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Progress in neuroimmunology established that the nervous and the immune systems are two functionally related physiological systems. Unique sensory and immune receptors enable them to control interactions of the organism with the inner and the outer worlds. Both systems undergo an experience-driven selection process during their ontogeny. They share the same mediators/neurotransmitters and use synapses for intercellular communication. They keep a memory of previous experiences. Immune cells can affect nervous cells, nervous cells can affect immune cells, and they regulate each other. I however argue that the two systems differ by three major points: 1) Unlike the nervous system, the immune system has a loose anatomical structure, in which molecular and cellular events mostly occur at random; 2) The immune system can respond to molecules of the living world whereas the nervous system can respond to phenomena of the physical world; 3) Responses of the immune system act both on the organism and on the stimulus that triggered the response, whereas responses of the nervous system act on the organism only. The nervous and the immune systems therefore appear as two complementary systems of relations that closely work together, and whose reactivities are well-suited to deal with physical and biological stimuli, respectively. Its ability both to adapt the organism to the living world and to adapt the living world to the organism endows the immune system with powerful adaptive properties that enable the organism to live in peace with itself and with other living beings, whether pathogens or commensals.
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Introduction

The nervous system has long been thought to be “immunologically privileged”, i.e., ignored by the immune system. This view was challenged by the findings that “neurodegenerative diseases”, such as Alzheimer’s disease (1) and Parkinson’s disease (2) are inflammatory diseases, and that inflammatory diseases of the nervous system, such as myasthenia gravis (3) and, to some extent multiple sclerosis (4), have an autoimmune etiology. Antibodies against neurons (5) and acetylcholine receptors (6) were indeed identified in neurological diseases, and pathogenic autoreactive T cells in experimental autoimmune encephalomyelitis and demyelinating diseases (7). Lymphocytes (8) (9), i.e., cells involved in adaptive immunity, and glial cells (10), i.e., myeloid cells involved in innate immunity, were then found in normal brain. An extensive meningeal lymphatic network was described (11) (12). Neurons and immune cells were shown to share mediators and receptors, and to respond to each other’s stimulations. Finally, the nervous system (13) and the immune system (14) were found to be similarly controlled by the microbiota.

As a consequence, immunology and neurobiology became interested in each other. They exchanged concepts and vocabulary. After the notion of “immunological memory”, conceived by analogy with neurological memory (15), immunologists started talking of “immune synapses” by analogy with cell-cell contacts (16) used by neurons to communicate with other neurons and other cells, while neurobiologists talked of “neuronal group selection” by analogy with antigen-driven clonal selection of lymphocytes (17). As they became closer, neurobiology and immunology engendered “neuroimmunology” in the early 1980s. The newborn discipline was offered a Journal of Neuroimmunology in 1981, the first International Congress of Neuroimmunology was held in Stresa, Italy, in 1982, and an International Society of Neuroimmunology was created in 1987 (18). In 2020, The Journal of Immunology assembled a collection of review articles entitled Neuroimmunology: To sense and protect (19), and Nature Reviews Immunology launched a special series on Neuroimmunology introduced by an Editorial entitled A Neuroimmune Odyssey (20).

Forty years after the term was coined, neuroimmunology has become a new frontier. Changes in perspective challenged the view of the nervous system and the immune system as being two distinct biological systems. The immune system was described as a “sensory organ” that uses the same signals and receptors as the neuroendocrine system (21) and even as “the seventh sense” that informs the brain about microorganisms (22). Conversely, sensory neurons were envisioned as “critical mediators of immunity” (23) that “drive anticipatory immunity” (24). As the limits between the two systems were becoming more and more blurred, the nervous system and the immune system started to be viewed as parts of a single neuroimmune system.

The nervous system and the immune system have indeed many features in common. I will stress here that they contribute to the same general function: they enable and control the relations of the organism with the outside and the inside worlds. I will however argue that they differ by key features. Differences in their anatomy, in their cognitive repertoires and in their functional repertoires endow them with markedly different biological properties and fundamentally different biological functions. If indeed the immune system is a second system of relations, it deals with the living world whereas the central nervous system deals with the physical world. If both systems can induce the organism to respond to many different stimuli, the immune system acts on the triggering stimulus itself, whereas the central nervous system does not.



Three types of biological systems

The American Society of Physiology records 10 biological systems in humans: the cardiovascular system, the digestive system, the endocrine system, the immune system, the muscular system, the nervous system, the renal system, the reproductive system, the respiratory system, and the skeletal system1. A biological system is an ensemble of biological objects —molecules, cells, tissues, organs, etc.— which, altogether, contribute to a given biological function. Objects belonging to a system can be similar or different, close to each other or disseminated throughout the body, linked together or not, immobile or mobile. Their only common point is the function they contribute to. Describing biological systems is one way of cutting out functional units within living organisms. These functional units depend on scientists, on their knowledge, and on what they aim at understanding. Biological systems are therefore not material objects but images that scientists project on the body to help them understand how living beings live.

If so, one is entitled to conceive other or different functional units, a neuro-immune system for example, or a neuro-endocrine system or even a neuro-immuno-endocrine system. One might also consider additional systems, a hematopoietic system and a cutaneous system for example, fulfill functions that are not fulfilled by the 10 systems listed by the American Society of Physiology. Besides, not all biological systems have always existed. There was no immune system before it was first proposed by immunologists in the 1960s (25). Conceived to account for the protective immunity conferred by vaccines, i.e., consequences of artifactual maneuvers, the immune system became a physiological system that took place among others because it protects against pathogens. Since then, defense became a universal vital function, and “defense systems”, referred to as immune systems, were described in all living beings, including plants (26), protozoa (27), archaea and bacteria (28).

If one keeps in mind that, contrary to man-made artifacts, biological objects were not made to fulfill a specific function, but were selected during evolution because they conferred some critical advantage to phylogenetic ancestors (29), one can consider what biological objects do when they function and what their functioning enables. On this basis, I propose to set up biological systems into three groups: 1) Systems of structure, 2) Systems of maintenance and 3) Systems of relations. Systems of structure enable the physical existence of living beings in space and their movements. They comprise the cutaneous system, the skeletal system and the muscular system. Systems of maintenance enable the substantial existence —the production, the degradation and the renewal of biological objects and their substance— of living beings, their homeostasis and their reproduction. They comprise the digestive system, the respiratory system, the renal system, the endocrine system, the cardiovascular system, the hematopoietic system and the reproduction system. Systems of relations enable the interactions of the organism with the world and control them. They comprise the nervous system and the immune system.



The immune system like the nervous system

Although not very much alike a priori, the nervous and the immune system share major features. Both systems perceive2 not only the outer world, but also the inner world, both undergo a selection process during their ontogeny, both use similar communication means, and both keep a memory of previous experiences.


Both the nervous system and the immune system perceive the outer and the inner worlds

The nervous system perceives both the outer and the inner worlds through two types of sensory apparatus. Unique sensory receptors (i.e., photoreceptors, hairy cell cilia, olfactory receptors, taste receptors, equilibrium receptors) located in a limited number of paired or symmetrical sensory organs located in the head (i.e., eyes, outer ears, nose, tongue and inner ears) enable the perception of specific stimuli (i.e., light, sounds, odors, tastes and acceleration). Multiple sensory receptors (i.e., thermoreceptors, mechanoreceptors, baroreceptors and nociceptors) located in peripheral tissues (e.g., the skin) and internal organs (e.g., muscles, bones, vessels, fasciae, visceral organs), enable the perception of general stimuli (i.e., temperature, touch, pressure and pain). Head and skin sensory organs receive stimuli from outside. Sensory organs present in internal tissues receive stimuli from inside.

The immune system perceives both the outer and the inner worlds through three types of immune receptors expressed by a variety of immune cells (30). Receptors of the first type are transmembrane proteins expressed at the cell surface. They include Immunoreceptors and Pattern Recognition Receptors. Immunoreceptors include T Cell Receptors (TCRs), B Cell Receptors (BCRs), Fc Receptors (FcRs) and Natural Cytotoxicity Receptors (NCRs). Pattern Recognition Receptors (PRRs) include Toll-Like Receptors (TLR1, 2, 4, 5, 6) and C-type Lectin Receptors (CLRs). Receptors of the second type are transmembrane proteins expressed at the surface of intracellular vesicles. They are the PRRs TLR3, 7, 8 and 9. Receptors of the third type are cytosolic proteins. They are the NOD-like Receptors (NLRs) NOD1 and NOD2. Immune receptors perceive biological molecules. Surface receptors perceive extracellular molecules whereas cytosolic receptors perceive intracellular molecules. Both extracellular and intracellular molecules perceived by immune receptors can be either exogenous molecules, i.e., not made by the organism, or endogenous molecules, i.e., made by the organism. Examples of exogenous extracellular molecules are classical foreign antigens. Examples of endogenous extracellular molecules are autoantigens. Examples of exogenous intracellular molecules are microbial molecules produced by intracellular pathogens, such as bacterial peptidoglycans or viral nucleic acids. Likewise, although intracellular, vesicular receptors can perceive either exogenous extracellular molecules internalized from the outside, or endogenous intracellular molecules trafficking within the cell or transported from the inside to the outside.

As such, neither receptors expressed by sensory organs of the nervous system nor receptors expressed by cells of the immune system can distinguish between stimuli from the outer world and stimuli from the inner world. They can only signal that they have been engaged by stimuli that they can perceive. Due to their distribution in the body, the location of sensory receptors of the nervous system provides information on the origin of stimuli. However, thermoreceptors or baroreceptors respond similarly to variations of temperature and pressure, respectively, whether external or internal. Likewise, molecular patterns, nucleic acids, bacterial glycoproteins or other Microbe-Associated Molecular Patterns (MAMPs) perceived by TLRs, CLRs, NLRs or other PRRs are primarily the products of microorganisms, but these can be either outside pathogens or inside commensals. Besides, PRRs can also sense Damage-Associated Molecular Patterns (DAMPs) produced by altered cells in the body.



Both the immune system and the nervous system undergo a selection process during their ontogeny.

The clonal selection theory proposed by Frank Macfarlane Burnet (31) accounts for the generation of the cognitive repertoire of the adaptive immune system. It rests on a unique genetic mechanism that was demonstrated to determine the antigen specificity of lymphocytes. Each lymphocyte (T or B) expresses antigen receptors (TCRs or BCRs) of a single specificity. The specificity of antigen receptors is determined by the association of one V gene, one D gene and one J gene, randomly chosen from three pools of V, D and J genes, respectively. This unique VDJ combination results from a somatic gene rearrangement that occurs in individual lymphocytes before they encounter antigen. When recognizing the antigen they are specific for under appropriate conditions, antigen receptors trigger signals that induce lymphocytes to proliferate and to form clones.

The somatic rearrangement being irreversible, rearranged VDJ genes are transmitted to daughter cells, and all lymphocytes in the clone that develops have the same specificity. Antigens therefore select lymphocytes that express preformed receptors and induce them to expand clonally. They also induce cell differentiation. T lymphocytes differentiate into effector T cells of various types (Th1, Th2, Th17 cells, cytotoxic T cells, regulatory T cells, etc.). Likewise, B lymphocytes differentiate into plasma cells that secrete antibodies with the specificity of the rearranged BCR, but also into effector and regulatory B cells (32). If antigens do not shape antibodies (or lymphocyte receptors), as claimed once by instructive theories (33), they shape the repertoire of the adaptive immune system by selecting an actual repertoire (resulting from antigen-driven clonal expansion) from an available repertoire (expressed by lymphocytes before they are selected), itself randomly sampled from a potential repertoire (made by all the possible combinations of V, D and J genes) (34).

It was on the model of Burnet’s clonal selection of lymphocytes that Gerald Edelman conceived the “selection of neuronal groups theory” (17). According to this theory, the brain cortex is organized in dynamic neuronal networks that are secondarily selected by experience. The nervous system develops early in fetal life under the control of the products of homeotic genes, and as a function of anatomical constraints. Neurons grow neurites and establish contacts with other neurons in the vicinity. Some start exchanging signals and survive. Others do not and die. The resulting self-generated system is highly diverse and varies between individuals of the same species. Later in infancy, information produced by experience and behavior generates extensive synaptic rearrangements. Synapses between already connected neurons and between groups of connected neurons are reinforced while less used synapses are eliminated. Experience thus selects strongly connected groups of neurons whose activities determine a secondary repertoire that further adapts to environmental constrains and stimuli. When fully mature in adults, the brain has gained a full capacity to respond specifically and/or to produce multiple solutions to perform a variety of tasks.

An experience-driven selection process therefore shapes both the adaptive immune system and the nervous system. Like lymphocytes generated with a randomly determined specificity, neurons first establish connections at random with close-by neurons. The available primary repertoires of lymphocytes and neurons are wide and diverse (one notices that the same term “repertoire” is used by immunologists to qualify the specificity of antigen receptors and by neurobiologists to qualify neuronal connections). An actual secondary repertoire is then selected by environmental factors. Like antigen determines the clonal expansion of lymphocytes whose receptors are engaged and the death of lymphocytes whose antigen receptors are not, experience determines the reinforcement of neuronal connections between groups of neurons involved in activity, and the elimination of connections that are not.



Both the nervous system and the immune system use similar means of communication.

Soluble mediators used by the immune system have long been known to be also neurotransmitters. Classical examples are the monoamines histamine and serotonin. Histamine is stored in mast cell and basophil granules that are exocytosed upon IgE-induced cell activation. It accounts for itching in skin allergy, for increased vascular permeability associated with inflammatory reactions and, through the latter property, for blood pressure fall that can be fatal in anaphylaxis. Serotonin is stored in and, upon activation, is released by platelets. The largest source of serotonin, however, are enterochromaffin cells that modulate neuron signaling in the gut. Histamine and serotonin are also synthesized and released by histaminergic and serotonergic neurons, respectively. Both mediators are indeed neurotransmitters used by different neurons. Histaminergic neurons are mostly located in the hypothalamus, whereas serotoninergic neurons are disseminated in the central nervous system and the enteric nervous system. Both are involved in the sleep-wake cycle, but serotonergic pathways control a variety of other processes, including emotional behavior, circadian rhythm, appetite, and many visceral activities such as sexual behavior, and gastrointestinal movements (35). Likewise, the parasympathetic neurotransmitter acetylcholine was found to be produced by B lymphocytes and to negatively regulate hematopoiesis (36), by T lymphocytes and to control viral infection (37), and by type-2 Innate Lymphoid Cells (ILC2) and to promote anti-helminth immunity (38) (39).

For long, synapses designated contact zones between two neurons or between a motoneuron and a muscle cell, through which nervous impulse is transmitted. Transmission occurs when an action potential triggers the presynaptic neuron to release neurotransmitter-containing vesicles into the synaptic cleft that separates the two cells. When binding to neurotransmitter receptors expressed by the postsynaptic neuron or muscle cell, neurotransmitters trigger an action potential.

A synapse-like structure was first proposed to mediate cell-cell communication in the immune system in 1984. The analogy was soon adopted by immunologists, and synapses were redefined as “stable adhesive junctions between two cells across which information is relayed by directed secretion” (16). Immune synapses became a key structure accounting for antigen presentation to helper T cells (Th cells), cytotoxic T lymphocytes (CTL)-mediated and Natural Killer (NK) cell-mediated cytotoxicity (40), and in general, in direct cell-cell contacts involving immune cells.

Studies of synapses formed around TCR on Th cells and peptides bound to Major Histocompatibility Complex (MHC) class II molecules on dendritic cells (DCs), unveiled a tightly controlled molecular dynamics involving membrane molecules, intracellular signaling molecules and cytoskeleton molecules. These molecules form “Supramolecular activation clusters” (SMACs) (41), made by a central SMAC containing the TCR/MHC-peptide cluster, and by a peripheral SMAC containing the LFA-1 and ICAM-1 integrins, while microtubules are rearranged. Src family tyrosine kinases (Lck) are rapidly activated and cytosolic tyrosine kinases (ZAP-70) are recruited, and they initiate signals leading to T cell activation. Noticeably, the two cells involved in an immunological synapse, are successively presynaptic and post synaptic cells for the same synapse. In antigen presentation, DCs first deliver information to Th cells in form of class II MHC-peptide complexes, leading the T cell activation, and secondarily, activated Th cells deliver information to the same DCs in form of cytokines. Likewise, in cytotoxicity, target cells first deliver information to CTLs in form of class I MHC-peptide complexes, leading to T cell activation, and secondarily, activated CTLs deliver information to the same target cells in form of cytotoxic and proapoptotic molecules. In both cases, the synapse concentrates cytokines and cytotoxic mediators secreted by T cells in the synaptic cleft, and restricts their effects, which could otherwise affect a variety of cells, to the target cell involved in the synapse (42).



Both the nervous system and the immune system have a memory

The idea that the immune system has a “memory” was tailored after that of the nervous system. Indeed, in common language, “memory” refers to the ability of the nervous system to “remember”. The analogy implies that the two systems can keep track of their previous experiences.

Neurological memory lies on variations of activity in neuronal networks. Memories depend on the activity of interconnected neurons in a particular space and time configuration. Sensorial experience indeed first enhances the efficacy of synapse transmission, especially synapses that use glutamate as a neurotransmitter (43). The new conformation of these synapses is then stabilized by the controlled expression and degradation of specific proteins (44). Neural memory therefore results from the long-term reorganization of neuronal networks whose activity is facilitated.

Immunological memory also depends on long-term changes in the immune system (45). Changes bear on lymphocyte populations. When confronted again to a given antigen, the immune system responds faster and more vigorously. Antibodies appear more rapidly in the blood, with higher titers and they persist longer. One reason is that an expansion of specific clones occurred during the first response, and they differentiated into effector cells and antibody-producing cells. Most of these cells disappear following the response. Some remain, however, a fraction of which, referred to as “memory lymphocytes” have a long life. A second stimulation therefore does not start from a naive but from a previously trained immune system.

Immune memory was long restricted to the adaptive immune system. Increasing evidence suggests that the idea of a trained immune system also applies to the innate immune system and, therefore, that innate immunity also has a memory (46). Unlike those of lymphocytes, immune receptors of myeloid cells and ILCs are germline encoded: they undergo no somatic gene rearrangement. Their memory depends on sustained, but reversible epigenetic changes induced by a previous stimulation, leading to an enhanced transcription of specific genes that were previously expressed upon activation. NK cell memory also results from their proliferation following stimulation by viruses. Trained innate immunity is increasingly thought to contribute to the long term “non-specific” effects of vaccines (47).




Crosstalk between the two systems of relation

Analogies between biological objects or their ways of functioning are suggestive, but they tell us more about our way of seeing them than about objects themselves. They imply no objective link. Everyday increasing evidence, however, indicates that the nervous system and the immune system are not independent systems, but instead, that they function in concert.


Microbes can affect nervous cells

Like immune cells, nervous cells can be activated by microbes and microbial products. Neurons are closely associated with myeloid cells, i.e., glial cells, which, like innate myeloid cells of the immune system, can sense microorganisms and their soluble products via their PRRs. Neurons can also be activated by inflammatory mediators released or secreted by nearby immune cells, upon the engagement of their PRRs by microbes or microbial products, (see below).

Neurons can also be activated directly by microbial products. Thus, Staphylococcus aureus can activate nociceptive sensory neurons via the release of bacterial N-formylated peptides and of the pore-forming toxin α-hemolysin. Activated nociceptors then release neuropeptides that modulate innate immune inflammation (48). Sulfolipid-1, a glycolipid produced by Mycobacterium tuberculosis, activates nociceptive neurons that induce cough in tuberculosis (49). Likewise, Candida albicans can directly activate sensory neurons and enhance host resistance to infection by secreting neuropeptides that drive the production of IL-23 by dendritic cells (50). Gut-innervating nociceptors can be activated by Salmonella enterica and release a neuropeptide that modulates both the density of Peyer patches’ M cells and the levels of segmentous filamented bacteria, leading to a protection against infection (51). A specific neuronal population of the central nucleus of the amygdala was found to be activated in the brain of mice recovering from experimental sepsis, leading to anxiety-related behavior and exaggerated fear memory similar to the long-term anxiety and post-traumatic stress disorder-like syndrome observed following sepsis in humans (52).

Finally, neurons themselves express PRRs (53), including TLRs and NLRs, which enable them to respond to microbial stimuli that engage these receptors. Inhibitory neurons of the hypothalamus can be activated by muropeptides produced by gut bacteria via the cytosolic PRR NOD2 and they regulate appetite and body temperature (54). LPS activates trigeminal neurons by sensitizing the ion channel TRPV1, when binding to TLR4 expressed by these neurons (55). Noticeably, TLRs signal through a unique mechanism in neurons. Instead of MYD88- TIRAP- or TRIF-dependent signaling pathways leading to the transcription of cytokines as in innate myeloid cells (56), TLRs expressed by nociceptive neurons are coupled to ion channels that rapidly modulate neuronal excitability, leading to the rapid onset of pain or itch (57).

Not surprisingly, the gut microbiota was found to profoundly affect the development and the functioning of the nervous system. While in utero, the fetus is exposed to metabolites produced by maternal gut microorganisms. It was shown in mice that these metabolites enable the establishment of proper connections between cortex and hypothalamus neurons, otherwise the offspring displays a variety of behavioral defects (58). The gut microbiota also induces the expression of a transcription factor in gastrointestinal neurons that control intestinal peristaltism in adult mice (59).



Immune cells can affect nervous cells

When activated, immune cells can act on cells of the nervous system. As discussed above, immune cells can secrete acetylcholine, and several inflammatory mediators secreted by immune cells behave as neurotransmitters in the nervous system. Neurons also express cytokine receptors. Thus, the canonical pro-inflammatory cytokine IL-17 is produced by meningeal γδ T cells. There, it is not only involved in neuro-inflammatory diseases, it also activates cortical glutamatergic neurons that express the IL-17α receptor and modulates fear behavior in mice (60). Macrophages can both enhance pain by secreting proinflammatory mediators, and induce pain resolution by secreting anti-inflammatory mediators and endogenous opioids. Likewise, T cells promote both pain development following nerve injury, and pain resolution after transient inflammation (61). Type-2 cytokines such as IL-4 stimulate and activate sensory neurons that express IL-4Rα receptors and mediate chronic itch by enhancing neuronal responsiveness to pruritogens (62). IL-5, a cytokine involved in allergic airway inflammation, activates lung nociceptors that initiate cough and bronchoconstriction (63).

As expected, neurons are also the targets of effector cells of the immune system in neurodegenerative diseases. Tissue-resident inflammatory ILC3s can function as antigen-presenting cells and restimulate myelin-specific T cells in a murine model of multiple sclerosis (64). By killing neurons, NK cells determined the onset and progression of motor neuron degeneration in murine models of amyotrophic lateral sclerosis. By producing IFN-γ, NK cells can also induce an inflammatory phenotype in microglial cells, and impair the recruitment of FOXP3+/Treg cells in the CNS (65).



Nervous cells can affect immune cells

Sensory neurons that express the ion channels TRPV1 and Nav1.8 were found to interact with and to induce dermal DCs to secrete IL-23 that drives skin inflammation in a murine model of psoriasis (66). Neuromedin U is a member of a family of neuropetides, with pleiotropic functions (67), especially in the gastrointestinal tract where it is produced by cholinergic neurons. It was recently found to trigger (68) and to amplify IL-25-induced (69) secretion of type-2 cytokines by ILC2s that express the NMUR1 receptor (70). Another neuropeptide, the vasoactive intestinal peptide (VIP), is secreted by the enteric nervous system in response to feeding. ILCs express high amounts of the VIP receptor VIPR2. VIP synergizes with IL-25 and IL-33, or with IL-1β and IL-23, to induce the production of high amounts of IL-5 by ILC2s or of IL-22 by ILC3s, respectively (71). ILC2s also express acetylcholine receptors and β2 adrenergic receptors, which control positively and negatively their functions, respectively. ILC2s themselves produce and secrete acetylcholine, and an exposure to helminths or allergens, which triggers the release of IL-25, IL-33 or TSLP, increases choline acetyltransferase, the enzyme responsible for acetylcholine synthesis, in ILC2s. Acetylcholine was found to induce ILC2 expansion, ILC2-dependent type-2 cytokine secretion and helminth expulsion (38) (39).

Conversely, β2 adrenergic receptor agonists such as norepinephrine were found to decrease type-2 responses by decreasing the proliferation and responses of ILC2s to helminth infection or allergen exposure (39) (72). Likewise, nociceptive sensory neurons were found to control herpes virus (HSV-1) infection in mice. They reduced skin inflammation by decreasing inflammatory cytokine secretion, monocyte activation and neutrophil infiltration in response to cutaneous infection by HSV-1, and by promoting CD8 T cell priming by skin DCs (73). Skin lymph nodes are indeed innervated by various subsets of sensory neurons, predominantly peptidergic nociceptors, whose stimulation by TLR agonists triggers rapid transcriptional changes in endothelium, stromal cells, and ILCs (74). Likewise, the lungs are innervated by sympathetic nerves, and norepinephrine or other agonists of β2-adrenergic receptors, negatively regulate LPS- or IL-33-elicited immune responses in the lung (75). Actually, most tissues including lymphoid organs are innervated by autonomic (primarily adrenergic) and sensory nerves. Both adrenaline, and substance P (produced by adrenergic neurons), or the neuropeptide TAFA4 (produced by sensory neurons) control leukocyte trafficking and the migration of immune cells in tissues [reviewed in (76)]. The above data and many others support and provide mechanistic explanations to the long known observation that stress may alter immune responses (77).



Reciprocal crosstalk between the nervous system and the immune system

Altogether these two-way interactions between cells of the nervous and the immune system enable a multi-level reciprocal crosstalk between the two systems (78). I will underline two examples only: between neurons and ILC2s in allergy, and between the gut immune system and the insular cortex in inflammation.

ILC2s are key players in allergy, primarily as a source of type-2 cytokines. As discussed above, IL-4 activates sensory neurons that express IL-4 receptors (62), and activated neurons secrete neuromedin U that activates ILC2 that express neuromedin receptors (68) (70), thus generating an amplification loop that promotes allergic reactions (69). However, adrenergic neurons also secrete β2 adrenergic receptor agonists that inhibit the activation of ILC2 that express β2 adrenergic receptors, thus generating an inhibitory loop that dampens allergic reactions (72).

The second example bears on intestinal inflammation that can be induced by adding dextran sodium sulfate (DSS) in drinking water to generate a murine model of inflammatory bowel disease, with a massive infiltration of immune cells and gut wall leakiness. DSS-induced intestinal inflammation was found to activate distant neurons in the insular cortex. Following spontaneous recovery, gut inflammation could be re-induced in the absence of DSS, by stimulating insular neurons that were previously activated upon gut inflammation. Finally, a selective inhibition of insular neurons reduced gut inflammation induced by DSS. These experiments led to the identification of a novel neuronal pathway linking the intestine and the insula (79).




The immune system unlike the nervous system

In spite of these similarities and functional interactions, the nervous and the immune system markedly differ. Among others, differences bear on their anatomical organization, on what they respond to and on what they act on.


The two systems of relations markedly differ by their anatomy

Some systems, like the digestive system, the cardiovascular system or the nervous system, have a readily observed anatomical organization that strongly suggests their function. Others, like the hematopoietic system, the endocrine system or the immune system, lack such a suggestive organization.

The nervous system is indeed macroscopically “visible”: it can be dissected. Two large organs, the brain and the spinal cord, enclosed in bone containers, constitute the central nervous system (CNS). The CNS is prolonged by a network of sensory organs, nerves and ganglia, which constitute the peripheral nervous system (PNS). The PNS comprises the somatic nervous system and the autonomic nervous system, which innervate the body and internal organs, respectively. Unless connected by synapses, neural cells are separated from other cells. The immune system does not display such an obvious structure. It comprises lymphoid organs and vessels. Lymphoid organs comprise primary, secondary and tertiary organs. Primary lymphoid organs are the bone marrow and the thymus, in which immune cells differentiate from hematopoietic progenitors. Bone marrow is dispersed throughout the body in short and flat bones. The thymus regresses after birth. Secondary lymphoid organs comprise lymph nodes and the spleen in which adaptive immune responses are initiated and develop. Tertiary lymphoid organs are transient lymph node-like structures that form at inflammatory sites. Lymph nodes are connected by lymphatic vessels. Bone marrow and spleen are shared with the hematopoietic system. Lymphatic vessels merge with vessels of the vascular system. The immune system is an open “soft” system.

At the microscopic level, the nervous system is made by two main types of cells: neurons and glial cells. Neurons form both nuclei and nerves. Nuclei are made by neuronal bodies, while nerves are made by neuronal axons. Glial cells include microglial cells, astrocytes and oligodendrocytes in the CNS; Schwann cells in the PNS. Glial cells are myeloid cells associated with the nervous system. Immune cells also comprise two main types of cells: lymphoid cells and myeloid cells. Lymphoid cells comprise lymphocytes and ILCs. Classically, lymphocytes are primarily involved in adaptive immunity, whereas myeloid cells and ILCs are primarily involved in innate immunity. All three types of cells however collaborate in immune responses. Lymphocytes develop and differentiate in lymphoid organs, and circulate in the blood. ILCs are primarily tissue-resident cells. Myeloid cells circulate in the blood, home in tissues and/or shuttle between blood and tissues. Lymphoid and myeloid cells are therefore often mixed either with other blood cells in the circulation or with other cells in peripheral tissues.

In response to stimulation, the nervous system generates nervous impulses, i.e., action potentials. Nervous impulses follow neuronal axons, jump from neuron to neuron via synapses and diffuse in neuronal networks. They travel via pre-established paths from the periphery to central organs and from central organs to the periphery. Signals triggered by immune receptors activate cells, leading to the production molecular and cellular effectors. Molecular effectors diffuse in the environment (e.g., cytokines) and/or are carried by the blood throughout the body (e.g., antibodies). They act on cells and molecules that bear specific targets (eg., cytokine receptors or antigens). Cellular effectors follow the blood stream and/or migrate in tissues. Intermolecular contacts, molecule-cell contacts and intercellular contacts occur at random, as immune cells and molecules travel and encounter each other.

Altogether, these structural and functional differences make the immune system highly flexible, compared to the nervous system. Nervous responses triggered by given stimulus at a given time are largely predetermined, whereas immune responses are contingent and contextual.



The two systems of relations have markedly different cognitive repertoires

The cognitive repertoires of the two systems can be defined as the whole spectrum of stimuli that can be perceived by nervous sensory receptors and by immune receptors, respectively.

The nervous system has the unique feature of being equipped with specific sensory organs that can perceive waves, vibrations, movements, pressure, temperature, etc., i.e., physical manifestations. Rods and cones of the retina are stimulated by photons, i.e., electromagnetic waves/particles; hairy cells of the internal ear by variations of fluid pressure generated by sound waves; aortic and carotid baroreceptors by blood pressure; Pacinian corpuscles of the skin by vibrations; Meissner’s corpuscles in the skin of finger pads by shapes and movements; Merckel discs of fingertips by the texture, shape and edges of physical objects; Ruffini corpuscles of the deep layer of the skin around fingernails to sustained pressure and mechanical deformation. Small molecules can also be perceived by taste and olfactory receptors through a variety of physicochemical properties. Salt receptors sense Na+ or NaCl; sour taste receptors free H+; bitter taste receptors cycloheximide, denatorium, propylthiouracil and β-glucopyranosides; sweet receptors sugars; umami receptors L-amino-acids. Olfactory receptors belong to a large multi-gene family. Each of them can perceive numerous volatile small-mw organic molecules, and each such molecule is perceived by numerous receptors.

As noted above, sensory neurons can be stimulated also by bacterial products via several mechanisms. One might therefore include microbial products in the cognitive repertoire of the nervous system. One notices, however, that many cells other than neurons can be similarly affected by a variety of molecules of microbial origin. TLRs were indeed found not only on nervous cells (57), including neurons, microglial cells, astrocytes (80) (81) and retinal photoreceptors (82), but also on epithelial cells in the gut (83) and the lung (84), on biliary and sinusoid epithelial cells, hepatocytes, Kupffer cells, stellate cells in the liver (85), on tubular epithelial cells and podocytes in kidneys, on urinary epithelial cells in the bladder (86), on cardiomyocytes (87), on endothelial cells in blood vessels (88), on myometrium and endometrium in the uterus (89), on amniotic, decidual and trophoblast cells (90), on β cells in the pancreas (91), as well as on ovarian (92), prostatic (93) and hematopoietic (94) cancer cells. PRR —especially TLR— expression is therefore a feature shared not only by immune and nervous cells, but also by a very large spectrum of non-immune, non-nervous cells, and sensing microbial products is not a unique property of the immune and the nervous system but a general property shared by of all these cells.

Waves, vibrations, pressure, temperature, stimuli perceived by most sensory receptors of the nervous system are molecular movements. Volatile substances and small molecules are perceived by olfactory and taste receptors through a limited number of specific properties. The cognitive repertoire of the nervous system consists in a limited number of physicochemical phenomena. This repertoire requires a small number of receptor types that have, each, a small repertoire. Many receptors, however can be engaged by a single stimulus. One volatile molecule, for instance, can bind to many, among the hundreds of different olfactory receptors present on the nasal epithelium. Signals generated by all these receptors are sent to the olfactory bulb, and processed in the amygdala, the orbitofrontal cortex and he thalamus. Although olfactory receptors have no specificity, the integration of multiple information emanating from multiple receptors enables one to discriminate smells very accurately. On the contrary, all sounds are sensed by one type of sound receptors only, with their differences in frequency, amplitude, and timbre. The external ear collects a limited spectrum of sound waves and it makes no difference between those that were produced by the violin and by the cello in a concert. Once transformed into nervous impulses by the hair cells in the organ of Corti, information is processed by the auditory cortex, and one can distinguish the parts played by different instruments of the orchestra, and integrate them in the symphony. A limited diversity of sensory receptors is sufficient to perceive stimuli from the physical world, but a big brain is needed to process and integrate them.

Immune cells are equipped not only with PRRs shared by nervous and other cells, but also with receptors that are not expressed by other cells, which can sense all living beings. These receptors perceive macromolecules. Macromolecules are specific of the living. These large molecules are long linear polymers with molecular weights ranging from thousands to millions of Daltons. They comprise essentially all proteins, including their variants (e.g., glycoproteins, lipoproteins, etc.), but also nucleic acids under their different forms (e.g., DNA, RNA, double-strain, single-strain, etc.). Macromolecules have a three-dimensional shape. The shape of nucleic acids is much simpler than that of proteins because polymers of four very similar nucleotides are much less polymorphic than polymers of twenty rather different amino-acids. In addition, proteins can be made of one or several polypeptide chains of variable lengths that fold into globular domains, due to the many physicochemical interactions between individual amino-acids in the same or in different polypeptides. Biological macromolecules bind to immunoreceptors that have complementary shapes. Binding indeed depends on multiple weak hydrophobic and electrostatic bonds between residues that are maintained close to each other in areas that have complementary shapes. Binding can involve more or less restricted areas of macromolecules. Some areas are formed by adjacent amino-acids in one polypeptide chain, some by distant sections of the same or of different polypeptides, which are brought close to each other by molecular folds. Others can belong to different molecules that are bound to each other, such as antigen-antibody complexes or MHC-peptide complexes on antigen-presenting cells. Some, borne by one or a few molecules only, bind to specific BCRs and antibodies; others, shared by numerous molecules borne by microorganisms, also bind to PRRs and NCRs.

Myriads of biological molecules can thus be perceived by the immune system. The cognitive repertoire of the immune system consists in a multitude of biological objects. Altogether, BCRs and corresponding antibodies can recognize more or less specifically an almost infinite number of proteins, TCRs a large number of MHC-peptide complexes, FcRs a multiplicity of antigen-antibody complexes. NCRs and PRRs can sense a variety of microbial lipoproteins, peptidoglycans, lipopolysaccharides, nucleic acids and proteins. A wide cognitive repertoire and a specific recognition imply the existence of a large number of immune receptors with a large diversity, expressed by a large number of immune cells of different types. A high diversity of immune receptors, but no central organ, is needed to perceive myriads of stimuli from the living world.

The cognitive repertoires of the two systems of relations therefore appear as belonging to two different worlds: phenomena of the physical world for the nervous system, objects of the living world for the immune system. This distinction being made, it raises the common-sense objection that the nervous system enables other living beings to be perceived, especially by human beings. It indeed enables them to see, to hear, to touch, to smell, to talk to each other. It is however not other living beings that sensory organs of the nervous system perceive, but their physicochemical manifestations: the light they reflect, the sound waves their vocal cords emit, the contact of their skin, the pressure of their fingers, the odors they release, etc. Supporting this statement, the nervous system enables even the perception of living beings in their absence. We can hear them talking on the radio or see them acting in a movie as if they were in front of us; we can read the books they wrote and listen to the music they composed long ago; we can see the trace they left once, in the silver grains of a photograph, long after they died. What the nervous system perceives are the physical manifestations of living beings, and these can be reproduced by machines.



The two systems of relations have markedly different functional repertoires

The functional repertoires of the two systems can be defined as the spectrum of biological effects produced by effectors that can be generated and/or activated by the nervous system and by the immune system in response to the stimuli they perceive.

The functional repertoire of the nervous system is that of molecules secreted by neurons and that of cells and organs involved in responses to stimuli perceived by sensory organs. Neurons secrete a variety of neurotransmitters. These include amino acids, monoamines and peptides that are secreted in synaptic clefts where they mediate impulse transmission, but they are also secreted in extracellular medium where they function as local hormones. They are then referred to as neuromodulators. Neuromodulators primarily act on neuronal circuits (95), i.e., on nervous cells. Some can also act on immune cells such as ILCs. Cellular effectors of the nervous system are muscles. The somatic nervous system primarily involves skeletal muscles via motoneurons. It controls both voluntary and reflex movements. The autonomous nervous system primarily involves smooth muscles located in organs. It affects the motility of the intestine and gallbladder, it closes and opens digestive and urinary sphincters, it modulates blood pressure, the rate and strength of contraction of the heart, it controls the diameter of bronchi, blood vessels, eye pupils, etc. The autonomous nervous system thus controls a variety of physiological phenomena. Altogether, responses of the nervous systems adapt the organism to physical changes perceived in the inner and the outer world. The nervous system induces behavioral responses, by acting on neurons and on muscles, i.e., by acting on the organism.

The functional repertoire of the immune system is that of the molecular effectors secreted by immune cells and that of the many cellular effectors activated and/or recruited in response to the perception of biological macromolecules. Molecular effectors comprise cytokines and chemokines produced by immune cells when activated upon immune receptor engagement. Chemokines attract immune cells to reaction sites. Cytokines released in the extracellular medium activate surrounding cells that express corresponding receptors. These cells then perform biological activities enabled by their differentiation state. They include both immune cells and nervous cells. Molecular effectors also comprise the many antibodies secreted by plasma cells. Antibodies specifically bind to antigen-carrying cells or molecules via the variable regions of their two Fab portions, but they act on them via their Fc portions made of the constant 2-3 C-terminal domains of their heavy chains. A second somatic gene rearrangement indeed occurs in B cells, which brings the rearranged VDJ complex next to one heavy chain constant gene or another. For each antibody with a given specificity for antigen, nine classes and subclasses of antibodies with different Fc portions can thus be generated. Most if not all biological effects of antibodies depend on cells and molecules with which antibodies interact through their Fc portion. Molecules engaged by antibodies via their Fc portion are components of the complement system; cells are those that express FcRs (96).

Cellular effectors of the immune system include cells that differentiated from lymphocytes activated upon antigen receptor engagement, ILCs and myeloid cells. Activated naive T cells differentiate into Th1, Th2, Th17 cells that secrete various sets of cytokines, CTLs and regulatory T cells (Tregs) that act differentially on other cells. They also differentiate into memory T cells of several types. B cells primarily differentiate into antibody-secreting plasma cells, but also into memory or regulatory B cells. ILC1s, ILC2s, ILC3s secrete similar sets of cytokines as Th1, Th2 and Th17 cells, respectively, and NK cells have similar cytotoxic properties as CTLs. Following PRR or FcR engagement, the many and ubiquitous myeloid cells perform a variety of functions which depend primarily on the cell type. Altogether they contribute to internalization (endocytosis of soluble molecules or phagocytosis of cells and particles), antigen presentation, cytotoxicity and inflammatory reactions.

A major difference between the two systems of relations therefore bears on what they act on. Like effectors of the nervous system, effectors of the immune system can act on the organism (i.e., immune cells and nervous cells), but unlike those of the nervous system, they act also on the stimuli that triggered a response. They can, for instance, kill a potential pathogen or keep it under control. The immune system can thus modify the living world the organism is confronted to. The nervous system cannot modify the physical world the organism lives in. Indeed, effectors of the nervous system act on muscles but not on stimuli perceived by sensory organs. Thus, for instance, when eyes are exposed to an intense light, the nervous system can induce the iris to reduce the pupils’ diameter, close eye lids and trigger a voluntary movement leading a human to put sunglasses on, but it has no means to act on the sun or the sun light. This distinction being made, one might argue that turning down the thermostat of a source of heat in response to the perception of a too high temperature in a room by skin thermoreceptors does affect the triggering stimulus. However, the response is not that of the nervous system itself but that of the hand and its muscles, i.e., effectors that belong to other biological systems, in response to stimuli of the nervous system. Responses of the nervous system are ultimately those of the body, they are behavioral.

Another difference between the two systems of relations is the speed of their functioning. It takes a fraction of a second for a physical phenomenon to be perceived by cells of sensory organs and generate a nervous impulse, for this impulse to travel along axons, to go through synapses, to diffuse in neuronal networks, to be integrated in the SNC and to induce a muscle contraction. It takes hours for antigen to be processed and presented to the right lymphocytes. It takes days for lymphocytes to proliferate and differentiate into effector cells. It takes hours again for effector cells to find their targets, to be activated and to secrete effector molecules, and it takes additional minutes for these to act on the stimulus. Nervous responses that take less than one second are appropriate for physical stimuli that can occur rapidly and do not last long, such as lights and sounds for example. They enable the organism to interact with a fast-changing physical world. Immune responses that take days or weeks are well suited for biological stimuli that take time to establish and last long, such as microbial infections or the development of cancer cells. They enable the organism to adapt to and to act on an ever but slowly-changing living world.




Conclusion

On the basis of the data reviewed above, one can understand the immune system as a system of relations rather than as a defense system. It cooperates with the nervous system, and the two systems control each other. The two systems, however have different cognitive and effector repertoires (Figure 1). As a result, the immune system has powerful adaptive properties that enable the organism to live in peace with itself and with other living beings, whether pathogens or commensals.




Figure 1 | The cognitive and functional repertoires of the immune system and of the nervous system. Biological molecules stimulate immune cells that express immunoreceptors (TCRs, BCRs, NCRs) or pattern recognition receptors (TLRs, NLRs, CLRs), leading to the production and/or the activation of effector cells (T lymphocytes, ILCs, myeloid cells), and of molecules (cytokines, antibodies) which act on biological molecules that triggered the response. Physical phenomena stimulate sensory receptors of the nervous system which engender nervous influxes that propagate in neural networks, leading to the activation of effector cells (skeletal muscles, smooth muscles) that act on the organism. Microorganisms and/or their products can stimulate immune cells by engaging immunoreceptors (TCRs, BCRs, NCRs) on lymphocytes and ILCs, and pattern-recognition receptors (TLRs, NLRs) on myeloid cells, nervous cells (neurons and glial cells) and other cells (e.g. epithelial cells). Molecular and cellular immune effectors can act on organisms that triggered the response, but also on neurons that express cytokine receptors. Neuronal effectors can act on immune cells that express receptors for neuromediators. Effector molecules (e.g., cytokines, chemokines, growth factors, etc.) secreted by other cells (e.g. epithelial cells) can act on immune cells (e.g., ILCs) and nervous cells (e.g., sensory neurons).



First of all, the immune system appears as a system of relations. Like the nervous system, it can perceive and respond not only to the outside world, but also to the inside world. This common property distinguishes systems of relations from other physiological systems. If they make possible the existence and the movements of the organism, systems of structure deal with the physical world. They enable the organism to live with physical constraints (e.g., forces, gravity, etc.), but they do not perceive them. If they ensure the production, the degradation and the renewal of biological objects and living organisms, systems of maintenance deal with both the physical and the living worlds. They, however, have no means to sense them, and they do not respond to them. They internalize outside nutriments, gases, water, etc., sort them, transform and integrate some, degrade and excrete others, so that that the organism remains alive. The nervous and the immune systems enable the organism neither to use physical constraints nor to exploit outside resources. They enable it to sense the many stimuli of the world, whether the physical or the living world, whether from inside or from outside, whether harmful or harmless, and to respond to them.

Beyond analogies, the links are numerous between the two systems of relations. These links are direct and indirect. Like other organs, lymphoid organs, in which immune responses develop, are innervated and they respond to nervous stimuli. Cerebrospinal fluid was recently found to flow into the skull bone marrow and affect hematopoiesis in bacterial meningitis (97). Conversely, meningeal lymphatic vessels that carry immune cells and molecules irrigate the brain. As they use the same mediators/transmitters (e.g., histamine, serotonin, acetylcholine, etc.), one system can be affected by soluble molecules produced by the other. Crosstalk takes place even when each system uses its own mediators, because neurons express receptors for effector molecules produced by immune cells (e.g., cytokines), while immune cells express receptors for molecules produced by neurons (e.g., neuropeptides). As a consequence, the nervous system and the immune system work in concert and they regulate, positively and negatively each other, in physiology, but also in pathology.

Marked differences, however, distinguish the immune system and the nervous system: they neither perceive nor act on the same things. Because they use different receptors, they have different cognitive repertoires: the nervous system can sense phenomena of the physical world, whereas the immune system can sense molecules of the living world. Because they share PRRs, the two systems can also sense microbes and microbial products and respond to them, as many other cells in the organism do, everywhere in the body. Because they use different molecular and cellular effectors, the immune and the nervous system have different functional repertoires. The nervous system acts on muscles, i.e., on the organism but not on the stimulus that triggered the response. The immune system acts not only on immune and nervous cells, i.e., on the organism, but also on the stimulus that generated the response. It has the double capability to adapt the organism to other living beings, and to adapt other living beings to the organism. Besides, the immune system has a greater flexibility than the nervous system. Its loose anatomical structure, the many molecular and cellular events that occur at random, the persistence of two large cognitive and functional potential repertoires that can be actualized at any time in any circumstance, confer to the immune system an exquisite ability to anticipate and to respond to the unexpected, including the unknown. For the best and for the worse. These unique adaptative properties, make it likely that the immune system has been, and still is, a major player in evolution.

Finally, the nervous system and the immune system appear as two complementary systems of relations that closely work together, and whose reactivities are suited for dealing with physical and biological stimuli, respectively. Whether they are two distinct physiological systems or two parts of a single system of relations may not be a critical issue as the answer depends on the ontologic value and the “granulosity” of functional units one uses to understand how living organisms live.
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Footnotes

1https://www.physiology.org/career/teaching-learning-resources/student-resources/what-is-physiology?SSO=Y

2The terms “to perceive” and “perception” will be used with a minimal meaning, as synonyms of “to sense” and “sensing”. They refer to the primary mechanism by which immune and nervous receptors generate intracellular signals in response to a stimulus. They do not imply the secondary processing of these signals that occurs in the central nervous system.
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