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Il Biomonitoraggio Umano (HB) rappresenta un utile strumento per indagare la complessa
relazione esistente tra ambiente e salute.

Valutare I’esposizione umana a stressors ambientali significa osservare profondamente,
con un approccio olistico, tutti i fattori che contribuiscono a generare 1’esposizione stessa.
Considerando il caso studio “Regione Campania (Italia)”, la presente relazione introduce e
descrive un innovativo protocollo di HB, che tenta di sopperire alla carenza di integrazione
di dati tra discipline scientifiche complementari.

Il modello di biomonitoraggio si basa su una valutazione analitica e sistemica del contesto
ambientale. Il paradigma del protocollo considera tre elementi: I’individuazione delle
sorgenti di contaminazione, delle vie di migrazione dei contaminanti e dell’effetto sugli
organismi target. Persegue tale scopo arruolando coorti di popolazione sana, al fine di
identificare potenziali rischi di esposizione ai contaminanti e predire possibili conseguenze
cliniche correlate. Un’analisi multilivello integra insieme il monitoraggio delle matrici
ambientali, 1’individuazione di biomarcatori di esposizione e di effetto in fluidi biologici
umani, le valutazioni epidemiologiche, al fine di delineare una fotografia dello stato di
contaminazione sul territorio regionale.

Un particolare focus nella dissertazione ¢ dedicato ai profili epigenetici ottenuti dall’analisi
degli array di metilazione del DNA, il marcatore molecolare piu ampiamente utilizzato in
studi di epigenetica ambientale. La modulazione dell’espressione genica in risposta
all’esposizione ambientale rappresenta una chiave di comprensione delle interazioni gene-
ambiente, utile per approfondire possibili effetti fenotipici e clinici sulle popolazioni
suscettibili, cosi come 1’eziologia delle neoplasie e delle patologie cronico-degenerative.
Cio permette di traslare le conoscenze acquisite in azioni di sanita pubblica e sviluppare
strategie di prevenzione. Al di la della presente relazione, difatti, I’obiettivo a lungo termine
dello studio ¢ di creare una mappa dinamica ed integrata dei livelli di contaminazione
ambientale campani, al fine di supportare I’implementazione di interventi di sanita pubblica
e fornire un modello scientifico di riferimento per la valutazione del rischio da esposizione.
In accordo con una prospettiva di tipo “One Health”, il modello aspira ad essere traslato in
differenti contesti e per varie applicazioni, e a diventare uno strumento utile per I’analisi

comparativa, multi-criteriale e multidisciplinare.
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1. INTRODUCTION

1.1 Environment and Health

The environment, meaning as the whole physical, chemical, and biological factors external
to a person (Pruss-Ustun et al., 2016), is an actual determinant for human life.

According to this omni-comprehensive definition, a fine and breakable balance governs the
relationships between its biotic and abiotic compartments, and any perturbation affecting
the system could be able to move this balance towards new arrangements. A combination
of actions and reactions tries to restore the system balance, moved away from its
“optimum?”, triggering mechanisms of positive (enhancing) or negative (regulatory)
feedback of the phenomena. This type of regulation results in different condition of
healthiness or risk for the unsettled ecosystem and its components.

Humans, as part of the environment and of the biotic compartment, are influenced by the
succession of these events and by regulatory mechanisms during their lifespan. They are
exposed to environmental events and contribute through their activities to the changes
occurring in the environment itself. The main difference between natural and human-
induced ecosystem changes is in the spatial and time scale of events.

Human activities, including population growth, industrialization, economic development,
and urbanization, cause disturbances over time scales of decades to a few hundreds of years.
Such environmental impacts and pollution processes could occur at smaller (local) spatial
scale (e.g. point-source pollution associated with a hazardous waste site) or at a much larger
scale, encompassing entire regions, until the entire planet (Maximilian et al., 2019).

It is well-known that, as dark side of the anthropization, the widespread of contaminants in
the environmental matrices define a heavy threat on ecosystems health and particularly on
target organisms, highlighting the environmental pollution as a growing concern for global
health, and representing it as one of the great existential challenges of the Anthropocene
epoch (Landrigan et al., 2018).

As stated by the World Health Organization (WHO), in 2012 approximately 24% of deaths
recorded worldwide have been linked to environment, which is roughly 13.7 million deaths
a year (this data includes infectious diseases related death). Moreover, the Global Burden
of Disease (GBD) study estimates that the pollution-related disease was responsible for 9
million premature deaths in 2015 (16% of total global mortality) (Forouzanfar et al., 2016).
Especially air, water, and soil contamination, together with electromagnetic pollution,
industrial activities, in-door and occupational exposure, represent factors potentially
correlated to chronic and degenerative diseases onset (Pruss-Ustun et al., 2016).

Over the past decades scientific research has supposed a link between exposure to
environmental stressors and human diseases (Ziech et al., 2010). On the basis of these solid

scientific evidences a lot of substances derived from pollution phenomena were classified



as carcinogenic or mutagenic due to their dangerousness

(https://monographs.iarc.fr/agents-classified-by-the-iarc/). Most harmful compounds have

been identified in occupational health studies as characteristics of professional exposure.
For example, one of the most studied occupational carcinogens, the asbestos, had a terrible
history of proved correlations between professional exposure and adverse clinical
outcomes (Siemiatycki 2007; Frank et al., 2014).

Nevertheless, the sources of pollution are increasingly widespread and heterogeneous and,
above all, follow diverse time of action in terms of exposure. This means that the
phenomena do not affect only workers or cohorts of people with acute events, but the whole
general population and, in a holistic point of view, affect the entire biotic compartment.
Hence, humans are exposed to many environmental stressors during life, but the real
balance is often represented by the addition of a series of environmental factors not linked
to pollution, called confounders, which contribute to generate the final consequence in term
of health or diseases onset (e.g. individual life or food habits).

The interpretations as to the extent of environmental or confounders remains unclear own
to the multifactorial nature of diseases. Some observations suggest the minor role of
environmental pollutants in chronic diseases incidence rather than lifestyle factors, others
underline contaminants as the major contributing factors (Belpomme et al., 2007a;
Belpomme et al., 2007 b; Irigaray et al., 2007; Clapp et al., 2008; Miller et al., 2012, Joseph
et al., 2013).

In 2018, The Lancet Commission on pollution and health has developed the concept of
“Pollutome”, as the totally of all forms of pollution that have the potential to harm human
health causing illnesses (Fig. 1A). In the opinion of the Commission it could be viewed as
a fully contained (nested) subset of the “Exposome”, the term coined in 2005 by Wild to
identify every exposure to which an individual is subjected from conception to death. The
Exposome complements the genome by providing a comprehensive description of lifelong
exposure history (Wild 2005 and 2011), and its multidisciplinary measurement could be
considered a useful way to improve prevention strategies from a public health perspective
(Siroux et al., 2016) (Fig. 1B).
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Figure 1. (A) The Pollutome. The totally of all forms of pollution that have the potential to harm human health.
The Lancet Commission on pollution and health divides the Pollutome into three zones. Zone 1: well-
established pollution-disease pairs, with robust estimate contribution to the global burden of disease; zone 2:
emerging effects of known pollutants, where evidence of causation is building but associations are not fully
characterized; zone 3: new and emerging pollutants, whose effects are unknown and not yet quantified (source
Landrigan et al., 2018). (B) The Exposome. Effects and interactions between the three different domains of the
Exposome: the general external, the specific external and the internal. The internal exposome comprises
processes as metabolism, inflammation, aging etc....The specific external includes for example lifestyle and
food habits. The general external is the wider climatic, social, economic and psychological influences of the

environment (source Siroux et al., 2016).

Up to this short overview, environmental pollution problems could be considered as a
multilevel sum of past and present events, which could or not affect people at the same
time, and nor to the same intensity or way (Trevors, 2010). Notwithstanding in the last
decades there was a raise attention and a higher awareness for this hot issue, the complexity
and the interconnection of the problems require likewise complex and interconnected

solutions.



Only through effective methods and models it could be possible to identify the variables
and the causal links that feed the phenomena and influence each other’s parts.
Observational studies focusing on these phenomena, on ecosystem alterations and on
related biological modifications, allow to go back to the source of the alteration itself and
to identify mechanisms of cause-effect. Therefore, the state of well-being or disease will
be determined by the correlations between all the variables that contribute to generate the
exposure. Actually, the “exposure” represents the key concept that could give, by its

measurement, the chance to define the relationships between environment and health.

1.2 Environmental Risk Assessment and Human Biomonitoring

The complex investigation of the causal link between environment and health could be
interpreted through a multi-level analysis that starts from the definition of environmental
exposure, through its evaluation, up to the assessment of the associated risk for health.
Thus, exposure measurement becomes a useful tool in understanding, characterizing, and
reducing associated health risks (U.S. EPA 2019).
In a general meaning, the "Risk" could be defined as an expectation determined by the
observation of phenomena and variables, with a percentage of uncertainty depending on
the field of application. From a mathematical point of view, the risk is defined as a
combination of the probability of an event occurring and the severity of its damage,
therefore the extent of the consequences determined. Accordingly, the risk becomes a two-
dimensional assessment expressed by the two variables: probability and magnitude. Thanks
to these two factors, it permits to identify, predict or prevent, a series of phenomena whose
effects could be deleterious. The system investigated must be screened, analyzed,
deepened, in its entire structure, through protocols and methods that allow to generate a
predictive definition and verification model. This model should be a tool at the service of
authorized decision-making levels.
To measure the exposure means to assess the “Environmental Exposure Risk”.
In general, it is carried out to examine the effects of an agent on humans (Health Risk
Assessment) and on ecosystems (Ecological Risk Assessment) (Dinis et al., 2009).
The European Environment Agency in 1998 described a series of key task in general Risk
Assessment to carry out especially for the environmental ones as guideline:
i.  Problem formulation: pollutants characteristics and chemistry;

ii.  Hazard identification: presence and toxicity of chemicals;

iii. Release assessment: sources and rate releases;

iv.  Exposure assessment: target of exposure and type of exposure;

v.  Consequence or effect assessment: how is it toxic and at what exposure levels and

what is the effect on the receptors;



vi. Risk estimation and characterization: what does the risk assessment
tell us about the situation and what are the risks, quantitative or
qualitative;

vii. Risk evaluation: how important is the risk to those affected, those
who create it, and those who control it.

It follows that the risk characterization and/or risk evaluation are used as input for risk
management in order to come up with an answer to which actions should be taken and how
should the remaining risks be handled (Fairman et al., 1998).

The scientific and methodological approach aimed to estimate exposure importance and
extension is the Human Biomonitoring (HB).

According to Centre of Disease Control and Prevention (CDC) definition, HB is a method
for assessing human exposure to pollutants or their effects, by measuring these chemicals,
their metabolites or reaction products in human specimens (CDC, 2005).This means a
repeated and controlled quantification of these markers, on susceptible subjects (or exposed
in the past) in a general environment or in a workplace (Zielhuis and Henderson 1986;
Manno et al. 2010).

Exposure to environmental pollutants occurs through different routes, such as inhalation,
ingestion, and dermal absorption and the amount of pollutant uptake is named as the
“absorbed dose.” Thus, the body burden of a specific pollutant is determined by factors,
such as the pollutant’s concentration in a specific environmental medium, its physical and
chemical properties, and timing of exposure, as well as individual factors, such as uptake,
metabolism and excretion rates. HB considers all these factors by measuring the
concentrations of a chemical or its metabolites in human matrices (WHO, 2015).

It was firstly used in occupational medicine and then transferred to life habits or territorial
emergencies.

Concerning occupational medicine, the human biomonitoring allows to figure out and
acquire data about health consequences after exposure to toxic compounds, thanks to its
measured time and known type of contact to single elements or to a mixture. Examples are
petroleum distribution workers (Heibati et al., 2018) or incinerator workers (Mauriello et
al., 2017) exposure assessment.

Different analytical methods to estimate the uptake of occupational chemicals in human
body fluids were developed in the early 20" century (e.g. lead and a few other compounds
and relative metabolites) (Angerer et al., 2007). Many years later (‘80s), HB was included
in exposure and health surveillance programs as part of regulatory requirements, for
instance for chemical industries. Indeed, when HB is compared to environmental evidence,
it shows itself to be an effective tool to improve occupational risk assessment at individual
or group level, supporting the same health surveillance plans (Manno et al., 2010). During
the health surveillance each worker is usually subjected to imaging, instrument, and

biochemical testing to detect any clinically relevant occupation-dependent change. The use



of biomarkers and of HB approach represents not only the method to estimate the internal
exposure or to predict potential health effects, but also the chance to assess a causal
relationship between health impairment and chemical exposure, when a change is firstly
detected in exposed workers.

Therefore, in the field of occupational medicine, the “occupational risk assessment” could
be defined as a qualitative and quantitative characterization of an occupational risk; it
consists of three fundamental tools: environmental monitoring, health surveillance and
biological monitoring. It becomes clear that the advantage of using biomarkers and HB
approach in occupational surveillance and study is recognizable when the toxicological
significance of the compound object of the analysis is sufficiently known. Some examples
are below. Zidek et al in 2017 reported in a review the use of HB data for regulatory risk
assessment in “Canada Chemicals Management Program”. DEMOCOPHES study
(Schwedler et al., 2017) was developed and carried out in Europe, with an attempt of
harmonize HB studies on European scale, in order to support regulation. Same purposes

for Human Biomonitoring for Europe (HB4EU) project (www.hbm4eu.eu), which joints

efforts of many countries and environmental agency, coordinating and advancing HB in
Europe, to provide scientific evidence for chemical policy making.

Nowadays the application of HB is beyond the limits of the occupational surveillance and
is an attractive approach for research activities (Manno et al., 2014).

Despite the impressive potential of the HB, particularly in occupational risk assessment, it
is not always correctly used or interpreted. Some ethical issues become evident. As early
as in 2002, The Code of Ethics of the International Commission on Occupational Health
(ICOH, 2002), highlighted some questions:

1. The aims of the study: if HB is performed for research interest or for health

surveillance.

2. The definition of an appropriate study design: depending on the aims, the right
choice of biomarkers, of matrices, of sample size (WHO’s guidelines suggest a
minimum of 120 subjects randomly selected), of reference group, of inclusion and
exclusion criteria of enrollment.

The scientific approach and methodology.
The biomarkers validation and their predictive value.
The operative aspects: samples collections and analysis.

Interpretation of biomarkers data and management of the results.

N kW

Data protection and communication.

Beyond the occupational risk assessment, when HB is combined with health data, they
together create an epidemiological study, aimed to observe the body burden of pollutants
and their health effects. In addition, when HB is surrounded by environmental evidence it

gives the possibility to obtain a systemic and full view of the condition investigated. In fact,



HB alone usually does not reveal exposure sources and routes. Thus, environmental
monitoring remains crucial for the development of targeted policy actions (WHO, 2015).
Monitoring and analyses on environmental matrices (soil, water, air, food, biosentinel
models), gives the overview of territorial context, a state of art of critical issues and of
potential contaminated areas, mapping the spatial dimension of compounds and
geolocalizing the putative sources of pollution (Balassone et al. 2016; Ducci et al. 2017;
Ducci et al. 2019).

Actually, in the systemic overview, the multidimensionality and the complexity of the
observations are what gives the chance to divide the phenomenon in several levels of
analysis, which, in the final intersection, could provide the global reading and
interpretation.

Despite the great potential of the approach, the main problem in the majority of
environmental assessment protocols and human biomonitoring studies seems to be exactly
the lack of data integration and methodological sharing between different science fields, as
well as the lack of a holistic approach through which acquire a real snapshot of the overall
degree of contamination. Frequently also the epidemiological analyses are twisted by a
unilateral view, led by the observations on mortality and diseases incidence, linked with a
single source of pollution, without any consideration for the sum of variables contributing

to the condition.

1.3 Exposure, Effect and Genetic Susceptibility Biomarkers

HB protocols consider the determination of exposure, effects and susceptibility biomarkers
in order to define the internal dose of pollutants and their direct effects on biological and
cellular system (Migliore 2018) (Fig.2).

Biomarkers of Exposure are the results of exposure itself and estimate chemicals or
metabolites, in body fluids or in tissues, reflecting the internal dose and the level of
pollutants absorbed. Inorganic and organic compounds, such as heavy metals, dioxins,
dioxins-like and polychlorinated biphenyl (PCBs), and some of their derivatives, are among
them. Biomarkers of Effect represent the biochemical or molecular reaction of the system
to the xenobiotic compounds. They identify early and generally reversible biological
effects: the measure of DNA damages, chromosome aberrations, sister chromatid
exchange, DNA adducts and proteins, inflammatory cytokines, epigenetic changes.
Biomarkers of Susceptibility reflect the individuality, that is the predisposition to be
susceptible to adverse effects related to exposure. For example, polymorphisms of relevant

xenobiotic metabolizing enzymes.
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Figure 2. The continuum from exposure to disease. During different life stages biomarkers allow to evaluate
the way and the magnitude of chemical interferences on biological processes, up to the alteration of structure

and function, which means disease onset (source De Bord et al., 2015).

An important issue, in a correct HB study design, is the appropriate choice of the sample
matrix to analyze. It could depend on the study design, on the aims and on the type of
exposure investigated in the HB. In the last decades, the improvement in technologies and
methodological approaches allow to have very low limits of quantification (LOQ) and, in
consequence, have expanded the use of non-invasive matrices even if with low
concentration of xenobiotics investigated.
As reported in Table 1, blood is one of the most suitable matrices for a series of
investigations, given the half-life of its cellular components and the balance at systemic
levels with other organs and tissues, even if it is limited by the invasiveness of the collection
procedures (Smolders et al. 2009). A lot of heavy metals, such as lead and cadmium, are
measured in blood. Dioxins and dioxins-like compounds, given their lipophilic nature, were
originally evaluated in adipose tissue, but from ‘80s they are successfully estimated in
serum, even if its low percentage of fats (WHO, 2015). Over the recent years, because of
the great amount of serum required for high resolution analysis methods for these organic
compounds (Brasseur et al., 2014), a lot of HB considers alternative specimens. For
instance, breast milk of new mums is as a good reference matrix for this type of
measurement given its lipophilic nature and given the level of information obtained on
mother and child at the same time (Fang et al., 2013; Schuhmacher et al., 2019).
Urine is probably the most frequently used matrix in HB to quantify the degree of
environmental or occupational exposure to pollutants, especially for substances with short
biological half-life. The collection and analysis of urine samples carries no associated risk,
and large volumes can at once be gathered per individual (Esteban et al., 2009). Urinary
samples are useful for the analysis of inorganic compounds and metabolites of organic
ones, for instance volatile organic compounds, like vinyl chloride, or inorganic mercury,
which reflects a recent exposure to this pollutant.
Other less common matrices, like hair, nails, saliva and teeth are practical for HB on
children cohorts, given their non-invasiveness. These alternatives, with derivative of the
most common ones, are generally used for in-depth analysis and particular tests. For
example erythrocytes, a blood derivative, are the more appropriate for the Hexavalent
Chromium Cr(VI) speciation; in fact Cr(VI) ions, after uptake by inhalation or
8



percutaneously are carried in the blood plasma and penetrate, depending on the
concentration, into the erythrocytes, which represent the golden standard target for its
quantitative determination (Lewalter et al., 1985). Similar consideration for hair samples,
used for Mercury (Hg) speciation. The growth rate of hair (1 cm per month) and the
tendency of Hg to accumulate in hair make it possible to estimate long-term exposure. In
addition, tracing the dynamic changes along hair growing direction provides an insight into
average exposure on timescale ranging from weeks to months (Li et al., 2019a). Generally,
more than the 80% of Hg in hair is as Metyl-Hg, which is taken up by hair follicles as
MeHg-cysteine complexes (Pino et al., 2018). The semen is useful for the evaluation of
Lead exposure; because of the evidence of structural alteration of spermatozoa in workers
exposed to the element (Naha et al., 2005), there is a growing use of this specimen for the
evaluation of exposure and the correlation with male infertility (Fatima et al., 2010 and
2015; Onul et al., 2018).



Table 1. Biological matrices used in HB studies (source WHO, 2015).

Matrix Population Advantages Limitations Compounds measured

in the matrix

Blood, General In equilibrium with all Invasive; trained  POPs, metals/trace elements,

serum, organs and tissues. Well staff and special organic compounds, tobacco

plasma established standard materials smoke.

operating procedures required. e.g.: alkylphenols, mercury,

(SOPs) for sampling. Volume lead, BFRs, dioxins, water
limitation. Special disinfection byproducts,
conditions for fluorinated compounds,
transport and organochlorine pesticides,
shipment. organophosphate pesticides,

phthalates, PCBs, dioxins.

Urine General Non-invasive, easy Composition of Metals/trace elements, organic

collection, no volume urine varies over compounds, tobacco smoke.

limitation. Allows time. Metabolites of environmental

analysis of metabolite pollutants.
e.g.: mercury, cadmium,
arsenic, organochlorine
compounds, BPA,
organophosphate pesticides,
parabens, phthalates, PAHs,
benzene.

Hair General, Non-invasive; minimum  Hair is exposed to Metals/trace elements, POPs
with few training required for the environment  e.g.: total mercury,
exceptions sampling. and can be methylmercury, arsenic,

(i.e. No special requirements contaminated. cadmium, parabens,
neonates)  for transport and Potential organochlorine compounds
storage. variations with
Information about subject’s hair
cumulative exposure colour, hair care
during previous months. or race.
Segmental analysis is
possible.
Matrix Population Advantages Limitations Compounds measured
in the matrix
Cord Specific Non-invasive; Only available at POPs and other organic
blood provides birth in maternity compounds, metals/trace
information about ward settings. Ethical elements, tobacco smoke,
mother and child. constraints. Special e.g.: alkylphenols, mercury,
Well defined SOP conditions for transport lead, BFRs, dioxins, water
for peripheral and storage. disinfection byproducts,
blood can be fluorinated compounds,
used for cord organochlorine compounds,
blood. organophosphate pesticides,
phthalates, PCBs.
Breast Specific Provides Somewhat invasive. POPs, metals/trace elements,
milk information about Restricted period of organic compounds, tobacco,
mother and availability. Depuration e.g.: alkylphenols, BPA,
child. Enriched of chemicals during dioxins, BFRs, fluorinated
with lipophilic lactation should be compounds, PCBs,
compounds. considered. organochlorine pesticides,
lead, cadmium, mercury,
phthalates
Amniotic Specific Invasive Limited to women POPs, organic compounds,

fluid

undergoing
amniocentesis or
Caesarean section.

metals/trace elements,
e.g.: phthalates, mercury,
organochlorine pesticides

Placenta Specific

Non-invasive

Restricted to certain

period of life; requires
homogenization

Metals/trace elements, POPs,
organic compounds, e.g.:
mercury, cadmium, lead,
organochlorine pesticides,
BPA, BFRs, dioxins, PCBs,
PAHs, phthalates

10



Matrix

Population Advantages

Limitations

Compounds measured

in the matrix

Meconium Specific

Non-invasive,
easy collection.
Reflects prenatal
exposure.

Only available at birth.

Metals/trace elements, POPs,

organic compounds, tobacco,
e.g.: mercury, cadmium,
organochlorine pesticides,
PCBs, phthalates

Nails

General

Non-invasive, easy
collection.

No special storage or
transport requirements.
Provide information
about short and long
term exposure.

Exposed to the
environment and can
be contaminated
(toenails are less
exposed).

Less documented for
HBM applications.

Metals/trace elements,
tobacco, e.g.: arsenic,
mercury, cadmium, lead

Deciduous Specific

Non-invasive. No

Low availability;

Metals/trace elements,

teeth special requirements for restricted to a certain organic compounds,
transport and storage.  period of life. Less tobacco, e.g.: lead,
documented for HBM cadmium
applications.
Sweat General Non-invasive Difficult collection. Metals/trace elements,
Less documented for organic compounds, e.g.:
HBM applications. lead, cadmium
Matrix Population Advantages Limitations Compounds measured
in the matrix
Semen Specific Mainly used Invasive. Only available Metals/trace elements,
to measure from males. Less POPs, organic compounds,
biomarkers of documented for HBM  e.g.: mercury, phthalates,
effect. applications dioxins, PCBs, organochlorine

pesticides

Exhaled General

Non-invasive.

Limited to volatile

Metals, disinfection

air Direct assessment chemicals. byproducts, e.g.: lead,
of exposure Difficult sampling, cadmium, trihalomethanes
through air transport and storage.

Saliva General Non-invasive, Lower concentrations  Metals/trace elements, organic

easy collection

of analytes than

in blood; requires
sensitive analytical
techniques.

Variation in flow rate
and composition. The
use of stimulant or
absorbent pads can
interfere with analysis.
Less documented for
HBM applications.

compounds, POPs, tobacco,
e.g.: cadmium, phthalates,
BPA, PCBs, dioxins

1.4 Omics Sciences and Translational Knowledge for Human Biomonitoring
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Beyond exposure, effect and susceptibility biomarkers, the WHO’s guidelines underline
the role over the last decades of the “omics sciences” for HB, which offered the opportunity
to enhance the knowledge of the exposure-response continuum in health risk assessment.
According to McHale et al., (2010), the perturbations causing the onset of human diseases
can be assessed by measuring the components of the “responsome”, by means
toxicogenomics technologies. Especially they refer to trascriptome, proteome, miRNome
and methylome. In point of fact, the study of genome structure and function and its response
to external stressors could integrate some fundamental aspects in HB assessment by
toxicogenomic perspective, in order to understand molecular mechanisms subtended to
toxicity (National Research Council, 2007; Vineis et al. 2013). A deep insight into gene-
environment interaction, through pathways, genetic, protein and metabolic alterations,
pointed to predict phenotypic and clinical effects on susceptible populations (Albertini et
al. 2000; Krishanu 2011). Noteworthy, these observations have also underlined the
involvement of endocrine pathways, immune modulation, inflammatory response, as silent
or symptomatic mediators of biological system perturbation associated to environmental
exposure (Chighizola et al. 2012; Gilbert et al. 2016; Almeida et al. 2019; Hassan et al.
2019; Macchi et al. 2019; Zhao et al. 2019).

The toxicogenomics analysis proceeds by two different approaches: one focused mainly on
identifying mechanisms of toxicity in animal studies or in vitro, another carrying out
analysis on well-characterized exposed cohorts of people, in order to directly determine
biomarkers of exposure and early effects and assess dose-response (McHale et al., 2010).
The omics techniques (adductomics, transcriptomics, proteomics, epigenomics and
metabolomics), provide a molecular “fingerprint” of the exposure or early effects,
comparable with profiles generated from already known toxicants.

A series of study have described, with an omics perspective, the relationship between
exposure and molecular answer to external stressors (Forrest et al., 2005; Zhai et al., 2005;
van Leeuwen et al., 2008; McHale et al., 2009). Reading these studies, it is clear the need
of an accurate experimental design and a detailed data collection. Moreover, in the analysis
of the advancing in risk assessment (National Research Council, 2008), authors suggest, as
recommendation for this approach, the harmonization of cancer and non-cancer risk
observations, to correct the deficiencies in the treatment of uncertainty and variability for
this type of quantitative risk assessment. Human toxicogenomics data, if unbiased, could
potentially generate biomarkers and enrich the knowledge on the mechanisms underlying
several human diseases. In fact, toxicogenomics endpoints not only describe gene-
environment interaction and, with an appropriate sample size, could potentially give
information on human heterogeneity.

Most human chronic diseases are result of the interactions between inherited genetic factors
and modifiable environmental factors (Hunter, 2005). Likewise, most cancer cases are

consequence of the interaction of genetic variants and environmental factors. In 1997
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Perera estimated that only the 5% of cancers’ development is led by genetic factors. For
example, genetic susceptibility contributes only for 5-10% on the total incidence of breast
cancer cases. The development of sporadic breast cancers might be indeed related to the
interaction of genetic variation with environmental exposures (e.g. radiation, organic
compounds, carcinogens, xenoestrogens) (Balmain et al, 2003). Molecular
epidemiological studies have revealed that many environmental factors may interact with
genetic variants to affect the risk of cancer development (Ning et al., 2014). In this context,
toxicogenomics has become a fundamental tool for HB, with the primary goal to understand
the correlations between environmental stress and human disease susceptibility, exploring
the molecular mechanisms of environmental mutagens and/or carcinogens, and identifying
potential biomarkers of disease and toxicity, including mutagenicity and carcinogenicity
(Waters et al., 2004). Generally, there are two ways to perform toxicogenomics studies: (i)
starting with conventional toxicological research and then focusing on omics approaches
to detect systematic biological effects, and (ii) starting with the omics study followed by
conventional toxicological research to interrogate molecular mechanisms. In this effort, it
becomes a challenge to determine the mechanisms of toxicity induced by mixtures
containing many chemical components (Ning et al., 2014).

Understanding the interactions between genetic and environmental factors will provide
insights into the etiology of cancers and chronic-degenerative diseases. This means the
possibility of developing prevention strategy and translate the acquired knowledge into
public health actions. Ning et al., supposed that in the next years, powerful infrastructures
will be developed to support the storage, access, analysis and management of the huge
amount and diversity of data derived from HB and toxicogenomics approach. Powerful
bioinformatics tools will be developed for identification of genetic variants and genetic-
environmental interactions that contribute to cancer risk. This will hopefully lead to better

diagnosis, treatments, and ultimately prevention.
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1.5 Environmental epigenetics

Environmental factors can affect the expression of the genome also through alterations in
the epigenome, which is intended as the whole epigenetic modifications present along the
DNA sequences in a particular cell type (Wild et al., 2013). The term “epigenetic”, literally
“above the genetics”, was firstly used by Conrad Waddington in the 40s to explain “...]
the interactions of genes with their environment which bring the phenotype into being”.
Epigenetic modifications do not entail change in the genome code, but only in the gene
expression. Hence, it provides the link between genes and phenotype. Thanks to the
advancing in this research field, it was suggested the role of epigenetic mechanisms in
modulation of gene expression programs in response to environmental exposure. Actually,
epigenome functions can be considered an interface between the genome and the
environment (Hou et al., 2012). Despite the dynamism, due to its reversible changes, an
alteration in epigenome may represents a more stable signature of environmental exposure
than transcriptomic ones (Wild et al., 2013). Some authors identified epigenetic marks as
early changes in the biological system investigated in reaction to exposure to some external
stressors. Among them, the tobacco smoking (Vaissere et al., 2009; Wan et al., 2012), the
benzene (Bollati et al., 2007), the particulate matters and air pollution (Tarantini et al.,
2009; Bollati et al., 2010), the arsenic (Bailey et al., 2013). It is clear that epigenetic plays
a mechanistic role in the consequent disease processes. Since epigenetic regulates cellular
plasticity, that is the ability of a cell to rapidly respond to its environment, and is a key
regulator of critical cell processes including genome stability and gene transcription, it
offers an attractive biological mechanism to explain how environmental exposures can
cause disease (Ladd-Acosta and Fallin, 2016).

Epigenetic modifications include DNA methylation, histone modifications and long non-
coding RNA activity. They are physiologically involved in the regulation of many cellular
processes, including DNA-protein interactions, suppression of transposable elements
mobility, cellular differentiation, embryogenesis, X-chromosome inactivation and genomic
imprinting, regulating chromatin remodeling and spatial and temporal gene expression

(Meissner et al., 2008; Portela and Esteller, 2010).

1.5.1 DNA Methylation mechanisms

DNA methylation is the most deepened epigenetic mechanism in relation to environment
stressors. It occurs when a methyl group (-CH3) is covalently bonded to the carbon 5 (5C)
position of a cytosine and this happens exclusively in the context of CpG dinucleotides
(Clark et al., 1995). The CpG dinucleotides tend to cluster in some regions, even if they are
distributed in the whole human genome, representing about 1% (Varriale and Bernardi,
2010). High-density regions called “CpG islands” have more than 500 bases, with more

than 55% GC (guanidine and cytosine) content and an expected/observed CpG ratio of >
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0.65. Approximately 40-60% of human gene promoters contains CpG islands and are
usually unmethylated in physiological conditions; about 6% of them become methylated in
a spatial- (tissue) and temporal- (lifespan) specific manner (Fig. 3a). Up to 2 Kb (kilobases)
upstream the CpG islands, are located the “CpG shores”, with more than 75% of tissue-
specific differentially methylated regions. Methylation in shores shows higher correlation
with gene expression than CpG islands (Fig. 3b). Finally, “CpG shelves” are located about
at 4 Kb from islands. Occasionally some CpG clusters are located within the body of the
gene (Fig. 3c), or even in the UTR region (untranslated region), where they are normally
more susceptible to methylation (Esteller, 2002). Considerable amount of CpG are also
found in repetitive DNA elements such as transposons and retrotransposon-like elements.
Highly methylated CpG in these regions are necessary to prevent transposition,

chromosome and genome instability (Ehrlich et al., 1982) (Fig. 3d).
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Figure 3. DNA methylation patterns. The figure describes on the left column a normal condition, on the right
the altered one. (a) CpG islands when are located at promoters of genes are normally unmethylated, allowing
transcription. When they are methylated cause transcriptional inactivation. (b) Same mechanism characterizes
CpG shore. (c) Methylation along the gene body in a normal scenario is closely related to transcriptional
activation, elongation efficiency and prevention of spurious initiation of transcription. It is positively associated
to gene expression. In altered scenario the loss of methylated sites along the gene body could promote origin
of transcription at incorrect points. (d) Methylation at repetitive sequences allows to prevent chromosome
instability, translocations and gene disruption. Unmethylated scenario is associated to diseases onset (source
Portela and Esteller, 2010).

DNA methylation is mediated by DNMT (DNA methyltransferase) enzymes, which allow
to transfer a methyl group from S-adenosyl methionine (SAM) to the 5C of DNA cytosine.
The members of the DNMT family, which effectively possess the methyltransferase
activity, are classified in “de novo DNMTs” (DNMT3A and DNMT3B) and “maintenance
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DNMTs” (DNMT1). During the embryonic development DNMT3A and DNMT3B are
responsible of the methylation pattern setting. DNMT1, the maintenance enzyme, is able
to preserve the methylation pattern already existing, because of its affinity for emi-
methylated DNA sequences. It has the role of catalyze methylation on a DNA strand
associated to a methylated CpG dinucleotides during semi-conservative DNA replication.
Indeed, it is the most abundant DNMT in the cell, and is expressed mostly during S phase
of the cell cycle.

The 5C of the cytosine could also be modified in 5- hydroxymethylcytosine (ShmC), the
oxidative product of 5-metylcytosine, catalyzed by TET (ten-eleven translocation) family
enzymes. This epigenetic mark plays a role in embryonic stem cells and blood cells
differentiation, in neuronal development, through a mechanism of DNA demethylation able
to regulate gene expression (Shock et al., 2011; Pastor et al.,2013).

Altered methylation pattern were highlighted in some pathogenic processes. Neoplastic
conditions are generally characterized by gene-specific hypermethylation with a global
hypomethylation scenario. While the global hypomethylation leads to chromosome
instability, aberrant translocations and mutations, the hypermethylation that occur in CpG
islands associated to gene promoters, cause transcriptional inactivation. When the gene is
involved in the cell cycle control, DNA repair, Tp53 signaling, apoptosis, then the
carcinogenesis is triggered (Portela and Esteller, 2010).

Aberrant DNA hypermethylation has been reported in the promoter regions silencing
tumor-suppressor genes such as CDKN2A (cyclin-dependent kinase inhibitor 2A),
CDKNZ2B (cyclin-dependent kinase inhibitor 2B), TP73 (tumor protein p73), MLH1 (mutL
homolog 1), APC (adenomatosis polyposis coli), BRCA1 (breast cancer 1), MGMT (O-6-
methylguanineEDNA methyltransferase), VHL (von Hippel-Lindau tumor-suppressor),
GSTPI1(glutathione S-transferase pi 1), CDH1 (cadherin 1) and DAPK1 (death-associated
protein kinase 1) (Sharma et al., 2010). For this reason, hypermethylated promoters are
considered cancer biomarkers, with great diagnostic and prognostic potential (Li et al.,
2009). Otherwise, the global hypomethylation could also be caused by dysregulation in
DNMTs expression. Furthermore, epigenetic alterations are involved in
neurodevelopmental, neurodegenerative and autoimmune diseases (Javierre et al., 2008;

Urdinguio et al., 2009).

1.5.2 The role of DNA methylation in environmental epigenetics

DNA methylation is the most widely epigenetic mark observed in the environmental
epigenetic studies. The exposure to external stressors has the potential to modify gene
expression and adult disease susceptibility in different ways through changes in the
methylation patterns. These epigenetic changes can be inherited in somatic cells during
mitosis, providing a potential mechanism by which the environmental impact on the

epigenome can affect gene expression in long-term.

16



In addition, considering that the methylation pattern is also inherited in germinal cells
division, the hypothesis of a transgenerational epigenetic inheritance represents a growing
research field, especially referred to environmental exposure inducing epigenetic changes
(Jirtle and Skinner, 2007; Feil and Fraga, 2012; Ladd Acosta and Fallin, 2015). Evidence
from animal studies indicates that prenatal and post-natal environmental factors exposure
(during the life-stages when a series of demethylation and methylation programming
occur), can result in altered epigenetic programming and subsequent change in the risk of
developing diseases. Likewise, mice germlines show that environmental influences could
be linked to disease phenotypes in adulthood through the inherited epigenome
modifications (Morgan et al., 1999; Lane et al., 2003; Anway et al., 2005; Anway and
Skinner, 2006; Pembrey et al., 2006).

A series of studies on human cohorts were conducted to investigate the relationship
between exposure to heavy metals, organic compounds and changes in DNA methylation
patterns. Some evidence highlighted by HB studies are reported in Table 2, adapted from
Migliore 2018 (Chapter 18).

Table 2. Human Biomonitoring using epigenetic biomarkers (adapted from Migliore, 2018 — Chapter 18).

Exposure Sample size Biological Epigenetic effect Bibliography
matrix reported
Benzene 213 adults Whole DNA Bollati et al., 2007
Peripherical hypomethylation in
Blood LINE-1 and Alul
PAH - urban smog | 56 children Leukocytes from DNA Perera et al., 2009
(Polycyclic Cord Blood hypermethylation in
Aromatic CpG island
Hydrocarbons) associated with
ACSL3 gene
POPs (Persistent 70 adults Whole Global DNA Rusiecki et al., 2008
Organic Peripherical hypomethylation
Pollutants) Blood
Particulate Matters | 718 adults Leukocytes from Global DNA Baccarelli et al., 2009
whole hypomethylation
peripherical blood
Arsenic by 16 women Leukocytes from DNA methylation Bailey et al., 2013
drinking water whole changes for breast
peripherical blood | cancer and diabetes
correlated genes
Endocrine 196 pregnant Placenta DNA La Roccaet al., 2014
Disruptor women hypomethylation in
DMR
(Differentially
Methylated Region)
IGF2 and H19
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Arsenic exposure from drinking water was associated with pathways involved with breast
cancer and diabetes onset by Bailey et al. in 2013. Also, Ameer et al. in 2017 associated
arsenic exposure from drinking water with decreased gene expression and DNA
hypermethylation in peripheral blood. The pathway analysis performed in this study
suggests the involvement of genes related to cell death and cancer.

Benzene low-dose exposure was related, in HB on workers cohort as well in 2007 by Bollati
et al., to a significant reduction in LINE-1 and Alul methylation, the repeated sequences
representative of global DNA methylation. Results obtained were consistent with global
methylation observed in malignant cells and particularly in acute myelogenous leukemia
(AML). In addition, they verified hypermethylation in P15 promoter (which normally
shows low or not methylation), and hypomethylation in MAGE-1 gene (with high
methylation in normal tissues). Even these two observations were consistent with leukemia
condition. Likewise, POPs and Particulate Matters from urban smog cause global DNA
hypomethylation (Rusiecki et al., 2008; Baccarelli et al., 2009).

A systematic review published in 2015 by Ruiz-Hernandez et al., reported a synthetic
overview of the studies evaluating the association of some environmental chemicals and
DNA methylation. The Figure 4, adapted from the review, describes possible mechanism

of action elucidating these interactions.
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Figure 4. Possible mechanisms of action for environmental chemicals on DNA methylation. Metals, POPs and
PAH tend to increase reactive oxygen species (ROS) formation. This alters methionine synthesis pathways,
leading to a reduced synthesis of S-adenosylmethionine (SAM), substrate for DNMT enzymes. SAM depletion
potentially inhibits DNA methylation, resulting in global DNA hypomethylation. Oxidative stress is proposed
to stimulate the alpha-ketoglutarate (a-KG) production, which activated TET enzyme that, in presence of iron
and oxygen, triggers demethylation pathway.

Short-term cadmium, PAH, lead and mercury exposure direct reduce DNMT concentration and activity.
Conversely, long-term cadmium exposure induced compensatory DNMT overexpression, which increase

global DNA methylation (adapted from Ruiz-Hernandez et al, 2015).
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1.6 Environmental Context Overview: the Campania Region case study

Scientific literature documents some biomonitoring and epidemiological analyses about
national areas of particular interest. Seveso in the Northern of Italy and Taranto in the South
are two examples (Hay, 1980; Brambilla et al., 1998; Signorini et al., 2000; Warner et al.,
2013; Vimercati et al., 2016; Buononato et al., 2016; Ingelido et al., 2017; Lovreglio et al.,
2018). Among them, one of the most famous italian environmental contexts, considered in
the last decades as a polluted land, is Campania Region. For several years, some areas of
Campania have been scenario of irregular waste disposal and illegal dumping, defining a
potential danger for spreading of persistent pollutants in the environment. In addition, due
to a series of uncontrolled burning waste events, some of these areas gained the name of
“Land of Fires” (LOF) (Legambiente Reports, 2013 and 2015). Over the years, public
opinion has focused its attention on potential environmental damage arising from the LOF
and its supposed correlations with adverse pathological outcomes, generating alarm.
Probably because of an intense and inaccurate media coverage, and probably because of a
complete unawareness of people on the true situation, the attention was brought on the
Campania products, triggering a widespread distrust for what came from the territory, with
a huge damage for agri-food sector. This emergency prompted special intervention by the
Italian government, which set up an inter-ministerial task force (Law 6/2014) charged with
guaranteeing the safety of agricultural production.

Many substances, chemical products and derivatives of burning and waste disposal are
known to be harmful (especially those featured in the IARC ranking, in which substances
are classified as carcinogenic on the basis of solid scientific evidences -

https://monographs.iarc.fr/agents-classified-by-the-iarc/). Consequently, those associated

with practices and events responsible of the LOF phenomenon, have been characterized
from epidemiological and analytical point of view in various institutional and research
contexts. This has made Campania one of the most thoroughly investigated Regions in Italy
regarding the environmental pollution.

Several studies have been carried out (Mazza et al., 2018); some have focused on the
measurement of exposure in humans or animals (Basile et al., 2009; Rivezzi et al., 2013;
De Felip et al., 2014; Esposito et al., 2014; De Roma et al., 2017), others on the
epidemiological evaluation of exposure and health effects (Senior and Mazza, 2004; Fazzo
et al., 2011; Pirastu et al., 2013; Comba et al., 2014; Triassi et al., 2015). One series of
monitoring activities on environmental and biological matrices showed levels of pollutants
consistent with those expected for burning waste, as dioxins, dioxin-like and
polychlorinatedbiphenyls compounds (Rivezzi et al., 2013). Likewise, compounds
originating from urban areas and from rural and industrial activities have been detected
with specific distribution in the provinces (Pacini et al.,, 2013; Ducci et al., 2017;

Thiombane et al., 2018). By contrast, several studies have revealed levels of pollutants in
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Campania comparable to or lower than the values registered in other European countries
or in the industrialized areas of Northern Italy (Ulaszewska et al., 2011; De Felip et al.,
2014). In 2014, Esposito et al. did not detect significantly higher levels of organic
compounds (dioxins, dioxin-like, polychlorinated biphenyls congeners) in blood serum
from people living in urban Naples and in “triangle of death” area, than those recorded in
other European countries and Italian Regions. This was probably due to the lower presence
of industrial plants and other recognized sources. In 2013, Pacini et al. reported that the
main bodies of water in several areas of the Campania Region were in poor condition,
owing to their relatively severe sediment contamination. Nevertheless, in the fish samples
analyzed, they did not find high levels of the compounds investigated.

Concerning epidemiological evaluation, data from scientific literature actually reveal a
decreased trend for oncological mortality from 1988 to 2009 in Campania, at the regional
level, and, to a lesser extent, in the Provinces of Naples and Caserta (where LOF
municipalities are concentrated), although in these same areas it was registered a significant
deviation, from regional and national trend, with mortality excesses for some neoplastic
and chronic conditions (Crispo et al., 2013). Furthermore, in 2014-2015, the SENTIERI
report documented cancer incidence and mortality rates in towns in the LOF areas that were
comparable to those recorded in areas with a history of industrial pollution in Northern and
Southern Italy.

With regard to disease epidemiology, in 2014 Pirastu et al. reported higher rates of all-
cause mortality and mortality due to neoplastic and chronic diseases in both sexes in two
Campania areas, “Litorale Domizio-Flegreo and Agro-Aversano” and “Area Litorale
Vesuviano”, in comparison with the regional population; these data were later confirmed
by Zona et al. in a 2019 update of the fifth SENTIERI report. However, only some of the
medical conditions investigated can be correlated ‘a priori’ with environmental causes.
While the above authors hypothesize a correlation between disease onset and mortality
rates with unauthorized waste disposal or occupational exposure, they also strongly
recommend improving biomonitoring, epidemiologic evaluation and primary health

Interventions.
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1.7 Integrated Approach for Human Biomonitoring

Diverse scientific publications on Campania Region case study and HB have stoked an
epidemiological controversy (Cantoni, 2016). It is well known that the genesis of neoplastic
disease is complex and multifactorial, therefore its investigation requires the integration of
different evaluations on determining factors. In fact, the epidemiological evidence needs to
take in account some other putative determinants of disease, including lifestyle, lack of a
culture of prevention, social deprivation, and even the governance of the Regional Health
System. Various epidemiological, clinical, geographical models have shown statistically
significant correlations between several kinds of chronic or neoplastic diseases and
exposure to diverse chemicals. However, much of the evidence available have been limited
by the lack of fundamental information, such as environmental characterization in areas of
analysis or the failure to investigate biomarkers or to adopt a molecular approach (Barba et
al., 2011). None of the above-mentioned epidemiological evaluations have considered all
the features of the phenomenon in its entirety, nor was able to analyze a homogeneous data-
set: integration of data on the territory (soils, waters and air), food, animals, humans, or
full-blown clinical outcomes (including confounding factors). Moreover, none of them
have assessed the complex system of variables, environmental matrices and toxicokinetic
which contribute to exposure and the putative risk for citizens' health. The real critical point
in this type of analysis is the complexity of the environmental system, which includes biotic
and abiotic compartments that coexist in a delicate balance.

Hence, to support a complete understanding of the phenomena, the entire system needs to
be integrated into a single multilevel analysis, in order to define causal relationships
throughout the network of factors involved.

For example, in HB studies, a fundamental contribute should be provided by the monitoring
of the environmental contexts, especially by pollutants data in matrices (soil, water and
air), in order to acquire a synthetic indicator of the contamination levels in the system
analyzed. Additionally, in order to assess the contribution of diet and lifestyle, HB
participants should be subjected to a validated questionnaire which collect these evidence
(e.g. EPIC — European Prospective Investigation into Cancer and Nutrition studies); they
also should undergo a complete medical examination to assess clinical parameters and
anamnestic data. Finally, the sample size and the choice of matrices of analysis should fit
with the primary endpoints of the study, with the possibility of integrating exposure, effects
and susceptibility biomarkers (Pierri et al., 2020).

Concerning LOF and Campania Region case study, since data collected in different HB
have so far been unable to demonstrate a causal link between human exposure to pollutants
from dumps or other sources and increased mortality due to chronic and degenerative
diseases in some municipalities, this implicates an enhanced and compelling requirement

of a methodological breakthrough.
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As mentioned above, some assessments have not considered a set of specific variables
covering environmental features, context observations and confounding aspects (lifestyle
and dietary habits, social and economic deprivation, lack of a culture of prevention).

This underscores the pressing need of applying a new biomonitoring model, a new
multidisciplinary and systemic approach with an analytical design capable of depicting the
real state of contamination, and then to look in depth for the molecular mechanisms and
the potential phenotypic consequences, with a view of assessment the exposure risk for

residents and susceptible individuals.
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2. AIMS OF THE STUDY

The purpose of the dissertation is to introduce and describe an innovative HB protocol,
carried out in the complex environmental context of the Campania Region, including the
“Land of Fire” area. The dissertation is especially focused on innovations in HB study
design and procedures and on biomarkers of exposure and effect considered in the health
risk assessment for people residing in the regional territory.

The biomonitoring model is based on a whole systemic analytical evaluation of the
environmental context. The paradigm of the protocol considers three elements:
identification of pollution sources, of pollutants migration ways and of effects on target
organisms, and pursues its aims enrolling healthy human cohorts, in order to identify
potential risks of exposure to pollutants and to potentially predict correlated clinical
outcomes.

The following chapters will describe:

1) Innovative study design and procedures, with environmental background
characterization.

2) Exposure and effect biomarkers aimed to have a direct quantification of the
environmental impact on the general population.

3) Exploring the environmental epigenetic marks, as DNA methylation, through an
“omics” approach.

4) Data integration from several levels of analysis: monitoring of environmental
matrices, human biomonitoring, toxicogenomic analysis and epidemiological
evaluation, in order to obtain a framework of the regional condition, giving a
spatial and geographical reference to pollutants, their sources and their migration
ways. This could make up for the lack of methodological sharing and data merging

among complementary scientific fields.

The long-term objective of the study, over the current dissertation, is to create an
integrated, dynamic map of environmental contamination in the Campania Region, in
order to support the implementation of public health interventions and provide a
reference model for the evaluation of exposure risk assessment.

Given its holistic nature, the model aspires to be translated in different contexts and for
various applications, and to become a useful tool for comparative and multi-criteria

analysis elsewhere.
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3. MATERIALS AND METHODS

3.1 Study Design

SPES “Exposure Study on Susceptible People” is an epidemiological observational cohort
study promoted by the Istituto Zooprofilattico Sperimentale del Mezzogiorno (IZSM) of
Portici (Naples) in collaboration with the National Tumor Institute IRCCS “G. Pascale” of
Naples. The protocol of the study was approved by the ethics committee of the IRCCS “G.
Pascale” through Commissioner Deliberation n.590 of 03/08/2016.

The study design consists of two parts:

1. A context overview, in order to individuate source of contamination (variables)
and the migration pathways of pollutants, and to define, by means of a multi-
criteria analysis, geographical areas of interest as “clusters”, which are then ranked
according to a computed environmental “Pressure Index”.

2. A transversal biomonitoring of people living in these clusters, in order to estimate
“exposure” by quantifying pollutants in biological samples and investigating its

biomolecular effects through in-depth “omics” analysis.

3.1.1 Environmental characterization of the Campania Region

Data from the scientific literature, the ARPAC (environmental regional agencies) database,
Potential Hazard Maps (Minolfi et al., 2016), local monitoring projects on the Land of Fire
and on the Campania Region, and preliminary results from the Campania Trasparente

project (www.campaniatrasparente.it) (Fig.5) allowed us to have an overview of the

territorial context and potentially contaminated areas, by mapping the spatial distribution

of chemical compounds and geo-localizing the putative sources of pollution.
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Figure S. Campania Trasparente Environmental Monitoring. The environmental background of SPES
biomonitoring. The search for pollutants in bioindicator organisms and environmental matrices yields a

guideline for identifying impact areas and Risk Indexes in the municipalities observed.

3.1.2 Pressure Index computing for cluster generation and impact areas definition

We adopted an innovative approach in order to construct a “Comparative Risk Assessment
Model” based on a multi-criteria analysis and combinatorial calculation of the percentage
weight assigned to variables that contribute to determining the exposure.

The paradigm, shown in Figure 6, defines the evaluation chart model, from the selection of
sources responsible for contamination, through the identification of migration pathways of
pollutants, up to the final targets of exposure.

This approach provides a better understanding of the environmental impact determined by
the sum of variables, the concerted action which generates the exposure, or rather creates
part of the “exposome” (Wild, 2005 and 2012; Dennis et al., 2017), which could condition

human health and putative targets.
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Figure 6. Paradigm of the method, from the selection of variables (sources of pollution) for AHP model,
through identification of migration pathways of pollutants, to final target organisms. Migration pathways of

pollutants represent the junction between the origin of pollutants and the final targets.

The variables shown in Table 3 were selected in such a way as to include all the factors
involved in the pollution process, i.e. sources of potential contamination, analytical data on
environmental matrices (soil, water, air), migration pathways from contamination sources
to potential targets, and the targets themselves. Each variable was inserted into a rank
system which attributes a score to each single factor, depending on the weight of the factor
in generating the exposure; this operation was done by means of the multi-criteria decision

support technique Analytic Hierarchy Process (AHP) (Saaty, 2008).
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Table 3. Variables selected for Multi-criteria Analysis by the Analytical Hierarchy Process (AHP).

VARIABLES - SOURCES
OF POLLUTION

Environmental Parameters for IRc computation

1

Contaminated sites

Zoning

Areas of particular
interest

State of groundwater
and surface water

Potential Hazard
[llegal waste disposal
and dumping

Waste disposal plants
Particles covered

“Land of Fire”
Decree

Sites according to Legislative Decree 152/2006; sites of
classes 3, 4 and 5 according to Decrees n.56 of
09/03/2015 and n.191 of 08/19/2015 related to the “Land
of Fires”.

Use of land for agriculture, industry and urban purposes;
housing density and evaluation of air quality.

Sites of national and local interest present in the regional
territory; illegal and pending landfills and potentially
contaminated sites surveyed since at least one value
above the CSCs was found.

Water Analysis data from Campania Trasparente and
ARPAC monitoring.

Soil analysis data from Minolfi et al., 2016, Campania
Trasparente and ARPAC monitoring.

Data monitoring by SMA Campania
(https://www.smacampania.info/progetto-terra-dei-
fuochi/).

Composting plants, waste-to-energy plants, STIR plants,
controlled landfills

DM 23/12/2013 - TdF 2a, 2b and 5, 4 and 3 of class A
particles.

The AHP enables several alternatives to be compared with regard to a plurality of criteria,

and yields an overall evaluation of each variable, which then can be ordered, for instance,

according to a preference axis. Thus, all variables were geo-referenced and ordered in a

geographic database (using Geographic Information System - GIS) and their percentage

weight distributions were defined by means of AHP (Fig. 7).
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Figure 7. (A) Flowchart for the definition of “Municipal Risk Index” (IRc) and cluster generation.

(B) Percentage distribution of weights of variables resulting from Analytical Hierarchy Process. For each source
of pollution, the AHP model defines the importance of criteria by means of pairwise comparison. Comparisons
create a calculation matrix from which the generation of a priority vector gives the final percentage distribution

of the weight of each variable.

This enabled us to compute a “Municipal Risk Index” (IRc): our “Pressure Index”, given
by the sum of the weights of the variables characterizing the territory of the municipality
in analysis. This value ensures diversification of the pressures exerted by each source and
reproduces different levels of risk; to sum up, this index provides a synthetic representation
of the level of pressure exerted by the contamination sources on the municipal territory.
The IRcs have been subsequently normalized (by a relativization method with variation
range), and divided into homogeneous classes using the Natural Breaks Algorhitm (Dent
1999; Slocum 1999): 21 clusters comprising several municipalities whose score of risk
index is included in a given range (Table 4). A completely different approach from the

epidemiological computed indexes of Martuzzi et al., 2009 and Musmeci et al., 2010.
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Table 4. Computed Municipal Index Risk IRc: range and clustering.

N. CLUSTER CLUSTER IRc Normalized IRc
1 HIGH_1 833-1015 16-19
2 HIGH 2 1051.7-1216.10 21-23
3 HIGH_3 1240,8 - 1375,9 24-26
4 HIGH 4 1408.4 - 1514 27-29
5 HIGH_5 1563 - 1687.5 30-32
6 HIGH_6 1692.3 - 1876.2 33-36
7 HIGH_7 1916.4 - 2049.7 37-40
8 HIGH_8 2101.3-2286.7 41-44
9 HIGH_9 2429.6 - 2650.1 47-51
10 HIGH_10 2729.6 - 3005.7 53-58
1 HIGH 11 3251.3-3347.8 63-65
12 HIGH_12 4125.9-5108.1 81-100
13 MEDIUM 1 791.7 - 1200.8 15-23
14 MEDIUM 2 1544.2 - 1749.4 30-34
15 MEDIUM 3 1847.5 - 3373.1 36 -66
16 LOW_1 265.6 - 499 4-9
17 LOW 2 525.4-815.6 9-15
18 LOW_3 812 -1087.3 15-21
19 SABATO 1100.6 - 2077.9 21-40
20 IRNO _1 687 -1201.3 13-23
21 IRNO 2 1711.1 33

The spatial distribution of environmental pressures, as yielded by the variables and by the
computed IRc, provided an exhaustive representation of the territory, characterized mainly
by three increasing levels of impact: high impact, medium impact and low impact (Fig.
8A). The high-impact area (Fig. 8B) included most of the territory of the Naples and
Caserta provinces; this area is densely populated, has poor-quality groundwater and
exceeds “contamination threshold concentrations” (CSCs) in soil samples. Numerous
contaminated or potentially contaminated sites are located in this area, according to
Legislative Decree 152/2006, denoting a high level of environmental pressure. The
medium-impact area (Fig. 8C) included municipalities in the Naples, Salerno and Avellino
provinces, which have poor-quality groundwater and exceed CSCs in soils. In addition,
some municipalities show groundwater concentrations of organic halogenated compounds
far above CSC values. The “Irno Valley” and “Sabato Valley”, which are situated in this
area, contribute to this contamination through the presence of large industrial facilities and
the orographic conformation of the sites. The low-impact area (Fig. 8D), covering the
province of Salerno, the coastline (Cilento) and inland area (Sele-Tanagro), is characterized
by a good state of groundwater, a low presence of CSCs and a low anthropization rate.

On the basis of the migration pathways of pollutants, an intervention area was identified

for each level.
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Figure 8. Clusters and Impact Areas. (A) Map of Campania Region showing areas of impact and clustering:

(B) high impact, (C) medium impact, (D) low impact.

Based on the Comparative Risk Assessment Model and on the clustering of the
municipalities in areas linked to different levels of human exposure, a target population in
the HB protocol was identified in a ratio of 4:2:1 in high-, medium- and low-impact areas,
respectively: 12 clusters were selected in the high-impact area, 6 in the medium-impact

area and 3 in the low-impact area.

3.1.3 Study Population— SPES “Exposure Study on Susceptible People”

In order to integrate epidemiological observations, biomonitoring and toxicogenomic
approaches, the SPES study design envisioned the recruitment of healthy residents in the
Campania Region, the aim being to further investigate the state of exposure and its putative
pathological consequences.

The scientific protocol involved the evaluation of a set of biomarkers able to quantify
exposure and to detect individual genetic and molecular responses to the potential damage

suffered.
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In detail, exposure biomarkers comprised the presence of organic and inorganic
compounds; effect biomarkers included sentinels of morphological, structural and
functional alteration of cell systems; individual biomarkers of genetic susceptibility

involved subjective features of predisposition or resistance to disease (Fig. 9).
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Figure 9. SPES Study Design. Selection of target population and analytical methods.

The study design considers an integrated set of assessments on healthy subjects living in
several regional areas with different environmental “Pressure Indexes”, computed by
analyzing environmental data and literature references, as explained in previous paragraph.
A total of 4205 subjects were enrolled; the sample size was fixed in such a way as to
guarantee optimal power on statistical tests (with a significance level of a= 0.06, the power
is 90%); subjects were selected from the various impact areas in a ratio of 4:2:1, in cohorts
of 200 people for each cluster.
The inclusion criteria were:

o good health (no severe or neoplastic conditions),

o age range 20-50,

o both sexes,

o no viral infectious (HIV, HCV, HBV),

o residence in the municipalities under study.
Among the inclusion criteria, it is important to underline that the age-range chosen (20-50
years) allows a better correlation between lifestyle and exposure to work-related risks;
indeed, in younger or older age-groups, this correlation may be underestimated or
overestimated, respectively. In this way, we tried to reduce the contribution of some

confounding factors. In addition, the choice of the age-range guarantees greater adherence
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to the project and a higher probability of being able to conduct long-term follow-up.
Furthermore, in addition to having a negative history of HIV, HCV, HBV (to ensure the
safety of operators and avoid bias) and providing informed consent, the participants must

have lived for at least 5 years in these municipalities.

3.1.4 People cohorts enrollment and sample collection

The viability of the study was ensured through precise planning of the operating
procedures; this guaranteed the ethical and scientific validity of the methods and actions in
each phase and the rapid achievement of the final endpoints.
A Contract Research Organization (CRO) supervised all procedures during protocol
performing.
The operational steps of the study were divided into five main areas of action:

(i) volunteers recruiting;

(i) enrollment and medical examination;

(iii) samples collection;

(iv) experimental phase and reporting of results;

(v) data management and elaboration.
The selection procedures were implemented through random extrapolation of the
population sample by means of an algorithm (Linear Congruential Generator - LCG) that
randomly selects potential participants from municipal registries on the basis of the criteria
indicated. The alignment of this random sample with the provincial phonebooks permitted
to obtain the telephone contacts that the dedicated call center can make use of.
The activity of the call center was accompanied in parallel by the activity of recruitment
units throughout the territory; these geo-located the potential participants in the
municipalities of interest, identified stakeholders and promoted scientific communication.
Indeed, scientific and health communication was one of the secondary endpoints of the
study and was aimed at promoting awareness and transferring knowledge of health and
prevention issues through specific campaigns tailored on the basis of social deprivation
indexes.
On recruitment, participants signed a document in which they consented to the confidential
treatment of their personal information, in accordance with current legislation on privacy
(EU 679/2016). Eligible subjects, who were willing to participate, were registered in a
database (www.openspes.campaniatrasparente.it), in which all the associated information,
documents and reports are stored and managed. With the submission of an informed
consent the volunteers become enrolled and, in order to ensure the protection of privacy,
everyone is associate to an univocal ID code, as well as applied data encryption and policies
to restrict access to information. All interactions with the system take place via secure

channels using internationally recognized security protocols (for instance https).
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Synergic teams of recruiters, doctors and nurses completed the entire recruitment,
enrollment, medical examination and sample collection steps in the different impact areas
in the same time period (november 2016 — august 2017).

Participants first underwent medical examination, completed a questionnaire on lifestyle
and eating habits (EPIC questionnaire — European Prospective Investigation into Cancer
and Nutrition - validated by WHO — World Health Organization; Riboli, 1992; Margetts
et al., 1997), and filled in an anamnestic (professional, familial, clinical and pathological)
case report form (CRF).

Finally, samples of blood (about 100 ml in several aliquots) urine and stool were collected.
These biological samples constituted the biological matrices in which biomarkers of
exposure, effect and genetic susceptibility were measured, in order to further investigate
any causal link between environmental contamination and health.

Every sample collected was identified by a unique barcode, associate with the ID of the
subject.

Samples were transported with secondary and thirdly boxes and GPS- Data Logger Device,
in order to guarantee transport temperature control and traceability.

Aliquots not used for immediate analysis have been stored in the IZSM Biobank dedicated

to the study (www.biobancaizsm.it).

3.1.5 Subgroup selection and analytical methods

In addition to routine biochemical-clinical investigations and virologic investigations
(HBV, HCV, HIV, HEV), which define an entrance profile of the individual, the analytical
step has provided the search in the biological samples of exposure, effect and susceptible
biomarkers.

Regarding biomarkers of exposure, we have considered Potentially Toxic Metals (MPT),
Dioxins, Furans and PCBs linked to exposure to different sources of pollution, able to
persist in the environment and in living organisms for a long time (WHO 2015). They were
detected by chemical and biological methods: Inductively Coupled Plasma - Mass
Spectrometry methods (ICP-MS) for MPT; High Resolution - Gas Chromatography (HR-
GC) (adapted from US EPA Methods 1613 e 1668) and CALUX Assay (Warner et al. 2005;
Sakthivel et al. 2016) for organic pollutants, dioxins, furans, dioxin-like, PCBs, PAH and
other metabolites.

About Effect biomarkers, SPES protocol have considered: evaluation of the telomeric
length (De Felice et al. 2012; Borghini et al. 2016), of the inflammatory cytokines
(Gruzieva et al., 2017), of the oxidative stress (Rossner et al. 2013; Brucker et al. 2013),
total plasmatic protein, as well as insights on epigenomic mechanisms such as the DNA
methylation (by pyrosequencing and microarray) (Plusquin et al. 2017; Demanelis et al.
2019), circulating miRNA (La Rocca et al. 2016; Vrijens et al. 2016), panel of gene
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expression profile (Ameer et al. 2017; Espin-Perez et al. 2018), microbiome (Claus et al.
2016) and metabolomic panel (Saberi et al. 2013; Li et al. 2019b).

Finally, biomarkers of genetic susceptibility. Details are shown in table 5.

Table 5. Scheme of Exposure, Effects and Susceptible Biomarkers.

BIOMARKER BIOLOGICAL N. SAMPLES
MATRIX TESTED
» EXPOSURE BIOMARKERS:
Serum 4205
Heavy Metals (20)
Organic - Dioxins, Furans, dioxin -like PCBs,  serum 600
non-dioxin-like PCBs
Bioassay CALUX for determination of organic plasma 600
pollutants
Trace Elements serum 600
Speciation Cr VI (hexavalent chromium) erythrocytes 600
Speciation As (Arsenic) urine 180
EFFECT BIOMARKERS:
Telomeric length DNA from whole 600
blood
Inflammatory cytokines (Luminex assay panel) plasma 600
Redox status erythrocytes e mRNA 600
from whole blood
miRNA (panel of 18 miRNA) miRNA from whole 600
blood
DNA Methylation (Pyrosequencing) DNA from whole 600
blood
DNA Methylation (Array Infinium Methylation DNA from whole 600
850k Illumina) blood
Plasmatic markers (AOPP, MDA, homocystein, plasma 600
thiol, total protein)
Copy Number Variation mitochondrial DNA DNA from whole 600
blood
Gene Expression — Nanostring Panel RNA from whole 600
blood
Microbiome stool 600
Metabolome serum 600
GENETIC SUSCEPTIBILITY
BIOMARKERS:
Polymorphisms (hOGG1, XRCC3, XRCCl, DNA from whole 600
CYPAI) blood
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In order to preliminary test all the biomarkers and identify the set of specific and trustable
ones (especially in view of optimizing funding resources), a subgroup of 600 subjects has
been selected between the 4205 enrolled.
The subgroup represents a specific part of SPES population, eligible for the following
inclusion criteria:

e No smoking;

e No alcohol abuse;

e No use of drugs for chronic diseases (in order to avoid iatrogenic alterations);
and balance criteria:

e Ratio of 2:2:1 between high, medium and low impact areas, in such way as to

maximizing the difference between clusters;

e Stratified by body mass index (no obesity of II, III and I'V classes);
and, finally, with Professional Identification.
Details in Table 6.

Table 6. Subgroup stratification per gender, age, clusters and impact areas.

male female total per
Age Age Age Age Age Age Cluster Impact
range range range range range range Areas
Clusters 20-29 30-39 40-49 20-29 30-39 40-49
9 10 10 10 10 10 10 60
T 10 10 10 10 10 10 10 60 240
g 11 10 10 10 10 10 10 60
12 10 10 10 10 10 10 60
13 10 10 10 10 10 10 60
E 14 10 10 10 10 10 10 60 240
s 19 10 10 10 10 10 10 60
20+21 10 10 10 10 10 10 60
5 16 10 10 10 10 10 10 60
z 17 10 10 10 10 10 10 60 120
100 100 100 100 100 100
male total 300 female total 300
TOTAL 600

3.1.6 Sample processing and Biobanking

Biological specimens collected were blood, urine and stool.

Blood was collected in tubes vacutainer as follow:

- n. 8 vacutainers for serum (BD REF 366468 SST II Advance Tube);

- n. 6 vacutainers for plasma and whole blood (BD REF 367864 K.EDTA Tube);
- n. 2 vacutainers for plasma (BD REF 368886 LH Lithium Heparin);

- n. 2 Tempus Blood RNA (REF 4342792);

for a total amount of about 100 ml.
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Fresh samples were allocated to biochemical and virological analysis, within 3 hours from
venous sampling (1 vacutainer for serum and 2 vacutainers with K,EDTA for each subject).
The remaining part was processed as follow:

= Serum was separated by centrifugation at +4°C, 10 minutes at 2000 g. Aliquots
obtained were stored at -80°C in cryovials until analysis.

* Plasma from Ko;EDTA and Lithium Heparin vacutainers was obtained after
centrifugation at +4°C, 10 minutes at 2500 g. Then separated and stored at -80°C
in cryovials until analysis.

= Whole blood aliquots (K,EDTA vacutainers) were inverted several times and then
transferred to cryovials for storage at -80°C until analysis.

= Tempus Blood RNA were vortexed and then stored at -80°C as manufacturer’s
instructions.

»  Urine, collected in sterile urine container, was aliquoted in cryovials and stored at
-20°C until analysis.

= Stool, collected in sterile container, was directly stored at -80°C until DNA
extraction for microbiome analysis.

The biobank dedicated to the study (www.biobancaizsm.it) has a system of remote

monitoring of temperature. Each aliquot is registered on the platform by a sample code and

position coordinates in the fridge.

3.2 Biomarkers of Exposure

3.2.1 Heavy Metals

The determinations were performed by [ZSM’s Department of Chemistry.

All study participants samples (4205) were analyzed for 19 metals (arsenic [As], beryllium
[Be], cadmium [Cd], cobalt [Co], chromium [Cr], copper [Cu], iron [Fe56 and Fe57],
mercury [Hg], lithium [Li], manganese [Mn], molybdenum [Mo], nickel [Ni], lead [Pb],
antimony [Sb], selenium [Se], strontium [Sr], thallium [T1], vanadium [V], and zinc [Zn].
The measurement was carried out in serum by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) NexION 350 (PerkinElmer, Waltham, USA) equipped with a
concentric nebulizer (Meinhard Associates, Golden, USA), a cyclonic spray chamber and
a quartz torch with a quartz injector tube (2 mm internal diameter). Argon gas (99.9999%)
and Helium 6.0 were supplied from Rivoira (Italy).

For each analyte, accuracy and precision were assessed by internal quality controls and
using certified reference materials.

Calibration standard solutions and internal standards were prepared by successive dilution
of a high purity multi-element Standard Solution at 10 mg/L, obtained from Perkin Elmer
(Norwalk, CT). Internal standard solution containing yttrium (Y), rhodium (Rh), and
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lutetium (Lu) (each at 1000 mg/L) were acquired from Perkin Elmer. Superpure grade nitric
acid 68% (v/v) was obtained from VWR International (Belgium).

Serum was thawed at room temperature and mixed by gentle rotation. Then, 500 pl of
sample were diluted 1:10 (v/v) with nitric acid 67-69 %.

Trace element concentrations were determined in serum by ICP-MS and the signal
intensities were compared to a standard calibration curve for each trace element.

The following isotopes were selected: 75As, 111Cd, 9Be, 59Co, 52Cr, 63Cu, 57Fe, 202Hg,
7Li, 55Mn, 98Mo, 60Ni, 208Pb, 121Sb, 78Se, 88Sr, 205T1, 51V and 66Zn.

The correlation coefficient (R2) of calibration curves for all the trace elements was always
greater than 0.99, showing a good linear relationship throughout the selected ranges of
concentration. Each sample was analyzed in duplicate and the mean concentration was used

in all statistical analyses.

3.2.2 Dioxins, Furans and PCBs congeners by High Resolution Gas Chromatography
— Mass Spectrometry

The determinations were performed by IZSM’s Department of Chemistry in partnership
with University of Liegi (Belgium). The analysis was carried out on the 600 subgroup
samples. Analytical method used was adapted from Brasseur et al. (2014).
This protocol allowed the determination of congeners belonging to classes of compounds
as Dioxins PCDD (polychlorinated dibenzo-p-dioxin), Furans PCDF (polychlorinated
dibenzofuran), DL-PCB (Dioxin like - polychlorinated biphenyl) and NDL-PCB (Non-
Dioxin like - polychlorinated biphenyl) were analyzed.
For the purpose of the present dissertation will be considered only the following variables:

*  Sum of PCDD/PCDF pg WHO-TEQ/g lipids.

*  Sum of DL-PCB pg WHO-TEQ/g lipids.

*  Sum of PCDD/PCDF + DL-PCB pg WHO-TEQ/g lipids.

*  Sum of NDL-PCB ng/g lipids.
A volume between 10 to 20 ml of serum for each sample was processed. After the
accelerated solvent extraction using a mixture of hexane-acetone, and a clean-up step, the
serum was analysed by High Resolution Gas Chromatograph — High Resolution Mass
Spectrometer (DFS Magnetic Sector HRGC-HRMS system, Thermo Fisher Scientific)
operating at a resolution of at least 10000 at a 10% valley.
Each batch of analysis was monitored for Quality Assurance and Quality Control by testing
control samples.
Given the lipophilic nature of the congeners, data obtained from biochemical analysis
(through enzymatic method) were considered for the computing of fats percentage: the total
lipid (TL) content was estimated using triglycerides (TG), total cholesterol (TC), non-
esterified (free) cholesterol (FC) and phospholipids (PL). For each serum sample, the TL
content, expressed in mg dL!, was calculated by the following equation:

TL = 1.677 x (TC-FC) + TG + PL
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where 1.677 is the ratio of the mean molecular weight of esterified cholesterol to
unesterified cholesterol (Bernert et al., 2007; Brasseur et al., 2014).
For comparing the estimate of the lipid content in human serum obtained using alternative
formulas, the TL contents calculated with the above-mentioned equation was compared
with the results calculated using the formula described by Phillips et al. (1989):

TL = (2.27xTC) + TG + 62.3 mg dL"!
Two equations provided comparable values for TL.
Analytical results were expressed not only as measured value, but also according to Toxic
Equivalent (TEQ) concentrations, by means Toxic Equivalent Factors (TEF) (Van den
Berg et al., 2006). Congeners and their sums were also expressed used the approach of
Lower, Medium and Upper Bound, that means to replace 0.00 (zero), 2 LOQ (Limit of
Quantification) or LOQ, if the detected value was below the LOQ itself (De Felip et al.,
2008; Miniero et al., 2017).

3.2.3 Chemical Activated LUciferase gene eXpression (CALUX) Bioassay

These determinations were performed in partnership with Bio-Detection System (BDS)
Laboratory (The Netherlands). The analysis was carried out on the 600 subgroup samples.
Chemical Activated LUciferase gene eXpression (CALUX) is a ligand-dependent nuclear
receptor- bioassay used in the detection of classes of chemicals in food, environmental and
biological matrices. It could be considered as a screening method because it estimates the
total effect that ligands have on the receptor observed. Engineered cell lines are stably
transfected with a luciferase reporter gene. If activated by ligands presence, DNA
responsive elements stimulate transcription of the inserted luciferase gene and produce the

light-generating enzyme which can be measured by Luciferin addition (Fig.10).
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Figure 10. CALUX bioassay mechanism. The presence of the ligand by binding to the nuclear receptor allows
its dimerization and transfer to the nucleus, where an intracellular signal transduction cascade activates
regulatory regions and responsive elements of the DNA which, associated with the luciferase reporter gene,
permit gene expression and luminescence emission as a response to enzymatic activity in the presence of

luciferin.

SPES protocol have considered the DR CALUX® (Garrison et al., 1996), PAH- CALUX®
(Pieterse et al, 2013) and ERa. CALUX® (Sonneveld et al., 2005). They are all based on
stably transfected cell lines: DR and PAH CALUX are based on stably transfected rat
hepatoma H4lle cell lines, while the ERoo CALUX assay is based on a stably transfected
human osteoblastic osteosarcoma U2-OS cell line (American Type Culture Collection).
Cells that are exposed to compounds of interest not only express proteins that are under
normal circumstances associated to the receptors, but also luciferase. By addition of the
appropriate substrate for luciferase, light is emitted. The amount of light produced is
proportional to the amount of ligand-specific receptor binding, which is benchmarked
against the relevant reference compounds, ie., 2,3,7,8-TCDD (2,3,7,8-
tetrachlorodibenzodioxin) for DR CALUX; B(a)P (benzo(a)pyrene) for PAH CALUX and
17-B-estradiol for ER CALUX.

The results are expressed as bioassay equivalents (BEQ) per gram of lipid (DR, PAH) or
per ml of plasma (ERa).

In detail, the human plasma (5 ml obtained from Lithium Heparin Vacutainers) was
extracted with hexane/ethyl ether solvent, subsequently purified (clean-up) on a silica
column; the extraction product is resuspended in DMSO (dimethyl sulfoxide).

The ERa CALUX cells, U2-OS cells, were routinely sub-cultured every 3—4 days in growth
medium consisting of DMEM (Gibco) supplemented with 7.5% dextran-coated charcoal
stripped fetal calf serum (DCC-FCS), 1xnonessential amino acids (Gibco) and 10 U/ml
penicillin and 10 pg/ml streptomycin. DR and PAH-CALUX cells were routinely sub-
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cultured every 3—4 days in growth medium consisting of aMEM (Gibco) supplemented
with 10% fetal calf serum. All cell types were always maintained at 37 °C and 5% CO..
CALUX® cells were seeded in 96 wells plates in assay medium and fetal calf serum
according to conditions indicated in Table 7. Exposure of the cells started when > 95%
confluency was reached (DR, PAH) or at 10000 cells per well (ERa).

The cell cultures are then incubated with the DMSO eluted extract for 24 hours. Incubation
is in triplicate for each biological sample and takes place in 96-well plates. A solution
containing luciferin is added to estimate the luciferase activity by means of a luminometer
(Berthold Centro XS3). Each plate contains a calibration curve with reference standards
relating to the class of compounds investigated: full dose-response curve of the reference
compound, 2,3,7,8-TCDD for DR CALUX, B(a)P for PAH CALUX and 17-B-estradiol for
the ERa CALUX.

Table 7. CALUX cell type, culture and exposure information.

Assay ERa CALUX DR CALUX PAH CALUX
Cell type U208 H4lle H4lle
Species Human Rat Rat
%DMSO exposure 0,1%, or 1%* 0,8% 0,8%
%CO, incubation 5% 5% 5%
Exposure time 24 hrs 24 hrs 4 hrs
Confluence/cells 10000 cells/well >95% confluence >95% confluence
Medium used DMEM/F12 oMEM oMEM
% FCS 7,5% DCC-stripped** 10% 10%
Additions to medium Non-essential ~ amino

acids

* All samples were first tested at 0,1% DMSO; when low values were observed (below Limit of quantification) these
samples were re-analyzed using 1% DMSO

** FCS was treated with dextran-coated charcoal (DCC) to strip the endogenously present hormones

Analysis results of plasma extracts expressed as relative light units (RLUs) are interpolated
in the calibration curves of each respective bioassay for quantitative determination of the
induction potential using the statistical software package GraphPad Prism V5.03. All
analysis results are expressed as amount of reference compound equivalents per ml
processed sample (BEQ/ml plasma), or per gram of fat (BEQ/g fat).

Fats percentage follows gravimetrically measurement and, in parallel, the same formulas

of Dioxins/Furans/PCBs in previous paragraph.

3.3 Biomarkers of Effect and Susceptibility

41



3.3.1 DNA Methylation Array

The determinations were performed in partnership with Lab. Med. Mol. Ge., University of
Salerno. The analysis was carried out on the 600 subgroup samples.

Genomic DNA was extracted from whole blood aliquots (obtained from KoEDTA
vacutainers) stored at -80°C in IZSM Biobank.

The nucleic acid extraction protocol using the QIAsymphony Biorobot (QIAGEN), Custom
B_400 protocol, was carried out according to DSP DNA MIDI QIASymphony Kit (REF
937255). A volume of 400 pul of whole blood was the input material. Extracted DNA was
finally eluted in 100 pl of nuclease-free H-O (Invitrogen™ UltraPure™ DNase/RNase-
Free Distilled Water).

Genomic DNA was checked for integrity by means of Genomic DNA protocol (REF 5067-
5365/5366) on Agilent TapeStation System 4200. Concentration and purity were assessed
by spectrophotometer Nanodrop ND-1000: A260/A280 and A260/A230 ratio. Accurate
concentration measurement was performed by means of Qubit 2.0 Fluorometer, according
to Qubit dsDNA BR — Broad Range kit (REF Q32850).

All samples showed A260/A280 ratio around 1.8, and A260/A230 ratio around 2.00,
confirming the good quality of DNA. Tape Station DINs (DNA Integrity Number) were
for all samples in acceptable range for integrity 6.00 to 10.00.

The bisulfite conversion step was performed with EZ DNA Methylation Zymo kit
(ZYD5001) with 500 ng of genomic DNA as input material, according to manufacturer’s
instructions.

DNA methylation arrays were performed according to Illumina Infinium HD Arrays
procedure. Particularly, Infinium Methylation EPIC 850K (Infinium HD Assay
Methylation Protocol Guide Material #20002138 Document #15019519v01), which allows
the identification and quantitative analysis of the methylation state of approximately
850000 CpG dinucleotides distributed throughout the entire human genome, was used.
The Infinium HD Assay for Methylation combines bisulfite conversion of genomic DNA
and whole-genome amplification (WGA) with direct, array-based capture and scoring of
the CpG loci. During the chemical conversion induced by bisulfite, the unmethylated
cytosines are deaminated to uracil while the methylated ones are protected and remain so.
The enzymatic reaction that occurs on the surface of the array determines the incorporation
of complementary fluorescent bases which, thanks to different fluorophores, allows to
discriminate one case from another for each dinucleotide analyzed.

This method considers two chemistry technologies, Infinium I and Infinium II. The
Infinium I probe design has two probes per site (one for methylated, one for unmethylated)
and the 3' end of the probes is positioned directly across from the CpG site (Fig.11A). The
Infinium II probe has one probe per site (for the methylated state) and the 3' end of the
probes is positioned immediately adjacent to the site (Fig.11B).
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Figure 11. Broader Coverage using Illumina Infinium I and II Assay Design. (A) The Infinium I assay employs
2 probes per CpG locus: 1 “unmethylated” and 1 “methylated” query probe. The 3’terminus of each probe is
designed to match either the protected cytosine (methylated design) or the thymine base resulting from bisulfite
conversion and whole-genome amplification (unmethylated design). (B) The Infinium II assay design requires
only one probe per locus. The 3’ terminus of the probe complements the base directly upstream of the query
site. A single base extension results in the addition of a labeled G or A base, complementary to either the

‘methylated’ C or ‘unmethylated’ T (source www.emea.illumina.com).

This approach allows to evaluate 95% of the cytosines present in the best functionally
characterized regions along the whole human genome and, in particular, > 99% of the
human gene regulatory sites (RefSeq), including promoters, 5 'UTR, gene body (exons and
introns) and 3 'UTR, with excellent coverage also of the enhancer regions (Moran et al,
2016).

3.3.2 DNA Methylation Array data analysis

Signal intensity was measured with the [llumina iScan system. DMAP files (containing the
spatial maps of the probes along each bead-chip), were downloaded following the “Decode
File Client” instructions, the windows-based software application supplied for this purpose.
The input data from the Illumina iScan were analyzed using the [llumina GenomeStudio®
Methylation Module v1.9 software, in order to generate Beta Values, the measure of the

level of methylation at a locus. Beta values represent the estimate methylation level of the
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CpG locus as ratio of intensities between methylated and unmethylated alleles; it is
computed by means the following expression: p = M/M+U+100, where M indicates the
methylated locus, M+U the sum of methylated and unmethylated loci and 100 a
mathematical constant. Beta values are intended to allow sample to sample comparisons
for each individual CpG and can be interrogated and compared across samples for powerful
large-scale studies.

Genome Studio Software allows to check and validate array sessions through a series of
controls: sample independent controls, for quality workflow steps, and sample dependent
controls, that evaluate performance across samples. Among them for example, the bisulfite
conversion rate check.

First step analysis considers the background subtraction, in order to avoid any non-specific
signal, and normalization. Then a filter was applied: only the probes that showed a detection
p-value <0.05 (98% for each sample) were selected, considering for the subsequent steps
only the CpGs with a high detection quality.

Together with Genome Studio Software, provided by Illumina, thanks to the partnership
with The Laboratory of Statistics and computational tools for Bioinformatics (BioinfoLab)
— Istituto per le applicazioni del calcolo "Mauro Picone”, National Research Council of
Naples (CNR), data analysis were also performed by means R software (4.0.3 version) and
Bioconductor, with ChAMP package
(https://www.bioconductor.org/packages/release/bioc/html/ChAMP.html) as follows:

e Probes normalization;

e Correction for Cell Heterogeneity (step considered when sample matrix is blood);

e Singular Value Decomposition (SVD) for the batch effect correction;

e Batch correction on SVD indication;

o Differential Methylated Probes identification (DMP);

o Differential Methylated Region identification (DMR);

e Gene set enrichment for DMP and DMR.
In addition, both Genome Studio and R Bioconductor-ChAMP display valuable
information such as chromosomal coordinates, percent GC, location in CpG Island, and (3

values useful for perform an in-depth analysis.
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3.4 Statistical Analysis

Standard descriptive statistics were used for characterizing the study sample. Numerical
variables were described using mean + standard deviation (std. dev.) or median (25th - 75th
percentile) in case of distribution showing a consistent asymmetry. Absolute frequencies
and percentages were used to describe categorical factors. Several median regression
models were estimated to explore the association between serum exposure biomarkers in
the assessed population and impact areas, as well as clusters.

In those models where the impact area was considered as the geographical reference unit,
the low impact area was always used as reference category. When analyzing geographical
difference at cluster's level, the reference cluster was the one with the median
concentration.

Considering Calux bioassay data analysis, statistical significance was set at a level p-
value<0,05 and paired datasets were analyzed by the Mann Whitney test, while differences
between multiple groups were analyzed using one-way Anova test.

For methylation data analysis, in order to highlight a potential correlation between
methylation levels and exposure biomarkers, data analysis proceeded through a robust
linear multiple regression model, by M-value transformation from methylation beta values.

All the analyses were performed using the statistical platform R.

3.5 Data management

The  study protocol has been  supported by  web-based  software
(openspes.campaniatrasparente.it), developed by IZSM, and custom-made for the SPES
study. The software interface works in the Linux Apache POSTGRESsql (LAPP)
environment to ensure maximum interoperability and scalability. The programming
language operated is PHP interfaced with Apache server. The management and permanent
storage of data has been carried out using POSTGRESqI equipped with PostGis extension
in order to ensure maximum interoperability with GIS systems. The graphical interface is
based on the twitter Bootstrap framework, so to optimize the web platform for displaying
on several kinds of devices of different degrees of resolution. All users are able to access
the system using a web browser; they therefore, using a TC/ IP network and communicating
via the HTTPs protocol to send data and make requests to the Apache web server, without
installing additional software. All restriction and cryptographic policies have been applied
to guarantee the protection and privacy of data. The openspes system also communicates
with the GIS system to collect environmental data from “Campania Trasparente” and

literature references (www.geojizz.it) in order to integrate data into a single software.
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4. RESULTS

4.1 Environmental background

A preliminary analysis on the environmental background was performed to compute the
environmental pressure index for each municipality.

Data from scientific literature and from “Campania Trasparente” monitoring
(www.campaniatrasparente.it; Allocca et al., 2016; Qu et al., 2019;; Sellerino et al., 2019;
Nasta et al., 2020) were combined in the “Comparative Risk Assessment Model” (see
Paragraph 3.1.2), in order to obtain a synthetic representation of the level of pressure
exerted by the pollutant sources, on the municipal territory. This synthetic index is
represented by the IRc (see Table 4). IRc values allow to cluster municipalities. Figure 12

shows a graphical representation of the IRcs, according to the geographical distribution.
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environmental pressures provides an exhaustive representation of the territory, mainly characterized by three

increasing levels of impact: high impact, medium impact and low impact.

The evidence of critical issues on the regional territory could be divided, from an
environmental point of view, in different macro-areas:

1. Volturno and Regi Lagni areas (Caserta province), where pollutants values above

normative referments (Legislative Decree 152/2006; Annex 5, Part IV) are Lead

(Pb) and Zinc (Zn) in soil matrix, both attributable to vehicular traffic. Spreading

of Volatil Organic Compounds (VOC) in surface waters is attributable to industrial
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waste disposal, especially for Villa Literno and Marcianise municipalities. Finally,
nitrates peaks are attributable to agricultural and urban contributes.

2. Flegrea-Neapolitan area (Naples and north of Naples), where high levels of toxic
metals are recorded both in urban and in agricultural areas. Lead (Pb) and Zinc
(Zn) in soils are attributable to vehicular traffic, while polycyclic aromatic
hydrocarbons in waters are probably linked to intentional or accidental waste
disposal.

3. Sarno-Vesuvio area (south of Naples), where surface pollution for coast line
regards heavy metals and organochlorine pesticides, while the most critical issue
is registered for Sarno river area and for Terzigno municipality, this last with
ground water contamination attributable to landfill leachate (Cava Sari and Cava
Ranieri). Finally, the wide presence of copper (Cu) is linked to the indiscriminate
use of pesticides in viticulture.

4. Imo and Sabato Valley, where the presence of industrial plants gives an important
contribute to the spreading of heavy metals and polycyclic aromatic hydrocarbons.

According to the environmental monitoring and to the IRcs computing, three areas with
increasing levels of impact were identified: high-, medium- and low-impact (Paragraph
3.1.2, Fig. 8).

As mentioned in Materials and Methods chapter, the target population in the SPES protocol
was identified in a ratio of 4:2:1 in high-, medium- and low-impact areas, respectively: 12
clusters were selected in the high-impact area, 6 in the medium-impact area and 3 in the
low-impact area. A subgroup of 600 subjects has been selected among the 4205 enrolled,

in ratio of 2:2:1 between high-, medium- and low-impact areas for further investigation.
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4.2 People demographic features

Among the 4205 volunteers enrolled for the purposes of the biomonitoring study, a total of
2404 subjects (57.2% of the study sample) were recruited in the high impact area, 1201
(28.6% of the study sample) were recruited in the medium impact area and 600 (14.3% of
the study sample) were recruited in the low impact area. Distribution of enrolled subjects
according to age, gender, impact area and cluster is shown in table 8.

Mean age of the population was 34.9+£8.8 years, with women representing 53.9% of the
study sample. Age and gender distributions were consistent across the three study areas.
Median weight of the entire population was 71 kg [IQR: 61 ; 82], while median height was
170 cm [IQR: 163 ; 175], with a median body mass index of 24.6 [IQR: 22.3 ; 27.7] kg/m?
(table 9). Median weight in the high-, medium- and low-impact area was 71 [IQR: 60 ; 83],
71 [IQR: 61; 82] and 72 [IQR: 62 ; 82] kg, respectively, while median height was 170
[IQR: 163 ;176], 168 [IQR: 161.2 ; 175] and 170 [IQR: 163 ; 175] cm, respectively (Table
9).

Blood count, blood biochemistry and endocrinological panel results were consistent with
those of a healthy population, with adequate function of bone marrow, liver, kidney and of
the endocrine system. No clinically relevant differences were reported among the three

areas assessed.
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Table 8. Number of participants according to age. gender. impact area and cluster.

Study sample Number of subjects
(% with respect to the overall sample)
Total Population 4205 (100.0)
Age
20-29 1394 (33.2)
30-39 1296 (30.8)
40-50 1515 (36)
Gender
Male 2268 (53.9)
Female 1937 (46.1)
Area
High 2404 (57.2)
Low 600 (14.3)
Medium 1201 (28.6)
Cluster # Cluster
HIGH 1 1 204 (4.9)
HIGH 2 2 199 (4.7)
HIGH 3 3 200 (4.8)
HIGH 4 4 200 (4.8)
HIGH_5 5 200 (4.8)
HIGH_6 6 200 (4.8)
HIGH_7 7 199 (4.7)
HIGH_8 8 201 (4.8)
HIGH_9 9 200 (4.8)
HIGH_10 10 199 (4.7)
HIGH_11 11 200 (4.8)
HIGH_12 12 202 (4.8)
MEDIUM_1 13 179 (4.3)
MEDIUM 2 14 209 (5)
MEDIUM_3 15 212 (5)
IRNO_1 20 188 (4.5)
IRNO 2 21 212 (5)
SABATO 19 201 (4.8)
LOW 1 16 200 (4.8)
LOW 2 17 205 (4.9)
LOW 3 18 195 (4.6)
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Table 9. Demographic characteristics of the overall sample population, according to the impact area.

IMPACT AREAS (HIGH vs MEDIUM vs LOW)

Overall (n=4205; 100%)

High (n=2404; 57.2%)

Medium (n=1201; 28.6%)

Low (n=600; 14.3%)

Occupational Exposure;
%

Age; years 34.9+-8.8 (20 to 50) 34.6+-8.8 (20 to 50) 35.5+-8.8 (20 to 50) 35.1+-8.9 (20 to 50)
Gender; female 2268 (53.9) 1306 (54.3) 639 (53.2) 323 (53.8)
Deprivation Index*; % 26+-8.8 (0 to0 92.1) 25.5+-8.6 (0 to 74.7) 25.9+-8.9 (5.7t092.1) 28+-9.3 (8.6 to 65.3)
Below 1st quartile 1045 (25.1) 652 (27.1) 293 (25.3) 100 (16.7)
Below 2nd quartile 1037 (24.9) 610 (25.4) 293 (25.3) 134 (22.3)
Below 3rd quartile 1071 (25.7) 591 (24.6) 294 (25.4) 186 (31)
Above 3rd quartile 1008 (24.2) 550 (22.9) 278 (24) 180 (30)
Occupational status; %
Full time 1846 (51.4) 1069 (51.4) 522 (52.8) 255 (48.6)
Partial 957 (26.6) 518 (24.9) 272 (27.5) 167 (31.8)
Unemployed 789 (22) 492 (23.7) 194 (19.6) 103 (19.6)
Current Potential 605 (14.4) 330 (13.7) 177 (14.7) 98 (16.3)

Weight; (kg)

71161; 82] (39 to 166)

71 [60; 83] (42 to 166)

72 162; 82] (39 to 140)

71 [61; 82] (41 to 135)

Height; (cm)

170 [163; 175] (108 to 198)

170 [163; 176] (108 to 198)

170 [163; 175] (124 to 196)

168 [161.2; 175] (108 to
196)

BMI; (kg/m?)

24.6 [22.3; 27.7] (15.8 to 63.4)

24.6[22.2; 27.5] (15.8 to 63.4)

24.6[22.2; 27.8] (16.9 to 54.6)

25[22.5; 28.2] (16 to 48.8)

*Deprivation

index was computed taking into account both educational characteristics of the study participants (number of years of education, education degree), housing characteristics (number of
rooms, number of o