
symptoms onset (Karachaliou et al., 2021; Dobano et al., 2020).
Antigen-coupled microspheres were added to a 384-well pClear® flat

Table 1
Main characteristics of participants with and without COVID-19 disease.’
Characteristic Total COVID-19 No COVID-19
N (%) N (%) N (%) p? OR" (95% CI) P¢

All subjects (%) 154 20 (13.0) 134 (87.0)

Sex
Men 72 (46.8) 10 (50.0) 62 (46.3) 0.813 1.00 0.747
Women 82 (53.2) 10 (50.0) 72 (53.7) 0.85 (0.32-2.25)

Age (years)
Mean =+ standard deviation 54.3 +£13.6 51.9 +14.5 54.6 + 13.4 0.400¢ 0.98 (0.90-1.01) 0.214
Median 56.3 55.6 56.3 0.485°

Body Mass Index (Kg/m?)
Mean + standard deviation 26.7 £ 5.0 26.5 +£ 4.7 26.8 £ 5.0 0.833¢ 1.00 (0.91-1.11) 0.934
Median 25.7 26.0 25.7 0.914°

Tobacco smoking
Non-smoker 59 (38.3) (40.0) 51 (38.1) 0.176 1.00 0.154
Former 56 (36.4) 10 (50.0) 46 (34.3) 1.63 (0.57-4.69)
Current 39 (25.3) (10.0) 37 (27.6) 0.34 (0.07-1.70)

Educational level
Primary schooling or less 35 (22.7) 7 (35.0) 28 (20.9) 0.235 1.00 0.108
Secondary schooling 42 (27.3) (15.0) 39 (29.1) 0.21 (0.05-0.94)
University 77 (50.0) 10 (50.0) 67 (50.0) 0.42 (0.14-1.32)

Self-perceived health
Regular 13 (8.4) (5.0) 12 (9.0) 0.887 1.00 0.835
Good 87 (56.5) 11 (55.0) 76 (56.7) 1.64 (0.19-14.21)
Very good 43 (27.9) (30.0) 37 (27.6) 2.08 (0.22-19.79)
Excellent 11 (7.2) 2 (10.0) 9 (6.7) 3.01 (0.21-42.66)

Household outdoor index
Mean =+ standard deviation 5.53 + 4.02 5.90 + 3.42 5.48 £ 4.11 0.662¢ 1.00 (0.88—1.15) 0.949
Median 4.00 6.00 4.00 0.391°
<4 (better) 84 (54.6) 9 (45.0) 75 (56.0) 0.600 1.00 0.770
5-7 23 (14.9) 4 (20.0) 19 (14.2) 1.48 (0.40—5.49)
>8 (worse) 47 (30.5) 7 (35.0) 40 (29.8) 1.46 (0.43—-4.97)

2 Unless otherwise specified, p-value derived from Fisher’s exact test (two-tail).

b

¢ Wald test.
d

Student’s t-test (two-tail).

Odds ratio adjusted for age and tobacco smoking.

¢ Mann-Whitney’s U test (two-tail).
f All data are from 2020 to 2021 (follow-up online survey and visit).
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bottom plate (Greiner Bio-One, Frickenhausen, Germany) in multiplex
(2000 microspheres per analyte per well) in a volume of 90 pL of
Luminex Buffer (1% BSA, 0.05% Tween 20, 0.05% sodium azide in PBS)
using 384 channels Integra Viaflo semi-automatic device (96/384, 384
channel pipette). Hyperimmune pools were used as positive controls
prepared at twofold, 8 serial dilutions from 1:12.5. Pre-pandemic sam-
ples were used as negative controls to estimate the cut-off of seroposi-
tivity. Ten microliter of each dilution of the positive control, negative
controls and test samples (prediluted 1:50 in 96 round-bottom well
plates), were added to the 384-well plate using Assist Plus Integra device
with 12 channels Voyager pipette (final test sample dilution of 1:500).
To quantify IgM and IgA, test samples and controls were pre-treated
with anti-Human IgG (Gullsorb) at 1:10 dilution, to avoid IgG in-
terferences. Technical blanks consisting of Luminex Buffer and micro-
spheres without samples were added in 4 wells to control for
non-specific signals. Plates were incubated for 1 h at room tempera-
ture in agitation (Titramax 1000) at 900 rpm and protected from light.
Then, the plates were washed three times with 200 pL/well of PBS-T
(0.05% Tween 20 in PBS), using BioTek 405 TS (384-well format).
Twenty five microliter of goat anti-human IgG-phycoerythrin (PE)
(GTIG-001, Moss Bio) diluted 1:400, goat anti-human IgA-PE
(GTIA-001, Moss Bio) 1:200, or goat anti-human IgM-PE (GTIM-001,
Moss Bio) 1:200 in Luminex buffer were added to each well and incu-
bated for 30 min. Plates were washed and microspheres resuspended
with 80 pL of Luminex Buffer, covered with an adhesive film and soni-
cated 20 s on sonicator bath platform, before acquisition on the Flexmap
3D reader. At least 50 microspheres per analyte per well were acquired,
and MFI was reported for each analyte. Assay positivity cut-offs specific
for each isotype and analyte were calculated as 10 to the mean plus 3
standard deviations of logjo-transformed MFI of 240 pre-pandemic
control samples. Results were defined as indeterminate when the MFI
levels for a given isotype-analyte were between the positivity threshold
and an upper limit at 10 to the mean plus 4.5 standard deviations of the
logio-transformed MFIs of pre-pandemic samples, and no other
isotype-antigen combination was above the positivity cut-off (Kar-
achaliou et al., 2021).

Of the 154 participants mentioned above, 41 were SARS-CoV-2
seropositive (26.6%) (including all 4 positives at the follow-up rRT-
PCR), 9 indeterminate (5.8%), and 104 seronegative (67.5%) (Fig. S1
and Table S4). There were no major differences in the main character-
istics of seropositive and seronegative participants (Table S5). However,
self-perceived health was better among seropositives, an association that
probably reflected a perception of less susceptibility to infection and of a
higher capacity to engage in behaviors of higher risk for infection among
subjects with better self-perceived health. The household outdoor index
was slightly worse among seropositives. Even if some variables were
statistically non-significantly associated with seropositivity, they could
be sufficiently associated with concentrations of the contaminants to be
confounders; therefore they were assessed as potential confounders in
multivariable models (section 2.5). The other variables related to so-
cioeconomic and living conditions mentioned in section 2.2 were even
more similar among seropositive and seronegative participants.

2.3.2. COVID-19
We defined cases of COVID-19 disease as subjects reporting any of
the following.

a) positive diagnostic test for SARS-CoV-2 infection: PCR (prior to or
at the follow-up visit), antigen test or serology test (prior to the
follow-up visit), all of which, during the first year of the pandemic in
Spain, were nearly exclusively performed among persons with
symptoms; and 2 or more COVID-19 related signs or symptoms (n =
10, including one hospitalized case); or

b) being diagnosed of COVID-19 by a physician (n = 2, including a
second hospitalized case); or
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¢) three or more COVID-19 related signs or symptoms, as defined by
WHO (World Health Organization WHO, 2022) (n = 3), or fever and
cough (n = 1), or dyspnea or anosmia and another COVID-19 related
symptom (n = 3), or anosmia or ageusia (n = 1); all combined with
being seropositive (blood sample obtained at the follow-up visit).

All cases resided or worked in Barcelona, an area with high trans-
mission of the virus when follow-up visits took place.

In total there were 20 cases of COVID-19 disease; all were seropos-
itive for SARS-CoV-2 in our immunological assay, and all reported
COVID-19 related symptoms (Fig. S1 and Table S4). In the 20 cases, the
disease occurred from mid-February 2020 to January 24, 2021; the
latter date agrees with the end of the last wave of COVID-19 before our
follow-up ended, and with the onset of SARS-CoV-2 vaccination. The
median time from disease onset to the blood draw in which we assessed
seropositivity was 8.4 months (range: 0.6-13 months).

Of the 134 participants without COVID-19, 21 were seropositive
(15.7%), 9 indeterminate (6.7%), and 104 seronegative (77.6%)
(Table S4). There were no major differences in the main characteristics
of participants with and without COVID-19 (Table 1). Nevertheless,
some variables were also considered for adjustment in multivariate
analyses.

2.4. Analytical chemical methods for POPs and elements

Analytical chemical methods have also been described in detail
(Henriquez-Hernandez et al., 2017a, 2017b, 2020; Porta et al., 2021;
Gonzalez-Antuna et al., 2017; Luzardo et al., 2019). Serum and whole
blood samples collected in 2016-2017 were stored until 2018-2019,
when concentrations of 62 POPs and 50 chemical elements were
analyzed in the Research Institute of Biomedical and Health Sciences
(IUIBS) of the University of Las Palmas de Gran Canaria, Spain
(Table S2).

2.4.1. Analyses of serum concentrations of POPs

Serum concentrations of the following POPs were measured: 38
organochlorine compounds (OCs) (20 organochlorine pesticides (OCPs),
and 18 polychlorinated biphenyls (PCBs)), 8 polybrominated diphenyl
ethers (PBDEs), and 16 polycyclic aromatic hydrocarbons (PAHs)
(Table S2). (Henriquez-Hernandez et al., 2017a; Porta et al., 2021;
Luzardo et al., 2019) The details of validated chromatographic methods
and quality controls have been previously reported (Henri-
quez-Hernandez et al., 2017a; Luzardo et al., 2019; Cabrera-Rodriguez
et al., 2019). Half-milliliter aliquots of serum samples were mixed with
0.4 mL of water/n-propanol (85:15) and subsequently centrifuged at
3000 rpm for 5 min. Then, 0.1 mL of acetic acid was added to each
sample and loaded to 200 mg (3 mL) Chromabond® Cl18ec columns
(Macherey-Nagel, Germany) mounted in a vacuum manifold (Waters
Corporation, USA). The columns were previously conditioned with 2 x
1 mL methanol followed by 2 x 1 mL isopropanol:water (15:85). After
passing the samples the columns were washed with 1 mL of isopropanol:
water (15:85), and to a drying thereof under vacuum for 30 min. Finally,
the analytes were eluted with 1 mL of dichloromethane. Briefly, we
employed a Gas Chromatography (GC) System 7890B equipped with a
7693 Autosampler (Agilent Technologies, Palo Alto, CA, USA) for gas
chromatographic separations. Two fused silica ultra-inert capillary col-
umns Agilent J&*WHP-5MS (Crosslinked 5% phenylmethylpolysiloxane,
Agilent Technologies) each with a length of 15 m, 0.25 mm i. d., and a
film thickness of 0.25 pm were connected in series and used as the sta-
tionary phase. Both columns were connected by a Purged Ultimate
Union (PUU; Agilent Technologies). Helium (99.999%) at a constant
flow rate of 1.0 mL/min for column 1 was used as the carrier gas. A
back-flushing technique was incorporated to the GC. The oven temper-
ature program was programmed as follows: a) an initial temperature of
60 °C held for 1 min; b) increase to 170 °C at a rate of 40 °C/min; c)
increase to 310 °C at a rate of 10 °C/min with 3 min hold time; and d)
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cool down to 60 °C. Injector and transfer line were set at 280 °C. Stan-
dards and samples were injected (1 pL) in the splitless mode using a
4-mm ultrainert liner with glass wool (Agilent Technologies). The
detection of the analytes was performed using a Triple Quad 7010 mass
spectrometer (Agilent Technologies, Palo Alto, CA, USA). The quantifi-
cation was done using point calibration curves, which were constructed
using a least-squares linear regression from the injection of standard
solutions ranging from 0.025 to 25 ng/mL (Porta et al., 2021).

Concentrations of total cholesterol and triglycerides were deter-
mined enzymatically, using serum obtained at the same time as the
serum used for POP analyses. Total serum lipids were calculated by the
standard formula 2 of Phillips et al. (Porta et al., 2012, 2021). POP
concentrations were individually corrected for total lipids and are
expressed in nanograms of analyte per gram lipid (ng/g of lipid).

All measurements were performed in triplicate, and the geometric
mean was used for the calculations. In each batch of samples, three
controls were included for every 18 vials: a reagent blank consisting of a
vial containing only cyclohexane; a vial containing 2 ng/mL of each of
the pollutants in cyclohexane; and an internal laboratory quality control
sample (QC) consisting of melted butter spiked at 10 ng/mL of each of
the analytes, which was processed using the same method of extraction
as the serum samples. The results were considered to be acceptable when
the concentration of the analytes determined in the QC sample was
within 15% of the deviation of the theoretical value. Further details on
quality of analyses and quality control (QA/QC) were previously pro-
vided (Cabrera-Rodriguez et al., 2019).

2.4.2. Analyses of concentrations of chemical elements in whole blood

The 50 elements analyzed included 9 essential trace elements, 15
elements from ATSDR’s Substance Priority List of 2019-2015 (Agency
for Toxic Substances and Disease Registry (ATSDR), 2019), 20 rare earth
elements (REE), and 6 other minority elements (Table S2). (Kogevinas
et al., 2021; Gonzalez-Antuna et al., 2017; Henriquez-Hernandez et al.,
2020)

One hundred mg of whole blood was weighed into quartz digestion
tubes and then digested into 1 mL of acid solution (65% HNO3) using a
Milestone Ethos Up equipment (Milestone, Bologna, Italy). The diges-
tion conditions were programmed as follows (power (W)-temperature
(C)-time (min): step 1: 1800-100-5; step 2: 1800-150-5; step 3:
1800-200-8; and step 4: 1800-200-7. After cooling, the digested sam-
ples were transferred and diluted. An aliquot of each sample was taken
and the internal standard (ISTD) was added for the analysis.

The ISTD solution included scandium, germanium, rhodium and
iridium (20 mg/mL each). Elements of standard purity (5% HNO3, 100
mg/L) were purchased from CPA Chem (Stara Zagora, Bulgaria). Two
standard curves (range = 0.005-20 ng/mL) were made: a) one used a
commercial multi-element mixture (CPA Chem Catalog number E5B8
K1.5N.L1, 21 elements) containing all the elements and b) the other
multi-element mixture included individual elements (CPA Chem) that
contained the REEs and other elements (Gonzalez-Antuna et al., 2017).
Further details on quality of analyses and quality control (QA/QC) have
also been previously published (Gonzdlez-Antuna et al., 2017).

2.5. Statistical analyses

Univariate statistics were computed as customary (Porta et al.,
2021). When the value of an analyte was below the LOD (Table S2), it
was assigned the mid-value of this limit; and when the concentration
was between the LOD and the LOQ, the mid-value between LOD and
LOQ was used (Porta et al., 2012, 2021). Of the 112 substances analyzed
(62 POPs and 50 chemical elements), the minimum number detected per
person was 19 and the maximum, 44 (median, 32).

Spearman’s rank correlation coefficient (p) was used to evaluate
correlations between pairs of organochlorine compounds and chemical
elements. High correlations (p > 0.7) were observed only among the
most frequently detected POPs. Correlations were null or weak (p < 0.4)
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across and within all other POPs and elements; for instance, thallium
and ruthenium were uncorrelated with all other substances, including
between themselves (p = 0.13). Substances were weakly correlated with
smoking, except cadmium (p = 0.42).

Concentrations of substances detected in >40% of participants were
categorized as quartiles. Some exposures were also dichotomized if no
linear dose-response was apparent in quartile analyses, as often docu-
mented in the literature (Pagano et al., 2015; Henriquez-Hernandez
et al., 2017a), or if cell size was small. Cut-off points for quartiles were
based on the distribution of the concentrations in the 240 participants
(Porta et al., 2021). Substances detected in <40% of participants were
categorized as “not detected” vs. “detected” or as “not quantified” vs.
“quantified”. We only present results for substances detected in more
than 2.5% of participants. Concentrations were also analyzed as
logjo-transformed continuous variables.

To assess the effect of the sum of multiple substances we computed
for each participant a) the arithmetic sum of the concentrations of each
substance in the set of substances of interest; and b) the sum of orders or
sum of category rankings of the substances in the set of substances of
interest by categorizing the concentrations of each substance in two or
four categories, as appropriate, and adding for each participant the
category number of each substance.

The main effects of all environmental contaminants were indepen-
dently explored in base models including the contaminant and potential
confounders (data drawn from the online survey, personal interview,
and visit) (Lash et al., 2021). To assess the effects of mixtures of con-
taminants, mutually adjusted, we built models including from 2 to 5
contaminants that had been significant in base models, and we selected
mixtures in which all substances showed significant associations with
the outcome. To assess significance, we considered the magnitude of the
association, the precision of the effect estimate, and the statistical sig-
nificance (Lash et al., 2021; Porta et al., 2014a). The level of statistical
significance was set at 0.05 and all tests were two-tailed. To assess the
magnitude of the associations, odds ratios (OR) between contaminants
and outcomes (COVID-19 and SARS-CoV-2 seropositivity), with their
corresponding 95% confidence intervals (CI) were computed through
unconditional logistic regression (Lash et al., 2021). ORs were adjusted
for age, sex, tobacco smoking, BMI, education, the household outdoor
index or other socioeconomic variables if the variables fulfilled
pre-established criteria: p < 0.50 to enter the model and p < 0.25 to
remain in it.

We also used weighted quantile sum (WQS) regression (Carrico et al.,
2015) to estimate a joint exposure effect of specific mixtures of sub-
stances on the risk of the outcomes. In the WQS index, a weight is
estimated for each substance, reflecting the strength of the association
between the substance and the outcome, and the model produces a
single estimate that evaluates the association between the outcome and
the whole mixture. This may reduce collinearity problems (Carrico et al.,
2015). Due to the modest size of our study population, WQS regression
models produced estimates that varied substantially when varying the
initial random seed. For such reasons of stability/convergence, we only
used WQS regression as an auxiliary technique to confirm the results of
logistic regression models, and we only report the p-value of the mixture
for the model with the best Akaike Information Criterion (AIC) over 4
repetitions with different random seeds.

Statistical analyses were conducted using R, version 4.2.1 (Boston,
MA, 2021) (using version 3.0.4 of package gWQS), SPSS version
22.0.0.0 (IBM SPSS Statistics, Armonk, NY, 2013), and SAS 9.4 (SAS
Institute Inc., Cary, NC, 2013).

3. Results
3.1. Associations with COVID-19

Among POPs, only two individual organochlorine compounds (DDE
and DDD), the sum of DDD, DDT, and DDE, and one PAH (benzo(b)
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fluoranthene) were positively and statistically significantly associated
with COVID-19, with ORs near 5, 64, and 19 (all p < 0.035) (Table 2).
Three other POPs had ORs above 4 (DDT, the sum of PCBs 138-153-180,
and pyrene). Five chemical elements were positively and statistically
significantly associated with COVID-19: lead, thallium, manganese,
aluminium, and ruthenium (all p < 0.045). The sum of orders of lead,
thallium, manganese, tantalum, ruthenium, and benzo(b)fluoranthene
was also associated with COVID-19 (Table 2).

Table 2 shows also some examples of historically prevalent immu-
noactive substances that in our study were weakly or not associated with
COVID-19, such as PCBs and other POPs, as well as arsenic, cadmium,
mercury, and zinc. Also not associated, and not shown in Table 2, were
B-hexachlorocyclohexane (HCH) and §-HCH, mirex, endosulfan, diel-
drin, or gallium. Results of quartile exposure analysis of three other PAH
(phenanthrene, pyrene and fluoranthene) illustrate a relatively common
lack of linear dose-responses with substantial odds ratios in some
quartiles.

Some mixtures included four substances, each independently and
statistically significantly associated with COVID-19. This was the case of
DDD, manganese, ruthenium, and tantalum, with high mutually
adjusted ORs (Table 3, model 1). The four substances remained statis-
tically significantly associated with COVID-19 when thallium was added
to the model.

Mixtures of (a) DDD, manganese, and tantalum, (b) DDD, manga-
nese, and lead (Table 3, model 2), (¢) DDD, ruthenium, and lead
(Table 3, model 3), (d) manganese, tantalum, and ruthenium, (e)
ruthenium, thallium, and lead, and (f) DDE, manganese, and tantalum
(Table 3, model 4, and Fig. 1a) had all three substances (again, mutually
adjusted) significantly associated with the disease. The ORs for DDE
were around 5 and statistically significant when it was part of a pair that
also included either manganese, tantalum, aluminium, platinum, or
benzo(b)fluoranthene. The highest OR for DDT was observed when it
was part of a mixture including ruthenium, thallium, and lead (Table 3,
model 5). In this model, lead and ruthenium achieved remarkably high
ORs of near 8 and 6, respectively. The ORs for ruthenium ranged from
3.9 to 5.8 and were statistically significant when it was part of a pair that
also included either DDD, DDT, DDE, lead, manganese, thallium,
tantalum, aluminium, or benzo(b)fluoranthene.

In the mixture of DDD, DDT, and DDE, only DDD was significantly
associated with COVID-19 (OR = 28.6 [95% CI: 1.3-619]). The sum of
these three POPs remained associated with the disease in a model with
manganese and tantalum (Table 3, model 6).

The OR for benzo(b)fluoranthene increased to 39 in the mixture with
manganese and DDD (Table 3, model 7), and to 55 in the mixtures with
manganese and lead, and with manganese and thallium. The ORs for
benzo(b)fluoranthene ranged between 22 and 48 (all p < 0.02) when it
was part of a pair that also included either ruthenium, aluminium, DDT,
manganese, or thallium. When in a pair with either DDE, fluoranthene,
tantalum, platinum, gold, bismuth, the sum of PCBs 138-153-180, or
mirex, the OR for aluminium ranged from 7.9 to 10.5 (all p < 0.05).

Some substances were more strongly associated with COVID-19
disease among men than women; notably, lead (OR in men = 31.7
[2.0-510]), the sum of orders of PCBs 138-153-180 (OR = 29.6
[2.0-449]), and ruthenium (OR = 6.9 [1.5-31.8]). No substances were
clearly associated more strongly with COVID-19 in women than men.

3.2. Associations with SARS-CoV-2 seropositivity

No POPs were statistically significantly associated with SARS-CoV-2
seropositivity; the ORs were above 3 only for DDT, DDD, and benzo(b)
fluoranthene (Table 4). The following individual elements were statis-
tically significantly and positively associated with seropositivity: thal-
lium, ruthenium, manganese, and gold. The sum of orders of lead,
thallium, manganese, tantalum, ruthenium, and benzo(b)fluoranthene
was also associated with seropositivity (Table 4).

In the mixture of thallium, ruthenium, lead, selenium, and iron, all
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Table 2
Association of POPs and elements with COVID-19. Single pollutant models (N =
154).™

Chemical® OR” (95% CI) P¢
p,p’-DDT
Not detected 1.00 0.104
Detected 5.40 (0.71-41.13)
p,p’-DDE
<Q3 1.00 0.029
Q4 4.98 (1.18-21.06)
p,p’-DDD
Not detected 1.00 0.006
Detected 64.14  (3.35-1226)
Sum of DDT, DDD and DDE'
Low 1.00 0.033
High 4.75 (1.13-19.93)
HCB*
Q1 1.00 0.305
>Q2 1.94 (0.55-6.85)
PCB 153
Q1 1.00 0.810
Q2 1.62 (0.39-6.66)
Q3 1.58 (0.28-8.91)
Q4 2.57 (0.37-17.86)
PCB 180
Q1 1.00 0.726
Q2 1.59 (0.37-6.84)
Q3 1.19 (0.17-8.14)
Q4 2.57 (0.36—18.39)
Sum of orders of PCBs 138-153-180°"
Q1 1.00 0.436
Q2 1.55 (0.40-6.01)
Q3 1.10 (0.19-6.44)
Q4 3.50 (0.56—-22.08)
<Q3 1.00 0.127
Q4 2.81 (0.74-10.64)
Sum of PCBs 138-153-180“*
Q1 1.00 0.278
Q2 2.59 (0.64-10.53)
Q3 1.45 (0.23-9.20)
Q4 4.60 (0.70-30.39)
Q1 1.00 0.210
>Q2 2.38 (0.62-9.19)
PCB 126
Not detected 1.00 0.300
Detected 3.86 (0.30—49.56)
PCB 157
Not quantified ~ 1.00 0.185
Quantified 3.84 (0.53-28.11)
Naphthalene
Q1 1.00 0.602"
Q2 1.12 (0.23-5.52)
Q3 1.30 (0.30-5.65)
Q4 1.43 (0.33-6.20)
Phenanthrene'
Q1 1.00 0.349
Q2 1.64 (0.35-7.82)
Q3 1.47 (0.30-7.29)
Q4 3.46 (0.80-15.02)
Pyrene'
Q1 1.00 0.222
Q2 3.24 (0.59-17.87)
Q3 2.38 (0.40-14.31)
Q4 5.47 (1.03-28.97)
Fluoranthene
Q1 1.00 0.259
Q2 3.61 (0.68-19.08)
Q3 1.25 (0.19-8.32)
Q4 3.39 (0.60—19.20)
BDE 153
Not quantified  1.00 0.135
Quantified 2.80 (0.73-10.83)
Benzo(b)fluoranthene
Not detected 1.00 0.014
Detected 19.30 (1.84-202.9)
Indene(123,cd)pyrene
Not detected 1.00 0.365

(continued on next page)
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Table 2 (continued)

Chemical® OR" (95% CI) P
Detected 3.92 (0.20-75.19)
Lead
Q1 1.00 0.252
Q2 0.87 (0.20-3.84)
Q3 0.77 (0.14-4.19)
Q4 3.26 (0.56—18.94)
<Q3 1.00 0.045
Q4 3.88 (1.03-14.61)
Continuous’ 8.93 (1.12-70.96) 0.038
Arsenic”
Q1 1.00 0.960
Q2 1.17 (0.31-4.49)
Q3 1.23 (0.33—-4.54)
Q4 0.87 (0.21-3.71)
Cadmium
Q1 1.00 0.833
Q2 1.39 (0.36—-5.46)
Q3 0.65 (0.14-3.03)
Q4 0.96 (0.23—-4.08)
Mercury
Q1 1.00 0.170
Q2 0.93 (0.19—4.46)
Q3 2.58 (0.64-10.34)
Q4 0.55 (0.10-2.99)
Thallium
Q1+Q2 1.00 0.045
Q3+Q4 3.42 (1.03-11.40)
Manganese
Not detected 1.00 0.025
Detected 10.84  (1.34-87.78)
Q1 1.00 0.140
Q2 11.53 (1.17-113.6)
Q3 13.32 (1.47-121.1)
Q4 8.60 (0.93-79.22)
Continuous’ 3.22 (1.16-8.91) 0.024
Molybdenum
Not detected 1.00 0.287
Detected 3.16 (0.38—26.39)
Iron
Q4 1.00 0.359
<Q3 1.87 (0.49-7.15)
Selenium
<Q3 1.00 0.733
Q4 1.21 (0.40-3.72)
Zinc
Q1 1.00 0.936
Q2 1.12 (0.26—-4.79)
Q3 1.28 (0.32-5.16)
Q4 0.82 (0.17-3.83)
Cobalt
Not detected 1.00 0.315
Detected 1.68 (0.61-4.64)
Chromium
Not detected 1.00 0.131
Detected 3.39 (0.69-16.59)
Aluminium
Not detected 1.00 0.038
Detected 8.53 (1.12-64.63)
Tantalum
Not detected 1.00 0.125
Detected 2.37 (0.79-7.13)
Gold
Not detected 1.00 0.136
Detected 2.16 (0.79-5.96)
Bismuth
Not detected 1.00 0.276
Detected 2.03 (0.57-7.23)
Platinum
Not detected 1.00 0.381
Detected 0.38 (0.04-3.30)
Ruthenium!
Not detected 1.00 0.002
Detected 4.99 (1.84-13.55)
Sum of orders of lead, thallium, manganese, tantalum, ruthenium, and benzo(b)
fluoranthene'
Low 1.00 <0.001

High 16.32  (4.67-57.03)
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# Cut-off points of the concentrations for the exposure categories (quartiles,
limits of detection and quantification), and units, are shown in Supplemental
Table 2.

b Unless otherwise specified, odds ratios were adjusted for age, smoking, and
educational level.

¢ Unless otherwise specified, p-value derived from Wald’s test.

4 When an individual had DDT and/or DDD detected, and/or DDE in the upper
quartile, he was classified as ‘high’; when DDT and DDD were not detected and
DDE was in any of the 3 lower quartiles, the individual was classified as ‘low’.
For further details on these sums as well as on the sum of orders, see section 2.5.

€ Odds ratio adjusted for age and educational level.

f Computed by categorizing each PCB in quartiles, and then adding the cate-
gory number, thus producing a value ranging between 3 and 12.

& Arithmetic sum of the concentrations (in ng/g lipid) of PCB congeners 138,
153 and 180.

" Multivariate analogue of Mantel’s extension test for linear trend.

! 0dds ratio adjusted for smoking and educational level.

J/0dds ratio for each increase of 10 times in the concentration (lead, pg/dL;
manganese, ng/mL).

¥ Odds ratio adjusted for age.

! 0dds ratio adjusted for smoking.

™ The odds ratios quantify the magnitude of the associations between the
exposures and COVID-19 in the 20 individuals with COVID-19 and the 134 in-
dividuals without the disease (see Table 1). An odds ratio of 1.00 denotes the
reference category.

five elements were significantly associated with SARS-CoV-2 seroposi-
tivity (Table 5, model 1). Model 2 and Fig. 1b show a mixture of four
elements, two associated positively with seropositivity and two associ-
ated negatively.

Other mixtures including selenium were also associated with sero-
positivity; e.g., selenium with tantalum and ruthenium, all significant.
Thallium and ruthenium were also significantly associated with sero-
positivity in a mixture with manganese and other mixtures of three and
four substances.

Manganese was significant in mixtures of three substances that
included it and a) indium and b) tantalum or lead or selenium. Gold was
associated with SARS-CoV-2 seropositivity in different mixtures; e.g.,
with lead and ruthenium (Table 5, model 3), or in pairs with either DDD,
lead, molybdenum, chromium, aluminium, indium, or tantalum. How-
ever, gold was no longer statistically significant when it was part of a
pair that also included thallium or ruthenium or manganese. Thallium
and ruthenium did remain significantly associated with seropositivity
when adjusted for gold.

In all models shown above, the household outdoor index was asso-
ciated with SARS-CoV-2 seropositivity; i.e., it was a risk factor for
seropositivity even when adjusted for the contaminants (Tables 4 and 5,
and Fig. 1b).

Some chemicals appeared to be more strongly associated with sero-
positivity among women than men; notably, thallium (OR in women =
9.7 [2.2-42.7]), naphthalene (OR = 8.2 [0.9-72.3]), silver (OR = 6.5
[0.7-56.6]), and fluorene (OR = 4.1 [1.0-16.7]). Others were more
strongly associated with seropositivity among men than women; e.g.,
fluoranthene (OR in men = 10.7 [1.2-96.5]), and ruthenium (OR = 8.1
[2.2-28.9]). The associations were not consistently stronger in older or
younger age groups, neither for seropositivity nor for COVID-19.

While anemia was not associated with SARS-CoV-2 seropositivity
(OR = 1.1 [0.4-2.8]), lower concentrations of iron were (OR = 3.5,
Table 4). Anemia was associated with COVID-19 (OR = 3.2 [1.1-9.7]),
and lower concentrations of iron were not (OR = 1.9, Table 2). The only
other chronic disorder associated with COVID-19 was chronic bronchitis
(OR = 4.6 [0.7-31.0], adjusted for age and smoking); it was not asso-
ciated with SARS-CoV-2 seropositivity.

4. Discussion

While most individual substances and mixtures were not associated
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Table 3
Association of mixtures of POPs and elements with COVID-19 (N = 154).¢
Model OR" (95% CI) P
1 p,p’-DDD
Not detected 1.00 0.002
Detected 133.96 (6.26—-2867)
Manganese
Not detected 1.00 0.016
Detected 16.37 (1.69-159.01)
Ruthenium
Not detected 1.00 0.010
Detected 4.66 (1.44-15.07)
Tantalum
Not detected 1.00 0.001
Detected 10.54 (2.49-44.64)
2 p,p’-DDD
Not detected 1.00 0.008
Detected 104.38 (3.40—3205)
Manganese
Not detected 1.00 0.044
Detected 8.82 (1.06—73.56)
Lead
<Q3 1.00 0.044
Q4 4.66 (1.04—20.84)
3 p,p’-DDD
Not detected 1.00 0.003
Detected 211.57 (5.88-7616)
Ruthenium
Not detected 1.00 0.002
Detected 6.90 (2.09-22.78)
Lead
<Q3 1.00 0.007
Q4 10.23 (1.92-54.59)
4 p,p’-DDE
<Q3 1.00 0.028
Q4 5.91 (1.22-28.73)
Manganese
Not detected 1.00 0.014
Detected 15.98 (1.75-146.17)
Tantalum
Not detected 1.00 0.027
Detected 4.19 (1.17-14.97)
5 p,p’-DDT
Not detected 1.00 0.087
Detected 7.89 (0.74—-84.18)
Ruthenium
Not detected 1.00 0.002
Detected 6.32 (1.93-20.70)
Lead
<Q3 1.00 0.009
Q4 8.17 (1.69-39.48)
Thallium
Q1+Q2 1.00 0.045
Q3+Q4 4.03 (1.03-15.69)
6 Sum of DDT, DDD and DDE’
Low 1.00 0.031
High 5.70 (1.18-27.63)
Manganese
Not detected 1.00 0.014
Detected 15.99 (1.75-146.5)
Tantalum
Not detected 1.00 0.026
Detected 4.25 (1.19-15.18)
7 Benzo(b)fluoranthene
Not detected 1.00 0.042
Detected 39.24 (1.14-1347)
p,p’-DDD
Not detected 1.00 0.029
Detected 41.71 (1.47-1183)
Manganese
Not detected 1.00 0.028
Detected 12.52 (1.32-118.8)

@ Cut-off points of the concentrations for the exposure categories (quartiles,
limits of detection and quantification) are shown in Supplemental Table 2.

b In Model 1 the odds ratios of the chemicals were mutually adjusted for, and
further adjusted by age and educational level. In Models 2 to 7 the odds ratios of
the chemicals were also mutually adjusted for, and further adjusted by age,
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smoking, and educational level. The odds ratios of all chemicals have a p-value
<0.15 (see Methods, section 2.4).

¢ Wald’s test. The p-value of the index of the weighted quantile sum (WQS)
regression (Methods, section 2.5) for models 1 to 7 was 0.012, 0.042, 0.055,
0.008, 0.035, 0.001 and 0.015, respectively.

4 See footnote d in Table 2.

¢ The odds ratios quantify the magnitude of the associations between the ex-
posures and COVID-19 in the 20 individuals with COVID-19 and the 134 in-
dividuals without the disease (see Table 1).

a)

Outcome: COVID-19 OR (95% CI) P-value
p,p-DDE —. 5.91(1.22,28.73)  0.028
Manganese —®— 15.98(1.75,146.2) 0.014
Tantalum — 4.19(1.17,14.97) 0.027
Age L 0.94(0.89,0.98) 0.011
Smoking 0.068

Former — 2.96(0.82,10.69)
Current — 0.35(0.06, 2.04)
Education 0.019
Secondary — 0.09(0.01,0.52)
University —a— 0.21(0.06,0.81)
0.0 0.1 1.0 10.0
Odds Ratio
b)

Outcome: SARS-CoV-2 seropositivity OR (95% CI) P-value
Thallium —— 6.06(2.34,15.72)  <0.001
Ruthenium —a— 4.45(1.72,11.52)  0.002
Selenium —a— 0.28(0.10,0.79) 0.017
Indium —— 0.26(0.09,0.75) 0.013
Household outdoor index 0.082

5-7 —a— 3.80(1.17,12.27)
>8 (worse) — i 1.28(0.50, 3.24)
0.0 0.1 1.0 10.0
Odds Ratio

Fig. 1. Forest plot showing associations of POPs, elements, age, smoking, and
education with COVID-19 (panel a) (Table 3, model 4), and associations of
elements, and the household outdoor index with SARS-CoV-2 seropositivity
(panel b) (Table 5, model 2).

with COVID-19, nor with SARS-CoV-2 seropositivity, ruthenium, thal-
lium, tantalum, lead, benzo(b)fluoranthene, DDE, DDD, and manganese
were associated with COVID-19, and ruthenium, thallium, lead, iron,
gold, and selenium, were associated with seropositivity. Historically or
currently prevalent immunoactive substances (Weaver et al., 2022;
UNEP - United Nations Environment Program, 2022; Porta et al., 2021)
that were weakly or not associated with COVID-19 or seropositivity
included PCBs and other POPs, as well as arsenic, cadmium, mercury,
and zinc. Such ‘negative’ results are reassuring. They are also important
for clinical and public health reasons; e.g., zinc supplementation has
been hypothesized (but so far failed to prove) to be effective for the
prevention and treatment of COVID-19 (COVID-19 Treatment Guide-
lines Panel, 2019). Note that in medicine factors that influence risk of
infection, incidence of the disease, severity, and the clinical course are
often different. The finding that well-known immunotoxic agents as
PCBs (Gore et al., 2015; International Programme on Chemical Safety,
2012; Alper and Sawyer, 2019) were weakly or not associated with
COVID-19 suggests that their immunological effects are different from
those of the substances that we found clearly associated with COVID-19.
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Table 4
Association of POPs and elements with SARS-CoV-2 seropositivity. Single
pollutant models (N = 145).f

Chemical® OR"  (95% CI) P¢
p,p’-DDT
Not detected  1.00 0.163
Detected 3.32  (0.61-17.94)
p,p’-DDE
<Q3 1.00 0.438
Q4 1.46  (0.56—3.80)
p,p’-DDD’
Not detected  1.00 0.141
Detected 6.34  (0.54-74.19)
Sum of DDT, DDD and DDE
Low 1.00 0.492
High 1.40  (0.50-3.28)
HCB’
Q1 1.00 0.271
>Q2 1.68  (0.67-4.24)
Sum of orders PCBs 138-153-180"
<Q3 1.00 0.614
Q4 1.27 (0.50-3.27)
PCB 126
Not detected  1.00 0.367
Detected 2.55 (0.33-19.48)
Naphthalene
Q1 1.00 0.134
>Q2 2.18 (0.79-6.07)
Phenanthrene’
Q1 1.00 0.114
>Q2 2.04  (0.84-4.96)
Fluorene’
Q1 1.00 0.140
>Q2 2.01  (0.79-5.10)
Pyrene
Q1+Q2 1.00 0.117
Q3+Q4 1.84 (0.86—3.97)
Fluoranthene
Q1 1.00 0.223
>Q2 1.81  (0.70-4.68)
Benzo(b)fluoranthene
Not detected  1.00 0.202
Detected 3.83  (0.49-30.15)
Indene(123,cd)pyrene’
Not detected  1.00 0.486
Detected 2.73  (0.16—46.39)
Lead"
Q1 1.00 0.372
Q2 1.26  (0.44-3.62)
Q3 0.87  (0.28-2.63)
Q4 220 (0.71-6.87)
<Q3 1.00 0.101
Q4 212  (0.86-5.19)
Continuous® 2.87 (0.69-11.93) 0.147
Silver?
Q1 1.00 0.183
>Q2 1.90 (0.74-4.88)
Thallium®
Q1 1.00 0.020
Q2 1.08  (0.24-4.95)
Q3 4.27  (1.44-12.61)
Q4 3.60 (1.20-10.76)
Q1+Q2 1.00 0.002
Q3+Q4 3.81 (1.64-8.87)
Manganese
Not detected  1.00 0.043
Detected 2.80 (1.03-7.59)
Q1 1.00 0.030
Q2 2.16 (0.63-7.42)
Q3 4.87  (1.59-14.92)
Q4 1.67  (0.48-5.75)
Continuous® 1.73 (0.93-3.20) 0.084
Molybdenum
Not detected  1.00 0.173
Detected 2.93 (0.62—-13.81)
Iron
Q4 1.00 0.020
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Table 4 (continued)

Chemical” OR"  (95% CD) P¢
<Q3 3.53 (1.22-10.26)
Selenium
<Q3 1.00 0.059
Q4 0.39  (0.14-1.04)
Zinc
Q1 1.00 0.854
Q2 0.66  (0.22-2.03)
Q3 0.97  (0.34-2.76)
Q4 0.75 (0.25-2.25)
Chromium
Not detected  1.00 0.295
Detected 2.10 (0.52-8.41)
Aluminium
Not detected  1.00 0.200
Detected 3.08 (0.55-17.18)
Indium
Not detected  1.00 0.184
Detected 0.54 (0.22—-1.34)
Tantalum*
Not detected  1.00 0.180
Detected 1.78 (0.77-4.15)
Gold*
Not detected  1.00 0.031
Detected 229  (1.08-4.87)
Bismuth
Not detected  1.00 0.175
Detected 2.02  (0.73-5.59)
Platinum
Not detected  1.00 0.174
Detected 0.32  (0.06—1.65)
Ruthenium‘
Not detected  1.00 0.011
Detected 294 (1.28-6.72)
Sum of orders of lead, thallium, manganese, tantalum, ruthenium, and benzo(b)
fluoranthene®
Low 1.00 <0.001
High 5.01 (2.26-11.09)

@ Cut-off points of the concentrations for the exposure categories (quartiles,
limits of detection and quantification) are shown in Supplemental Table 2.

b Unless otherwise specified, odds ratios adjusted for household outdoor index
and smoking.

¢ Wald’s test.

4 0dds ratio adjusted for household outdoor index.

¢ Odds ratio for each increase of 10 times in the concentration (lead, pg/dL;
manganese, ng/mL).

f The odds ratios quantify the magnitude of the associations between the ex-
posures and SARS-CoV-2 seropositivity in the 41 SARS-CoV-2 seropositives and
the 104 seronegatives (see Supplemental Table 5). See also footnotes in Table 2.

Another possibility is that the currently lower PCB concentrations (Porta
et al., 2021) may not affect the development of the disease.

A number of mixtures of up to five agents were identified with all
substances associated to the outcomes of interest. Tables 3 and 5 show
that in most mixtures the substances belonged to several chemical
groups (Supplemental Table 2). This finding is remarkable in itself (Gore
et al., 2015; Kortenkamp and Faust, 2018; Caporale et al., 2022), and
suggests that mechanistic, clinical, and epidemiological studiesare really
warranted to refute or to expand our findings.

The household outdoor index was associated with SARS-CoV-2
seropositivity even when adjusted for the contaminants. The analysis
of the joint influence of personal life conditions and body concentrations
of contaminants is one of the strengths of the study. Another major
strength is the clear time sequence: contaminants were measured in
blood samples collected 4 years before the outcomes, thus avoiding
problems common with prevalent cases and cross-sectional studies.
Concentrations of the contaminants in the participants in late 2019 are
likely well reflected by their concentrations in 2016-2017, given their
persistence and the stability of sources and pathways of exposure (UNEP
- United Nations Environment Program, 2022; European Chemicals
Agency, 2023; Centers for Disease Control and Prevention, 2023; Porta
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Table 5
Association of mixtures of POPs and elements with SARS-CoV-2 seropositivity
(N = 145).1

Model® OR" (95% CI) P°
1 Thallium
Q1+Q2 1.00 0.001
Q3+Q4 4.97 (1.92-12.89)
Ruthenium
Not detected 1.00 0.005
Detected 3.72 (1.47-9.40)
Lead
<Q3 1.00 0.036
Q4 3.60 (1.27-10.23)
Selenium
<Q3 1.00 0.027
Q4 0.29 (0.10-0.87)
Iron
Q4 1.00 0.024
<Q3 3.91 (1.20-12.78)
2 Thallium
Q1+Q2 1.00 <0.001
Q3+Q4 6.06 (2.34-15.72)
Ruthenium
Not detected 1.00 0.002
Detected 4.55 (1.72-11.52)
Selenium
<Q3 1.00 0.017
Q4 0.28 (0.10-0.80)
Indium
Not detected 1.00 0.013
Detected 0.26 (0.09-0.75)
3 Gold
Not detected 1.00 0.038
Detected 2.32 (1.05-5.15)
Lead
<Q3 1.00 0.049
Q4 2.59 (1.00-6.67)
Ruthenium
Not detected 1.00 0.020
Detected 2.73 (1.17-6.37)

@ Cut-off points of the concentrations for the exposure categories (quartiles,
limits of detection and quantification) are shown in Supplemental Table 2.

Y In all models the odds ratios of the chemicals were mutually adjusted for,
and further adjusted for household outdoor index. The odds ratios of all chem-
icals have a p-value <0.15 (see Methods, section 2.4).

¢ Wald’s test. The p-value of the index of the weighted quantile sum (WQS)
regression (Methods, section 2.5) for models 1 to 3 was 0.006, 0.008, and 0.006,
respectively.

4 The odds ratios quantify the magnitude of the associations between the
exposures and SARS-CoV-2 seropositivity in the 41 SARS-CoV-2 seropositives
and the 104 seronegatives (see Supplemental Table 5).

et al., 2008). We could assess selection biases (as previously defined
(Porta et al., 2009)) and, if they existed, they seem unlikely to explain
the strong associations observed. If something, the associations might be
underestimated, because the 66 subjects who did not attend the
follow-up visit were likely more susceptible to the outcomes than the
174 participants (Table S1). Levels of the contaminants were similar in
the two groups (Table S3). As common in clinical and population
research in the real world, our criteria to define COVID-19 disease
(sections 2.3.1 and 2.3.2) do not have 100% sensitivity and specificity.
Yet, we think the analysis of the two outcomes provides valid and
relevant estimates of the associations with the chemical substances; in
particular, given what is usually feasible to measure in a real human
cohort, and more even so, what was feasible in 2020. By contrast with
designs based on prevalent cases (Grandjean et al., 2020; Zeng et al.,
2021a, 2021b; Ji et al., 2021) of undefined origin (Grandjean et al.,
2020; Zeng et al., 2021a, 2021b), the population-based prospective
design is a strength; the design is less prone to bias than studies that
recruit patients attending an Emergency Department or a primary care
centre, or admitted to hospital. Nevertheless, confirmation of our find-
ings in larger populations with different characteristics than ours, and
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exposed to similar and to different mixtures, is required. Studies of the
possible influence of environmental contaminants on antibody response
to COVID-19 vaccines are outside the scope of the present paper and will
be analyzed in the near future.

We analyzed 112 chemicals, a relatively large amount in human
research, and the median number of chemicals detected per person was
32. We could thus perform a considerable number of comparisons, and,
since ours is the first study of its kind, it is only logical that we assessed
comprehensively the associations between such contaminants and the
two outcomes. Indeed, the comparisons —including models of mixtures—
could not generally be based on a priori clinical or mechanistic knowl-
edge, because virtually none exists for the associations. Reasons for
examining several chemicals in mixture analyses could also not be based
on the chemicals having a common source of emission because such
sources are likely to be quite diverse in the general population, and we
did not identify unique sources.

While in Tables 2 and 4 we provide a number of results of quartile
exposure analysis, sometimes we also dichotomized exposures, given an
absence of a linear dose-response, a common fact in the literature, or
lack of evidence on safe concentrations (Gore et al., 2015; Dietert et al.,
2010; Henriquez-Hernandez et al., 2017a). Sometimes, the lack of linear
dose-responses in quartile exposure analyses coexisted with substantial
odds ratios in some quartiles, thus indicating that it is warranted to
conduct independent analyses in larger populations. Whereas some
substances analyzed are essential life elements, their human toxicity has
also been documented, even at low concentrations (Pagano et al., 2015;
Henriquez-Hernandez et al., 2017a). These features of the study and the
available evidence may generate false positives, but they have also
strengths, since the number of contaminants detected in human pop-
ulations is high, and there 1is abundant knowledge on
non-COVID-19-related immunological adverse health effects of chemi-
cal mixtures (Weaver et al., 2022; Dietert et al., 2010; Germolec et al.,
2022; International Programme on Chemical Safety, 2012; Kostoff et al.,
2023; Kortenkamp and Faust, 2018; Caporale et al., 2022). Also, we
detected more associations than expected by chance, and almost all went
in the direction of increasing risks, whereas many more inverse (pro-
tective) associations would be expected by chance. There is no
consensus on techniques to adjust for the number of comparisons in
environmental epidemiological studies, where such techniques may
have low efficiency or poor accuracy (Lash et al., 2021). Thus, the sta-
tistical tests and confidence intervals were not adjusted for multiple
testing, and should not be used to infer definitive effects. We consider
the priority given to detect potential associations as warranted as long as
our results inspire soon similar but larger population-based, prospective
studies and mechanistic research.

Since the size of the study population was small, the statistical power
and precision were often low; yet, numerous effect estimates were pre-
cise, and not only when the estimates were large. Thus, odds ratios
around 3 were sometimes statistically significant, and such effect esti-
mates, if confirmed, could be relevant given the high number of citizens
exposed. Also due to low numbers, we could not assess the influence of
the contaminants on the severity of the infection and the disease, on
vaccine response, and on persistent COVID-19. Our ongoing follow-up
and subject accrual may overcome these weaknesses.

While some interactions between pairs of substances could be bio-
logically plausible and relevant, we were again cautioned by the small
size of our current study population, and do not present results. Neither
do we for other interactions with personal and social characteristics
(except sex), which also deserve to be tested in larger human studies.

Our analyses considered the whole population of 154 persons who
were at risk for infection, rather than only the seropositives at risk for
COVID-19, for two reasons (Waxman et al., 2022). First, the overall
potential of contaminants to cause the disease is a combination of
causing the infection and causing the disease among infected persons.
From both public health and individual perspectives, and for both sci-
entific and practical reasons, we are interested in this overall harm, and
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not only in the risk of disease among infected persons. Second,
restricting the analysis to infected persons would introduce selection
bias if unmeasured factors unrelated to the concentrations of the con-
taminants (e.g., genetic predisposition and subclinical immunosup-
pression) create a predisposition to both infection and COVID-19. In this
case, infection would be a collider (Porta et al., 2014a), since it would be
affected by both the contaminants and those prognostic factors, and, in
an analysis conditional on infection, a noncausal association between
the contaminants and the disease would arise (Waxman et al., 2022).

The results should encourage translational research from the obser-
vations we made in a real human population to the clinic and the lab-
oratory (Porta et al., 2014b); that is, they can inspire clinical and
laboratory research on mechanisms through which the environmental
agents we studied may influence immune processes and contribute to
general immunomodulation, hypersensitivity, inappropriate enhance-
ment, immunosuppression, autoimmunity, viral entry and recognition,
endocrine and metabolic disruption, glucose metabolism, cytokine
production, inflammation, host susceptibility to infection and disease
severity, epigenetic modification of immunomodulatory genes, and
immunologic memory pathways, among others (Weaver et al., 2022;
Gore et al., 2015; Dietert et al., 2010; Germolec et al., 2022; Interna-
tional Programme on Chemical Safety, 2012; Alper and Sawyer, 2019;
Bulka et al., 2022; Kostoff et al., 2023; Clerbaux et al., 2022; Courtin and
Vineis, 2021). Several of these pathways overlap with those involved in
the host response to the SARS-CoV-2 virus and may contribute to explain
the observations we report. The contaminants we analyzed are also risk
factors for numerous diseases (Gore et al., 2015; Kostoff et al., 2023;
UNEP - United Nations Environment Program, 2022; European Chem-
icals Agency, 2023; Centers for Disease Control and Prevention, 2023;
Porta et al., 2008; Porta, 2012; Porta and Vandenberg, 2019) that in-
crease susceptibility to or worsen the course of SARS-CoV-2 infection.

Hence, our results open numerous avenues to study pathways and
mechanisms of action. For instance, mechanisms common across lead,
thallium, manganese, aluminium and ruthenium. Some may involve the
Ah receptor and kynurenine pathway (associated with inflammatory
cytokines and chemokines) in COVID-19. Activation of the kynurenine
pathway and of Ah is part of multiple diseases induced by environmental
chemical agents (Courtin and Vineis, 2021). Attention is also deserved
by the immunosuppressive effects of DDE and DDD (International Pro-
gramme on Chemical Safety, 2012; Street and Sharma, 1975; Mrema
et al., 2013), or by the immunotoxic effects of gold and other nano-
particles (Devanabanda et al., 2016; Hannon et al., 2019). If confirmed
by other population-based prospective cohort studies, the possible pro-
tective effects of selenium (Hiffler and Rakotoambinina, 2020; Hoff-
mann and Berry, 2008; Huang et al., 2012) will require specific clinical
trials.

While POP concentrations have been decreasing in many areas
worldwide, they still pose substantial risks to human health (Gore et al.,
2015; UNEP - United Nations Environment Program, 2022; European
Chemicals Agency, 2023; Centers for Disease Control and Prevention,
2023; Porta et al., 2008; Porta et al., 2021; Henriquez-Hernandez et al.,
2017b). Rare earth elements (REE) and other minority elements are an
emerging group of pollutants in the general population; they are
currently used in electronic devices, as contrast agents for medical im-
aging, as feed additives in livestock, and they contaminate animal and
human food webs (Pagano et al., 2015; Henriquez-Hernandez et al.,
2017a, 2020; Gonzalez-Antuna et al., 2017). Enhanced adverse effects
may be related to combined exposures to REE and acidic pollutants. The
literature from animal studies and limited data from human occupa-
tional exposures suggests REE-induced tissue-specific bioaccumulation
and damage to several organs and to immune response (Pagano et al.,
2015).

Our results may further knowledge on reasons of the high hetero-
geneity in immunological and clinical responses to SARS-CoV-2. In
practical terms, ways to decrease exposure to contaminants are available
(Dietert et al., 2010; Clerbaux et al., 2022; UNEP - United Nations
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Environment Program, 2022; European Chemicals Agency, 2023; Cen-
ters for Disease Control and Prevention, 2023; Porta et al., 2008; Porta
et al., 2021; Porta, 2012; Porta and Vandenberg, 2019). Therefore, if
some of the contaminants are confirmed to increase the risks of
SARS-CoV-2 seropositivity and COVID-19, such risks could and should
be mitigated.
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