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A large database documents the role of inflammatory processes in the development of neuropsychiatric symptom dimensions that are common to multiple psychiatric conditions.

Mechanisms mediating these effects are believed to involve disturbances in monoamine and glutamate metabolism and function, through the action of inflammatory factors on two distinct enzymatic pathways, including the indoleamine-2,3-dioxygenase (IDO) and GTP-cyclohydrolase I (GCH-I) pathways. Alterations in these pathways contribute to profound structural and functional brain abnormalities associated with specific symptom dimensions. Increasing knowledge on immune-to-brain interactions is expected to facilitate the development and implementation of novel and innovative therapeutic interventions against inflammation targeting, at distinct levels of integration, mechanisms, processes and brain circuits underlying the expression of specific clinical profiles. These strategies are crucial for a precision medicine in Psychiatry, tailored to the clinical and biological phenotypes of patients.

Introduction

Psychiatric disorders are frequent in the general population, with an estimated lifetime prevalence of 30% [START_REF] Steel | The global prevalence of common mental disorders: a systematic review and meta-analysis 1980-2013[END_REF]. Generally characterized by symptoms of severe intensity and recurrent/chronic course, they substantially impact the patient daily functioning and quality of life and are responsible for life-years lost due to premature deaths, including suicide. Their socioeconomic repercussions are elevated, with substantial indirect costs, primarily related to the high rate of workplace absenteeism and loss of productivity at work, as well as direct medical costs mainly attributed to medical consultations, medications and hospital admission. Based on data from the Global Burden of Disease Study, major depression is the most common of mental disorders, representing one of the top leading causes of years lived with disability (YLDs) [START_REF] Whiteford | Global burden of disease attributable to mental and substance use disorders: findings from the Global Burden of Disease Study 2010[END_REF][START_REF] Disease | Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study[END_REF].

Over the last five decades, significant advances in the development of pharmacological strategies have modified the poor prognosis of psychiatric diseases, notably in major depression.

Controlled research has provided high-level evidence for the efficacy of a large panel of medications sharing common mechanisms of action primarily targeting monoamine systems in the management of mental disorders. However, a significant number of psychiatric patients still fail to respond successfully to these pharmacological treatments, experiencing insufficient clinical improvement after several weeks or months of administration. Side effects may also occur therefore limiting the gradually increasing dosage regimen classically recommended until optimal therapeutic response is obtained. These issues highlight the necessity to improve current knowledge on the biological determinants of psychiatric diseases. Such a scientific approach is expected to ensure the promotion and use of innovative therapeutic alternatives that can be particularly helpful in psychiatric patients who are unresponsive to conventional treatments. This implies a better phenotyping of patients so as to match specific clinical profiles to biomarkers in the perspective to propose more adapted treatments targeting biological substrates intimately related to clinical symptoms. This research strategy is in line with the Research Domain Criteria (RDoC) project introducing a conceptual and methodological breakthrough in mental health by emphasizing the need for a "biosignature" of clinical symptomatology enabling to define distinct and homogenous patient subgroups and therefore improve therapeutic management [START_REF] Insel | Medicine. Brain disorders? Precisely[END_REF][START_REF] Insel | Research domain criteria (RDoC): toward a new classification framework for research on mental disorders[END_REF]. In this context, a growing attention has been paid to the critical role of the immune system in the emergence of neuropsychiatric symptoms with the aim of establishing close relationships between identified inflammatory pathways and key clinical symptom dimensions for the further development of appropriate and individualized therapies.

A. The role of inflammation in the development of neuropsychiatric symptom dimensions

Compelling evidence for a role of inflammation in the development of neuropsychiatric symptoms comes from preclinical and clinical findings indicating that treatment with inflammatory agents, including pro-inflammatory cytokines and endotoxins, induces behavioral alterations that resemble symptoms of major depression [START_REF] Dantzer | From inflammation to sickness and depression: when the immune system subjugates the brain[END_REF][START_REF] Capuron | Immune system to brain signaling: neuropsychopharmacological implications[END_REF]. The model of interferon (IFN)-alpha-induced depression in clinical settings has particularly highly contributed to demonstrate the causal role of cytokines in the pathophysiology of major depression in vulnerable subjects [START_REF] Capuron | Immune system to brain signaling: neuropsychopharmacological implications[END_REF][START_REF] Capuron | Cytokines and psychopathology: lessons from interferon-alpha[END_REF]. In addition, large clinical observations have indicated that chronic inflammatory conditions, such as rheumatoid arthritis, ankylosing spondylitis, systemic lupus erythematosus, obesity, diabetes or cardiovascular diseases, are frequently characterized by depressive symptoms that can be relieved by pharmacological anti-inflammatory or anti-cytokine interventions [START_REF] Capuron | Immune system to brain signaling: neuropsychopharmacological implications[END_REF][START_REF] Kappelmann | Antidepressant activity of anti-cytokine treatment: a systematic review and meta-analysis of clinical trials of chronic inflammatory conditions[END_REF]. Similarly, basal and stimulated-levels of inflammatory markers, including the acute phase protein, C-reactive protein (CRP), or the pro-inflammatory cytokine, Interleukin (IL)-6, have been associated with an increased risk for the development and persistence of depressive symptoms [START_REF] Valkanova | CRP, IL-6 and depression: a systematic review and meta-analysis of longitudinal studies[END_REF][START_REF] Wium-Andersen | Elevated C-reactive protein levels, psychological distress, and depression in 73, 131 individuals[END_REF][START_REF] Vogelzangs | Cytokine production capacity in depression and anxiety[END_REF][START_REF] Zalli | Low-grade inflammation predicts persistence of depressive symptoms[END_REF][START_REF] Huang | Longitudinal association of inflammation with depressive symptoms: A 7-year cross-lagged twin difference study[END_REF][START_REF] Lamers | Longitudinal Association Between Depression and Inflammatory Markers: Results From the Netherlands Study of Depression and Anxiety[END_REF]. Four recently published meta-analyses based on 20 to 80 studies examining peripheral cytokine profile reported concordant results, with circulating concentrations of the pro-inflammatory cytokines IL-6 and Tumor Necrosis Factor (TNF)-alpha found to be higher in depressed subjects [START_REF] Dowlati | A meta-analysis of cytokines in major depression[END_REF][START_REF] Goldsmith | A meta-analysis of blood cytokine network alterations in psychiatric patients: comparisons between schizophrenia, bipolar disorder and depression[END_REF][START_REF] Kohler | Peripheral cytokine and chemokine alterations in depression: a meta-analysis of 82 studies[END_REF][START_REF] Yuan | Inflammation-related biomarkers in major psychiatric disorders: a cross-disorder assessment of reproducibility and specificity in 43 meta-analyses[END_REF]. Increased levels of IL-6 were also found in the cerebrospinal fluid (CSF) of depressed patients [START_REF] Wang | Meta-analysis of Cerebrospinal Fluid Cytokine and Tryptophan Catabolite Alterations in Psychiatric Patients: Comparisons Between Schizophrenia, Bipolar Disorder, and Depression[END_REF].

Strong relationships have been established with the clinical severity of neuropsychiatric symptoms. Accordingly, peripheral concentrations of high-sensitive (hs) CRP were found to correlate with the intensity of depressive manifestations [START_REF] Vetter | Gender differences in the relationship between symptoms of depression and high-sensitivity CRP[END_REF][START_REF] Kohler-Forsberg | Association between C-reactive protein (CRP) with depression symptom severity and specific depressive symptoms in major depression[END_REF][START_REF] Ambrosio | Depression and peripheral inflammatory profile of patients with obesity[END_REF][START_REF] Delgado | Depressive symptoms in obesity: Relative contribution of low-grade inflammation and metabolic health[END_REF][START_REF] Schmidt | Serum Markers of Inflammation Mediate the Positive Association Between Neuroticism and Depression[END_REF]. Interestingly, correlations were the strongest with the dimensions of anhedonia, loss of interest, apparent sadness, cognitive disturbances and suicidality [START_REF] Kohler-Forsberg | Association between C-reactive protein (CRP) with depression symptom severity and specific depressive symptoms in major depression[END_REF]. Similarly, higher levels of IL-6 were associated with more severe symptoms of anhedonia [START_REF] Jha | Association of T and non-T cell cytokines with anhedonia: Role of gender differences[END_REF], slowness of thought and movement [START_REF] Goldsmith | Inflammatory markers are associated with decreased psychomotor speed in patients with major depressive disorder[END_REF] and cognitive impairment on sustained attention in depressed patients [START_REF] Ye | Association between increased serum interleukin-6 levels and sustained attention deficits in patients with major depressive disorder[END_REF]. In large cohort studies of non-pathological populations, relationships between hsCRP and symptom dimensions were also established, but rather with nonspecific symptoms including fatigue, reduced appetite and sleep alterations [START_REF] Jokela | Inflammation and Specific Symptoms of Depression[END_REF].

Semiological, temporal and clinical specificities were reported regarding the relationships between systemic inflammation and neuropsychiatric dimensions, allowing deconstructing inflammation-driven symptom dimensions based on their phenomenological aspects. This particularly relies on clinical evidence showing that IFN-alpha treatment in medically ill patients induced two distinct sets of symptoms that differed by their time-course and responsiveness to classical antidepressant treatment [START_REF] Capuron | Immune system to brain signaling: neuropsychopharmacological implications[END_REF][START_REF] Capuron | Neurobehavioral effects of interferon-alpha in cancer patients: phenomenology and paroxetine responsiveness of symptom dimensions[END_REF]. The first set, characterized by symptoms of fatigue, lassitude, decreased motivation, motor slowing, and changes in appetite and sleep, developed at early stages of IFN-alpha treatment in almost every patient. In contrast, the second set of symptoms, which included sadness, depressed mood, anhedonia and cognitive alteration, occurred at later stages of treatment in a subpopulation of patients (30 to 50%), suggesting vulnerability factors. This second set of symptoms was prevented by the prophylactic administration of paroxetine, a selective serotonin reuptake inhibitor (SSRI), in contrast to the first set of symptoms that did not respond to the antidepressant [START_REF] Capuron | Neurobehavioral effects of interferon-alpha in cancer patients: phenomenology and paroxetine responsiveness of symptom dimensions[END_REF]. Differences between these two symptom dimensions in terms of temporal dynamics and antidepressant responsiveness suggested that they likely involved distinct underlying neurobiological mechanisms. This assumption was supported by preclinical studies performed in rodent models of inflammation developed to experimentally dissociate sickness behavior (appearing early after the immune stimulation) from protracted depressive-like behaviors [START_REF] Frenois | Lipopolysaccharide induces delayed FosB/DeltaFosB immunostaining within the mouse extended amygdala, hippocampus and hypothalamus, that parallel the expression of depressive-like behavior[END_REF][START_REF] Klaus | Differential effects of peripheral and brain tumor necrosis factor on inflammation, sickness, emotional behavior and memory in mice[END_REF][START_REF] Merali | Dissociating anorexia and anhedonia elicited by interleukin-1beta: antidepressant and gender effects on responding for "free chow" and "earned" sucrose intake[END_REF][START_REF] Moreau | Inoculation of Bacillus Calmette-Guerin to mice induces an acute episode of sickness behavior followed by chronic depressive-like behavior[END_REF]. These models enabled to show that depressive-like symptoms, assessed in behavioral tests modeling despair/resignation, anhedonia, anxiety or measuring cognitive performance, were still present while sickness behavior and increased circulating cytokines levels were not anymore detectable [START_REF] Klaus | Differential effects of peripheral and brain tumor necrosis factor on inflammation, sickness, emotional behavior and memory in mice[END_REF][START_REF] Merali | Dissociating anorexia and anhedonia elicited by interleukin-1beta: antidepressant and gender effects on responding for "free chow" and "earned" sucrose intake[END_REF][START_REF] Moreau | Inoculation of Bacillus Calmette-Guerin to mice induces an acute episode of sickness behavior followed by chronic depressive-like behavior[END_REF][START_REF] Noble | Acute systemic inflammation induces central mitochondrial damage and mnesic deficit in adult Swiss mice[END_REF][START_REF] O'connor | Interferongamma and tumor necrosis factor-alpha mediate the upregulation of indoleamine 2,3dioxygenase and the induction of depressive-like behavior in mice in response to bacillus Calmette-Guerin[END_REF][START_REF] O'connor | Induction of IDO by bacille Calmette-Guerin is responsible for development of murine depressive-like behavior[END_REF][START_REF] Salazar | Indoleamine 2,3dioxygenase mediates anhedonia and anxiety-like behaviors caused by peripheral lipopolysaccharide immune challenge[END_REF]. Supporting further the implication of distinct underlying mechanisms, neuroanatomical dissociations were found to correlate with the time-course dissociation between lipopolysaccharide (LPS)-induced sickness and depressive-like behaviors in mice [START_REF] Frenois | Lipopolysaccharide induces delayed FosB/DeltaFosB immunostaining within the mouse extended amygdala, hippocampus and hypothalamus, that parallel the expression of depressive-like behavior[END_REF]. Since then, the use of preclinical models together with clinical studies helped starting to decipher the mechanisms differentially involved in the development of inflammation-driven specific symptom dimensions and likely to be common to multiple neuropsychiatric conditions in which increased inflammatory markers have been reported. These studies particularly focused on the potential role of neurobiological systems known to be involved in mood regulation and targeted by inflammatory cytokines [START_REF] Dantzer | From inflammation to sickness and depression: when the immune system subjugates the brain[END_REF][START_REF] Capuron | Immune system to brain signaling: neuropsychopharmacological implications[END_REF][START_REF] Capuron | Role of Inflammation in the Development of Neuropsychiatric Symptom Domains: Evidence and Mechanisms[END_REF][START_REF] Haroon | Inflammation, Glutamate, and Glia: A Trio of Trouble in Mood Disorders[END_REF].

B. Mechanisms differentially involved in the development of inflammation-induced specific symptom dimensions

Among the mechanisms that are likely to underlie the association of inflammation with neuropsychiatric symptoms, one the most relevant refers to the impact of inflammatory factors on neurotransmitter metabolism and function. Consistent with this notion, a large database substantiates the differential contribution of inflammation-induced alterations in monoamine and glutamate systems respectively (through effects on amino-acid metabolism and related enzymatic pathways) in the development of specific neuropsychiatric symptom dimensions.

a) Inflammation-induced alterations in tryptophan metabolism: relevance to serotonin/glutamate functions and related mood, emotional and cognitive symptoms

Peripheral cytokines are able to impact serotonin (5-HT) and glutamate functions through the induction of the enzyme, indoleamine-2,3-dioxygenase (IDO). The activation of IDO by inflammatory factors leads to the transformation of tryptophan (TRP), the essential amino-acid precursor of 5-HT, in kynurenine (KYN) instead of 5-HT, contributing presumably to 5-HT deficit. KYN is then converted into neurotoxic derivatives such as quinolinic acid in microglia at the expense of the neuroprotective compound kynurenic acid in astrocytes [START_REF] Capuron | Immune system to brain signaling: neuropsychopharmacological implications[END_REF][START_REF] Miller | Inflammation and its discontents: the role of cytokines in the pathophysiology of major depression[END_REF][START_REF] Miller | The role of inflammation in depression: from evolutionary imperative to modern treatment target[END_REF]. In line with this, treatment with IFN-alpha in medically ill patients was found induce significant reductions in circulating levels of TRP together with increases in KYN and in the ratio of KYN/TRP, indicative of augmented IDO activity [START_REF] Capuron | Interferon-alpha-induced changes in tryptophan metabolism. relationship to depression and paroxetine treatment[END_REF]. Interestingly, these alterations correlated with depressive, anxious, and cognitive symptoms [START_REF] Capuron | Cytokines and psychopathology: lessons from interferon-alpha[END_REF][START_REF] Capuron | Interferon-alpha-induced changes in tryptophan metabolism. relationship to depression and paroxetine treatment[END_REF][START_REF] Capuron | Association between decreased serum tryptophan concentrations and depressive symptoms in cancer patients undergoing cytokine therapy[END_REF]. Similar findings were reported in elderly subjects with elevated markers of inflammation, where inflammation-associated TRP catabolism correlated with depressive symptoms including pessimistic thoughts, reduced appetite, sleep disturbances and lassitude [START_REF] Capuron | Chronic low-grade inflammation in elderly persons is associated with altered tryptophan and tyrosine metabolism: role in neuropsychiatric symptoms[END_REF]. These findings were corroborated by the observation that elevated KYN/TRP ratio was linked to depressive symptom severity in patients with mastocytosis [START_REF] Georgin-Lavialle | Mast cells' involvement in inflammation pathways linked to depression: evidence in mastocytosis[END_REF] and by data showing that depressed patients exhibit increased KYN/TRP ratio [START_REF] Zoga | Indoleamine 2,3-dioxygenase and immune changes under antidepressive treatment in major depression in females[END_REF] together with lowered kynurenic acid/quinolinic acid ratio (48-50) correlating with severe anhedonia [START_REF] Savitz | Reduction of kynurenic acid to quinolinic acid ratio in both the depressed and remitted phases of major depressive disorder[END_REF].

IDO-driven degradation of TRP along the KYN pathway leads to the production of neuroactive metabolites, including quinolinic acid, which exerts neurotoxic effects by stimulating glutamate transmission through activation of NMDA receptors, elevation of glutamate release and inhibition of glutamate reuptake by astrocytes [START_REF] Capuron | Immune system to brain signaling: neuropsychopharmacological implications[END_REF][START_REF] Miller | Inflammation and its discontents: the role of cytokines in the pathophysiology of major depression[END_REF][START_REF] Miller | The role of inflammation in depression: from evolutionary imperative to modern treatment target[END_REF]. Consistent with this, elevated CSF concentrations of KYN and quinolinic acid were reported in patients treated with IFN-alpha and were associated with increased depressive symptoms [START_REF] Raison | CSF concentrations of brain tryptophan and kynurenines during immune stimulation with IFNalpha: relationship to CNS immune responses and depression[END_REF]. Similarly, a post-mortem brain analysis of depressed patients showed greater quinolinic acid-microglial cell immunoreactivity within both ventral and dorsal portions of anterior cingulate cortex [START_REF] Steiner | Severe depression is associated with increased microglial quinolinic acid in subregions of the anterior cingulate gyrus: evidence for an immune-modulated glutamatergic neurotransmission?[END_REF], known to be involved in the regulation of emotional processes [START_REF] Phillips | A neural model of voluntary and automatic emotion regulation: implications for understanding the pathophysiology and neurodevelopment of bipolar disorder[END_REF][START_REF] Phillips | Neurobiology of emotion perception I: The neural basis of normal emotion perception[END_REF]. Besides, a recent study using magnetic resonance spectroscopy in IFN-alpha-treated patients indicated that treatment-induced increased glutamate levels in the dorsal anterior cingulate cortex, which is intimately connected to basal ganglia, correlated with reduced motivation [START_REF] Haroon | IFN-alpha-induced cortical and subcortical glutamate changes assessed by magnetic resonance spectroscopy[END_REF]. Similar findings were found in depressed patients who exhibited increased inflammation correlating with higher levels of glutamate in the basal ganglia that were in turn associated with greater anhedonia and motor retardation [START_REF] Haroon | Conceptual convergence: increased inflammation is associated with increased basal ganglia glutamate in patients with major depression[END_REF].

Strong support for a role of inflammation-induced IDO activation and related modulation of 5-HT/glutamate functions in depressive symptoms was also provided by preclinical studies.

Rodent models of inflammation have shown that IDO activation, which occurs after the induction of cytokine production in immune-challenged animals [START_REF] Andre | Spatio-temporal differences in the profile of murine brain expression of proinflammatory cytokines and indoleamine 2,3-dioxygenase in response to peripheral lipopolysaccharide administration[END_REF][START_REF] Moreau | Bacille Calmette-Guerin inoculation induces chronic activation of peripheral and brain indoleamine 2,3-dioxygenase in mice[END_REF], coincides with the development of depressive-like symptoms [START_REF] Frenois | Lipopolysaccharide induces delayed FosB/DeltaFosB immunostaining within the mouse extended amygdala, hippocampus and hypothalamus, that parallel the expression of depressive-like behavior[END_REF][START_REF] Moreau | Inoculation of Bacillus Calmette-Guerin to mice induces an acute episode of sickness behavior followed by chronic depressive-like behavior[END_REF][START_REF] O'connor | Interferongamma and tumor necrosis factor-alpha mediate the upregulation of indoleamine 2,3dioxygenase and the induction of depressive-like behavior in mice in response to bacillus Calmette-Guerin[END_REF][START_REF] O'connor | Induction of IDO by bacille Calmette-Guerin is responsible for development of murine depressive-like behavior[END_REF][START_REF] O'connor | Lipopolysaccharide-induced depressive-like behavior is mediated by indoleamine 2,3dioxygenase activation in mice[END_REF][START_REF] Lawson | Interleukin-1 beta converting enzyme is necessary for development of depression-like behavior following intracerebroventricular administration of lipopolysaccharide to mice[END_REF]. Concomitance between protracted brain IDO expression and depressive-like behaviors was also reported in aged mice [START_REF] Godbout | Aging exacerbates depressive-like behavior in mice in response to activation of the peripheral innate immune system[END_REF][START_REF] Kelley | Aging leads to prolonged duration of inflammation-induced depression-like behavior caused by Bacillus Calmette-Guerin[END_REF] and in medical conditions associated with chronic inflammation [START_REF] Andre | Diet-induced obesity progressively alters cognition, anxiety-like behavior and lipopolysaccharide-induced depressive-like behavior: focus on brain indoleamine 2,3-dioxygenase activation[END_REF][START_REF] Corona | Indoleamine 2,3-dioxygenase inhibition attenuates lipopolysaccharide induced persistent microglial activation and depressive-like complications in fractalkine receptor (CX(3)CR1)deficient mice[END_REF][START_REF] Du | Microglial activation and neurobiological alterations in experimental autoimmune prostatitis-induced depressive-like behavior in mice[END_REF][START_REF] Lawson | Intracerebroventricular administration of HIV-1 Tat induces brain cytokine and indoleamine 2,3-dioxygenase expression: a possible mechanism for AIDS comorbid depression[END_REF][START_REF] Souza | Activation of Brain Indoleamine-2,3-dioxygenase Contributes to Depressive-Like Behavior Induced by an Intracerebroventricular Injection of Streptozotocin in Mice[END_REF]. In addition, cytokine-induced IDO activation also paralleled the development of anxiety-like behaviors and/or cognitive alterations in animals treated with cytokine inducers [START_REF] Salazar | Indoleamine 2,3dioxygenase mediates anhedonia and anxiety-like behaviors caused by peripheral lipopolysaccharide immune challenge[END_REF][START_REF] Corona | Indoleamine 2,3-dioxygenase inhibition attenuates lipopolysaccharide induced persistent microglial activation and depressive-like complications in fractalkine receptor (CX(3)CR1)deficient mice[END_REF][START_REF] Casaril | Depression-and anxiogenic-like behaviors induced by lipopolysaccharide in mice are reversed by a selenium-containing indolyl compound: Behavioral, neurochemical and computational insights involving the serotonergic system[END_REF][START_REF] Heisler | Indoleamine 2,3-dioxygenase-dependent neurotoxic kynurenine metabolism mediates inflammation-induced deficit in recognition memory[END_REF][START_REF] Gibney | Poly I:C-induced activation of the immune response is accompanied by depression and anxiety-like behaviours, kynurenine pathway activation and reduced BDNF expression[END_REF], as well as in rodent models of chronic inflammatory diseases [START_REF] Souza | Activation of Brain Indoleamine-2,3-dioxygenase Contributes to Depressive-Like Behavior Induced by an Intracerebroventricular Injection of Streptozotocin in Mice[END_REF][START_REF] Barichello | Inhibition of indoleamine 2,3-dioxygenase prevented cognitive impairment in adult Wistar rats subjected to pneumococcal meningitis[END_REF][START_REF] Fertan | Effects of the Novel IDO Inhibitor DWG-1036 on the Behavior of Male and Female 3xTg-AD Mice[END_REF][START_REF] Souza | Indoleamine-2,3-dioxygenase mediates neurobehavioral alterations induced by an intracerebroventricular injection of amyloid-beta1-42 peptide in mice[END_REF][START_REF] Xie | Activation of brain indoleamine 2,3dioxygenase contributes to epilepsy-associated depressive-like behavior in rats with chronic temporal lobe epilepsy[END_REF]. Importantly, pharmacological or genetic inhibition of IDO activation in these inflammatory conditions abolished the induction of emotional and cognitive alterations without impacting sickness behavior (36-38, 59, 64, 67, 71-73), highlighting the causal role of IDO in the induction of these symptom dimensions.

While impaired 5-HT synthesis was initially thought to represent the main pathway by which cytokine-induced IDO activation promotes behavioral alterations, the lack of detectable impact on 5-HT turnover reported in several preclinical studies weakened this hypothesis [START_REF] O'connor | Lipopolysaccharide-induced depressive-like behavior is mediated by indoleamine 2,3dioxygenase activation in mice[END_REF][START_REF] Godbout | Aging exacerbates depressive-like behavior in mice in response to activation of the peripheral innate immune system[END_REF][START_REF] Gibney | Poly I:C-induced activation of the immune response is accompanied by depression and anxiety-like behaviours, kynurenine pathway activation and reduced BDNF expression[END_REF][START_REF] Parrott | Kynurenine metabolic balance is disrupted in the hippocampus following peripheral lipopolysaccharide challenge[END_REF]. Nevertheless, it is worth mentioning that these findings do not necessarily discard the involvement of inflammation-related alterations of 5-HT neurotransmission in associated depressive symptoms. In support of this, cytokines were shown to increase expression of the 5-HT transporter [START_REF] Baganz | A requirement of serotonergic p38alpha mitogen-activated protein kinase for peripheral immune system activation of CNS serotonin uptake and serotonin-linked behaviors[END_REF], a mechanism that may be responsible for worsened disruptions in 5-HT neurotransmission contributing in turn to depressive symptoms. Mounting evidence rather supports the key role of neurotoxic KYN metabolites (e.g., quinolinic acid, 3-hydroxykynurenine ), in the development of inflammation-related depressive symptoms [START_REF] Parrott | Kynurenine metabolic balance is disrupted in the hippocampus following peripheral lipopolysaccharide challenge[END_REF][START_REF] Parrott | Neurotoxic kynurenine metabolism is increased in the dorsal hippocampus and drives distinct depressive behaviors during inflammation[END_REF][START_REF] Laumet | Upregulation of neuronal kynurenine 3-monooxygenase mediates depression-like behavior in a mouse model of neuropathic pain[END_REF]. In line with this, direct peripheral administration of KYN or 3-HK in rodents induces depressive-like behaviors, anxiety-like behaviors and/or cognitive impairments in a dose-dependent manner [START_REF] Salazar | Indoleamine 2,3dioxygenase mediates anhedonia and anxiety-like behaviors caused by peripheral lipopolysaccharide immune challenge[END_REF][START_REF] O'connor | Lipopolysaccharide-induced depressive-like behavior is mediated by indoleamine 2,3dioxygenase activation in mice[END_REF][START_REF] Parrott | Kynurenine metabolic balance is disrupted in the hippocampus following peripheral lipopolysaccharide challenge[END_REF][START_REF] Parrott | Neurotoxic kynurenine metabolism is increased in the dorsal hippocampus and drives distinct depressive behaviors during inflammation[END_REF][START_REF] Agudelo | Skeletal muscle PGC-1alpha1 modulates kynurenine metabolism and mediates resilience to stress-induced depression[END_REF][START_REF] Chess | L-kynurenine treatment alters contextual fear conditioning and context discrimination but not cue-specific fear conditioning[END_REF]. On the contrary, inhibition of the enzymes synthetizing the NMDA receptor agonist quinolinic acid [START_REF] Parrott | Neurotoxic kynurenine metabolism is increased in the dorsal hippocampus and drives distinct depressive behaviors during inflammation[END_REF][START_REF] Laumet | Upregulation of neuronal kynurenine 3-monooxygenase mediates depression-like behavior in a mouse model of neuropathic pain[END_REF], or direct blockade of these glutamate receptors (81) abrogates cytokine-induced depressive-like behaviors. Interestingly, the efficiency of this effect was shown to differ according to symptoms, with behavioral changes modeling anhedonia being less impacted [START_REF] Parrott | Neurotoxic kynurenine metabolism is increased in the dorsal hippocampus and drives distinct depressive behaviors during inflammation[END_REF]. This agrees with a recent study reporting that inflammation-induced impairment of motivation-driven behaviors persists in IDO deficient mice [START_REF] Vichaya | Motivational changes that develop in a mouse model of inflammation-induced depression are independent of indoleamine 2,3 dioxygenase[END_REF]. While the dissociation between activation of the KYN pathway and specific depressive symptoms may rely on regional brain differences [START_REF] Parrott | Kynurenine metabolic balance is disrupted in the hippocampus following peripheral lipopolysaccharide challenge[END_REF][START_REF] Parrott | Neurotoxic kynurenine metabolism is increased in the dorsal hippocampus and drives distinct depressive behaviors during inflammation[END_REF][START_REF] Laumet | Upregulation of neuronal kynurenine 3-monooxygenase mediates depression-like behavior in a mouse model of neuropathic pain[END_REF], it may also reflect the involvement of other metabolic pathways and/or neurotransmission systems.

b) Inflammation-induced alterations in tyrosine metabolism: relevance to dopamine function and related symptom dimensions

In addition to their effects on IDO and related monoamine pathways, pro-inflammatory cytokines are able to modulate the activity of GTP-cyclohydrolase I (GCH-I), a key enzyme for tetrahydrobiopterin (BH4) synthesis [START_REF] Vancassel | Brain Kynurenine and BH4 Pathways: Relevance to the Pathophysiology and Treatment of Inflammation-Driven Depressive Symptoms[END_REF]. BH4 is an essential cofactor for aromatic amino acid hydroxylases, including phenylalanine hydroxylase (PAH), tyrosine hydroxylase (TH), TRPhydroxylase (TPH) and nitrite oxide synthases (NOS). It is then crucial for the synthesis of noradrenaline, dopamine (DA), 5-HT and nitric oxide from their respective precursors, the essential amino acids tyrosine, TRP and arginine [START_REF] Huang | Cytokine-stimulated GTP cyclohydrolase I expression in endothelial cells requires coordinated activation of nuclear factor-kappaB and Stat1/Stat3[END_REF][START_REF] Lazarus | The mechanism of phenylalanine hydroxylase[END_REF][START_REF] Sakai | Parallel induction of nitric oxide and tetrahydrobiopterin synthesis by cytokines in rat glial cells[END_REF][START_REF] Werner | Tetrahydrobiopterin biosynthetic activities in human macrophages, fibroblasts, THP-1, and T 24 cells. GTP-cyclohydrolase I is stimulated by interferon-gamma, and 6-pyruvoyl tetrahydropterin synthase and sepiapterin reductase are constitutively present[END_REF]. BH4 synthesis results from the sequential action of three complementary enzymes, GCH-I, 6-pyruvoyltetrahydrobiopterin synthase (PTPS) and sepiapterin reductase (SPR) [START_REF] Werner | Tetrahydrobiopterin: biochemistry and pathophysiology[END_REF]. In Human, the induction of GCH-I in macrophages and monocytes is not relayed by the activation of PTPS under inflammatory challenge, leading to accumulation of neopterin, a peripheral early marker of immune activation, at the expense of BH4 [START_REF] Werner | Tetrahydrobiopterin biosynthetic activities in human macrophages, fibroblasts, THP-1, and T 24 cells. GTP-cyclohydrolase I is stimulated by interferon-gamma, and 6-pyruvoyl tetrahydropterin synthase and sepiapterin reductase are constitutively present[END_REF][START_REF] Neurauter | Chronic immune stimulation correlates with reduced phenylalanine turnover[END_REF]. Moreover, pro-inflammatory cytokines, such as IFN-gamma, trigger formation of high amounts of reactive oxygen species that can also destroy the oxidation-labile BH4 and then contribute to the substantial reductions in BH4 levels [START_REF] Kirsch | The autoxidation of tetrahydrobiopterin revisited. Proof of superoxide formation from reaction of tetrahydrobiopterin with molecular oxygen[END_REF]. Consistent with this notion, elevated plasma levels of neopterin [START_REF] Capuron | Interferon-alpha-induced changes in tryptophan metabolism. relationship to depression and paroxetine treatment[END_REF] together with reduced BH4, reflected in increased phenylalanine/tyrosine ratio (91), were reported in patients treated with IFN-alpha and in multiple inflammatory conditions [START_REF] Neurauter | Chronic immune stimulation correlates with reduced phenylalanine turnover[END_REF].

Due to its crucial role as cofactor in the activity of TH and TPH notably, the oxidation and reduced production of BH4 during inflammatory conditions may lead to significant disruptions in monoamine biosynthesis and neurotransmission [START_REF] Vancassel | Brain Kynurenine and BH4 Pathways: Relevance to the Pathophysiology and Treatment of Inflammation-Driven Depressive Symptoms[END_REF][START_REF] Neurauter | Chronic immune stimulation correlates with reduced phenylalanine turnover[END_REF][START_REF] Felger | Inflammatory cytokines in depression: neurobiological mechanisms and therapeutic implications[END_REF]. In line with this, inflammatory cytokines have been shown to strongly affect DA and DA-relevant neurocircuitry [START_REF] Felger | Cytokine effects on the basal ganglia and dopamine function: the subcortical source of inflammatory malaise[END_REF][START_REF] Capuron | Dopaminergic mechanisms of reduced basal ganglia responses to hedonic reward during interferon alfa administration[END_REF][START_REF] Miller | Cytokine targets in the brain: impact on neurotransmitters and neurocircuits[END_REF][START_REF] Felger | Inflammation is associated with decreased functional connectivity within corticostriatal reward circuitry in depression[END_REF].

Interestingly, IFN-alpha-induced reductions in BH4, as indicated by increased phenylalanine/tyrosine ratio, correlated with increased levels of systemic markers of inflammation together with reduced CSF levels of DA and its metabolite, homovanillic acid [START_REF] Felger | Tyrosine metabolism during interferon-alpha administration: association with fatigue and CSF dopamine concentrations[END_REF]. In the same study, the oxidized form of BH4, BH2, was also increased in the CSF of IFN-alpha treated patients. Measurements of monoamine levels in murine models of partial deficiencies in BH4 have confirmed its important role in monoamine synthesis [START_REF] Longo | Disorders of biopterin metabolism[END_REF]. Accordingly, reduced levels of 5-HT and DA were described in the brain of hph-1 mouse, which are genetically deficient for BH4 [START_REF] Barker | Increased inducible nitric oxide synthase protein but limited nitric oxide formation occurs in astrocytes of the hph-1 (tetrahydrobiopterin deficient) mouse[END_REF][START_REF] Brand | Neurochemical effects following peripheral administration of tetrahydropterin derivatives to the hph-1 mouse[END_REF](100)(101)(102). Interestingly, those mice exhibited anxiety and depressive-like behavior when compared to wild-type control mice (101). Similarly, mice deficient in the SPR gene (Spr-/-), which catalyzes the final step of BH4 synthesis, displayed reductions in brain BH4 and monoamine levels, including DA and 5HT, together with disruption in brain maturation, severe growth retardation and locomotor deficits at adulthood (103-105). Interestingly, oral supplementation with tyrosine or BH4 and neurotransmitter precursors improved body weight and motor alterations, and restored phenylalanine metabolism in these animals (103, 106).

Impairments in DA activity and related neurocircuitry have been repeatedly documented during inflammatory conditions. Inflammatory challenges (e.g., IFN-alpha or endotoxin administration, typhoid vaccine) in clinical populations lead to significant alterations in the activity of the basal ganglia and substantia nigra that correlate with symptoms of fatigue, reduced motivation, anhedonia and psychomotor slowing [START_REF] Capuron | Dopaminergic mechanisms of reduced basal ganglia responses to hedonic reward during interferon alfa administration[END_REF](107)(108)(109)(110). Similarly, increased phenylalanine/tyrosine ratio was shown to correlate with reduced motivation, fatigue, and motor symptoms in elderly subjects with low-grade inflammation [START_REF] Capuron | Chronic low-grade inflammation in elderly persons is associated with altered tryptophan and tyrosine metabolism: role in neuropsychiatric symptoms[END_REF]. Moreover, dietary depletion of DA precursors, including phenylalanine and tyrosine, was found to decrease neural activation of the ventral striatum to hedonic reward (111), similar to that observed following administration of IFNalpha or endotoxin [START_REF] Capuron | Dopaminergic mechanisms of reduced basal ganglia responses to hedonic reward during interferon alfa administration[END_REF]107). Interestingly, the phenylalanine/tyrosine ratio was shown to be lower in depressed patients who responded to electroconvulsive therapy (112) whereas reduced BH4 levels were found in postmortem brains of subjects with a history of severe depression (113,114).

Animal studies have confirmed the role of inflammatory processes in the occurrence of alterations in DA function and neurocircuitry and their repercussions on the development of DArelated symptoms. Accordingly, nonhuman primates treated with IFN-alpha were found to exhibit lower D2/D3 DA receptor density and reduced striatum DA release in response to amphetamine that correlated with low motivation for food-related rewarding stimulus (115). Interestingly, reduction in DA were restored by L-DOPA administration via reverse in vivo microdialysis, suggesting a specific effect of IFN-alpha treatment on impaired DA synthesis (116), consistent with the clinical findings documenting disrupted presynaptic DA function in IFN-alpha-treated patients [START_REF] Capuron | Dopaminergic mechanisms of reduced basal ganglia responses to hedonic reward during interferon alfa administration[END_REF]. In line with these data, studies in rodents have indicated that acute peripheral administration of TNF-alpha induces anhedonia and increases the catabolism of monoamines in the nucleus accumbens (117). Similarly, treatment with IL1-beta or IL6 was found to reduce motivation for food in rats and to significantly lower extracellular DA release in the nucleus accumbens at high dose of IL6 (118, 119).

Administration of BH4 has been tested in depressed patients with contrasting results, inducing either improvement in depressive symptoms (120, 121) or no effect (122). At the preclinical level, peripheral BH4 injection was found to increase hyper-locomotion induced by methamphetamine challenge in mice (123). A pro-locomotor effect of repeated BH4 administration was also reported in a rat model of neonatal serotoninergic lesion (124). More recently, acute peripheral injection of BH4 in mice was shown to enhance amphetaminestimulated DA release in the nucleus accumbens and to increase motivation (125). However, it remains unclear whether BH4-mediated enhancement of DA release is due to an increase in DA synthesis or to a direct pro-release effect independently of its cofactor action on TH.

c) Inflammation-induced brain imaging abnormalities

Chronic inflammation has been linked to functional brain abnormalities in numerous neuroimaging studies. In particular, inflammatory stimuli were found to disrupt frontal-subcortical loops, involving the anterior cingulate cortex and the basal ganglia. In medically ill patients, treatment with IFN-alpha was found to increase activity of the dorsal anterior cingulate cortex during an attention-demanding task. This activation highly correlated with the number of errors made during the task in IFN-alpha treated patients, albeit task performance of these patients was similar to that measured in control subjects (126). The dorsal anterior cingulate cortex is highly implicated in error detection and conflict monitoring (127-130). Accordingly, overactivation within this cortical area may reflect an aberrant error processing, possibly source of automatic negative thoughts as shown in patients with obsessive-compulsive disorders (126, 131-134).

Increased activity of the anterior cingulate cortex was also found to be part of the response to peer rejection and was considered a predictive marker of the development of depressive symptomatology (135, 136). Interestingly, studies investigating social exclusion and associated negative affect in healthy subjects reported significant associations between greater activity in the dorsal anterior cingulate cortex and insula and increased peripheral concentrations of inflammatory markers in response to acute social stress (137). The activity of the ventral anterior cingulate cortex, which is specifically involved in the regulation of emotional responses (127, 128), is also highly modulated by inflammation. Accordingly, acute inflammatory challenge (typhoid vaccination) in healthy subjects was found to produce an inflammatory response that was associated with mood deterioration, which correlated with increased activity of the subgenual anterior cingulate cortex during the processing and recognition of facial emotions (138).

The basal ganglia were found to represent privileged targets for inflammatory processes.

Neuroimaging studies in patients treated with IFN-alpha have contributed to reveal changes in basal ganglia activity, notably in the striatum and globus pallidus, during the first weeks of treatment (108). Interestingly, these brain alterations were associated with the intensity of fatigue experienced by these patients at these early stages of treatment. In another study, lowered activation of the ventral striatum in response to monetary rewards was found to correlate with IFN-alpha-induced reduced motivation, depression and fatigue [START_REF] Capuron | Dopaminergic mechanisms of reduced basal ganglia responses to hedonic reward during interferon alfa administration[END_REF]. Midbrain DA neurons projecting to the striatum have been extensively demonstrated to encode a reward prediction error rule and provide information about the predictability of reward, which is essential during rewarddirected learning (139-141). An error signal is therefore generated when differences are perceived between reward expectation and reality. Increases in plasma levels of IL-6 after acute stress in healthy volunteers were recently coupled to blunted reward prediction error signals within the ventral striatum during reinforcement learning (142). Interestingly, reduced prediction errors in the striatum and midbrain were documented in depressed patients and this reduction was inversely correlated with severity of anhedonia (143). Increased levels of hsCRP were also found to be associated with decreased functional connectivity between the medial prefrontal cortex and ventral striatum, which in turn correlated with anhedonia and motor slowing in depressed subjects [START_REF] Felger | Inflammation is associated with decreased functional connectivity within corticostriatal reward circuitry in depression[END_REF].

Because of their neurotoxic effects, IDO-related KYN derivatives, including quinolinic acid, may also contribute, at least in part, to structural brain abnormalities. In support of this notion, decreased kynurenic acid/quinolinic acid ratio, which correlated with severity of anhedonia [START_REF] Savitz | Reduction of kynurenic acid to quinolinic acid ratio in both the depressed and remitted phases of major depressive disorder[END_REF], was found to be associated with reduced thickness of the pregenual cingulate cortex in a sample of depressed patients [START_REF] Meier | Relationship between neurotoxic kynurenine metabolites and reductions in right medial prefrontal cortical thickness in major depressive disorder[END_REF]. In line with this, elevated levels of hsCRP or IL-6 were linked to reduced volume of multiple brain regions, including the prefrontal cortex, amygdala, striatum and hippocampus (144-147), found to be involved in disrupted emotional behaviors and cognitive aspects mediating the expression of neuropsychiatric symptoms [START_REF] Phillips | A neural model of voluntary and automatic emotion regulation: implications for understanding the pathophysiology and neurodevelopment of bipolar disorder[END_REF]148).

C. Towards the promotion of a phenotype-guided medicine

The discovery that inflammatory processes play a crucial role in the development of various neuropsychiatric symptom dimensions that are common to multiple psychiatric conditions places these processes as prime targets for the implementation of new therapeutic strategies.

Inflammatory factors significantly impact the functionality of two distinct enzymatic pathways, IDO and GCH-I, thereby contributing to monoamine deficits contrasting with the excessive production of compounds with neurotoxic properties related to overactivation of the glutamate system (Figure 1). Disruptions in these pathways were found to lead to profound structural abnormalities along with significant changes in the functional activity and connectivity of brain circuits regulating cognition, emotion, arousal and motivational aspects, and encompassing key brain regions such as the anterior cingulate cortex, basal ganglia, amygdala and hippocampus.

Close relationships were established with specific clinical dimensions ranging from depressive symptoms (sadness, anhedonia, suicidal thoughts) to cognitive (memory/attention/concentration deficit) and neurovegetative symptoms (fatigue/anergia, abnormal sleep, psychomotor retardation).

Noteworthy, the activation of GCH-I and IDO pathways by inflammatory processes, and the related alterations in monoamine and glutamate function, are not exclusive and may share common paths since both monoamines and glutamate are critically involved in basal ganglia function where they are highly interconnected (149-151). In line with this, data obtained in clinical and preclinical models of IFN-alpha-induced neuropsychiatric symptoms indicate that inflammation-induced anhedonia relies on alterations in both DA and glutamate systems [START_REF] Haroon | Conceptual convergence: increased inflammation is associated with increased basal ganglia glutamate in patients with major depression[END_REF][START_REF] Capuron | Dopaminergic mechanisms of reduced basal ganglia responses to hedonic reward during interferon alfa administration[END_REF]115,152).

This type of research is particularly relevant to the area of integrative and translational neurosciences interconnecting biomarkers, mainly referring to inflammatory mechanisms, executive function, emotional processing, reward, and behavior-related neurocircuitry, to particular clinical symptom domains. Increasing knowledge on immune-to-brain interactions is expected to facilitate the development and implementation of novel and innovative therapeutic interventions against inflammation targeting, at distinct levels of integration, mechanisms, processes and brain circuits underlying the expression of specific clinical profiles. This will help to prevent or interrupt the cascade of biological events associated with inflammation leading to psychiatric illnesses. Overall, this research approach is a necessary step for the promotion of a precision medicine as a medical procedure intending to better determine "which therapeutics for which patients" [START_REF] Insel | Medicine. Brain disorders? Precisely[END_REF][START_REF] Insel | Research domain criteria (RDoC): toward a new classification framework for research on mental disorders[END_REF]153). Precise characterization of clinical phenotypes based on the patient's inflammatory profile should contribute to further guide decision toward adapted and personalized strategies in everyday practice, therefore enabling to substantially improve poor treatment outcomes in Psychiatry. 
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 1 Figure 1. Inflammation-induced alterations in indoleamine-2,3-dioxygenase (IDO) and GTP-
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