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Abstract

Helminth infections represent a significant public health concern resulting in devastating
morbidity and economic consequences across the globe. Helminths migrate through mucosal sites
causing tissue damage and the induction of type 2 immune responses. Anti-helminth protection
relies on the mobilization and activation of multiple immune cells including type 2 innate
lymphocytes (ILC2s), basophils, mast cells, macrophages and hematopoietic stem/progenitor cells.
Further, epithelial cells and neurons have been recognized as important regulators of type 2
immunity. Collectively, these pathways stimulate host-protective responses necessary for worm
expulsion and the healing of affected tissues. In this review, we focus on the innate immune
pathways that regulate immunity to helminth parasites and describe how better understanding
these pathways may lead to the development of new therapeutic strategies.
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Type 2 inflammation promotes host-protective responses to helminths

Helminth infections constitute a serious public health concern affecting approximately one
third of the global population, particularly in impoverished areas of Africa, Asia and South
America[1, 2]. These high rates of infection are driven by a wide diversity of helminths that
can cause human disease including but not limited to Ascaris lumbricoides (roundworm),
Trichuris trichiura, Trichinella spiralis (whipworms), Ancylostoma duodenale, Necator
americanus (hookworms), Strongyloides stercoralis as well as different Schistosoma and
microfilariae species. Helminths often establish chronic infections resulting in anemia,
malnutrition, growth impairment, cognitive deficiencies and immunopathology. Despite the
implementation and effectiveness of anti-helminth medications, high reinfection rates are
thought to limit their longterm impact. For example, recent studies have shown that
approximately 50% of patients treated with anti-helminths will become reinfected within six
months of receiving the medication[3]. In addition to humans, helminth infections are
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known to have devastating consequences on livestock populations. In order to combat this
issue, many farmers have continuously administered anti-helminthic drugs resulting in the
increased prevalence of drugresistant parasites[4]. Further, the generation of effective
vaccines against helminths has been hindered due to the complexity of their life cycles, the
antigenic variation of helminths at their distinct developmental stages and the multiple
immunomodulatory mechanisms utilized by helminths to dampen host-protective
responses[5]. Although several potential vaccine candidates against human and ruminant
helminth pathogens have been described[6, 7], additional clinical studies are required to
determine their effectiveness and ability to generate strong host-protective responses.
Collectively, these facts highlight the urgent need for novel and more effective therapeutic
strategies. In order to inform the development of new treatment options, research has
focused on better understanding the interactions of various helminths with their mammalian
hosts. Since studying helminth infections in human patient populations is difficult, many
studies have relied on different animal models of infection including Nippostrongylus
brasiliensis, Heligmosomoides polygyrus, Trichinella spiralis, Trichuris muris, Brugia
malayi, Strongyloides venezuelensis and Schistosoma mansoni (Table 1). The following
sections will highlight the many important discoveries these murine models have uncovered.

Helminths can be transmitted to both humans and animals via the ingestion of eggs or larvae
present in contaminated food or water, insect bite, or by direct penetration of immature
larvae through the skin[2]. Upon infection, helminths can cause substantial tissue damage
and produce excretory-secretory (ES) products (see Glossary) as they migrate through
different organs, including the lungs, intestines, liver, and skin, to complete their life cycles.
Collectively, helminth-induced wounding and the production of ES products are known to
activate distinct hematopoietic and non-hematopoietic cells resulting in the initiation of type
2 immune responses characterized by the population expansion and activation of innate
immune cells including dendritic cells (DCs), basophils, eosinophils, mast cells (MCs),
ILC2s, and specialized hematopoietic stem/progenitor cells (HSPCs). These early events
lead to the secretion of cytokines such as interleukin (IL)-4, IL-5, IL-9 and IL-13 that
promote the polarization of alternatively activated or M2 macrophages, the activation of
type 2 T helper (TH2) cells and immunoglobulin E (IgE)-producing B cells, which contribute
to the development of inflammation (Figure 1). Collectively, these cellular and molecular
events initiate host-protective responses such as mucus production by goblet cells, smooth
muscle contraction and the proliferation of epithelial cells that stimulate helminth expulsion
and promote the healing of affected tissues. In addition to these resistance mechanisms, type
2 immunity also promotes tolerogenic responses, such as the formation of granulomas,
which contain parasite infection to sub-clinical levels. In summary, type 2 cytokine
responses are known to be critically important in providing protection against helminth
parasites.

In contrast to helminth infections, type 2 inflammation, when uncontrolled, is also known to
promote inflammation associated with allergies and asthma. Therefore, studies investigating
the mechanisms that regulate allergic responses have helped to inform our understanding of

helminth-induced inflammation[8]. Although the purpose of this article is to highlight recent
studies describing the initiation of host-protective responses following helminth challenge,
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we have also highlighted some reports focused on allergic inflammation when similar
aspects of type 2 immunity may be operational in the context of helminth infections. Further,
since the contributions of T2 cells and IgE-producing B lymphocytes to anti-helminth
immunity are well established and have been extensively reviewed previously[9, 10], they
will not be heavily covered in this article. Instead, we will focus on innate immune pathways
and highlight the recently identified roles that epithelial cells and neurons[11, 12] play in
promoting anti-helminth immunity. Finally, we will describe how these advances may
inform new therapeutics to treat helminth infections and their associated morbidities.

More than just a barrier: epithelial cells.

Epithelial cells have important functions at mucosal sites such as the absorption of nutrients,
the protection of the underlying tissues and the sensing of microbial pathogens. Further,
previous studies have established that highly specialized goblet cells respond to 1L-13 and
secrete vast amounts of mucus, preventing the attachment of helminths to the mucosal
epithelium and facilitating their expulsion. Epithelial cells are also known to produce
resistin-like molecule beta (RELM) that binds components of the sensory apparatus of
helminths and inhibits their chemotactic function /n vitro[13, 14]. Moreover, paneth cell
populations have been described to expand following helminth infections[15], although their
precise contribution to anti-helminth immunity remains to be determined. In addition to their
direct effector functions, novel studies have highlighted the pivotal role epithelial cells play
as initiators of anti-helminth immunity via their ability to influence immune cell
populations. Epithelial cells are reported to secrete multiple cytokine alarmins in response to
helminth-induced inflammation including IL-25, IL-33 and thymic stromal lymphopoietin
(TSLP)[16]. These cytokines induce the development, proliferation and activation of
terminally differentiated innate cell populations (ILC2s, basophils, MCs, eosinophils and
DCs) and HSPCs in the early phases of helminth infections. Further, epithelial cells secrete
chemokines such as CXCL1, CXCL2 and CXCLS8, as well as eotaxins that are known to
attract neutrophils and eosinophils from the periphery to mucosal sites in response to
inflammatory insults[17]; however, the precise contributions of epithelial-derived
chemokines to anti-helminth immunity remain to be defined. The following sections will
highlight the important role epithelial cell-derived alarmins play in promoting antihelminth
responses.

The importance of alarmins to host-protective responses following helminth infection has
been well defined. For example, IL-25 has proven to be necessary and sufficient to promote
efficient worm expulsion and potent type 2 cytokine responses following N. brasiliensis, T.
murisor T.spiralis infection[18-20]. IL-25 is reported to have several cellular targets, many
of which are known to promote type 2 cytokine production and anti-helminth responses. For
example, IL-25 has been shown to induce the accumulation of type 2 multipotent progenitor
cells (MPPYPE2) which promote anti-helminth immunity by differentiating into
macrophages, MCs and basophils[21, 22]. Similarly, IL-25 is reported to stimulate the
differentiation of intestinal ILC progenitors, defined as ‘inflammatory ILC2s’, following
infection with N. brasiliensis|23, 24]. 1L25-induced inflammatory ILC2s were shown to
migrate into the lungs where they differentiated into mature ILC2s and contributed to the
wound healing of pulmonary tissue, suggesting that IL-25 might promote type 2 responses
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by acting on terminally differentiated cells as well as specific HSPCs. Remarkably, intestinal
epithelial tuft cells have been recently recognized as the main producers of I1L-25 upon
infection with A. brasiliensis and H. polygyrus. In turn, tuft cell-derived IL-25 promoted the
secretion of IL-13 by ILC2s, which stimulated epithelial cell turnover in a positive feedback
loop that resulted in worm clearance and tissue repair at sites of infection[14, 25]. Further,
mice deficient in tuft cells exhibited delayed worm expulsion and impaired mucus
production[26], demonstrating that specialized epithelial cell populations coordinate anti-
helminth protection via their production of alarmins.

IL-33 is a DNA-binding protein that is actively released by the epithelial cell barrier and
some hematopoietic cells (MCs and macrophages) in response to helminth-induced
damage[16, 27, 28]. Once in the extracellular space, IL-33 is cleaved by MC- and
neutrophil-derived proteases into bioactive forms, which signal through the T1/ST2 receptor
expressed on immune cells such as ILC2s, basophils, MCs, and T2 cells. The essential role
of IL-33 in anti-helminth immunity has been illustrated by studies demonstrating that mice
deficient in T1/ST2-mediated signaling have increased worm burdens and reduced type 2
responses following infection with . brasiliensis, S. mansoni or S. venezuelensis{29-31].
Further, gain-of-function studies have shown that exogenous 1L-33 enhances type 2 cytokine
responses and accelerates expulsion of 7. muris[32]. Collectively, these studies demonstrate
that I1L-33 is necessary and sufficient to promote host-protective responses to some helminth
parasites. However, further studies are still required to determine the relative importance of
non-hematopoietic versus hematopoietic sources of IL-33 to the development of host-
protective responses following infection.

Considering the important role that 1L-33 has been shown to play in promoting immunity to
helminths, it is not surprising that parasites have developed mechanisms to interrupt 1L-33-
IL33R signaling. For example, ES products secreted by H. polygyrus have been described to
inhibit type 2 inflammation by blocking the release of 1L-33[33]. Size fractionation and
protein analysis of ES products identified the presence of a 251 aminoacid peptide that was
able to bind to active forms of human and murine 1L-33 and thus was named H. polygyrus
alarmin release inhibitor (HpARI)[34]. Remarkably, HpARI was demonstrated to bind to the
DNA within necrotic cells, resulting in the retention of IL-33 and preventing its release.
Further, it was shown that treatment with HpARI was sufficient to inhibit type 2
inflammatory responses induced by inhalation of A/ternaria allergens or following N.
brasiliensis infection[34], demonstrating the capacity of helminth-derived ES products to
modulate inflammation by targeting this specific alarmin.

Under homeostasis, TSLP is constitutively expressed by thymic epithelial cells and
functions as a growth factor for T and B lymphocytes. Like I1L-25 and 1L-33, epithelial cell-
derived TSLP is reported to promote type 2 cytokine responses following helminth-induced
tissue injury via its effects on basophils, MCs and ILC2s[16]. Additionally, TSLP is reported
to regulate the polarization of T2 cells by suppressing I1L-12/23p40 production and
promoting surface expression of OX40L by DC populations[16]. Further, TSLP has been
shown to stimulate extramedullary hematopoiesis following infection with 7. spiralis [35],
demonstrating that TSLP promotes anti-helminth immunity via distinct cellular mechanisms.
Importantly, TSLPR deficiency did not result in impaired type 2 cytokine responses or worm
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clearance following infection with S. mansoni, N. brasiliensis or H. polygyrus36, 37] but
was required for efficient expulsion of 7. murisand 7. spiralis[38, 39]. These interesting
results suggest that the importance of TSLP may be parasite-specific. It has been suggested
that the specificity of these responses may depend on whether TSLP is required to inhibit
IL-12/23p40 production or whether the parasite is capable of directly inhibiting IL-12/23p40
via secretion of ES products. For example, it has been shown that antibody-mediated
neutralization of 1L-12/23p40 or IFNYy is sufficient to restore the clearance of 7. murisin
TSLPR-deficient mice[36, 38], suggesting that 7. muris-induced TSLP is needed to limit
detrimental type 1 responses. By contrast, TSLP may be dispensable following A.
brasiliensis and H. polygyrus infection since these parasites are known to produce ES
products capable of directly inhibiting IL-12/23p40 by DCs[36]. These studies further
illustrate the complexity of host-parasite interactions and demonstrate the need to better
understand parasite-specific responses.

In addition to cytokines, epithelial cells have also been shown to release danger-associated
molecular patterns (DAMPSs) such as ATP and adenosine that regulate the induction of
type 2 responses. Specifically, recent studies have demonstrated that necrotic epithelial cells
secrete ATP, which activates MCs via P2X7 receptor and promotes their secretion of IL-33
following H. polygyrus infection[28]. Additionally, extracellular ATP can be processed into
adenosine, which signals through the A,g adenosine receptor (AogAR) thereby promoting
ILC2 and M2 macrophage activation[40, 41]. Further, ApgAR-deficiency impaired helminth
expulsion following H. polygyrus infection[42], demonstrating that epithelial cells can also
regulate antihelminth immunity via danger-associated signals. Future studies are required to
determine the specific signaling pathways activated by ATP and adenosine to promote anti-
helminth immunity.

Similar to their ability to target cytokine alarmin pathways, recent studies have also
demonstrated that helminths modulate pathways activated by DAMPs to inhibit type 2
cytokine-mediated inflammation. Specifically, H. polygyrusand T. muris infections, or
treatment with soluble schistosoma egg antigens were found to activate the NLRP3
inflammasome leading to the secretion of IL-1f and IL-18, a signaling cascade commonly
activated by DAMPs[43-45]. In contrast to its protective role in the context of bacterial and
viral infections, helminth-induced NLRP3 activation was found to inhibit type 2 immunity
since NLRP3-deficient mice, IL-1p-deficient mice or mice treated with a soluble IL-1pR
antagonist (Anakinra) exhibited elevated type 2 inflammatory responses that correlated with
accelerated worm expulsion[43, 46]. Remarkably, it was also demonstrated that helminth-
derived ES products were sufficient to induce NLRP3 activation and secretion of IL-1p and
IL-18 /n vitroand in vivo[43, 46], suggesting that helminths have evolved to manipulate
these pathways in order to dampen host-protective responses.

A network of first responders: type 2 innate lymphoid cells (ILC2s).

Strategically positioned at mucosal surfaces including the lungs, intestines and skin, innate
lymphocytes have been recently recognized as essential mediators of innate immune
responses to bacterial, viral and parasitic infections[47]. According to their cytokine
production as well as their expression of transcription factors, innate lymphoid cells are
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classified into ILC1s, ILC2s and ILC3s resembling their adaptive lymphocyte counterparts,
Thl, TH2 and TH17 cells[47]. Despite lacking the expression of classical lymphoid or
myeloid lineage markers, ILC2s can be identified by their expression of surface markers
including CD90, CD127, ST2, CRTH2 and KLRG1[47]. Additionally, ILC2s
characteristically express the T2associated transcription factor GATA-3, which has been
shown to regulate their development along with other factors such as PLZF, RORa and
1d2[47]. Nonetheless, the cellular and molecular events that regulate ILC2 development
remain to be fully defined. ILC2 progenitors have been identified in the fetal liver as well as
adult bone marrow; however, mature tissueresident ILC2s show high proliferative potential,
suggesting that /n situ proliferation maintains ILC2 populations during adult life[47].
Conversely, recent studies have reported that IL-25-induced ‘inflammatory’ ILC progenitors
migrate from the gastrointestinal tract into the lungs and differentiate into mature 1LC2s
following N. brasiliensis infection[23], suggesting that helminth-induced inflammation
might promote the trafficking of ILC progenitors, which contribute to the pool of tissue-
resident ILC2s[24]. Despite these advances, further studies are needed to better define the
molecular mechanisms that regulate 1LC2 development and trafficking between mucosal
surfaces in the context of various helminth infections.

Proliferation and activation of ILC2s following helminth infection are reported to be
regulated by cytokine alarmins (IL-25, IL-33 and TSLP), type 2 cytokines (IL-4 and 1L-9),
or by inflammatory lipid mediators such as prostaglandin D,[47, 48]. In turn, activated
ILC2s secrete effector cytokines such as IL-5, IL-9 and IL-13, which promote specific anti-
helminth responses including eosinophil recruitment, M2 polarization and mucus production
by goblet cells[47]. In particular, ILC2-derived IL-9 has been shown to act in an autocrine
manner enhancing the cytokine production and survival of ILC2s following N. brasiliensis
infection thereby promoting worm expulsion and tissue repair[49, 50]. Further, ILC2s have
been shown to promote wound healing via their production of amphiregulin and arginase 1
in the context of allergic inflammation and viral infection[51-53], suggesting that ILC2s
may also contribute to tissue remodeling in the context of helminth infections. In addition to
their innate effector mechanisms, ILC2s contribute to the establishment of adaptive immune
responses to helminths. For example, it has been demonstrated that ILC2s express type 2
cytokines, MHCII and co-stimulatory molecules, all of which were required to activate T
lymphocytes /in vitro[54-57]. Moreover, ILC2s promote worm expulsion in a MHC-I11-
dependent manner when transferred into IL-13-deficient mice[54]. Likewise, ILC2-derived
IL-13 has been reported to induce the production of the T2-attracting chemokine CCL17
by DCs[56], suggesting that ILC2s contribute to long-term T2 polarization through
multiple mechanisms. Collectively, these studies demonstrate the important roles of ILC2s to
host-protective responses following N. brasiliensis infection. However, little is known of
their role in the context of other helminth infections. Although it has been shown that ILC2
populations expand and contribute to antihelminthic immunity following infection with H.
polygyrus, T. spiralis, S. venezuelensis and schistosoma species[28, 57-60], their
mechanism of action and specific contributions to protective immunity remain less well
defined.
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Getting to the root of the problem: neurons

The coordinated responses of epithelial cells and ILC2s highlight the important
contributions of both hematopoietic and non-hematopoietic cells in promoting host-
protective responses to helminths. However, recent studies have now revealed that in
addition to epithelial cells, neuron-derived signals also play an important role in regulating
helminth-induced inflammation. Specifically, the receptor for the neural peptide neuromedin
U (NMU) was found to be exclusively expressed by ILC2s when compared to other
lymphoid and myeloid cell lineages[11, 12, 61]. Remarkably, NMU stimulation was
sufficient to activate ILC2s /n vitroas well as /in vivo and was shown to promote worm
expulsion in mice infected with N. brasiliensis. Moreover, conditioned media from enteric
cholinergic neurons activated with helminth-derived products was sufficient to activate
ILC2s, suggesting that helminths might directly induce NMU production and thereby initiate
ILC2 responses[11, 12, 61]. Further, the Bo-adrenergic receptor (B2AR), which interacts
with the neurotransmitter epinephrine, was also found to be expressed by ILC2s[62]. In
contrast to the activating effect of NMU, however, treatment with B2AR agonists abolished
ILC2 responses and impaired worm expulsion in . brasiliensisinfected mice. Further,
B2AR-deficient mice had reduced worm burdens, increased eosinophilia, and elevated
mucus production[62], demonstrating that p,AR-dependent signals negatively regulate ILC2
activation.

These new studies compliment previous reports revealing that mice deficient in the
muscarinic receptor M3, which binds to the neurotransmitter acetylcholine, exhibited
delayed helminth expulsion and reduced type 2 responses following infection with A.
brasiliensis[63, 64]. Further, CD4* T cells were found to express the M3 muscarinic receptor
and the adoptive transfer of M3 receptor-deficient T cells taken from N, brasiliensis-infected
mice did not provide protection to naive mice upon infection when compared to receptor-
sufficient CD4™ T cells[63]. Remarkably, helminths secrete acetylcholinesterases, which are
known to cleave and terminate the activity of acetylcholine and have been shown to inhibit
type 2 inflammation[65, 66]. Collectively, these studies suggest that helminths might
regulate host-protective responses by secreting factors that interfere with the cooperative
actions of neurons and the immune system.

In addition to the regulation of immune responses by the central nervous system,
enteroendocrine cells might also represent an additional level of regulation that links the
mucosal epithelium to immune cell activation. Enteroendocrine cells (EEC) are highly
specialized epithelial cells that respond to different stimuli in the mucosal lumen such as
nutrients, and secrete a number of peptide hormones including cholecystokinin (CCK),
somatostatin and ghrelin, as well as bioactive amines like serotonin (5-HT), that regulate
distinct physiological events to enable the efficient absorption of nutrients[67]. The possible
contribution of EECs was first suggested in early studies reporting a reduction in food intake
by lambs infected with 7richostrongylus colubriformis and pigs infected with Ascaris suum
that was reversed by the administration of a specific CCK antagonist[67, 68]. Similarly, mice
infected with 7. spiralis or T. muris exhibited reduced food intake rates that correlated with
elevated levels of CCK and 5-HT[69-71]. Interestingly, these observations were not present
in mice deficient in adaptive lymphocytes and the adoptive transfer of CD4* T cells was
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sufficient to re-establish the loss of food intake as well as the secretion of CCK and 5-HT in
severe combined immunodeficient (SCID) mice. Further, EECs were found to express the
IL-4Ra, suggesting that EECs may respond to type 2 cytokine responses and regulate
calorie intake upon helminth infection[69, 70]. Remarkably, 7. spiralis-infected mice also
exhibited diminished levels of the hormone leptin, which has been shown to induce
hypophagia, promote type 1 responses, and suppress type 2 inflammation[71]. Moreover, 7.
spiralis-infected mice treated with leptin exhibited increased worm burdens that were
associated with reduced levels of type 2 cytokines[71]. These exciting reports have revealed
previously unappreciated regulators of helminth-induced inflammation; however, further
studies are required to determine if additional neuronal- and hormone-derived signals can
promote and/or inhibit type 2 cytokine-mediated inflammation. Studies of this nature are
likely to identify targets with great therapeutic potential (Figure 2). Further, these studies
highlight the complex relationships that exist between the mucosal epithelium and the
nervous, endocrine and immune systems as well as illustrate how highly coordinated
communication event regulate host-protective responses to helminth parasites.

Underappreciated but not forgotten: basophils

Basophils are potent cytokine-producing granulocytes that contribute to type 2 responses via
their secretion of cytokines such as IL-4, IL-6 and IL-13, as well as inflammatory lipid
mediators including leukotrienes and prostaglandins that activate distinct components of
anti-helminth immunity such as M2 macrophages[72]. Although basophils constitute less
than 1% of blood leukocytes under homeostatic conditions, peripheral basophilia is a
hallmark of helminth infections, suggesting that basophils contribute to host-protective
responses[72]. Further, infiltrating basophils appear to be required for granuloma formation
after S. mansoniinfection[73, 74], suggesting that basophils may also contribute to
helminth-induced tissue remodeling. While the precise mechanisms that govern basophilia
remain to be fully defined, developmental studies have reported that basophil precursor cells
reside in both the bone marrow and periphery and respond to helminth-induced expression
of IL-3 and/or TSLP[39, 75]. For example, basophil populations expand and activate in
response to IL-3 following infection with N. brasiliensis, H. polygyrusand S.
venezuelensis| 75-77]. Moreover, TSLP has been reported to contribute to basophil
expansion following 7. spiralisand 7. muris infections [39, 78]. Interestingly, models of
basophil depletion have demonstrated that basophils do not appear to promote worm
expulsion in the context of A. brasiliensis or H. polygyrus infections but appear to contribute
to reduce parasite burdens following 7. spiralis or 7. muris infections[39, 75-79]. Studies
have suggested that these parasite-specific differences may reflect the distinct phenotypes
recognized in basophils that develop in a TSLP-rich environment[78, 80]. Specifically, it
was shown that basophil precursor cells that matured in the presence of TSLP and IL-3 were
more responsive to IL-33 stimulation than those matured in the presence of IL-3 alone.
These data suggest that helminth parasites that promote high levels of infection-induced
TSLP, in addition to I1L-3, may promote a functionally distinct basophil compared to
helminths that do not promote high levels of TSLP expression. Beyond being activated by
infection-induced cytokines, specific helminth-derived molecules such as proteases have
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also been reported to directly activate basophils[81], further suggesting that the role of
basophils in promoting anti-helminth immunity may be parasite-specific.

Basophils have also been recognized for their ability to assist in the optimal polarization of
TH2 cells via their expression of MHC-I1 and secretion of 1L-4[82-84]. Although MHCII-
expressing basophils are recruited to the lymph nodes following helminth infection[83, 85],
in vivo fluorescent imaging revealed that basophil-T cell interactions in the lymph node
were short and unstable unlike those established between T cells and professional APCs[79].
Conversely, basophils established prolonged serial interactions with lung-resident T
cells[79], suggesting that basophils may influence T cells differently in specific tissue
environments. In addition to their interactions with adaptive lymphocytes, emerging studies
have also described the complex relationship between basophils and innate lymphoid cells.
For example, basophils and ILC2s have been found to be co-present in many inflamed
tissues[86, 87]. Further, basophils have been shown to activate ILC2s via their production of
IL-4, inducing eosinophil recruitment and allergic inflammation[86, 87]. Moreover,
basophils are potent producers of prostaglandins and leukotrienes[88], which have been
reported to activate ILC2s during allergic responses[48, 89, 90]. Collectively, these studies
suggest that basophils and ILC2s may cooperate to promote type 2 inflammatory responses
following helminth infections. However, further studies are required to better define the
ability of basophils to regulate ILC2 responses and to determine whether they do so directly
via cytokines production and/or indirectly by modulating helminth-induced regulatory
signals of epithelial and neuronal cells.

The sections above were focused on the activation of basophils in the context of primary
helminth infections. However, it is also well established that basophils express the high-
affinity IgE receptor FceR1, which can bind antigen-specific IgE and become activated via
FceR1-crosslinking upon secondary exposure to antigens [72]. Therefore, despite being
dispensable for worm expulsion during primary infection, IgE-mediated activation of
basophils is required for optimal T2 polarization and protective immunity following
reinfection with N. brasiliensis and H. polygyrus{77, 79, 91]. Further, depletion of basophils
or deletion of FCERI on their surface resulted in diminished M2 macrophage polarization,
reduced larval trapping in the skin and increased lung injury upon reinfection with A.
brasiliensis[92]. In summary, basophils are capable of regulating host-protective responses
following both primary and secondary exposure to helminths.

Always a contributing factor: mast cells

MC:s are tissue-resident granulocytes that, similar to basophils, are capable of contributing to
anti-helminth immunity via their secretion of type 2 cytokines and other effector molecules.
Further, MC populations dramatically expand in peripheral tissues after multiple helminth
infections[88], suggesting that MCs are important mediators of anti-helminth responses. MC
progenitor cells are reported to differentiate into either mucosal MCs or connective tissue
MCs, distinguishable based on the expression of mast-cell associated proteases (mcpt)[88].
Although the precise pathways governing MC development remain to be fully determined,
important studies have identified a distinct lineage-committed mast cell progenitor that
expands in response to infection-induced cytokines such as IL-3[93]. MC progenitors exit
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the bone marrow as immature cells and enter peripheral tissues where they finish their
differentiation program. Importantly, stem cell factor (SCF) and its receptor c-Kit are critical
for the differentiation of mature mucosal mast cells[88]. In the tissues, MCs are long-lived
and exhibit /n situ proliferation as well as re-granulation following stimulation[88]. MC
development has been reported to be regulated by the timely expression of transcription
factors such as GATA-2 and C/EBPa[88]. Additionally, recent studies have also highlighted
the contribution of carbonic anhydrase (Car) enzymes to the differentiation of mucosal
MCs in the context of type 2 inflammation[94]. Carl and Car2 were specifically upregulated
in bone marrow-derived MCs but not in other granulocytes such as basophils. Further,
pharmacological inhibition of Car enzymes resulted in reduced MC differentiation /n vitro
and impaired intestinal MC responses following 7.spiralis infection, suggesting that Car
enzymes operate as important regulators of MC responses following infection[94].

MCs can be activated in response to cytokines including IL-3, IL-9, IL-33 and TSLP,
resulting in their degranulation and rapid release of inflammatory mediators like histamine,
leukotrienes and prostaglandins; cytokines such as IL-4, IL-6 and TNFa; as well as
proteases including mcptl and mcpt2, which are well established markers of mast cell
activation[88]. These effector molecules in turn induce the polarization of M2 macrophages,
activate smooth muscle cell contraction, promote mucus production and increase the
permeability of the intestinal epithelium leading to the expulsion of parasitic larvae[88, 105].
Additionally, it is thought that MCs might directly attack the parasites or prevent their
attachment to the epithelium by their release of mcpt2 and glycosaminoglycans[95-97].
MCs can also respond to signals released following epithelial cell damage such as ATP and
activate ILC2s through their secretion of prostaglandin D,[48, 98] and IL-33[28], thereby
promoting anti-helminth responses. ILC2s and MCs are known to further communicate via
IL-9-mediated mechanisms. Specifically, ILC2s secrete vast amounts of IL-9 following /.
brasiliensis infection[99]. IL-9 is a well-known growth factor of MCs that stimulates its own
production in an autocrine manner, thereby promoting MC survival and cytokine expression
in the context of type 2 inflammation[100]. Perhaps most importantly, MCs have been
demonstrated to stimulate the secretion of IL-25, IL-33 and TSLP by the intestinal
epithelium following H. polygyrusand T. muris infection[101]. In addition to regulating the
release of alarmins such as I1L-33, MC-derived proteases are also capable of cleaving IL-33
into its bioactive form[102].

Not surprisingly given their infection-induced population expansion and vast array of
effector functions, previous studies have identified important contributions of MCs to anti-
helminth immunity. For example, studies employing KitVSW"W/sh and the Kit"/"" animal
models, which express a truncated version of c-Kit and therefore lack MC populations,
suggest that MCs contribute the expulsion of H. polygyrus, S. venezuelensis, T. spiralis and
7. muris[88]. However, it is important to note that K7t/Vs"W/sh mice are known to have
reduced intestinal peristalsis and diminished IgE levels that may also alter anti-helminth
responses, therefore, more mast-cell specific studies are still required. Nonetheless, it has
been shown that mcptl-deficiency prevented worm clearance and resulted in elevated larvae
colonization of skeletal muscles following 7. spiralis infection[103]. Conversely, selective
depletion of connective tissue MCs did not alter worm expulsion[104], suggesting that
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mucosal and connective tissue MCs might have distinct contributions to anti-helminth
responses. In summary, like many other factors discussed above, the role of mast cells in
promoting host-protective response to helminths may be situation- and parasite-specific and
has been comprehensively reviewed in the following review articles that explore this topic in
more depth[88, 105].

More than bystanders: eosinophils

Like basophils, eosinophil populations expand and accumulate in peripheral tissues in the
context of helminth infection[106]. During homeostasis, eosinophil development occurs in
the bone marrow, where eosinophil progenitors differentiate in a stage-wise manner
following exposure to cytokines such as IL-3, IL-5 and GM-CSF, which induce the
activation of transcription factors including GATA-1, PU.1 and C/EBPa[106]. Similarly,
eosinophil development requires the proper synthesis of eosinophil-specific cationic proteins
and assembly of intracellular granules[107-109], suggesting that eosinophil maturation is
dependent on extrinsic and intrinsic signals. Once mature, eosinophils are reported to
infiltrate non-esophageal intestinal compartments in response to eotaxin-1, which is
regulated by ILC2s activated via the circadian synchronizer vasoactive intestinal peptide
(VIP)[110]. Among other soluble factors, IL-5 is instrumental for eosinophil responses,
since IL-5 stimulates eosinophil differentiation and extravasation from the bone marrow,
enhances eosinophil responsiveness to eotaxin-1 and enhances their survival in mucosal sites
during type 2 inflammation[106]. Further, IL-5Ra* lineage committed eosinophil
progenitors accumulate during allergic inflammation[111], suggesting that similar
extramedullary eosinophilopoiesis may occur following helminth-induced inflammation.

Eosinophils mediate rapid and potent responses to diverse stimuli by secreting crystalline
granules containing preformed cationic proteins such as eosinophil peroxidase (EPX),
eosinophil derived neurotoxin (EDN), eosinophil cationic protein (ECP) and major basic
protein 1 (MBP-1); cytokines including IL-4, IL-6, IL-10 and IL-13; chemokines as well as
growth factors like TGFp and VEGF[112]. Collectively, these soluble mediators activate
anti-helminth mechanisms such as the polarization of M2 macrophages, the secretion of
mucus and the contraction of smooth muscle cells[106]. Eosinophils release their granules
via three main secretory mechanisms, namely classical exocytosis, cytolysis with granule
release and piecemeal degranulation. Classic exocytosis occurs when eosinophils attach to
the parasitic cuticle, inducing the fusion of granules to generate a secretory channel that
releases the granule contents directly into the helminth[112]. However, this mechanism has
only been observed /n vitro[113] and its role /n vivo requires further investigation.
Conversely, eosinophils can undergo a cytolytic death pathway, which culminates in the
release of DNA nets consisting of intact membrane-bound granules containing cytokine and
chemokine receptors[112]. These extracellular structures have been found in tissue samples
of eosinophil-driven allergic patients[114], suggesting that eosinophils might employ this
mechanism to cooperate with other effector cells rather than being used to directly attack the
parasite. Piecemeal degranulation refers to the selective transport and release of specific
granule contents into small secretory vesicles, which are then released into the extracellular
space[112]. In particular, IL-4 and IL-4Ra complexes were found to be specifically
translocated to secretory vesicles upon stimulation of eosinophil with eotaxin-1[115],

Trends Parasitol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Inclan-Rico and Siracusa Page 12

suggesting that piecemeal degranulation might be critical for the release of cytokines by
activated eosinophils.

The contributions of eosinophils to helminth-induced protective responses also appear to be
situation- and parasite-specific. For example, elevated eosinophil responses are associated
with the clearance of Ascaris suum in infected pigs, an animal model for human infections
with A. Jumbricoides, and serum-activated eosinophils were shown to kill A. suum larvae in
vitro[116, 117]. Further, eosinophil-deficient mice showed increased worm burdens
following primary infections with H. polygyrus as well as B. malayfand upon secondary
infection with N. brasiliensisand T. spiralisf118-121], suggesting that eosinophils
contribute to anti-helminth immunity across different mammalian hosts. However, parasite
expulsion was not impaired upon primary infection with N. brasiliensis, T. spiralis, T. muris
or S. mansoni in mice lacking eosinophils[118, 122, 123], illustrating that the role of
eosinophils to anti-helminth responses is complex. Although the mechanisms through which
eosinophils operate remain to be fully defined it has been shown that eosinophils elevate
their expression of MHC-I11 and costimulatory molecules upon 7. muris infection[122],
suggesting that eosinophils may regulate adaptive immune responses. Further, it has been
demonstrated that eosinophil-deficient mice exhibited reduced numbers of newborn 7.
spiralis larvae in skeletal muscles, which correlated with diminished T2 cell infiltration and
elevated iNOS expression [124, 125]. Moreover, eosinophil-derived IL-10 and IL-4 were
found to promote larval growth in the skeletal muscle by induction of regulatory T cells and
suppression of STAT1-mediated inflammation[126, 127]. Collectively, these data
demonstrate that eosinophils also contribute to tolerogenic responses to helminths.

License to kill: neutrophils

Although typically associated to anti-bacterial and viral immunity, neutrophils rapidly
accumulate following the acute lung injury caused by N. brasiliensis infection[128]. N.
brasiliensis-induced neutrophil recruitment was shown to be dependent on -y6 T cell-derived
IL-17A, which was produced in response to chitinase-like proteins (CLPs), such as
Ym1[128, 129]. These studies correlate with previous observations demonstrating that -y 6+
intraepithelial lymphocyte (IEL) populations expand following helminth infections[130,
131], although their precise contribution to anti-helminth immunity remains to be
investigated. While the early cellular source(s) of CLPs has not been identified, inhibition of
Ym1 resulted in elevated intestinal worm burdens as well as reduced pulmonary
neutrophilia[129], suggesting that neutrophils limit larval migration in the early stages of
helminth infection. Nevertheless, soluble extracts from S. stercoralis were found to induce
neutrophil recruitment independent of IL-17 but dependent of CXCR2[132], exemplifying
that multiple mechanisms mediate the recruitment of immune cells upon helminth infection.

Remarkably, Chen et al. demonstrated that compared to LPS-activated neutrophils,
neutrophils sort-purified from the lungs of A. brasiliensis-infected mice have a distinct
transcriptional signature characterized by the upregulation of //23128]. Further,
neutrophilderived IL-13 was sufficient to polarize M2 macrophages, which were shown to
attach to and directly damage N. brasiliensis larvae in vitro[128]. Since neutrophils and
macrophages have also been shown to surround the larvae in the lungs of mice infected with
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N. brasiliensis128, 129], neutrophils and macrophages might cooperate in a manner that
limits helminth migration. Similarly, neutrophils, eosinophils and macrophages appear to
accumulate and cooperate to mediate parasite killing following H. polygyrusand S.
stercoralis infections[133-137], suggesting that this may be a common mechanism of
immunity in response to several distinct helminths. Further, neutrophil extracellular DNA
traps (NETSs) were found to be released upon interactions with S. stercoralis larvae and were
required to mediate parasite Killing /n vitro[138]. NETs have previously been described to
facilitate and prolong the exposure of neutrophil intracellular contents such as
myeloperoxidase (MPO) to kill bacteria. Likewise, neutrophils and eosinophils were found
to require MPO and MBP to kill S. stercoralis larvae in vitro and patients infected with S.
stercoralis exhibited elevated serum levels of neutrophil- and eosinophil-derived granular
proteins[139, 140], suggesting that NETs may act in a similar manner and extend the
exposure of helminths to anti-helminth products secreted by neutrophils, eosinophils and
macrophages. Collectively, these studies suggest that neutrophils promote protective
immunity to helminths via several effector mechanisms.

Master of all trades: macrophages

It is well appreciated that the strong inflammatory cytokine response to helminths,
characterized by the production of IL-4 and IL-13, results in the polarization of M2
macrophages, which are characterized by their expression of argZ, fizz1 (retnla), ym1 (chil3)
and /gfI (Figure 3)[141-143]. However, recent studies have now demonstrated that
additional factors beyond type 2 cytokines contribute to the activation of M2 macrophages
following helminth infection, including ‘tissue-specific’ collectins, such as surfactant
protein A (SP-A) and SP-D, the first component of the complement pathway C1q, as well as
the phagocytosis of apoptotic cells. For instance, mice deficient in SP-A, one of the major
components of the lipidprotein network that covers the pulmonary epithelium, exhibited
delayed worm expulsion, elevated lung damage and hemorrhage as well as diminished IL-4-
induced macrophage proliferation upon N. brasiliensis infection[144]. Although SP-A was
not sufficient to induce M2 polarization or proliferation of alveolar macrophages /n vitro, it
enhanced the activation of alveolar macrophages induced by IL-4. Similarly, C1gq augmented
the IL-4-induced proliferation and activation of peritoneal macrophages and C1qg-deficient
mice had reduced macrophage responses in a model of liver fibrosis. Collectively, these
studies demonstrate that SP-A and C1q function to amplify the activation of macrophages
induced by IL-4 in the pulmonary and peritoneal compartments [144]. Like SP-A, mice
deficient in SP-D also exhibited impaired host protective responses upon N. brasiliensis
infection, which correlated with reduced M2 macrophage responses[145]. Remarkably, SP-
D was found to bind to the surface of N. brasiliensis and enhance the anti-helminth activity
of alveolar macrophages /77 vitro. Further, administration of recombinant SP-D resulted in
elevated type 2 cytokine-mediated inflammation, increased M2 macrophage responses and
accelerated helminth expulsion[145]. Collectively, these studies demonstrate that tissue-
specific collectins contribute to host-protective responses by enhancing the anti-helminth
activity of M2 macrophages. In addition to these signals, efferocytosis of apoptotic cells has
been reported to promote the wound healing process following helminth infection[146].
Specifically, exposure of apoptotic neutrophils enhanced the M2 polarization of
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macrophages induced by IL-4. Further, ablation of tyrosine kinases involved in the
recognition of apoptotic bodies, including AXL and MERTK, resulted in elevated tissue
damage and hemorrhage, which correlated with reduced macrophage proliferation and M2
polarization[146]. These studies suggest that upon IL-13 stimulation by helminth-activated
neutrophils, efferocytosis of apoptotic neutrophils might also contribute to the proper
activation of M2 macrophages necessary to promote the tissue repair following infection.

In addition to their anti-helminth potential, M2 macrophages contribute to tissue remodeling
and wound healing after helminth infection by the secretion of growth factors including
TGF-B, VEGF and PDGF; as well as extracellular matrix proteins such as fibronectin,
matrix metalloproteinases and the cross-linking enzyme tissue transglutamase[147].
Novel studies have also shown that M2 macrophages shift their metabolism towards lipid 8-
oxidation, a process that appears to be required for the protection against H.
polygyrus{148]. Macrophages are required for the clearance of N. brasiliensis, H. polygyrus,
S. mansoni and B. malayil147, 149, 150]. Interestingly, depletion of macrophages resulted
in impaired eosinophilia following helminth infection[151], suggesting that macrophages
may contribute to eosinophil recruitment. M2 macrophages have also been shown to limit A.
brasiliensis-induced pulmonary tissue injury, participate in the granuloma formation
following S. mansoni infection and contribute to long-term tissue remodeling of the lung
caused by N. brasiliensis[142, 149, 150, 152], demonstrating that M2 macrophages directly
contribute to distinct modules of anti-helminth responses. In addition to the murine models
of infection described above, human macrophages were found in lymphatic infiltrates of
patients infected with microfilariae and exposure of human monocytes to microfilariae /n
vitroresulted in their expression of type 2associated chemokines[153, 154], suggesting that
macrophages also contribute to antihelminth immunity in human patients.

Recent studies have demonstrated the profound differences between tissue-resident and
monocyte-derived macrophages[155] that impact their contributions to anti-helminth
responses. For instance, 1L-4 promoted the expression of argZ, fizzZ and ym1 in both
tissueresident and monocyte-derived macrophages. However, a more comprehensive
genome-wide transcriptional analysis of these populations revealed distinct profiles in
response to 1L-4[156]. Further, helminth-induced IL-4 promoted the local proliferation of
tissue-resident macrophages over monocyte recruitment[157], suggesting that macrophage
ontogeny might determine their host-protective contributions. Conversely, Gundra et al.
demonstrated that monocyte-derived macrophages adopt a transcriptional program similar to
their tissue-resident counterparts in the late stages of S. mansoni infection[158], suggesting
that monocyte-derived macrophages ultimately contribute to the long-term pool of tissue-
resident macrophages. Remarkably, vitamins and neurotransmitters have proven to instruct
tissue programming of macrophages[158, 159]; however, their contribution to anti-helminth
protection requires further investigation. Collectively, these studies illustrate the complex
functions of macrophages to host-protective responses following a helminth challenge. More
extensive literature on this well described subject can be found here[147].
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Can’t wait to grow up: hematopoietic progenitor cells

In addition to terminally differentiated cells, recent studies have demonstrated that
hematopoietic progenitors accumulate at mucosal sites and contribute to type 2
inflammation[35]. For example, 1L-25 was found to induce the population expansion of
IL-4competent Lin~c-KitMSca-1* cells that were transcriptionally distinct from 1LC2s and
termed type 2 multipotent progenitor (MPPYPE2) cells[21, 22]. MPPYPeZ cells gave rise to
MCs, basophils and macrophages when cultured with IL-3 and were sufficient to induce the
polarization of T2 cells /n vitro. Further, adoptive transfer of MPPYPE2 cells restored the
worm expulsion of I1L-25-deficient mice infected with 7. muris{21, 22], suggesting that
MPPYPE2 cells promote host-protective responses to helminths. Interestingly, 1L-33 also
induced the recruitment of MPPYPe2 cells, although to a lesser extent than I1L-25[21],
suggesting that IL-33 might also contribute to the differentiation of type 2 innate immune
cells. Similarly, CD34*c-Kit* progenitor cells accumulated in the spleen in response to 7.
spiralis-induced TSLP production. Despite sharing a similar surface phenotype to bone-
marrow progenitor cells, TSLP-induced progenitors had a distinct transcriptional signature
enriched in pathways related to granulocyte development. Further, TLSP-induced
progenitors preferentially differentiated into basophils and MCs[35]. Moreover, transfer of
TSLP-induced progenitors into TSLPR-deficient mice infected with 7. muris resulted in
significantly increased type 2 cytokine responses and lower intestinal worm burdens.
Collectively, these studies demonstrate that cytokine alarmins promote type 2 responses by
activating and recruiting terminally differentiated cells as well as immature hematopoietic
progenitors.

Concluding Remarks

Helminth infections remain an understudied public health concern that result in devastating
health and economic consequences. The generation of anti-helminth drugs revolutionized the
treatment of worm infections; however, the high rates of reinfection, the rapid generation of
drug-resistant parasites as well as the lack of effective vaccination strategies urge the
generation of novel therapies. Although helminths have diverse and complex life cycles, it is
well established that worm infections promote host-protective type 2 responses, and as our
understating of how these responses are regulated grows, it may offer us new approaches to
treat these diseases. A growing body of literature has demonstrated that helminth-derived ES
products and helminth-induced tissue damage rapidly activate an impressive array of both
hematopoietic and non-hematopoietic cells necessary for the establishment of long-term
protection. The balance of the data conveys that epithelial cells, ILC2s, basophils, MCs,
eosinophils, macrophages and HSPCs work in concert to promote optimal type 2
inflammation in the contexts of primary and secondary infections. Further, recent studies
have demonstrated that regulatory interactions between the nervous, endocrine and immune
systems operate to promote worm expulsion and tissue repair. These studies have expanded
our understanding of the coordinated actions between epithelial cells, neurons and immune
cells that lead to potent host-protective responses, opening the possibility of novel therapies
that focus on a systems biology approach. For example, treatment with neuromedin U
resulted to increased ILC2 activation associated with accelerated worm expulsion in mice
infected with N. brasiliensis11, 12, 61]. Conversely, treatment with B,AR agonists inhibited
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ILC2 resulting in delayed worm clearance[62], suggesting that pharmacologic therapies that
target these neuroimmune modulatory pathways may offer a novel strategy to combat
helminth infections and/or their associated morbidities. Other studies have recently
highlighted the possibility of boosting immunity against 7. spiralis by modulating the
activity of Carl and Car2 enzymes, which are highly expressed by MCs. For instance,
pharmacological inhibition of Car enzymes resulted in delayed worm clearance and specific
deletion of the car gene led to impaired MC development[94], suggesting that
pharmacological modulation of Carl and Car2 enzymes might regulate anti-helminth
immunity by altering MC responses. Similarly, studies have highlighted the critical role that
metabolic alternations play in regulating immunity and inflammation. Specifically, recent
studies demonstrated that M2 macrophages exhibit a change in their metabolism towards
lipid B-oxidation that is required for their proper activation. Remarkably, treatment with an
inhibitor of lipolysis following H. polygyrus resulted in reduced M2 responses associated
with inhibited resistance to a secondary infection[148], suggesting that therapies targeting
metabolic modulation of M2 macrophages might be capable of regulating worm clearance.
Finally, previous reports have demonstrated the ability of helminthderived ES products to
modulate immune responses in the context of helminth infections as well as allergic
inflammation[33, 34, 65, 66], highlighting the possibility to target these mechanisms to
promote host-protective responses. Therefore, it is imperative that we continue (see
Outstanding Questions) to explore how these complex pathways promote and/or inhibit each
other to best inform therapeutic strategies to treat this significant public health concern.
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Alternatively activated or M2 macrophages
macrophages activated by IL-4 or IL-13 that are associated with wound healing and anti-
inflammatory responses.

Amphiregulin
epidermal growth factor-like molecule that induces proliferation of the barrier epithelium.

Arginase 1
enzyme that converts L-arginine to urea and L-ornithine, which is further, metabolized into
proline and polyamides that drive tissue remodeling.

Basophilia
accumulation of basophils

Carbonic anhydrase (Car) enzymes
family of enzymes that catalyze the rapid interconversion of carbon dioxide and water to
bicarbonate and protons.
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Chitinase-like proteins
secreted glycoproteins that bind that bind but do not cleave chitin, a major component of
helminth cuticle.

Co-stimulatory molecules
family of proteins expressed on the surface of antigen presenting cells that contribute to the
full activation of T lymphocytes.

Collectins
soluble C-type lectins that bind to carbohydrate motifs in the surface of microbial pathogens
and facilitate their phagocytosis.

Danger-associated molecular patterns (DAMPS)
intracellular molecules released by host-derived cells that initiate an immune response when
detected in the extracellular space

Eosinophilia
accumulation of eosinophils.

Excretory-secretory (ES) products
soluble mediators released by helminths to modulate immune responses.

Extramedullary hematopoiesis
development of blood cells outside of the bone marrow.

Fibronectin
glycoprotein that contributes to tissue remodeling by binding to extracellular matrix proteins
such as collagen and fibrin.

Glycosaminoglycans

large linear polysaccharides constructed of repeating disaccharide units with the primary
configurations containing an amino sugar (either GIcNAc or GalNAc) and an uronic acid
(either glucuronic acid and/or iduronic acid).

Goblet cells
intestinal or bronchial cell population secreting mucins that form the mucous layer
protecting the intestinal or airway epithelia.

Granuloma
accumulation of immune cells around a foreign substance.

Hematopoietic stem/progenitor cells (HSPCs)
stem cells that give rise to all blood cells including erythrocytes and immune cells.

iNOS
inducible nitric oxide synthase, an enzyme expressed by M1 macrophages and neutrophils in

the context of type 1 responses.

Intraepithelial lymphocytes (IEL)
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‘innate-like’ lymphocytes residing within the epithelial layer that maintain the integrity of
the mucosal epithelium and prevent the damage induced by invading pathogens.

Leukotrienes and prostaglandins
inflammatory lipid mediators derived from arachidonic acid.

Lipid p-oxidation
catabolic process that takes place in the mitochondria by which long-chain fatty acids are
converted into acetyl-CoA that is used to generate ATP.

Matrix metalloproteinases
calcium-dependent zinc-containing endopeptidases that degrade extracellular matrix
proteins.

Paneth cells
highly specialized epithelial cells strategically positioned at mucosal surfaces that secrete
anti-microbial peptides

STAT1
signal transducer and activator of transcription 1, transcription factor activated in the context
of type 1 inflammation

Severe Combined Immunodeficient (SCID) mice
Mice homozygous for the scid mutation that are severely deficient in functional B and T
lymphocyte populations

Tuft cells
rare chemosensory cells in the epithelial lining of the intestinal and respiratory tract

Vasoactive intestinal peptide (VIP)
peptide hormone that causes vasodilation in the intestine

Bo-adrenergic receptor (BoAR) agonists
drugs that bind to the po-adrenergic receptor mimicking the effects of epinephrine

v8 T cell
T cell expressing the y8& T cell receptor that are enriched in epithelial and mucosal sites
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Highlights

. Host-protective responses to helminths include two equally important tasks:
worm expulsion and wound healing.

. Innate immune pathways can promote and/or inhibit the generation of host-
protective responses.

. Despite sharing some properties, innate cells have non-redundant anti-
helminth functions.

. Collectively, non-hematopoietic cells (epithelial cells and neurons) and
hematopoietic immune cells regulate helminth-induced inflammation.

. In addition to terminally differentiated cells, hematopoietic stem/progenitor

cells promote anti-helminth immunity.
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Outstanding questions

Do helminth-derived secretory products directly activate innate, epithelial or
neuronal cells?

Avre there specialized neuronal or epithelial cell subsets that negatively
regulate type 2 responses?

Do innate immune cells contribute to distinct inflammatory responses in a
helminth-specific manner?

Can innate immune cells regulate helminth-activated epithelial- and/or
neuronal-derived signals?

How do hematopoietic and non-hematopoietic compartments collectively
cooperate to promote helminth expulsion and tissue repair?

How can the early events on helminth infection be exploited to generate
therapeutic strategies to combat these diseases?
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Figure 1. Initiation of anti-helminth responses at barrier surfaces.
Helminths affect barrier surfaces such as the lungs, gut and skin, causing tissue damage. In

turn, epithelial cells release cytokine alarmins including IL-25, IL-33 and TSLP, which
activate multiple innate immune cells including type 2 innate lymphoid cells (ILC2s), mast
cells (MCs), basophils (Baso), y&+ T cells, neutrophils (Neu) and dendritic cells (DCs).
Further, cytokine alarmins induce the recruitment of hematopoietic stem/progenitor cells
(HSPCs), such as type 2 multipotent progenitor cells (MPPYPe2)  that differentiate (dotted
line) into innate immune cells and contribute to helminth-induced inflammation. In addition
to epithelial cells, neurons have been recently shown to respond to helminth-derived
products and initiate type 2 responses. Collectively these signals result in the secretion of
type 2 cytokines including I1L-4, IL-5 and IL-13. In turn, these cytokines promote host-
protective responses such as the polarization of M2 macrophages (M2 mac) and the
recruitment of eosinophils (Eos) resulting in the expulsion of the parasites and the healing of
the affected tissues.
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Figure 2. Neuronal regulation of type 2 responses.
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Novel studies have demonstrated that neuron-derived signals modulate type 2 responses.
Neuronal expression of Neuromedin U has been shown to activate ILC2s and promote anti-
helminth immunity. Conversely, p2-adrenergic receptor (B2AR) agonists were shown to
inhibit ILC2 responses, suggesting that neuronderived epinephrine may regulate ILC2s.
Collectively, these studies suggest that neurons may positively and negatively regulate ILC2
responses. However, whether neurons and other effector cell populations engage in crosstalk
that is capable of influencing helminth-induced inflammation remains to be fully defined.
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Figure 3. Cooperative actions of innate cells activate M2 macrophages.
M2 macrophages can be induced by multiple mechanisms in the context of helminth

infection. Type 2 cytokines, produced by ILC2s, basophils, mast cells, eosinophils and
neutrophils contribute to M2 macrophage responses. Additionally, epithelial cells release
adenosine in response to the helminth-induced damage, which further amplifies M2
macrophage activation. However, whether these signals differentially act on tissue-resident
and monocyte-derived macrophages remains unknown. Further, whether neuronal-derived
signals also regulate macrophage activation has not been determined.
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Table 1.

Experimental animal models of human helminth infections
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Animal model

Human infection mimicked

Form of Transmission

Route of administration

Affected compartment

Skin, Lungs, Intestinal

Nippostrongylus brasiliensis | Ascaris lumbricoides Larvae Subcutaneous Tract
Ancylostoma duodenale
Heligmosomoides polygyrus | Vecator americantis Larvae Oral Intestinal Tract
. . . . Skin, Lungs, Intestinal

Strongyloides venezuelensis | Strongyloides stercoralis Larvae Subcutaneous Tract

Trichuris muris Trichuris trichiura Egg Oral Intestinal Tract

Trichinella spiralis Trichinella spiralis Larvae Oral Intestinal Tract,
Skeletal Muscle

Schistosoma mansoni Schistosoma spp. Cercariae Percutaneous Exposure Subcutaneous | Skin, Liver, Lungs

Brugia malayi Lymphatic filariasis Larvae Subcutaneous Blood, Pleural cavity
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