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Acetylcholine-synthesizing T cells (green) in spleen are located in the proximity of catecholaminergic nerve

endings (red). From Rosas-Ballina, 2011. Reprinted with permission from AAAS.
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Chavan S, Mak TW, Tracey KJ (2011) Acetylcholine-synthesizing T cells relay neural signals in a vagus nerve circuit.
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The nervous system plays an important role in the regulation of immunity and inflam-
mation. However, unbalanced immune responses in inflammatory and autoimmune
conditions can exert deleterious effects on neuronal integrity and brain function.

Recent studies have characterized neural pathways communicating peripheral
inflammatory molecules to the CNS, and brain- and spinal cord-derived circuitries
controlling various innate and adaptive immune responses and inflammation. Ongo-
ing research has revealed cellular and molecular mechanisms underlying these neural
circuits and indicated new therapeutic approaches in inflammatory and autoimmune

Frontiers in Immunology | www.frontiersin.org 2 July 2018 | Neuro-Immune Interactions in Inflammation


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/researchtopic/5510

disorders. Pharmacological and bioelectronic modulation of neural circuitry has
been successfully explored in preclinical settings of sepsis, arthritis, inflammatory
bowel disease, obesity-driven disorders, diabetes and other diseases. These studies
paved the way to successful clinical trials with bioelectronic neuronal modulation
in rheumatoid arthritis and inflammatory bowel disease.

Dysregulated release of cytokines and other inflammatory molecules may also have
severe consequences on brain function. Brain inflammation (neuroinflammation),
imbalances in brain neuronal integrity and neurotransmitter systems, and cogni-
tive dysfunction are characteristic features of post-operative complications, sepsis,
liver diseases, diabetes and other disorders characterized by immune and metabolic
dysregulation. Derangements in cytokine release also play a pivotal role in depres-
sion. Characteristic brain reactive antibodies in autoimmune conditions, including
systemic lupus erythematosus and neuromyelitis optica, significantly contribute to
brain pathology and cognitive impairment. These studies, and the simultaneous char-
acterization of neuro-protective cytokines, identified new therapeutic approaches
for treating neurological complications in inflammatory and autoimmune disorders.
This Frontiers Research Topic is a forum for publishing research findings and meth-
odological and conceptual advances at the intersection of immunology and neu-
roscience. We hope that presenting new insight into bi-directional neuro-immune
communication in inflammation and autoimmunity will foster further collaborations
and facilitate the development of new efficient therapeutic strategies.

Citation: Pavlov, V. A, Terrando, N., eds. (2018). Neuro-Immune Interactions in
Inflammation and Autoimmunity. Lausanne: Frontiers Media. doi: 10.3389/978-2-
88945-533-1
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Editorial on the Research Topic

Neuro-Immune Interactions in Inflammation and Autoimmunity

The nervous system plays an important role in the regulation of immunity and inflammation
(1, 2). However, neuronal integrity and brain function may be severely altered in inflammatory and
autoimmune conditions (3-5). Recent studies have characterized neural pathways communicating
peripheral inflammatory signals to the central nervous system (CNS), and brain- and spinal cord-
derived circuitries controlling various innate and adaptive immune responses and inflammation
(1, 2). A prototypical neural reflex circuit that regulates immunity and inflammation is the vagus
nerve-based “inflammatory reflex” (6). Pharmacological and bioelectronic modulation of neural
cholinergic circuitry in the inflammatory reflex has been successfully explored in preclinical set-
tings of sepsis, arthritis, inflammatory bowel disease, obesity-driven disorders, diabetes, and other
diseases (1). These studies paved the way to successful clinical trials in inflammatory bowel disease,
rheumatoid arthritis, and metabolic syndrome (7-9).

Dysregulated release of cytokines and other inflammatory molecules may have a severe impact on
brain function (10). Brain inflammation (neuroinflammation), imbalances in brain neuronal integ-
rity, neurotransmitter release, and cognitive impairment are characteristic features of perioperative
neurological disorders, sepsis, pain, liver diseases, diabetes, and other conditions characterized by
immune and metabolic dysregulation (3, 11, 12). These findings and the characterization of brain-
reactive antibodies and neuroprotective cytokines indicated new therapeutic approaches for treating
inflammatory and autoimmune disorders and their neurological complications (4, 13, 14).

The collection of 19 papers on this research topic substantially contributes to improved under-
standing of neuro-immune communication and its therapeutic relevance. Yuki et al. elaborate on
neuro-immune interactions within the gateway reflexes that regulate the entry of pathogenic CD4*
T lymphocytes in the CNS and neuroinflammation. They also point to the need of further charac-
terization of the functional anatomy of these reflexes that will be of interest for their therapeutic
exploration to alleviate local neuroinflammation in pathological conditions, including multiple
sclerosis. Bonaz et al. review the role of the vagus nerve as a regulator of inflammatory processes
in the gastrointestinal tract. They also elaborate on accumulating experimental evidence indicating
possibilities to use electrical vagus nerve stimulation for therapeutic benefit in inflammatory bowel
disease and other gastrointestinal disorders in preclinical and clinical settings. Innoe et al. outline new
findings related to the neural vagus nerve control of inflammation with a specific focus on the kidney
disease. They also summarize evidence that this neural regulation can be activated by the use of ultra-
sound and other modalities to alleviate inflammation and acute kidney injury in murine models. The
splenic noradrenergic innervations are implicated in neuroimmunomodulation and are an important
component of the inflammatory reflex through their functional cooperation with the vagus nerve.
Hoover et al. provide insight into the anatomy of noradrenergic neurons in relation to leukocytes in
the human spleen and experimental evidence for a significant splenic noradrenergic neuronal loss
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in patients who died from sepsis. These findings are of interest
for further studies on the neural regulation of inflammatory pro-
cesses in the spleen in the context of sepsis and other conditions.
Fujii et al. present a thorough review of the cholinergic system,
including choline acetyltransferase, acetylcholinesterase, acetyl-
choline, and muscarinic and nicotinic acetylcholine receptors in
immune cells, such as macrophages, dendritic cells, and T and B
lymphocytes. They also summarize findings about the functional
role of this non-neuronal cholinergic system in the regulation of
innate and adaptive immune responses. Valdés-Ferrer et al. evalu-
ated the role of pyridostigmine, an acetyl-cholinesterase inhibitor,
in a 16-week proof-of-concept open-label trial in HIV-infected
patients with discordantimmune responses. By using this strategy,
the authors harnessed the cholinergic anti-inflammatory pathway
and demonstrated that pyridostigmine can promote recovery of
CD4* T-cell counts by reducing T cell overactivation. Bosmans
et al. discuss the role of cholinergic signaling, mediated through
nicotinic and muscarinic receptors in the regulation of allergic
inflammation, including barrier function, innate and adaptive
immune responses, and effector cells responses. They also point to
possibilities of exploring cholinergic regulation of type 2 immune
responses in the treatment of allergic diseases.

Mader et al. outline how antibodies associated with autoim-
mune diseases lead to brain pathology and irreversible damage,
specifically focusing on conditions such as systemic lupus erythe-
matosus and neuromyelitis optica. They summarize some of the
key mechanisms involved in these antibody-mediated patholo-
gies and discuss the urgency to develop more appropriate and less
invasive treatments for antibody-mediated diseases. Foster et al.
outline the latest insights into the molecular mechanisms of the
relationship between sensory neurons and immune cells, which
can be protective, but also maladaptive. They elaborate on the
role of nociceptors (noxious stimulus detecting sensory neurons)
in the regulation of adaptive immunity with a specific focus on
the involvement of nociceptors in the regulation of type 2 adap-
tive immune responses in airway inflammation. Gunasekaran
et al. report on their discovery that peripheral sensory neurons
of the dorsal root ganglia (DRG) of immunized mice contain
antigen-specific antibodies. The authors use a combination
of molecular genetic analyses, transgenic mice, and adoptive
transfer experiments, to reveal that DRGs do not synthesize
antigen-specific antibodies, but sequester primarily IgG1 subtype
antibodies released by antibody-secreting plasma cells. In the
broader context of the role of DRG sensory neurons in regulating
antigen trafficking during immunization, these findings suggest
that the nervous system may cooperate with the immune system
to regulate antigen-mediated responses. Maurer and Williams
describe the role of cholinergic signaling in cognition from the
perspective of cholinergic modulation of microglia and astrocyte
function, and the role of this regulation in Alzheimer’s disease
and Parkinson’s disease. The colleagues focus on the cholinergic
modulation of hippocampus-related neuroplasticity and memory
processes and the involvement of the a7 nicotinic acetylcholine
receptor in neuro-immune regulation in this context. Zaghloul
et al. present new data about forebrain cholinergic dysfunction
in parallel with neuroinflammation and peripheral immune
and metabolic dysregulation in mice surviving cecal ligation

and puncture-induced sepsis. These findings suggest that brain
cholinergic signaling can be further explored as a therapeutic
target in chronic sepsis illness, including cognitive impairment,
functional disabilities, and alarmingly high mortality. Feng et al.
demonstrate that preoperative exercise prevents the cognitive
decline and neuroinflammation and increases the diversity of
the gut microbiome in a model of tibia fracture with internal
fixation surgery in rats with metabolic syndrome. These findings
are of interest for considering exercising, acting as a microbiome
modulator, in alleviating persistent cognitive impairment and
neuroinflammation in postoperative conditions in high risk set-
tings. Yang et al. used a laparotomy model in mice to report on
the role of the blood-brain barrier in postoperative cognitive dys-
function. They found that anesthesia/surgery triggers endothelial
dysfunction in an interleukin-6-dependent and age-associated
manner, with significant cognitive impairments evident in 18-,
but not 9-month-old mice. These data offer additional insights
into the pathogenesis of postoperative complications like delir-
ium and postoperative cognitive dysfunction. Berger et al. report
results from a clinical study designed to evaluate neuroinflam-
mation in patients with intracranial surgery receiving anesthetic
maintenance with propofol or isoflurane. They found significant
increases in cerebrospinal fluid (CSF) cytokine levels 24 h after
surgery (as compared with levels before surgery), in parallel with
increased CSF levels of tau, a neural injury biomarker, but no sig-
nificant differences in terms of the anesthetic used. These results
suggest that postoperative neuroinflammation in two anesthesia
regimens may have a role in neural injury following intracranial
surgery. Zhang et al. describe the neuroprotective effects of an
annexin Al-derived small peptide on postoperative inflamma-
tion and cognitive function after cardiac surgery in rats. They
report significant attenuation of microglial activation, cell death
markers, and NF-kB activation after cardiopulmonary bypass
with deep hypothermic circulatory arrest and, in vitro, using
oxygen-glucose deprivation. These results provide evidence for
the use of novel resolution agonists to treat inflammatory condi-
tions in the perioperative space. Whittington et al. review the role
of inflammation and specialized pro-resolving lipid mediators in
neurological conditions and Alzheimer’s disease. Resolution of
inflammation is well appreciated as an active process regulated by
specialized pro-resolving lipid mediators derived from omega-3
fatty acids. The authors discuss on both preclinical and clinical
evidence supporting the hypothesis that Alzheimer’s disease is a
neurodegenerative disorder where failed resolution contributes
to the disease process. Huh et al. outline the role of bone marrow
stem cells or bone marrow stromal cells (BMSCs) in modulat-
ing chronic pain by acting in a paracrine fashion on peripheral
and CNS sites to regulate inflammation. The authors review the
mechanisms of substantial anti-nociceptive efficacy of BMSCs
in preclinical and clinical settings and suggest possibilities for
their use in the management of chronic pain. Pittaluga reviews
the brain functional cross-talk between CCL5 (RANTES),
released from glial cells and glutamate, the main excitatory
neurotransmitter in the brain, in physiological and pathological
conditions. She focuses on preclinical data demonstrating the
role of CCL5 as a modulator of glutamatergic transmission in
health and in demyelinating diseases with relevance to the onset
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of psychiatric symptoms and the progression of inflammation
and demyelination.

Overall, the content of this research topic reflects the signifi-
cant growth and advances in the field of neuro-immune interac-
tions. It contributes to improved mechanistic understanding,
which is interrelated with evaluating both pharmacological and
bioelectronic approaches to modulate neural circuitry for thera-
peutic benefit preclinically and in human clinical trials. Further
characterization of neural circuits and signaling mechanisms will
be instrumental to inform the development of safer and more
efficient therapeutic approaches for diseases characterized by dys-
regulated immune responses, autoimmunity, and inflammation.
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The Gateway Reflex, a Novel
Neuro-Immune Interaction for the
Regulation of Regional Vessels

Yuki Tanaka, Yasunobu Arima, Daisuke Kamimura and Masaaki Murakami*

Molecular Psychoimmunology, Graduate School of Medicine, Institute for Genetic Medicine, Hokkaido University,
Sapporo, Japan

The gateway reflex is a new phenomenon that explains how immune cells bypass the
blood-brain barrier to infiltrate the central nervous system (CNS) and trigger neuroin-
flammation. To date, four examples of gateway reflexes have been discovered, each
described by the stimulus that evokes the reflex. Gravity, electricity, pain, and stress have
all been found to create gateways at specific regions of the CNS. The gateway reflex,
the most recently discovered of the four, has also been shown to upset the homeostasis
of organs in the periphery through its action on the CNS. These reflexes provide novel
therapeutic targets for the control of local neuroinflammation and organ function. Each
gateway reflex is activated by different neural activations and induces inflmammation at
different regions in the CNS. Therefore, it is theoretically possible to manipulate each
independently, providing a novel therapeutic strategy to control local neuroinflammation
and peripheral organ homeostasis.

Keywords: gateway reflex, inflammation amplifier, central nervous system, chemokines, pathogenic CD4* T cells,
blood-brain barrier

INTRODUCTION

The nervous system can sense various environmental stimulations such as light, sound, and
temperature through the activation of specific neurons. In addition, events in social interactions
that cause psychological alterations such as anxiety, depression, or euphoria can be regarded as
environmental stimulations. These stimuli can cause chronic stress that is detrimental to health.
A well-defined mechanism is the release of corticosteroid hormones via the hypothalamus-pitui-
tary-adrenal grand axis, which systemically modulates immune responses (1, 2). In addition to
systemic regulation, there exist local regulations of the inflammatory status by specific neural activa-
tions. For example, sensory neural stimulation in the soleus muscles by gravity induces chemokine
expressions in the dorsal vessels of the fifth lumbar (L5) but not at other levels of the spinal cord via
sympathetic (adrenergic) nerve activation (3). In the case of an animal model of multiple sclerosis
(MS), experimental autoimmune encephalomyelitis (EAE), chemokine upregulation triggers the
infiltration of central nervous system (CNS)-autoreactive CD4* T cells (pathogenic CD4* T cells)
from the L5 dorsal vessels into the CNS (3). This unexpected neuro-immune interaction led us to
hypothesize that other specific neural stimulations may locally affect immune reactions and organ
functions in different ways. Local neuro-immune communications can have pro-inflammatory
(3, 4) and anti-inflammatory effects (5-10). In this review, we summarize specific neuro-immune
interactions that regulate neuroinflammation and organ homeostasis.
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THE INFLAMMATORY REFLEX

Because clinical studies indicated that nicotine administration
or smoking can improve colon inflammation, Dr. Kevin Tracey
and his colleagues hypothesized that the parasympathetic (cho-
linergic) nervous system may regulate an inflammatory response
(6, 11-13). Using a murine model of sepsis, they demonstrated
that activation of the vagus nerves, which mainly consist of
parasympathetic nerves, inhibits systemic inflammation. They
termed this neural reflex as the “inflammatory reflex” (14-18).
In this example of the inflammatory reflex, lipopolysaccharide
(LPS) injection in mice induced norepinephrine (NE) secre-
tion in the spleen through the activation of splenic and vagus
nerves. They found a novel subset of CD4* T cells that produce
acetylcholine in response to NE. The released acetylcholine
was found to act on macrophages that express a7 nicotinic
receptor and suppress the LPS-induced inflammatory response
(Figure 1) (14). This cascade also promotes anti-inflammatory
reactions during ischemia-reperfusion injury (5, 7). A more
recent study revealed that direct stimulation of C1 neurons in
the medullary reticular formation of the brain conferred the same
anti-inflammatory effect (5). It is also reported that stimulating
mice by electroacupuncture at the Zusanli acupoint (ST36)
located near the common peroneal and tibial branches of the
sciatic nerve or by direct stimulation of the sciatic nerve inhibits
septic shock through vagal activation and dopamine produc-
tion (9). Furthermore, local ultrasound also induces the anti-
inflammatory splenic neuro-immune interaction (19). Recently,
the inflammatory reflex has been tested in a first-in-human trial
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FIGURE 1 | Inflammatory reflex. Afferent (1) and efferent vagus nerve (2)
stimulation by systemic pro-inflammatory cytokines and/or pathogen-
associated molecular patterns (PAMPs) during septic shock, ischemia-
reperfusion injury, and other inflammatory conditions induces neural activation
in the celiac ganglion (3), followed by the production of norepinephrine (NE)
from the splenic nerves (4). NE (5) stimulates the release of acetylcholine from
a novel CD4* T cell subset that expresses choline acetyltransferase and p1/2
adrenergic receptor (AR) (6). Released acetylcholine (6) acts on macrophages
expressing a7 nicotinic acetylcholine receptor («7nAChR) to inhibit the
expression of pro-inflammatory cytokines including TNFa. It is suggested that
C1 neurons in the medullary reticular formation of the brain mediate the
anti-inflammatory effect.

with promising results (20). These findings solidify a scientific
basis for acupuncture and physical therapy.

THE GATEWAY REFLEXES
Gravity-Gateway Reflex

Since the CNS historically has been considered as an immuno-
logically privileged site due to the blood-brain barrier (BBB)
(21), we wondered where and how immune cells invade the
CNS to cause neuroinflammation. Through a series of experi-
ments using EAE, we found that regional neural activation by
the soleus muscle, which senses gravitational force, determines
the location of immune cell entry into the CNS by altering the
properties of blood vessels (3). To the best of our knowledge,
this was the report that linked gravity and local inflammation
through neuro-immune interactions.

The BBB is formed by tight cell-cell interactions between peri-
cytes, endothelial cells, and astrocyte end-feet. Tight junctions
are critical for separating the blood and cerebrospinal fluid (22).
However, the barrier is not perfect, and it is widely recognized
that immune cells can invade the CNS to cause autoimmune
diseases such as MS. Recent studies have demonstrated the pres-
ence of CNS lymphatic vessels that connect to the cervical lymph
nodes and may serve as an exit for immune cells from the CNS
(23, 24). Tt is also known that breaching of the BBB is observed
in neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease (25). Inflammation is a key component
to modulate the integrity of the BBB, and pro-inflammatory
cytokines including IL-1p, IL-17A, IFNY, and TNFa are known
to increase BBB permeability (26, 27).

Multiple sclerosis is a chronic inflammatory disease in the
CNS that is characterized by impairments in sensory, motor,
autonomic, and cognitive functions due to demyelination (28).
Genetic factors strongly contribute to the pathogenesis of MS.
Genome-wide association studies showed that certain alleles
of major histocompatibility complex (MHC) class 2 and genes
involved in CD4* T cell activation and survival are genetically
associated with MS development (29-33). These genetic data
strongly suggest that autoreactive CD4* T cells are essential for
the pathogenesis of MS. Animal models of MS including EAE
also demonstrated the pivotal role of autoreactive CD4* T cells
(3, 4, 34-36). Thus, suppression of the differentiation and acti-
vation of CD4* T cells to autoreactive pathogenic T cells or block-
ade of their entry into the CNS could be a promising therapeutic
strategy for MS.

Clinical symptoms of MS are dependent on the location of
the demyelination, and MS patients show various damaged CNS
sites. Given the wide distribution of a target autoantigen myelin
in the white matter of the CNS (28, 33, 37), the heterogeneity
of the damaged sites in each patient suggests an unknown
mechanism. To identify the initial invasion site(s) of pathogenic
CD4* T cells into the CNS, we used an adoptive transfer of
CNS-autoreactive CD4* T cells to cause EAE (pathogenic CD4*
T cells) and made whole-mount frozen sections of adult mice.
These sections were made just before the onset of EAE clinical
symptoms to find the first entry site of the pathogenic CD4*
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T cells. This analysis revealed that pathogenic CD4* T cells
mainly accumulated at the dorsal vessels of the L5 spinal cord
but not in the upper spinal levels or brain at the preclinical time
point. Compared to the dorsal vessels of the L1 spinal cord, many
chemokines, including CCL20, which attracts IL-17-secreting
type-17 CD4* T (Th17) cells that have a vital pathogenic role in
EAE (38, 39), are upregulated in the L5 dorsal vessels. Indeed,
the L5 accumulation of pathogenic CD4* T cells was inhibited
by anti-CCL20 antibody treatment or by using CCL20 receptor-
deficient CD4" T cells. Even without EAE induction, chemokine
levels were higher in the L5 dorsal vessels than in the L1 cord,
although the levels were lower than those seen in the pathologi-
cal condition of EAE. These results suggest that L5 dorsal vessels
have some unique property under both normal and disease
conditions. It is known that the L5 spinal level has the largest
dorsal root ganglion (DRG) among spinal levels in both human
and mice, and it is reported that L5 DRG neurons are connected
to the soleus muscles, which are the main anti-gravity muscles
and are activated even in steady state (40, 41). These facts led
us to hypothesize that gravity stimulation to the soleus muscles
may activate the L5 dorsal vessels to produce the chemokines
that form the initial gateway for pathogenic CD4* T cells.
We examined this possibility using a ground test employed by
the National Aeronautics and Space Administration (42). When
normal mice were suspended by tail in a handstand position to
free the hind legs from gravity stimulus, the chemokine expres-
sions of the L5 dorsal vessels decreased and pathogenic CD4*
T cells failed to accumulate at L5. The cells instead invaded
the cervical cords as if another gateway had been formed in
response to the greater gravity stimulation on the arm muscles
due to the tail suspension. Consistently, the tail suspension sig-
nificantly decreased the expression levels of c-Fos, a marker for
neural activation, in the L5 DRG. In addition, when the soleus
muscles of the suspended mice were stimulated by weak electric
pulses, chemokine and c-Fos expression levels and pathogenic
CD4" T cell accumulation at the L5 dorsal vessels were restored
(3). These data suggest that regional sensory neural activation
by gravity mediates local inflammation at L5 dorsal blood
vessels, representing a novel neuro-immune interaction—the
gravity-gateway reflex (14, 16-18, 43-46).

Since the autonomic nervous system mainly controls the
function of blood vessels, its involvement in the gravity-gateway
reflex was suggested. Neural activation based on c-Fos levels was
higher in sympathetic ganglions of the L5 level than in those of
L1. In addition, after tail suspension, blood flow speed at the
L5 dorsal vessels became slower whereas in other blood vessels
including L1 dorsal vessels, portal vein, or femoral artery it was
not significantly affected. Furthermore, the slowed speed at the
L5 dorsal vessels was recovered by electronic stimulation to the
soleus muscles. These results suggest that autonomic nerves,
particularly sympathetic nerves, could be involved. Function-
ally, pharmacological blockade of B-adrenergic receptors or
chemical sympathectomy inhibited chemokine expressions and
pathogenic CD4* T cell accumulation at the L5 dorsal vessels and
suppressed the severity of EAE (3). Thus, the gravity-gateway
reflex involves local sensory-sympathetic communications for
the gateway formation at the L5 dorsal vessels (Figure 2). These
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FIGURE 2 | Gravity-gateway reflex. Gravity stimulation (1) induces the
activation of sensory nerves in the soleus muscles (2). The cell bodies of
these neurons are present at the dorsal root ganglion (DRG) of the fifth
lumbar (L5) spinal cord (3). Neural signals through the L5 DRG neurons are
transmitted to sympathetic ganglion nearby (4) and activate sympathetic
nerves (5), leading to NE secretion (6) at the L5 dorsal vessels. NE boosts
the inflammation ampilifier (red circle) there, causing chemokine production
including CCL20 and recruitment of pathogenic CD4* T cells that express
CCL20 receptor, the receptor for CCL20 (7).

results represented the first example of a local neuro-immune
interactions that regulate the condition of specific blood vessels
to promote chemokine expression. Moreover, because gravity
is an inevitable stimulus to land animals, the gravity-gateway
reflex may have a physiological role that we have acquired during
evolution. It also bears consideration for the health of astronauts
and future space exploration.

Electric-Gateway Reflex

We next examined whether the gateway reflex is a specific
property of the soleus-L5 axis and whether it can be artificially
manipulated. We found that weak electric stimulation of neu-
rons in different muscles of mice can create gateways at different
levels of the spinal cord. For example, electric stimulation of the
quadriceps, which are controlled by L3 DRG neurons, induced
chemokine exp