Semin Immunopathol (2017) 39:165-176
DOI 10.1007/s00281-016-0590-0

@ CrossMark

REVIEW

Neuroimmune interactions: dendritic cell modulation

by the sympathetic nervous system

Maisa C. Takenaka' - Marcia G. Guereschi' - Alexandre S. Basso’

Received: 20 June 2016 / Accepted: 22 August 2016 /Published online: 31 October 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Dendritic cells are of paramount importance
bridging innate and adaptive immune responses.
Depending on the context, after sensing environmental
antigens, commensal microorganisms, pathogenic agents,
or antigens from the diet, dendritic cells may drive either
different effector adaptive immune responses or tolerance,
avoiding tissue damage. Although the plasticity of the
immune response and the capacity to regulate itself are
considered essential to orchestrate appropriate physiolog-
ical responses, it is known that the nervous system plays a
relevant role controlling immune cell function. Dendritic
cells present in the skin, the intestine, and lymphoid or-
gans, besides expressing adrenergic receptors, can be
reached by neurotransmitters released by sympathetic fi-
bers innervating these tissues. These review focus on how
neurotransmitters from the sympathetic nervous system
can modulate dendritic cell function and how this may
impact the immune response and immune-mediated
disorders.
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Introduction

The immune system plays a crucial role maintaining general
homeostasis and allowing physiological responses to occur in
an appropriate manner. That includes a fine-tuned action
distinguishing antigens that must be tolerated (such as those
from the diet and commensal microbiota) from antigens that
should elicit the generation of effector responses (such as
those from pathogenic microorganisms). In addition, an effec-
tor response generated by the immune system will be physio-
logically appropriate as long as its magnitude and quality are
adequate for each type of challenge or infection being faced
by the host. Although the ability of the immune system to
regulate itself is an important feature that contributes to the
generation of appropriate physiological responses, the cross
talk that takes place between the immune and the nervous
systems has also been found to be very important in this sense.
These two systems communicate in a bidirectional manner
through the release of chemical messengers, such as cytokines
and neurotransmitters [ 1, 2]. Exist, so far, three main described
pathways by which the central nervous system (CNS) can
influence the immune response: the hypothalamic—pituitary—
adrenal (HPA) axis through glucocorticoid release [3], the
sympathetic nervous system (SNS) that innervates all lym-
phoid organs and release neurotransmitters such as norepi-
nephrine and dopamine [4], and through the vagal inflamma-
tory reflex. Even though the spleen and lymph nodes do not
receive innervation from parasympathetic fibers, the vagus
nerve can modulate the immune response through a well-
organized circuit, called inflammatory reflex, in which signals
from the vagus nerve are thought to modulate the activity of
the splenic nerve, which secretes norepinephrine within the
spleen. Then, norepinephrine signaling via (32 adrenergic re-
ceptor (2AR) on T cells induces the production and release
of acetylcholine by these cells, which finally binds to
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«7nAChR expressed on splenic and other macrophages to
effectively inhibit inflammatory cytokine release [5, 6]. The
sympathetic nervous system, via norepinephrine release, can
modulate several immunological processes, including lym-
phocyte ontogeny into the thymus, chemotaxis, antigen pre-
sentation and processing, and T cell function. In this review,
we focus on how the sympathetic nervous system can impact
aspects of the immune response, particularly those related to
dendritic cell function and the consequences to the generation
of adaptive immune responses and the development of
immune-mediated diseases.

Dendritic cells and their interactions
with sympathetic fibers in lymphoid organs, skin,
and intestine

Dendritic cells (DCs) are potent antigen-presenting cells
(APC) and play an important role in linking innate and adap-
tive immune responses as well as driving the immune re-
sponse to immunity and tolerance. DCs can be classified into
different populations according to their origin, location, acti-
vation status, and function. Thereby, based on their morpho-
logical and functional features, DCs have been classified in
two major types: conventional or classical DCs (cDCs) and
plasmacytoid DCs (pDCs) [7, 8]. Both ¢cDCs and pDCs are
derived from bone marrow progenitors in a Flt3L-dependent
manner; however, each subset of DCs requires distinct tran-
scription factors for its differentiation [9—11]. The ¢cDCs are
highly phagocytic cells, express high levels of major histo-
compatibility complex (MHC) class II molecules, and have
potent antigen-presenting abilities, being important in the ac-
tivation of naive T cells. So far, cDCs have been divided in at
least two major subsets characterized either by the expression
of CD8« and CD103, or CD11b. CD8«* ¢DCs from the
spleen are specialized in cross-presenting exogenous antigens
to CD8" T cells, while CD11b" ¢DCs preferentially activate
CD4" T cells [7, 8]. Both subsets are present in classical lym-
phoid organs, such as the spleen and lymph nodes, as well as
in many other tissues, such as the skin and the gut [7, §]. In
many of the tissues that are not classically considered as lym-
phoid organs, the subset characterized as CD103"* does not
express the CD8« molecule. Besides depending on FIt3L,
the development of CD8«a* ¢cDCs present in lymphoid organs
and their equivalent populating other tissues, the CD103"
(CD11b") ¢DCs, also relies on a transcription factor named
basic leucine zipper ATF-like 3 (BATF3).

The pDCs represent a rare DC subset specialized in the
production of type I interferon (IFN) in inflammatory condi-
tions following toll-like receptor 7 (TLR7) or TLRY activa-
tion. This subset of DCs presents lower capacity to perform
phagocytosis and is considered inefficient inducers of CD4* T
cell responses [7, 8].
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The DCs are responsible to recognize, process, and present
antigens to T cells, tasks that often result in the activation and
differentiation of T cells. The production and release of a
distinct set of cytokines by DCs upon different types of stim-
ulation is a central feature in determining the generation of
diverse effector adaptive immune responses. In general, intra-
cellular pathogens such as viruses and bacteria induce IL-
12p70 production by DCs, which is linked with Th1 cell dif-
ferentiation [12, 13]. In contrast, extracellular bacteria and
fungi infections result in a production of high levels of IL-6
and IL-23, which can instead facilitate the orchestration of
Th17-mediated immune responses [12, 14]. Depending on
the context of antigen presentation, DCs are also important
for tolerance induction and the differentiation of regulatory
T cells [15].

Several studies were performed to characterize the sympa-
thetic innervation of lymphoid organs such as the thymus,
spleen, and lymph nodes.

Some of these studies were carried out using retrograde
tracers, which are injected into the organ to be studied. The
tracer is then retrogradely transported toward the cell body of
neurons innervating such organ.

There were found positive stained neurons in sympathetic
ganglia chain following injections made in the thymus [16,
17], spleen [18], and lymph nodes [19]. However, injections
of such a tracer into the thymus or the spleen did not result in
labeled neurons within the dorsal root ganglia of the spinal
cord, indicating absence of afferent innervation in these or-
gans [20]. Conversely, tracer injection in lymph nodes showed
stained neurons in the dorsal root ganglia, suggesting afferent
innervation in at least some lymph nodes [21].

Some other studies used an immunohistochemical ap-
proach to track for the presence of sympathetic and para-
sympathetic fibers. Usually, these techniques seek for the
verification of immunoreactivity for transporters of neu-
rotransmitters present in synaptic vesicles and enzymes
associated with the synthesis of neurotransmitters.
Among these enzymes are tyrosine hydroxylase (TH)
and dopa (3-hydroxylase (DBH), which are involved in
noradrenaline and dopamine synthesis and therefore are
present in sympathetic fibers, and choline acetyltransfer-
ase (ChAT), which participates in the synthesis of acetyl-
choline and is expressed in cholinergic fibers of the para-
sympathetic nervous system [20].

In fact, such lymphoid organs showed the presence of TH-
positive and DBH-positive fibers, indicating the existence of
catecholaminergic fibers [22]. Furthermore, the lack of posi-
tive fibers for vesicular acetylcholine transporters [23] and
ChAT [24] in the thymus and the spleen indicates the absence
of cholinergic fibers in such organs.

Altogether, these studies demonstrated a strong sympathet-
ic innervation in the thymus, spleen, and lymph nodes and
some sensory afferents in lymph nodes [reviewed in [20]].
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Noradrenergic postganglionic innervation of the spleen
originates in the superior mesenteric/celiac ganglion, and the
fibers enter the spleen together with the blood vessels at the
hilar region [18, 25]. The noradrenergic nerve fibers are dis-
tributed along the vascular and trabecular systems and travel
mainly with the central artery and its branches, also extending
prolongations into the parenchyma of the periarteriolar lym-
phatic sheath (PALS). Therefore, the white pulp, a region rich
in T cell, is profusely innervated by sympathetic fibers.
Electronic microscopy studies of TH* fibers indicate close
contact among lymphocytes, myeloid cells, and the terminal
endings of nerve fibers [22].

Moreover, it was demonstrated by confocal microscopy
that sympathetic nerve fiber endings are co-localized with
macrophages in the spleen [26]. Since dendritic cells are also
found within the white pulp of the spleen [27], in the same
region where the T cells are, they are likely to be in tight
contact with sympathetic nerve fibers. Confocal technology
allied to immunohistochemical techniques also allowed the
description of rare but very close interactions between follic-
ular dendritic cell (FDC) network and sympathetic fibers with-
in the spleen. The neural fibers were estimated to be closer
than 10 pm from a FDC network [28].

In lymph nodes, sympathetic fibers are found in the med-
ullary cords and the paracortical region, while they are quite
sparse within follicles and close to germinal centers [22].
Thus, lymph nodes and the spleen receive sympathetic inner-
vation in areas that are rich in T cells and dendritic cells,
suggesting that events such as antigen processing, antigen
presentation, and cell trafficking may be directly influenced
by NA released from sympathetic fibers [22].

The skin is a morphologically complex organ with several
complementary functions, including being a protective barrier,
carrying a variety of mechanical, thermal, chemical, and nox-
ious sensors, and playing an important role in thermoregula-
tion, which is mediated by a rich vasculature that is innervated
by sympathetic and sensory fiber endings [29]. Sympathetic
innervation extends through dermis and epidermis [30, 31].

The skin also bears a huge collection of immune cells that
are present in the epidermis and dermis, being important to
detect and respond to tissue injury and infections. Moreover,
because skin is the second largest surface area functioning as a
barrier to the outside environment, the local immune system
has to deal with a wide variety of antigens and must be pre-
pared to detect and discriminate them in order to subsequently
drive appropriate responses leading to tolerance or effector
responses.

Concerning specifically the presence of DCs in the skin,
siting among keratinocytes within the epidermis, dendritic
cells named Langerhans cells (LCs) form an extensive net-
work patrolling the whole body surface [32]. These cells do
not depend on FIt3L or BATF3 and originally arise first from
myeloid precursors derived from the yolk sac during

ontogeny, which are later on replaced by monocytes coming
from the fetal liver. LCs are described as CD11¢* MHCIIT*
CDI11b" Langerin™ cells that do not express CD103 or
CD8«x [32]. In the dermis, two main DC subsets are found:
CD11b* Langerin~ dermal DCs and CD103* CDI11b"
Langerin® dermal DCs. Those are equivalent to the conven-
tional or classical DCs described earlier.

LCs have been shown to be necessary and sufficient for the
generation of antigen-specific Th17 cells in an experimental
model of skin infection with Candida albicans [33].
Moreover, BATF3-dependent CD103™ dermal DCs were
found to be major producers of IL-12, being important to drive
Thl-mediated responses controlling Leishmania major intra-
dermal infection in mice [34]. In the absence of skin infection
or inflammation, migratory LC and dermal CD103* DCs were
shown to efficiently drive the generation of Foxp3* regulatory
T cells when presenting self-antigens to naive T cells in
draining lymph nodes [35]. All these important functions
exerted by DCs in the skin could potentially be somehow
modulated by the SNS since they can be reached by neuro-
transmitters released by the fibers innervating the skin.

Similar to what happens to the skin, intestinal mucosa is
continuously exposed to diverse antigens, ranging from those
related to pathogenic microorganisms to those associated with
the diet and commensal microbiota. The ability to differential-
ly respond to these antigens in a tolerogenic or inflammatory
way helps to homeostasis maintenance, pathogen elimination,
and tissue damage control.

DCs are found throughout the intestine, such as in lamina
propria, Peyer’s patches, and intestinal lymphoid follicles, and
many DC subtypes are found in different intestinal compart-
ments [36]. Migratory CD103* CD11b~ DCs have been
shown to orchestrate tolerogenic responses due to their ability
to induce Foxp3* regulatory T cells [15, 37-39]. IRF8-
dependent CD103* DCs seem also important to support Thl
cell differentiation in mesenteric lymph nodes and to drive
Thl-mediated responses upon Trichuris muris infection [40].
Intestinal CD103™ CD11b" DCs were also shown to induce
the differentiation of both IFN~y and IL-17-producing effector
T cells [41]. On the opposite, CX3CR1* DCs are in lamina
propria, extend their processes across the epithelial layer into
the intestinal lumen and do not migrate to LN after stimula-
tion, being inefficient at priming naive T cells, and probably
have the role of serving as a first line of defense by
phagocyting and killing bacteria directly on the epithelial sur-
face [38].

Sympathetic nerve fibers enter the intestine along with ar-
teries and spread throughout myenteric and submucosal plex-
uses—where cell bodies of neurons from the enteric nervous
system are found—and the mucosa. In the gut-associated lym-
phoid tissue (GALT), it was showed, specifically in Peyer’s
patch, that NA fibers enter the serosal surface, cross longitu-
dinally the submucosal border of the muscularis interna, turn
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radially into an internodular plexus, plunge through the T cell
zones, and ramify profusely among lymphocytes, enterochro-
maffin cells, and plasma cells in the interdomal regions [42].
In the human small intestine, a similar distribution of norad-
renergic nerves was found [43].

Although the SNS presence in the intestine is linked to the
control of motility, secretion, and also vasoregulation, the
presence of NA fibers within the mucosa and the GALT points
to an immunomodulatory role [44].

In fact, recently, it has been shown by immunofluorescence
and confocal microscopy that a macrophage population in the
muscular layer of the gut is in tight contact with sympathetic
neurons [45]. Moreover, the authors showed that in the gut,
there is heterogeneity in the macrophage population accord-
ingly to the anatomical localization of the cells. Lamina
propria macrophages presented a pro-inflammatory profile,
while muscularis macrophages presented a more anti-
inflammatory profile.

In general, evidence from anatomical and histological stud-
ies give support to the notion that in lymphoid organs, skin,
and in the gut, dendritic cells and other myeloid cells are likely
to have their functions modulated by the sympathetic nervous
system.

Norepinephrine production and release

Dopamine, norepinephrine, and epinephrine are catechol-
amines, a group of chemicals containing a catechol or 3,4-
dihydroxyphenyl group and a side chain amine. The synthesis
of catecholamines starts with the transformation of the amino
acid tyrosine in levodopa through the enzyme TH that is the
key rate-limiting enzyme in the biosynthetic pathway of nor-
epinephrine. The levodopa is decarborxylated into dopamine
by DOPA decarboxylase. Then, norepinephrine is synthesized
from dopamine by dopamine b-hydroxylase and is converted
to epinephrine by phenylethanolamine N-methyltransferase.
The main source of norepinephrine into lymphoid organs is
the sympathetic fibers localized within the spleen and lymph
nodes in the T cell zones [42]. Furthermore, increased norepi-
nephrine release in the spleen followed by the activation of
antigen-specific T and B cells has been already reported [46],
indicating that an adaptive immune response can lead to en-
hanced sympathetic nervous system activity within lymphoid
organs.

Coexistence of mediators in the nervous and the immune
systems has long been considered as a universal language of a
neuroendocrine-immune modulatory network [47]. In this
sense, around the 1990s, the first reports appeared showing
that lymphocyte-derived catecholamine could modulate lym-
phocyte functions in an autocrine and/or paracrine manner
[48]. Since then, data have accumulated on the functional
relevance of endogenous catecholamine produced by cells of
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the immune system [49-52]. The presence of catecholamines
or TH has been observed in peripheral blood mononuclear
cells (PBMCs) [49, 51], bone marrow-derived murine mast
cells [53], macrophages [54], and rat lymphocytes [52].
Differently from CD4* human T cells that are thought to pro-
duce significant amounts of catecholamine only after activa-
tion [49, 51], CD4* CD25" regulatory T cells were found to
constitutively express TH and contain substantial amount of
dopamine, noradrenaline, and adrenaline [55]. Phagocytes ex-
posed to lipopolysaccharide have been shown to secrete cate-
cholamines, and phagocyte-derived catecholamine was asso-
ciated with increased inflammatory response in acute lung
injury model in vivo [54]. In contrast, an IL-4-stimulated pro-
gram of alternative activated macrophages was associated
with catecholamine secretion required to sustain adaptive ther-
mogenesis [56]. Thus, besides being modulated by the SNS,
dendritic cells could also be potentially regulated by catechol-
amine secreted by other immune cells in a paracrine way.

Adrenergic receptor signaling

In order to respond to the norepinephrine and the epinephrine
released either by immune cells or the SNS, dendritic cells and
other immune cells must express adrenergic receptors.
Adrenergic receptors are seven-transmembrane, G protein-
coupled receptors classified according to the type of G protein
forming the complex with each receptor and the respective
downstream signaling pathway. There are three major types:
x1AR, x2AR, and BARs.

So far, three subsets of «1 AR have been cloned in humans:
«laAR, x1bAR, and «1dAR, and all of which are coupled to
Gag/11 protein. 1 AR stimulation induces phospholipase C
activation that mediates hydrolysis of phosphatidylinositol
bisphosphate into inositol trisphosphate and diacylglycerol,
resulting in increased Ca*™ influx [4]. In addition, o1 AR stim-
ulation can also activate the mitogen-activated protein kinase
(MAPK) family, including the extracellular signal-regulated
kinases (ERKs), c-Jun N-terminal kinases (JNKs), and p38
kinases.

In turn, x2AR are subdivided in ®2aAR, «2bAR, and
«2cAR. When stimulated, they all induce activation of the
Gai protein, also known as inhibitory G protein, leading to
adenylate cyclase inhibition and, therefore, decreased levels of
intracellular cyclic adenosine monophosphate (cAMP). The
«2AR plays an important role in the negative feedback loop
regulating the release of norepinephrine by sympathetic fibers
[57]. Moreover, these receptors are also involved in the release
regulation of a number of other neurotransmitters in the cen-
tral and the peripheral nervous system, such as GABA, dopa-
mine, and serotonin.

Finally, the AR are divided in 31AR, 32AR, and f3AR.
They are all coupled to a stimulatory protein G (G«s), and
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their stimulation usually results in an increase of the intracel-
lular cAMP levels via adenylate cyclase activation.

Since cAMP is a second messenger of several different
signaling pathways, 3AR activation can regulate a diverse
array of cellular processes via two major downstream effector
systems, which are either dependent on PKA or EPAC.

The canonical AR signaling pathway involves the
cAMP-mediated protein kinase A (PKA) activation, which
thereafter phosphorylates specific residues of serine and thre-
onine on target proteins. Thus, PKA regulates a wide variety
of cellular processes including gene transcription. Indeed, sev-
eral transcription factors that are crucial for the immune re-
sponse can be regulated by PKA-induced phosphorylation,
including the cAMP-responsive element binding protein/
activating transcription factor (CREB/ATF) family, NFAT,
and MAPK. For many years, it was believed that the BAR
effects on immune cells were only mediated by PKA activa-
tion. Indeed, some studies including data of our own group
found that 32AR stimulation controls aspects of CD4" T cell
function in a PKA-dependent manner. On the other hand, in
contrast with some studies, we also found that f2AR effects
on inhibition of inflammatory cytokine production by dendrit-
ic cells occur through PKA-independent signaling pathways.

Alternatively, 32AR stimulation can also activate the gua-
nine exchange proteins directly activated by cAMP (EPAC).
EPACs, EPAC-1 and EPAC-2, activate the Ras-like guanine
triphosphatase RaplA [58, 59], which, in turn, stimulates
downstream effectors B-Raf, MAP/ERK1/2, and ERK1/2
[60]. EPAC-1 was also shown to regulate gene transcription
via the CCAAT enhancer-binding protein (C/EBP) family of
transcription factors [61]. Usually, the EPAC-mediated effects
on the cells can be distinguished from those mediated by PKA
using pharmacologic agonists.

Recently, it has been demonstrated another pathway by
which $32AR signaling can regulate the immune response. It
involves the family of arrestin proteins and occurs indepen-
dently of cAMP levels. So far, the arrestin family is divided in
[3-arrestin-1, (3-arrestin-2, arrestin-1, and arrestin-4. For many
years, the [3-arrestins were considered important only for the
internalization and desensitization of ARs (and other GPCRs);
however, it is clear now that arrestins are also adaptor mole-
cules, which function as signal transducers to multiple signal-
ing pathways, including MAPKS and nuclear factor-kappaB
(NF-kB) [62].

Adrenergic receptors on immune cells

It is well established that innate and adaptive immune cells
express both AR and BAR, being 32AR the most expressed
on all immune cells [63, 64]. The AR expression on immune
cells varies among the cell types and also according to the
degree of cell activation. Several environmental factors

present during inflammation can regulate AR expression on
immune cells, including TLR ligands, hormones, and cyto-
kines [64—66]. LPS stimulation is related to decreased 32AR
expression on macrophages and dendritic cells [64, 66]. In
addition, we have recently found that LPS modify the AR
expression on dendritic cells, not only decreasing the expres-
sion of BAR but also enhancing xAR expression [64]. In T
cells, 32AR expression can differ across the subsets of T cells,
and this seems to be related, at least in part, to TCR activation
and to cytokines present during T cell differentiation. For in-
stance, TCR engagement is associated with a downregulation
of B2AR on T cells; thus, naive CD4" T cells express higher
B2AR levels than in vitro activated CD4" T cells and regula-
tory FoxP3* CD4" T cells [63]. Among the subsets of CD4* T
cells, B2AR expression has been reported on Thl cell clones
[65, 67] and regulatory FoxP3* T cells [63]; however, it is
absent on CD4" Th2 cells [67] due to IL-4-mediated epige-
netic modifications in the b2ar gene [65]. To date, there are no
reports describing the expression and function of AR on Th17
cells. Altogether, these data indicate that in general, inflam-
mation changes AR expression on immune cells, inhibiting
BAR and enhancing xAR expression, which might be related
to the pro-inflammatory process in some immune-mediated
diseases. In agreement, an increase of «l AR was found in
the inflamed tissue of patients with juvenile idiopathic arthritis
[68], while BARs are diminished in rheumatoid arthritis [69].

Modulation of DC function via adrenergic receptor
signaling

The SNS through norepinephrine and other neurotransmitters
can modulate several aspects of DC function, including mi-
gration, antigen uptake, cross-presentation, and mainly cyto-
kine production [64, 70-73]. Regarding dendritic cells in the
skin, it was shown that LCs and LC-like cell lines express
transcripts for «1AR and 32AR [74]. Treatment of murine
epidermal cells with norepinephrine (NE) inhibited antigen
presentation in vitro. Accordingly, in vitro pretreatment of
epidermal DCs with NE suppressed their ability to present
antigen for elicitation of delayed-type hypersensitivity in pre-
viously immunized mice. This effect could be blocked using a
32AR antagonist but not a *AR antagonist [74, 75]. The
concept that NE can modulate immune responses locally in
the skin was further supported by the finding that pharmaco-
logical inhibition of NE release by injection of the ganglionic
blocker pentolinium led to increased contact hypersensitivity
in mice challenged with an antigen in the skin [76]. However,
norepinephrine has also been shown to improve the skin DC
migration to lymphoid organs [77]. In vivo experiments using
the fluorescent molecule FITC as an antigen to induce migra-
tion of Langerhans cells to draining lymph nodes as well as
skin culture assays showed that NE enhances DC migration
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via a1 AR signaling. Thus, increased DC migration to
draining lymph nodes was observed in mice treated systemi-
cally with the «2AR antagonist yohimbine, which results in
increased NE release due to sympathetic hyperactivity medi-
ated by the blockade of both peripheral and central presynap-
tic ®2ARs. Moreover, local treatment of the skin with the
«1AR antagonist prazosin, but not the 32AR antagonist pro-
pranolol, inhibited Langerhans cell migration to the draining
lymph nodes during sensitization with FITC [77]. However,
later on, the same researcher reported that LC migration and
the contact hypersensitivity response were increased in mice
treated with the 32AR antagonist ICI 118,551 during FITC
sensitization [78]. Consistently, they also found that 32AR
activation in bone marrow-derived DCs before adoptive trans-
fer could reduce both migration and the contact hypersensitiv-
ity response to FITC [78]. The authors suggested that these
effects were associated with impaired DC chemotactic re-
sponse to CCL19 and CCL21 following 32AR activation.
Another study fueled the controversy reporting that, due to
increased release of NE by the SNS, psychological stress pro-
motes enhanced skin DC migration to lymph nodes, which
results in increased antigen-specific CD8* T cell responses
and enhanced skin delayed-type hypersensitivity (DTH) reac-
tion to haptens [79]. It is possible that the SNS and NE differ-
entially influence skin DC migration—and further elicitation
of antigen-specific responses—depending on the activation of
either x1 AR or BAR. In this sense, factors modulating the
expression of these receptors in skin DC may be determinant
to the final response outcome. In addition, mice injected with
intradermal peptidoglycan (PGN) in association with the AR
antagonist propranolol presented increased skin production of
pro-inflammatory cytokines such as IL-12 and IL-23 when
compared to mice injected with PGN alone. The data indicates
a negative modulation of skin inflammation following FAR
activation [80]. Furthermore, PGN plus propranolol induced a
stronger antigen-specific Thl recall response and higher DTH
response to the same antigen; this 3 AR-mediated effect seems
to be related to a selective increase in the migration of pDCs to
the draining lymph nodes [80].

NE has also been shown to play a role in DC endocy-
tosis. Immature and LPS-activated bone marrow-derived
dendritic cells (BMDCs) treated with NE display higher
capacity to uptake antigens [70]. This NE-mediated effect
was shown to rely on «2AR signaling as observed when
the BMDCs were pretreated with specific AR antagonists
or with a ®2AR agonist. Of note, NE markedly activated
PI3K and ERK1/2 signaling pathways in DCs; however,
NE-induced endocytosis was abrogated when BMDCs
were treated with a specific inhibitor of PI3K and
LY294002, but not with U0126, a specific inhibitor of
MEK1/2, the upstream activator of ERK1/2. Thus, NE
enhances antigen uptake by DCs via a«2AR-mediated
PI3K activation [70].

@ Springer

Following antigen uptake, DCs process and present anti-
gens to T cells. Usually, intracellular antigens are presented by
APCs through MHC class I molecules, while extracellular
antigens are presented via MHC class II molecules, which
then activate CD8"* and CD4 T cells, respectively. Some
DCs have the capacity to acquire extracellular antigens, pro-
cess, and present them via MHC class I for CD8* T cells, a
process called cross-presentation. In vivo, cross-presentation
can occur following processing of dead cells, apoptotic bod-
ies, or heat shock protein-associated antigens. Moreover, the
cross-presentation pathway is important for tumor-associated
antigen presentation or during bacterial or viral infection. It
has been shown that 32 AR signaling, although did not modify
the ability of DC to present exogenous antigens, inhibits
in vitro and in vivo cross-presentation by DCs [71]. This effect
was shown to be mediated by the inhibitory G protein (Gi)
[71]. Initially, the B2AR was considered to be exclusively
associated with Gas; however, it has become clear that
32AR stimulation may also elicit a different set of signaling
pathways, including the activation of MAPK, which is not
mediated by Gas but by the 3y subunits of pertussis toxin-
sensitive Gad [81]. The switching of the coupling of 32AR
from Gs to Gi requires PKA-dependent phosphorylation of
the receptor [81]. DC exposure to the 32AR agonist
salbutamol does not only impair the cross-presentation of ex-
ogenous antigens but also affects the endogenous presentation
of antigens, as observed when salbutamol-treated DCs infect-
ed with a lentivirus expressing the HA antigen displayed low-
er capability to present the antigen to naive CD8" T cells as
compared with untreated DCs [71]. To better evaluate how
[32AR stimulation in DCs could affect antigen cross-presen-
tation, the authors performed in vitro experiments to measure
antigen uptake, antigen degradation, and proteasomal activity.
They observed that neither antigen uptake, as assessed by flow
cytometry using soluble OVA-Alexa 488, or proteasomal ac-
tivity, addressed using a luminescent assay that measures the
chymotrypsin-like, trypsin-like, and caspase-like activities as-
sociated with the proteasome complex in cultured cells, were
affected following 32AR stimulation in DC. However, using
a well-standardized antigen degradation assay that measures
OVA degradation at the surface of phagocytosed beads, they
observed that phagosomal degradation was partially inhibited
after 32AR signaling [71]. In agreement with these data, the
ablation of the peripheral SNS in mice using 6-
hydroxydopamine (6-OHDA) was shown to enhance the pri-
mary CD8" T cell responses to viral and cellular antigens.
Adoptive transfer experiments indicate that enhanced CD8"
T cell responses do not result from permanent alterations in
CD8" T cell function in sympathectomized mice but are rather
related to the increased ability of DCs to activate naive T cells
[82]. Thus, 32AR stimulation on DCs impairs antigen cross-
presentation by DCs, therefore limiting CD8* T cell re-
sponses. Further studies are necessary to better understand
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the role of 32AR stimulation in the maintenance of self-
tolerance under physiological conditions, controlling T cell
activation by DCs as well as its role in providing tumor
growth.

Regarding cytokine secretion, it is well established that NE,
via stimulation of 32AR, modulates cytokine production by
activated DCs, primarily inhibiting some proinflammatory cy-
tokines, such as TNF-«, IL-12, and IL-6, and increasing the
release of IL-10 and IL-33 [64, 71, 72, 83, 84]. f2AR activa-
tion was also shown to suppress TLR-9-induced interferon-o
secretion by human pDCs. The 32AR-dependent TLR-9 sup-
pression was found to be mediated by bystander cells within
peripheral blood mononuclear cells [85]. As expected, 32AR
activation in DCs also results in adenylyl cyclase activation,
increased cAMP levels, and PKA-dependent CREB phos-
phorylation [64] (Fig. 1). However, we found that although a
PKA inhibitor can totally prevent 32AR-mediated CREB
phosphorylation, it was not able to reverse IL-12p70 reduction
in LPS-stimulated DC upon 32AR activation [64].

TLR4
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1L12-p35 and p40 1L23-p19
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Fig. 1 (32 adrenergic receptor (32AR)-mediated modulation of IL-12/
IL-23 production by LPS-stimulated dendritic cells. LPS activation of
toll-like receptor 4 (TLR4) promotes IkBa phosphorylation (/). IkBe
phosphorylation and further degradation allows p50p65 (NF-«B)
translocation to the cell nucleus where it induces 1L-12p35 and IL-
12p40 transcription. TLR4 signaling also promotes c-JUN
phosphorylation, and AP-1 is also thought to favor IL-12p35 and IL-
12p40 transcription. Upon 32AR signaling, (3-arrestin-1 and (3-arrestin-
2 (Parr) bind to the IkBa-p50p65 complex and inhibit IkBo
phosphorylation, preventing NF-kB translocation to the cell nucleus
and thus reducing IL-12p35 and IL-12p40 transcription (2). f2AR
activation also blocks LPS-mediated c-JUN phosphorylation, which
may contribute to decreased IL-12p35 and IL-12p40 transcription (3).
[32AR signaling activates adenylyl cyclase (AC) leading to increased
cAMP levels, which, in turn, promote PKA-mediated CREB
phosphorylation (4). Alternatively, elevated cAMP levels after 32AR
stimulation can also activate EPAC, which induces C/EBP
phosphorylation. Phospho-CREB and C/EBP may explain increased IL-
23p19 transcription following 32AR activation

A key regulator of the immune response and a target of
[32AR signaling is the transcription factor NF-«B. Indeed,
NF-kB is a crucial transcription factor for the expression of
most of the inflammatory cytokines triggered following TLR
stimulation (Fig. 1). For many years, the mechanisms by
which 32AR-mediated NF-«B inhibition occurs were un-
known. However, recent evidence has arisen demonstrating
that 32AR signaling affects important steps of TLR-induced
NF-«kB activation. That includes downregulation of TLR sig-
naling and inhibition of IkB molecule phosphorylation and
degradation in the cytoplasm, leading to an impairment of its
function as a transcription factor in the nucleus [64, 86, 87].
Effective TLR4 signaling depends on LPS binding to mem-
brane CD14, that then forms the TLR4/CD14 complex and
activates TLR4, which, in turn, activates signal transduction
pathways and induces inflammatory gene expression [88]
(Fig. 1). Fenoterol, a 32AR agonist, was shown to decrease
the membrane-bound TLR4/CD14 complex, due to the redis-
tribution of CD14 on the membrane of the human monocytic
cell line THP-1 cells. This effect was dependent on (3-arrestin-
2, since silencing 3-arrestin-2 abolished the redistribution of
LPS-induced TLR4/CD14 complex mediated by 32AR [86].
[3-arrestin-1 and {3-arrestin-2 have long been recognized as
important regulators of G protein-coupled receptor signaling,
being involved in their internalization and consequent desen-
sitization. More recently, however, it has been reported that 3-
arrestin-1 and (3-arrestin-2 can also directly modulate different
intracellular signaling pathways, including NF-«kB [62].
Indeed, both 3-arrestin-2 and 3-arrestin-1 were shown to form
a complex with IkBe, which prevents phosphorylation and
degradation of IkB«, thus inhibiting NF-«kB translocation to
the cell nucleus, attenuating the transcription of NF-«B target
genes [62, 87, 89] (Fig. 1). Moreover, 32AR stimulation sig-
nificantly augments the amount of (3-arrestin-2 associated
with IkBx, which stabilizes IkBx and decreases TNF-o-
induced IkBa phosphorylation and degradation, with a con-
sequent reduction in the expression of NF-kB target genes,
such as IL-6 and IL-8. Notably, 32 AR-mediated enhancement
of the (-arrestin-2—IkB« interaction does not seem to be
mimicked by forskolin, indicating that this is unlikely to rely
on increase in CAMP levels and consequent PKA activation
[87]. In agreement with this, we found that 32AR-mediated
inhibition of IL-12p70 production by LPS-activated BMDC
was associated with decreased IkBa phosphorylation and re-
duced NF-kBp65 translocation to the nucleus [64] (Fig. 1).
Importantly, as mentioned, we demonstrated that impaired IL-
12p70 secretion by LPS-stimulated DCs following 32AR ac-
tivation occurs in a PKA-independent manner. To evaluate
whether (3-arrestin-2 was involved in the 32AR-mediated
downregulation of IL-12 release in LPS-activated DCs, we
used BMDC from fB-arrestin-2~~ mice. We found that the
absence of [3-arrestin-2 only partially abrogated the 32AR-
mediated IL-12 reduction in LPS-activated DC, indicating that
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although B2AR stimulation may lead to (-arrestin-2-
dependent inhibition of NF-kB activation, additional mecha-
nisms are likely involved [64]. Also, we cannot rule out that
possibly, the effect seen on B-arrestin-2~~ DCs was only par-
tial because [3-arrestin-1 was also shown to bind to IkBox and
inhibit NF-kB activation [89].

Another signaling pathway that we found to be targeted by
32AR stimulation on LPS-stimulated DCs is the JNK path-
way [64]. Studies have demonstrated that the activator protein
1 (AP-1) transcription factor has a role in controlling IL-12
production by innate immune cells [90, 91]. In addition, JNK
inhibition was shown to decrease IL-12p70 secretion by LPS-
stimulated human monocyte-derived DC [92]. Corroborating
these findings, we found that JNK inhibition blocked LPS-
induced c-Jun phosphorylation and reduced IL-12p70 secre-
tion by DC, supporting the idea that AP-1 is an important
transcription factor promoting IL-12p70 expression after
LPS stimulation in DC [64] (Fig. 1). Moreover, 32AR signal-
ing inhibited AP-1 transcription factor activation, blocking c-
Jun phosphorylation in LPS-stimulated DC. Interestingly,
32AR-mediated blockade of c-Jun phosphorylation was
found to be PKA independent, similar to what was verified
for 32AR-mediated decrease in IL-12 secretion upon LPS
challenge [64] (Fig. 1). The mechanisms by which 32AR
activation blocks c-Jun phosphorylation are still to be deter-
mined. Altogether, gathered data indicate that 32AR activa-
tion suppresses NF-kB and JNK signaling pathways, which
are important to elicit IL-12 secretion by LPS-stimulated DC.

Despite significantly reducing the amount of IL-12p70 se-
creted by LPS-stimulated DCs, 32AR activation did not alter
that much the production of LPS-induced IL-23, another cy-
tokine member of the IL-12 family [64]. This may be consid-
ered an intriguing finding since TLR-induced IL-23p19 gene
expression was also found to be dependent on NF-xB and AP-
1 transcription factors [93, 94]. Actually, we found that, in
contrast to decreased levels of IL-12p35 transcripts, 32AR
activation induced an increase in LPS-induced IL-23p19 tran-
script levels in DCs [64]. One possible explanation for this
paradox could be that, even though compromising NF-«B and
AP-1, 32AR signaling on LPS-stimulated DC is perhaps ac-
tivating other transcription factors that are positive regulators
of [L-23 expression. In this sense, it was shown before that the
IL-23p19 promoter region possesses binding sites for CREB
and C/AATT enhancer-binding protein 3 (C/EBP). C/EBP
can be phosphorylated via EPAC, which, in turn, is activated
by cAMP (Fig. 1). Indeed, EPAC (via C/EBP) and phospho-
CREB were shown to induce p19 transcriptional activity [95].
Accordingly, we found that a specific EPAC activator (8-CPT-
2Me-cAMP) led to increased IL-23 secretion by LPS-
stimulated DC [64]. Therefore, phospho-CREB and/or
EPAC activation by increased cAMP levels following 32AR
stimulation can possibly explain the augmented LPS-induced
p19 transcription in DC.
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Since it diminishes LPS-induced IL-12p70 while did not
modify IL-23 secretion by DCs, 32AR activation promotes a
shift in IL-12p70/IL-23 ratio. Hence, LPS-stimulated DCs
usually secrete twice as much IL-12p70 as IL-23. Following
[32AR signaling, DCs produce twice as much IL-23 as IL-
12p70 [64]. Matching the profile of cytokines produced by
DCs upon recognition of pathogenic agents with the genera-
tion of the appropriate CD4 T cell response is crucial to effi-
ciently control each type of infection faced by the host.
Accordingly, we found that the 32AR-mediated change in
the profile of cytokines produced by LPS-stimulated DCs im-
pacts the generation of adaptive immune responses. Indeed,
[32AR stimulation on DCs later on stimulated with LPS led to
CD4* T cells that upon TCR engagement produced less IFN-y
and more IL-17 [64]. Thus, 32AR signaling in DCs changes
the way these cells sense LPS, modifying the profile of cyto-
kines being produced. This impacts adaptive immune re-
sponses favoring the development of Th17 cells and impairing
the generation of Thl cells. Of note, the 32AR-mediated
changes in the profile of cytokines produced by LPS-
stimulated DCs also include increased IL-10 production, an
important anti-inflammatory cytokine [64]. How this particu-
lar effect impacts the way DCs drive adaptive immune re-
sponses is still to be unravel.

Concluding remarks

Signaling via adrenergic receptors in dendritic cells can mod-
ulate many of their functions, including migration, antigen
uptake, antigen presentation, and cytokine production. This
modulation may differentially impact immune-mediated dis-
eases depending on the dendritic cell subset being targeted and
also on the context of the regulation exerted by neurotransmit-
ters released by the SNS. For instance, pDCs in the skin,
through interferon-o production, have been implicated in the
pathophysiology of inflammatory diseases such as psoriasis
[96]. Downregulation of 3AR expression/function has been
reported in the skin lesions from patients with psoriasis [97].
The lack of regulation by the SNS of immune cells within the
skin could be one of the mechanisms favoring the disease
[98]. On the other hand, since type I interferons play an im-
portant role in anti-viral immunity, the PKA-dependent adren-
ergic-mediated inhibition of interferon-« production by pDCs
was shown to favor HIV-1 replication [99]. In addition, house
dust mite-induced allergic airway inflammation was found to
be attenuated by a 32AR agonist through modulation of DC
function [100]. Treatment with salbutamol, a 32AR agonist,
ameliorated the severity of adjuvant-induced arthritis in mice
andrats [101, 102], and 32 AR signaling reduction in DCs was
shown to be involved in the inflammatory response of arthritic
rats [102]. Besides the reduced expression of 32AR in DCs,
the development of arthritis was also associated with a
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progressive loss of the sympathetic innervation within the
synovial tissue [103, 104]. A similar loss in the density of
sympathetic innervation was found to occur in intestinal in-
flammatory disorders as well [44]. Recently, it was found that
NE released by sympathetic fibers upon intestinal infection
drives a tissue-protective transcriptional program in myeloid
cells via 32AR signaling [45]. P2AR activation in myeloid
cells present in the muscularis, which are in very close contact
with neuronal cells within the myenteric plexus, induces the
expression of a gene profile resembling that present in alter-
natively activated macrophages [45]. It was suggested that this
tissue-specific regulation of myeloid cells by the SNS would
be of particular importance to avoid neuronal damage in the
myenteric plexus upon infection. Indeed, previous findings
indicate that inflammation and neuronal degeneration in the
myenteric plexus are involved in the pathogenesis of intestinal
inflammatory diseases such as the irritable bowel syndrome
[105].

We are still learning about the modulation of DC functions
by the SNS, and further studies are necessary to understand
how this particular neuroimmune interaction can affect dis-
tinct immune-mediated diseases or help in homeostasis
maintenance.
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