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Helminths are remarkably successful parasites that can invade various mammalian hosts and establish chronic infections that can
go unnoticed for years despite causing severe tissue damage. To complete their life cycles, helminths migrate through multiple
barrier sites that are densely populated by a complex array of hematopoietic and non-hematopoietic cells. While it is clear that type
2 cytokine responses elicited by immune cells promote worm clearance and tissue healing, the actions of non-hematopoietic cells
are increasingly recognized as initiators, effectors and regulators of anti-helminth immunity. This review will highlight the collective
actions of specialized epithelial cells, stromal niches, stem, muscle and neuroendocrine cells as well as peripheral neurons in the
detection and elimination of helminths at mucosal sites. Studies dissecting the interactions between immune and non-
hematopoietic cells will truly provide a better understanding of the mechanisms that ensure homeostasis in the context of

helminth infections.

Mucosal Immunology (2022) 15:1199-1211; https://doi.org/10.1038/s41385-022-00518-7

INTRODUCTION
Helminths are parasitic worms that infect invertebrate intermediate
hosts that serve as vectors necessary to complete their life cycles
(e.g., Schistosoma mansoni cercariae emerge from aquatic snails to
infect humans or other vertebrates) as well as diverse mammalian
hosts in which they can establish persistent chronic infections.
Most helminths migrate through several barrier tissues to complete
their life cycles, including the skin, lungs, and gastrointestinal (Gl)
tract (Table 1). As they pass through these compartments,
helminths secrete several excretory/secretory (E/S) products and
cause tissue damage that has lasting consequences for home-
ostasis, including fibrotic lesions, or altered microbiota. It is well-
established that colonization with helminths stimulates type 2
immune responses characterized by the secretion of IL-4, IL-5, IL-9,
and IL-13 from group 2 innate lymphocyte cells (ILC2) and type 2T
helper (Th2) lymphocytes.' These cytokines induce the differentia-
tion of M2 macrophages and the activation of eosinophils,
basophils, neutrophils and mast cells that collectively clear worms
and heal damaged tissue.' However, we now understand that non-
hematopoietic cells are also central components of anti-helminth
immunity that mediate and regulate these immune responses.
Barrier tissues are composed of continuous layers of epithelial
cells (ECs) that were initially considered to mainly initiate type 2
cytokine responses by releasing alarmins (IL-25, IL-33, and thymic
stromal lymphopoietin; TSLP) after being damaged by tissue-
dwelling helminths.? This is supported by the fact that IL-25 and
IL-33 are increased during infection, loss of IL-25 via Tuft cell
absence and global genetic deletion of the TSLP receptor impairs
type 2 cytokine responses and the ability to control parasite
burdens.>” However, more recent evidence indicates that tissue
damage is not the only way anti-helminth responses are initiated.

The epithelium is also composed of specialized chemosensory
cells, such as tuft cells, that uniquely contribute to parasite
recognition. Underneath this dynamic epithelium, IL-33 enriched
stromal cell (SC) niches are key initiators of type 2 inflammation in
the skin, lungs, and fat®® In addition to triggering helminth-
induced inflammation, the coordinated actions of smooth muscle
cells (SMCs) under the mucosa, mucus-producing goblet cells
(GCs) and mast cell-induced regulation of chloride channels and
breakdown of tight junctions between the epithelium increasing
intestinal permeability'® are critical effectors of the ‘weep and
sweep’ response required to dislodge and clear certain Gl
nematodes.'""'? Further, increased epithelial cell proliferation
regulated by the intestinal stem cell (ISC) niche displace worms
through an “epithelial escalator effect”.'®>'* Paneth cells, which
increase in number during helminth infection, secrete molecules
that direct immune cell-mediated killing of helminths and
contribute to the maintenance of the ISC niche."” Finally,
mucosal-associated neurons and enteroendocrine cells (EECs)
are recognized to tightly regulate innate and adaptive immune
cells to promote host-protective responses upon helminth
infection.'® This review will highlight these rapidly growing
notions and reaffirm the collective actions of specialized ECs,
SCs, muscle layer and neurons as initiators, effectors and regulators
required to combat helminth invasion or at least co-exist with
minimal damage to the host.

NON-HEMATOPOIETIC CELLS ARE INITIATORS OF ANTI-
PARASITIC RESPONSES

Our current understanding of host-protective mechanisms against
helminths mainly comes from animal models (Table 1) that either
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Table 1.

Related helminths that
infect humans

Rodent infection model

Strongyloides ratti (Sr) Strongyloides stercolaris

Schistosoma mansoni (Sm) Schistosoma mansoni

Nippostrongylus brasiliensis (Nb) Hookworms: Ancylostoma
duodenale Necator

Heligmosomoides polygyrus (Hp) americanus

Heligmosomoides polygyrus bakeri (Hb
- laboratory strain)

Trichuris muris (Trm) Trichuris trichuria

Trichinella spiralis (Ts) Trichinella spiralis

Common animal models of helminth infections and their relevance to human disease.

Natural First Entry

Affected tissues (time after exposure)

of Helminth

Percutaneous Skin (iL3, 0-24 h), Lungs (L4, 1-3d), SI
(adults, 5-21d)

Percutaneous Skin (cercariae, 0-2d), Lungs (schistosomula,
5-14d), Portal vein (adults, 5-8wks). Eggs in liver
and S| (6-8wks).

Percutaneous Skin (iL3, 6-12 h), Lungs (L4, 1-2d), SI
(adults, 5-12d)

Ingestion Sl submucosa (iL3, L4,0-6d), SI lumen (adults, 6d
- life-long)

Ingestion Caecum and colonic wall for all stages (eggs
hatch in Gl tract), L1, 90 min; L2, 9-11d; L3, 13d,
L4, 22d;adults by ~32d. Clearance after 35d
depends on Tm and host strain.

Ingestion S| (larvae-adults, 0-14d), skeletal muscle by new

born larvae (20d - life-long)

L1: stage 1 larvae, L2: stage 2 larvae, iL3: infective stage 3 larvae: L4: stage 4 larvae.

use the rodent helminth species from the same genus as a human
helminth (e.g., Strongyloides ratti to model Strongyloides stercoralis)
or use a promiscuous helminth that can undergo part or all of its
life cycle in a range of mammalian hosts (e.g., Schistosoma
mansoni). Some of these helminths naturally enter the body
through the skin (N. brasiliensis (Nb), S. ratti (Sr), or S. mansoni
(Sm)) while others are ingested by the host (H. polygyrus (Hp), T.
muris (Tm), T. spiralis (Ts)). Despite these two entry points, all these
species affect the mucosa in the Gl tract. It is also important to
note that some of these species can be completely expelled by a
murine host with an intact immune system (e.g., Nb and Sr) and
some are not and can maintain a low level, chronic infection,
similar to the clinical state in humans (e.g., Hp or Sm). A long-
standing question in the field is how the host’s body detects the
initial presence of helminths (Fig. 1). The prevailing theory is that
the host reacts to the damage of the epithelium more than direct
detection of the helminth products, although some recent work
has challenged the latter assumption. In contrast to bacteria,
viruses, fungi and some protozoan parasites, we have not been
able to identify a receptor that recognizes a helminth pathogen
associated molecular pattern. Interestingly, some helminth E/S
molecules share structural homology with mammalian danger
associated molecular patterns (DAMPs). These include the S.
mansoni-derived high mobility group box 1 (HMGB1) homolog
and the secreted antioxidant enzyme peroxiredoxin, which can
induce type 2 cytokine secretion and accumulation of M2
macrophages.'”'® However, the exact role of many E/S products
remains unknown, including the identity of any host homologs or
target receptors. While the role of alarmins (IL-25, IL-33, and TSLP)
as early initiators of type 2 inflammation is clearly established,
their secretion may not occur solely from dying cells in damaged
epithelium. Indeed, recent work suggests that chemosensory TCs
in the Gl epithelium can quickly sense the presence of helminths
and initiate type 2 inflammation.

Can tuft cells taste helminths?

TCs are a rare population of chemosensory ECs whose develop-
ment from ISCs is mediated by the transcription factors Pou2f3
and GFI1b. They are characterized by the expression of surface
marker doublecortin like kinase 1 (DCLK1) and several chemosen-
sory receptors, including Transient Receptor Potential channel
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Fig. 1 Potential mechanisms for helminth detection by the host.
1. Established evidence indicates that helminth-induced type 2
inflammation is initiated by alarmins (IL-25, IL-33, and TSLP) and
DAMPs released by dying epithelial cells. 2. However, recent
evidence suggests that tuft cells (TC), specialized chemosensory
cells in mucosal barriers may potentially respond to helminth-
derived signals or metabolites from a helminth-altered microbiome,
which causes TC release of IL-25 and cysLT. 3. There is also evidence
suggesting that stromal cell (SC) niches can trigger type 2
inflammation by an IL-33-dependent mechanism. However, it is
unclear if IL-33 is released by SC, either while still alive (teal) or
during cellular death (gray). 4. Cholinergic neurons (Neu) exposed to
helminth-derived products in vitro can release the neuropeptide
NMU. But, it is unclear if neighboring cells (e.g., TC) can signal to
neurons during helminth infection.
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Melastatin 5 (TRPM5).>® TCs are one of the main producers of IL-
25* and lipid inflammatory mediators like cysteinyl leukotriene
(cysLT) and prostaglandin D, (PGD,).'®%° Further, TCs are in close
proximity to endocrine cells, sensory and acetylcholine-secreting
neurons (termed “cholinergic”) in several mucosal tissues and TCs
can synthesize acetylcholine suggesting that they can signal to
these and other cell types that express acetylcholine receptors.?'°
Intestinal colonization by several helminth species (Nb, Hp, and Ts)
induces the expansion of TCs early in infection,*® although Tm
infection only induces a mild increase in TCs found in the cecum
when a repeated low egg dose “trickle” infection is used.?’
Critically, Pou2f3-deficient mice have impaired Nb clearance
associated with reduced mucus and TC responses.”® Interestingly,
while TC expansion induced by Nb and Hp infection requires IL-13
secretion from ILC2s which is also required for worm clearance,*®
suggesting a feedforward TC-ILC2 interaction that is an active area
of research; depletion of ILC2s does not affect worm burden
following Tm trickle infection where TC expansion is not robustly
induced.?’

More recently, TCs have been further divided into two subsets
based on single cell RNA sequencing, in both the trachea and the
intestine.’>3? In the intestine, type 1 TCs express genes related to
neuronal development, while type 2 TCs express immune-related
genes and have higher Tslp and Dclkl expression, but both
subsets express 1125 equally.?® In the trachea, type 1 TC
transcriptional profile relates to taste transduction, while type 2
TCs express genes related to leukotriene biosynthesis.>° Note-
worthy, these two independent studies indicate that type 1 TCs
express the transcription factor Pou2f3 and taste-related gene
Gng13, while type 2 TCs express Alox5, one of the leukotriene
biosynthesis genes as well as the Ptprc gene that codes for the
leukocyte surface protein CD45.2%3° In the intestine, type 1 TCs are
more abundant than TC progenitors or type 2 TCs at steady state,
but upon Hp infection, TC progenitors spike at 3 dpi, and by 10 dpi
type 2 TCs are the most abundant.?® It would be interesting to
examine the relative contribution of each TC subtype in other
helminth infection models including those that affect the
respiratory tract.

TCs express several taste chemosensory G protein-coupled
receptors (GPCRs) that sense sweet, bitter and umami compounds,
which couple to the non-selective cation channel TRPM5 perme-
able to calcium.®®' Similar to Pou2f3-deficient mice, genetic
deletion of TRPM5 impaired Hp clearance, and IL-25 secretion by
TCs and ILC2 expansion during Tm infection.® Further, stimulation
of TRPM5-expressing TCs with Ts-derived E/S products or larval
extracts resulted in intracellular calcium influx and subsequent IL-
25 release.®® Together these results suggest that TCs may “taste”
helminth E/S or cuticle components, which causes calcium-
dependent cytokine release via TRPM5. Whether TRPM5 or other
GPCRs directly detect these helminth components is unclear.
Genetic deletion of chemosensory GPCRs like Succinate receptor 1
(Sucnr1) or Taste receptor type T member 3 (Tas1r3) was unable to
prevent helminth (Nb, Hp) -induced TC hyperplasia despite these
receptors being necessary for TCs to react to metabolites like
succinate or infection with protozoans from the Tritrichomonas
family.3373° Of note, TC stimulation with Ts-derived molecules was
sufficient to induce the expression of several Taste type 2 (Tas2)
receptors, suggesting that TCs may respond to diverse signals
upon helminth infection.?* Nevertheless, whether chemosensory
receptors that bind to helminth E/S products or body wall
components actually exists remains highly controversial (Fig. 1).

In addition to IL-25, TCs also promote anti-helminth responses
by their rapid and robust secretion of lipid mediators such as
cysLT or PGD, '??° TCs are a significant source of cysLT during the
acute phase of Hp and Nb intestinal colonization.'® Loss of TC-
specific cysLT synthesis impaired the activation of ILC2s as early as
16 h post-Hp infection, associated with fewer TCs and GCs and
increased worm burdens. Similarly, Nb infection induced the
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expression of PGD, and enzymes required for its synthesis in
TCs.2° Given the labile nature of these lipid mediators, it is possible
that cysLTs and PGD, represent a rapid mechanism for TCs to
stimulate nearby ISCs or cholinergic neurons. Based on the data
discussed so far, and the fact that Ach synergizes with IL-13 to
drive sinonasal TC differentiation in culture,*® it may be possible
that rapid crosstalk among helminth-sensing TCs, ILC2s, and
cholinergic neurons synergistically drives intestinal TC hyperplasia.
The close proximity of TCs with neurons could have significant
beneficial effects to control worm burdens but may be
detrimental during co-infection. For example, TCs and IL-4Ra
signaling mediated increased mortality, viral dissemination,
intestinal permeability and loss of enteric neurons during co-
infection with Hp and West Nile virus,*’ indicating that fine
modulation of TC responses is essential to maintain homeostasis.

Collectively, these studies highlight TCs as helminth-sensors
and key initiators of anti-helminth immunity in the intestine. A
similar circuit might operate in the airways as Nb or Sr migrate
through the respiratory tract where other TC-like populations,
such as solitary chemosensory cells, reside. This is suggested by
the fact that exposure to the allergen Alternaria alternata causes
TCs secretion of cysLTs and IL-25, which synergize to promote ILC2
activation and eosinophilia.®

IL-33 rich stromal cell niches are strategically positioned in
barrier sites

Like IL-25, mice deficient in IL-33 have dela%/ed worm expulsion
following infection with Nb, Hp, and Sr,***** but not with Ts or
Sm,**** suggesting that anti-helminth mechanisms can vary
between infection with different helminth species. IL-33 is a
nuclear protein highly expressed in the ECs of the skin, lungs, and
Gl tract.”® Further, IL-33 expression has been identified in other
non-hematopoietic cells such as the endothelium and neurons in
the central nervous system, as well as hematopoietic cells
including myeloid cells.*****® Hung et al. demonstrated that
epithelial-derived IL-33 was required to induce worm clearance
whereas deletion of IL-33 from myeloid cells accelerated clearance
of Nb adults compared to wildtype counterparts, indicating the
cellular sources of IL-33 can have distinct roles for anti-helminth
immunity.*® As with other alarmins, IL-33 is not only released from
broken nuclei of necrotic cells, but also by intact cells, via cleavage
of its nuclear localization signal and receptor-binding domains by
several intracellular and secreted proteases, and potentially
through perforin-2 pore formation.*> During helminth infections,
IL-33 rapidly activates myeloid and lymphoid cells that express the
ST2 receptor such as mast cells, basophils, macrophages, ILC2s, T
regulatory cells and Th2 cells.** This IL-33-ST2 signaling induces
cytokine release and secretion of tissue remodeling factors such as
amphiregulin (Areg) that promote worm expulsion and wound
healing.

In addition to these well-defined mechanisms, recent work
indicates that IL-33 is highly expressed in SC niches within the
skin, lungs and fat. The first study to demonstrate that IL-33 is
expressed by fat associate lymphoid cluster (FALC) SCs>° used a
rodent helminth Litomosoides sigmodontis (Ls) that upon sub-
cutaneous injection travels through the blood stream and
colonizes the pleural cavity around the lungs and heart to mature
into adulthood and reproduce. Ls infection caused IL-33 secretion
from FALC stroma, which stimulated IL-5 secretion from ILC2s that
in turn activates B cells and induces IgM secretion, critical for
parasite clearance.®® Boothby, et al. identified a subpopulation of
IL-33-enriched fibroblasts in the subcutaneous fascia of dorsal skin
that supports the development of Th2 cells, which the authors
termed Ty2-interacting fascial fibroblasts (TIFFs).8 Interestingly,
TIFFs had an enriched expression of IL-4Ra and treatment with IL-4
and IL-13 stimulated TIFF accumulation suggesting a mutualistic
crosstalk between TIFFs and Th2 cells. While TIFFs were absent in
ear or tail mouse skin, fibroblasts with the TIFF transcriptional
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signature were present in healthy human skin and elevated in
lesioned skin from a patient suffering with eosinophilic fasciitis.
The potential contribution of TIFFs to anti-helminth immunity was
suggested by experiments showing that subcutaneous infection
with Nb resulted in the accumulation of TIFFs and Th2 cells®
however, further genetic loss- and gain-of-function strategies are
required to dissect the contributions of TIFFs to immunity against
skin-penetrating helminths.

The location of TIFFs and their enrichment for IL-33 expression
resembles that of other stroma located in adventitial cuffs
surrounding body cavities, including adventitial stromal cells
(ASCs).? ASCs are in close proximity to ILC2s in the lungs and other
non-barrier tissues during homeostasis.® Critically, ASCs were
sufficient to support the growth of ILC2 and Th2 cells in vitro by
their secretion of TSLP and IL-33.° In turn, lymphocyte-derived
type 2 cytokines promoted IL-33 expression in ASCs,” similar to
the Th2 - TIFF crosstalk in the skin under homeostatic conditions.
Infection with Nb resulted in accumulation of both ILC2s and Th2
cells around the ASC niche in the lungs. Remarkably, depletion
of ASCs resulted in reduced expansion of ILC2s and Th2
cells following Nb infection, although the impact on worm
clearance or lung repair was not reported.® However, deletion of
IL-33 in the ASC compartment only prevented Th2 cell expansion,
but did not affect ILC2 responses during Nb infection, suggesting
IL-33-independent mechanisms whereby ASCs support ILC2
expansion.

Similarly, a subpopulation of SCs in visceral white adipose tissue
(WAT) is highly enriched for IL-33, which supports type 2 cytokine
release from ILC2s and Treg survival.>">? Notably, WAT SCs rapidly
release IL-33 following Nb infection, inducing WAT-resident ILC2s
to secrete type 2 cytokines and recruit eosinophils. Collectively,
these studies unveil a dynamic role of similar yet tissue-specific SC
niches that highly express IL-33, which maintains the growth and
survival of ILC2s and Th2 cells. In turn, ILC2s and Th2 cells provide
positive feedback signals to promote SC survival. However, the
spatiotemporal contributions of these tissue-specific SC popula-
tions to immunity against helminths and the tissue remodeling
that follows upon worm clearance remains unknown. There is
potential for non-hematopoietic cells, particularly SCs supporting
the lymph node, to also act as antigen-presenting cells.>>™>° This
has not been fully explored in the context of helminth infection,
but could be a possibility in species such as Nb, Sr, or Sm that
travel through many different tissues and the circulation. Similarly,
cells in the ISC niche have been proposed to present antigen and
shape T cell responses in the local microenvironment which may
affect the differentiation of specialized epithelial cell subsets such
as TCs.>®

Despite advances in understanding how epithelial and SCs
contribute to anti-helminth responses in the respiratory and Gl
tract, it remains unclear whether similar mechanisms operate in
the skin during invasion by helminths. This may be due to the
common use of subcutaneous injection of helminth larvae to
initiate infection, which bypasses the natural entry process. The
skin is comprised of several layers of keratinocytes at different
developmental stages in the epidermis, which forms an imperme-
able barrier, protecting the dermis and subcutaneous tissue.
Keratinocytes are highly enriched for IL-33 and TSLP expression,
which can initiate allergic inflammation and itch.>”*® Human hosts
are generally unaware of infection by skin-penetrating helminths
until the parasites have established themselves in the viscera and
produce respiratory or Gl symptoms. Further, it is unclear if
repeated exposure to skin-invading helminths results in cutaneous
tissue remodeling or increased alarmin expression by keratino-
cytes. Previous exposure to helminths can change the response of
local immune cells to trap and prevent helminth migration.”>®° Nb
larvae are trapped in the skin of previously exposed mice by the
action of basophils and M2 macrophages,”® while Sr larvae are
effectively prevented from leaving the infection site by
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eosinophils and neutrophils during secondary infection.® How
these innate immune responses are established is unclear, as is
the potential contribution of keratinocytes, SCs, and skin-
innervating neurons to this process. It is also uncertain if helminth
species have evolved strategies to bypass established host-
protective mechanisms. It is entirely plausible that exposure to
helminths could have long term effects on the architecture of the
skin that can impact the development of helminth-induced
inflammation.

NON-HEMATOPOIETIC CELLS MEDIATE WORM CLEARANCE
AND TISSUE REPAIR

Type 2 cytokines mainly provoke three major host-protective
mechanisms: parasite killing, parasite expulsion, and tissue
remodeling (Fig. 2). These effects are actively enabled by the
coordinated actions of specialized cells in the epithelium that
secrete mucus (GCs), anti-microbial peptides (PCs), hormones and
neurotransmitters (e.g.,, EECs and neurons). Under basal condi-
tions, TCs and GCs are sparse, but expand following helminth
infection by differentiation from basal cells in the ISC niche. In
addition, increased EC proliferation and sloughing through what
has been described as an “epithelial escalator effect” has been
proposed to facilitate worm clearance and tissue remodeling
during some helminth infections. Interestingly, some of the
inflammatory mediators induced by helminth infection act on
the ISC niche and drive the specification of distinct EC lineages.
Moreover, underlying SMCs can mechanically contract and induce
expulsion of helminths from the mucosal epithelium. Tissue
remodeling growth factors can also act on non-hematopoietic
cells to control hemorrhage, deposition of extracellular matrix
proteins and reepithelization. This section will highlight the
importance of the coordinated events that contribute to host-
protective immunity.

Goblet cells and mucus

Perhaps the most conserved consequence of Gl helminth infection
is an increased number of GCs and secretion of mucus (part of the
“weep”) in epithelium of the lungs and Gl tract, which are type 2
cytokine-dependent. Mucus is a carbohydrate-rich layer com-
posed of membrane-bound glycocalyx, which lines the apical
surface of ECs and consists of membrane-bound mucins, and an
overlying mucus gel, consisting of secreted mucins."" Mucins are
high molecular-weight O-linked glycoproteins and the main
constituents of mucus."" Of the 20 mucin proteins, Muc2 is the
main component of intestinal mucus that has been extensively
studied in the context of helminth infection. Increased intestinal
expression of Muc2 is observed following infection with Tm, Ts, Hp
and Nb."~%* However, only in the context of Tm infection is Muc2
required for worm clearance during acute infection,®® indicating
that other mucins can compensate and ensure timely expulsion.
Muc5ac, which is not expressed in the Gl tract during homeostasis,
becomes upregulated and is necessary to clear Nb, Tm, and Ts
infections.?”% Muc5ac is upregulated in the colon when mice
become resistant to Tm “trickle” infection, which consists of
repeated exposures to low-larval numbers.?”% Consistent with a
protective role of Muc5ac, serine proteases secreted by Tm
degraded Muc2, but not Muc5ac,® indicating that some mucins
may have distinct anti-helminthic properties.

Altered glycosylation patterns of mucins also affects their anti-
helminth properties. A switch from sulphomucins to syalomucins
establishes chronic Tm infection.®® Mucin sulphation induced by
IL-13 conferred resistance to mucin degradation by Tm E/S
products, demonstrating that type 2 inflammation can modify
mucus properties to confer helminth resistance.®® Muc5ac is
elevated in the lungs after Nb larvae have exited the tissue,®”
suggesting that mucin expression can be sustained by residual
inflammatory mediators and/or parasite components left behind.

Mucosal Immunology (2022) 15:1199-1211
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Fig. 2 Non-hematopoietic cells contribute to anti-Helminth mechanisms and tissue repair. A Epithelial (EC), goblet (GC), and Paneth cells
(PC) secrete factors that directly affect helminths. B Worm expulsion from the Gl tract is accomplished by several coordinated mechanisms:
mucus secretion by GC, smooth muscle cell (SMC) contraction controlled by cholinergic neurons (Neu) and serotonin (5-HT) from
enterochromaffin cells (ECCs), among other cell types, and growth of the villi to push worms off the “epithelial escalator” The intestinal stem cell
niche (ISC) at the base of the villi controls cellular expansion and differentiation of specialized secretory cell types (e.g., tuft cells, TC, and PC)
needed for the epithelial escalator and mucus secretion effector functions. C GCs contribute to tissue repair by secreting TFFs that can promote
EC proliferation. ECs and macrophages (Mac) synergistically promote collagen deposition by myofibroblasts to repair damaged tissues.

Whether this elevated mucin response also actively participates in
the wound healing or trained immunity following initial parasite
clearance is unknown. Interestingly, strictly enteric intestinal
nematodes (i.e., Ts and Hp) can promote airway GC responses
and increase the lung trapping of larvae upon a subsequent Nb
infection.%® The distal activation of airway GCs was potentially
mediated by migratory ILC2s that recirculated from the intestines
to the lungs.%® However, the chemotactic signals that directed
ILC2s into the lungs remain to be determined.

The protective role of mucus is also associated with factors
other than mucins. For example, resistin-like molecule 3 (RELM-)
is also secreted by GCs during helminth infection and is required
for clearance of Nb or Hp.%° Moreover, trefoil factors (TFF1, TFF2,
and TFF3) are GC-derived tissue-reparative mediators that
promote anti-helminth immunity. Genetic deletion of either
TFF2 or TFF3 delays the clearance of Nb from the intestine,’%”"
although the two TFFs appear to accomplish this by distinct
pathways. TFF2 deficiency was associated with reduced secretion
of type 2 cytokines and RELM-(3 expression by GCs, which may be
because TFF2 promotes IL-33 release from ECs.”' In contrast,
delayed worm expulsion in TFF3 deficient mice is not associated
with reduced type 2 cytokine production. Instead TFF3 binds to
LINGO2 and releases LINGO2 suppression of EGFR signaling to
maintain intestinal integrity and promote anti-helminth immu-
nity.”® Taken together these exciting findings illustrate how signals
from GCs are critical for helminth expulsion, immune regulation,
and wound repair. However, there is still more to uncover
regarding the regulation of GCs and mucus production. Canoni-
cally, IL-13 and IL-4Ra signaling induces increased mucus
secretion in multiple models of helminth infection.”? However,
IL-22 deficient mice had delayed Tm expulsion and blunted GC
responses despite having an intact type 2 cytokine response.”®
Future studies should also address whether different signals
promote GC hyperplasia while others increase the rate of mucus
secretion by GCs and if other non-hematopoietic cells adjacent to
GCs regulate this process.
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Although it was first hypothesized that mucus exerts its anti-
helminth properties simply by preventing attachment of hel-
minths to the epithelium, it appears that mucus may also become
directly toxic to some helminth species. Host intestinal mucus was
found in the intestine of Nb adults and was associated with
damage to the worm gut cells.”* Moreover, mucus from previously
exposed sheep had paralyzing activity on sheep-infecting
helminths in vitro,”> suggesting that specific components of the
mucus may induce direct damage to helminths. Particularly, RELM-
B binds to structures located on the integument of nematodes
and inhibits their chemotaxis.”® Critically, RELM-B pre-treatment
was sufficient to impede the ability of Hp adult worms to sense
and ingest host tissues which directly diminished their survival
and fecundity,®® demonstrating the potential of mucus-associated
proteins to directly interfere with worm survival.

Paneth cells, do they secrete anti-helminthic peptides?
Mucus also contains anti-microbial peptides (AMPs), such as
phospholipase A2 (PLA2) secreted by PCs, which were not thought
to affect helminths until recently. Like TCs and GCs, PCs are
specialized ECs that differentiate from ISCs and may actually
regulate proliferation within the ISC niche."® PC hyperplasia was
initially observed following Nb, Hp, Ts and Sm infection at times
post-infection that correlate with induction of type 2 cytokine
responses.”” Related to their support of the ISC niche, Ts-induced
PC expansion was associated with increased proliferative crypt
ECs.”® Interestingly, no alterations in the number of PCs were
reported by single cell analysis of intestinal ECs from Hp infected
mice, despite expansion of TC and GC numbers.>® However, the
lack of genetic strategies that specifically target PCs has hindered
scientists from determining if they have non-redundant contribu-
tions to anti-helminth immunity.

A recent study by Entwistle, et al. has identified epithelial-
derived PLA2g1b, an enzyme that regulates lipid metabolism by
hydrolysis of phospholipids, as an endogenous anthelmintic.”®
PLA2g1b and other lipid-metabolism genes were enriched in
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duodenal tissue from mice resistant to secondary Hp infection.
Moreover, PLA2g1b-deficient mice failed to acquire resistance to
secondary Hp infection despite developing intact type 2 and
mucus responses. Interestingly, helminth-induction of Pla2g1b
expression required intact innate and adaptive lymphocyte
responses but type 2 cytokine treatment in vitro downregulated
Pla2g1b in intestinal organoids, reflecting a complex transcrip-
tional regulation of this pathway. These findings suggest that
some aspect of the helminth’s presence or other cell types not
present in vitro are required for upregulation of Pla2g1b, while
type 2 cytokines could negatively regulate it to check lipid
metabolism that may be detrimental to host healing. Remarkably,
treatment of Hp iL3 with PLA2g1B reduced their capacity to reach
adulthood, which correlated with reduced phospholipid abun-
dance and membrane integrity, suggesting that PLA2g1b causes
direct damage to helminths. These exciting studies begin to
answer the long-standing question of whether helminths are
directly damaged and killed by the host before being expelled and
if non-hematopoietic cells contribute to this process. Helminths
are outstandingly known to secrete several E/S products, thus it
will not be surprising that they have evolved different pathways to
avoid the actions of such mediators. This is perhaps why this
question has been so difficult to answer. Potentially related to this
modulation, Hp-induced type 2 inflammation induces the expres-
sion of the AMP small-proline rich protein 2A (SPRR2A), which
exhibit gram-positive bactericidal properties and is required to
protect against bacterial invasion of intestinal tissues during Hp
infection.®® This suggests that helminths may modulate the
secretion of AMPs to shape the composition of the microbiota
perhaps to make the intestinal microenvironment more suitable
for their survival.

Modulation of the intestinal stem cell niche during helminth
infection

The cells of epithelium, both non-specialized and specialized (e.g.,
TCs, GCs, PCs and others) are constantly renewed by their
differentiation from ISCs located in the base of intestinal crypts.
ISCs are characterized by the expression of Leucine-rich repeat-
containing G-protein coupled receptor 5 (Lgr5). During helminth
infection, ISC activity is modulated by type 2 cytokines and
helminth-derived factors. The type 2 cytokines IL-4 and IL-13
induce differentiation of GCs and TCs from 1SCs.*52%¢#1 Fuyrther,
constitutive activation of STAT6, which acts downstream of IL-4/IL-
13 signaling increases the numbers of specialized secretory cells
and reduces adult worm burden following Nb or Hp infection.®?
Conversely, IL-10 or stimulation with Tregs, which are also
generated during helminth infections, increased the proportion
of I1SCs and their expression of a ‘stem-like’ gene signature.®® In
addition to cytokines, MHC-ll-expressing ISCs interact with T cells
to promote TC differentiation, which is required to control Hp
worm burden, at the expense of depleting the ISC pool.*® Tregs
are required to maintain the renewal of Lgr5+ ISCs, so perhaps
their increase during helminth infection helps to re-establish the
ISC pool in the face of TC and GC hyperplasia.>® ILC2-derived IL-13
also promotes the renewal of ISCs, which required the expression
of the circular RNA from the pan-gene transcript 3 (circPan3) to
stabilize and increase protein expression of IL-13Ral in ISCs at
baseline,®® suggesting different non-redundant roles of innate and
adaptive lymphocytes located at the vicinity of the ISC niche.
These findings demonstrate the profound influence of immune
signals on the fate of differentiated IECs and the maintenance of
the ISC pool.

In addition to cytokine regulation, recent studies revealed that
other inflammatory mediators such as PGD, and helminth-derived
E/S products also regulate ISC differentiation. Type 2 cytokine
stimulation induces the expression of the PGD, receptor CRTH2 in
ISCs, GC and TCs.° PGD, signaling via CRTH2 in ISCs was
necessary to limit differentiation of ISCs into GCs following type 2
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cytokine stimulation. Type 2 cytokines induce PGD, secretion
from TCs, which can neighbor ISCs in the epithelium. This group
also found that CRTH2 expression in non-hematopoietic cells was
required to limit GC and TC responses during Nb infection,*
revealing a novel mechanism of for how PGD, signals can regulate
the magnitude of helminth-induced type 2 cytokine inflammation.
Similar to the regulatory role of PGD2, exposure of intestinal
organoids to Hp E/S products or iL3 suppressed the differentiation
of TCs and GCs.®* Consistent with these findings in vitro, mice pre-
infected with Hp presented with reduced TC and GC responses
induced by a subsequent Nb infection or succinate treatment.
Importantly, exposure of small intestinal organoids to Hp E/S
molecules resulted in an altered, immature spheroid morphology
that correlated with downregulation of the master regulator of
secretory-cell differentiation Atohl and upregulation of Hes1 that
preserves stem cell status.®* Related to these studies, crypts with
granulomas from Hp disruption have a fetal-like transcriptional
program characterized by reduced expression of ISC-signature
genes including Lgr5 and olfactomedin 4 (Olfm4) and increased
expression of interferon (IFN)-induced genes including Ly6a that
encodes stem cell antigen-1 (Sca-1)."* Noteworthy, the elevated
expression of Sca-1 in intestinal crypts was abrogated in Hp-
infected IFNy-deficient mice, suggesting a Type 1 cytokine-
dependent mechanism. Due to their fetal-like reversion, Hp-
induced Sca-1-expressing crypts failed to form intestinal orga-
noids and instead gave rise to spheroids lacking expression of
differentiated epithelium markers."* Collectively, these studies
may reflect an evolutionary strategy for helminths to counteract
Type 2 immune signals and re-shape the ISC microanatomic niche
to prevent hyperplasia of specialized anti-helminthic ECs.

Epithelial cells contribute to worm clearance and wound
healing
Infection with Tm causes intestinal epithelial cell (IEC) proliferation
to move an embedded larva up and off the epithelium of the
colon before it reaches adulthood, an effect known as the
‘epithelial escalator’.">?° This would be accomplished by increased
proliferation in the ISC niche and differentiation into IECs to grow
the epithelial layer. However, this can occur at the expense of TC
and GC hyperplasia, which are critical for helminth clearance.
Despite the fact that IL-13 and constitutive activity of STAT6
promote helminth-induced IEC proliferation in vivo,'*®? in vitro
treatment of intestinal organoids with IL-4 and IL-13 does not
increase cell proliferation.”®*® This suggests additional mechan-
isms contribute to this process in vivo. One of these mechanisms
may be CRTH2 signaling; since ablation of CRTH2 impaired the
‘epithelial escalator’ while increasing the number of GCs.° These
studies reflect a delicate balance between IEC proliferation and
induction of GC hyperplasia, both of which are required for proper
worm clearance. For example, lysine-specific histone demethylase
1 A (LSD1), which seems to be required for PC differentiation,®®
limits |IEC proliferation at baseline® but renders mice more
susceptible to Tm infection because of impaired mucus secre-
tion.®® Likely, this may be due to a reduced potential for GC
differentiation. In apparent contrast to these findings, ablation of
the lysine methyltransferase SETD7, which regulates Hippo and
Wnt pathways in IECs, increased IEC turnover and accelerated
clearance of Tm infection with no apparent alterations of type 2
cytokine or mucus responses,®” highlighting the complex signal-
ing pathways the regulate IEC proliferation and differentiation.
As mentioned above, type 2 cytokine responses are important
to promote wound healing even after helminths have been
cleared from mucosal sites, but the mediators between IL-4/IL-
13 signaling and the healing outcome are still being uncovered.
This has been most studied in helminth models where larvae
cause acute lung damage and hemorrhage en route to the Gl
tract, especially Nb infection (see Table 1, skin-penetrating
helminths: Sr/Ss, Nb/Ad or Na, Sm). Relm-a expression in ECs is
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necessary to control lung damage and hemorrhage following Nb
infection, and while it requires IL-13 for effective healing,?® it can
also be induced by chitinase-3 like 3 protein, also known as
eosinophil chemotactic factor-lymphocyte (Ym1), that is mostly
secreted by myeloid cells.2° IL-13 is also required for epithelial cell
secretion of surfactant protein D (SP-D),¥® a molecule that can
bind L4 Nb larvae in the lungs, and promote kiling by M2
macrophages.”® SP-D also promotes Relm-a expression, suggest-
ing that it can also promote wound healing. Relm-a is required for
lysyl hydroxylase 2b-dependent assembly of collagen fibrils to
promote rapid wound healing in the lung.®' Further, the DAMP
ATP induces Areg expression in macrophages, which then acts on
pericytes to evoke their activation of TGFB and subsequent
differentiation into collagen-producing myofibroblasts that pro-
mote revascularization in the lung after Nb infection.”® Altogether,
these studies demonstrate the active involvement of the
epithelium in the repair of the lungs affected by migratory larvae.

As we have mentioned, the nature of healing and remodeling in
the skin following penetration by helminths is largely under-
studied, especially with respect to non-hematopoeitic cells. Sm
cercariae penetration does cause keratinocyte proliferation, and a
subset of keratinocyte progenitors to expand and accumulate in
hair follicles.”® In addition, keratinocytes exhibit increased expres-
sion of stress-associated genes such as /l1a, Il1b, 1133, and Tslp
within hours of exposure to Sm cercariae, however, whether
exposure to Sm or other skin-penetrating helminths alters
epidermal architecture or transcriptional profile to prevent future
entry or heal damage requires further investigation.

Smooth muscle cells contribute to multiple anti-helminth
mechanisms

Hypercontraction of SMCs underlying intestinal tissue promotes
the ‘sweep’ or physical removal of worms from these sites. Muscle
cells express the IL-25 receptor and contract when treated with IL-
25, which drives Nb clearance.”* Contraction can also be induced
by IL-4 and IL-13, which induce STAT6 intracellular signaling in Nb
and Hp infections.'? IL-4Ra signaling in SMCs is required to
produce adequate contractile expulsion of Sm eggs, or mortality
results from Gl blockage.”® Helminth-induced (Hp or Nb) SMC
contraction requires neurotransmitters and neuropeptides such as
acetylcholine and substance P (SP),'? suggesting the involvement
of cholinergic and non-cholinergic enteric neurons. It has been
postulated that acetylcholinesterase secreted by helminths (Sr,
Nb) may serve to degrade and limit host cholinergic signaling and
anti-helminth action in the Gl tract.>*~*° In addition, helminth (Nb,
Hp) infection causes IL-13-dependent upregulation of the
serotonin receptor 5-HT,5 in SMCs, which increases serotonin-
evoked contraction.'® Surprisingly, IL-17 to IL-17ra signaling in
SMCs promoted contraction and Ts expulsion in a type 2 cytokine-
independent manner,'®" revealing that multiple cytokine path-
ways can stimulate SMC hypercontractility.

In addition to their contraction, IL-4Ra signaling in SMCs has
also been shown to promote type 2 cytokine secretion and GC
differentiation in the lungs and SI,'°%'% suggesting a more
complex contribution of SMCs than originally thought. The altered
GC differentiation may be associated with a novel regulatory
pathway by which SMC support the regeneration of ISC niche
following tissue damage by regulating extracellular matrix
components using muscle-derived matrix metalloproteinases.'®
In summary, these studies highlight additional pleiotropic func-
tions that require further investigation.

HELMINTH CLEARANCE IS REGULATED BY NEUROENDOCRINE
CELLS, NEURONS, AND THEIR ASSOCIATED PRODUCTS

Sensory neurons detect damage in the skin or mucosal tissues and
may release a variety of neuropeptides and neurotransmitters'%®
that can communicate with immune cells.'® This release by
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sensory, autonomic, and enteric neurons can contribute to
wound healing by activating mast cells, recruiting immune
mediators, fibroblasts, and promoting angiogenesis in large scale
wounds.'””1% Loss of appropriate innervation of the skin, as in
diabetic neuropathy, can impair wound healing and prolong
inflammation.'®® Hoeffel et al. have recently shown that UV skin
damage evokes secretion of the neuropeptide TAFA4 from
sensory neurons expressing the Gai-interacting protein (GINIP),
which promotes tissue regeneration and reduces skin inflamma-
tion by promoting IL-10 secretion in dermal macrophages, as well
as their expression of tissue-reparative transcripts.' ' While these
exciting studies demonstrate that sensory neurons can contribute
to the response and healing of damage in the skin, the
contribution of these pathways to parasite detection, tissue
healing and/or immune modulation during skin helminth infec-
tions remains unclear. There is evidence that neuropeptides and
neurotransmitters promote clearance of helminths, and repair in
the lung and Gl tract. While neurons are thought of as the major
source of neurotransmitters or neuropeptides, other specialized
neuroendocrine or EECs, and immune cells found in mucosal
tissues can produce them as well. Often, their cognate receptors
can be found on all these cell types, which may be in close
proximity to each other in the tissue, setting up regulatory
feedback loops that could enhance or dampen downstream
inflammatory or contractile responses. This section will discuss the
current literature supporting a role for neuroendocrine cells,
neurons, and neuron-associated molecules in regulating anti-
helminth responses in the lungs and Gl tract, and their potential
involvement at the site of skin penetration (Fig. 3).

EECs, satiety, and Gl-motility neuropeptides: CCK, Leptin,
gastrin, and SST

The heterogeneous EEC population plays an important role in
signaling nutrient content and satiety signals to the brain, as
well as regulating gut motility, insulin, and local pH.""" The
former is controlled by neuropeptides like cholecystokinin (CCK),
and the latter by somatostatin (SST) and gastrin, among
others.""" Not surprisingly, helminth infections can alter these
cells and the secretion of certain neuropeptides, although the
effects are not generalizable across all helminths."'" Nb
infection reduces serum CCK levels in rats,''® while Ts is
associated with hyperplasia of CCK + cells and hypersecretion of
CCK that corresponds with hypophagia and weight loss in
mice.""®"" Fat tissue secretes the satiety hormone leptin, thus
weight loss during Ts infection likely corresponds to reduced fat
mass and measured reduction in serum leptin levels, while
exogenous leptin delays expulsion of Ts.''* Similarly, mice on a
protein deficient diet have increased serum leptin likely due to
increased consumption and fat accumulation, which delays
clearance of Hb infection.'"® Ts is also associated with increased
gastrin levels in serum,’™® which could correspond to enhanced
acidity within the Gl tract.

In addition to affecting the feeding behavior of the host, and
driving helminth expulsion via changes in gut motility or pH, these
neuropeptides can regulate immune responses.''’ Of specific
relevance to helminth infections, CCK promotes the development
of Th2 or Tregs in vitro''” and Th2 cells promote CCK + cell
hyperplasia and CCK-associated hypophagia in Ts infection,'*
indicating a positive feedback loop between EECs and Th2 cells.
Conversely, leptin promotes type 1T cell responses''’ and may
reduce secretion of type 2 cytokines.""*'"® CCK also drives
acetylcholine production from B cells to recruit neutrophils.''®
Although neutrophils are important mediators of helminth killing,
it is unclear if this mechanism may contribute to neutrophil
recruitment in the context of helminth infection.

Sm is associated with decreased SST + EECs in the intestine, and
upregulation of the SST receptor SSTR2A on cholinergic neurons,
corresponding to a reduced inhibitory effect of SST on neurogenic
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Fig. 3 Regulation of Helminth infection by enterochromaffin cells (ECCs), neurons, and neuronal mediators. a Most work in the Gl tract
has examined multiple cellular sources of neurotransmitters serotonin (5-HT) and acetylcholine (Ach), including ILC2s, tuft cells, and ECCs. IL-
33-evokes 5-HT release in ILC2 and ECCs. Serotonergic neurons (purple) activate cholinergic neurons (orange), which regulates the ISC. Ach
can act on and be released by ILC2s, which also receive NMU signals from peptidergic neurons (red). Both inputs evoke the release of IL-13
from ILC2s. It is possible that some helminths may secrete AChEs to deplete Ach gradients in tissues. b Non-peptidergic neurons of the Mrgpr
class (E, F) are reduced in density around encysted Sm eggs, but their role is unclear. c In the airway, ILC2s are positively regulated by NMU,
while NMB and CGRP tend to inhibit their proliferation and type 2 cytokine secretion (although CGRP does not inhibit IL-5 secretion).
Basophils induce the upregulation of the NMBR on ILC2s. The exact cellular source of CGRP and NMB are not clear. d Very little is known

regarding multicellular crosstalk during helminth skin penetration, or if this is modulated by helminth E/S products.

contractions."'® Further, in humans with Sm infection, low serum
SST levels were associated with greater pathology, including liver
fibrosis, while higher SST levels were found in infected, but
asymptomatic individuals."* Indeed, the SST analog octreotide
suppressed experimentally induced liver fibrosis likely via inhibi-
tion of the Wnt/B-catenin pathway in hepatic stellate cells.'*" SST
is inhibitory to T cell proliferation,’®? dendritic cell activation'?
and stabilizes mast cells during Ts infection,'** preventing their
degranulation, although the direct role of SST on immune function
in Sm infection has not been fully explored. Although closely
associated with the digestive system, these neuropeptides can
potentially affect immune regulation and tissue repair in other
parts of the body affected by helminth infection, such as the
airway mucosa. Indeed, there are pulmonary neuroendocrine cells
known to regulate goblet cell mucous secretions in the context of
type 2 allergic inflammation,'?*'2® but their role during helminth
infection is unexplored.
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Canonical neurotransmitters: serotonin and acetylcholine

IL-33-TRPA1 evoked serotonin secretion and multicellular crosstalk.
Smooth muscle contraction is controlled by neurotransmission,
under both normal conditions and during helminth expulsion. IL-
33-dependent serotonin production during helminth infection can
emanate from multiple cell types.'”'?® EECs contain a subtype
called enterochromaffin cells (ECCs)'?° that are thought to
produce 90% of peripheral serotonin,'® but factors that regulate
their production of serotonin are unclear. During Tm infection, IL-
33 binding to its receptor ST2 expressed on ECCs induces
phospholipase C y (PLCy) to release intracellular calcium stores
in a My88-independent manner, which in turn causes activation of
the transient receptor potential channel ankyrin 1 (TRPA1),'?” a
non-selective cation channel found on sensory neurons, epithelial,
and immune cells in barrier tissues that responds to noxious
chemical mediators and painfully cold stimuli."*' TRPA1 activation
allows the intracellular influx of calcium required to release
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serotonin from ECCs that enhances firing of enteric neurons,
increases peristalsis, and enhances Tm clearance.'” The authors
posit that this IL-33-mediated activation of TRPA1 could also occur
in enteric neurons.'” TRPA1 activation may have additional
positive actions independent of serotonin release during helminth
infection as suggested by a study showing that treating Hp
infected mice with cinnamaldehyde, a TRPA1 agonist, alleviated
weight loss and increased antioxidant responses in ECs in the
context of Hp infection.'®® ILC2s also express tryptophan
hydroxylase 1 (Tph1), the rate limiting enzyme for serotonin
biosynthesis in an IL-33 dependent manner during Nb infec-
tion.'?® Deleting Tph1 from ILC2s abrogated their ability to adopt
an inflammatory phenotype and migrate to the MLN, due to
downregulation of activating cell receptors such as 1COS.'*® The
potential for multiple cell types, including migratory immune cells
to secrete and potentially respond to serotonin gradients suggests
that local gradients may provide a signal to orchestrate activation
and migration to sites of infection.

Acetylcholine modulates “Weep” and type 2 inflammation. In
addition to its anti-helminth peristaltic function, acetylcholine
can control the permeability of the epithelial barrier (contributing
to the ‘weep and sweep’) and modulate local inflammatory
processes to enhance helminth clearance and tissue healing.
Expression of the muscarinic acetylcholine receptor 3 (m3ACR) on
cultured ECs, in the absence of muscle, is associated with improved
barrier function and knock out of the channel delays clearance of
Nb."*? Similar to the role of Thp1 in ILC2s,'*® ILC2s also upregulate
the enzyme required to make acetylcholine, choline acetyltransfer-
ase (ChAT), in response to Nb or exogenous treatment with
alarmins (IL-25, IL-33, TSLP)."3* ILC2s are found in close proximity to
cholinergic neurons in the gut and also express multiple mACRs
and several alpha and beta nicotinic ACR subunits,'** suggesting
that both ILC2-derived and neuronal acetylcholine initiate a
positive feedback loop in ILC2s to maintain type 2 responses.
Acetylcholine induces ILC2 secretion of IL-13 and reduces worm
burden during Nb infection by enhancing type 2 cytokine and
cellular cascades.'** Conversely, removing ChAT from IL-7R + ILC2s
results in impaired helminth-induced inflammation which impaired
worm clearance.'®® The latter suggests that acetylcholine from
ILC2s is critical for enhanced peristalsis to expel worms from the
gut. It is worth noting that this work focused mostly on ILC2s from
the intestinal lamina propria, but also found upregulation of ChAT
in lung ILC2s of infected mice. In the context of allergy, secretion of
type 2 cytokines and ILC2 expansion was abrogated by acetylcho-
line and agonists of the a7nACR found on ILC2s."*® This suggests
that inhibitory feedback could be more prominent in the lung,
although such a mechanism may be unique to allergens and
perhaps not engaged by helminths. Understanding regional tissue
regulation of acetylcholine signaling and its effects on type 2
inflammation will be important in advancing our understanding of
host-protective immunity.

Neuronal contribution to growth and specialization of the Gl
epithelial mucosa. Cholinergic signaling also has ties to stem
cell function,'*® which could have implications for tissue repair in
the context of GI nematodes. Neuronal serotonin, not mucosal
serotonin, activates cholinergic neurons innervating the Gl
mucosa to control cell proliferation.'” This was under steady-
state conditions, but it may be informative to determine if this
dynamic is altered in the context of helminth infections when
other cell types may actively secrete serotonin in proximity to
cholinergic neurons bearing serotonin receptors. TCs are an
additional non-neuronal cell type with ChAT expression, capable
of secreting acetylcholine but whether this mechanism regulates
ISC fate in the context of anti-helminth immunity is unclear.?®
Pharmacological antagonism of muscarinic receptors reduces the
number of ISCs, potentially by acting on enteric ECs that express
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m3ACR.'*® Prox1-positive endocrine cells respond to this by
inducing TC expansion but with an enteroendocrine gene
signature. These findings could have important implications
considering that genetic deficiency of m3ACR impairs GC
expansion during Nb infection,'®® requiring a more granular
dissection of how serotonergic and cholinergic signaling regulate
homeostasis of the Gl epithelial barrier. It is possible that during
helminth infection the combined effects of neuron- and non-
neuron-derived neurotransmitters and other neuropeptides con-
tribute to enhanced epithelial proliferation and/or specialization
into secretory cells that promote wound healing and helminth
clearance but this has yet to be investigated in greater detail. It
has been postulated that acetylcholinesterase secreted by
helminths (Sr, Nb) may serve to degrade and limit host cholinergic
signaling and anti-helminth actions in the Gl tract,”®™*° suggesting
that helminths countermeasure mammalian neurotransmission.

Canonical neuropeptides: NMU, NMB, and CGRP
Neuromedin U from cholinergic neurons acts on ILC2s to promote
type 2 inflammation. As is the case for neurotransmitters,
neuropeptides can also come from and act on both neuronal
and non-neuronal cells to modulate neural activity and inflamma-
tory processes.’*® There are many neuropeptides that can be
released by sensory afferents associated with the somatosensory
dorsal root ganglia (DRG) or nodose ganglia (NG) to influence
neighboring cells, but only some have been specifically investi-
gated in the context of helminth infection. So far, neuromedin U
(NMU), neuromedin B (NMB), and calcitonin gene-related peptide
(CGRP) are suggested to both promote (NMU: Nb, Tm, Hp)mo'141
and limit (NMB, CGRP: Nb)'**'*® type-2 inflammation associated
with helminth infection. Other neuropeptides such as SP and
neuropeptide Y contribute to allergen associated type 2 inflamma-
tion in skin and lung respectively,'**'** but whether they play a
role during any stage of helminth infection is currently unknown.
Recently, two groups independently demonstrated that choli-
nergic, Ret+ enteric neurons are proximal to ILC2s, and that their
release of NMU enhances proliferation and cytokine release by
ILC2s through NMU Receptor 1 (NMUR1).'%'*! |n the context of
Nb infection or E/S product exposure, NMU expression is increased
in target organs and NMUR1 expression is exclusively increased in
ILC2s in the lungs and small intestines."**'*' NMU upregulation
also occurred in Tm and Hp infection.'" Nb-derived E/S products
evoked NMU release from enteric neuronal organoids in a Myd88-
dependent manner, suggesting that enteric neurons can directly
react to the presence of helminths. This NMU promotion of ILC2
function is important for controlling Nb infection, at least at early
stages;' %1% late-stage expulsion of worms was intact,'*® perhaps
due to intact acetylcholine signaling processes mentioned
previously. This work mainly focused on NMU released by
cholinergic neurons in the lung and Gl tract, which would be part
of NG and enteric nervous system. Nevertheless, NMU and NMUR1
are also expressed in DRG sensory neurons'“® and in the trigeminal
system,'*” which innervate the skin, musculature, vasculature, and
connective tissues throughout the body. NMU signaling via NMUR1
can reduce the activation threshold of nociceptive neurons and
increased pain sensitivity in experimental animals,'**'*® but
whether these signals operate during helminth skin penetration
is unknown.

NMB and CGRP limit type 2 inflammation and helminth clearance.
While NMU promotes type 2 inflammation and anti-helminth
actions in the lung and Gl tract, NMB and CGRP appear to limit this
inflammation. In the context of Nb infection, basophils contribute
to limit type 2 inflammation in the lung, preventing excess
damage and dysfunction.'*® The presence of basophils causes
upregulation of the NMB receptor on ILC2 cells.'** Exogenous
NMB inhibits type 2 immune responses, likely by downregulation
of purinergic 2x receptor 7 (P2rx7), which is also associated with
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increased worm burden.'*? The cellular source of NMB is not clear,
nor has evidence of endogenous NMB release during helminth
infection been demonstrated. Of note, these effects are seen
primarily in the lung, so whether NMB signaling acts similarly in
the GI tract to limit inflammatory tissue damage remains to be
determined. NMB in the CNS controls neural circuits related to
sighing, particularly in response to hypoxia, so it stands to reason
that there may be a peripheral neuronal source in the airway
mucosa. NMB is found in TRPV1/CGRP -+ trigeminal neurons'*
and NMB contributes to histaminergic itch,”® supporting evi-
dence that skin somatosensory neurons may release NMB. Thus,
there is a possibility NMB could play some role in regulating
immune responses during helminth skin penetration, but requires
specific examination.

Like NMB, CGRP also seems to be largely inhibitory toward type
2 inflammation, by direct opposition of NMU’s actions on ILC2s
during Nb infection."* As with serotonin and acetylcholine, ILC2s
can express CGRP and all the components of its receptor,
indicating potential for self or neuronally regulated feedback.'*®
CGRP causes cAMP-dependent abrogation of ILC2 proliferation and
IL-13 secretion, while enhancing IL-5 expression.'*® This indicates
that CGRP can regulate the relative levels of IL-5 vs other type 2
cytokines (IL4, 13) expressed by ILC2s, which may have implica-
tions for other diseases where specific type 2 cytokines play a
critical role."*® How the balance between the actions of NMU vs
NMB or CGRP is controlled during infection would be an important
area of study to optimize healing and anti-helminth therapies.
CGRP and SP also signal a number of functions critical for wound
healing'®”"'® that may be important for host survival during
helminth infection. CGRP is also found in skin sensory neurons, and
its release can influence inflammatory responses to fungal and
bacterial skin infections,'>"'*? but the role of CGRP in the
percutaneous stage of helminth infection is currently unknown.
Interestingly, CGRP is dispensable for papain-associated allergic
responses, mediated by SP-evoked dendritic cell migration to the
draining lymph node.'*® Because allergy and helminth immunity
both engage type 2 immune pathways, this might indicate that
CGRP may not be a significant contributor, positively or negatively,
but further study on this matter is required.

Is there a role for non-peptidergic neurons in helminth infection?.
There are sensory afferents traditionally classified as “non-
peptidergic” found in the skin,'>®> NG, and the enteric nervous
system,’>* which are only now being explored in terms of their
ability to modulate local immune responses. A large subset of
these “non-peptidergic” afferents express members of the Mas-
related G protein coupled receptor (Mrgpr) family, which transmit
itch sensation, contribute to both skin mechanical pain and
visceral pain, and modulation of gut motility.'>>'* Itch is the only
documented sensation associated with helminth or hookworm
skin penetration indicated by human subjects.’*®~"*® Thus far, only
MrgprE and MrgprF expression in enteric neurons has been
examined during helminth infection."*® In schistosomiasis, MrpgrE
and MrgprF+ cholinergic secretomotor neurons in the Gl
submucosa are reduced, especially in proximity to encysted Sm
eggs.'”® What this means functionally remains to be seen, but
other members (MrgprA3, C11, D) have been implicated in
enhancing visceral hypersensitivity (MrgprA3, C11, D)'**'®" and
slowing gastric motility (MrgprD).'®®> Notably MrgprD+ neurons in
the skin stabilize mast cells via glutamate release, which alleviates
dermatitis."®® Further work may uncover a novel role for Mrgpr-+
neurons in helminth infection.

CONCLUSION

Helminths colonize multiple barrier tissues where hematopoietic and
non-hematopoietic cells are in constant communication. Although
sometimes underappreciated, these non-hematopoietic cells are
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sentinels that promote the recognition and elimination of helminth
parasites and initiate tissue repair to reestablish proper organ
function. These active processes define non-hematopoietic cells as
‘non-traditional’ immune cells that contribute to host-protective
responses against helminths. It is clear that TCs and ISC niches
potentially sense helminth infections and initiate type 2 cytokine
responses. These signals also operate in multiple effector cells that
execute a variety of anti-helminth mechanisms including toxic mucus
secretion, cellular outgrowth to push larvae from the epithelium,
peristaltic movements to propel them out of the body, hemorrhage
control, and wound healing. These processes are also influenced by
regulators, including EECs and peripheral neurons that act as
rheostats to fine tune the magnitude and timing of anti-helminth
inflammation as well as the ISC niche in barrier tissues. It is therefore
fundamental that we consider the participation of these barrier-
resident cells in sensing and initiating anti-helminth responses and
controlling inflammation during infection. Most of our understanding
regarding anti-helminth immunity is based on studies in the Gl tract
and to some degree in the lower airways. While advances have been
made in terms of understanding how the ISC niche is regulated
during helminth infection, we still do not know if these mechanisms
also apply to the stem cell niche in the airway mucosa or other sites.
Many helminth species enter the host by penetrating the skin,
invading lymphatic vessels, skeletal muscles and even the brain yet
our understanding of how anti-helminth immunity operates at these
sites is remarkably limited. Such knowledge remains critical for
developing effective therapies to clear helminth infections and heal
tissue damage in humans and animals. Further, these models may
provide insight to allergic inflalmmation, given that they engage
common mechanisms. While animal studies have advanced our
understanding of helminth infection and host responses and led to
vaccine candidates,'® mice and humans do have some differences
immune and sensory neuron function,'®>'%® which will warrant future
studies in culture systems derived from human tissues. As such, a
deep appreciation of the communication pathways between
‘traditional’ and ‘non-traditional’ immune cells will provide critical
insight(s) that could be translated into novel prevention and
treatment strategies for helminth infections. For example, a better
understanding of skin penetration mechanisms, could indicate
preventative therapeutic strategies for vulnerable populations in
endemic areas or occupations with soil-transmitted helminth
exposure (e.g., Ss), which do not currently exist.
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