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Cross-talk between neural and immune receptors
provides a potential mechanism of homeostatic
regulation in the gut mucosa

BM Assas"?, JA Miyan® and JL Pennock*

The relationship between elements of the immune system and the nervous system in the presence of bacteria has been
addressed recently. In particular, the sensory vanilloid receptor 1 (transient receptor potential cation channel subfamily V
member 1 (TRPV1)) and the neuropeptide calcitonin gene-related peptide (CGRP) have been found to modulate cytokine
response to lipopolysaccharide (LPS) independently of adaptive immunity. In this review we discuss mucosal

homeostasis in the gastrointestinal tract where bacterial concentration is high. We propose that the Gram-negative
bacterial receptor Toll-like receptor 4 (TLR4) can activate TRPV1 via intracellular signaling, and thereby induce the

subsequent release of anti-inflammatory CGRP to maintain mucosal homeostasis.

INTRODUCTION

The role of the nervous system in the development of an
immune response and the effect on disease outcome is
becoming a topic of interest. However, the two systems are
highly complex and have very different modes of action. The
nervous system is static and its functions are executed by a wide
range of nerve fibers present nearly everywhere in the body.
This intercalated network induces local responses through
autocrine and paracrine effects of soluble factors (e.g.,
neurotrophins, neuropeptides, neurotransmitters), and also
through cell-cell interaction. Conversely, the immune system is
largely migratory in its responses using the blood, lymphatic
vessels, and lymphoid organs to recruit mediators to sites of
interest. Evidence has been emerging to suggest that neuronal
peptides released by nerves and immune cells can play a role in
regulating the immune response generated against challenge.
Study of the interplay between neural and immune receptors
in dealing with pathological threats may provide novel
approaches to the treatment of infectious diseases.

The seminal work by Tracey and colleagues"? has demon-
strated a key anti-inflammatory mechanism during responses
to endotoxin, termed the cholinergic anti-inflammatory path-
way or inflammatory reflex. Put simply, Tracey and colleagues

have shown that stimulation of the vagus nerve can down-
regulate tumor necrosis factor-o. (TNFo) production after
lipopolysaccharide (LPS) stimulation. This cross-talk is because
of neural release of norepinephrine, stimulating acetycholine
release from T cells and subsequent binding to the &7 nicotinic
acetylcholine receptor on macrophages.>* The pathway from
neurotransmitter to inflammation has far reaching effects
for not only understanding immune regulation,” but also for
therapeutics.”

We are particularly interested in the role of the nervous
system during inflammation in the large intestine known to
have vagal input in the muscularis but that also has a self-
contained enteric nervous system and significant innervation
by sensory fibers. Interestingly, the vagus can still affect
inflammatory processes in the colon, as has been shown
recently using the dextran sodium sulfate model of colitis where
the vagus nerve-to-spleen axis was shown to suppress splenic
CDl11c" dendritic cell activation.’ Furthermore, the vagus
nerve has been shown to interact with cholinergic myenteric
neurons and exert an anti-inflammatory effect on resident
macrophages in small intestinal muscularis.” However, current
hypotheses regarding initiation of inflammation and regulation
do not account for sensory enteric nerve activation, and yet we
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now know that sensory fibers themselves express receptors
previously associated with immune cells (e.g., Toll-like receptor
4 (TLR4)),* ' making them able to directly respond to
inflammatory factors. It is interesting to note that TLR4 and
CD14 have been found on trigeminal neurons,'’ peripheral
neurons,'” and neurons in the dorsal root ganglia'® alongside a
range of other TLRs."? Given that signal transduction in the
nervous system is a rapid and systemic event, recognition of
damage or pathogenic insult could play a significant role in
induction of an immune response or indeed in homeostatic
regulation of the gut micro- and macro-environments.

Ten years ago, Medzhitov and colleagues'* demonstrated
that TLR signaling was essential for intestinal health, parti-
cularly during immune challenge. Although paradoxical at the
time, subsequent studies have demonstrated the importance of
a diverse yet “managed” microflora for intestinal homeostasis.
For instance, an imbalance between bacteria from the
Firmicutes phyla and enterobacteria (largely Gram negative)
has repeatedly been shown for inflammatory bowel disease and
T helper type 1 cell (Thl)-driven inflammation.'>”

Two molecular targets in the nervous system have been
flagged for their potential role in immunity: TRPV1 (transient
receptor potential cation channel subfamily V member 1),
expressed on the surface of peripheral sensory fibers, and CGRP
(sensory neuropeptide calcitonin gene-related peptide), released
on activation of TRPV1."® Both have been studied extensively in
the context of pain induction and visceral hypersensitivity,"* !
and are also associated with immune function.**** In
particular, TRPV1 and CGRP have been shown to colocalize
on peripheral neurons** as well as on macrophages®” and
dendritic cells.”® Furthermore, each has been shown to have a
protective role in the large bowel.>~*!

Recent years have witnessed publications addressing a
potential role for bacterial recognition receptor TLR4 on
TRPV1-positive nerve fibers in the oral mucosa.>*'! Studies
have shown that TRPV1 is activated during chronic bacterial
infection in the mouth, inducing pain but also regulating the
immune response.® Here, we will review recent literature
demonstrating synergism between the sensory receptor
TRPV1, the neuropeptide CGRP, and the immune response
to LPS. In addition, we will discuss for the first time a proposed
mechanism by which this function occurs through activation of
TLR4, and how this affects not only pain induction but also
homeostasis at mucosal surfaces.

TRPV1/CGRP/TLR4 AXIS

Classically, TRPV1 is expressed along the entire length of
vanilloid-sensitive sensory neurons from the periphery to the
somata in the central nervous system,**> and this includes the
sensory fibers in the large bowel. The expression of TRPV1 on
immune cells has recently been described and is gaining
recognition as an important mediator of immune func-
tions.””*> The mechanism of TRPV1 activation/gating has
been studied in detail in the past decade.”®*° Capsaicin is the
most well-known exogenous agonist for TRPV1; however,
neuronal TRPV1 is activated by a range of additional
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endogenous agonists such as heat (>43°C),>**> protons
(~pH 4.5),>** voltage,”® and prostaglandin E2,”” and lipids
such as anandamide® and phosphatidylinositol(4,5)-bipho-
sphate.*” All activate TRPV 1 by distinct molecular recognition
sites’® (Figure 1) and this induced signaling triggers CGRP
release, demonstrating that TRPV1™ fibers and immune cells
are able to respond directly to an inflammatory milieu.

Recent studies have shown that LPS can modulate TRPV1
function. This is important in the context of gut health because
CGRP, the downstream effector of TRPV1 activation, has been
shown to be anti-inflammatory in the large bowel.*>"*' CGRP
receptor is found on immune cells. Consequently, CGRP can
downregulate TNFo in macrophages,” osteoclasts,”> and
dendritic cells.** Furthermore, this anti-inflammatory effect
is specific for TNFa; CGRP binding to its receptor causes rapid
upregulation of inducible cyclic adenosine monophosphate
early repressor (ICER), suppressing TNFo. transcription.***>

Clearly, the presence of “healthy” flora demands a level of
tolerance. However, a healthy gut also needs to be able to detect
changes in phyla, not only to signal pathological threat but also
to initiate regulatory mechanisms. Recent data have suggested
that elevated levels of Gram-negative bacteria are associated
with small and large bowel inflammation.*® It is known that the
balance of Firmicutes and Bacteroidetes phyla in the large bowel
can have significant consequences for gut homeostasis and
response to inflammatory challenge.

MODULATION OF TRPV1 FUNCTION BY LPS IN VITRO
The response of a calcium channel (such as TRPV1) to ligand
binding carries a threshold for activation where commitment to
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Figure1 TRPV1 is predicted to have six transmembrane domains with a

proposed short, pore-forming hydrophilic stretch region between the fifth
and sixth transmembrane domain (P-loop). Like many TRP channels,
TRPV1 has a long cytoplasmic N-terminal (containing three ankyrin-
repeat domains) and C-terminal (containing a TRP domain close to the
sixth transmembrane domains). The N-terminus® and C-terminus
residues, Arg114 and Glu761, respectively, are vanilloid recognition
sites®® that vary between species® and different stimuli have different
recognition sites on a single receptor.®* S-502: PKA-mediated
phosphorylation; S-502 and S-800: PKC-mediated phosphorylation
(modified from Lu et al.°® and Pingle et al.%®). PIP,,
phosphatidylinositol(4,5)-biphosphate; PKA, protein kinase A; PKC,
protein kinase C; TRPV1, transient receptor potential cation channel
subfamily V. member 1.
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signaling is achieved above certain limits, as in synaptic
activation. Here we discuss independent studies that comple-
ment each other with respect to TRPV1 activation by LPS. LPS
alone is unable to activate TRPV1 in vitro. For instance, Ferraz
et al’ incubated LPS from Prophyromona gingivalis at
2pugml ™' in vitro with cultured trigeminal neurons. They
were interested in whether there was a link between the
presence of P. gingivalis in the oral cavity and the sensation of
pain during bacterial infection. Indeed, trigeminal neurons
pretreated with LPS produced a significant increase in CGRP
release when treated with capsaicin, a natural ligand for
TRPV1, suggesting a lower threshold of activation for TRPV1
during infection. The same group identified via confocal
microscopy, the colocalization of TLR4 and TRPV1 on CGRP-
positive neurons in the tooth pulp and suggested that enhanced
TRPV1 activation may occur through TLR4 activation on the
same neurons. Finally, Chung et al* showed that LPS
administered to freshly cut dentine could upregulate TRPV1
expression significantly 1 day after treatment, associating this
observation with the early onset of pain seen during bacterial
infections in the oral cavity. Importantly, in all these studies,
LPS could not induce ligand-free TRPV1 activation and CGRP
release. Inhibition of TLR4 resulted in a complete reversal of all
observations, clearly linking the LPS/TLR4 interaction to the
LPS/TRPV1 sensitization observations.

MODULATION OF TRPV1 FUNCTION BY LPS IN VIVO
TRPV1 has been shown to protect against endotoxemia
induced by LPS. Clark et al."® administered LPS (11.25 million
EU per kg in saline) to TRPVI1-deficient mice in order
to investigate the role of TRPV1 in the onset of various
pathological components of systemic endotoxemia. TRPV1-
deficient mice expressed a rapid drop in blood pressure 1 to 2h
after LPS because of high nitric oxide levels in the blood. In
addition, TNFo levels were elevated in the peritoneum,
attributed to the activation of macrophages after LPS
recognition and TLR4 signaling.*® TRPV1-deficient mice also
had liver failure, directly attributable to the absence of CGRP.*
Similarly, Tsuji et al.>® demonstrated that LPS (30 mgkg ')
induced CGRP in the serum over and above those observed
with exogenous TRPV1 ligand capsaicin. As it has been shown
that CGRP can inhibit macrophage function by inhibiting
TNFo release through the increase in cyclic adenosine
monophosphate,** the authors concluded that this increase
in CGRP levels was protective through the control of serum
levels of TNFo.>® These studies have demonstrated a clear
regulatory role for TRPV1 activation and, by implication,
CGRP.

The cecal ligation puncture model is used as a model for
sepsis, often inducing a fatal inflammatory response. However,
the precise amount of bacteria released after puncture is
variable. Fernandes et al.”! investigated the effect of the deletion
of TRPV1 on the onset of the systemic inflammatory response
syndrome to sepsis using the cecal ligation puncture model.
As expected from data in previous studies, TRPV1-deficient
mice had hypothermia, hypotension, and liver dysfunction

MucosalImmunology | VOLUME 7 NUMBER 6 | NOVEMBER 2014

REVIEW

compared with wild-type mice. This was associated with
increased levels of inflammatory mediators TNFa, nitric oxide,
and interleukin (IL)-1B (which have been associated with
hyperalgesia®®) and the immune regulators IL-10 and IL-6. All
the pro-inflammatory elevations in deficient mice could be
attributed to the absence of CGRP.

CGRP MODULATION OF LPS-INDUCED IMMUNE RESPONSE
CGRP is a well-known potent vasodilator (nerve-mediated)
and Th2 cytokine inducer (cell mediated).”>>* Although CGRP
is often used as a TRPV1 activation marker, it has a key role in
the inflammatory response to LPS.*>* In particular, CGRP has
been shown to exert either pro- or anti- inflammatory effects,
dependent on concentration,* through the actions of TNFo.>
and/or IL-10.*°

Gomes et al.”” examined the effect of CGRP on local and
systemic acute inflammation in a peritoneal model of sepsis. In
acute inflammation, mice pretreated with four different doses
of CGRP (1 x 10~ °® — 1 g per cavity) 30 min before Escherichia
coli LPS (250 ng per cavity) showed a dose-dependent decrease
in neutrophil accumulation in the peritoneum and blood 4 h
after treatment. CGRP was able to inhibit keratinocyte chemo-
attractant levels 90 min after LPS administration; keratinocyte
chemoattractant is involved in chemotaxis and activation of
neutrophils. All observations were reversed with the CGRP
receptor antagonist hCGRP 8-37. These results clearly
demonstrated the ability of CGRP to modulate an acute inflam-
matory response to LPS by controlling neutrophil recruitment.

Gomes et al.” also examined the effect of CGRP given before
LPS (500 pg per cavity), using the same relatively small dose of
CGRP (1 pg per cavity) as previously described. They found the
neuropeptide to be protective against LPS-driven inflamma-
tion, downregulating TNFo while significantly upregulating
IL-10.7 CGRP also reduced the rate of mortality by 80%
compared with LPS alone.

Similarly, the secretion of CGRP from macrophages was
demonstrated by Ma et al”® who showed a similar dose
response to LPS as that shown for neurons; macrophages
produced the highest amount of CGRP after exposure to an LPS
dose of 1 pg/ml, but were unable to secrete CGRP after exposure
to low-dose LPS. In other words, a threshold for activation of
TLR4 had to be met by macrophages to release CGRP. There is
therefore a definite correlation between LPS, the activation/
upregulation of TRPV1, and the subsequent release of CGRP
and modulation of the immune response through TNFo.
TRPV1 seems to play a critical role in dampening the immune
response and aiding host protection through this mechanism.

It is worth noting that although CGRP is a key regulatory
neuropeptide with important roles in immune outcome,
substance P has also emerged as a dominant promoter of
pro-inflammatory function.’® Numerous reports show oppos-
ing effects of CGRP and substance P in models of colitis.”* **
Therefore, it is widely understood that although CGRP exerts a
regulatory role on LPS-induced inflammatory mediators such
as TNFa, the regulation of CGRP itself is more likely controlled
via the neuropeptide substance P.

1285



REVIEW

ROLE OF TRPV1/CGRP IN GUT HOMEOSTASIS

Itis clear from the studies outlined above that TRPV 1 signaling
can have a dramatic effect on immune responses to bacteria, but
how and why is this relevant to mucosal homeostasis? The gut is
the second most innervated organ in the body, and TRPV1 "/
CGRP " fibers are abundant.** Nerve fibers have the potential
to respond rapidly to environmental stimuli, including com-
mensal bacteria. The fact that secreted neuropeptides such as
CGRP are able to interact with cells of the immune system
demonstrates the potential for an integrated physiology to
maintain mucosal health. It is well established that dendritic
cells sit in very close proximity to TRPV1™ neurons and that
CGRP can downregulate antigen presentation and migration of
dendritic cells in both the skin’*®* and lung.64 Furthermore,
CGRP has been shown to directly downregulate dendritic cell
responses to TLR ligands.** These studies suggest a host
response to LPS that induces regulation; activation of TLR4 in
the presence of TRPV1 ligands sensitizes TRPV1, lowering the
threshold for activation, inducing release of CGRP, and
promoting subsequent anti-inflammatory effects.”> CGRP
therefore has the potential to provide host protection without
compromising protective immune response (Figure 2).

ALTERNATIVE TRP CHANNELS AS A SOURCE OF CGRP

Interestingly, TRPV1 is functionally linked with another
member of the TRP family, the transient receptor potential
ankyrin 1 (TRPA1), that responds to noxious cold®® and is also
expressed on nociceptive sensory neurons. TRPA1 and TRPV1
have been shown to form a heteromer assembly (a feature
common between members of TRP family) and it appears that
both receptors share some physiological characteristics and
influence one another.®” In particular, TRPA1 has been identi-
fied as a receptor that can respond to LPS, although indepen-
dently of TLR4.°® Similar to TRPVI activation, receptor
signaling results in CGRP and substance P release,’***®
although through an alternative mechanism. The involvement

TRPVA
Macrophages

Figure2 LPS sensitizesthe TLR4/TRPV1/CGRP pathway. Activation of
TLR4 on macrophages and sensory nerves subsequently activates
TRPV1 releasing CGRP."® Anti-inflammatory effects of CGRP include
indirect modulation of TNFa transcription via binding to CGRP receptor
and upregulation of ICER (dotted line). LPS is shown as red dots. CGRP,
sensory neuropeptide calcitonin gene-related peptide; ICER, inducible
cyclic adenosine monophosphate early repressor; LPS,
lipopolysaccharide; TLR4, Toll-like receptor 4; TNFa, tumor necrosis
factor-o; TRPV1, transient receptor potential cation channel subfamily V
member 1. A full color version of this figure is available at the Mucosal
Immunology journal online.
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of TRPAI in immune functions has been demonstrated
recently in studies of colitis.”*’°~”> Both TRPV1 and TRPAI
are emerging as key components of the neuroimmune
regulatory/inflammatory processes during gut inflammation,
centered around the induction of CGRP.

A CRUCIAL ROLE FOR PKCe IN THE ACTIVATION OF TRPV1
VIA TLR4

The observations so far discussed are highly suggestive of an
intracellular cross-talk between TLR4 and TRPV1 on nerves
and immune cells. However, the molecular pathway respon-
sible for TRPV 1 sensitization as a result of TLR signaling is not
defined, despite a clear correlation between sepsis and pain
induction.® '

There are many candidate intracellular families that link the
two receptors together functionally, one of which is the
phospholipid-dependent serine/threonine kinase family, a key
component in intracellular signaling cascades. For example,
protein kinase A (PKA) has been reported active in respect of
calcium channels.”*”" TRPV1 agonists are known to trigger the
synthesis of cyclic adenosine monophosphate by adenylyl
cyclase; for example, prostaglandin E2 activates PKA that
sensitizes TRPV1 as a result. PKA phosphorylation-binding
sites on TRPV1 are S6, S116, T144, T370, S502, S774, and
$820.”> These form part of the large six ankyrin repeats that
form part of the later N terminus of TRPV1. Phosphorylation
of these binding sites have implicated PKA in heat and
hyperalgesia sensitization and desensitization through TRPV1
depending on where it binds.**”>”* Interestingly, PKA binding
to TRPA1 was indirectly capable of activating TRPV1 via
S116,” showing an intriguing correlation between the two
receptors in this manner. No studies as yet have shown whether
PKA alone can activate TRPV1 independently of any agonists.
However, recently a scaffolding PKA protein known as
AKAP79/150 was suggested to play a critical role in the phos-
phorylation process of TRPV1 by PKA.”® These studies and
others highlight the importance of PKA in the regulation and
sensitization of TRPV1.

However, one of the strongest candidates of the protein
kinase family is protein kinase C (PKC). PKC is not only
activated after LPS binding to TLR4 but is also known for its
many roles in TRPV1 sensitization/activation.”””® Different
PKCs develop at various developmental stages starting from
birth, and are also expressed in different areas throughout the
central nervous system.”” The immunologically active nPKCe
has been found in the forebrain, the spinal cord, and dorsal root
ganglia sensory neurons.*® In addition, PKCs are associated
with TRPV1.*! Tt is well known that TRPV1 ion channels have a
range of phosphorylation sites for many agonists (Figure 1).
Two of these binding sites are PKC specific at $502 and $800,**
and nPKCe is the main isoform for these binding sites,”
confirmed by crystallography.®’ Relative binding sites for PKC
on TRPA1 have not yet been identified. Interestingly, some
studies have suggested that PKC isoforms can activate TRPV1
without the need of any further agonists.”***** For instance,
Bonnington et al.”’ found that nerve growth factor utilizes PKC
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Figure 3 LPS activates TLR4 that in turn initiates an intracellular cascade (TIRAP, MyD88, IRAK2, TRAF6) leading to the downstream activation of
NF-xB and MAPK and the production of cytokines. LPS additionally activates PKCe through TIRAP and MyD88 that can potentially bind to TRPV1 via
S800- and S502-binding sites. This results in the release of the modulatory neuropeptide CGRP.”” Other protein kinases have the ability to bind to
TRPV1, i.e., PKA. In addition, Ca®* (recruited through intracellular influx as a result of natural ligand binding to TRPV1) can activate PKCe for further
modulation. CGRP, sensory neuropeptide calcitonin gene-related peptide; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; NF-«B,
nuclear factor-kB; PKA, protein kinase A; PKC, protein kinase C; TLR4, Toll-like receptor 4; TRPV1, transient receptor potential cation channel subfamily

V member 1.

in order to activate TRPV1 and enhance its sensitivity to
capsaicin by 37%. Ferreira et al.*® demonstrated that the PKC
activator phorbol 12-myristate 13-acetate was able to prolong
nociception in the mouse paw (site of infection), implicating
prolonged TRPV1 activation.

LPS binding to TLR4 also results in the activation of PKC in
immune cells.*”® LPS inducible ILI-receptor associated
kinase-2 (IRAK2) activation can be inhibited by a PKC{
inhibitor calphostin,”® whereas LPS activation of dendritic cells
and macrophages results in nPKCe activation,”” a response
essential to Th1 cytokine induction.®® These observations were
confirmed with a PKC isoform inhibitor able to diminish the
production of interferon-y and IL-12 in response to LPS,*” thus
demonstrating that nPKCe plays a critical role in nuclear
factor-xB and mitogen-activated protein kinase activation and
functions as a key player in cytokine production in response to
an LPS challenge.®”*®

It is distinctly possible that TLR4-activated PKC could play a
part in the function of TRPV1 ™ fibers, providing natural
regulatory feedback on exposure to bacteria. PKC activation by
TLR4 could activate/sensitize TRPV1 via its phosphorylation-
binding sites. At one level, this would result in a homeostatic
local response by the cell responding to LPS, whether a
macrophage or neuron, as illustrated in Figure 3.

SUMMARY

TRPV1 and CGRP have already been shown to have a
protective role in the large bowel during chronic inflamma-
tion.”* ! We know that reduced sensory and motor function
and reduced responses to TRPV1 ligands are also associated
with chronic gut inflammation.”’ It is clear that sensory
receptors on many immune cells can contribute to immune
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responses. However, here we have outlined in particular an
enteric neural mechanism for CGRP induction, aided by gut
flora and TLR4 signaling, providing a local regulatory
component to “normal” LPS responses.”’ It would be foolish
to suggest that the primary role of the enteric nervous system is
homeostatic balance, but it is clear that both sensory fibers and
immune cells have the ability to regulate the response to
bacteria via TRPV1, independent of both neurotransmitters
and an adaptive immune response. We propose that TRPV1 * -
CGRP ™ sensory fibers form an integral part of gut homeostasis,
and their absence (in the case of inflammatory neuropathy) or
dysfunction (in the absence of stimulating microflora) leads to
the perpetuation of gut inflammation. Understanding more
about the interplay of microflora and the nervous system in the
context of immune function will undoubtedly further our
understanding of mucosal biology and inflammation.
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