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Résumé

Les troubles du spectre de l'autisme (TSA) forment un groupe hétérogène de troubles du neurodéveloppement sévères et fréquents. La compréhension des mécanismes physiopathologiques impliqués pourrait permettre l'identification de nouveaux marqueurs et traitements. Un nombre croissant d'études récentes pointent un rôle important du système immuno-inflammatoire dans les TSA. Des revues détaillées s'intéressent déjà à ce sujet. Cependant, ce champ d'investigations est mal connu des praticiens même parmi ceux prenant en charge des patients avec TSA. Notre objectif principal est de fournir une introduction à ces nouvelles perspectives au travers d'une mini-revue de la littérature. Un premier champ d'études anténatal connecte les paramètres du développement foetal aux TSA au travers d'une participation de l'activation immunitaire maternelle associé à la production d'un profil cytokinique pro inflammatoire chez le foetus comprenant notamment IL-1, IL-6 et TNF mais également IL-17. La présence d'auto-anticorps maternels et d'autres troubles du système immunitaire pourraient également altérer le neurodéveloppement foetal. D'autres études postnatales montrent une corrélation entre les TSA et la présence d'autoanticorps chez l'enfant ou encore entre les TSA et l'environnement inflammatoire au travers de niveaux d'interleukines pro inflammatoires altérés (IL-6 étant le plus exploré). Les voies de recherche en pleine expansion liant immunologie et psychiatrie apparaissent prometteuses à plusieurs niveaux dans la compréhension des TSA. Elles devraient permettre à terme de participer au développement de marqueurs diagnostics ainsi qu'à l'émergence de nouvelles thérapeutiques personnalisées adaptées à ces patients.
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Introduction

Autism spectrum disorders (ASD) represent a heterogeneous group of neurodevelopmental disorders characterized by social interaction impairment as well as repetitive behaviors or limited interests and activities. Exact causes and mechanisms of ASD have not been elucidated even though several genes associated with ASD have been identified. Recent works have pointed out that 40-50% of the variance in ASD is likely due to environmental factors [START_REF] Modabbernia | Environmental risk factors for autism: an evidence-based review of systematic reviews and meta-analyses[END_REF].

Increasing evidence has shown a major role of the immune system and microbiota in the pathophysiology of ASD with dysfunctions occurring during fetal life and/or postnatal periods.

Extensive reviews have already addressed this topic. Yet, this field of investigations is not well known to practitioners even those working with ASD patients. Our main objective is to provide an introduction to these new insights through a mini review of the literature.

Environmental risk factors for autism and inflammation

In their meta-analysis, Modabbernia A, Velthorst E and Reichenberg A recently pointed out that the environmental risk factors with a higher risk of ASD could be advanced parental age and birth complications, mostly hypoxia, trauma and ischemia. A significative but less strong link was found for caesarian section and maternal comorbidities such as obesity and diabetes [START_REF] Modabbernia | Environmental risk factors for autism: an evidence-based review of systematic reviews and meta-analyses[END_REF]. In another study, Parker W, Hornik CD, Bilbo S et al. suggested that these are risk factors for inflammation, and they add early maternal exposure to severe emotional stress as an important risk factor driven by persistent immune dysregulation later in life (increases of basal IL-6 and C-reactive protein and over-secretion of IL-6 after daily stressors) [START_REF] Parker | The role of oxidative stress, inflammation and acetaminophen exposure from birth to early childhood in the induction of autism[END_REF]. Moreover, they emphasized the potential link between ASD and exposure to the widely used acetaminophen during fetal and early development. They suggested that the underlying mechanism of prostaglandin inhibition could impair neurodevelopment and alter resolution of neuroinflammation [START_REF] Parker | The role of oxidative stress, inflammation and acetaminophen exposure from birth to early childhood in the induction of autism[END_REF].

Fetal features and maternal immune conditions

Associations between ASD and congenital infections have been well described with the first trimester being the critical period. There is evidence that it is in reaction to infection, also called maternal immune activation (MIA), rather than infection itself that increases the risk of ASD [START_REF] Meltzer | The role of the immune system in autism spectrum disorder[END_REF]. The mechanisms are not fully understood, yet MIA seems to induce proinflammatory cytokines such as IL-6 which affect placenta and/or dysregulate gene expression in the fetus, leading to de novo cytokine synthesis.

Moreover, presence of maternal autoantibodies is associated with higher incidence of ASD.

They may appear in response to an infection or in a context of autoimmunity in the mother.

A comparative study involving the mothers of 100 ASD childrenand those of 100 healthy children has shown that those of ASD children display a higher rate of antibodies targeting cerebral fetal proteins [START_REF] Jones | Maternal autoantibody related autism: mechanisms and pathways[END_REF]. Another study on 2431 mothers of ASD children has pointed out that they produce four times more specific antibodies against cerebral proteins involved in neurodevelopment than those of healthy children [START_REF] Brimberg | Brain-reactive IgG correlates with autoimmunity in mothers of a child with an autism spectrum disorder[END_REF]. However, no study has yet proven the pathogenic effect of these antibodies in humans nor their clinical interest as biomarkers.

In animal models, mice treated with IgG from mothers of ASD children display significative impaired social interactions compared to mice treated with IgG from mothers of unaffected children [START_REF] Jones | Maternal autoantibody related autism: mechanisms and pathways[END_REF]. Similar results on reduction of social interaction have been replicated in the rhesus monkey [START_REF] Jones | Maternal autoantibody related autism: mechanisms and pathways[END_REF]. The relevance of these autoantibodies is still unknown, and further research on animal models and patients is needed.

Finally, there is growing evidence of a possible specific role for dysregulations of IL-17A pathway participating in the manifestations of some cases of ASD [START_REF] Wong | Maternal IL-17A in autism[END_REF]. In 2016, Choi GB, Yim YS, Wong H et al. observed an IL-17 increase due to administration of polyinosinicpolycytidylic acid (polyI:C) in murine models of MIA. The authors demonstrated that this increase of IL-17 could be linked to a higher synthesis of IL-6 and may produce an autistic phenotype [START_REF] Choi | The maternal interleukin-17a pathway in mice promotes autism-like phenotypes in offspring[END_REF].

The different ways maternal condition may impact the fetal neurodevelopment are shown in Figure 1.

Postnatal immunity Autoimmunity

Direct correlation of serum autoantibodies with autistic symptoms has not yet been clearly

established. However, the presence of neuronal targeted autoantibodies could be correlated with a more severe form. Recently, an association between ASD and an autoantibody related to autoimmune hepatitis was reported, suggesting a possible link between autism and other autoimmune pathologies [START_REF] Zhang | Mitochondrial DNA and anti-mitochondrial antibodies in serum of autistic children[END_REF].

Inflammatory environment also plays a role. Mice with overexpression of IL-6 showed behavioral impairment [START_REF] Wei | Brain IL-6 and autism[END_REF]. In a comparative study, autistic children displayed increased levels of different cytokines, especially IL-6, which were linked to severity of symptoms. A possible diagnostic test with a combination of serotonin and IL-6 has been shown to have good sensitivity (84,9%) and specificity (96,8%) in autism diagnosis [START_REF] Yang | The combined role of serotonin and interleukin-6 as biomarker for autism[END_REF].

It has also been demonstrated that autistic patients could display higher rates of neurotensin, a vasodilating peptide found both in neurons and gut, which can induce mast cell degranulation. This may explain the higher prevalence of allergic symptoms, especially digestive ones, among these patients [START_REF] Lyall | Asthma and Allergies in Children With Autism Spectrum Disorders: Results From the CHARGE Study: Asthma and allergies in autism[END_REF].

Microbiota

Microbiota represents a promising lead in autism pathophysiology. Gut bacteria can modulate the gut-brain axis through various secretions such as GABA or cytokines. ASD children often display a modified microbiota with an increase of strains such as Suterella spp or Ruminococcus torques [START_REF] Li | The microbiota-gut-brain axis and its potential therapeutic role in autism spectrum disorder[END_REF]. Moreover, 3-Hydroxy-3-(3-hydroxyphenyl) propanoic acid secreted by a Clostridium strain is associated with ASD symptoms.

Microbiota could also be a therapeutic target. In their review, Li Q and Zhou J-M noted a significant reduction of anxiety in ASD children receiving Bacteroides fragilis strains [START_REF] Li | The microbiota-gut-brain axis and its potential therapeutic role in autism spectrum disorder[END_REF]. In another double-blind randomized placebo controlled study with Lactobacillum plantarum administration, improvements of ASD children behavioral scores were observed [START_REF] Li | The microbiota-gut-brain axis and its potential therapeutic role in autism spectrum disorder[END_REF].

More recently, in an open label study, Kang D-W, Adams JB, Gregory AC et al. have shown the potential effectiveness of a microbiota transfer therapy (MTT) on 18 ASD patients who had significantly lower scores of gastrointestinal symptoms and ASD symptoms after treatment. These effects persisted after 8 weeks of follow-up and were associated with an increased overall bacterial diversity and a higher abundance of Bifidobacterium, Prevotella, and Desulfovibrio taxa [START_REF] Kang | Microbiota Transfer Therapy alters gut ecosystem and improves gastrointestinal and autism symptoms: an open-label study[END_REF].

The potential disruptions in the brain-gut axis involved in ASD are summed up in Figure 2.

Conclusion

ASD display wide clinical presentations. Its pathophysiology seems multifactorial and unclear, but progress has been made to explore the immunological hypothesis. The fetal period appears to be critical since higher rates of ASD children are found in pregnant women displaying inflammation or immune-related conditions. Immunity dysregulation is also involved during postnatal periods, with identification of more specific cytokines and inflammatory profiles, and seems to be more associated with severe forms. Gut microbiota is also a promising lead to better understand pathways of neuronal dysregulation in ASD and opens the way for future therapeutic approaches. Maternal immune activation, which can be caused by congenital infection, may lead to a fever response, production of interleukins (IL-1, IL-6, TNF, IL-17), immunoglobulins or anti neuronal autoantibodies that may alter or cross the placenta to affect the fetal neurodevelopment directly or through a de novo fetal pro-inflammatory state. In healthy individuals gut microbiota can influence the brain homeostasis through secretion of neurotransmitters (such as GABA), pro-inflammatory cytokine production and vagal nerve regulation. In individuals with autism spectrum disorders, gastrointestinal symptoms are frequent. The microbiota taxonomic composition is impaired and intestinal permeability is not provided (leaky gut) allowing anaerobic bacteria to proliferate and leading to an alteration of short-chain fatty acids metabolism.
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 1 Figure1. Maternal immune activation and its effect on fetal neurodevelopment. Maternal immune activation, which can be caused by congenital infection, may lead to a fever response, production of interleukins (IL-1, IL-6, TNF, IL-17), immunoglobulins or anti neuronal autoantibodies that may alter or cross the placenta to affect the fetal neurodevelopment directly or through a de novo fetal pro-inflammatory state.
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 2 Figure 2. Mechanisms of brain-gut axis in autism spectrum disorders.
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