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Neuroimmune regulation in
Hirschsprung's disease
associated enterocolitis
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Department of Neonatal Surgery, Children’s Hospital, Zhejiang University School of Medicine,
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Neuroimmune pathways are important part of the regulation of inflammatory
response. Nerve cells regulate the functions of various immune cells through
neurotransmitters, and then participate in the inflammatory immune response.
Hirschsprung's disease (HD) is a congenital abnormal development of intestinal
neurons, and Hirschsprung-associated enterocolitis (HAEC) is a common
complication, which seriously affects the quality of life and even endangers the
lives of children. Neuroimmune regulation mediates the occurrence and
development of enteritis, which is an important mechanism. However, there is
a lack of review on the role of Neuroimmune regulation in enterocolitis
associated with Hirschsprung's disease. Therefore, this paper summarizes the
characteristics of the interaction between intestinal nerve cells and immune
cells, reviews the neuroimmune regulation mechanism of Hirschsprung's disease
associated enterocolitis (HAEC), and looks forward to the potential clinical
application value.
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1 Introduction

Neuroimmune regulation is an important link to maintain the homeostasis of the body,
and plays a key regulatory role in inflammation, tumor and other diseases. Neuroimmune
pathways are involved in the regulation of intestinal inflammation. On the one hand, the
nervous system regulates the function of immune cells through neurotransmitters or
neuropeptides, while on the other hand, immune cells play a key role in neuronal injury,
repair and differentiation. Single-cell RNA sequencing of human and mouse intestinal
nervous system (ENS) components shows that healthy intestinal neurons express soluble
mediators and cell surface molecules and can communicate with innate and adaptive
immune cell types (1). The activation of ENS induced by infection or inflammation can
inhibit the progression of inflammation and restrict the pathological process, while the
destruction of ENS structure may further aggravate inflammation and infection (2-4).
During intestinal inflammation, the vagus nerve and its neurotransmitter can reduce
enteritis in mice (5), and muscular macrophages limit neuronal damage through

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1127375/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1127375/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1127375/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1127375&domain=pdf&date_stamp=2023-04-17
mailto:toujinfa@zju.edu.cn
https://doi.org/10.3389/fimmu.2023.1127375
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1127375
https://www.frontiersin.org/journals/immunology

Jietal

epinephrine signaling pathways (6). In many cases, recovery is
limited, and damage to ENS may have long-term consequences, for
example, gastrointestinal diseases after infection (7). This article
reviews the research progress of intestinal nerve-immune cell
interaction in intestinal inflammation.

2 Regulation of intestinal nervous
system on immune cells

ENS is the largest component of the peripheral nervous system,
which consists of two cell types: neurons and enteric glial cells
(EGCs). EGCs support the ENS network and maintain the integrity
of the epithelial barrier.

Intestinal neurons work by secreting neurotransmitters and
neuropeptides. ENS participates in the maintenance of intestinal
homeostasis in intestinal physiology. Intestinal submucosa and
myenteric plexus are involved in regulating immune response,
killing or excreting pathogens, and restoring mucosal barrier
during enteritis. Intestinal nervous system is indispensable for the
recovery of intestinal homeostasis.

2.1 Enteric neurons and intestinal
immune cells

2.1.1 Adrenergic neuronal regulation
of macrophages

In the intestinal myenteric plexus, the myenteric macrophages
(MMs) are closely connected with the cell bodies of excitatory
endogenous enteric neurons (8). MMs are the main source of bone
morphogenetic protein 2 (BMP2), which stimulate intestinal
neurons to regulate gastrointestinal motility. In turn, the
development and reproduction of MMs are controlled by colony
stimulating factor (CSF1) expressed by intestinal neurons (9). In the
intestine of CSF~~ mice, the number of NO™ neurons increases, and
there is no expression of bone morphogenetic protein 2 in MMs,
which leads to the immature development of neurons in the
intestinal muscle layer. Macrophage depletion induced by anti-
CSFIR treatment affects the differentiation of Paneth and other
intestinal epithelial cells (10).

After intestinal bacterial infection, MMs is activated, which
plays an important role in the protection of intestinal neurons. This
is attributed to the rapid activation of external sympathetic neurons
innervating the intestinal muscle layer, and the NE secreted by
norepinephrine neurons binds to the f2-adrenergic receptor(2AR)
on MMs.

NE/B2 signal in MMs induces the expression of arginase-1 in
vitro (8). Arginase 1 (Arg-1) mediates the production of
neuroprotective polyamines, for example, spermine (11),
Spermine can inhibit the activation of NLRP6 inflammatory
bodies and inhibit NLRP6-Caspase-11-mediated neuronal injury
(12). When spermine and DFMO (an inhibitor of spermine
synthesis) were added to drinking water, it was found that the
damage to intestinal neurons increased in the inhibition group. The
protective effect of Arg-1 on neurons after intestinal infection was
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mice (13). The macrophages of this selective activation program
play an important role in the repair and protection of intestinal
tissue, and this discovery lays a foundation for exploring MMs as a
neuroprotective sentinel.

Furthermore, the effect of adrenergic neurons on MMs plays a
central role in coordinating the tissue protective tolerance
response after Salmonella enteric infection. It has been found
that wild-type mice infected with an attenuated Salmonella
typhimurium (spiB) can clear the infection within 7-10 days,
but the result of infection is long-term (up to 4 months)
impairment of gastrointestinal motility and reduction of
intestinal neurons in a NLRP6/Caspasell-dependent manner.
MMs deletion or impaired NE/B2 signaling can worsen spiB
infection-induced enteric neuronal injury. Exogenous (2
receptor agonists enhance Arg-1 expression in MMs, protect
enteric neurons, and limit the effects of spiB infection on
gastrointestinal motility (13). One experiment used mice
infected with S. commissioneri roundworms (Sv) followed by
Salmonella infection. Mice showed reduced intestinal nerve loss
compared to Salmonella infection alone. This suggests that the
adrenergic signaling pathways in myeloid macrophages limit
infection-induced neuronal loss by way of immune tolerance (6).

2.1.2 Cholinergic neuronal regulation
of macrophages

In a model of postoperative intestinal obstruction in mice and
humans (characterized by a surgically induced inflammatory
response in intestinal myenteric macrophages and impaired
intestinal motility), vagal stimulation or pharmacological action
on cholinergic enteric neurons prevented myenteric macrophage
activation and reduced postoperative intestinal obstruction in a o7
nicotinic receptor (a7nAChR) dependent manner (14). In a mouse
model of food allergy, vagus nerve stimulation ameliorates intestinal
inflammation caused by food allergy in a 7nAChR-independent
manner. This effect may be mediated by the vagal system through
increased phagocytosis of allergenic substances by CX3CR1"
macrophages (15). Vagus nerve stimulation increased the
phagocytic activity of CX3CR1+ macrophages, an effect that may
be dependent on 4b2nAChR. Food antigen uptake and subsequent
induction of food-specific Treg by anti-inflammatory CX3CRI1+
macrophages is effective in preventing allergic reactions (16, 17).

The ganglion-free colon of HSCR patients lacked intrinsic
myenteric and submucosal plexuses, but cholinergic nerve fibers
were significantly thickened, and the incidence and prognostic level
of postoperative HAEC correlated with the proliferation of
cholinergic nerve fibers. Some researchers divided the intestinal
mucosa into high-fiber tissue and low-fiber tissue according to the
degree of fibrous hyperplasia, and by immunofluorescence co-
localization they found that macrophages from high-fiber tissue
were associated with Tubulin+AChE+ neurons, and macrophages
from the mucosal lamina propria of ganglion descending colon
tissue from HSCR and control patients appeared to be associated
with Tubulin+AChE- neurons. The physical proximity of
cholinergic neurons to macrophages facilitates the interaction
between the two (18). Analysis of the transcriptome of myeloid
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macrophages from high-fiber tissue and low-fiber tissue
corresponding colonic segments, they found a trend of elevated
levels of nicotinic and muscarinic receptors, high expression of
CX3CR1, CD14+ (M2 macrophage marker) in macrophages
isolated from high-fiber tissue. The percentage of Treg cells was
significantly elevated. Macrophages exhibited an anti-
inflammatory, tissue-resident phenotype. In contrast, in low-fiber
tissue, the expression of cellular inflammatory factors such as IL-17,
IL-6, and IL-1b was significantly increased, CCR2+ was highly
expressed in macrophages, and the ratio of Th17/Treg was
significantly elevated (18).

Under inflammatory conditions, monocyte-derived CCR2+
macrophages infiltrate the intestinal mucosa and initiate Th17 cell
responses. Under steady-state conditions, CX3CR1" macrophages
secrete anti-inflammatory cytokines and maintain Treg numbers.
CX3CR1" macrophages are essential for epithelial cell integrity,
control of bacterial translocation, and commensal tolerance (16).
Muscarinic acetylcholine receptor activates ALDH gene expression
in macrophages (antigen presenting cells) of CX3CR1+, which
produces retinoic acid and promotes the expansion of intestinal
Treg cells (19). In addition, Treg cells are able to inhibit the action
of Th17 cells (20), Proliferative cholinergic nerve fibers influence
the differentiation of CD4+ helper cells, especially the proportion of
Treg, through their regulatory effects on macrophages, thereby
regulating intestinal inflammation.

In the follow-up of 42 HSCR patients 1 year after surgery, 9
patients developed HAEC, of which 7 showed a low-fiber
phenotype and 2 showed a high-fiber phenotype; these
observations suggest that HSCR patients with a low-fiber
phenotype are at a higher risk of developing HAEC after surgery
(18), This study identified and explained the relationship between
the high-fiber phenotype of the intestinal mucosa and the incidence
of HAEC after the surgery of HSCR from an immunological
perspective, providing a theoretical basis for the prophylactic
treatment of HAEC.

In the further, intestinal serotonergic neurons are also
cholinergic neurons. Tryptophan hydroxylase 2 (THP2), a marker
of 5-HT expression in serotonergic neurons, is significantly
decreased in intestinal neurons of HAEC patients and is restored
postoperatively. Although only 5% of intestinal 5-HT is stored in
neurons, only neuronal-derived 5-HT plays a role in regulating
intestinal motility compared to intestinal epithelial-derived 5-HT.
HAEC-mediated 5-hydroxytryptaminergic neuronal damage may
lead to colonic dysfunction and recurrent enterocolitis (21).
Another study shows that cholinergic innervation in rectosigmoid
colon in HSCR patients is associated with secretion of pro-
inflammatory IL-8, which increases the risk of HAEC (22).

Patients with HSCR typically present with exogenous
cholinergic nerve fibers throughout the aganglionic rectosigmoid.
Studies have shown that cholinergic signaling can reduce
inflammatory responses and a7nAChR plays an important role in
the neuroimmune signaling pathways. Thus, sparse exogenous
cholinergic innervation in the sigmoid mucosa and antagonism of
o7nAChR are associated with increased frequency of inflammatory
immune cells and higher incidence of HAEC in patients with
HSCR (22).
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2.1.3 Neuronal regulation of lymphocytes

Neurokinin P is also called substance P (SP). Endocrine neurons
are the main source of intestinal SP. SP acts through interaction with
cell surface receptors NK1R, NK2R and NK3R. SP induces peripheral
blood mononuclear cells (including lymphocyte proliferation and
immunoglobulin production) to stimulate the production of pro-
inflammatory cytokines such as IL-1f3, IL-6 and TNF-o. (23-25). This
may be due to the positive regulation of NKIR, as inflammatory
factors such as IL-12, IL-18 and TNF-a induce NK1R expression in T
cells (26), while IL-10 and TGF-f decreased the expression of NK1R
(27). NKIR has the greatest affinity for SP, which is primarily
associated with inflammatory processes (28). NKIR receptor
density is significantly increased in patients with Crohn’s disease
and ulcerative colitis (29). Expression of substance P was also shown
to correlate directly with the severity of Trypanosoma cruzi
megacolon. It was higher in submucosal and myenteric plexus
neurons in the dilated portion of the megacolon compared to the
undilated portion and the uninfected population, and this might be
related to the preferential destruction of inhibitory motor neurons
(VIP and NOS immunoreactivity) in the intestine of chagasic patients
with megacolon by Trypanosoma cruzi and inflammatory processes
(30). However, another study described lower myenteric and
submucosal plexus SP concentrations in rectal samples from
trypanosomatid patients, which may be associated with reduced
intestinal peptidergic neuronal damage (31).

VIP" neurons mediate VIP secretion, and VIP not only
monitors intestinal epithelial status by regulating lymphocytes,
but also regulates mononuclear phagocytes (MNPs) and the
cytokines they secrete, tilting immunity toward the Th2 type (32).
VIP-sensitized dendritic cells induce Treg production and restore
immune tolerance. VIP-producing neurons in the intrinsic layer are
very close to ILC3, which selectively expresses type 2 VIP
receptors.JL-22 secretion is inhibited by ILC3 binding to VIP,
which results in reduced levels of AMP, an epithelial-derived
antimicrobial peptide, and rhythmic changes in VIP levels
promote normal function of the intestinal barrier (33).

Using a mouse model of intestinal helminth infection, it has
been shown that neuromedin U increases protective immune
responses and induces parasite clearance through activation of
ILC2 (34, 35). Conversely, signals from sympathetic adrenergic
neurons attenuate diminished ILC2 effector function and prevent
chronic pathological type 2 inflammation by activating ILC2-
specific B2-adrenergic receptors (36).

Enteric-specific IL-18 neurons drive the production of the
antimicrobial peptide AMP in goblet cells and protect the
intestine during Salmonella typhimurium infection, which is
important for the mucosal barrier and coordinated homeostasis of
the intestine (37).

Neuropeptides have innate host defense enhancing and direct
antimicrobial effects and some neurons distributed in the intestine are
one of the main sources. Neuropeptides regulate intestinal immunity
in endocrine and paracrine ways. In patients with sepsis, the intestinal
barrier is damaged, intestinal permeability is increased, and bacterial
cell wall components (e.g. lipopolysaccharide) can stimulate
nociceptive receptors located in the lamina propria of the intestine
and induce increased synthesis and release of calcitonin gene related
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peptide (CGRP), substance P, neuropeptide Y, vasoactive intestinal
peptide, VIP and other neuropeptides. CGRP can directly act on
lymphocytes, dendritic cells and macrophages in the intestinal tract,
significantly improving the host’s intestinal defense ability (38).

2.1.4 Neuronal regulation of mast cells

The release of SP from peptidergic neurons activates mast cells
and promotes their degranulation, followed by the release of pro-
inflammatory mediators from mast cells, such as TNF-a,, IL-1 and
trypsin. They strengthen the relationship among mast cells, trypsin,
neuroinflammation and neuronal death (39-41). After co-culture of
intestinal secretory neurons with mast cells, mast cells release
histamine and protease through degranulation resulting in
increased intra-neuronal Ca2+ concentration and significantly
increased neuronal sensitivity, but the function of mast cells
themselves is inhibited (42).

2.2 Relationship between enteric glial cells
and immune cells

EGC:s are distributed in different levels of the intestine and show
the phenotype of GFAP™ after activation. EGCs can be divided into
two subgroups based on the expression of GFAP (43). LPS and
proinflammatory cytokines can induce the expression of GFAP
(44), and the combination of LPS and IFN-y or high concentration
of IL-10 (5-100ng/ml) can induce the proliferation of enteric glial
cells (45, 46). However, IL-1 3 or low level of IL-10 (0.1ng/ml) can
prevent the proliferation of ECGs (46). The expression of GFAP has
been proved to be related to neuronal injury or protection and
inflammation. Glial cells of GFAP" secrete, which directly and
positively affects the growth, maturation and survival of neurons
(44). GDNEF can inhibit the activity of MPO, the expression of IL-1
B and TNF- 0, and increase the expression of ZO-1 and Akt. It is
directly involved in the restoration of epithelial barrier function in
vivo by reducing the increase of epithelial permeability and
inhibiting mucosal inflammation. GDNF strongly prevents
apoptosis and significantly improves DSS experimental colitis in
vivo (47). An experimental model of intestinal inflammation has
shown that the lack of glial cells will lead to severe tissue
inflammation and intestinal necrosis after ablation of enteric glial
cells of transgenic mice with ganciclovir (48). The factors produced
by EGCs have strong anti-apoptotic activity, protect IEC barrier and
maintain the permeability of intestinal barrier (49, 50).

Interestingly, another experiment showed that ECGs stimulated
by LPS and IFN-y accelerated proliferation and produced
inflammatory mediator iNOS, which aggravated intestinal
inflammation (45). In patients with inflammatory bowel disease,
the proportion of GFAP" in EGCs is increased, and its secreted
mediators increase the permeability of intestinal mucosal barrier,
thus aggravating inflammation. But in normal people, the medium
secreted by EGCs has a protective effect on intestinal mucosa (51).
ENS undergoes structural and phenotypic plastic changes during
inflammation. It is not only affected by inflammation, but also
actively participates in the inflammatory process (52) Gut-
associated neurons are closely related to immune cells. They
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continuously monitor and regulate intestinal function, including
intestinal motility and nutrition perception, and maintain
homeostasis (13).

2.2.1 Enteric glial cells and lymphocytes

In a study using RET deficient mice, the authors demonstrated
that microorganism-induced glial cell-derived GDNF (ligand) could
can activate intestinal ILC3 subsets to express neuroregulatory
receptor tyrosine kinase (RET) (53).Activated RET could induce
IL3 to secrete IL-22 and increase the expression of tight junction
proteins in epithelial cells, which could effectively promote
intestinal homeostasis (53). When EGCs are exposed to pro-
inflammatory cytokines (IL-1  and/or TNF-ar), IL-7 can also be
up-regulated. T lymphocyte function analysis shows that the
induced expression of classical IL-7 can protect T cells from cell
death (54). In patients with megacolon caused by Trypanosoma
cruzi, EGCs express II-type HLA-DR and B7 costimulatory
molecules. Therefore, EGCs also act as an antigen-presenting cell
on the activation of lymphocytes, thus affecting the progress of
chronic digestive trypanosomiasis (55).

2.2.2 Enteric glial cells and macrophages
Pro-inflammatory signal pathways induce Cx43-dependent M-
CSF production in glial cells through protein kinase C (PKC) and
tumor necrosis factor invertase (TACE), and M-CSF promotes the
transformation of intestinal myometrial macrophages to M1.
Connexin-43 is needed for communication between glial cells in
this process. Knockout of Connexin-43 in glial cells can prevent the
development of visceral hypersensitivity after chronic colitis (43).

2.2.3 Enteric glial cells and mast cells

The interaction between EGCs and mast cells may inhibit
intestinal inflammation. The activation of mast cells can promote
the activation of enteric glial cells and macrophages, resulting in
intestinal mucosal injury and neuronal reduction (56). GDNF from
EGCs can also significantly inhibit mast cell degranulation and
reduce inflammation (57).

3 Regulation of intestinal immune
cells on nerve cells

3.1 Regulation of neurons by lymphocytes

Intestinal lymphocytes are mainly divided into T lymphocytes,
ILC, B lymphocytes and so on. Among T cells, CD4+T lymphocytes
are helper T cells (Th), which play a major role in cellular immunity.
CD8+T lymphocytes are cytotoxic T cells (Tc), which are a kind of
effector cells with killing activity. The CD4+ cells that play an
important role in intestinal inflammation are Thl, Th2, Th17 and
Treg. Thl mainly secretes IFN-y and its function is to activate
macrophages. Th2 mainly secretes IL-2, IL-4 and IL-5, which plays
a major role in type 2 immunity (58). Th17 mainly secretes IL-6, IL-
21 and IL-23, and its main role is to activate neutrophils and induce
the production of antimicrobial peptides and tight junction proteins
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by intestinal epithelial cells, thus maintaining the integrity of the
intestinal barrier. It is at the same time involved in inflammation and
autoimmune diseases and has a powerful pro-inflammatory function
(58-60). Treg cells regulate T-cell function and prevent
autoimmunity by producing the anti-inflammatory cytokines IL-10,
IL-2, and TGF-B. Their dysregulation is associated with several
inflammatory and autoimmune diseases (58, 61). Th17 cells and
Treg cells are two important subsets of lymphocytes with opposite
functions. Despite having different functional properties,
differentiation from naive T cells to Th17 cells and Treg cells is
dependent on the expression level of TGF- (62), The delicate
balance between Th17 cells and Treg cells is the key to the internal
and external environment of gastrointestinal tract (63).

Innate lymphoid cells (ILCs) can be divided into four types: type I
innate lymphoid cells, ILC1; type II innate lymphoid cells, ILC2; type
IIT innate lymphoid cells, ILC3 (64); regulatory innate lymphoid cells
(ILCregs). The main cytokines secreted by ILCI1, ILC2, ILC3 and
ILCregs are similar to those secreted by Th1, Th2, Th17 and Tregs (65).

B lymphocytes play an immunoprotective role in the gut by
producing IgA antibodies. Secreted into the intestinal lumen, SIgA
binds to gut microbes and food antigens, which avoids potentially
harmful stimulation of the mucosal immune system by lumen
contents, and it also helps regulate the composition of the
microbiome (66). The potential role of IgA in the pathogenesis of
HAEC was first demonstrated by Iamura et al. They found that IgA
containing plasma cells were significantly increased in the lamina
propria along the entire length of resected bowel in enterocolitis
patients, compared with non-enterocolitis patients. They also found
decreased luminal IgA (sIgA) in the same patients (67). These results
were verified in the animal model of HAEC in another research.
Moreover, they noted small intestinal lamina propria pIgR, which
transports and secretes IgA into the lumen, was decreased ~50% in
EdnrBNCC™™ mice (68). In conclusion, these results suggest a
decrease in IgA production or transport in HSCR and HAEC.

It has been observed in animal models of Parkinson’s that CD4
+ T cells drive inflammatory responses in the intestinal mucosa and
reduce the number of dopaminergic neurons in the myenteric and
submucosal plexuses (69). Th2 is a major source of IL-4, while IL-4
and IL-13 together coordinate alternative activation of
macrophages, including upregulation of Arg-1, which may play a
protective role against neurons during intestinal infections (70). In
parasite-associated colitis involving Th2-type T cells, cytokines such
as IL-4 and IL-13 promote smooth muscle contraction by activating
the STAT6 pathway on the one hand, and on the other hand, mast
cells are recruited by IL-4, and mast cell degranulation further
induces neuronal hyperresponsiveness thereby promoting intestinal
smooth muscle contraction and ultimately intestinal parasite
expulsion. In contrast, colitis, in which Thl-type cells play a
dominant role, results in inadequate muscle contraction (71).

3.2 Reqgulation of neurons by mast cells
Mast cells are granulocytes that contain histamine, 5-

hydroxytryptamine and other inflammatory mediators, which are
released by cell disintegration and can cause inflammation in the

Frontiers in Immunology

10.3389/fimmu.2023.1127375

tissue (72). Mast cells are located near blood vessels and nerve fibers
and can act bidirectionally with the nervous system, which makes
them ideal candidates for modulating neural activity and nociception;
trypsin and histamine released from mast cells can cause the release
of neuropeptides, and substance P(SP) and calcitonin-related
peptides released from proximal nerve endings can further activate
mast cells (73). Neuronal hyper-reactivity is a result of MC
degranulation, which can lead to excessive gastrointestinal
secretion, resulting in diarrhea, abdominal pain and cramps (74).

Trypsin and chymotrypsin are the major serine proteases
secreted by mast cells, and an increase in protease-secreting mast
cells correlates with a decrease in PGP9.5-associated neurons in the
megacolon (75). In addition, only the increase in trypsin-related
mast cells was associated with a decrease in PAR2-IR neurons
(protease-activated receptor 2-associated neurons), which are
cleaved by trypsin and involved in neuronal death, triggering
alterations in chronic intestinal function (76). Elevated expression
of PAR-1 and PAR-2 in the colon of HSCR patients suggests that
localized excessive release of PAR-activated proteases may trigger
an inflammatory response, leading to HAEC (77). Therefore, it is
likely that mast cells are involved in the process of HAEC
development. Other mediators secreted by mast cells such as IL-6
and prostaglandin 2 can also induce neuronal death (78).

HSCR is a rare congenital disorder caused by the absence of ganglia
in the submucosa and myenteric plexus of the colon. In the absence of
neuron in the intestinal wall, hypertrophic nerve trunks are associated
with an increased number of adrenergic and cholinergic nerve fibers
(79-81). The number of mast cells in the aganglion segment of the
colon in HSCR patients was significantly higher than in the walled
segment with neurons, and the mast cells in the intestinal segment
showed a transmural distribution. Some mast cells, which are in direct
contact with the mast nerve trunk of aganglion segments, can
synthesize, store and release neurotrophic factors that support nerve
fiber development and maintenance, suggesting that they may be
essential for nerve growth and repair (80-82).

3.3 Regulation of neurons by macrophages

Macrophages are an important part of the body’s intrinsic
immune system and are widely distributed in various tissues and
organs, with the functions of phagocytosis, antigen presentation
and secretion of various cytokines, playing an important role in
physiological processes such as inflammation, defense, repair and
metabolism. According to the location of macrophages in the
intestine, they are divided into MMs and lamina propria
macrophages (LPMs). MMs exhibit a tissue protective phenotype
(8). MMs interact with neurons of the myenteric plexus and present
as a bipolar shape (9). MMs highly express CX3CR1 and CD14 (an
M2 macrophage marker) (18), and CX3CR1+ macrophages are the
major antigen-presenting cells, which are essential for the
differentiation of CD4" helper T cells, especially for the cell
proliferation and maintenance of Treg (83). Transcriptional
profiling revealed that MMs express genes associated with anti-
inflammatory activity (Retlna, Mrcl, CD163, IL-10) in the activated
state, while mucosal LPMs preferentially express the pro-
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inflammatory phenotype (8). In the absence of infection, MMs
secrete BMP2 in a microbial-dependent manner to regulate
neuronal activity and intestinal motility (9), and the expression of
myeloid macrophage protective gene profile is enhanced after
infection (8). In vitro, after macrophages were polarized to M1
type by LPS, pro-inflammatory cytokines (IL-1B, IL-6 and TNF-o)
contained in macrophage supernatants inhibited the expression of
OT and OTR in intestinal neurons; after macrophages were
polarized to M2 type by IL4, anti-inflammatory cytokines (TGF-
) contained in macrophage supernatants promoted OT and OTR
in intestinal neuronal expression. Therefore, it has been suggested
that macrophages are polarized to M1 type during the inflammatory
phase and to M2 type during the recovery process (84).

4 Interstitial cells of Cajal
and macrophages

Interstitial cells of Cajal(ICCs) are closely related to the intestinal
nervous system and distributed in a reticular pattern between the
intestinal plexus and smooth muscle (85). ICCs are pacemakers of
gastrointestinal slow wave and mediators of enteric motor
neurotransmission. There are many kinds of neurotransmitter
receptors on the surface. Intestinal nerves release neurotransmitters
to regulate the frequency of slow wave generated by ICCs, thereby
regulating intestinal motility (86). The function of ICCs plays an
important role in HSCR and HAEC. Through the study of sigmoid
colon from patients with Hirschsprung’s disease in 2008, it was
found that the nubmer of ICCs expressing c-kit decreased
significantly, while the number of ICCs expressing CD34 did not
decrease, so it was pointed out that the specific downregulation of c-
kit in ICCs may be a cause of sigmoid megacolon (87). Interestingly,
tumor necrosis factor-o. secreted by colonic M1 macrophages can
result in intestinal dysmotility in HAEC by causing interstitial cells of

FIGURE 1
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Cajal (ICCs) to lose their c-kit phenotype and impair their
pacemaker function through NF-k B/miR-221 pathway (88). The
loss of ICCs function will aggravate the disturbance of intestinal
motility, resulting in the accumulation of intestinal contents, damage
of intestinal mucosal barrier, invasion of LPS and increase of
M1 macrophages.

5 Intestinal neuroimmune
modulation in the diagnosis
and treatment of HAEC

The interaction between nerve cells and Immune cells(e.g. mast
cells) plays an important role in HAEC (82). Compared with HSCR
intestinal segment, exogenous cholinergic fibers decreased and M1
macrophages increased in HAEC intestinal segment (22, 88). There
have been many diagnostic techniques and treatments based on the
discovery in clinic. Sodium cromoglycate (SCG) is a non-absorbable
mast cell stabilizer with no systemic side effects and is effective in
treating chronic or recurrent colitis in patients with congenital
megacolon (89). In addition, it has been found that the size of the
muscle unit/neuron ratio can be used to determine the transition
zone of long-segment congenital megacolon, which can better
determine the area of surgical resection. The type and content of
mucosal nerve fibers and the size of the intestinal ganglion in the
intraoperatively resected intestine can also be used as predictors to
determine the probability of enterocolitis after HSCR (18, 90).

Crohn’s disease and HAEC have somewhat similar pathogenetic
processes. Both have impaired nutrient absorption due to intestinal
obstruction, decreased immune defense due to disruption of the
intestinal mucosal barrier, and abnormal immune responses due to
disturbances in the intestinal flora; therefore, it is likely that both
share a neuroimmune regulatory mechanism that is given in

common (Figure 1). In clinical studies, stimulation of the vagus
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The mechanism of neuroimmune regulation in HAEC. Macrophages are the main source of bone morphogenetic protein 2 (BMP2), which stimulate
intestinal neurons to regulate gastrointestinal motility. In turn, the development and reproduction of Macrophages are controlled by colony stimulating
factor (CSF1) expressed by intestinal neurons. Adrenergic nerve fibers regulate muscular macrophages to participate in the protection of neurons by
acting on B2AR. Cholinergic nerve fibers regulate the conversion of macrophages from M1 to M2 to inhibit the development of inflammation by acting
on a7nAchR, which increases the ratio of Treg/Th17 in intestinal mucosa. M1 macrophages release TNF-o that makes cells of Cajal lose the c-kit
phenotype and causes intestinal motility disorder. In the aganglionic segment of colon in patient with HSCR, mast cells release neurotrophic factors
(NTFs) to promote the proliferation and hypertrophy of nerve fibers. SP from peptidergic neurons promotes mast cells degranulation, resulting in
releasing of pro-inflammatory mediators such as TNF-q, IL-18 and trypsin, inducing neuronal injury. GDNF from EGCs can significantly inhibit mast cell
degranulation and reduce inflammation. A sharp arrow indicates functional promotion, while a flat arrow indicates inhibition.
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nerve was found to reduce intestinal inflammation (91). Vagal tone is
reduced in patients with Crohn’s disease, and stimulation of the vagus
nerve can be effective in treating active Crohn’s disease (92).
Abdominal vagus nerve stimulation improves postoperative bowel
obstruction (93). All of the above clinical studies suggest that
stimulation of the vagus nerve may be an effective way to prevent
and treat HAEC.

6 Prospect

The loss of neurons in the distal colon makes the colons of
patients with HSCR in a unique neuroimmune regulation
environment. Significant progress has been made in understanding
the mechanisms of HSCR and HAEC, but there is still a lot to be
explored about the neuroimmune regulation of HAEC. The study of
intestinal neuro-immune cell interactions can open up new ideas for
the treatment of HAEC. In terms of immune cell regulation,
treatment targeting macrophages or ICCs may represent promising
therapeutics (88). Targeted therapies against IL-8 (22) and against
plgR-mediated sIgA translocation may be effective in treating HSCR-
induced inflammation (68). The modulation of mast cell function is
expected to reshape the neural distribution in the HSCR gut and
enhance the neuromodulatory effect, thus preventing HAEC. In the
regulation of neurotransmitters, neuropeptides such as substance P,
neuropeptide Y and vasoactive intestinal peptide carry a cationic
charge and can directly break the membrane to kill bacteria, which is
less likely to produce resistance than traditional antibiotics (94).
These may provide new ideas for anti-infective treatment of sepsis
due to severe HAEC. There are various ways to activate vagal
pathways to reduce inflammation, including direct stimulation by
physical means and the use of 5-HT agonists, and therapeutic
modalities derived from this have greater promise for clinical
application. For future studies, the application of human brain
neural interfaces may enhance gut neuroimmune regulation in
HSCR patients. In the field of basic medicine, further studies are
needed to elucidate whether immune cells under the influence of
specific neurotransmitters are innervated by the corresponding
neurons and the effects they produce under healthy and disease

References

1. Drokhlyansky E, Smillie CS, Van Wittenberghe N, Ericsson M, Griffin GK,
Eraslan G, et al. The human and mouse enteric nervous system at single-cell resolution.
Cell (2020) 182(6):1606-22.€23. doi: 10.1016/j.cell.2020.08.003

2. Koon HW, Pothoulakis C. Immunomodulatory properties of substance p: the
gastrointestinal system as a model. Ann New York Acad Sci (2006) 1088:23-40. doi:
10.1196/annals.1366.024

3. Chandrasekharan B, Nezami BG, Srinivasan S. Emerging neuropeptide targets in
inflammation: NPY and VIP. Am ] Physiol Gastrointest liver Physiol (2013) 304(11):
G949-57. doi: 10.1152/ajpgi.00493.2012

4. Bush TG, Savidge TC, Freeman TC, Cox HJ, Campbell EA, Mucke L, et al.
Fulminant jejuno-ileitis following ablation of enteric glia in adult transgenic mice. Cell
(1998) 93(2):189-201. doi: 10.1016/S0092-8674(00)81571-8

5. Matteoli G, Gomez-Pinilla PJ, Nemethova A, Di Giovangiulio M, Cailotto C, van
Bree SH, et al. A distinct vagal anti-inflammatory pathway modulates intestinal
muscularis resident macrophages independent of the spleen. Gut (2014) 63(6):938-
48. doi: 10.1136/gutjnl-2013-304676

Frontiers in Immunology

10.3389/fimmu.2023.1127375

conditions, and the study of this process will provide a theoretical
basis for achieving precise neuroimmune regulation.

Author contributions

H]J draft the article and revised it critically, DL gave the original
idea and design, JT confirmed the final release. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China 82171699 (JT), 81901989 (DL); Natural
Science Foundation of Zhejiang Province LY21H150005 (DL),
LY22H040006 (JT); Foundation for The Top-Notch Youth Talent
Cultivation Project of Independent Design Project of National
Clinical Research Center for Child Health Q21B0007 (DL);
Special Fund for the Incubation of Young Clinical Scientist, The
Children’s Hospital of Zhejiang University School of Medicine
CHZJU2022YS002 (DL).

Conflict of interest

The authors have declared that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

6. Ahrends T, Aydin B, Matheis F, Classon CH, Marchildon F, Furtado GC, et al.
Enteric pathogens induce tissue tolerance and prevent neuronal loss from subsequent
infections. Cell (2021) 184(23):5715-27.12. doi: 10.1016/j.cell.2021.10.004

7. Barbara G, Cremon C, Pallotti F, De Giorgio R, Stanghellini V, Corinaldesi R.
Postinfectious irritable bowel syndrome. ] Pediatr Gastroenterol Nutr (2009) 48 Suppl
2:595-7. doi: 10.1097/MPG.0b013e3181al5e2e

8. Gabanyi I, Muller PA, Feighery L, Oliveira TY, Costa-Pinto FA, Mucida D.
Neuro-immune interactions drive tissue programming in intestinal macrophages. Cell
(2016) 164(3):378-91. doi: 10.1016/j.cell.2015.12.023

9. Muller PA, Koscso B, Rajani GM, Stevanovic K, Berres ML, Hashimoto D, et al.
Crosstalk between muscularis macrophages and enteric neurons regulates
gastrointestinal motility. Cell (2014) 158(5):1210. doi: 10.1016/j.cell.2014.04.050

10. Cipriani G, Terhaar ML, Eisenman ST, Ji S, Linden DR, Wright AM, et al.
Muscularis propria macrophages alter the proportion of nitrergic but not cholinergic
gastric myenteric neurons. Cell Mol Gastroenterol Hepatol (2019) 7(3):689-91.e4. doi:
10.1016/j.jcmgh.2019.01.005

frontiersin.org


https://doi.org/10.1016/j.cell.2020.08.003
https://doi.org/10.1196/annals.1366.024
https://doi.org/10.1152/ajpgi.00493.2012
https://doi.org/10.1016/S0092-8674(00)81571-8
https://doi.org/10.1136/gutjnl-2013-304676
https://doi.org/10.1016/j.cell.2021.10.004
https://doi.org/10.1097/MPG.0b013e3181a15e2e
https://doi.org/10.1016/j.cell.2015.12.023
https://doi.org/10.1016/j.cell.2014.04.050
https://doi.org/10.1016/j.jcmgh.2019.01.005
https://doi.org/10.3389/fimmu.2023.1127375
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jietal

11. Cai D, Deng K, Mellado W, Lee J, Ratan RR, Filbin MT. Arginase I and
polyamines act downstream from cyclic AMP in overcoming inhibition of axonal
growth MAG and myelin in vitro. Neuron (2002) 35(4):711-9. doi: 10.1016/S0896-6273
(02)00826-7

12. Levy M, Thaiss CA, Zeevi D, Dohnalova L, Zilberman-Schapira G, Mahdi JA,
et al. Microbiota-modulated metabolites shape the intestinal microenvironment by
regulating NLRP6 inflammasome signaling. Cell (2015) 163(6):1428-43. doi: 10.1016/
j.cell.2015.10.048

13. Matheis F, Muller PA, Graves CL, Gabanyi I, Kerner ZJ, Costa-Borges D, et al.
Adrenergic signaling in muscularis macrophages limits infection-induced neuronal
loss. Cell (2020) 180(1):64-78.e16. doi: 10.1016/j.cell.2019.12.002

14. Stakenborg N, Labeeuw E, Gomez-Pinilla PJ, De Schepper S, Aerts R, Goverse G,
et al. Preoperative administration of the 5-HT4 receptor agonist prucalopride reduces
intestinal inflammation and shortens postoperative ileus via cholinergic enteric
neurons. Gut (2019) 68(8):1406-16. doi: 10.1136/gutjnl-2018-317263

15. Bosmans G, Appeltans I, Stakenborg N, Gomez-Pinilla PJ, Florens MV,
Aguilera-Lizarraga J, et al. Vagus nerve stimulation dampens intestinal inflammation
in a murine model of experimental food allergy. Allergy (2019) 74(9):1748-59. doi:
10.1111/all.13790

16. Hadis U, Wahl B, Schulz O, Hardtke-Wolenski M, Schippers A, Wagner N, et al.
Intestinal tolerance requires gut homing and expansion of FoxP3+ regulatory T cells in
the lamina propria. Immunity (2011) 34(2):237-46. doi: 10.1016/j.immuni.2011.01.016

17. van der Zanden EP, Snoek SA, Heinsbroek SE, Stanisor OI, Verseijden C,
Boeckxstaens GE, et al. Vagus nerve activity augments intestinal macrophage
phagocytosis via nicotinic acetylcholine receptor alphadbeta2. Gastroenterology
(2009) 137(3):1029-39, 39.e1-4. doi: 10.1053/j.gastr0.2009.04.057

18. Keck S, Galati-Fournier V, Kym U, Moesch M, Usemann J, Miiller I, et al. Lack
of mucosal cholinergic innervation is associated with increased risk of enterocolitis in
hirschsprung's disease. Cell Mol Gastroenterol Hepatol (2021) 12(2):507-45. doi:
10.1016/j.jcmgh.2021.03.004

19. Teratani T, Mikami Y, Nakamoto N, Suzuki T, Harada Y, Okabayashi K, et al.
The liver-brain-gut neural arc maintains the t(reg) cell niche in the gut. Nature (2020)
585(7826):591-6. doi: 10.1038/s41586-020-2425-3

20. Littman DR, Rudensky AY. Th17 and regulatory T cells in mediating and
restraining inflammation. Cell (2010) 140(6):845-58. doi: 10.1016/j.cell.2010.02.021

21. Coyle D, Murphy JM, Doyle B, O'Donnell AM, Gillick J, Puri P. Altered
tryptophan hydroxylase 2 expression in enteric serotonergic nerves in
hirschsprung's-associated enterocolitis. World ] gastroenterol (2016) 22(19):4662-72.
doi: 10.3748/wjg.v22.119.4662

22. Miiller I, Kym U, Galati V, Tharakan S, Subotic U, Krebs T, et al. Cholinergic
signaling attenuates pro-inflammatory interleukin-8 response in colonic epithelial cells.
Front Immunol (2021) 12:781147. doi: 10.3389/fimmu.2021.781147

23. Mashaghi A, Marmalidou A, Tehrani M, Grace PM, Pothoulakis C, Dana R.
Neuropeptide substance p and the immune response. Cell Mol Life Sci CMLS. (2016) 73
(22):4249-64. doi: 10.1007/s00018-016-2293-z

24. O'Connor TM, O'Connell J, O'Brien DI, Goode T, Bredin CP, Shanahan F. The
role of substance p in inflammatory disease. J Cell Physiol (2004) 201(2):167-80. doi:
10.1002/jcp.20061

25. Maggi CA. The effects of tachykinins on inflammatory and immune cells. Regul
peptides (1997) 70(2-3):75-90. doi: 10.1016/S0167-0115(97)00029-3

26. Weinstock JV, Blum A, Metwali A, Elliott D, Arsenescu R. IL-18 and IL-12
signal through the NF-kappa b pathway to induce NK-1R expression on T cells. ]
Immunol (Baltimore Md 1950). (2003) 170(10):5003-7. doi: 10.4049/
jimmunol.170.10.5003

27. Beinborn M, Blum A, Hang L, Setiawan T, Schroeder JC, Stoyanoft K, et al. TGF-
beta regulates T-cell neurokinin-1 receptor internalization and function. Proc Natl
Acad Sci United States America. (2010) 107(9):4293-8. doi: 10.1073/pnas.0905877107

28. Vannucchi MG, Evangelista S. Neurokinin receptors in the gastrointestinal
muscle wall: cell distribution and possible roles. Biomol concepts. (2013) 4(3):221-31.
doi: 10.1515/bmc-2013-0001

29. Renzi D, Pellegrini B, Tonelli F, Surrenti C, Calabro A. Substance p (neurokinin-
1) and neurokinin a (neurokinin-2) receptor gene and protein expression in the healthy
and inflamed human intestine. Am J pathol (2000) 157(5):1511-22. doi: 10.1016/S0002-
9440(10)64789-X

30. da Silveira AB, D'Avila Reis D, de Oliveira EC, Neto SG, Luquetti AO, Poole D,
et al. Neurochemical coding of the enteric nervous system in chagasic patients with
megacolon. Digest Dis Sci (2007) 52(10):2877-83. doi: 10.1007/s10620-006-9680-5

31. Long RG, Bishop AE, Barnes AJ, Albuquerque RH, O'Shaughnessy DJ,
McGregor GP, et al. Neural and hormonal peptides in rectal biopsy specimens from
patients with chagas' disease and chronic autonomic failure. Lancet (1980) 1(8168 Pt
1):559-62. doi: 10.1016/S0140-6736(80)91054-5

32. Buckinx R, Alpaerts K, Pintelon I, Cools N, Van Nassauw L, Adriaensen D, et al.
In situ proximity of CX3CRI-positive mononuclear phagocytes and VIP-ergic nerve
fibers suggests VIP-ergic immunomodulation in the mouse ileum. Cell Tissue Res
(2017) 368(3):459-67. doi: 10.1007/s00441-017-2578-z

33. Talbot J, Hahn P, Kroehling L, Nguyen H, Li D, Littman DR. Feeding-dependent
VIP neuron-ILC3 circuit regulates the intestinal barrier. Nature (2020) 579(7800):575—
80. doi: 10.1038/s41586-020-2039-9

Frontiers in Immunology

10.3389/fimmu.2023.1127375

34. Cardoso V, Chesné J, Ribeiro H, Garcia-Cassani B, Carvalho T, Bouchery T,
et al. Neuronal regulation of type 2 innate lymphoid cells via neuromedin U. Nature
(2017) 549(7671):277-81. doi: 10.1038/nature23469

35. Klose CSN, Mahlakéoiv T, Moeller JB, Rankin LC, Flamar AL, Kabata H, et al.
The neuropeptide neuromedin U stimulates innate lymphoid cells and type 2
inflammation. Nature (2017) 549(7671):282-6. doi: 10.1038/nature23676

36. Klose CS, Artis D. Neuronal regulation of innate lymphoid cells. Curr Opin
Immunol (2019) 56:94-9. doi: 10.1016/j.c0i.2018.11.002

37. Jarret A, Jackson R, Duizer C, Healy ME, Zhao J, Rone JM, et al. Enteric nervous
system-derived IL-18 orchestrates mucosal barrier immunity. Cell (2020) 180(1):50-
63.e12. doi: 10.1016/j.cell.2019.12.016

38. Lai NY, Musser MA, Pinho-Ribeiro FA, Baral P, Jacobson A, Ma P, et al. Gut-
innervating nociceptor neurons regulate peyer's patch microfold cells and SFB levels to
mediate salmonella host defense. Cell (2020) 180(1):33-49.e22. doi: 10.1016/
j.cell.2019.11.014

39. Kulka M, Sheen CH, Tancowny BP, Grammer LC, Schleimer RP. Neuropeptides
activate human mast cell degranulation and chemokine production. Immunology
(2008) 123(3):398-410. doi: 10.1111/j.1365-2567.2007.02705.x

40. Stander S, Stander H, Seeliger S, Luger TA, Steinhoft M. Topical pimecrolimus
and tacrolimus transiently induce neuropeptide release and mast cell degranulation in
murine skin. Br J Dermatol (2007) 156(5):1020-6. doi: 10.1111/j.1365-
2133.2007.07813.x

41. Pang X, Boucher W, Triadafilopoulos G, Sant GR, Theoharides TC. Mast cell
and substance p-positive nerve involvement in a patient with both irritable bowel
syndrome and interstitial cystitis. Urology (1996) 47(3):436-8. doi: 10.1016/S0090-4295
(99)80469-5

42. Ballout J, Diener M. Interactions between rat submucosal neurons and mast cells
are modified by cytokines and neurotransmitters. Eur ] Pharmacol (2019) 864:172713.
doi: 10.1016/j.ejphar.2019.172713

43. Grundmann D, Loris E, Maas-Omlor S, Huang W, Scheller A, Kirchhoff F, et al.
Enteric glia: $100, GFAP, and beyond. Anatom Rec (Hoboken NJ 2007). (2019) 302
(8):1333-44. doi: 10.1002/ar.24128

44. von Boyen GB, Steinkamp M, Reinshagen M, Schifer KH, Adler G, Kirsch J.
Proinflammatory cytokines increase glial fibrillary acidic protein expression in enteric
glia. Gut (2004) 53(2):222-8. doi: 10.1136/gut.2003.012625

45. Cirillo C, Sarnelli G, Turco F, Mango A, Grosso M, Aprea G, et al.
Proinflammatory stimuli activates human-derived enteroglial cells and induces
autocrine nitric oxide production. Neurogastroenterol Motil Off ] Eur Gastrointest
Motil Society. (2011) 23(9):e372-82. doi: 10.1111/j.1365-2982.2011.01748 x

46. Riihl A, Franzke S, Stremmel W. IL-1beta and IL-10 have dual effects on enteric
glial cell proliferation. Neurogastroenterol Motil Off ] Eur Gastrointest Motil Society.
(2001) 13(1):89-94. doi: 10.1046/j.1365-2982.2001.00245.x

47. Fettucciari K, Ponsini P, Gioé D, Macchioni L, Palumbo C, Antonelli E, et al.
Enteric glial cells are susceptible to clostridium difficile toxin b. Cell Mol Life Sci CMLS.
(2017) 74(8):1527-51. doi: 10.1007/s00018-016-2426-4

48. Kohno Y, Minoguchi K, Oda N, Yokoe T, Yamashita N, Sakane T, et al. Effect of
rush immunotherapy on airway inflammation and airway hyperresponsiveness after
bronchoprovocation with allergen in asthma. J Allergy Clin Immunol (1998) 102(6 Pt
1):927-34. doi: 10.1016/S0091-6749(98)70330-6

49. Meir M, Flemming S, Burkard N, Bergauer L, Metzger M, Germer CT, et al. Glial
cell line-derived neurotrophic factor promotes barrier maturation and wound healing
in intestinal epithelial cells in vitro. Am J Physiol Gastrointest liver Physiol (2015) 309
(8):G613-24. doi: 10.1152/ajpgi.00357.2014

50. Bauman BD, Meng J, Zhang L, Louiselle A, Zheng E, Banerjee S, et al. Enteric
glial-mediated enhancement of intestinal barrier integrity is compromised by
morphine. J Surg Res (2017) 219:214-21. doi: 10.1016/j.jss.2017.05.099

51. Biskou O, Meira de-Faria F, Walter SM, Winberg ME, Haapaniemi S, Myrelid P,
et al. Increased numbers of enteric glial cells in the peyer's patches and enhanced
intestinal permeability by glial cell mediators in patients with ileal crohn's disease. Cells
(2022) 11(3):335. doi: 10.3390/cells11030335

52. Vasina V, Barbara G, Talamonti L, Stanghellini V, Corinaldesi R, Tonini M,
et al. Enteric neuroplasticity evoked by inflammation. Autonomic Neurosci basic Clin
(2006) 126-127:264-72. doi: 10.1016/j.autneu.2006.02.025

53. Ibiza S, Garcia-Cassani B, Ribeiro H, Carvalho T, Almeida L, Marques R, et al.
Glial-cell-derived neuroregulators control type 3 innate lymphoid cells and gut defence.
Nature (2016) 535(7612):440-3. doi: 10.1038/naturel 8644

54. Eissa N, Hussein H, Kermarrec L, Ali AY, Marshall A, Metz-Boutigue MH, et al.
Chromogranin-a regulates macrophage function and the apoptotic pathway in murine
DSS colitis. ] Mol Med (Berlin Germany). (2018) 96(2):183-98. doi: 10.1007/s00109-
017-1613-6

55. da Silveira AB, de Oliveira EC, Neto SG, Luquetti AO, Fujiwara RT, Oliveira RC,
et al. Enteroglial cells act as antigen-presenting cells in chagasic megacolon. Hum
pathol (2011) 42(4):522-32. doi: 10.1016/j.humpath.2010.06.016

56. Nogueira LT, Costa DV, Gomes AS, Martins CS, Silva AM, Coelho-Aguiar JM,
et al. The involvement of mast cells in the irinotecan-induced enteric neurons loss and
reactive gliosis. J neuroinflammat (2017) 14(1):79. doi: 10.1186/s12974-017-0854-1

57. Xie Q, Chen X, Meng ZM, Huang XL, Zhang Q, Zhou JQ, et al. Glial-derived
neurotrophic factor regulates enteric mast cells and ameliorates dextran sulfate

frontiersin.org


https://doi.org/10.1016/S0896-6273(02)00826-7
https://doi.org/10.1016/S0896-6273(02)00826-7
https://doi.org/10.1016/j.cell.2015.10.048
https://doi.org/10.1016/j.cell.2015.10.048
https://doi.org/10.1016/j.cell.2019.12.002
https://doi.org/10.1136/gutjnl-2018-317263
https://doi.org/10.1111/all.13790
https://doi.org/10.1016/j.immuni.2011.01.016
https://doi.org/doi: 10.1053/j.gastro.2009.04.057
https://doi.org/10.1016/j.jcmgh.2021.03.004
https://doi.org/10.1038/s41586-020-2425-3
https://doi.org/10.1016/j.cell.2010.02.021
https://doi.org/10.3748/wjg.v22.i19.4662
https://doi.org/10.3389/fimmu.2021.781147
https://doi.org/10.1007/s00018-016-2293-z
https://doi.org/10.1002/jcp.20061
https://doi.org/10.1016/S0167-0115(97)00029-3
https://doi.org/10.4049/jimmunol.170.10.5003
https://doi.org/10.4049/jimmunol.170.10.5003
https://doi.org/10.1073/pnas.0905877107
https://doi.org/10.1515/bmc-2013-0001
https://doi.org/10.1016/S0002-9440(10)64789-X
https://doi.org/10.1016/S0002-9440(10)64789-X
https://doi.org/10.1007/s10620-006-9680-5
https://doi.org/10.1016/S0140-6736(80)91054-5
https://doi.org/10.1007/s00441-017-2578-z
https://doi.org/10.1038/s41586-020-2039-9
https://doi.org/10.1038/nature23469
https://doi.org/10.1038/nature23676
https://doi.org/10.1016/j.coi.2018.11.002
https://doi.org/10.1016/j.cell.2019.12.016
https://doi.org/10.1016/j.cell.2019.11.014
https://doi.org/10.1016/j.cell.2019.11.014
https://doi.org/10.1111/j.1365-2567.2007.02705.x
https://doi.org/10.1111/j.1365-2133.2007.07813.x
https://doi.org/10.1111/j.1365-2133.2007.07813.x
https://doi.org/10.1016/S0090-4295(99)80469-5
https://doi.org/10.1016/S0090-4295(99)80469-5
https://doi.org/10.1016/j.ejphar.2019.172713
https://doi.org/10.1002/ar.24128
https://doi.org/10.1136/gut.2003.012625
https://doi.org/10.1111/j.1365-2982.2011.01748.x
https://doi.org/10.1046/j.1365-2982.2001.00245.x
https://doi.org/10.1007/s00018-016-2426-4
https://doi.org/10.1016/S0091-6749(98)70330-6
https://doi.org/10.1152/ajpgi.00357.2014
https://doi.org/10.1016/j.jss.2017.05.099
https://doi.org/10.3390/cells11030335
https://doi.org/10.1016/j.autneu.2006.02.025
https://doi.org/10.1038/nature18644
https://doi.org/10.1007/s00109-017-1613-6
https://doi.org/10.1007/s00109-017-1613-6
https://doi.org/10.1016/j.humpath.2010.06.016
https://doi.org/10.1186/s12974-017-0854-1
https://doi.org/10.3389/fimmu.2023.1127375
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jietal

sodium-induced experimental colitis. Int immunopharmacol (2020) 85:106638. doi:
10.1016/j.intimp.2020.106638

58. DuPage M, Bluestone JA. Harnessing the plasticity of CD4(+) T cells to treat
immune-mediated disease. Nat Rev Immunol (2016) 16(3):149-63. doi: 10.1038/
nri.2015.18

59. Lee N, Kim WU. Microbiota in T-cell homeostasis and inflammatory diseases.
Exp Mol Med (2017) 49(5):e340. doi: 10.1038/emm.2017.36

60. Tan TG, Sefik E, Geva-Zatorsky N, Kua L, Naskar D, Teng F, et al. Identifying
species of symbiont bacteria from the human gut that, alone, can induce intestinal Th17
cells in mice. Proc Natl Acad Sci United States America. (2016) 113(50):E8141-¢50. doi:
10.1073/pnas.1617460113

61. Furusawa Y, Obata Y, Hase K. Commensal microbiota regulates T cell fate decision
in the gut. Semin immunopathol (2015) 37(1):17-25. doi: 10.1007/s00281-014-0455-3

62. Chen Z, Lin F, Gao Y, Li Z, Zhang ], Xing Y, et al. FOXP3 and RORft:
transcriptional regulation of treg and Th17. Int immunopharmacol (2011) 11(5):536-
42. doi: 10.1016/j.intimp.2010.11.008

63. Luo A, Leach ST, Barres R, Hesson LB, Grimm MC, Simar D. The microbiota
and epigenetic regulation of T helper 17/Regulatory T cells: In search of a balanced
immune system. Front Immunol (2017) 8:417. doi: 10.3389/fimmu.2017.00417

64. Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate
lymphoid cells-a proposal for uniform nomenclature. Nat Rev Immunol (2013) 13
(2):145-9. doi: 10.1038/nri3365

65. Klose CS, Artis D. Innate lymphoid cells as regulators of immunity, inflammation
and tissue homeostasis. Nat Immmunol (2016) 17(7):765-74. doi: 10.1038/ni.3489

66. Honda K, Littman DR. The microbiota in adaptive immune homeostasis and
disease. Nature (2016) 535(7610):75-84. doi: 10.1038/nature18848

67. Imamura A, Puri P, O'Briain DS, Reen DJ. Mucosal immune defence
mechanisms in enterocolitis complicating hirschsprung's disease. Gut (1992) 33
(6):801-6. doi: 10.1136/gut.33.6.801

68. Medrano G, Cailleux F, Guan P, Kuruvilla K, Barlow-Anacker AJ, Gosain A. B-
lymphocyte-intrinsic and -extrinsic defects in secretory immunoglobulin a production
in the neural crest-conditional deletion of endothelin receptor b model of
hirschsprung-associated enterocolitis. FASEB ] Off Publ Fed Am Soc Exp Biol (2019)
33(6):7615-24. doi: 10.1096/£.201801913R

69. Campos-Acuifia J, Elgueta D, Pacheco R. T-Cell-Driven inflammation as a
mediator of the gut-brain axis involved in parkinson's disease. Front Immunol
(2019) 10:239. doi: 10.3389/fimmu.2019.00239

70. Osborne LC. Protecting your gut feelings: How intestinal infections keep things
moving. Neuron (2021) 109(22):3545-7. doi: 10.1016/j.neuron.2021.10.037

71. Shea-Donohue T, Notari L, Sun R, Zhao A. Mechanisms of smooth muscle
responses to inflammation. Neurogastroenterol Motil Off J Eur Gastrointest Motil
Society. (2012) 24(9):802-11. doi: 10.1111/j.1365-2982.2012.01986.x

72. Breedveld A, Groot Kormelink T, van Egmond M, de Jong EC. Granulocytes as
modulators of dendritic cell function. J leukocyte Biol (2017) 102(4):1003-16. doi:
10.1189/j1b.4MR0217-048RR

73. Aich A, Afrin LB, Gupta K. Mast cell-mediated mechanisms of nociception. Int J
Mol Sci (2015) 16(12):29069-92. doi: 10.3390/ijms161226151

74. Ramsay DB, Stephen S, Borum M, Voltaggio L, Doman DB. Mast cells in
gastrointestinal disease. Gastroenterol Hepatol (2010) 6(12):772-7.

75. Martins PR, Nascimento RD, Dos Santos AT, de Oliveira EC, Martinelli PM,
d'Avila Reis D. Mast cell-nerve interaction in the colon of trypanosoma cruzi-infected
individuals with chagasic megacolon. Parasitol Res (2018) 117(4):1147-58. doi:
10.1007/s00436-018-5792-z

76. Reed DE, Barajas-Lopez C, Cottrell G, Velazquez-Rocha S, Dery O, Grady EF,
et al. Mast cell tryptase and proteinase-activated receptor 2 induce hyperexcitability of
guinea-pig submucosal neurons. J Physiol (2003) 547(Pt 2):531-42. doi: 10.1113/
jphysiol.2002.032011

Frontiers in Immunology

09

10.3389/fimmu.2023.1127375

77. Tomuschat C, O'Donnell AM, Coyle D, Puri P. Increased protease activated
receptors in the colon of patients with hirschsprung's disease. J Pediatr surgery. (2020)
55(8):1488-94. doi: 10.1016/j.jpedsurg.2019.11.009

78. Sand E, Themner-Persson A, Ekblad E. Mast cells reduce survival of myenteric
neurons in culture. Neuropharmacology (2009) 56(2):522-30. doi: 10.1016/
j.neuropharm.2008.10.007

79. Kapur RP. Practical pathology and genetics of hirschsprung's disease. Semin
Pediatr surgery. (2009) 18(4):212-23. doi: 10.1053/j.sempedsurg.2009.07.003

80. Kobayashi H, Yamataka A, Fujimoto T, Lane GJ, Miyano T. Mast cells and gut
nerve development: implications for hirschsprung's disease and intestinal neuronal
dysplasia. J Pediatr surgery. (1999) 34(4):543-8. doi: 10.1016/50022-3468(99)90069-6

81. Demirbilek S, Ozardali HI, Aydm G. Mast-cells distribution and colonic mucin
composition in hirschsprung's disease and intestinal neuronal dysplasia. Pediatr Surg
Int (2001) 17(2-3):136-9. doi: 10.1007/s003830000467

82. Hermanowicz A, Debek W, Dzienis-Koronkiewicz E, Chyczewski L.
Topography and morphometry of intestinal mast cells in children with
hirschsprung's disease. Folia histochemica cytobiol (2008) 46(1):65-8. doi: 10.2478/
v10042-008-0008-5

83. Kiithl AA, Erben U, Kredel LI, Siegmund B. Diversity of intestinal macrophages
in inflammatory bowel diseases. Front Immunol (2015) 6:613. doi: 10.3389/
fimmu.2015.00613

84. Shi Y, Li S, Zhang H, Zhu J, Che T, Yan B, et al. The effect of macrophage
polarization on the expression of the oxytocin signalling system in enteric neurons. J
neuroinflammat (2021) 18(1):261. doi: 10.1186/s12974-021-02313-w

85. Vannucchi MG. Receptors in interstitial cells of cajal: identification and possible
physiological roles. Micros Res technique. (1999) 47(5):325-35. doi: 10.1002/(SICI)
1097-0029(19991201)47:5<325::AID-JEMT4>3.0.CO;2-C

86. Iino S, Horiguchi K. Interstitial cells of cajal are involved in neurotransmission
in the gastrointestinal tract. Acta histochemica cytochem (2006) 39(6):145-53. doi:
10.1267/ahc.06023

87. Adachi Y, Ishii Y, Yoshimoto M, Yoshida Y, Endo T, Yamamoto H, et al.
Phenotypic alteration of interstitial cells of cajal in idiopathic sigmoid megacolon. J
gastroenterol (2008) 43(8):626-31. doi: 10.1007/s00535-008-2207-4

88. Chen X, Meng X, Zhang H, Feng C, Wang B, Li N, et al. Intestinal
proinflammatory macrophages induce a phenotypic switch in interstitial cells of
cajal. J Clin Invest (2020) 130(12):6443-56. doi: 10.1172/JCI126584

89. Rintala RJ, Lindahl H. Sodium cromoglycate in the management of chronic or
recurrent enterocolitis in patients with hirschsprung's disease. J Pediatr surgery. (2001)
36(7):1032-5. doi: 10.1053/jpsu.2001.24732

90. Yang W, Pham J, King SK, Newgreen DF, Young HM, Stamp LA, et al. A novel
method for identifying the transition zone in long-segment hirschsprung disease:
Investigating the muscle unit to ganglion ratio. Biomolecules (2022) 12(8):1101. doi:
10.3390/biom12081101

91. Koopman FA, Chavan SS, Miljko S, Grazio S, Sokolovic S, Schuurman PR, et al.
Vagus nerve stimulation inhibits cytokine production and attenuates disease severity in
rheumatoid arthritis. Proc Natl Acad Sci United States America. (2016) 113(29):8284-9.
doi: 10.1073/pnas.1605635113

92. Bonaz B, Sinniger V, Hoffmann D, Clarengon D, Mathieu N, Dantzer C, et al.
Chronic vagus nerve stimulation in crohn's disease: a 6-month follow-up pilot study.
Neurogastroenterol Motil Off ] Eur Gastrointest Motil Society. (2016) 28(6):948-53. doi:
10.1111/nmo.12792

93. Stakenborg N, Wolthuis AM, Gomez-Pinilla PJ, Farro G, Di Giovangiulio M,
Bosmans G, et al. Abdominal vagus nerve stimulation as a new therapeutic approach to
prevent postoperative ileus. neurogastroenterology and motility. Off ] Eur Gastrointest
Motil Soc (2017) 29(9):€13075. doi: 10.1111/nmo.13075

94. Wei P, Keller C, Li L. Neuropeptides in gut-brain axis and their influence on
host immunity and stress. Comput Struct Biotechnol J (2020) 18:843-51. doi: 10.1016/
j.sbj.2020.02.018

frontiersin.org


https://doi.org/10.1016/j.intimp.2020.106638
https://doi.org/10.1038/nri.2015.18
https://doi.org/10.1038/nri.2015.18
https://doi.org/10.1038/emm.2017.36
https://doi.org/10.1073/pnas.1617460113
https://doi.org/10.1007/s00281-014-0455-3
https://doi.org/10.1016/j.intimp.2010.11.008
https://doi.org/10.3389/fimmu.2017.00417
https://doi.org/10.1038/nri3365
https://doi.org/10.1038/ni.3489
https://doi.org/10.1038/nature18848
https://doi.org/10.1136/gut.33.6.801
https://doi.org/10.1096/fj.201801913R
https://doi.org/10.3389/fimmu.2019.00239
https://doi.org/10.1016/j.neuron.2021.10.037
https://doi.org/10.1111/j.1365-2982.2012.01986.x
https://doi.org/10.1189/jlb.4MR0217-048RR
https://doi.org/10.3390/ijms161226151
https://doi.org/10.1007/s00436-018-5792-z
https://doi.org/10.1113/jphysiol.2002.032011
https://doi.org/10.1113/jphysiol.2002.032011
https://doi.org/10.1016/j.jpedsurg.2019.11.009
https://doi.org/10.1016/j.neuropharm.2008.10.007
https://doi.org/10.1016/j.neuropharm.2008.10.007
https://doi.org/10.1053/j.sempedsurg.2009.07.003
https://doi.org/10.1016/S0022-3468(99)90069-6
https://doi.org/10.1007/s003830000467
https://doi.org/10.2478/v10042-008-0008-5
https://doi.org/10.2478/v10042-008-0008-5
https://doi.org/10.3389/fimmu.2015.00613
https://doi.org/10.3389/fimmu.2015.00613
https://doi.org/10.1186/s12974-021-02313-w
https://doi.org/10.1002/(SICI)1097-0029(19991201)47:5%3C325::AID-JEMT4%3E3.0.CO;2-C
https://doi.org/10.1002/(SICI)1097-0029(19991201)47:5%3C325::AID-JEMT4%3E3.0.CO;2-C
https://doi.org/10.1267/ahc.06023
https://doi.org/10.1007/s00535-008-2207-4
https://doi.org/10.1172/JCI126584
https://doi.org/10.1053/jpsu.2001.24732
https://doi.org/10.3390/biom12081101
https://doi.org/10.1073/pnas.1605635113
https://doi.org/10.1111/nmo.12792
https://doi.org/10.1111/nmo.13075
https://doi.org/10.1016/j.csbj.2020.02.018
https://doi.org/10.1016/j.csbj.2020.02.018
https://doi.org/10.3389/fimmu.2023.1127375
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Neuroimmune regulation in Hirschsprung’s disease associated enterocolitis
	1 Introduction
	2 Regulation of intestinal nervous system on immune cells
	2.1 Enteric neurons and intestinal immune cells
	2.1.1 Adrenergic neuronal regulation of macrophages
	2.1.2 Cholinergic neuronal regulation of macrophages
	2.1.3 Neuronal regulation of lymphocytes
	2.1.4 Neuronal regulation of mast cells

	2.2 Relationship between enteric glial cells and immune cells
	2.2.1 Enteric glial cells and lymphocytes
	2.2.2 Enteric glial cells and macrophages
	2.2.3 Enteric glial cells and mast cells


	3 Regulation of intestinal immune cells on nerve cells
	3.1 Regulation of neurons by lymphocytes
	3.2 Regulation of neurons by mast cells
	3.3 Regulation of neurons by macrophages

	4 Interstitial cells of Cajal �and macrophages
	5 Intestinal neuroimmune modulation in the diagnosis and treatment of HAEC
	6 Prospect
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


