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The concept of exposure aims to identify the complex causes of chronic diseases related to the environment. It builds
on knowledge that has been well established in epidemiology for at least forty years, potentially creating a bridge
between disciplines interested in environmental health (medicine, biomedical sciences, epidemiology, social sciences).
This text proposes to see how, under the banner of the exposome, we can envisage intensified collaborations
between all these disciplines that question socio-environmental determinants, and how the implementation of these
collaborative works can still prove dif ficult today. The contribution of the social sciences to environment-related
health issues still faces the relative closure of the approach and methods developed by the biomedical sciences, and
by epidemiology in particular. Conversely, social scientists themselves may be reluctant to work in tandem with
sciences that do not study social relations as such, and systematically quantify and individualize the phenomena
they observe. The potential for interdisciplinary collaboration in exposures requires the design of research
programmes covering a broad spectrum of approaches and methods, from the measurement of biomarkers by
molecular biology to an ethnographic study of living and working conditions.

The third National Health and Environment Plan (PNSE3, 2015-2019) highlighted the concept of exposure as a key to
understanding the complexity of exposures to pathogens responsible for many chronic diseases. Article ! of Act No. 2016-41 [1]
on the modernization of our health system, passed in 2016, consolidated this first institutional step, by stipulating that monitoring
the state of health of the population and its determinants must be based on the exposome, understood as ''the lifelong
integration of all exposures that may influence human health".

Borrowed from epidemiology, the notion of exposome was first proposed in 2005 by Christopher P. Wild [2] who has been
involved for a long time in research on the environmental aspects of carcinogenesis. The notion of exposome - which presents a

hermetic technical approach - is therefore included in a major law reforming the health system of President Holland.

This article proposes: a) to explain the notion of exposome from a historical perspective; b) to place the exposome within a
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broad disciplinary framework that includes epidemiology [3], biomedical sciences and social sciences. How can we define
"environment" and "health" (in particular its social determinants) to ensure that all the disciplines concerned work together?

1. Exposure, mirror and complement of the genome

1.1. A brief history of the exposome

On October 12, 2018, PubMed - the most widely used search engine in the world in the fields of biology, medicine and
epidemiology - lists 351 works whose title or abstract contains the word "exposome", since the August 2005 original article. This
number of studies is obviously modest compared to very broad and much older fields of biomedical knowledge (200,686
occurrences for "tuberculosis" at the same date, the first dating back to 1853). However, the growth in the volume of
publications (there were only 260 one year earlier, for example) attests to a certain dynamic of research on the exposome, and
the fact that health policy (PNSE3 and law n° 2016-41) has also brought itself into line with the exposome shows the interest
generated by the notion. A closer examination of the publications reviewed by PubMed makes it possible to clarify matters: not
only do doctors, toxicologists, epidemiologists and biologists use the exposome as a framework for their research on the toxicity
of "exposures" to the human body, but they also regularly discuss the very notion of exposome in an attempt to determine its
practical applicability.

In practice, the exposome is used to think about health in relation to the environment, and reflections are well underway on
how to give it operational content. How to move from the concept of exposure to the practical implementation of research
devices to measure it? What must be measured to discover harmful ""exposures'' to health, and how?

... But before we continue, let's start by asking ourselves what the exposome is.

1.2. The public policy perspective

« La politique de santé comprend -
« 1° La suneillance et lobsenvation de I'état de santé de |a population et lidentification de ses principaux déterminants, notamment ceux liés 3 léducation et aux
conditions de vie et de travail. Lidentification de ces déterminants s'appuie sur le concept d'exposome, entendu comme lintégration sur la vie entiére de fensemble des
expusitions qui peuvent influencer la santé humaine ;

Figure 1. Excerpt from Article 1 of Act No. 2016-41 on the modernisation of our health system, amending Book 1V of Part I of the Public
Health Code (Art. L. 1411-1)

Several definitions of exposome were formulated during the vote on the January 2016 law. The one retained by Article ! of the
Act emphasizes that potentially harmful exposures to health can accumulate over a lifetime (Figure 1).

In the rest of the text, there is an explicit reference to exposures to ultraviolet rays, asbestos and ionizing radiation, as well as the
definition of toxicovigilance as having as its purpose the "monitoring and assessment of toxic effects on humans" of exposure to
substances which, whether natural or manufactured, may cause acute or chronic health problems. In all parliamentary debates,
public actors are keen to find policies adapted to addressing the links between social phenomena and their health challenges.

The dissemination of the concept of the exposome in the public debate, in particular by Gérard Bapt, MP who initiated the
registration of the exposome in the law, takes up the idea suggested by the title of Christopher P. Wild's first article: the
exposome is justified as an instrument for complementary knowledge of genetics to understand the incidence and
development of chronic diseases. Not that medicine had ever imagined that chronic diseases could be explained by purely
genetic factors. But the giant strides made by genome research in recent years have provided explanations for many diseases, and
above all have made it possible to provide operational therapeutic approaches (particularly for cancers). The exposome aims to
complement this approach and the privileged capacity of genetics to reason at the population level by exploring non-genetic
determinants of health.

1.3. The Biomedical Sciences Perspective
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FACTEURS EXTERNES
SPECIFIQUES

Rayonnement ionisant, agents
infectiaux, contaminants
chimigues et polluants
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style de vie {ex. : tabac, alcocl},
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interventions medicales.
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microbiote intestinal
inflammation. peroxydation
des lipides. stress oxydatif,
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Figure 2. Diagram showing three dif ferent areas of the exposome, with examples illustrating the components of each of these three areas
(from Wild, 2012, International Journal of Epidemiology 41, 1, p24-32). Translation of the three spheres: General external factors: Social
capital, level of education, standard of living, stress, urban-rural environment, climate, etc. Specific external factors: lonizing radiation,
infectious agents, chemical contaminants and environmental pollutants, diet, lifestyle characteristics (e. g. tobacco, alcohol), occupational
activity, medical interventions. Internal factors: metabolism, endogenous hormones, body morphology, physical activity, intestinal
microbiota, inflammation, lipid peroxidation, oxidative stress, aging, etc. [Source: © Encyclopedia of the Environment, from Wild, 2012,
International Journal of Epidemiology 41, 1, p24-32]

Biomedical sciences do not oppose "genetic" to "non-genetic" in a binary way. The latter is highly complex, which implies a
renewal of the concepts of "exposure" and "environment". In particular, the "environment" in which the "exposures" that
participate in the exposome are located should not be described as a reality that is simply external to the human body (Figure 2).

While the common representation of "environment" or "exposures" most often refers to toxic agents (such as asbestos, etc.),
exposure is not reduced to them. In addition to these specific '"external'' agents (potentially toxic physical or chemical agents),
it also includes socio-cultural, socio-economic and socio-environmental (''external general'') factors of our health (level of
education, standard of living, urban living environment, etc.). The environment of organs also includes an internal dimension,
made up of both physico-chemical elements such as hormones, mechanisms that regulate their secretion or regulation in the body
(metabolism, oxidative stress, etc.) and elements that can be found in the human body, such as in the case of micro-organisms
(fungi, viruses, bacteria, etc.) grouped under the term "microbiota" (read Human microbiotes: allies for our health).

In passing, we see how the exposome lends itself to multidisciplinarity, by inviting us to explore the social determinants of
health and their interactions with biological processes.

The essential thing is to develop systemic research - exposure - on all parameters, from a globalizing, transversal point of view:
the focus must be on health determinants, all now defined as environmental, and interacting with each other. Here again, it
is understood that the exposome may have a great interest in soliciting a social science survey approach because, from this
perspective, the diseases that a person living on the street may declare can no longer be understood as those suffered by a person
with a high standard of living and who is in protected material (work, housing) conditions (see Environmental Inequalities).
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Figure 3. The epidemiological triangle (or triad) "agent-host-environment". [Source: © Encyclopedia of the Environment]

The "agent-host-host-environment' triangle (Figure 3), a common place in epidemiology to explain the occurrence of
infectious diseases (then non-communicable diseases), is thus established, but also disrupted. "Agents" (inorganic particles or
biological components) can influence the health of the individual and his or her characteristics, including genetic characteristics,
in a given "environment" (for example, the professional context). But the environment is not only this external sphere from
which potentially toxic "agents" are active. The individual organism itself is part of the environment, is traversed by it, and
interacts with all its components.

In a very contemporary way, the exposome fits into the rapidly expanding landscape of "-omics" sciences and technologies,
including "genomics", which proposes to discover the "genome". In this research on the biological determinants of health,
however, it should be noted that exposure holds a special place: by "complementing" genomics, it embraces all other "internal"
-omics approaches (Figure 2). Among these sciences, exposomics is therefore an interlocutor of genomics, which offers to
synthesize the knowledge of other more analytical approaches -omics (metabolome, proteome, etc.). Proteomics thus aims to
characterize all the proteins in the body, and metabolomics all the small molecules involved in metabolism.

Let's go back to the question: how to make the measurement of the exposure operational? Its challenge is to respond to the
gigantic enterprise of the GWAS (whole genome association study). Studying very many genetic variations in very many
individuals, GWAS looks for possible links between genetic variations and variations in the characteristics of individuals
(phenotypes). GWAS and exposomics come together with the intention of understanding why one person rather than
another is likely to develop a chronic disease during their lifetime, taking into account the multiplicity of possible
genetic combinations, in a multiplicity of possible environments.

Statistics and megadata (big data [4]) therefore play a crucial role in the possible dialogue between genomics and exposure.
Tracing an individual's exposure is a way of characterizing, through molecular biology, the specific signature (biomarkers)
left by the effects of his exposures. But it is not enough to determine the relevant biomarkers to determine whether or not
a person has been exposed to a toxic agent; exposures must also be investigated through questionnaires. The objective is to
determine individual genetic susceptibilities, and to find correlations and modulations between diseases (identified by the
alteration of a biomarker) and environmental factors (the three spheres presented in Figure 2). It is this approach that, overall, is
behind the Human Early Life Exposome (HELIX) project, which tracks, for several cohorts recruited from different countries, a
broad set of exposures in utero and during childhood, and examines their correlations with health states observed during
childhood and with "molecular omics signatures" [5].

2. Studying environmental health through exposure: a difficult inter-
or trans-disciplinarity

2.1. Back to social epidemiology?

The exposomic approach does not invent the idea of collaboration between social sciences and biomedical sciences, but it offers
in principle the opportunity to make this tandem more effective, through a systemic vision of the environment. In the study of
internal cellular mechanisms, sociological and ethnographic work is combined to understand the material conditions and social
practices that contribute to the socio-environmental determinants of health. This is what the proposal of the exposome potentially
opens up. The intersection between all these disciplines is not new, if we remember the social concerns (hygiene and prevention,
from a public health perspective) of epidemiology at its origins [6]. The dialogue between sociology and (social) epidemiology is
old... and yet the "conflicts" [7] that have crossed epidemiology over the past three decades make interdisciplinary collaboration
a hot topic. Over this period, epidemiologists have indeed opposed each other along at least two main lines of controversy:
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should epidemiology deal with social issues and what type of causality and interactions should it account for? The two questions
are linked since entering into the depths of social contexts is a move away from reasoning that reduces risk factors to individual
characteristics that, such as gender, tend to biologize the determinants of health [8].

In these fierce controversies, Ezra and Mervyn W. Susser, along with a few other South African public health physicians and
epidemiologists, have been mediators, advocates of social epidemiology or "eco-epidemiology" that does not exclude other levels
of analysis [9]. For them, studying the social conditions of existence and doing research in molecular biology are not mutually
exclusive, quite the contrary.

However respected Susser's reflection may be, however, the research avenues - such as the exposome - most likely to open
up interdisciplinary collaborations remain in practice largely cut off from the social sciences and their research tools. In
epidemiological studies (mostly Anglo-Saxon), some characteristics of individuals can even be deliberately treated in an
instrumental way [10]. For example, being "white" or "black" is taken as a matter of course a priori, as shown by the racialized
variables constantly mobilized by epidemiology. Biomedical research takes these categories as data and does not question them
to try to understand what social heterogeneity can cover this clear-cut opposition. And yet, it is recognized that only 15% of the
genetic diversity between individuals of the human species is based on differences between groups commonly recognized as
"racial", while the remaining 85% of human genetic diversity is found within racial groups, i.e. between individuals of the "same

race" [11].

While the exposome and the environmentalist definition of health on which it is based call on the social and biomedical sciences
to interpenetrate, why do the latter ignore the former so radically? Do the social sciences also bear some responsibility for
this failed transdisciplinary marriage? This question does not receive a general answer.

2.2. Proposals for collaboration between disciplines: popular epidemiology and
environmental justice movements

It should first be recalled that some social scientists have worked on this type of marriage, particularly with the development of "
popular epidemiology" [12]. For thirty years, Phil Brown has shown that populations affected by specific health problems
(cancer clusters, for example) are subject to local contamination, where "standard" epidemiological studies do not prove
conclusive. Working on small samples (a neighbourhood, a street, etc.), this epidemiology involves the populations concerned in
the development of field research tools. By collaborating with epidemiologists and social scientists, these residents analyze the
occurrence of diseases by highlighting the social factors that can contribute to them: on what empty fields will children play?
(This is illustrated in the cover photo of this article.) Do some poor residents recover garbage dumped in a particular place that
was previously contaminated with toxic waste? etc.

s
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THINGS T0 DO Tuan
SIT ARUND ANDBE

=
Figure 4. Protest movement of Love Canal residents (around 1978)[Source : Wikimedia commons, Public domain]

Here, popular epidemiology meets the social movements that, since the late 1970s, have been promoting "environmental
justice" [13] in the United States, denouncing the social inequalities in exposure to environmental risks faced by certain
communities (black, Latino, native American) in residential areas that combine health risks (air pollution, water pollution,
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nearby industrial waste storage, etc.).

After founding events (Love Canal [14], Figure 4), and with some tutelary figures from several disciplines, American
environmental health research is certainly the one in which the expository and social sciences find themselves discussing most
closely, with and thanks to the institutional and financial support of the National Institute of Environmental Health Sciences
(NIEHS) [15]. Among other representatives of this interdisciplinarity, we can mention the sociologist Phil Brown who explicitly
invites us to go beyond the exposome to develop research that integrates a concept of "socio-exposome" [16] ; but also biologist
Rachel Carson, author of the event book Silent Spring, who, as early as 1962, denounced the polluting effects of pesticides and
the concealment of their effects by DDT-producing industries; or Sandra Steingraber, also a biologist, whose research claims to
be that of an ecologist who originally relied on her own experience of cancer to denounce chemical contamination (Figure 5).

Figure 5. Rachel Carson, Sandra Steingraber, Phil Brown: three leading figures in American environmental health research[Source: Left,
U.S. Fish and Wildlife Service[ Public domain], via Wikimedia Commons; Center, Becker1999 from Grove City, OH[CC BY 2.0
(https://creativecommons.org/licenses/by/2.0)], via Wikimedia Commons; Right, permission received by Phil Brown]

Despite their importance and visibility, these examples are not enough to create a perfect and operational integration between the
life sciences and the social sciences. Obstacles remain. Fear and mistrust of the human and social sciences towards the life
sciences, different uses of quantification between disciplines, or technocratic management (by specialized engineering bodies) of
the "management" of the environment (water, forests, etc.) have historically contributed to curbing or delaying investment by the
sociology of the environmental field.

Figure 6. Le front industriel a Fos-sur-Mer, October 2015 [Source: © Yolaine Ferrier]

Outside the Anglo-Saxon (and especially North American) context, there is little research that centrally questions social
inequalities through the prism of environmental inequality [17]. The Fos EPSEAL research project (Figure 6), a rare project
conducted in France under the colours of a "locally anchored" epidemiology, also mobilizes - and significantly - a
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Franco-American team to "systematically describe health states, in relation to the environment, in two cities marked by a history
of industrial pollution and controversies in environmental health" [18]. Revealing the difficulties of establishing interdisciplinary
collaborations and the participation of the populations concerned in the production of data on the health damage caused by
pollution in France, the results of Fos EPSEAL were evaluated by Public Health France [19] via a referral to the Agence
régionale de santé Provence-Alpes-Cote-d'Azur, which concluded in a reserved manner on the methods implemented.

In the cautiously formulated criticism of Fos EPSEAL - a project supported by the Agence Nationale de Sécurité Sanitaire de
l'alimentation, de I'environnement et du travail (PNREST Anses, Cancer ITMO AVIESAN, 2014/1/023)... and therefore also by
Santé publique France ! -The controversy between standard epidemiological techniques and an interpretation considered to be in
favour of exposure and disease prevalence data is never resolved. In a word, the French Public Health report concludes that the
results of Fos EPSEAL are of great interest, while indicating that their production methods would benefit from being more
clearly stated and more rigorous, and stating that these results are "complementary to the traditional epidemiological approach".
The legitimacy of popular epidemiology is obviously not fully established, despite the euphemisms in the wording... The
discussions are in any case not closed, as indicated in a press release dated 20 March 2018, by which the Fos EPSEAL research
team takes note of the comments in the French Public Health report, by reviewing the conformity of the survey methods with
academic criteria, and by stressing the importance of involving the local populations concerned in the research, so that
epidemiological data can also be interpreted through lived experience.

Au cours de votre vie professionnelle, avez-vous déja exercé une activite.

DANS L'AGRICULTURE 2

DANS UN ELEVAGE AGRICOLE ?

Figure 7. An extract from the tools used by the SILICOSIS project in the MINASARC case-control study to shed light on the possible role of
exposure to inorganic particles in the etiology of sarcoidosis. On the left: the reconstruction of exposures (occupational and
non-occupational) to inorganic particles over a lifetime by a questionnaire. Right: Mineralogical analysis of bronchoalveolar lavage of
patients and controls all interviewed with the same questionnaire: a) Scanning electron microscope; b) Photo of mineral particles from
bronchoalveolar lavage and deposited on a filter; c) Spectrum of elementary composition of a particle. [Source: © MINAPATH]

In addition, a sociology of health has yet to be developed in France and elsewhere, which would really implement an
environmental - relational - definition of health, namely a conception of health through its relations (organic and social)
with the environment [20]. Other research projects have begun to work in this direction, mobilizing both social science and
socio-demographic survey methods in the general population, as well as questions and instruments from the field of experimental
sciences (including mineralogy), epidemiology and medicine (pneumology, internal medicine, radiology, etc.) (Figure 7 : the
SILICOSIS project).

In total, this would describe the gap that remains between disciplinary approaches, despite the research that is attempting to close
it:

On the one hand, research that explicitly mobilizes the notion of exposure is carried out mainly by teams dedicated to life
sciences. They can certainly investigate by questionnaire, but in a rather instrumental way, with the final aim of highlighting the
molecular signature of exposures in the human body.

On the other hand, more social science-based approaches, although not necessarily referring to the notion of exposure, develop
the study of the social conditions of exposure to toxic substances over the entire - and "locally anchored" - course of people's
lives. Here, the survey by questionnaires and observations is central, and the integration of the approach only exceptionally
reaches molecular biology.

2.3. to break out of the impasses of an asocial study of diseases of unknown causes

With regard to the exposome, it is common to speak of a new "paradigm", as illustrated by the parliamentary debates on the
2016 Health Act. This suggests that the exposome catalyzes around it a community of researchers and, beyond that,
decision-makers who use this notion. But researchers in oomics sciences explain to us that it is difficult to "measure" the
exposome and that there is no ideal practical device to make the exposome operational.
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To formulate proposals in this sense, we must remember that the sheer size of the technical means does not guarantee that all the
mysteries of the diseases hitherto unexplained can be solved. Thus, the socio-demographic variables (e.g. socio-professional
categories, age, sex) mobilized in the Global Burden of Disease [21] (GBD), a statistical project of unparalleled historical
magnitude, explain only a very small portion of the disability-adjusted life expectancy ("DALYs") for many chronic diseases
(including chronic respiratory diseases). While the same GBD estimates that nearly a quarter_[22] of global morbidity,
mortality and disability are due to environmental factors, the social characterization of diseases is therefore a blind
spot... or almost. In other words, while "the environment" is statistically highlighted as a crucial explanatory factor of health
status, this result does not translate into a description of the social characteristics of the populations affected by a particular
chronic disease. As if what was described as the "environment" was mysteriously to remain an asocial black box.

The intellectual and philosophical context of North America, which is environmentalist, certainly brings "social scientists" and "
biomedical scientists" closer together. But most of them are still sceptical or indifferent about the possibilities of collaborating
with the social sciences... and vice versa! However, the situation in countries such as South Africa, which today has a high
prevalence of infectious diseases (HIV, tuberculosis) and a growing incidence of diseases of unknown etiology (e.g. autoimmune
diseases), is a real challenge for scientific analysis. A challenge that will only be met if each of the disciplines involved takes a
step towards its counterparts, towards a truly collaborative and integrated approach to the disciplines. The exposome holds the
promise.
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