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Abstract

The nervous system and the immune system are the principal sensory interfaces between the
internal and external environment. They are responsible for recognizing, integrating, and
responding to varied stimuli, and have the capacity to form memories of these encounters leading
to learned or ‘adaptive’ future responses. Here, we review the current understanding of the cross-
regulation between these systems. The autonomic and somatosensory nervous systems regulate
both the development and deployment of immune cells, with broad functions that impact
hematopoiesis as well as priming, migration and cytokine production. In turn, specific immune
cell subsets contribute to homeostatic neural circuits such as those controlling metabolism,
hypertension and the inflammatory reflex. We examine the contribution of the somatosensory
system to autoimmune, autoinflammatory, allergic, and infectious processes in barrier tissues and
in this context, discuss opportunities for therapeutic manipulation of neuro-immune interactions.
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Introduction

The idea of mutual influences between the manifestations of neuronal activity and the
body’s other organ systems can be traced back to antiquity when the Roman poet Decimus
lunius luvenalis (15t to 2" Century A.D.) famously coined the phrase “mens sana in corpore
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sano” (“sound mind in a sound body™). For centuries, this concept has stimulated countless
explorations by philosophers, psychologists, clinicians and biologists who traditionally have
been focusing their inquiries on interactions between neuroendocrine and/or higher cerebral
functions with non-neuronal organs, including the innate and adaptive immune system.
However, research during the past few years has generated mounting experimental evidence
for an additional functional link that is based on interactions between the peripheral nervous
system (PNS) and the immune system.

Early observations of commonalities between these two systems date back to the original
discovery of some of their key components. Indeed, some canonical molecules and cell
types that have become a focus of research for either neuroscientists or immunologists were
actually discovered in tissues whose primary function was considered the domain of the
other field. A prominent example is the description by Paul Langerhans in 1868 of an
epidermal subset of dendritic cells (DCs), which he hypothesized to function as sensory
neurons [1]. It took over a century for biologists to recognize that what we now call
Langerhans cells are actually not of neuronal but of hematopoietic origin, and that they
function as prototypical antigen-presenting cells (APCs) [2, 3].

Similarly, acetylcholine, a hallmark neurotransmitter of cholinergic neurons was originally
isolated from a major lymphoid organ, the spleen [4]. While acetylcholine was soon
understood to have a critical role as a neurotransmitter at neuromuscular junctions and in the
parasympathetic nervous system, it’s source and role in splenic immunity took decades to
decipher [5-8]. Recent work has identified a subset of memory T cells (Tpem) as a key
source of acetylcholine in the spleen while splenic innervation is predominantly adrenergic
in nature [7-9].

So, does acetylcholine belong to the nervous system and are Langerhans cells and other DCs
merely of relevance in immunology? All too often, the serendipitous history of discovery of
a biological process dictates its perceived relevance to a given field [10, 11]. The emergence
of field-specific vocabulary and the use of buzzwords as shorthand to describe complex
biological processes often stymie the uninitiated and impede information exchange.
Notwithstanding, classifications are often helpful and even necessary [12-14]. However, as
our understanding of interactions between the nervous system and the immune system
continues to deepen, the once clear-cut material and functional boundaries have faded.

In this review, we aim to integrate classical work and thinking in the field of neuro-
immunology [15] with our contemporary cellular and molecular understanding of both
systems [16, 17]. We start with an overview of the peripheral nervous system and provide a
toolbox (Box 1) for how neuro-immune interactions can be studied. We then discuss how
the autonomic and somatosensory PNS regulates the development, deployment and
homeostasis of the immune system. Finally, we explore the role of the somatosensory
system in autoimmune, autoinflammatory, allergic, and infectious processes, particularly in
barrier tissues, and we will contemplate opportunities for therapeutic manipulation of neuro-
immune interactions.
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BOX 1
Experimental Strategies to Study Neuro-Immune Interactions

The standard techniques to investigate neuro-immune interactions include several
experimental strategies. The most reductionist approach relies on exposing leukocyte
subsets in vitro to specific neurotransmitters or neurotransmitter receptor agonists and/or
antagonists. This strategy provides high mechanistic resolution and allows exacting
investigations of the underlying cellular biology, but it typically cannot identify a
neuronal source, location or physiological role. A related approach employs receptor
agonists or antagonists in vivo. This strategy can provide clues that a candidate pathway
is active in a physiological setting, but it can be difficult to assess if the observed effects
on the immune system are direct or indirect. One approach to address this question
involves technically demanding co-cultures of isolated DRG neurons with purified
leukocyte subsets [38]. A more widely used in vivo strategy makes use of selective
elimination of specific neuronal activities. For example, pharmacological agents, such as
capsaicin and resiniferatoxin (RTX) can ablate TRPV1+ heat-sensing neurons and 6-
hydroxydopamine (6-OHDA) can transiently deplete catecholamine stores by interfering
with neurotransmitter recycling [39, 40]. These agents enable pharmacological
interrogation of specific neuronal subsets but are typically used on a systemic level. More
recently, investigators have implemented genetic models of neural ablation based on the
diphtheria toxin system to either constitutively or conditionally ablate neurons by
targeted expression of diphtheria toxin or its receptor in neuronal populations that are
defined by expression of lineage specific markers [27, 28, 30, 41]. These systems allow
for the cleanest genetic interrogation of specific neuro-immune interactions but their
interpretation can be challenging in light of the complex and dynamic expression patterns
of ion channels during neuronal development.

In-depth molecular understanding of the PNS together with the recent advent of
chemicogenetic and optogenetic approaches affords an unprecedented opportunity to
genetically target neuronal populations of interest for functional studies [42, 43]. So far,
these tools have been utilized mainly to map neural circuits in fine detail by activating or
inhibiting specific populations of neurons in a genetically and regionally defined fashion.
Their use should also be very informative to study neuro-immune interactions.

Overview of the Peripheral Nervous System

The PNS represents the part of the nervous system that is outside of the brain and spinal
cord and provides a channel of communication between the central nervous system (CNS)
and peripheral tissues. The PNS is broadly divided into the somatic system and the
autonomic system, which interface with the external and internal environment, respectively
(Figure 1). The somatic system enables us to sense and respond to the outside world, while
the autonomic system functions to maintain homeostasis.

There are two arms to each system with sensory/afferent neurons carrying information from
the periphery to the CNS and motor/efferent neurons sending commands outwards to
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effector tissues. The afferent/sensory neurons in both the autonomic and somatic categories
have bifurcated axons with cell bodies organized into discrete clusters termed sensory
ganglia. Almost all sensory information from anatomic regions caudal to the neck passes
through dorsal root ganglia (DRG) or vagal sensory ganglia. Somatosensory information
from above the neck including the face and brain is transmitted through the trigeminal
ganglia. DRG sensory neurons are considered part of the somatic system, with vagal
sensory/afferent neurons being their counterpart in the autonomic system.

There are fundamental differences between the organizational principles of the efferent
components of the two systems. The efferent branch of the autonomic nervous system is
comprised of two anatomically, biochemically and functionally distinct subsystems: the
sympathetic and parasympathetic nervous systems. The preganglionic neurons for both
systems arise in the CNS, either from the thoracic and lumbar regions of the spinal cord for
sympathetic neurons, or from several nuclei of the brainstem and the sacral region of the
spinal cord for parasympathetic neurons. The two systems remain spatially segregated as
preganglionic neurons synapse with postganglionic neurons in a ganglion that then projects
to peripheral effector tissues. The specific effect induced by sympathetic and
parasympathetic systems on a particular target organ depends on a multitude of factors,
including the pattern and density of innervation, the type of neurotransmitter used and the
type of receptor(s) on a target cell. In a nutshell, effects in different organs elicited by the
sympathetic and parasympathetic systems are coordinated at a whole body level to support
either a fight-or-flight response or a rest-and-digest function, respectively [18].

The sympathetic and parasympathetic systems are composed of relatively homogenous
populations of pre- and post-ganglionic neurons (Figure 1). For instance, preganglionic
neurons of both systems, postganglionic parasympathetic neurons and a subset of
postganglionic sympathetic neurons, such as the ones innervating sweat glands, are
cholinergic (acetylcholine-synthesizing), while the majority of postganglionic sympathetic
neurons are adrenergic (norepinephrine-synthesizing). The sympathetic and parasympathetic
innervation of peripheral tissues is therefore conveniently identified based on expression of
enzymes critical for biosynthesis and vesicle loading of the corresponding neurotransmitter,
e.g. tyrosine hydroxylase (TH), and dopamine beta-hydroxylase (DBH) for sympathetic
neurons, and choline acetyltransferase (ChAT) for parasympathetic neurons [18]. Efferent
neurons of the autonomic nervous system can also express neuropeptides, such as
neuropeptide Y (NPY), yet their functional relevance is still unclear.

In contrast, the molecular characteristics of autonomic sensory and somatosensory neurons
are extremely diverse [19, 20], and deciphering this heterogeneity is a topic of ongoing
investigation [21, 22]. The conventional definition of sensory neurons is based on their
function: nociceptors preferentially respond to noxious and pruritogenic stimuli as well as
temperature; mechanoreceptors respond to innocuous tactile sensations and vibration; and
proprioceptors detect joint and muscle position (Figure 1). Several systems have been
proposed to classify sensory neurons based on their molecular traits. For instance, within
nociceptors, peptidergic nociceptors are defined by expression of neuropeptides, such as
calcitonin gene-related peptide (CGRP) and Substance P, while the majority of
nonpeptidergic nociceptors express binding sites for the lectin B4 [23, 24]). Alternatively,
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these same neurons can also be distinguished by their differential expression of hallmark
receptors and ion channels. According to this nomenclature, the two nociceptor subsets
defined by TRPV1 (transient receptor potential cation channel, subfamily V, member 1) and
MrgprD (MAS-related GPR, member D) preferentially mediate thermal and mechanical
nociception, respectively [25, 26].

NaV1.8 is a sodium channel expressed on the majority of sensory neurons in both the
somatic and autonomic nervous systems [27, 28]. The NaV1.8+ population of somatic
sensory neurons includes those involved in thermosensation (TRPV1: heat, TRPM8: cold),
mechanosensation (Mrgprd), chemical nociception (TRPA1), and pruriception (Mrgpra3,
Nppb) but excludes proprioceptors and most mechanoreceptors [20, 29]. Developmental
deletion of TRPV1+ sensory afferents using the genetic expression of diphtheria toxin in
TRPV1+ neurons has demonstrated considerable developmental overlap in subsets as these
mice lose both heat and cold sensation [30]. However, adult ablation of either TRPV1 or
TRPMB8 neurons with diphtheria toxin injection yields mice in which either heat or cold
sensation are specifically lost [31]. Furthermore, despite the fact that the neuronal subset
expressing TRPV1 is required for themosensation, loss of the ion channel itself does not
fully impair noxious heat sensation implying that other mechanisms can compensate [26, 32,
33]. While expression of some of these ion channels can be mutually exclusive, there is
considerable overlap as in the case of TRPV1 and TRPAL [16].

A recent study that employed a single-cell RNA-Seq approach and unbiased transcriptome
clustering to identify eleven distinct subtypes of DRG neurons revealed even greater
diversity [20]. Regardless of the classification scheme, different sensory modalities are
generally mediated by different populations of sensory neurons each endowed with unique
morphological and physiological properties [34, 35]. There are, however, notable exceptions
where the sensory modality represented by a given neuronal population depends on that
population’s interactions with other neurons [36, 37].

Neuro-Immune Regulation - a Historical Perspective

A dichotomy between sympathetic nerves dampening and somatosensory nerves promoting
inflammation was proposed as early as 1909. It was noted that resection of the sympathetic
innervation to a rabbit’s ear exacerbated experimental inflammation, while resection of
sensory nerves prevented inflammation [44]. When challenged with Streptococcus
pyogenes, rabbits lacking sensory innervation failed to control bacterial replication
presumably due to a delayed and blunted inflammatory response [44]. While this work did
not elucidate the cellular or molecular mechanisms, it laid the foundation for a rich literature
investigating the neural regulation of inflammation [5, 45, 46].

Predating the discovery of the cellular and molecular underpinnings of adaptive immunity,
the innervation of primary and secondary lymphoid organs had been well documented using
histological techniques [45, 47]. In the 1980s, work by Felten and others using anterograde
and retrograde labeling techniques mapped the circuitry of sympathetic and peptidergic
innervation in primary, secondary, and mucosa-associated lymphoid tissues [6, 9, 48-50].
This work established potential conduits for the regulation of immune responses by the PNS.
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Historical studies of neuro-immune interactions have also addressed adaptive immune
responses in primary and secondary lymphoid organs. Functional experiments using
chemical denervation demonstrated that norepinephrine from sympathetic nerve terminals
negatively regulates antibody responses in the spleen [6]. Nils Jerne in his Nobel Prize
acceptance speech explained how, “when we place a population of lymphocytes from [...] an
animal in appropriate tissue culture fluid, and when we add an antigen, the lymphocytes will
produce specific antibody molecules in the absence of any nerve cells.” [51, 52] However, in
the original description of a splenic cell-culture system for studying antibody responses, the
authors noted that the “in vitro response does not appear to be limited by whatever
mechanisms regulate the in vivo response.”[52] One plausible explanation is that in vitro
splenic cultures are deprived of neural inputs, primarily from sympathetic [6] but also from
sensory fibers, which regulate immune responses in vivo [49, 53, 54]. Functional studies
using chemical denervation described how norepinephrine released from sympathetic nerve
terminals in spleen negatively regulated antibody responses [6]. Thus, this demonstrated
neural regulation over the initiation of adaptive immunity [6], and the regulation of one
complex system by another.

Role of the PNS in the Development, Deployment, and Homeostatic
Regulation of the Immune System

The production, distribution, and activation state of leukocytes are all subject to variation
and alterations during immune responses but typically remain within a definable range, akin
to many homeostatic processes [55]. Recent studies have begun to characterize the specific
subsets of cells in the peripheral nervous system that regulate hematopoiesis and the
numbers of leukocytes present in circulation or in tissues (Figure 2). Peripheral neurons also
play a role in determining the activation state and polarization of lymphocytes during
immune responses. Furthermore, immune cells have been found to complete circuits that
were previously thought to be the sole domain of the PNS. Another important mechanism,
beyond the scope of this review, is the neuroendocrine modulation of inflammation and
immunity through the action of the adrenal gland [56].

Hematopoiesis

During adult hematopoiesis leukocytes arise in the bone marrow (BM) from HSCs which
reside in the stem cell niche, a unique microenvironment that regulates HSC quiescence and
migration [57]. Three-dimensional image analysis of bone has revealed heterogeneous
distribution of HSCs in distinct niches [58, 59]. HSCs maintain constant populations of
lymphoid, myeloid, and erythroid cells as well as platelets through progressive
differentiation into lineage committed progenitors. The magnitude and composition of the
cellular output from the BM is responsive to environmental perturbations such as
hemorrhage and infection which modulate HSC activity [60].

Early work characterizing the innervation of primary and secondary lymphoid organs
identified sympathetic nerves as the predominant neural constituents in the BM [49, 50, 61].
These observations prompted investigations into how sympathetic tone affects the
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production and release of leukocytes from BM [61]. Indeed, the sympathetic nervous system
has recently emerged as a key component and regulator of the stem cell niche [62].

Work by the Frenette group identified how norepinephrine released by sympathetic neurons
triggers HSC mobilization in response to granulocyte colony-stimulating factor (G-CSF)
administration [63]. This process depends on factors that regulate nerve myelination [63].
HSCs are physiologically retained in the BM by CXCL12, a chemokine that is produced by
BM stroma cells and binds CXCR4 on HSCs. Experiments with 2 adrenergic agonists and
with mice in which sympathetic neurons were deficient in catecholamine production
demonstrated that norepinephrine release in BM is required to reduce CXCL12 production
by BM stromal cells, which resulted in HSC mobilization into the blood [63] (Figure 2).

Catecholamines can also act directly on human and mouse HSCs and progenitor cells to
enhance their motility, proliferation, and release from BM [64]. Transient peripheralization
of HSCs is often induced clinically to harvest donor HSCs for BM transplantation (BMT).
Moreover, recent work has demonstrated the importance of sympathetic neuronal regulation
of CXCL12 dependent HSCs function in the context of psychosocial stress [65]. Thus,
sympathetic nerves regulate not only acute drug-induced HSC trafficking, but apparently
also long-term HSC homeostasis.

As circadian rhythms are well known to modulate the sympathetic nervous system[18], it
has been proposed that normal diurnal fluctuations in sympathetic tone regulate HSC
mobilization [66]. Indeed, HSCs are preferentially released from BM and peak in the
circulation during periods of inactivity in mice (e.g. daytime). These circadian oscillations
are entrained via central signals transmitted through norepinephrine secretion from
sympathetic nerves resulting in rapid downregulation of CXCL12 [66]. One benefit of this
physiologic HSC mobilization is to provide a source for “on-the-spot” hematopoiesis during
infection as blood-borne HSCs are able not only to return to the BM, but also to access and
survey peripheral tissues as well as secondary lymphoid organs [67].

Beyond mobilization, HSC cycling is also regulated by cellular niche components, including
some of neural origin [68]. Recently, a relationship between nestin* mesenchymal stem cells
(MSCs) and HSCs was identified [69]. Nestin* MSCs relay signals from sympathetic nerves
to HSCs which regulate their maintenance in BM. Sympathetic nerves in the BM are
ensheathed by non-myelinating Schwann cells which have been postulated to provide a
source of TGF-B to maintain HSC quiescence [70] (Figure 2). Loss of sympathetic neurons,
nestin* MSCs or Schwann cells all lead to a decrease in HSCs in the BM due to enhanced
mobilization and reduced quiescence [69, 70]. Regulation of hematopoiesis is not the sole
domain of the sympathetic nervous system as genetic loss of NK-1R (tachykinin receptor,
for substance P and hemokinin-1) from HSCs is important for lymphocyte generation after
BMT [71].

While the HSC niche has been intensively studied, more committed progenitors of lymphoid
and myeloid lineages inhabit distinct regions of the BM [72]. Recent experiments have
uncovered that the contribution of HSCs to steady-state hematopoiesis is actually minimal
[73]. Instead, the lineage-restricted progenitors appear to generate the bulk of lymphoid,
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myeloid, or erythroid cells [73]. The impact of neural inputs on this essential activity of
committed hematopoietic progenitors remains to be determined. However, adrenergic
signaling is known to modulate myelopoiesis. Chemical sympathectomy in mice was found
to boost myeloid cell numbers after BMT, implying that the sympathetic nervous system
might attenuate myelopoiesis [74]. However, it should be cautioned that extra-myeloid
effects of systemic sympathectomy could also play a role. For example, the spleen functions
as a major reservoir for inflammatory monocytes whose release requires angiotensin
signaling through the AT-1 receptor and is controlled by noradrenergic neurons [75, 76].
Consequently, catecholamine depletion has been found to enhance monocyte recruitment to
sites of bacterial infection [76], presumably due to exacerbated splenic release rather than
altered myelopoiesis. Furthermore, there is also a pool of inflammatory monocytes in the
BM that can be released upon TLR sensing by MSCs which induces MCP-1 (CCL2)
expression and CCR2-dependent monocyte emigration [77]. How the convergence of
microbial stimuli and neural derived signals on niche cells regulates myelopoiesis and
monocyte release from BM is not currently understood.

Priming of Adaptive Immunity

The detection of distinct microbial patterns and cytokines by specialized APCs instructs
both the magnitude and quality of a subsequent adaptive immune response [17]. We broadly
distinguish between Type 1 immunity, which is primed in response to viruses, bacteria, and
fungi, and Type 2 immunity, which is engaged by helminth infections, envenomation, and
encounters with allergens. When a pathogen has breached an epithelial barrier, DCs are
among the first APCs to encounter the microbe [17]. After pathogen detection and
phagocytosis, DCs migrate to regional LNs via afferent lymphatics [78]. The two main
determinants of the type of immune response that ensues are the DC subset(s) involved and
the specific pattern recognition receptors (PRRs) in those DCs that are triggered by the
pathogen [17, 79].

DC migration and motility is influenced by sympathetic and sensory neural input. Using
confocal and two-photon microscopy, studies in skin, lung, and gut have found DCs located
in close proximity to sensory neurons [80-84]. Immature DCs are responsive to both
norepinephrine and neuropeptides [85, 86]. For example, CGRP can exert directional
chemotactic activity on immature DCs in vitro, whereas norepinephrine appears to enhance
the overall motility of DCs, perhaps aiding in their sampling and acquisition of antigen in
tissues [85, 86].

In addition to PRR signaling, DCs and other myeloid leukocytes integrate signals from
neuropeptide, which can influence cytokine profiles [87] (Figure 2). The pro-inflammatory
activities of substance P were first mechanistically linked to enhanced production of IL-1,
TNF-a, and IL-6 by monocytes [88]. The effect of CGRP on Langerhans cells was initially
thought to be immunosuppressive, however, subsequent work by the same investigators
demonstrated that CGRP-treated Langerhans cells preferentially stimulate Type 2 immunity
[80, 89]. Consequently, deficiency in the receptor for CGRP enhances DC expression of
CD80 and IL-12 and promotes delayed-type hypersensitivity (DTH), an inflammatory
response linked to Type 1 immunity [90, 91]. Conversely, in vitro studies indicate that

Trends Immunol. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ordovas-Montanes et al. Page 9

Substance P and signaling through the neurokinin-1 receptor on myeloid cells leads to
enhanced Type 1 immunity by promoting the production of IL-12 and IL-23 (refs. [92, 93]).
Interestingly, peptidergic sensory neurons typically co-express and can selectively secrete
both CGRP and substance P, but the mechanisms that lead to the release of none, one, or
both neuropeptides are currently not understood.

Some neuropeptides also act directly on T cells. The priming of antigen-specific naive T
cells involves serial contacts with DCs in lymphoid tissues, whereby the T cells must
integrate Signal 1 (through the TCR), Signal 2 (co-stimulatory molecules), and Signal 3
(cytokines). The strength and combinatorial activity of these inputs determines the
magnitude and quality of the ensuing T cell response [17, 94, 95]. In particular, the strength
and duration of TCR signaling dictates the receptiveness of T cells to the inflammatory
milieu [96] and their ability to form long-lived memory [97]ment. These distinct signals
converge on common signaling and metabolic pathways within T cells, which are regulated,
in part, by neurotransmitters and neuropeptides [98] (Figure 2). Indeed, sympathetic neurons
negatively regulate DC-dependent priming of CD8* T cells during a primary viral infection
[99]. Moreover, sympathetic activity and norepinephrine production negatively regulate
Type 1 responses by reducing IL-12 production by DCs and by acting directly on T cells,
which express the p2-adrenergic receptor [100, 101]. Catecholamine induced signaling
through this receptor results in elevation of cyclic-AMP (cAMP) levels in T cells [54, 101].
By inhibiting mTOR (mammalian target of rapamycin), a key integrator of cellular
metabolic state and effector T cell polarization, elevated cCAMP levels favor the generation
of Tregs and CD8* memory T cells [98].

Most mechanistic experiments exploring neuropeptide effects on DCs and T cells have been
performed in vitro, or by treating animals with neurotransmitter receptor agonists or
antagonists. In vivo, the relevant neural subsets involved in immune regulation and the
precise anatomic context in which this regulation occurs remain to be elucidated. It is also
still unclear how combinatorial signals from sympathetic and sensory neurons are integrated
at the level of individual APCs and T cells.

Immune Cell Trafficking

One of the defining features of most cellular constituents of the immune system is their
migratory capacity [102]. This allows for the deployment of recently-primed T and B cells
to the appropriate anatomical location to eliminate pathogen-bearing cells. Once priming has
occurred in a LN or other lymphoid tissue, the activated lymphocytes exit into efferent
lymphatics, which discharge migratory cells via the thoracic duct into the blood circulation.
The egress from LNSs is regulated by sphingosine-1 phosphate (S1P) signaling; T cells
express a S1P receptor, S1P1, to sense gradients of extracellular S1P which is extremely low
in the LN parenchyma, but high within lymph conduits [103]. For egress to occur, the S1P
signal must overcome competing signals from CCR7 and CXCR4, whose ligands are highly
expressed in the LN parenchyma and promote T cell retention. p2-adrenergic receptors on
lymphocytes can modulate this process by enhancing the activity of CCR7 and CXCR4, thus
antagonizing the egress signal and prolonging T cell sequestration [104].
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Once activated T cells have become blood-borne, they need to travel to their target(s) in
peripheral tissues where microvessels and peripheral neurons are intimately associated.
Classical studies of neurogenic inflammation highlight the involvement of “vaso-dilators”
(sensory fibers) and “vaso-constrictors” (sympathetic inputs) and their role in regulating
tissue perfusion and vascular permeability [46]. However there is also a developmental link
between these two cell types. Sensory nerves produce CXCL12 and VEGF-a, which are
required for arteriogenesis and vascular branching, thus laying the groundwork for the
vascular highways that lymphocytes use to patrol the body [105, 106]. Lymphocytes flow
through arteries and arterioles and pass through capillaries before entering post-capillary
venules, which are lined by specialized endothelial cells that support leukocyte adhesion and
emigration [102]. Leukocyte interactions with the venular wall require the sequential
engagement of adhesion and chemoattractant receptors, which allow the blood-borne cells to
roll, arrest, and eventually emigrate into the extravascular compartment (Figure 2).

This multi-step adhesion cascade allows for tissue-specific “area-codes” that preferentially
recruit tissue-tropic lymphocytes within the appropriate vascular bed. Lymphocytes can be
imprinted to express specific tissue homing receptors during priming by DCs. These
imprinting signals are often embodied by tissue-restricted environmental mediators, such as
retinoic acid, a metabolite of dietary vitamin A that promotes lymphocyte homing to the
small intestine, or 1,25 di-hydroxy vitamin D3, which promotes epidermal trafficking [107,
108]. It is tempting to speculate that tissue restricted neurotransmitters might also contribute
to this imprinting of tissue-tropic lymphocytes, but this question has not yet been explored.

Beyond regulating blood flow and vascular permeability, adrenergic nerves have been
identified as regulators of leukocyte recruitment to and within tissues. For example,
neuropeptides can regulate P-selectin surface translocation from Weibel-Palade bodies and
E-selectin synthesis on cutaneous venules, which directly impacts leukocyte trafficking
[109]. Norepinephrine has chemotactic effects on migrating extravascular monocytes and
macrophages [110]. Moreover, the sympathetic tone regulates leukocyte abundance and
distribution, presumably to provide anticipatory immunity during periods of peak activity
when individuals are at a greater risk for pathogen exposure [111-113]. Sympathetic nerves
transmitting circadian cues from the CNS entrain circadian rhythmicity on tissues by
connecting the central clock of the suprachiamsatic nucleus with the peripheral clock in each
tissue [114]. This has functional effects on leukocyte numbers in the circulation and in
tissues by regulating levels of endothelial adhesion molecules, such as ICAM-1 in skeletal
muscle and P- and E-selectin in the BM [113] (Figure 2). This circadian regulation of
leukocyte recruitment has functional consequences during inflammation, as mice are more
susceptible to septic shock during periods of peak hepatic ICAM-1 expression when the
number of neutrophils in liver parenchyma is elevated [113]. While the circadian regulation
of physiological processes through sympathetic neural outflow has been well characterized,
recent work also highlights that expression of the key clock gene BMALL in inflammatory
monocytes intrinsically regulates diurnal rhythms [112]. It will be of interest to determine
how extrinsic and intrinsic circadian factors converge to regulate the regional and systemic
distribution of leukocytes.
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Sharing of Homeostatic Circuits by the Nervous and Immune Systems

Homeostatic processes such as metabolic thermogenesis, the regulation of blood pressure,
and intestinal motility involve interactions between sensory afferents, central neural
regulators, the autonomic nervous system and parenchymal cells in target organs [55].
Recent studies have uncovered a key role for immune cells in these regulatory processes.

Temperature maintenance in endotherms depends on somatosensory and autonomic signals
that control classical effector responses such as shivering and catecholamine induced
sweating. Recent work has shown that macrophage derived catecholamines also contribute
to thermoregulation [115]. In mammals, adaptive thermogenesis is driven by the metabolic
activity of uncoupled mitochondrial respiration in brown adipose tissue (BAT) by altering
levels of UCP1 [116]. Afferent peripheral sensation of warmth and cooling of the skin is
transmitted via TRPV1* and TRPM8* sensory fibers, respectively, and converge on the
hypothalamus [31, 116]. The balance of these signals determines the efferent sympathetic
outflow to both white adipose tissue (WAT) and BAT. While efferent sympathetic nerves in
BAT produce norepinephrine which acts on adipocyte adrenergic receptors, alternatively
activated macrophages are required for thermogenesis in cold environments [115]. IL-4
signaling is essential for alternative macrophages activation, which drives the expression of
tyrosine hydroxylase, the rate-limiting enzyme in catecholamine biosynthesis [115].
Norepinephrine production by adipose tissue macrophages increases UCP1 levels and
stimulates lipolysis in WAT.

In addition to BAT, thermogenesis can also be regulated by beiging of WAT, a process that
is also regulated by immune cells [117, 118]. Eosinophil derived IL-4 and production of
IL-5 and IL-13 by type 2 innate lymphoid cells (ILC2) drive the differentiation of pre-
adipocytes to beige adipocytes as well as catecholamine production by macrophages [117-
119]. Thus, eosinophils, ILC2s, and alternatively activated macrophages form an efferent
loop linking neural thermosensation with thermogenesis [120]. The specific neural circuitry
that stimulates cytokine production by eosinophils and ILC2 in adipose tissue remains to be
determined, but studies in the intestine indicate that neurotransmitters can act directly on
ILC2 to stimulate IL-5/IL-13 production promoting eosinophil production and activity
[121]. Another aspect of bi-directional neuro-immune interactions is the resetting of the
body’s internal core temperature to the febrile range and the downstream effects on host
defense [122]. The details of this process have been reviewed recently [123].

The regulation of vascular tone represents another neuro-immune circuit [124]. Mice that
lack the receptor for CGRP, a neuropeptide released by somatosensory neurons, are
spontaneously hypertensive, suggesting that the sympathetic and sensory nervous systems
may play opposing roles in regulating vascular tone although the source of CGRP that
mediates vascular relaxation is unknown [125]. A role for T cells in hypertension was
suggested by experiments in Rag-1~~ mice, which were resistant to experimentally induced
chronic hypertension, while repletion of the T cell compartment rendered the animals
susceptible [126]. A recent study identified a link between the nervous system and a splenic
T cell reservoir during chronic hypertension induced by angiotensin-11 infusion [127].
Angiotensin Il increases norepinephrine release from splenic nerve fibers originating in the
celiac ganglion. Norepinephrine then acts on marginal zone macrophages to produce
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placental growth factor (PIGF), which promotes T cell mobilization to sites of damage in the
hypertensive state [127]. Consequently, sympathectomy inhibits PIGF release and
subsequent T cell mobilization [127]. Intriguingly, angiotensin-11 also regulates the release
of splenic inflammatory monocytes that mediate atherosclerotic progression [75]. Thus,
adrenergic neurons emanating from the celiac ganglion regulate at least two splenic immune
cell subsets that contribute to hypertension and cardiovascular disease, processes that are
often associated with the metabolic syndrome.

Many metabolic diseases initiate from an imbalance in caloric intake relative to expenditure
and fundamentally impact lifespan. Host metabolism is monitored and modulated by both
the nervous and immune systems [120, 128, 129]. TRPV1~/~ mice have enhanced lifespan
and improved metabolic parameters due to decreased CGRP release and enhanced
pancreatic insulin production [130]. The relevant neuronal or non-neuronal cell type(s) that
express TRPV1 and regulate(s) systemic metabolism and longevity are not well understood,
however, at least in the NOD mouse, a model of juvenile autoimmune diabetes, a precise
balance of TRPV1 signaling in sensory neurons is essential to maintain the health of insulin
producing beta cells [131].

The enteric nervous system senses and responds to changes in the composition of intestinal
content to regulate nutrient absorbtion. Its development and function is not only entrained by
intrinsic genetic programs but also is sensitive to the intestinal inflammatory state and
microbial communities, similar to the mucosal immune system [132, 133]. A recent study
has shown how the presence of the microbiota is important for the development of enteric
glial cells after weaning and for the continued repopulation of glial cells in intestinal villi
[134]

Macrophages play an important role in completing an enteric nervous system circuit
regulating colonic muscular contraction [135]. Bacterial products translocate across the
epithelium and lamina propria into the myenteric plexus and profoundly impact peristalsis
[135]. These microbial products acted directly on enteric neurons to stimulate macrophage
colony stimulating factor (CSF1) secretion [135]. In mice treated with broad-spectrum
antibiotics, levels of CSF1 were decreased resulting in a reduction in the number of
muscularis macrophages producing BMP2, which feeds back onto enteric neurons. Through
this feedback loop, the antibiotic-induced loss of macrophage derived BMP2 resulted in
reduced neuronal stimulation of muscular contractility and intestinal peristalsis [135].

Neuro-Immune Circuits that Sense Inflammation

Peripheral inflammatory signals are important in regulating host defense responses
orchestrated by the CNS. Pioneering work by the Besedovsky group in the 1980s has
mapped how peripheral inflammation, resulting in enhanced levels of circulating IL-1p, is
perceived in the hypothalamus [122, 136]. Several years later, Watkins and colleagues
showed that the vagus nerve was required for the fever response to low doses of
intraperitoneal IL-10, suggesting that in settings of localized inflammation, vagal sensory
afferents are important to detect and report on peripheral immune responses [137].
Conversely, efferent signal from the CNS are critical in regulating inflammatory responses,
including sepsis [4]. The Tracey group observed that electrical stimulation of the vagus
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nerve suppresses splenic and hepatic cytokine responses to systemic LPS challenge via
acetylcholine action on macrophages [138]. This work led to the concept of the
inflammatory reflex whereby the vagus nerve is thought to constitute both an afferent
sensory and efferent suppressive arc [4].

Of note, the spleen does not receive direct vagal innervation and instead is innervated
primarily by noradrenergic efferents from the superior mesenteric celiac ganglion [48].
Norepinephrine released from these fibers stimulates a splenic memory T cell subset to
produce acetylcholine that then acts on macrophages to suppress TNF-a production [7, 8].
The idea of the inflammatory reflex has served as an excellent model to continually revise
and refine the specifics of the underlying neuro-immune circuitry [139, 140]. This has also
prompted unexpected discoveries, such as a link between electroacupuncture in the sciatic
nerve leading to vagal activation and adrenal synthesis of dopamine, a pathway that can
dampen the NLRP3 inflammasome by enhancing cAMP levels in cells expressing the
dopamine D1 receptor [141, 142]. Systemic dopamine release has also shown protective
activity during polymicrobial and LPS-mediated sepsis [141, 142]. The recent
characterization of specific subsets of vagal sensory afferents and the generation of
optogenetic techniques to manipulate their activity will undoubtedly help to trace the
specifics of the afferent and efferent arcs in this and other anti-inflammatory circuits [4, 19].

Role of the PNS in Barrier Tissues

Detection

Cells of the immune system have evolved to mount innate and adaptive responses to noxious
challenge. In particular, their strategic positioning in barrier tissues is critical for the
maintenance of tolerance of commensals and for the induction to protective inflammatory
responses against invading pathogens. These protective defense mechanisms can become
dysregulated in the context of autoimmune, autoinflammatory, or allergic inflammation. A
growing body of literature suggests a key role of nociceptors in driving these pathological
processes. Furthermore, a direct dialogue between microbes and neurons exists with
profound implications for infectious disease progression.

When faced with disease, organisms can utilize three distinct and complementary mitigation
strategies: avoidance, resistance, and tolerance [111, 143, 144]. The sensory nervous system
can protect a host by avoiding environments that are potentially injurious or contain
pathogenic microorganisms [111]. Work in C. elegans has described the importance of
neural circuits in discriminating between pathogenic bacteria versus harmless species that
can be utilized as a food source [145, 146]. Avoidance behavior in humans can result from
both innate and learned behavioral cues mediated by tactile, olfactory, visual and gustatory
inputs [111, 147]. Interestingly, it has been speculated that Type 2 host defense, particularly
IgE-mediated mast-cell degranulation may be a way of storing “memories” to potentially
injurious agents that would otherwise not trigger sensory neurons [148, 149]. However, in a
modern environment, this form of anticipatory host defense can result in allergy or
anaphylaxis triggered in response to innocuous or sub-threshold levels of harmless antigens
[148].
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Lung

In the following, we will discuss how the PNS interacts with the immune system in three
major barrier tissues: the lung, gut and skin (Figure 3, Key Figure).

Both sensory and sympathetic nerves, by interacting with immune and parenchymal cells,
profoundly influence lung pathology. Here, we will focus mainly on neural effects on
asthmatic responses. For a comprehensive overview of neural regulation of airway and lung
function we refer the reader to an excellent recent review on this subject [150].

In a series of imaging studies utilizing confocal-microscopy on fixed pulmonary tissue and
two-photon microscopy on ex-vivo lung slices, Braun and co-workers noted that ~10% of
pulmonary DCs are located in immediate proximity (within 0.3 pm) to CGRP* sensory
neurons [82, 151]. Activation of sensory neurons by electric field stimulation triggered
increased matility of DCs by an unknown mechanism [152]. During acute allergen-induced
asthma in ovalbumin (OVA) sensitized mice, DC motility slowed significantly, and DCs
appeared in direct contact with proliferating T cells suggesting a potential neural regulation
of T cell responses in asthmatic lungs through DCs [151, 152].

The cardinal features of asthma include the formation of a pulmonary inflammatory
infiltrate and airway constriction. Combinations of pharmacological and genetic tools to
inhibit or delete neuronal subsets have been used to address the PNS’ impact on this
pathology. These strategies have implicated the vagus nerve, the TRPAL but not TRPV1 ion
channel, and TRPV1* vagal sensory afferents [153-155]. A meta-analysis of the current
literature suggests a pathway by which the triggering of antigen-specific IgE-bearing mast
cells induces serotonin release which acts on 5-HT receptors on TRPA1*TRPV1™ vagal
sensory afferents [153, 156] (Figure 3, Key Figure).

TRPA17~ but not TRPV1~~ OVA sensitized mice showed a diminished inflammatory
infiltrate after OVA challenge as well as decreased airway hyperreactivity [154]. This effect
could not be explained by altered OV A-specific IgE levels, but was associated with reduced
levels of Type 2 cytokines and chemokines in the absence of TRPAL. Specific
developmental or post-developmental ablation of TRPV1* neurons (using TRPV1-DTA
mice or treating TRPV1-DTR mice with DTX, respectively) led to loss of both TRPV1 and
TRPAL1 vagal sensory neurons and ameliorated airway hyperreactivity [31, 155].
Surprisingly, this was not associated with a reduced inflammatory infiltrate but only with a
reduction in airway hyperreactivity [155]. Conversely, a recent study from the Woolf lab
elucidates a potential cascade of neuro-immune interactions with influences over both
airway and inflammatory parameters. Either pharmacological silencing using a charged
derivative of lidocaine or ablation of NaV1.8-lineage neurons (which targets TRPV1+ and
TRPA1+ neurons amongst others) decreased eosinophilia and macrophage accumulation in
broncheoalveolar lavage fluid [157]. The study also reported that IL-5, a cytokine produced
by ILC2s, can act directly on TRPA1+ vagal sensory afferents triggering the release of VIP,
which stimulates further 1L-5 and IL-13 production from ILC2s and CD4+ Th2 cells [157].
Further work will be required to understand how complete absence of NaV1.8-lineage
neurons leads to reduced inflammation and hyperreactivity while specific loss of TRPV1*
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Gut

TRPA1-bearing vagal sensory afferents uncouples airway hyperreactivity from
inflammation [154, 155, 157].

The gut is innervated by the pseudo-autonomous enteric nervous system that is partially
tuned by the sympathetic nervous system, as well as separate vagal and spinal sensory inputs
[158]. Neurons with sensory function exist in the enteric, autonomic, and DRG-derived
intestinal nerves but their precise source is often unclear [159, 160]. The density of TRPV1*
CGRP* nerve fibers increases along the cephalocaudal axis of the colon [161]. Enteric
innervation can modify intestinal inflammation and has been implicated in the pathogenesis
of the two major manifestations of inflammatory bowel disease (IBD), Crohn’s disease and
ulcerative colitis. Early suggestions of this connection came from the finding that acute
ablation of GFAP* enteric glial cells in adult mice leads to jejuno-ileitis [162]. One major
challenge for the field will be to determine which sensory branch is activated during IBD as
this determines the efferent motor circuitry engaged and the type of neuropeptides released.

TRP channels and the neuronal subsets that express them can both promote and inhibit
intestinal inflammation. Several studies have employed either capsaicin or RTX to ablate
both vagal and spinal TRPV1* sensory afferent neurons, but the effects of these compounds
on the enteric nervous system remain ambiguous [26, 163]. In a model of TNBS-colitis,
capsaicin-denervation promoted disease while sympathectomy was protective, suggesting
that TRPV1* vagal or spinal sensory afferents are net anti-inflammatory while adrenergic
neural transmission exacerbates disease [164]. Accordingly, TRPV1~/~ mice subjected to
DNBS colitis had increased inflammation suggesting that TRPV1 function on sensory
neurons was protective, at least in this model of IBD [165]. However, others observed no
differences between wildtype and TRPV1~/~ mice in TNBS-colitis [165]. Moreover, RTX
mediated ablation of TRPV1* sensory neurons ameliorated, rather than exacerbated, colitis
in other settings, including in a T cell transfer model [166] as well as in TNBS- and DSS-
colitis, which was attributed to loss of pro-inflammatory Substance P [167]. Clearly, the role
of TRPV1 and the cells that express this ion channel in intestinal inflammation requires
further investigation.

Both TRPA1 and the cold-sensing TRPMS8 ion channel, which is expressed on a neuronal
subset distinct from that expressing TRPV1* [31], have been implicated in intestinal
inflammation albeit with opposing effects. TRPAL1~~ mice were protected from TNBS
colitis as compared to WT controls [167]. TNBS and other haptens can bind and activate
TRPAL1 directly and stimulate the production of pro-inflammatory lipid mediators which can
also be sensed through TRPAL [167, 168]. Two recent studies have shown that TRPM8
inhibits colitis. In one study, a TRPM8 agonist ameliorated both TNBS- and DSS-colitis, but
the disease course in TRPM8~/~ mice was comparable to that in control mice [169]. A
subsequent study by other investigators found that TRPM8-deficiency in nonhematopoieitic
cells (presumably sensory neurons) worsened DSS-induced colitis [83]. In this model,
TRPM8™/~ afferent sensory neurons could not release anti-inflammatory CGRP, which
allowed nearby CD11c* DCs to produce more pro-inflammatory cytokines [83, 91].
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Skin

In aggregate, the current literature on murine models of colitis indicates that TRPA1*
TRPV1" vagal and/or spinal sensory neurons exert net pro-inflammatory effects in IBD by
releasing Substance P, whereas CGRP released from TRPM8* afferent spinal sensory
neurons confers protection [170] (Figure 3, Key Figure). It should also be noted that even
neurons that may not be actively driving the disease process are sensitive to the
inflammatory state of the gut. Colitis often leads to gastrointestinal dysfunction due to death
of enteric neurons. An elegant study has unraveled a mechanism for this neurotoxic effect in
colitis, whereby elevated levels of extracellular ATP trigger direct neuronal cell death via
the purinergic receptor P2X7 and pannexin-1 [171].

Mucosal IgA secretion is considered a major mechanism by which the immune system
regulates intestinal microbial communities and keeps pathogens at bay [172]. Initial in vitro
studies of the effects of gut-associated neuropeptides found that Substance P could increase
IgA secretion from gut-associated lymphocytes while vasointestinal peptide (VIP) had
variable effects depending on the location [173]. In an in vitro study of class-switching be
activated B cells, VIP promoted switching to IgA in synergy with the CD40 pathway [174].
Intriguingly, IgA* B cells are usually located in close proximity to peptidergic sensory
neurons in gut lamina propria, suggesting that switching to and synthesis of IgA may be
regulated by sensory neurons in vivo[175].

The skin is arguably the most extensively studied tissue with regards to neuro-immune
interactions to date [176]. The skin is the body’s largest sensory interface with the
environment and discriminates between a plethora of harmless and noxious stimuli using
specialized somatosensory neurons [16, 177]. The skin-resident immune system also
provides a diverse repertoire of cell subsets with dedicated roles in host defense [3, 178].
Autoinflammatory and allergic diseases of the skin, such as atopic dermatitis and psoriasis,
are characterized by symptoms of discomfort, pain and itch which are transmitted via
dedicated nociceptive or pruriceptive neurons, yet this is not the case in other cutaneous
autoimmune diseases, such as vitiligo which is usually painless [31, 156, 179, 180].

Much of the literature predating the recent molecular genetic characterization of neuronal
subsets in the skin, has focused on the role of neuropeptides in the modulation of classic
DTH reactions by capsaicin denervation [176]. In a nutshell, these studies mirror
observations in other barrier tissues in that Substance P is pro-inflammatory, whereas CGRP
has anti-inflammatory properties [87]. We refer the interested reader to the original literature
and comprehensive reviews on this topic [87, 176, 181-184].

Psoriasis is characterized by keratinocyte hyperplasia and a characteristic neutrophilic
infiltrate which is driven by the IL-23/IL-17 axis [185, 186]. A role for neurons in this
disease was first suggested by the finding that enhanced neuronal turnover occurs in pre-
psoriatic lesions [187]. In this seminal study, Weddelland colleagues applied innovative
histological techniques to study the innervation pattern in uninvolved and involved psoriatic
skin, noting enhanced neural turnover in healthy skin before the development of a plaque
and increased axonal entry into the epidermis accompanied by Schwann cells [187]. The
authors speculated that the neurites and Schwann cells may promote lesion development.
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This idea was further substantiated by clinical reports indicating that interruption of
innervation to affected psoriatic skin led to remission and that the return of sensation was
accompanied by plaque progression [188-190]. In a genetic mouse model of chronic
psoriasiform dermatitis accompanied by enhanced cutaneous innervation, Ward and
colleagues showed that surgical denervation ameliorated epidermal hyperplasia and some
inflammatory parameters [191]. In this model, Substance P promoted the accumulation of
CD11c" leukocytes, CGRP was important for epidermal thickening, and blockade of
neuropeptide release by local injection of botulinum neurotoxin could ameliorate disease
[191, 192].

These clinical and laboratory findings prompted further investigations into the mechanisms
by which specific neuro-immune interactions regulate psoriasiform lesions. In a recent study
of imiquimod-induced psoriasiform dermatitis, we explored the effect of both RTX-
mediated ablation of TRPV1* nociceptors and genetic deletion of NaV1.8* sensory neurons
(which also eliminates most TRPV1™* nociceptors) on the magnitude and quality of the
inflammatory response. Indeed, TRPV1* NaV1.8" nociceptors regulate the production of
the dermal DC derived instructive cytokine IL-23 as well as the downstream effector
cytokines IL-17 and 1L-22, which were secreted by a subset of dermal y3T cells, the v8T17
cells [81, 193, 194] (Figure 3, Key Figure). Confocal and intravital multi-photon microscopy
showed that dermal DCs, the principal source of 1L-23, were in close and dynamic contact
with dermal NaV1.8" nociceptors [81]. In the absence of TRPV1* nociceptors, both dermal
DC-derived I1L-23 and v8T17 cell-derived cytokines were markedly reduced. This defect in
imiquimod-induced inflammation in RTX treated mice could be rescued by direct injection
of IL-23, indicating that RTX sensitive neurons are needed for IL-23 production, but not for
the downstream inflammatory sequelae [81, 193, 194]). This study did not identify the
specific communication signals between nociceptors and dermal DCs. Emergent
technologies for unbiased single-cell interrogation in both the nervous and immune system
may help to clarify the underlying mechanisms [20, 195].

Atopic dermatitis is a Type 2 inflammatory disease that results from a combination of
epidermal barrier breakdown and the synthesis of thymic stromal lymphopoietin (TSLP), a
key instructive cytokine in keratinocytes released due to barrier disruption[196]. The most
bothersome symptom for patients is intractable itch [197]. Chronic atopic dermatitis is
thought to result from a severely disrupted epidermal barrier which leads to sensitization to a
variety of allergens and altered microbial communities as well as microbial translocation
beneath the epidermis [198, 199].

Clinical studies have also documented an increase in innervation within atopic dermatitis
lesions and amelioration of disease in areas of skin with diminished neural input [200, 201].
The TRPAL channel, but not TRPV1, on cutaneous nociceptors is required for the
development of both inflammation and itch in allergic contact dermatitis to oxazolone and
urushiol (poison ivy) [168]. The combined action of TSLP on DCs, local effector T cells,
ILC2 cells and prurireceptors contributes to disease progression and itch [196, 202—-204].
TSLP stimulates IL-4 and IL-13 production by CD4" Th2 cells and IL-5 and IL-13
expression in ILC2 cells [202-204]. The Bautista group identified a connection between
TSLP and TRPAL in atopic dermatitis by demonstrating the TSLP-receptor (TSLPR and
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IL7Ra) on a subset of sensory neurons [196]. TRPA1 was required to induce itch, while
TRPV1 was dispensable, yet RTX pre-treatment ablated TSLP-evoked itch, suggesting that
TRPV1+TRPAL+ sensory neurons conduct itch sensations in this system in a TRPA1
dependent fashion [196]. These sensory neurons are largely distinct from the traditionally
described histamine and chloroquine responsive prurireceptors [37, 156].

While lymphocytes and mast cells are not required for acute TSLP-driven itch [196], the
cellular mechanisms of chronic itch sensation may be more complex. A functional role for
TRPA1 on mast cells and keratinocytes in chronic atopic dermatitis driven by elevated 1L-13
has been proposed [205]. Furthermore, Th2 cell-derived IL-31 acts on IL-31RA on
TRPA1*TRPV1* sensory neurons which can produce a “memory” of itch independent of
TSLP [206]. Unlike the proposed linear model in psoriasis, where TRPV1*NaVv1.8*
nociceptors regulate DC expression of IL-23 with downstream effects on other immune cells
[81], epithelial cell-derived TSLP is thought to act simultaneously on both immune cells and
Sensory neurons.

Another neuro-immune interface that has long been recognized in barrier tissues is that
between peptidergic neurons and mast cells [207-209]. The presence of cutaneous sensory
nerves is essential for mediating classic reactions such as IgE-driven passive-cutaneous
anaphylaxis [210]. Mast cells release the small molecules histamine and serotonin which can
act directly on TRPV1+ sensory neurons to induce itch as well as granule-associated
proteases such as tryptase which can cleave proteins and generate small pruriogenic peptides
that are sensed by protease-activated receptor 2 (PAR2) [156]. Itch can be mediated by
many distinct agonists which may act on unique and/or overlapping subsets of sensory
neurons [156]. Recent characterization of the three-dimensional localization of skin-resident
leukocytes has highlighted that mast cells are actually closely apposed to ILC2 cells [211,
212]. It will be important to determine how this putative “mast cell-nerve functional unit”
communicates with ILC2 cells [209, 212].

Neuro-Immune Interactions during Infection and Disease

Some bacterial and viral infections trigger intense pain in the host. In this section, we will
discuss how neuropeptides can function in host defense, the mechanisms through which
bacterial infections can cause or modulate pain, and how viral infections are counteracted by
the intrinsic immune capacity of neurons. We will also discuss recent evidence suggesting
that sensory and autonomic neuropathies can result in immunodeficiency.

Bacterial and Viral Infection

In the African clawed frog (Xenopus laevis), specialized neuroepithelial glands are present
in the skin which, upon norepinephrine signaling, discharge a mixture of antimicrobial
neuropeptides onto the animal’s skin [213]. Neuropeptides exhibit commonalities with
canonical antimicrobial peptides with respect to their size, cationic charge, and amphipathic
nature. Recent evidence suggests this defense strategy may not be restricted to amphibians,
but utilized by mammals as well [213, 214]. In fact, chemosensory cells in the upper
respiratory tract can release antimicrobial peptides in response to sensing of secreted
bacterial products by bitter taste receptors [215].
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What are the afferent neural signaling circuits that mediate neuropeptide release during an
infection? Infection associated inflammatory pain has long been considered to be secondary
to signals derived from immune cells acting on nociceptors [17, 46, 216]. However recent
evidence suggests that infection associated pain can also be mediated by direct action of
bacteria on nociceptors.

Adding to the observation that bacterial cell lysates can directly trigger calcium flux in DRG
neurons [217], pioneering work in the Woolf laboratory extended this work on bacterial
activation of nociceptors. The group demonstrated in vivo that pain in response to S. aureus
infection is not secondary to inflammation mediated by pattern recognition (TLR2/MyD88),
lymphocytes (T and B cells), or myeloid cells (neutrophils and monocytes), but rather
triggered directly by bacterial N-formylated peptides and a-haemolysin, a pore-forming
toxin [38]. Chiu and colleagues further showed that these bacterial products act directly on
TRPV1*NaV1.8* nociceptors. Interestingly, LPS can activate TRPAL* sensory neurons in
vitro in a TLR4-independent but TRPA1-dependent fashion, suggesting that nociceptor
recognition of bacterial products may be a common event during infections [218].

Despite the generalized view of dermal nociceptors as having a pro-inflammatory role,
subcutaneous S. aureus challenge in mice that lacked NaV1.8" nociceptors actually resulted
in enhanced local tissue swelling and lymphadenopathy as compared to WT mice [38]. The
proposed explanation for this paradoxical effect invoked a direct anti-inflammatory effect of
NaV1.8* nociceptor-derived CGRP to suppress macrophage production of TNFa. An
alternative explanation could be that deletion of NaV1.8* cells may not only eliminate
cutaneous nociceptors, but also sensory neurons within the vagus nerve where this ion
channel is broadly expressed [28]. It will be of interest to dissect the circuits modulating
immune cell proliferation in response to S. aureus infection, if there are any shared
components with the prototypical vagal anti-inflammatory reflex, and how the presence or
absence of bacterial-sensing nociceptors affects bacterial clearance and viability at different
stages of infection [4, 38].

It has long been assumed that pruritis in atopic dermatitis was primarily due to IgE mediated
activation of mast cells resulting in histamine release. However, recent evidence suggests a
second pruritogenic mechanism whereby certain bacteria trigger itch without requiring IgE.
For example, delta-toxin derived from S aureus, which is commonly found in eczematous
lesions, can directly induce mast cell degranulation [198]. This intriguing capacity of S.
aureusto activate nociceptors and mast cells, which both play a central role in atopic
dermatitis, raises the possibility that direct activation of neural and immune system
components by S. aureus precipitates and/or sustains at least some eczematous lesions.

Bacteria can also hijack elements of the nervous system to avoid detection and establish
permanent residence by diminishing pain. Mycobacterium leprae and M. ulcerans both lead
to alterations in pain sensation either by causing nerve demyelation through infecting
Schwann cells or by secreted mycolactone which hyperpolarizes neurons [219, 220].
Furthermore, M. leprae actually reprograms Schwann cells to a mesenchymal stem cell-like
state in order to promote their survival and dissemination [221]. The consequences of this
mycobacterial neuromodulation for anti-bacterial immune responses are largely unexplored.
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Many viruses exhibit exquisite neurotropism and utilize the peripheral nervous system to
access the CNS and/or establish latent reservoirs in ganglia [222]. Herpes and rabies viruses
are two classes that are particularly insidious in human populations. After subcutaneous
inoculation of vesicular stomatitis virus (VSV), a relative of rabies virus that is usually
transmitted by insect bites, VSV gains access to the CNS by infecting neurons that innervate
the peripheral LNs draining the infection site [223]. Usually, subcapsular sinus
macrophages, which function as a cellular “flypaper” in lymph nodes, trap lymph-borne
VSV and rapidly produce type | IFN which acts on neighboring nerves to prevent viral
spread [223]. This sentinel function of subcapsular sinus macrophages is not shared by the
other major macrophage subset in the LN medulla because, unlike their medullary brethren,
subcapsular sinus macrophages constantly interact with lymphotoxin expressing follicular B
cells. The lymphotoxin signal is needed to induce and maintain the ability of subcapsular
sinus macrophages to protect against neuroinvasion by VSV [224]. In the absence of this
key macrophage subset, VSV gains entry into peripheral neurons and ascends to disseminate
within the CNS causing lethal neuropathology.

Primary and Secondary Immunodeficiency

Except for some rare types of neurons, the nervous system lacks the regenerative capacity of
other tissues. Most neurons would be irreplaceably lost if they were killed by a viral
infection or by anti-viral immune cells, potentially resulting in permanent neurological
defects [225]. Thus, neurons utilize a broad array of intrinsic innate defense mechanisms to
combat viral infections while maintaining cell viability [226]. For example, during HSV-1
infection, DRG neurons resist cytotoxic killing, exhibit low sensitivity to the antiviral and
pro-apoptotic effects of type | IFN and employ the autophagy pathway as a means to control
viral replication and to resist cell death [227].

When HSV-1 reaches the CNS, it will establish a latent reservoir which may occasionally
become reactivated to produce lesions known as cold sores. However, in a small fraction of
infected HSV-1 carriers, infection can manifest as herpes simplex encephalitis (HSE)[226].
HSE is usually a consequence of a primary immune deficiency that has been genetically
linked to defects in TLR3, UNC-93B, TRIF, TBK1, and STAT1, leading to the hypothesis
that TLR3 production of IFN-a/f or IFN-X is essential to restrict CNS replication of HSV-1
[226]. Indeed, Notarangelo and colleagues showed that functional TLR3 signaling in
neurons and oligodendrocytes is essential to restrict HSV-1 infection in vitro while
astrocytes and neural stem cells utilize other pathways for protection [226]. This study
highlights how a canonical PRR of the immune system, TLR3, mediates intrinsic immunity
in the CNS. By contrast, less is known about how peripheral sensory neurons respond to
HSV-1 infection, but recent progress in differentiation protocols to generate nociceptors in
vitro may enable such investigations in the near-term [228]. Such studies will need to take
into account that a subset of resident T memory cells in skin and sensory ganglia provides a
critical local layer of control to prevent viral reactivation in chronically HSV-1 infected
individuals [229].

Stroke-induced neurological defects can manifest as transient systemic immunodeficiency
predisposing individuals to bacterial infections. The Kubes group reported that
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norepinephrine signaling to hepatic iNKT cells plays an important role for altered bacterial
susceptibility after a stroke [230]. This effect depended on the induced production of
immunosuppressive 1L-10 and a systemic shift away from a protective Type 1 response
[230].

Congenital defects in neural development have been linked to immunodeficiency. For
example, patients with mutations in SCN9A (NaV1.7) are insensitive to pain due to impaired
generation of action potentials in nociceptors [231], and mutations in NGFB or TRKA (the
NGF receptor) lead to hereditary sensory and autonomic neuropathies (HSAN 4 or 5) [232].
A patient with a mutation in TRKA presented with recurrent infections secondary to
hypogammaglobulinemia [233]. This may have been due, at least in part, to the role of NGF
as a survival factor for memory B cells [234]. However, an elegant study by Floto and
colleagues recently identified another key role for NGF-B in human immunity to S aureus
infection [232]. NGF-B has structural homology with drosophila Spaetzle, a Toll ligand, and
patients with mutations in NGF-B and TRKA suffer frequent severe S. aureus infections.
NGF-B was found to be released from macrophages in response to S. aureus infection in an
NLR-dependent fashion, which mediated autocrine effects such as enhanced phagocytosis
and neutrophil recruitment [232]. As the spectrum of genetically described primary
immunodeficiencies rapidly expands beyond defects in immune cell subsets, it will be
important to explore how alterations in neural development or function influence immunity.

Other Diseases

Other relevant disease areas in which neuro-immune interactions have been implicated
include rheumatoid arthritis (RA) and cancer. As we cannot expound on these topics in
depth within the scope of this article, we provide below only a brief overview highlighting a
few examples and otherwise refer the reader to recent reviews [62, 235].

In RA, both sensory afferents and sympathetic efferents play complex, time-sensitive roles
in the regulation of arthritis by interacting with endothelial, immune, and parenchymal cells
in affected joints. Sympathetic and TRPV1* sensory neurons exert pro-inflammatory
activity during disease initiation, while established RA results in a loss of
immunomodulatory sympathetic fibers and outgrowth of sensory innervation, which may
contribute to disease chronicity [236-242].

The outgrowth or regression of autonomic neurons can also influence the oncogenic process
[62]. In the case of prostate cancer, a solid tumor, autonomic nerves were found to influence
both tumor development and metastasis with stromal 2 and 33 adrenergic receptors
promoting tumor development and cholinergic signaling via type 1 muscarinic receptors
leading to metastasis [243]. Conversely, sympathetic neuropathy results in the progression
of myeloproliferative malignancy due to the importance of sympathetic neurons in
maintaining nestin* MSCs and Schwann cells to form a stable niche for HSCs [66, 69, 244,
245]. Current standard of care for leukemia includes the use of neurotoxic
chemotherapeutics such as cisplatin and vincristine which reduce the ability of BM
transplants to engraft due to a loss of sympathetic neurons and niche constituents [246]. The
inclusion of neuroprotective agents during chemotherapy could improve the clinical
recovery from BMT by preserving the stem cell niche [246].
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Therapeutic Targeting of Neuro-Immune Interactions

Research in recent years has generated an increasing body of data that suggest that the
immune and nervous systems, assumed to work in a independent fashion for decades,
collaborate to maintain homeostasis and to protect the host against infection and diseases.
However, as this partnership can also lead to exacerbated inflammation and collateral tissue
damage, therapeutic approaches to inhibit, modulate or otherwise harness the neuro-immune
axis should be considered. One striking recent example is the finding that implantation of an
electric vagal nerve stimulator decreased inflammation and pain in two thirds of RA patients
who were resistant to methotrexate (Clinical trial # NCT01552941).

More conventional drug discovery efforts, beyond “electroceuticals”, have been inspired by
observations such as outgrowth of sensory nerves and increased neuropeptide levels in a
number of pathologic inflammatory diseases [247-249] For example, neurokinin receptor
(NKTr) antagonists have been tested clinically based on encouraging results in multiple
animal models. These compounds have demonstrated efficacy in the treatment of emesis and
depression, but their use in other areas, particularly in respiratory diseases has been mostly
disappointing. Several compounds that target multiple NKrs showed some efficacy in
reducing bronchial hyperresponsiveness in asthmatics, but this effect was only transient
[250, 251].

Despite the discrepancy in efficacy of many drugs in clinical settings versus animal models,
there is abundant evidence from both realms to support the idea that sensory nerve fibers
contribute to chronic inflammation. A complicating factor is that human patients are
heterogeneous and show a broad range of responses to anti-inflammatory drugs that could
not be anticipated based on experiments carried out in inbred mice. Efforts by academic,
governmental and pharmaceutical entities are ongoing to identify genetic traits that correlate
with defined inflammatory phenotypes, which would allow clinical investigators to stratify
patient cohorts. These activities are still at an early stage, but they offer the opportunity to
correlate parameters such as genetic polymorphisms in hallmark sensory neuropeptides or
other neuronal markers with biochemical and functional (e.g. nerve conduction)
measurements to establish correlations with specific inflammatory biomarkers and
inflammatory disease symptoms, and outcomes.

Concluding Remarks

Most readers, like the authors, are undoubtedly familiar with “feeling sick”, an all-too-
common experience in our daily lives. Few individuals, immunologists and neuroscientists
included, may realize that this sensation usually reflects an activation of the sensory nervous
system by localized or systemic immune processes. Regardless of the impact of such
internal immunological processes on our conscious experience, it is apparent that a
continuous concerted monitoring of the immune system’s activities and responding by the
somatosensory and autonomic nervous systems is important to maintain health and that a
balance of afferent and efferent neuronal activity must be maintained to avoid pathology.

In this article, we have discussed some of the mounting evidence describing how sensory
perception and both local and global responses by the PNS exert context-dependent effects
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on diverse immunological modalities. Much remains to be learned (Outstanding Questions
Box). For example, the nervous and immune systems both share the unique capacity to form
memories of earlier encounters leading to learned or ‘adaptive’ responses that may differ in
both quality and magnitude from a primary response. It will be important to understand how
these different biological experiences are integrated to generate “neuro-immune memory”
and how these processes might be manipulated for therapeutic or prophylactic intervention.

Outstanding Questions Box

What key molecularly defined neuronal subsets are activated in distinct
inflammatory settings? Utilizing genetically encoded sensor of neuronal activity
driven in specific neuronal subsets will allow investigators to determine which
populations are activated in vivo.

What are the inputs that are sensed during inflammatory conditions?
Understanding the repertoire of ligands which are sensed will be informative in
determining the specific or generalized roles that each neuronal subset can play.

What are the combinatorial outputs produced in vivo by each subset? The
spatiotemporal release of neuropeptides is poorly mimicked by in vitro culture
of leukocytes with neuropeptides so the ability to manipulate neural activity in
vivo should allow investigators to determine the place and location where neural
activity can affect immune cell behavior. Some modes of communication may
be mediated through non-synaptic signaling.

Is there a modular logic to neuroimmune interactions? Given the different types
of inflammation (e.g. Type 1 and Type 2) and the distinct modalities of
peripheral nervous sensation, do signals detected by neurons guide subsequent
neuronal outputs that instruct different arms of immune effector responses?

What is the translatability of findings in mouse models, often dealing with acute
disease settings, to human chronic conditions? Fine-tuning of neural activity
may affect the development of disease, but determining whether and how
electroceuticals and pharmaceuticals targeting neurons impact inflammation in
humans will be of utmost importance.

The recent description of cell subsets in both the nervous and immune systems combined
with tools for specific ablation and modulation of function should soon allow investigators
to address these issues and to map fine circuits in much greater detail. For example, a
rigorous dissection of complex homeostatic circuits, such as thermoregulation, which is
thought to involve sensory afferents, centrally integrating neurons, and sympathetic outflow
to multiple effector tissues with target cells including ILC2s, macrophages, and adipocytes,
may not only provide basic biological insight but could also yield novel treatment
opportunities for metabolic diseases. Many other questions remain to be answered as well,
such as the seemingly opposite effects of cutaneous nociceptors in psoriasiform dermatitis
and during infection with S. aureus. Exploring the signals that trigger nociceptor activity
during these processes may aid in solving this paradox. To date, we have only just scratched
the surface.
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Figure 1. Efferent and Afferent Branches of the Autonomic and Somatosensory Nervous Systems
The peripheral nervous system can be broadly divided into the autonomic and

somatosensory nervous systems. It is important to note that both systems have efferent and
afferent function, meaning that the autonomic nervous system has both motor and sensory
neurons. While the motor neurons of the autonomic nervous system are fairly homogenous
and can be subdivided into sympathetic and parasympathetic based on the post-ganglionic
neurotransmitters, there is considerable sensory heterogeneity. This sensory heterogeneity is
also exhibited by the somatosensory PNS which encodes specific subsets of neurons whose
cell bodies reside in dorsal root ganglia (DRG) and are responsive to distinct physical,
thermal, or chemical stimuli. The names of the major ion channels that are characteristic
markers of discrete subpopulations of somatosensory neurons with shared function are
shown.
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Figure 2. Neural signals that regulate hematopoiesis, priming and migration of immune cells
Development (Bone Marrow): Hematopoiesis is regulated by the sympathetic nervous

system. Sympathetic neural outflow leads to increased norepinephrine release which acts on
nestin+ mesenchymal stem cells (MSCs) to reduce levels of CXCL12, which normally keeps
HSCs resident in the niche. When CXCL12 levels drop, HSCs can egress from the niche.
Furthermore, Schwann cells which surround autonomic neurons provide a source of TGF-
which keeps HSCs in a quiescent state. Priming (Lymph Node): Dendritic cell priming of T
cells requires Signal 1 through the TCR, Signal 2 via co-stimulatory molecules, and Signal 3
which is provided via soluble cytokines. Sensory neurons, via Substance P and CGRP, can
regulate the production of Signal 3 cytokines from DCs, which subsequently impacts T cell
polarization and effector cytokine production. Furthermore, sympathetic neurons can
produce norepinephrine, which negatively regulates Type 1 responses and promotes Type 2
responses by increasing levels of intracellular cAMP. Deployment (Peripheral Tissue):
Peripheral neurons associated with vessels can impact leukocyte recruitment into tissues.
Neuropeptides from sensory neurons can act on endothelial cells to increase vascular
permeability (classically termed neurogenic inflammation) but also regulate translocation of
P-selectin and expression of E-selectin, which are important in leukocyte rolling. Once
leukocytes are rolling within vessels, they receive chemotactic signals that trigger integrin
activation. ICAM-1, an important endothelial ligand for the integrin LFA-1, is regulated by
norepinephrine from sympathetic neurons in some vascular beds. Finally, firmly adherent
leukocytes extravasate into the surrounding tissue. Norepinephrine from sympathetic
neurons is chemotactic for macrophages and sensory neuron-derived Substance P and CGRP
can bias cytokine production by dendritic cells.
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Figure 3(Key Figure). An integrative view of neural signals in regulation of immune responses at
barrier tissues

Certain commonalities have emerged in the neural regulation of immune responses at barrier
tissues, such as the skin, gut and lung. Neuronal activation can occur via inflammatory
cytokines, itch mediators, mast-cell derived products, metabolites, canonical ion channel
ligands, lipid mediators, microbial products, and as-yet characterized stimuli. The available
evidence suggests that primarily TRPV1* TRPAL* sensory neurons (depicted in red)
promote Type 1 inflammation in the skin and gut, and Type 2 inflammation in the lung. In
the skin, NaV1.8" neurons, which encompass TRPV1* TRPAL* neurons, appear to have
contextual anti-inflammatory properties during microbial infections, particularly with S
aureus. The mechanisms of neuronal activation and whether the regulation of immune cells
occurs via single and/or combinatorial neuropeptides as well as other pathways remains to
be firmly determined for most of these conditions. However, recent discoveries shed light on
cytokines such as TSLP and IL-5 playing a key role in the skin and lung, respectively, in
triggering sensory neurons. TRPM8* sensory neurons have been identified as serving anti-
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inflammatory roles in the gut via CGRP release, however, the role of these neurons in skin
and lung inflammation remains to be determined. Sensory neurons exert their effects via
direct communication with several target immune cells of which only a few are highlighted
here.
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