R Barouki 
email: robert.barouki@parisdescartes.fr
  
K Audouze 
  
X Coumoul 
  
F Demenais 
  
D Gauguier 
  
  
  
Mini-review Integration of the human exposome with the human genome to advance medicine

Keywords: 

Identifying precise and predictive biomarkers of health and disease is a critical objective of clinical biochemistry and biomedical research. New concepts and technologies have emerged recently that could support such an objective. The exposome corresponds to the totality of exposure over the lifetime. Research in this field allowed the development of sensors and biological biomarkers using omics technologies that are relevant for predicting the effect of those exposure on human health. Precision medicine has primarily focused on adapting treatments to the genetic profiles of tumors, when in fact, it had originally a wider scope including the use of robust biomarkers for disease prevention. Large-scale genetic studies have also contributed to highlight gene environment interactions, and were extended more recently to epigenetics. In line with the systems medicine approach, we propose to integrate the genome and exposome data in what we present as the exposome-genome paradigm. Such an integrated view will help strengthen approaches to identify relevant predictive markers that can support precise prevention actions both at the population and at the individual levels.

Introduction

A primary objective of clinical biochemistry and biomedical research is to develop tools to better understand and predict human health, response to therapy or to behavioral recommendations and to support prevention. During the last decades, non-communicable diseases including metabolic diseases and obesity, cancers, neurodevelopmental and neurodegenerative disorders, allergies and autoimmune diseases, pulmonary and cardiovascular diseases, have increased considerably [START_REF] Bauer | Prevention of chronic disease in the 21st century: elimination of the leading preventable causes of premature death and disability in the USA[END_REF]. Yet, our ability to predict occurrence and development of those diseases, their associations with other morbidities and their response to treatment remains limited. Risk factors for non-communicable diseases include a complex combination of genetic factors and a variety of environmental stressors [2]. While characterizing such interactions is informative at the population level from a public health perspective, it would be extremely useful to use such knowledge at the individual level. New innovative and relevant concepts and methodologies have been established recently, which may lead to a major leap forward in the assessment and prediction of health and therapies. After briefly summarizing those concepts, we will discuss an approach aiming at integrating those developments i.e. genetics and environmental factors to the benefit of the patients.

The exposome concept

This innovative concept was developed by Chris Wild in 2005 [START_REF] Wild | Complementing the genome with an "exposome": the outstanding challenge of environmental exposure measurement in molecular epidemiology[END_REF] and aims at integrating all exposures from conception to death. This holistic concept provides a framework for studying the response of the human body, or any other organism, to combined and cumulative exposures. Since then, it has gained momentum, and several EU and international projects are now focusing on characterizing the exposome in different conditions [START_REF] Karjalainen | European Union research in support of environment and health: building scientific evidence base for policy[END_REF]. The concept is quite ambitious since exposure refers basically to anything that is not genetic, i.e. exposure to chemical and physical stressors, biologicals, psychological and social stress, as well as cumulative exposures. The temporal dimension is critical since early life exposures can influence health and well-being later in life as stated by the DOHaD (Developmental Origins of Health and Disease) concept. Exposome research is essentially a multidisciplinary and integrated approach that comprises epidemiological (cohorts), computational, analytical, environmental and toxicological studies as well as a social science component. The exposome studies have benefited from methodological developments such as a variety
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of sensors measuring physiological endpoints or environmental stressors [START_REF] Loh | How sensors might help define the external exposome[END_REF], biomarker assays including biomonitoring, metabolomics and proteomics, environmental monitoring (air water, soil), traditional questionnaires, patient records as well as novel data integration models in computer settings [START_REF] Dennis | The importance of the biological impact of exposure to the concept of the exposome[END_REF]. It is now possible not only to gather a global assessment of exposure of a population or a community, but also in some cases to estimate individual exposure. This is critical from a medical perspective.

The microbiome is a critical component of the exposome, at the interface between the environment and various sites of the host organism (skin, gut, airway, …). The trillions of symbionts, commensals and pathogens that populate the human microbiota represent highly variable bacterial ecosystems across body sites that may adapt to environmental changes. It contributes to multiple essential functions for the host in health and disease, including the metabolism of nutrients into digestible molecules and the maturation of the immune system. Pathological conditions, changes in lifestyles (e.g. diet) and medications can result in profound alterations in the architecture of the microbiome [START_REF] Rook | Evolution, human-microbe interactions, and life history plasticity[END_REF], which can in turn modify the regulation of the expression of the host genome. Qualitative and quantitative analyses of products of bacterial metabolism through metabolomic profiling of human biofluids and organ extracts provide functional information on the activity of the microbiome, and opportunities to identify microbial metabolites associated with disease conditions through metabolome-wide association studies (MWAS). This concept is illustrated by the identification of microbial-mammalian co-metabolites (eg. hippurate, methylamines, short chain fatty acids) associated with cardiometabolic diseases [START_REF] Holmes | Human metabolic phenotype diversity and its association with diet and blood pressure[END_REF][START_REF] Elliott | Urinary metabolic signatures of human adiposity[END_REF][START_REF] Dumas | Microbial-host Co-metabolites are prodromal markers predicting phenotypic heterogeneity in behavior, obesity, and impaired glucose tolerance[END_REF], colitis [START_REF] Venkatesh | Symbiotic bacterial metabolites regulate gastrointestinal barrier function via the xenobiotic sensor PXR and Toll-like receptor 4[END_REF] and allergic inflammation [START_REF] Trompette | Gut microbiota metabolism of dietary fiber influences allergic airway disease and hematopoiesis[END_REF], and underlying metabolome-microbiome crosstalk at the crossroads between disease risk alleles and environmental exposure affecting diseases.

Precision medicine

The concept is much in line with what clinical biochemistry should aim at, i.e. to develop medical tools to predict patient specific features in order to better assess health and therapy. Several large and ambitious programs have been initiated world-wide such as the Precision Medicine Initiative in the US (https://allofus.nih.gov) and the Genomic Medicine 2025 in France (https://www.aviesan.fr/aviesan/ accueil/toute-l-actualite/plan-france-medecine-genomique-2025). Precision medicine encompasses a number of applications but it has been most widely used and popularized in cancer therapy using tumor genetic tests as a basis for therapeutic orientations. In that sense, it is related to pharmacogenomics, which help at identifying new drug targets, biomarkers and at providing diagnostic evidence, based on a person's genetic makeup. Yet, the ambition of precision medicine should be much wider but, in practice, it relies primarily on genomic profile. It is reasonable to suggest that other features characterizing an individual and its susceptibility can be used to tailor an adapted therapy or to predict health and well-being [START_REF] Khoury | Will precision medicine improve population health?[END_REF][START_REF] Beebe | Sharpening precision medicine by a thorough interrogation of metabolic individuality[END_REF]. As an example, recent studies in cancer research have unraveled the role of the so-called "oncometabolites" and their diagnostic value [START_REF] Janin | Serum 2-hydroxyglutarate production in IDH1-and IDH2-mutated de novo acute myeloid leukemia: a study by the Acute Leukemia French Association group[END_REF].

GWAS, EWAS, GEWIS

Several large-scale clinical and epidemiological studies, i.e. Genome-Wide Association Study (GWAS) have attempted to correlate genetic polymorphisms with a trait such as a human disease or a phenotype. This has led to the identification of several genetic variants involved in a variety of human complex diseases and endophenotypes. A similar approach, i.e. Environmental-Wide Association Study (EWAS) has been used to correlate exposure to an environmental stressor (such as pollutants or nutrients) with a trait benefiting from cross-sectional or large cohort studies [START_REF] Patel | An Environment-Wide Association Study (EWAS) on type 2 diabetes mellitus[END_REF]. More recently epidemiological studies have attempted to evaluate the interaction between genes and environment (G x E or GEWIS, Genome-Environment-wide Interaction Studies) [START_REF] Zhao | Deciphering genome environment wide interactions using exposed subjects only[END_REF]. Those studies are carried out on a population scale and the general concept is that a stressor does not have a similar effect depending on the genetic background of an individual or that a gene variant leads to a clinical phenotype only under certain environmental or behavioral conditions.

The study of epigenetic marks across the genome (epigenomics) provides critical data to inform both risk prediction and etiologic insight. Epigenetic marks can be modified by environmental factors, may be partially controlled by genetic variants, and regulate gene expression. There are increasing efforts internationally to decipher the interplay between genes, environment, epigenetics and diseases. In risk prediction, epigenetic marks can be used as biological markers of age or exposure to environmental factors. For example, epigenetic signatures were associated with active smoking [START_REF] Joehanes | Epigenetic signatures of cigarette smoking[END_REF] or prenatal exposure to maternal smoking [START_REF] Reese | DNA methylation score as a biomarker in newborns for sustained maternal smoking during pregnancy[END_REF]. Epigenetic mechanisms have been shown to mediate associations between genetic variants and immune-related diseases [START_REF] Liu | Epigenome-wide association data implicate DNA methylation as an intermediary of genetic risk in rheumatoid arthritis[END_REF][START_REF] Sarnowski | DNA methylation within melatonin receptor 1A (MTNR1A) mediates paternally transmitted genetic variant effect on asthma plus rhinitis[END_REF], thus bringing some insight into the underlying biological mechanisms. Epigenetic modifications can also provide a potential mechanism for G × E interactions, as observed for the response to stress exposure and the development of stress-related psychiatric disorders [START_REF] Klengel | Epigenetics of stress-related psychiatric disorders and gene X environment interactions[END_REF].

The exposome-genome paradigm

The question that arises when contemplating those impressive developments is how clinical medicine can benefit from such progress. In other words, can we include in a precision medicine perspective data reflecting exposures in addition to genetic information? At a large scale, integration of different levels of heterogeneous information can be achieved through a systems biology approach [START_REF] Audouze | A computational approach to chemical etiologies of diabetes[END_REF]. These could encompass both genetic data and components of the exposome, including multiomics data (metabolomics, epigenomics, transcriptomics…), therefore supporting a more comprehensive analysis of disease etiologies and of specific vulnerabilities. From a clinical point of view, it is important to see whether these concepts can have practical implications at the individual level. Clearly, the interactions between an exposure and the genetic background is relevant clinically as shown in several studies in the pharmacogenomics, nutrigenomics and toxicogenomics fields. Often, in those cases, genetic variants are integrated with a single exposure, i.e. diet, drug or a chemical toxicant. A challenge would be to have a larger integration of the different exposures with the aim to obtain a global and more realistic overview. Quantitative assessments of exposure are expected to be obtained through biomonitoring of chemicals, metabolomics and proteomics but also through data gathered from specific sensors when appropriate.

With recent and incoming accumulation of emerging high throughput data, e.g. genome sequencing and in the field of the exposome, a key direction of research will be to combine both exposure and genomics data. Several groups have started multi-scale modeling i.e. integrating multiomics data in a systems medicine approach [START_REF] Wishart | Emerging applications of metabolomics in drug discovery and precision medicine[END_REF]. Snyder calls his multiomics approach the integrative Personal Omics Profile (iPOP) which is powered by systems biology [START_REF] Chen | Promise of personalized omics to precision medicine, Wiley Interdiscip[END_REF]. Hood also devised a systems medicine approach called the P4 medicine (Personalized, Preventive predictive and Participatory) and applied it recently using several omics and longitudinal follow up to assess correlation of various markers with well-being and health [START_REF] Price | A wellness study of 108 individuals using personal, dense, dynamic data clouds[END_REF]. Therefore
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several projects aim at using high content data in addition to genomics in order to improve diagnostic and predictive capacities in medicine. In several cases significant achievements were attained, in particular concerning metabolic biomarkers that are either exogenous, microbial or endogenous [START_REF] Wishart | Emerging applications of metabolomics in drug discovery and precision medicine[END_REF][START_REF] Nicholson | Pharmacometabonomics as an effector for personalized medicine[END_REF].

To take advantage of these concepts in an individual setting, we propose a novel approach integrating the exposome and the genome (the exposome-genome paradigm). Genomic data will become more and more affordable, but the interpretation of human variations is not straightforward. Mapping those data with information on exposure will likely considerably improve the interpretation of the genomic data and their translation into specific recommendation. There is precedence for such approach. For example it is well known that alcohol consumption associated with certain variants of alcohol and aldehyde dehydrogenases is particularly toxic. The same holds true for the combination of certain drugs consumption and variants of xenobiotic metabolism enzymes. A comprehensive compilation of such associations will likely improve our knowledge on G × E interactions and thus improve our capacity to predict and prevent diseases (See Fig. 1).

Conclusion

New and emerging approaches in the fields of human genomics and exposomics, as well as their interactions together with the integration of large scale data from multiomics analyses may help to reveal/decipher potential biological mechanisms. Coupled with the increase of computational capacities, knowledge on disease etiologies, risk factors and response to treatment will increase. Based on this, each individual exposome and genome could be assessed and used as a tool for prevention. The following criteria could be taken into consideration:

-Since there have been successful applications of metabolomics, it seems reasonable to combine this technology with genomics as a first step. In fact, the metabolome is constituted of endogenous metabolites (and therefore a genetic influence), exogenous molecules such as drugs, nutrients and the most abundant contaminants as well as microbial substances. Therefore it integrates by itself a number of endogenous and exogenous influences. -Few studies have included a comprehensive chemical contaminants profiling (beyond what traditional metabolomics could provide). We believe that such a profiling is now technically possible since human biomonitoring allowed the development of adequate technologies for the detection of trace amounts. However the cost of those technologies remains too high and precludes their use on a large scale. -Data from medical history and from various sensors can also be considered since the exposome integrates a variety of environmental influences over time. Sensors detecting air pollutants could be valuable in specific cases, for examples asthmatic children or patients suffering from cardiovascular disease. -With all these technologies, a close association of computational methods with clinical medicine and biology is obviously required for the patient benefits. Exposome studies have focused primarily on population studies with implications in public health. Currently several outcomes of the exposome tools can be used at the individual level, for example data from sensors detecting a variety of stressors or substances, or from human biomonitoring. Optimally they should be combined with data from the microbiome, the epigenome and the genome using a systems biology approach. The exposome-genome paradigm represents the integration of those data with the aim of improving prevention and health.

Fig. 1 .

 1 Fig. 1.Exposome studies have focused primarily on population studies with implications in public health. Currently several outcomes of the exposome tools can be used at the individual level, for example data from sensors detecting a variety of stressors or substances, or from human biomonitoring. Optimally they should be combined with data from the microbiome, the epigenome and the genome using a systems biology approach. The exposome-genome paradigm represents the integration of those data with the aim of improving prevention and health.
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