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Immune cells rely on cell-cell communication to specify and fine-tune their responses.

They express an extensive network of cell communication modes, including a vast

repertoire of cell surface and transmembrane receptors and ligands, membrane

vesicles, junctions, ligand and voltage-gated ion channels, and transporters. During

a crosstalk between the nervous system and the immune system these modes

of cellular communication and the downstream signal transduction events are

influenced by neurotransmitters present in the local tissue environments in an

autocrine or paracrine fashion. Neurotransmitters thus influence innate and adaptive

immune responses. In addition, immune cells send signals to the brain through

cytokines, and are present in the brain to influence neural responses. Altered

communication between the nervous and immune systems is emerging as a common

feature in neurodegenerative and immunopathological diseases. Here, we present

the mechanistic frameworks of immunostimulatory and immunosuppressive effects

critical neurotransmitters — dopamine (3,4-dihydroxyphenethylamine), serotonin (5-

hydroxytryptamine), substance P (trifluoroacetate salt powder), and L-glutamate —

exert on lymphocytes and non-lymphoid immune cells. Furthermore, we discuss the

possible roles neurotransmitter-driven neuroimmune networks play in the pathogenesis

of neurodegenerative disorders, autoimmune diseases, cancer, and outline potential

clinical implications of balancing neuroimmune crosstalk by therapeutic modulation.

Keywords: T cell neuroimmunology, dopamine, glutamate, serotonin, substance P, cancer, neurodegenerative

disorders, immunotherapy

INTRODUCTION

The nervous and immune systems present the body with two main interfaces to perceive,
integrate, and respond to environmental insults or internal injuries. Both systems adapt to
ever-changing conditions to mount their responses. While propounding his network theory
of the immune system, Niels Jerne had highlighted functional similarities in the recognition
mechanisms and memory formation capabilities of the nervous and immune systems (1).
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Epithelial cells and immune cells stand at the frontline
defense against the tissue insults arising from trauma,
injury, or infection. Recent advances in neuroscience have
added neurons to the frontline arsenal with an intricate
bidirectional communication between the nervous and immune
systems. Altered communication between the two systems
is emerging as a common feature in neurodegenerative and
immunopathological diseases.

Experiments conducted by Medawar et al. in the late
1940s introduced the notion that the brain parenchyma is an
immunoprivileged site on the basis of the observations that
skin allografts implanted into the brain parenchyma elicited
a delayed graft rejection (2). This was attributed to a lack
of lymphatics and antigen presentation in the brain. Lately,
it has been found that the blood-meningeal barrier is more
permissive than the blood-brain barrier to immune cells. This
allows immune cells to circulate within the meninges to carry
out surveillance in the central nervous system (CNS) under
homeostatic conditions and capture antigens draining from the
brain parenchyma or cerebral spinal fluid via glymphatics into
the cervical lymph nodes (LN) (3–5). Recently, using single-
cell high-dimensional cytometry all subsets of immune cells
were shown to be present in the brain (6–8). Inflammatory
pathways triggered by cytokines produced by immune cells in
the CNS in conjunction with CNS-infiltrating lymphocytes and
“inflammaging” lie at the heart of neurodegenerative diseases
(9, 10). There is also evidence of the modulation of anti-
bacterial (11) and anti-tumor (12) immune responses by the
brain’s reward system. It is now known that highly invasive
bacterial pathogens, such as Streptococcus pyogenes promote
their survival by hijacking pain and neuronal regulation of the
immune response (13). Thus, balancing neuroimmune crosstalk
in diseased individuals may offer a novel strategy for therapeutic
development to treat various pathologies.

Anatomical proximity and molecular mechanisms of
communication, including receptors and signaling messengers,
shared by the nervous and immune systems facilitate their
crosstalk. Millions of years of evolutionary pressure has shaped
the co-evolution of mammalian neuroimmune networks to
maintain cellular and physiological homeostasis in the context
of changes happening in the body’s external and internal (blood
pressure, pH, or temperature) environments. Despite an exciting
progress over the last decades in understanding the partnership
of neuroscience and immunology, precise mechanisms of
neuroimmune crosstalk remain enigmatic (14, 15). Here, we
review the known mechanistic frameworks of neuroimmune
networks with respect to critical neurotransmitters.

NEUROIMMUNE CROSSTALK DURING
IMMUNE ONTOGENY, CELLULAR
PROGRAMMING AND FUNCTION

Neuroimmune crosstalk can be traced to the early steps of
immune system ontogenesis. Hematopoietic stem cell (HSC)
niche-forming mesenchymal stem cells (MSC) in perinatal
bone marrow arise from the neural crest. These niche-forming

MSCs share a common origin with peripheral sympathetic
neurons and Schwann cells, an ontogenic relationship that
underscores the sympathetic regulation of adult HSC activity
(16). Schwann cells ensheath bone marrow nerves and control
HSC quiescence through activation of latent transforming
growth factor β (TGFβ) (17) or HSC mobilization through
neuron-derived catecholamines or norepinephrine (18, 19).
CNS-resident immune cells include microglia, perivascular,
meningeal and choroid plexus macrophages as well as astrocytes.
Microglia arise from the embryonic yolk sac erythromyeloid
precursors (EMP), which are also thought to give rise to
macrophages in other tissues of the body (20). EMPs penetrate
the CNS early during development (21).

Neuroimmune interactions guide cellular programming in
tissues. This is evident, for example, in the framework of
enteric nervous system and intestinal macrophages. In the gut,
lamina propria macrophages (LpM) exhibit an inflammatory
while muscularis macrophages (MM) anti-inflammatory tissue-
protective phenotypes. Upon luminal bacterial infection, MMs
enhance tissue-protective programs (e.g., increased expression of
Arg1 and Chi3I genes), accumulate near sympathetic nerve fibers
and present high levels of β2 adrenergic receptors (β2AR) for
norepinephrine signaling (22). Such a cellular network between
enteric neurons and macrophages affords intra-tissue adaptation
to protect from distal threats.

Vasoconstriction-stimulatory adrenergic nerve innervation
of the peripheral secondary lymphoid organs, such as spleen,
observed in mammals signifies a functional layer of CNS
influence on immune system (23, 24). Indeed, catecholamines
produced by the adrenal medulla and the postganglionic fibers
of the sympathetic nervous system (SNS) affect immune cell
activation, proliferation, and apoptosis. It is postulated that
neuroimmune functional crosstalk evolved, for instance, to
eliminate parasites that cannot be taken care of by cell-mediated
immunity (25). The sensation of itch as a parasite invades the
skin leads to a reflex action of scratching; worms in the gut
initiate peristalsis; and parasites in the lung lead to cough and
enhanced mucus production. In these situations, T helper-2
(TH2)-stimuli activate sensory neurons in tissues, and parasites
are eliminated by a joint neuroimmune defense: a release of
histamine, TH2 response in the abundance of interleukin-4 (IL-4)
secretion (which sensitize nociceptors), and production of mucus
(due to neuroimmune effort) and IgE antibodies.

Immune cells also provide signals that impact the nervous
system. Besides sending signals to the brain through cytokines,
peripheral immune cells are present in the brain to influence
neural responses. For example, IFNγ-producing T cells are
predominant in the subventricular zone of aged brains, where
they suppress proliferation of neural stem cells (26). In a
stroke, regulatory T (Treg) cells accumulate in the brain
to accelerate neurological recovery (27). Moreover, during
hypothermia macrophages become an alternative source of
catecholamines such as noradrenaline to sustain thermogenesis
(28, 29) through activation of the sympathetic nervous system
pathway in warm-blooded (homeotherm) animals. Macrophages
in adipose tissues of mice exposed to cold temperatures upon
activation through IL-4/IL-13-dependent mechanisms produce
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noradrenaline, which stimulates β3 adrenergic receptors and
activates thermogenic genes (29). Therefore, neurotransmitters
through their defined signals can play a variety of roles in
maintaining the body homeostasis.

CNS LINKS TO INNATE INFLAMMATORY
RESPONSES AND ADAPTIVE IMMUNE
CELLS

CNS-resident immune cells including microglial, perivascular,
meningeal, and choroid plexus macrophages as well as astrocytes
participate in an innate inflammatory response upon engagement
of their Toll-like receptors (TLR) with highly conserved motifs
of danger-associated molecular patterns (DAMP) or pathogen-
associated molecular patterns (PAMP) on stressed or infected
tissue. This response can damage neurons and other brain
cells through chronic production of pro-inflammatory cytokines
and other mediators. A well-established feedback circuit
exists between inflammatory cytokines and the hypothalamic-
pituitary-adrenal (HPA) axis, a major brain-associated regulatory
mechanism underlying stress responses (30–32). The HPA axis
also plays a critical role in controlling the physiology and
function of thymus, the T cell production center and a sensor
of immunological homeostasis in the body (33–35). The studies
conducted by Seyle in 1936 showed that various physiologic
or pathologic stress stimuli led to adrenal enlargement and
involution of thymus (36). Subsequent studies in mice and
humans confirmed that the activation of HPA axis caused thymic
involution (37–39). Studies have also shown in murine models
that progressive ascitic growth of lymphomas producing an
immunosuppressive inflammatory environment causes thymic
atrophy (40, 41), which could be reversed with the administration
of thymic hormones (42, 43). These observations point to a role of
HPA-thymus axis in the control of immunological homeostasis.

The CNS is hardwired to monitor the presence of cytokines
and molecular products of inflammation. IL-1β is a key pro-
inflammatory cytokine in the inflammasome pathway that
is secreted in response to any stress, including oxidative
stress, and stimulates the HPA axis (44–47). In turn, adrenal
cortex synthesizes glucocorticoids (GC) that can cause thymic
involution, neutrophil mobilization, myeloid, and granulocyte
differentiation and eosinophilia (48–52) or polarize immune
cells from inflammatory to tissue-protective non-inflamed
phenotypes (44, 45). GC upon binding with GC receptors
(GR) on macrophages can switch their inflammatory cytokine
secretions, such as TNFα, IFNγ, and IL-1β, to tissue-protective
types such as TGFβ and IL-10. This promotes tissue repair
by enhancing phagocytosis of cells undergoing apoptosis while
preventing their necrosis (53, 54) (Figure 1, left). In addition,
a cytokine storm of IL-1β causes hyperalgesia, a common
characteristic of any sickness (55).

Another prominent link is between the vagus nerve and
the immune system. The vagus nerve originates from the
nucleus ambiguous and dorsal motor nucleus of the brainstem.
In humans, it comprises 80,000–100,000 fibers as a major
conduit for transmitting sensory information from most visceral

organs to the brain (56). Vagus nerve forms a synapse at
the celiac ganglion with the adrenergic splenic nerve, which
comes in contact with lymphocytes expressing β2AR (57, 58).
Norepinephrine (NE) released from the adrenergic splenic
nerve terminals activates β2AR that facilitates the synthesis
of acetylcholine (ACh) from lymphocytes (44, 59). The ACh
thus released activates the cognate α7 nicotinic ACh receptors
(α7nAChR) on neighboring monocytes and macrophages (44,
60, 61). Signal transduction following ACh-induced activation
of α7nAChR increases intracellular Ca2+, decreases nuclear
translocation of the nuclear factor κ-light-chain-enhancer of
activated B cells (NFκB), stabilizes mitochondrial membranes,
and inhibits inflammasome activity to reduce the production of
inflammatory cytokines, such as TNFα, IL-1, IL-6, and IL-18 (62–
65). Thus, activation of the vagus nerve attenuates the systemic
inflammatory response by macrophages through the release of
ACh (Figure 1, right). The cholinergic signaling is also known to
suppress accumulation of neutrophils (66). This neuronal reflex
circuit is called cholinergic anti-inflammatory pathway (58, 67).
Neural signals through the afferent vagus nerve can attenuate the
exacerbated “non-resolving inflammation” by acting on dendritic
cells (DC) and lymphocytes (54, 60). It was recently shown that
nerve impulses recorded from the vagus nerve of mice exposed
to IL-1β and TNF exhibited distinct shape, amplitude, and
firing rates, suggesting that the information present in afferent
sensory signals within the vagus nerve can discriminate between
specific cytokines (68). It is suggested that IL-1β receptors are
present on vagal paraganglial glomus cells that act as secretory
sensory neurons and release neurotransmitters in response to
hypoxemia (low pO2), hypercapnia (high pCO2), or acidosis (low
pH) (69, 70). Thus, the CNS and the immune system exchange
information to act collectively in health and disease.

An extensive crosstalk between innate immune pathways
and neuronal circuits has a bearing on human diseases (71).
Likewise, adaptive T cells and cytokines associated with adaptive
responses, such as IL-4, IFN-γ, and IL-17, have been implicated
in neuroimmune crosstalk. IL-4 derived from CD4+ T cells
present in the meninges has been shown to prevent the pro-
inflammatory differentiation of resident meningeal myeloid cells
in mice and induce the expression of brain-derived neurotrophic
factor in astrocytes (72). IFNγ from meningeal T cells supports
neuronal circuits that are associated with social behavior (73),
whereas IFNγ from choroid plexus T cells has been associated
with memory function and hippocampal neurogenesis (74–
76). In addition, brain development during embryogenesis
is influenced by cytokines derived from maternal adaptive
immune cells. Maternal TH17 cells have been shown to induce
structural alterations in the cortex and autism-like behavioral
abnormalities (77).

IMMUNOMODULATORY
NEUROTRANSMITTERS

Neuroimmune interaction depends on cell-to-cell contacts
and on soluble communication molecules that include
cytokines, chemokines, neuropeptides, neurotrophins, and
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FIGURE 1 | Classical neuroimmune network. [Left] A feedback circuit exists between inflammatory cytokines and the hypothalamic-pituitary-adrenal (HPA) axis. Upon

activation of the HPA axis and the release of adrenocorticotropic hormone (ACTH) following various physiologic or pathologic stress, adrenal cortex synthesizes

glucocorticoids (GC) that can affect immune function by causing thymic involution, neutrophil (N) mobilization, eosinophil (Eo) accumulation, and myeloid and

granulocyte differentiation, or polarize immune cells from inflammatory to tissue-protective non-inflamed phenotypes. GC upon binding with their receptors (GR) on

macrophages (Mφ) can switch their inflammatory cytokine secretions, such as TNFα, IFNγ and IL-1β, to tissue-protective types such as TGFβ and IL-10. [Right] Vagus

nerve forms a synapse at the celiac ganglion with the adrenergic splenic nerve, which comes in contact with lymphocytes (Lym) expressing β2 adrenergic receptor

(β2AR). Norepinephrine (NE) released from the adrenergic splenic nerve terminals activates β2AR that facilitates the synthesis of acetylcholine (ACh) from lymphocytes

(33, 41). The ACh thus released activates the cognate α7 nicotinic ACh receptors (α7nAChR) on intrasplenic or extrasplenic myeloid cells. Signal transduction

following ACh-induced activation of α7nAChR decreases nuclear translocation of the nuclear factor κ-light-chain-enhancer of activated B cells (NFκB), and inhibits

inflammasome activity to reduce the production of inflammatory cytokines. This neuronal reflex circuit through the afferent vagus nerve, called cholinergic

anti-inflammatory pathway, can attenuate the exacerbated “non-resolving inflammation” by suppressing accumulation of neutrophils and acting on Mφ, dendritic cells

(DC) and lymphocytes. It is also suggested that IL-1β receptors are present on vagal paraganglial glomus cells that can release neurotransmitters in response to

hypoxemia, hypercapnia or acidosis. Downward arrows indicate a decrease in activity or number. Dotted lines indicate a feedback loop.

neurotransmitters. Various leukocytes at different activation
states synthesize neurotransmitters and express their receptors
to participate in neuroimmunomodulatory circuitry (78–81).
Similarly, neurons express pattern-recognition receptors (PRR),
including TLRs and cytokine receptors, to influence immune
pathways (82). This provides a common molecular platform
for neuroimmune network for handling responses against
obnoxious threats, including those triggered by PAMP (83–86).
Macrophages, DC, T cells, and other immune cells express
ionotropic, metabotropic, and G-protein-coupled receptors
for various neurotransmitters (87–89). Besides ACh and NE,
a variety of neurotransmitters, such as dopamine, serotonin,
substance P, γ-aminobutyric acid (GABA), and glutamate
modulate immune responses. While glutamate is the main
excitatory neurotransmitter, GABA is the chief inhibitory
neurotransmitter in the mature mammalian CNS. Outside the
brain, GABA is produced by pancreatic β-cells as well as T cells
and macrophages that express all components of GABAergic

system, including its receptors, transporters, and metabolic
enzymes. GABA acts as a negative regulator of macrophage
and microglial production of inflammatory cytokines and T
cell activation by blocking calcium signaling and NFκB activity
(90). It is implicated in several autoimmune diseases, such as
experimental autoimmune encephalomyelitis (EAE), multiple
sclerosis (MS), inflammatory bowel disease (IBD), type-1
diabetes, arthritis, and dermatitis.

A review of the entire range of neurotransmitters involved
in neuroimmune interaction is beyond the scope of this article.
Prior reviews have covered the cholinergic (acetylcholine),
catecholaminergic (norepinephrine and epinephrine), and vagal
nerve regulation of immunity (65, 91). Detailed reviews are also
available on the role of enteric nervous system in the regulation
of immune responses in the gastrointestinal (GI) tract (92, 93),
as well as on the HPA axis, a stress-responsive combinatorial axis
of CNS and endocrine systems, with major immunoregulatory
mechanism for fine-tuning the innate and adaptive immunity
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(94–97). GABAergic neuroimmune interactions have also been
reviewed extensively (90, 98–100).

In the present article, we have reviewed the available
knowledge on four critical neurotransmitters, namely, dopamine,
serotonin, substance P, and glutamate that are known to be
broadly present outside the nervous system. We discuss their
effects on immune responses and potential clinical implications
of their modulation. Activation of the neurotransmitter receptors
on immune cells can result in the stimulation or suppression
of myeloid and lymphoid cells through a variety of effects.
In our discussion, any activation of neurotransmitter receptors
leading to an enhanced immune response is categorized
as an immunostimulatory effect irrespective of the disease.
This includes the situation where the decreased suppressive
activity of an immune cell, such as Treg, results in an
overall augmented immune effector function. By contrast, an
activation of these receptors leading to a reduced immune
cell development, differentiation, numbers, function, increased
immune cell death, dysfunction, or tolerance is categorized as an
immunosuppressive effect.

Dopamine
Dopamine or 3,4-dihydroxyphenethylamine (DA) belongs to
the catecholamine and phenethylamine families. It is found in
plants with the highest concentrations observed in bananas (101),
and in most multicellular animals, including cnidarians (102).
This dates the emergence of DA as a neurotransmitter to the
earliest appearance of the nervous system, over 500 million years
ago in the Cambrian Period (103). It is synthesized from L-
tyrosine by tyrosine hydroxylase in the ventral tegmental area
and the substantial nigra pars compacta neurons of the CNS that
innervates primary and secondary lymphoid organs (104–106).
In the brain, DA functions as a major player in the motivational
component of reward behavior and regulates arousal and mood
besides controlling motor movement. Across a wide range of
vertebrates, DA spike triggers behavior-switching and response
selection that confers motivational salience for an organism’s
growth and survival (102, 107).

Outside the CNS, DA functions as an exocrine or paracrine
messenger (108). In the immune system, it affects leukocytes in
the LN, spleen, bone marrow, and circulation (109). Immune
cells such as activated TH, Treg and mature DC express tyrosine
hydroxylase that synthesize DA, and store it in vesicles expressing
vesicular monoamine transporter subtype 1/2 (VMAT1/2) (110–
112). Moreover, all five subtypes of DA receptors (DR), namely,
D1-D5, are expressed in immune cells. DRs are metabotropic
G-protein-coupled receptors (GPCR), meaning that they exert
effects via a second messenger system. DRs form a heteromeric
network with a number of other GPCRs such as adenosine A2A

(113, 114). D1 and D5 (D1-like family) activate Gα that increases
intracellular cyclic adenosine monophosphate (cAMP) while D2,
D3, and D4 (D2-like family) inhibit adenylyl cyclase and reduce
cAMP levels via Gαi signaling (115). D5 was the first DR shown
to be expressed in human peripheral blood lymphocytes (116).
Human B and T cells exhibit minimal to moderate levels of
D2−5 expression (117). Treg and TH17 cells express D1 (110,
118). Natural killer (NK) cells express all DRs except D1 while

DCs express all subtypes (117, 118). DA effect on a target cell
depends on the types of DRs and the intracellular response to the
second messengers. In neurons, the ultimate effect of D1 family
receptor (D1 and D5) activation can be excitatory (via opening
of Na+ channels) or inhibitory (via opening of K+ channels); the
ultimate effect of D2 family (D2, D3, and D4) activation is usually
inhibitory. Various effects of dopamine onmyeloid and lymphoid
immune cells are summarized in Table 1. Based on the available
information, the immune network of dopamine-mediated cell-
to-cell communication is depicted in Figure 2.

Immunostimulatory Effects
In immune cells, DA signaling through specific DRs can enhance
activation and stimulate cytokine secretion. D2 activation triggers
human T cell secretion of IL-10, D3 activation facilitates TNFα
and IFNγ, and D5 facilitates TNFα and IL-10 secretions (125).
Time kinetics differs for the D5 stimulation of TNFα, an
inflammatory cytokine characteristic of TH1 response, and IL-
10, an anti-inflammatory cytokine characteristic of TH2. DA-
induced TNFα secretion occurred at 24 h while IL-10 secretion
occurred at 72 h following activation in human T cells (104,
125). Hence, immune effects mediated by DA may be first
inflammatory TH1-type, then switching to anti-inflammatory
TH2-type following activation.

Recently, it was shown that sympathetic nerves undergo
a dopaminergic-to-adrenergic transition during post-natal
development of the lung in mice and humans. DA signaling
through D4 promotes TH2 differentiation. The DA:D4 signaling
acts synergistically with IL-4 by upregulating IL-2Rα-STAT5
pathway and reducing inhibitory histone trimethylation at TH2

gene loci of GATA-3 (124). This mechanism became marginal
after sympathetic nerves turned adrenergic in the adult lung.
Thus, the communication between dopaminergic nerves and
TH2 cells underlies the susceptibility of post-natal lung to
hypersensitivity reactions by coordinating release of IL-4 and
histamine (which sensitize nociceptors), production of mucus
and IgE antibodies (airway irritancy) and cough behavior.

D1 activation on DCs increased extracellular signal-regulated
kinases (ERK), c-Jun N-terminal kinase (JNK) and NFκB activity
that facilitated cytokine production and promoted TH2 and TH17

differentiation in humans and mouse models (112, 118, 132).
D1 activation also stimulated DC tyrosine hydroxylase activity
for the synthesis of DA during antigen presentation to T cells,
consequently activatingD1 on primed TH cells. The increasedDA
binding with D1 on primed TH cells increased their intracellular
levels of cAMP, inducing TH2 polarization (112). Conversely,
D1/2 antagonist berberine reduces the secretion of LPS-induced
cytokines such as INF-γ, TNF-α, IL-6, and IL-1β from murine
macrophages and DCs (133).

On the other hand, D1 activation on Treg cells downregulate
their migratory, adhesive, and suppressive abilities, which in
turn result in an augmented effector function (121). In addition,
human follicular TH (TFH) cells can synthesize and release DA
that upon binding with D1 on B cells increases their expression
of inducible T cell costimulatory ligand (ICOSL) and CD40L
and improves their survival (122). This DA-mediated mechanism
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TABLE 1 | Summary of the effects of dopamine on myeloid and lymphoid immune cell responses.

Neurotransmitter Receptors Target immune cells Implications in disease

Dopamine D1

D2

D3

D4

D5

CD4+T

CD8+T

Treg
TFH
NK

DC

Colitis

IBD

Multiple sclerosis

Schizophrenia

Alzheimer’s disease

Parkinson’s disease

Cellular adhesion and homing

D3 activation promotes homing of naïve T cells to lymph nodes (105)

D3 activation induces T cell adhesion to fibronectin and ICAM (103, 119, 120)

D1 activation downregulates Treg adhesion and migration (121)

Lymphocyte function

Treg, TFH, and activated TH cells express tyrosine hydroxylase and synthesize DA (110–112, 122)

D1/5 activation downregulates Treg suppressive, adhesive, and migratory abilities (121, 123)

D1/4 activation promotes TH2 and TH17 differentiation (112, 124)

D1 activation increases B cell expression of ICOSL and CD40L (122)

D2 activation increases IL-10, D3 activation triggers TNFα and IFNγ and D5 facilitates TNFα and IL-10 secretions in T cells (125)

D4 activation increases KLF-2 expression, inhibits ERK1/2 and Lck and Fyn in CD8+T cells and facilitates their quiescence (126–129)

D5 activation suppresses NK cell proliferation and IFNγ production (130)

DA increases ROS production in peripheral blood lymphocytes in an autocrine manner (126, 131)

Dendritic cell maturation, antigen presentation, and myeloid cell function

D1 activation increases DC ERK, JNK, and NFκB activity (132)

D1-like activation triggers DC tyrosine hydroxylase activity and DA production during antigen presentation (112)

D1/2 activation increases macrophage and DC secretion of INFγ, TNFα, IL-6, and IL-1β (133)

D2 activation inhibits DC adenylyl cyclase activity (132)

Treg, Regulatory T cells; TFH, Follicular helper T cells; NK, Natural killer cells; DC, Dendritic cells; ICAM, Intercellular adhesion molecule; DA, Dopamine; ICOSL, Inducible T cell

costimulatory ligand; CD40L, CD40 ligand; KLF-2, Krüpple-like factor-2; ERK, Extracellular signal-regulated kinases; Lck, Lymphocyte-specific protein tyrosine kinase; Fyn, Proto-

oncogene tyrosine-protein kinase; JNK, c-Jun N-terminal kinase; NFκB, Nuclear factor κ-light-chain-enhancer of activated B cells; IBD, Inflammatory bowel disease; ROS, Reactive

oxygen species.

may offer an important advantage for the control of infections by
facilitating TFH-B cell synapses (122).

D3 activation triggers chemotactic migration in human and
murine naïve CD8+T cells (105). It facilitates CD8+T cell
β1 integrin binding to fibronectin and intercellular adhesion
molecule (ICAM) of the endothelium allowing extravasation of T
cells to their target sites (105, 119, 120). Indeed, a D3 antagonist
U-99194-A inhibited the homing of naïve CD8+T cells to the
inguinal LN in mice (105). Thus, a collaborative DA-mediated
network of DC, TH, and B cells along with decreased Treg

suppressive activity could be helpful in priming and sustaining
CD8+T cell cytolytic responses against parasitic infections and in
immunosuppressive conditions.

Immunosuppressive Effects
DA signaling through D4 is known to suppress lymphocyte
function by attenuating secretion of IL-2 and IFNγ in human
T cells through upregulation of master transcription factor
Krüpple-like factor (KLF-2) and inhibition of ERK1/2 kinases
(126–128). DA inhibits the expression of lymphocyte-specific
protein tyrosine kinases, Lck, and Fyn, which are critical for
TCR signal transduction (127). Under in vitro conditions of
elevated physiological concentrations of DA, CD8+ T cells
were found to be more susceptible to D1 family receptor-
mediated inhibition of proliferation and downregulation of
cytolytic activity relative to CD4+ T cells (129). Activation of D4

facilitated quiescence of activated T cells through the expression
of KLF-2 (128). Moreover, DA released from T cells can result
in enhanced production of intracellular reactive oxygen species
leading to oxidative stress and apoptosis in human peripheral
blood lymphocytes in an autocrine mechanism to downregulate
their own proliferation and differentiation (126, 131). D5

activation by DA on NK cells suppressed their proliferation
and IFNγ production without affecting apoptosis or cell death
(130). In a mouse model of septic polymicrobial peritonitis,
the stimulation of sciatic nerve inhibited the production of
TNF, monocyte chemotactic protein-1, IL-6, and INFγ induced
by LPS via vagal stimulation and release of DA activating
D1 receptors on myeloid cells (134). In DCs, D2 activation
inhibited adenylyl cyclase activity and reduced intracellular levels
of cAMP, which in turn impaired T cell proliferation and
cytokine production (132). Overall, it appears that by selectively
triggering specific DR on immune cells DA may provide for
an immunological behavior-switching and context-dependent
immunostimulatory or immunoinhibitory response selection for
an organism’s survival.

Clinical Implications
Several autoimmune diseases have been linked to DA
modulation. In an experimental model of colitis, administration
of berberine diminished inflammation in the colon by
reducing the levels of IFN-γ and IL-17 secretions from

Frontiers in Immunology | www.frontiersin.org 6 August 2020 | Volume 11 | Article 1869

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hodo et al. Therapeutic Prospects of Neuroimmune Modulation

FIGURE 2 | Dopamine-mediated cell-to-cell communication among immune cells. Dopamine (DA) can induce cytokine secretion and influence immune responses

through activation of dopamine receptors, D1-5. D2 activation increases IL-10, D3 activation triggers T cell secretion of TNFα and IFNγ, and D5 activation stimulates

TNFα and IL-10 secretion in T cells. D1 and D4 activation promotes TH2 differentiation by increasing cAMP and transcription factor STAT5 and GATA3 activity. D1

activation on B cells increases their expression of inducible T cell costimulatory ligand (ICOSL) and CD40L. Activation of D1 and D5 on regulatory T (Treg) cells reduces

their suppressive activity. Helper T (TH) cells including Treg cells can synthesize DA, store it in their vesicles expressing vesicular monoamine transporter (VMAT) and

release it upon activation. Activation of D3 on naïve CD8+T cells triggers their chemotactic migration. D3 activation also facilitates effector CD8+T cell extravasation

and adhesion to fibronectin. D4 activation on primed CD8+T cells increases Krüpple-like factor-2 (KLF-2) activity to cause CD8+T cell quiescence. Activation of D1 or

D2 receptors expressed on both macrophages (Mφ) and dendritic cells (DC) promotes the secretion of cytokines such as IFNγ, TNFα, IL-1β, and IL-6. D1 activation on

DC promotes ERK, JNK and NFκB signaling, which induces cytokine production. D1 activation also induces DC synthesis of DA during antigen presentation to T cells,

consequently activating D1 on CD8+T cells. Upward solid red arrows depict upregulation of indicated molecules or effects whereas the downward solid arrows

indicate the reverse. Thin red line arrows indicate cells that produce DA.

colonic macrophages (135). In IBD, dopaminergic system is
responsible for altered T cell signaling leading to augmented
effector function and decreased suppressive role of Treg via
D5 (123). Patients with MS downregulate D5 on T cells with
inability to reduce proliferation or IFN-γ secretion when DA
is administered, suggesting a dysregulated DA function in MS
pathology (136). In relapsing MS patients, suppressive function
of Treg was restored by diminishing the effects of DA on T
cells after IFN-β treatment (123). Also, administration of a D1

antagonist SCH-23390 downregulated IL-6–dependent TH17

response (137).
The impaired immune responses by DA is also linked to

a number of brain disorders, such as schizophrenia (138),
Alzheimer’s disease (AD) (139, 140) and Parkinson’s disease (PD)
(141). Besides microglia, the brain-specific macrophages, CNS-
infiltrating lymphocytes play a significant role in these brain
disorders. Schizophrenia patients express more D3 (142) whereas
patients with AD express lower D2 on T cells compared to

healthy controls (143). The progression of PD is dependent on
CD4+T, not CD8+T, cell infiltration into the substantia nigra
as well as loss of dopaminergic neurons of the nigrostriatal
pathway (123, 144, 145). One study demonstrated that L-
DOPA or a D2 agonist bromocriptine administration to PD
patients attenuated the increased expression of D1 and D2 on
peripheral blood lymphocytes (146). It is also postulated that PD
may originate from an autoimmune mechanism involving IgG
antibodies that bind to DA in neurons inducing their death (147,
148). In a PD-inducing neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine mouse model, dopaminergic cell death was
almost exclusively caused by the substantia nigra-infiltrating
CD4+T cells by a FasL-mediated cytolytic pathway, but not by
IFNγ-dependent mechanisms, in an environment replete with
activated microglia and pro-inflammatory cytokines (144, 149,
150).

Thus, DA modulation may offer treatment alternatives to
mitigate neuropathologies and autoimmune diseases. Based on
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few studies discussed above, DA agonists may help in brain
disorders such as PD whereas specific DR antagonists could help
alleviate MS, schizophrenia, AD, colitis, and IBD.

Serotonin
Serotonin or 5-hydroxytryptamine (5-HT) is found in all bilateral
animals including worms and insects (151), as well as in fungi
and plants with the highest values present in nuts of walnut
and hickory (152). In the brain, it is synthesized in serotonergic
neurons in the Raphe nuclei located in the brainstem, and
mediates various behavioral processes (153–155). However,
neuronal 5-HT consists merely 10% of the 5-HT produced in
the body. Majority of 5-HT is synthesized by enterochromaffin
cells of the GI tract (156, 157), where it mainly regulates intestinal
movements besides controlling bone mass and endothelial nitric
oxide synthase activity (158). A GI parasite Entamoeba histolytica
becomes more virulent in the presence of high levels of 5-HT in
the gut, and secretes additional 5-HT to thrive by a phenomenon
known as quorum sensing (159) (similar to quorum sensing in
the regeneration of distressed hair follicles on skin in the presence
of CCL2 and TNFα. The concentration of 5-HT and the strength
of its signaling mediate brain’s perception of resource availability.
In less complex animals, such as invertebrates, resources simply
mean food availability (160, 161). In more complex arthropods
and vertebrates, resources also can mean social dominance (162,
163). 5-HT spikes may elevate or lower an organism’s mood and
behavior in response to the perceived abundance or scarcity of
resources for its social growth and survival.

5-HT synthesis from enterochromaffin cells receiving short-
chain fatty acids from the gut microbiota is transported in the
bloodstream for uptake by innate and adaptive immune cells via
membrane-expressing serotonin transporters (SERT) including
platelets, which store it in granules (164, 165).Whenever platelets
bind to the endothelial lesion in damaged tissue during blood
clotting, 5-HT acts as a vasoconstrictor to stop bleeding, and as
a fibrocyte mitotic factor to aid tissue-healing. In response to
inflammation, mast cells, macrophages, and T cells can produce
5-HT on their own by upregulating the expression of tryptophan
hydroxylase 1 and 2 enzymes required to synthesize 5-HT from
5-hydroxytryptophan (87, 166, 167).

Most immune cells express 5-HT receptors (5-HTR) on their
membranes (168). There are 14 subtypes of 5-HTRs in vertebrate
animals and all but 5-HT3 are GPCR. While 5-HT1 and 5-
HT5 are coupled to Gαi/o proteins that inhibit adenylyl cyclase,
5-HT4, 5-HT6, and 5-HT7 are coupled to Gαs proteins that
activate adenylyl cyclase for cAMP production. 5-HT2 is coupled
to Gq/11 that activates phospholipase C-β, which facilitates
the release of diacyl glycerol and formation of inositol 1,4,5-
trisphosphate (IP3) (169, 170). Unlike all of these, 5-HT3 is a
ligand-gated ion channel capable of transporting Na+ and K+

cations (168). Immune cells exhibit varied expression of these
receptors. Microglia, the brain-resident macrophages, express 5-
HT2B, 5-HT5A, and 5-HT7 receptors (171). 5-HT1A is expressed
in mast cells (172) and macrophages (167); 5-HT1B is expressed
in DC (169, 173); 5-HT1E in monocytes (174) and DC (169); 5-
HT2A in eosinophils (175) and macrophages (176); and 5-HT4

and 5-HT7 in DC (169, 173). Among adaptive immune cells 5-
HT1B, 5-HT2A, and 5-HT7 are expressed in T cells (177, 178), and
5-HT3 in both pre-B, mature and neoplastic B cells (179–181).
Most of these 5-HT receptors impact activation or inhibition
of immune responses (164). 5-HT can act both as a pro-
inflammatory or anti-inflammatory tissue protective signaling
molecule as observed in the intestinal mucosa via activation of
5-HT7 or 5-HT4 receptors, respectively (157). Various effects of
5-HT-triggered signaling on lymphoid and non-lymphoid cells
are summarized in Table 2, and the immune network of 5-HT-
mediated cell-to-cell communication is depicted in Figure 3.

Immunostimulatory Effects
Expression of 5-HT7 on naïve T cells is enhanced upon
activation. In addition, activated T cells acquire the expression
of 5-HT1B and 5-HT2A, and synthesize 5-HT in an autocrine
manner. Moreover, 5-HT7 activation induces IL-2 secretion and
T cell proliferation through rapid phosphorylation of ERK1/2
and IκBα (87, 164). 5-HT1B and 5-HT2A further promote the
antigen-specific proliferation of human and murine TH1 and
cytotoxic CD8+T cells. Selective 5-HT1B antagonist SB-216641
and 5-HT2A inhibitor sarpogrelate hydrochloride inhibited T cell
production of IL2 and IFNγ (177, 178). Also, exogenous 5-HT
increased IL-10 production by TH2 cells ex vivo fromMS patients
(186). Thus, 5-HTmay function as an intrinsic autocrine cofactor
in T cell activation and function.

Tissue injury and inflammation stimulates the release of
stored 5-HT from platelets and mast cells. During post-
burn trauma, increased tissue 5-HT concentration supports
wound healing as shown by an increased frequency of F4/80
macrophages in response to excisional punch biopsy on
skin from mouse models (192). Moreover, under in vitro
conditions murine peritoneal macrophages showed increased
secretion of chemokine CCL2 and phagocytosis following 5-
HT1A activation by its agonist (7)-8-hydroxy-2-(di-n-propyl-
amino)-tetralin (190). Also, in mouse models of experimental
colitis 5-HT2A blockade by ketanserin impaired macrophage
migration and decreased theNFκB-mediated activity (182). 5-HT
was found to stimulate different signaling pathways in human
T cells depending on their stage of maturation. Using isotype-
selective receptor agonists, it was revealed that 5-HT1B, 5-HT1E,
and 5-HT2 stimulation induced intracellular Ca2+ mobilization
via Gi/o proteins in immature, but not mature, DC. Furthermore,
functional studies indicated that activation of 5-HT1, 5-HT4, and
5-HT7 elevated cAMP in mature human DC and microglial MC-
3 cells, and enhanced their secretion of IL-1β, IL-6, IL-8, and
IL-10 (169, 173, 189). 5-HT1A signaling played a role in the

adhesion of bone marrow-derived mast cells as 5-HT
−/−

1A mice
showed deficiency in their migration and adhesion (172). Also,
5-HT1B/1D receptor agonist sumatriptan increased the number
of degranulated mast cells in the brain thalamus (187), and 5-
HT2A activation increased endotoxin-induced mast cell activity
in rats (188).

Immunosuppressive Effects
5-HT signaling has inhibitory effects especially on the pro-
inflammatory activation of immune cells. It is well-accepted
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TABLE 2 | Summary of the effects of serotonin on immune cell responses.

Neurotransmitter Receptors Target immune cells Implications in disease

Serotonin 5-HT1A,B,D,E,F

5-HT2A,B,C

5-HT3

5-HT4

5-HT5A,B

5-HT6

5-HT7

Eosinophil

Mast cell

T cell

DC

Allergic Asthma

IBD

Crohn’s disease

Ulcerative colitis

Multiple sclerosis

Cancer

Cellular adhesion and homing

5-HT chemoattracts eosinophils and mast cells (164, 175)

5-HT induces neutrophil recruitment (169)

5-HT1A signaling promotes bone marrow-derived mast cell migration and adhesion (172)

5-HT2A activation promotes macrophage migration (182)

5-HT2A agonist prevents eosinophil recruitment (183, 184)

Lymphocyte function

5-HT7 on naïve T cells facilitates their IL-2 secretion as well as activation and proliferation through increase in Ca2+ and ERK1/2 and IκBα phosphorylation

(87, 164)

5-HT1B and 5-HT2A promote the production of IL-2 and IFNγ and the antigen-specific proliferation of TH1 and CD8+T cells (177, 178)

5-HT2A and 5-HT2B increases IL-17 production in CD4+T cells (185)

Increases IL-10 production by TH2 cells (186)

5-HT favors expansion and function of FoxP3+CD39+ Treg cells from MS patients (186)

5-HT1-like receptor activation increased K+ conductance in pre-B cells (181)

5-HT3 activation decreased K+ conductance and pre-B cell activation (181)

Dendritic cell maturation, antigen presentation, and non-lymphoid cell function

Platelets store and release 5-HT upon issue injury and inflammation (164)

5-HT1B/1D and 5-HT2A activation increases mast cell degranulation and activity (187, 188)

DCs express SERT and shuttle serotonin to T cells during antigen presentation (164)

5-HT1B, 5-HT1E, and 5-HT2A/2B stimulation induces intracellular Ca2+ mobilization via Gi/o proteins in immature DC (169, 173, 189)

5-HT1, 5-HT4, and 5-HT7 activation elevates cAMP in mature DC and microglial MC-3 cells, and enhances their secretion of IL-1β, IL-6, IL-8, and IL-10

(169, 173, 189)

5-HT4 activation reduces IL-12 and TNFα secretion and inhibits degranulation in mature DC (169)

5-HT1A activation on macrophages stimulates secretion of chemokine CCL2 and phagocytosis (190)

5-HT2A activation stimulates NFκB-mediated macrophage activity (182)

5-HT1A agonist decreases the expression of CCR5 and increases the secretion of its ligand macrophage inflammatory protein-1α (191)

5-HT2A agonist inhibits expression of TNFα-mediated migratory and inflammatory molecules (183, 184)

Treg, Regulatory T cells; DC, Dendritic cells; ERK, Extracellular signal-regulated kinases; cAMP, Cyclic adenosine monophosphate; SERT, serotonin transporter.

that many SERT blockers including the serotonin selective
reuptake inhibitors (SSRI), which increase extracellular 5-HT
concentration, have immunoinhibitory effects, such as reduced
lymphocyte proliferation and decreased cytokine production
by myeloid cells in both animals and humans (193–196). In
a meta-analysis study of 827 patients suffering with major
depressive disorder (MDD), the pooled effect estimate using
bias-corrected standardized mean difference indicates that SSRI
treatment decreases serum levels of pro-inflammatory cytokines,
IL-6, TNFα, and IL-1β, and anti-inflammatory cytokine IL-
10 (194, 197–199). In a murine LPS-induced septic shock
model, fluoxetine markedly decreased circulating levels of
TNFα (200). In a model of ovalbumin-sensitized allergic
asthma, fluoxetine decreased monocyte-production of TNFα
concomitant with decreased lung inflammation by reducing
the number of macrophages, lymphocytes, neutrophils, and
eosinophils (200). In this allergic asthma model, inhalation
of 5-HT2A agonist (R)-2,5-dimethoxy-4-iodoamphetamine [(R)-
DOI] prevents the development of mucus hyperproduction,

airways inflammation, and pulmonary eosinophil recruitment.
Further, agonistic activation of 5-HT2A inhibits the expression
of a variety of TNFα-mediated migratory and inflammatory
molecules, such as ICAM-1, VCAM-1, IL6, and NO synthase
andNFκB activity inmurine peripheral tissues including primary
aortic smooth muscle cells, vasculature, and gut (183, 184).
Other SSRIs such as venlafaxine and moclobemide reduced the
antigen-specific humoral and delayed hypersensitivity TH1 cell-
mediated immunity in mice with a reduction of the release of
macrophage pro-inflammatory mediators and the expression of
antigen-presentation markers (201). This suggests that SSRIs
may owe some of their therapeutic effects to alleviation of the
chronic inflammation. Also, exogenous 5-HT reduced ex vivo
production of TH1 and TH17 cytokines from patients with MS,
a demyelinating autoimmune disease mediated by TH1 and TH17

cells. Additionally, 5-HT reduced IFNγ and IL-17 secretion by
CD8+T cells, enhanced Treg function, and favored the expansion
of FoxP3+CD39+ Treg and Treg17 cells, a novel Treg subset from
MS patients (186).
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FIGURE 3 | Immune network of serotonin-mediated cell-to-cell communication. In mast cells, 5-HT1A activation increases their migration and adhesion while 5-HT1B,

5-HT1D, and 5-HT2A induces their degranulation and activity. 5-HT released from platelet (P) stores act upon myeloid and lymphoid cell subsets during inflammatory

processes. As T cells differentiate, more 5-HT7 are expressed together with 5-HT1B and 5-HT2A, increasing intracellular Ca2+. 5-HT7 activation facilitates T cell

proliferation through ERK1/2 phosphorylation and NFκB activation. 5-HT1B and 5-HT2A activation promotes T cell production of IL-2 and IFNγ and antigen-specific

proliferation in TH1 and CD8+ cytotoxic T lymphocytes (CTL). 5-HT2A and 5-HT2B activation promotes IL-17 production from CD4+T cells. 5-HT1A activation has been

implicated in decrease of CCR5, increase of CCL2 and MIP1α as well as phagocytosis by macrophages (Mφ) while 5-HT2A activation increases production of M2-type

cytokines and migration. 5-HT signaling through 5-HT1B, 5-HT1E, 5-HT2A, and 5-HT2B increases intracellular Ca2+ in immature DCs. It also enhances DC maturation

by upregulating cAMP levels through 5-HT4 and 5-HT7. Moreover, 5-HT1, 5-HT4, and 5-HT7 activation on mature DCs promotes secretion of cytokines, such as

IL-1β, IL-6, IL-8, and IL-10 whereas 5-HT4 inhibits DC degranulation and production of IL-12 and TNFα. Upward solid red arrows depict upregulation of indicated

molecules or effects whereas the downward solid arrows indicate the reverse. Thin red line arrows indicate cells that produce 5-HT.

Ionic permeability on voltage-gated K+ channel is also
regulated by 5-HT signaling as demonstrated in murine pre-
B cells. Using specific receptor antagonists, it was found that
K+ conductance increased via the activation of 5-HT1-like
receptors, whereas it decreased via 5-HT3 activation in pre-
B cells. Moreover, 5-HT3 agonist, 2-methyl-5-HT accelerated
the inactivation of pre-B cells (181), suggesting that B cell
activation may be deregulated by 5-HT3, a ligand-gated
cation channel (202). In mature DC, the activation of 5-HT4

reduces the secretion of IL-12 and TNF-α, and 5-HT4 agonist
tandospirone citrate inhibited their degranulation (169). One
study also demonstrated that 5-HT or 5-HT1A agonist reduced
HIV-1 infection in primary culture of human macrophages
by decreasing the expression of CCR5 and increasing the
secretion of its ligand macrophage inflammatory protein-1α on
macrophages (191).

Clinical Implications
TNFα-mediated inflammatory pathways have been strongly
implicated in several diseases, including atherosclerosis,
rheumatoid arthritis, psoriasis, type II diabetes, depression,
schizophrenia, and AD. Activation of 5-HT2A represents
a potential therapeutic avenue for the treatment of such
disorders. Moreover, the inhibitory effects of 5-HT2A agonist
(R)-DOI on TNFα-mediated inflammation last many hours
after the administration of TNFα (184). Thus, 5-HT-agonist-
based therapies can prevent inflammation and may also treat
inflammation-associated tissue stress or injury that has already
occurred or is ongoing.

MDD is also heavily linked to systemic inflammatory
responses through 5-HT (194, 195, 203–205). SSRIs alleviate
depressive symptoms by decreasing the myeloid cell production
of pro-inflammatory cytokines, resisting mast cell activation,
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and reducing chronic inflammation (193–196). MS patients
with depression characterized with a high concentration of pro-
inflammatory TH1 and TH17 cytokines are related to reduced
synthesis and availability of 5-HT in the CNS (206). The in vitro
treatment of PBMCs from MS patients with exogenous 5-HT
reduced the production of TH1 and TH17 cytokines as well as
increased the frequency of Treg, suggesting a critical role of 5-
HT in downregulating an exacerbated inflammatory response in
MS (186).

Dysregulation in 5-HT signaling affects multiple peripheral
organs, such as the lung, heart, GI tract, genitourinary tract, and
liver (158). The GI enterochromaffin cells synthesize 5-HT for
release into the bloodstream linking it to several GI disorders,
including irritable bowel syndrome (IBS) and constipation (157,
207, 208). SERT-expressing platelets containing 5-HT stores
also affect gut inflammation that underlies GI disorders (209–
211). A mouse model of colitis showed increased levels of 5-
HT and IL-13 in the gut (212). Patients diagnosed with IBS or
other bowel diseases show high levels of 5-HT and an increased
frequency of TH17 cells. In fact, both 5-HTR agonists and
antagonists have been used to treat IBS that also helped with
other related symptoms (213). 5-HT3, 5-HT4, and 5HT1B are the
most important receptors for GI function. 5-HT4 agonists (e.g.,
tegaserod) potentiate peristalsis initiated by 5-HT1 stimulation
and are thus helpful in chronic constipation and constipation-
predominant form of IBS. 5-HT3 antagonists (alosetron and
cilansetron) prevent the activation of 5-HT3 on extrinsic afferent
neurons and can decrease the visceral pain associated with IBS.

In addition, studies have shown that 5-HT may
alleviate symptoms associated with asthma, such as severe
bronchoconstriction, mucus buildup, and eosinophil-induced
inflammation in response to allergens (169, 175). In rheumatoid
arthritis (RA) analysis of patients and murine models show that
5-HT is responsible for balancing TH17/Treg populations (214).
In a RA mouse model, the absence of 5-HT led to conversion
of Treg into TH17 cells, skewing the population to more pro-
inflammatory type and worsening of tissue damage (185).
In collagen-induced arthritis in Tph1−/− mice, which have
markedly reduced peripheral serotonin levels, ex vivo serotonin
and 5-HT2A and 5-HT2B agonists restored IL-17 secretion from
splenocytes and TH17 cell differentiation (185). Also, mast cell
production of 5-HT worsened thrombocytopenia in dengue
virus infections through platelet activation via 5-HT1 (215).

Thus, 5-HT modulation can alleviate various TNFα-
mediated inflammatory diseases, depressive disorders linked
to systemic inflammation and GI disorders. Also, in solid
tumor microenvironments, tryptophan-catabolizing enzyme
indoleamine 2,3-dioxygenase is present at high concentrations
(216, 217). This may impair the synthesis of 5-HT, a tryptophan
metabolite, and decrease 5-HT autocrine signaling in T cells
(87). Consequently, this may downregulate anti-tumor T cell
immunity. Optimization of 5-HT signaling should thus be
helpful in cancer.

Substance P
Substance P (trifluoroacetate salt powder; SP) is an
undecapeptide of the tachykinin neuropeptide family. SP

is released from the terminals of specific sensory nerves in
brain regions of the CNS regulating emotion (hypothalamus,
amygdala, and the periaqueductal gray) as well as in most
peripheral regions (218, 219). In addition, it is secreted by
immune cells such as macrophages, eosinophils, lymphocytes,
and dendritic cells. SP exerts its biological activity through
G-protein–coupled neurokinin receptors (NKRs), namely,
neurokinin 1 receptor (NK1R), NK2R, and NK3R (220). SP has
the highest affinity to its endogenous receptor NK1R that is
primarily expressed in epithelial cells, fibroblasts and immune
cells (218, 219, 221). The NKRs activate phospholipase C,
protein kinase C and adenylyl cyclase, and mobilize intracellular
Ca2+ (219). SP and NK1R are found in close association with
serotonin and neurons containing norepinephrine (222). The
NKR promoter contains regions that are sensitive to cAMP, AP-1,
AP-4, CEBPB, and epidermal growth factor (223). Because these
regions are related to cytokine-triggered signal transduction
pathways, cytokines are likely to induce NK1R transcription
factors (224). NK1R is distributed over cytoplasmic membranes
of many cell types, including neurons, glia, endothelia of
capillaries, lymphatics, fibroblasts, stem cells, and leukocytes. SP
can thus influence or excite many cellular processes (219, 225).

SP acts as an immediate defense, repair and survival system
in response to noxious stimuli (stressors) that may compromise
biological integrity. Upon tissue damage, infection or other types
of stress, SP is released from skin, musculoskeletal, respiratory,
or GI tract cells and regulates permeability and contractibility
of the organs within those systems (218, 219, 226). SP signaling
is known to associate with inflammatory processes, pain
perception, modulation of behavior, stress responses, immune
function, and vomiting reflex. Furthermore, common among
biological processes, SP release and expression of NKRs may
not subside in diseases marked by chronic inflammation, such
as cancer.

The SP-NK1R system mediates interactions between neurons
and immune cells, and modulates several aspects of the immune
response, including leukocyte proliferation and activation, and
cytokine expression (227). Reciprocally, cytokines may induce
expression of SP and NK1R (228–230). Also, SP is involved in
neurogenic inflammation, which is a local inflammatory response
to certain types of infection or injury (231). Various effects of SP
on immune cells are summarized in Table 3.

Immunostimulatory Effects
SP can help prolong an immune response critical for host
survival. SP secretions are known to be increased during
recruitment of innate immune cells to target sites causing
an amplified immune inflammation by increasing cytokine
production (234). SP levels are elevated in the immediate
vicinity of lymphocytes (119). In a mouse model of EAE,
NK1R antagonist reduced expression of the cellular adhesion
molecules ICAM-1 and VCAM-1 on CNS endothelia and the
secretion of pro-inflammatory TH1 cytokines IFNγ and TNFα
(219, 226). SP acts as a chemoattractant for lymphocytes
and upregulates their integrins LFA-1 and VLA-4 to promote
migration and extravasation into the target sites (226). SP induces
IFNγ secretion in human T cells and promotes TH1 response

Frontiers in Immunology | www.frontiersin.org 11 August 2020 | Volume 11 | Article 1869

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hodo et al. Therapeutic Prospects of Neuroimmune Modulation

TABLE 3 | Summary of the effects of substance P on immune cell responses.

Neurotransmitter Receptors Target immune cells Implications in disease

Substance P NK1R

NK2R

NK3R

Neutrophil

Macrophage

T cell

B cell

Asthma

Dermatitis

IBD

Rheumatoid Arthritis

Psoriasis

Diabetes

Cancer

Cellular adhesion and homing

Chemoattracts lymphocytes and upregulates their integrins LFA-1 and VLA-4 to promote migration and extravasation into the target sites (226)

NK1R signaling increases the expression of the cellular adhesion molecules ICAM-1 and VCAM-1 on CNS endothelia (219, 226)

Reduces CD8+T cell migration (119)

Lymphocyte function

NK1R signaling increases the secretion of pro-inflammatory TH1 cytokines IFNγ and TNFα (219, 226)

Enhances T cell IL-2 secretion and proliferation (232)

Favors TH17 differentiation and IFNγ production (218)

Enhances B cell Ig secretion (219)

Truncated variant of NK1R with a lower affinity to SP prevents lymphocyte overactivation (219)

NK1R downstream signaling in NK cells inhibit their degranulation and cytotoxicity by reducing intracellular calcium flux and pERK (233)

Myeloid cell function

Increases human monocyte secretion of IL-6, IL-23, and TNF-Like 1A (218)

Promotes innate inflammation upon secretion following tissue damage, infection or stress (226)

LFA-1, Lymphocyte function-associated antigen-1, αLβ2-integrin; VLA-4, Very late antigen-4, α4β1-integrin, CD49d/CD29; ICAM-1, Intercellular adhesion molecule-1; VCAM-1, Vascular

cell adhesion molecule-1; ERK, Extracellular signal-regulated kinases.

(218, 226). This may be facilitated through SP enhanced DC-
T cell interaction as blockade of NK1R interaction by a specific
antagonist or use of NK1R knockout mice led to reduced T cell
proliferation (232). In the absence of DC, proliferation of T cells
was partly dependent on signaling through NK1R, revealing an
autocrine effect of SP production by T cells. In addition, SP-
activated human monocytes secrete IL-6, IL-23, and TNF-Like
1A (TLA-1), promoting TH17 development. More specifically,
TL1-A engagement with death receptor 3 on activated T cells
promote TH17 differentiation and IFNγ production (218). Both
high TL1A expression and presence of TH17 populations during
inflammatory and autoimmune diseases have been associated
with high expression of SP and its receptor NK1R. Thus, SP
may act locally on the myeloid and lymphoid cell interaction to
amplify TH1 or TH17 mediated inflammatory responses.

Immunosuppressive Effects
CD8+T lymphocytes show a reduced migratory activity in the
presence of SP (119). Moreover, NKRs on the surface of immune
cells can be endocytosed and recycled to initiate the resolution
of inflammation or prevent constitutive activation of immune
cells. When endocytosed, NKRs form a complex with β-arrestin
and Src that subsequently activates ERK1/2 and mediates a
balance between proliferative and anti-apoptotic effects observed
in rodent cell lines (235). A truncated variant of NK1R that
has a lower affinity to SP can prevent overactivation of immune
cells (219). Human NK cells express truncated and full-length
NK1R isoforms. NK1R signaling modulated NK cell activation

and inhibited NK cell degranulation and cytotoxicity by reducing
intracellular calcium flux and pERK (233). This may contribute
to the impairment of NK cell function in certain disease states
associated with increased circulating SP.

Clinical Implications
In diseases associated with chronic inflammation, antagonism
of the SP-NK1R system has been studied as a therapeutic
intervention (219, 236). SP has a major impact on the pathology
of fatal asthma. Asthma patients typically have increased
SP-secreting non-adrenergic non-cholinergic (NANC) nerves
and express higher levels of NK1R within the respiratory tract,
which results in bronchoconstriction, mucus accumulation,
vasodilation, and alveolus leakage (219, 237). SP promotes
neutrophil chemotaxis to the lung by upregulating the
expression of integrins for extravasation, chemokine receptors,
degranulation, respiratory burst, IL-1β, and TNFα secretion
(219, 238, 239). Another contributing factor is the inability
of most asthma patients to produce sufficient amounts of
neutral endopeptidase (NEP) to metabolize SP to an inactive
compound (237). Thus, to attenuate immune cell recruitment
and inflammation of the respiratory tract, NK1R antagonists
such as CP96345 serve as potential therapeutic agents besides
corticosteroid administration (226). Other contributors to
SP-associated respiratory disease involve persistent infection by
pathogens such as respiratory syncytial virus (RSV) and cigarette
smoke. While virus infection results in constant inflammation
attempting to trigger pathogen clearance, cigarette smoke

Frontiers in Immunology | www.frontiersin.org 12 August 2020 | Volume 11 | Article 1869

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hodo et al. Therapeutic Prospects of Neuroimmune Modulation

induces NANC nerves to release SP and downregulate airway
neutral endopeptidase activity (240, 241).

Similarly, in IBD SP-secreting NANC nerves in the enteric
nervous system regulate GI contractility, permeability, and
immune responsiveness. Unlike IBD, dermatitis involves
inflammation due to physical stress such as scratches or
lesions on the skin that result in SP release from NANC
within the dermis and facilitate leukocyte recruitment to the
target site causing swelling, itching, and redness. This effect
is more pronounced in atopic dermatitis patients, for they
generally have increased SP-secreting nerves and, thus, a higher
concentration of SP in the skin (242, 243). In psoriasis patients
also, SP is increased in psoriatic plaques and is responsible for
IL-32 synthesis in keratinocytes, which in turn release pro-
inflammatory cytokines and activate mast cells. The increased
presence of inflammatory mediators and the concentration of
SP may predict the severity of psoriasis (244). Likewise, arthritis
exhibits a dense innervation of SP-secreting nerves in the joints
with synoviocytes expressing abnormally high levels of NK1R.
Accordingly, increased SP in the synovial fluid can lead to
persistent inflammation of joints (219, 245, 246). In Type I
and II diabetes models, treatment with SP reduced pancreatic
β-cell destruction by decreasing activation of pancreatic stellar
cells, which are responsible for β-cell apoptosis (247). In
cancer patients, treatment with NK1R antagonist, aprepitant,
is used to prevent the nausea and vomiting that accompany
chemotherapy (248).

Glutamate
L-glutamate, an anion of glutamic acid (2-aminopentanedioic
acid; Glu), is one of the most abundant excitatory
neurotransmitter present in every type of animal that has
a nervous system, including the lower marine invertebrate
ctenophores (249). It accounts for over 90% of the synaptic
connections in vertebrates (250). It is synthesized from
glutamine in the CNS by the enzyme glutaminase, and from
α-ketoglutaric acid produced in the citric acid cycle. Because of
its role in synaptic plasticity, Glu mediates cognitive processes
of learning and memory formation in the CNS (251). In the
peripheral nervous system (PNS), Glu regulates nociception as
well as cardiovascular, respiratory, reproductive, and immune
functions (104).

Glu is present in nearly all organs and tissues of the body
as a non-essential amino acid. This made its function as a
neurotransmitter difficult to be accepted until injections of Glu
into the cerebral ventricles of dogs caused them to have seizures
(252). It is released from synapses at high concentrations (10−3

M) or circulate in the blood plasma at lower concentrations
(10−5-10−4 M) (253). Since excessive Glu can cause excitotoxicity
that induces cell death, it is tightly regulated in the brain as well
as in the periphery. It is actively transported out of the nervous
system by a high affinity transport system, which maintains its
concentration in brain fluids constant (254).

There are two receptor families for Glu: Metabotropic
glutamate receptors (mGluRs) and ionotropic glutamate
receptors (iGluRs). The metabotropic family includes GPCRs
acting through second messenger systems to create slow

sustained effects on their targets. There are eight mGluRs divided
into three subgroups. Group I receptors (mGluR1 and mGluR5)
are coupled to Gq that increases IP3 and diacyl glycerol by
activating phospholipase C, and group II (mGluR2 and mGluR3)
and III (mGluR4, mGluR6, mGluR7, and mGluR8) are coupled
to Gi/o that decreases cAMP levels by inhibiting adenylyl cyclase
(255). Both CNS and PNS use mGluRs (253).

The ionotropic receptors comprise three families that open
membrane channels to allow ions to pass through when cells are
activated. There are three types of iGluRs: α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptors (AMPAR), N-
methyl-D-aspartate receptors (NMDAR), and kainate receptors
(KARs). AMPARs are most abundant and ubiquitously expressed
and are specialized for fast excitation. They increase membrane
permeability for Na+ and K+ and can produce excitatory
electrical pulses in the synapses in a fraction of a millisecond after
being stimulated. AMPAR are comprised of homo- or hetero-
tetramers of GluA1, GluA2, GluA3, and GluA4 subunits. Glu
binds to two or more of the AMPAR subunits that allow the
ion channel to open for Ca2+/Na+ influxes or K+ efflux, except
they inhibit Ca2+ influx if GluA2 is involved (253). NMDARs are
voltage-gated receptors that increase membrane permeability for
Ca2+ when activated. They are predominantly expressed in the
CNS for learning and memory. They exist as hetero-oligomers
comprised of two GluN1 subunits and a combination of GluN2A,
GluN2B, GluN2C, GluN2D, GluN3A, and GluN3B, which serve
as regulatory subunits to form a tetramer or pentamer. Glycine
is a co-activator for NMDAR to open ion channels for cellular
Ca2+/Na+ influx and K+ efflux. Glu has higher affinity to
AMPAR than to NMDAR (253). KARs are homo or hetero
tetramers comprised of GluK1, GluK2, GluK3, GluK4, and
GluK5 subunits that, like AMPARs, also facilitate Na+ influx and
K+ efflux. KARs are restricted to the brain and their functions are
largely unknown.

The expression of GluRs and Glu transporters in lymphoid
and myeloid cells, as well as the concentration of Glu
in which immune cells are exposed to, can induce a pro
or anti-inflammatory response (253, 256–259). While GluRs
are expressed mostly on lymphoid cells, Glu transporters
are prevalent in antigen presenting cells such as DC and
macrophages. Various effects of Glu signaling in immune cells are
summarized in Table 4 with Glu-mediated immune cell-to-cell
communication depicted in Figure 4.

Immunostimulatory Effects
Activation of AMPAR induces β-integrin-mediated T cell
adhesion to fibronectin and laminin. It also increases the CXCR4-
mediated peripheral T cell chemotactic migration toward the
chemokine CXCL12 (88). Stimulation of iGluRs during human
T cell activation increases Ca2+ influx, IL-2 secretion and IL-
2 receptor upregulation (265, 266). The iGluR-mediated Ca2+

influx requires negative membrane potential through a voltage-
gated K+ channel Kv1.3 that is activated by Glu (264). The
activation of mGluRs also increases Ca2+ influx (266, 267).
Group I mGluRs prevent the activation-induced cell death
by decreasing FasL expression that is normally expressed on
activated T cells (268, 269). Thus, while iGluRs appear to
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TABLE 4 | Summary of the effects of glutamate on immune cell responses.

Neurotransmitter Receptors Target immune cells Implications in disease

Glutamate AMPAR

(GluA1-4)

NMDAR

(GluN1, GluN2A-D,

GluN3A-B)

KAR

(GluK1-5)

mGluR1−8

Neutrophil

Macrophage

DC

T cell

B cell

Seizures

Epilepsy

Encephalomyelitis

Multiple sclerosis

Cancer

Cellular adhesion and homing

AMPAR signaling induces β-integrin-mediated T cell adhesion to fibronectin and laminin (88)

AMPAR signaling increases the CXCR4-mediated T cell chemotactic migration toward chemokine CXCL12 (88)

mGluR1 signaling induces neutrophil transmigration (260)

Lymphocyte function

Naïve T cells constitutively express GluA3 and mGluR5 receptors (88, 261)

Activated T cells express mGluR1/5 and NMDAR GluN1 and/or GluN2B subunits (253)

NMDARs are upregulated on activated T cells to compensate for GluA3 downregulation due to autocrine/paracrine granzyme B-mediated

proteolytic cleavage (262)

GluN1 is upregulated on CD4+T cells, and leads to TH1 cell death and prevalence of TH2 responses (263)

iGluR mediates Ca2+ influx through a voltage-gated K+ channel Kv1.3 (264), and increases IL-2 secretion and IL-2 receptor in T cells

(265, 266)

mGluR activation increases Ca2+ influx in T cells (266, 267)

mGluR1/5 signaling prevents the activation-induced cell death of activated T cells by decreasing FasL expression (268, 269)

mGluR1 signaling increases PI3K-Akt and ERK1/2 signaling, and promotes T cell activation, proliferation and secretion of TH1 cytokines IFN-γ,

TNFα, IL-2, and IL-6 (261)

mGluR5 signaling inhibits T cell activation and proliferation through increased cAMP levels that suppress the activation of Ras/ERK, JNK, and

NFκB but activates C-terminal Src kinase (270)

Glu production from glutamine hydrolysis produces epigenetic effects on chromatin accessibility and gene expression to promote TH17 but

constrain TH1 and effector T cell differentiation (271)

Proteolytic breakdown of GluA3 into circulation facilitates the production of autoantibodies (262, 272)

Dendritic cell maturation and myeloid cell function

Mature DCs release Glu through their plasma membrane-expressed Xc-cystine-glutamate antiporter (273)

DCs express transmembrane excitatory amino acid transporters that regulate Glu extracellular concentrations (270, 274)

mGluR1 signaling upregulates myeloid cell production of inflammatory chemoattractants such as CXCL1, IL-6, and IL-8 (260)

Glu, Glutamate; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors; NMDAR, N-methyl-D-aspartate receptors; KAR, kainate receptors; iGluR, Ionotropic

glutamate receptors; mGluR, Metabotropic glutamate receptors; PI3K, Phosphatidylinositol 3-kinase; Akt, Protein kinase B.

support early events of TCR signaling through Glu-activated
Kv1.3 K+ channels, mGluR signaling sustains T cell activation
and survival.

Naïve T cells constitutively express GluA3 and mGluR5

(88, 261). In contrast, activated human peripheral blood T
cells express mGluR1/5 as well as GluN1 and/or GluN2B
subunits (253). GluN1 is upregulated upon activation in
human T cells to increase Ca2+ influx (275). NMDARs are
upregulated on activated T cells most likely to compensate for
GluA3 downregulation due to autocrine/paracrine granzyme
B-mediated proteolytic cleavage (262). Furthermore, mature
human DCs release significant amounts of Glu through their
plasma membrane-expressed cystine-glutamate antiporter (xCT)
(273). DCs also express transmembrane excitatory amino acid
transporters (EAAT) that regulate extracellular concentrations
of Glu to manage its excitotoxicity (270, 274). EAATs also
function as antiporters on an electrochemical gradient of Na+,
K+, and H+ concentrations, whereby one molecule of Glu is
imported along with three Na+ and one H+ in exchange of one
K+ export. In the presence of DC’s secreted Glu, while T cell

activation is inhibited by an increased expression of mGluR5

(270), upregulation of mGluR1 in activated T cells counteracts its
function (261). After productive Ag presentation by DC, mGluR1

signaling in T cells enhances their proliferation and secretion of
TH1 pro-inflammatory cytokines. Depletion of Glu or mGluR1

blockade by antagonist CPCCOEt decreases human T cell
proliferation and TH1 differentiation, and reduces IFN-γ, TNFα,
IL-2, and IL-6 secretion (273). Moreover, activated T cells need
to resist quiescence to develop and sustain effector functions.
Glu plays a critical metabolic role to meet the energy demands
of this activity. In addition, autocrine Glu impacts initial
events during GluR-TCR interaction (MTP de Aquino, Hodo
et al., manuscript in preparation). Activated T cells upregulate
amino acid transporters (276) and enzymes that metabolize
glutamine (277). Glu production upon glutamine hydrolysis
by the enzyme glutaminase (278) produces epigenetic effects
on chromatin accessibility and gene expression that promote
TH17 but constrain TH1 and effector T cell differentiation (271).
Accordingly, Glu can impact T cell function at multiple levels of
activation and differentiation.

Frontiers in Immunology | www.frontiersin.org 14 August 2020 | Volume 11 | Article 1869

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hodo et al. Therapeutic Prospects of Neuroimmune Modulation

FIGURE 4 | Glutamate-mediated cell-to-cell communication among immune cells. Naïve human peripheral blood T cells express GluA3 and mGluR5. Signaling

through GluA3 increases Ca2+ influx, IL-2 secretion through negative membrane potential of a voltage-gated K+ channel Kv1.3, and IL-2 receptor upregulation during

T cell activation. The activation is resisted by the increased expression of mGluR5 on naïve T cells and by increased cAMP levels that inhibit Ras/ERK, JNKs, and

NFκB and activate C-terminal Src kinase (CSK). Upon activation, T cells express GluN1/2B to sustain increased Ca2+ influx. The upregulation of GluN1/2B may

downregulate GluA3, which is cleaved through granzyme B. Activation of mGluR1/5 on effector T cells prevents the activation-induced cell death (AICD) by decreasing

FasL expression. In activated T cells, mGluR1 signaling increases PI3K and ERK1/2 signaling. mGluR1 activation also increases IFNγ, TNFα, IL-2, and IL-2R

expression during T cell proliferation and effector differentiation, possibly through Glu released from mature DCs through their plasma membrane-expressed

cystine-glutamate antiporter (xCT). DCs also express transmembrane excitatory amino acid transporters (EAAT) to regulate extracellular concentrations of Glu.

Activation of mGluR1 on DCs facilitates the release of IL-6, IL-8, and CXCL1 production. Activation of both GluN1 and mGluR1 on CD4+TH cells induces

β-integrin-mediated adhesion to fibronectin and laminin as well as facilitates CXCR4-mediated chemotactic migration. GluN1 signaling causes TH1 cell death but

supports TH2 responses. Upward solid red arrows depict upregulation of indicated molecules or effects whereas the downward solid arrows indicate the reverse. Thin

red line arrows indicate cells that produce Glu.

Immunosuppressive Effects
GluR signaling can contribute to immunosuppression. GluN1 is
rapidly upregulated on CD4+ T cells, and leads to TH1 cell death
and prevalence of TH2 responses in humans, interfering with
the resolution chronic inflammatory diseases (263). DC-derived
Glu stimulating the constitutively expressed mGluR5 on T cells
blocks their activation. This is mediated through increased cAMP
levels that suppress the activation of Ras/ERK, JNK, and NFκB
but activates C-terminal Src kinase (270). Conversely, mGluR5

antagonism with 2-methyl-6-(phenylethynyl)pyridine enhances
T cell proliferation, suggesting that mGluR5 may hinder T cell
proliferation (273).

Thus, differential expression of GluRs on T cells could be
another layer of regulation wherein upon non-cognate antigen
presentation by DC mGluR5 signaling blocks T cell activation
and mGluR1 signaling promotes T cell activation following the

cognate antigen–TCR binding. During DC–T cell interaction,
Glu and its receptors could be an effective system for regulating
T cell-mediated responses. Depending on the T cell state
(resting or activated), selective Glu agonists could decide T cell
fate by inducing excitotoxic death via ionotropic NMDAR, by
stimulating activation and proliferation via mGluR1 or inhibiting
T cell activation via mGluR5 (89, 270, 279).

Clinical Implications
The immunomodulatory ability of Glu through GluRs expressed
on lymphocytes is of clinical importance in autoimmune
inflammatory diseases and cancer. Uncontrolled seizures and
epileptic episodes are known to be caused by excessive Glu,
activating ionotropic GluA3 and GluN1/GluN2 receptors. Also,
the granzyme-B-mediated proteolytic breakdown of T cell GluA3
into circulation may facilitate the production of autoantibodies
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by recognizing those residues as foreign antigens and contribute
to the pathogenesis of autoimmune epilepsy (262, 272). Similarly,
GluA3-overexpressing autoreactive T cells could attack the
myelin of nerves causing demyelinating diseases such as MS
(280). In a mouse model of encephalomyelitis, GluR-expressing
T cells were autoreactive to myelin basic protein (88).

GluR signaling can contribute to inflammatory environment
wherein cancer cells thrive to sustain their growth and survival.
In addition, GluR signaling can promote oncogenic signaling.
T-leukemia and T-lymphoma cells overexpress mGluRs that
promote intracellular Ca2+ and proliferative genes c-fos/c-
jun (253). AMPA iGluRs increase the expression of matrix
metalloprotein-9 (MMP-9) via MMP-inducer CD147 and
promote tumor cell metastasis (281). Prostate cancer cells
express prostate-specific membrane antigen (PSMA), a Glu
carboxypeptidase II, also called folate hydrolase-1, which
hydrolyzes Glu from vitamin B9 (folic acid) and other substrates.
Glu thus released binds to GPCR mGluR1 to activate PI3K-
Akt signaling that supports prostate cancer progression. The
use of inhibitors against mGluR1 and PSMA in preclinical
models regressed prostate cancer (282). Similarly, mGluR1

signaling in triple negative breast cancers promotes their
progression, angiogenesis, and metastasis (260, 283). Also,
mGluR1 and NMDAR antagonists increased dendritic branching
and decreased themotility, migration and proliferation of human
melanoma cells in xenograft models by inhibiting dynamin
GTPase and blocking ERK1/2 pathway (284–286). Apparently,
mGluR1 signaling has a direct effect on tumor cell growth
and survival but it also increases inflammation within the
tumor microenvironment by upregulating the production of
inflammatory chemoattractants such as CXCL1, IL-6, and IL-8
and inducing neutrophil transmigration (260). Thus, blocking
specific GluR signaling, which is exploited by tumors to survive
and grow, and enhance tumor-promoting inflammation, could
be a potential therapeutic approach to treat tumors and some
autoimmune inflammatory diseases.

THERAPEUTIC POTENTIAL OF
NEUROIMMUNE MODULATION

An extensive crosstalk between immune cells and
neurotransmitters has a bearing on human diseases. It is
appears that immune effects mediated by DA are first pro-
inflammatory TH1-type, then switching to anti-inflammatory
TH2-type following activation (104, 125). A collaborative DA-
mediated network of DC, TH and B cells along with decreased
Treg suppressive activity could be helpful in sustaining CD8+0T
cell effector responses in immunosuppressive pathologies.
Therefore, by selectively triggering specific DR on immune cells
DA may provide for an immunological behavior-switching and
context-dependent immune stimulatory or inhibitory responses.
This offers DA-mediated treatment alternatives to mitigate
neuropathologies and autoimmune diseases. DA agonists
may help in brain disorders such as PD whereas specific DR
antagonists could help alleviate MS, schizophrenia, AD, colitis,
and IBD.

5-HT modulation can alleviate various TNFα-mediated
inflammatory diseases, including depressive disorders linked
to systemic inflammation, GI disorders, atherosclerosis,
rheumatoid arthritis, psoriasis, type II diabetes, schizophrenia,
and AD. Activation of 5-HT2A represents a potential therapeutic
avenue for the treatment of such disorders. Moreover, the
inhibitory effects of 5-HT2A agonists on TNFα-mediated
inflammation last many hours after the administration of
TNFα (184). Consequently, 5-HT-agonist-based therapies may
also treat inflammation-associated tissue stress or damage.
In addition, 5-HT may alleviate symptoms associated with
asthma, such as severe bronchoconstriction, mucus buildup,
and eosinophil-induced inflammation in response to allergens
(169, 175). Also, optimization of 5-HT signaling should be
helpful in cancer as in tumor microenvironments tryptophan-
catabolizing enzyme indoleamine 2,3-dioxygenase is present at
high concentrations (216, 217), which may impair the synthesis
of 5-HT and decrease 5-HT autocrine signaling in T cells (87).
In diseases associated with chronic inflammation, antagonism
of the SP-NK1R system is under investigation as a therapeutic
intervention (219, 236). In cancer patients, treatment with NK1R
antagonists is already used to prevent the nausea and vomiting
that accompany chemotherapy (248).

The expression of GluRs and Glu transporters in lymphoid
and myeloid cells, as well as the concentration of Glu in
which immune cells are exposed to, can induce a pro or
anti-inflammatory response (253, 256–259). GluR signaling can
impact T cell activation and differentiation at multiple levels.
While iGluRs appear to support early events of TCR signaling
through Glu-activated Kv1.3 K+ channels, mGluR signaling
sustains T cell activation and effector function. Also, differential
expression of GluRs on T cells could be another layer of
regulation wherein upon non-cognate antigen presentation by
DC mGluR5 signaling blocks T cell activation and mGluR1

signaling promotes T cell activation following the cognate
antigen–TCR binding. Selective Glu agonists could affect T cell
fate by inducing excitotoxic death via ionotropic NMDAR, by
stimulating activation and proliferation via mGluR1 or inhibiting
T cell activation via mGluR5 (89, 270, 279). Moreover, Glu
can contribute to inflammatory microenvironment wherein
cancer cells thrive to sustain their growth and survival.
Blocking specific GluR signaling that is exploited by tumors to
enhance tumor-promoting inflammation could be a potential
therapeutic approach.

The neuroimmune approaches could be harnessed to improve
antitumor responses in metastatic cancers where we are far from
achieving the goal of preventive or therapeutic modality assuring
relapse-free survival (287). Tumor cells show chemotaxis toward
neurotransmitters such as DA and other catecholamines (288).
A neuro-neoplastic synapse has been observed following direct
interactions of tumor cells with nerve cells (289). Tumors
may also initiate their own innervation by the release of
neurotrophic factors. Studies have revealed a prominent role of
neurotransmitters in the tumor microenvironment contributing
to the pathogenesis of cancers (290). Besides the acute
“fight or flight” response triggered by catecholamines from
sympathetic nerve terminals and adrenal glands, the sympathetic
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FIGURE 5 | Prospective neuroimmunotherapy scheme to optimize immune function in cancer and autoimmune pathologies. A crosstalk between immune cells and

the central nervous system (CNS) has a bearing on human diseases. This offers treatment alternatives to mitigate cancer, neuropathologies and autoimmune diseases.

The neurotransmitters present a high potential to act as therapeutic supplements to optimize the function of immune cells including eosinophils (Eo), neutrophils (N),

macrophages (Mφ), innate lymphoid cells (ILC), dendritic cells (DC), or T cells. Some immune cells such as platelets (P) serve as stores of neurotransmitters. Select

neurotransmitter agonists or antagonists could be developed and tested in combination with other therapeutic modalities to suppress or stimulate immune responses,

respectively. Such an optimized neuroimmunotherapy could be helpful in debilitating chronic immunopathologies. Activation of neurotransmitter receptors on

lymphocytes by select neurotransmitters can modulate their migration and homing as well as differentiation, cytokine secretion, proliferation, survival, or effector

function. As an example, adoptive T cell therapy for cancers can be improved by treating harvested tumor-infiltrating lymphocytes (TIL) with select neurotransmitter

agonists or antagonists in vitro before transfer. Alternatively, neurotransmitter agonists or antagonists can be injected into the solid tumors to manipulate T cells or

innate lymphoid cells (ILC) such as NK cells in situ. Optimization of such neuroimmunotherapy approaches could provide more effective holistic therapeutic benefits.

nervous system can regulate gene expression in the tumor
microenvironment (291). Although the SNS-mediated gene
regulation or molecular mobility and defense programs have
been correlated with tumor progression and metastasis (291,
292), they can be manipulated to cause tumor regression
(293, 294). SNS ablation in an acute myelogenous leukemia
model caused infiltration of leukemic cells into the bone
marrow (294), suggesting separate mesenchymal niche activities
for malignant and healthy hematopoietic stem cells in the
bone marrow.

In head and neck cancer patients, adoptive transfer of
peripheral blood T cells treated with Glu and DA promoted their
CXCL12-guided migration to autologous tumors and elevated
the expression of TCR downstream molecules (295). Another
study showed that stimulation of the reward system through
dopaminergic neurons in ventral tegmental area decreased
tumor growth in mouse models by reducing myeloid-derived
suppressor cells and increasing granzyme-B expression in tumor-
infiltrating CD8+T cells. A strong connection also exists between
the mental state of the patient and cancer resolution by the
immune system (12).

The neurotransmitters thus have a high potential to act
as therapeutic supplements to boost or optimize immune
cell responses. Neurotransmitters or their selective agonists
or antagonists could be developed and tested in combination

with other therapeutic modalities to suppress or stimulate
immune responses, respectively (Figure 5). Such an optimized
“neuroimmunotherapy” could be very helpful in debilitating
chronic immunopathologies.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Depending on the tissue-specific context, neurotransmitters are
either immunostimulatory or immunosuppressive to peripheral
immune responses. Various inflammatory pathologies including
tumor microenvironment are integrated with the neural,
immune, and endocrine systems. DA, 5-HT, SP, and Glu have
pro-inflammatory effects on immune cells. On one hand, these
pro-inflammatory effects may exacerbate disease severity, on the
other, they may be channelized to reverse immunosuppression
in chronic diseases. Moreover, neurotransmitter receptors have
multiple subtypes that can be selectively triggered to elicit
different types of immune responses. A neurotransmitter
binding to a receptor on one subset of immune cells can
promote an immunostimulatory response while promoting
an inhibitory response in another immune subset depending
on the repertoire of receptors and signaling targets involved
in the downstream cascade of events. For example, in one
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condition a neurotransmitter may activate migration, cytokine
secretion, or integrin expression on naïve T cells while the
same neurotransmitter may inhibit these functions when T cells
have already been primed or stimulated. The concentration
of neurotransmitters in circulation or in the immediate tissue
vicinity may also determine the outcome of the elicited
immune responses.

From an evolutionary perspective, the concerted activity of
the nervous and immune systems is integral to tissue, organ
and organismic health. The nervous system senses inflammatory
responses and responds by controlling stress-response pathways
at the organismal level. G-protein-coupled catecholamine
receptors in the primitive nervous system of the nematode
Caenorhabditis elegans control innate immune responses by
regulating unfolded protein response genes in non-neuronal
tissues (296). Furthermore, the cellular and molecular signaling
axes of neuroimmune interactions can be regulated by circadian
rhythms and psychological stress (297, 298). The neuroimmune
communication is, thus, an exciting transdisciplinary area of
research that is relevant to exploring cures against chronic
immunopathologies. Using the advanced technologies of genetic
molecular mapping and imaging, high-throughput single-cell
analysis and computational systems biology, a comprehensive
analysis of neuroimmunemodulation and cross systems-network
may lead to the discovery of new functional bases and regulatory
circuits of neuroimmune networks. Building on these advances,
a carefully optimized “neuroimmunotherapy” approach may
provide holistic therapeutic benefits in chronic inflammatory

diseases without overtly harming the physiological systems of
the body.
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