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Summary

Cellular and molecular investigation of parasitic helminth infections has

greatly accelerated the understanding of type 2 immune responses. How-

ever, there remains considerable debate regarding the specific leucocytes

that kill parasites and whether these mechanisms are distinct from those

responsible for tissue repair. Herein, we chronicle discoveries over the

past decade highlighting current paradigms in type 2 immunity with a

particular emphasis upon how CD4+ T helper type 2 cells, type 2 innate

lymphoid cells and alternatively activated macrophages coordinately con-

trol helminth-induced parasitism. Primarily, this review will draw from

studies of the murine nematode parasite Nippostrongylus brasiliensis,

which bears important similarities to the human hookworms Ancylostoma

duodenale and Necator americanus. Given that one or more hookworm

species currently infect millions of individuals across the globe, we pro-

pose that vaccine and/or pharmaceutical-based cure strategies targeting

these affected human populations should incorporate the conceptual

advances outlined herein.
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Introduction

Human hookworm infections are primarily caused by

two species, Necator americanus and Ancylostoma duode-

nale, that together cause between 500 and 700 million

cases of infection worldwide.1 Mechanistic understand-

ing of hookworm immunobiology has been aided con-

siderably through laboratory-based studies in rodents

using the hookworms Nippostrongylus brasiliensis and

Ancylostoma ceylanicum.2 Depending on the species,

fecund adult females can produce up to 20 000 eggs per

day that, when passed in stool, undergo further devel-

opment when sanitation conditions and agricultural

practices fail to block transmission.3 The circuitous

life-cycle of the hookworm proceeds from free-living

rhabditiform larvae that hatch in warm, damp soil,

transiently feed upon bacteria, and after two moults,

rapidly develop into the infectious larvae (third stage

L3). Third-stage infective larvae migrate up blades of

grass or other foliage to facilitate host entry through

skin or oral routes. Migratory larvae travel through the

vasculature, enter lung capillaries, breaching these vessels

to enter alveoli, and migrate up the trachea and down

the esophagus. Immature larvae that are swallowed

develop into adult worms ranging from 10 to 20 mm

in size that feed upon intestinal villi in the proximal

small intestine.4 Blood-feeding is a distinguishing char-

acteristic of hookworm infections, which, if excessive,

causes iron deficiency anaemia in individuals with high

worm burdens. Such haematophagous feeding is a major

driver of increased disease-associated life-year (DALY)

scores in countries where hookworms are endemic.5

Abbreviations: CTLA-4, cytotoxic T-lymphocyte antigen 4; E/S, excretory/secretory; Foxp3, forkhead box P3; IL-4, interleukin-4;
IL-4Ra, interleukin-4 receptor a; ILC, innate lymphoid cell; LAG-3, lymphocyte activation gene 3; M2, alternatively activated
macrophage; PD-1, programmed cell death protein 1; PD-L1, programmed cell death protein 1 ligand; RELMb, resistin-like
molecule b; STAT6, signal transducer and activator of transcription 6; Th2, T helper type 2
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That hookworms cause persistent injury to host muco-

sal tissue is most likely the major driving force behind the

ensuing type 2 inflammatory response. Notwithstanding

the conserved torpedo-like body, hookworm skin penetra-

tion is facilitated by the enzymatic nature of excretory/se-

cretory (E/S) proteins that initiate the type 2 immune

response sequelae (Fig. 1a). In fact, enzymatic activity is a

common feature of allergens that elicit type 2 inflamma-

tion.6 Even though skin pathology induced by migratory

larvae and gastrointestinal haemorrhage caused by feeding

adults are both well-documented,7 the pathophysiology of

lung pathology caused by hookworms remains less well

understood.8,9 Although some reports have suggested that

deficiencies in epithelial repair molecules in the Trefoil

factor family can exacerbate damage, whether Trefoils or

epidermal growth factor family members (e.g. amphireg-

ulin) drive resolution of damage remains unclear

(Fig. 1b). Irrespective of the organ-system affected, hook-

worms induce prototypical type 2 inflammation, charac-

terized by a distinct cytokines (e.g. interleukins 4, 5, 13,

25, 33, and thymic stromal lymphopoietin (TSLP), leuco-

cytes (e.g. eosinophils, mast cells, basophils) and soluble

factors (e.g. matrix metallo-proteinases and immunoglob-

ulins G and E).10,11 Hookworm-infected individuals can

also experience a progressive and generalized immunosup-

pression, which may explain why adult individuals,

instead of children, harbour the highest worm burdens

within endemic regions.5,12 Data showing elevated secre-

tion of interleukin-10 (IL-10) and expansion of lympho-

cytes expressing markers of immune tolerance/

suppression [i.e. forkhead box P3 (Foxp3), programmed

cell death protein 1 (PD-1), lymphocyte activation gene 3

(LAG-3), cytotoxic T-lymphocyte antigen 4 (CTLA-4)]

may underlie the mechanisms responsible.13,14 Taken

together, given the complex nature of hookworm patho-

genesis, a clearer understanding of how certain immune

cell types [T helper type 2 (Th2), innate lymphoid cell

type 2 (ILC2) and alternatively activated macrophage (M2

macrophage)] are orchestrated in response to this patho-

gen could promote the eventual eradication of this

neglected tropical disease.

Th2 cytokines

CD4+ Th2 cell differentiation is a highly conserved feature

of immune responses against parasitic worms. Th2 cytokine

administration accelerates the clearance of N. brasiliensis

adult worms and immunity is significantly delayed in IL-4

receptor a (IL-4Ra) or signal transducer and activaotr of

transcription 6 (STAT6) double-negative mouse strains or

anti-CD4 monoclonal antibody-treated wild-type mice15–17

Moreover, IL-5 production in humans positively correlated

with acquired resistance to Necator re-infection.18

Although, infection-induced Th2 cells were previously con-

sidered entirely responsible for IL-4, IL-5, IL-9, IL-10 and

IL-13 production, current evidence reveals IL-9-producing

Th9 cells and IL-10-producing type 1 regulatory T cells as

distinct Th subsets that confer host protective roles during

hookworm infection.19–21 Nonetheless, Th2-derived cytoki-

nes drive host immunity against worms that are migrating

through the pulmonary architecture, where larvae may be

destroyed more readily by effector mechanisms, particularly

during secondary infections22 (Fig. 1b). In secondary infec-

tion, IL-4-responsive B cells are also critical in mediating

immunity through cognate interaction with CD4 Th2 cells,

production of IL-1323 and antibody-mediated activation of

basophils and mast cells.24–26.

Within the intestine, expulsion of adult N. brasiliensis

worms from the gastrointestinal tract requires IL-4Ra
expression on non-haematopoietic cells.27 In this context,

Th2-derived IL-4 and IL-13 induce intestinal goblet cells

to secrete resistin-like molecule b (RELMb), which binds

to the chemosensory neurons of gastrointestinal nema-

todes to prevent feeding27,28 (Fig. 1c). However, this pro-

tective mechanism may be unique to hookworm species,

because RELMb did not promote worm expulsion, during

infection with Trichinella spiralis or the whipworm Tri-

churis muris, where instead RELMb acted on host leuco-

cytes to promote Th1 cytokine production.29 Although

IL-13 is a major driver of RELMb production, IL-13 acts

to clear T. muris infection through driving excessive

epithelial cell proliferation termed an ‘epithelial escalator’

mechanism leading to the sloughing of epithelia and asso-

ciated worms.30 Interleukin-13 drives STAT6-dependent-

changes within intestinal physiology, known as the ‘weep

and sweep’ response, which is considered to drive worm

clearance through a combination of smooth muscle con-

traction and excessive mucus production.31–33 In support

of this latter mechanism, hookworm infections in mice

with a targeted gene deletion of either Muc2 or Muc5ac

result in worms with greater energy content and greater

survival ability than parasites within wild-type mice.28,34

Regenerative cytokines in the IL-10 superfamily such as

IL-22 have been shown to promote immunity against

hookworms, most likely by enhancing the epithelial effec-

tor response (Fig 2a). Excess mucus release is thought to

trap worms and prevent access to crypt niches, but addi-

tional mechanisms considered responsible for worm clear-

Figure 1. Anatomical basis of Hookworm-specific Immunity. (a) In the skin, IL-4 driven M2 cells along with IgE primed basophils drive highly

amannestic immunity. (b) In the lung, Trefoil factor 2 and potentially Amphiregulin control lung damage caused by larvae, but coordination

between ILC2 and TH2 cells produce high levels of IL-4/13. (c) In the intestine, clearance of adult worms is mediated by epithelial cell derived

factors such as mucins (Muc2 and Muc5ac) and other goblet cell derived proteins such as resistin like molecule beta (RELMb), which function

to limit parasite nutrition.
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ance include IL-4/IL-13-driven changes in epithelial cell

permeability and smooth muscle contractility. Although

IL-4/IL-13 can act directly on epithelia and smooth mus-

cle to promote immunity,35 these cytokines may also act

indirectly through stimulation of enteric nerves (Fig. 1c).

Whether the sole lack of IL-4/IL-13 responsiveness on

enteric nerves in an otherwise immunocompetent host

would impair worm expulsion has not been determined.
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Figure 2. Protective cytokines and effector mechanisms in the context of hookworm infections. (a) The site of tissue injury releases an array of

cytokines that, in turn promotes release of host protective cytokines (gray box) from innate and adaptive lymphocytes and myeloid populations.

(b) Established mechanisms of worm clearance in murine skin (1) and intestine (2,3).
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Even so, there is published evidence for STAT6-respon-

sive enteric nerve receptors such as protease-activated

receptors 1 and 2, muscarinic 3 receptor,36 while immune

cells including macrophages and T cells produce and

respond to adrenaline and acetylcholine.37 Combined,

these data are entirely consistent with the rapidly emerg-

ing field of neuroimmunology, which is predicated on

data showing that communication between neuronal net-

works and the immune system has a broad impact upon

the outcome of host–pathogen interactions.38.

Although CD4+ T cells are necessary for both primary

and secondary immune protection from N. brasiliensis

expulsion17,22 identifying the nature of the Th2 cells driving

immunity, with regards to antigen specificity, and whether

CD4+ T-cell-intrinsic cytokines are necessary has led to

unexpected results. Infection by N. brasiliensis of ovalbu-

min-specific T-cell receptor transgenic mice resulted in

higher parasite burdens compared with wild-type mice with

a polyclonal T-cell receptor repertoire, suggesting that

N. brasiliensis antigen-specific T cells are required.39 Paul

and colleagues took an alternative approach and tested if

N. brasiliensis-induced Th2 cells could promote type 2 cyto-

kine responses in an antigen-independent manner.40 They

found that Th2 cells from mice that had been previously

infected with N. brasiliensis promoted eosinophil airway

inflammation to house dust mite antigen through produc-

tion of IL-13 and independently of antigen presentation via

MHC class II. This innate function of Th2 cells was depen-

dent on IL-33 and enhanced by TSLP and IL-7. Conversely,

they tested if Th2 cells generated in response to Ascaris

suum, a phylogenetically distant nematode, could confer

protection to N. brasiliensis. They found that previous

infection with either nematode could protect reciprocally

against the other nematode and that this protection was

dependent on the CD4+ T cells. Further, they showed that

ovalbumin-specific Th2 cells also conferred some protection

against N. brasiliensis infection, suggesting an innate

immunological function for Th2 cells that was independent

of antigen specificity. Surprisingly, with regards to the

importance of responsiveness or production of Th2 cytoki-

nes by CD4+ cells, it appears that neither IL-4Ra expression
nor expression of IL-4 and/or IL-13 from T cells is necessary

for N. brasiliensis expulsion.41,42 These somewhat conflict-

ing data suggest that CD4+ Th2 cell antigen specificity and

cytokine production are important, but not altogether

essential for immunity to hookworms. This assertion is

entirely consistent with the emergence of ILC2 as a key

source of IL-5, IL-9 and IL-13, which even though a rela-

tively small population, on a per cell basis, rivals cytokine

release from CD4+ Th2 cells.

Type 2 innate lymphoid cell

Perhaps the most exciting discovery in the immunology

community over the past decade has been the formal

determination that previously obscure non-B/non-T-cell

populations induced by helminth infections43,44 are a dis-

crete population of lineage-negative ILC.45 Populations of

ILC1, ILC2 and ILC3 are established lineages that elicit

distinct cytokine profiles and although ILC3-derived IL-

22 may serve an important role in driving anti-helminth

immunity, this issue has not been directly addressed

(Fig. 2a). On the other hand, the predominance of the

data indicates that ILC2 are vital for host immunity

against hookworms. Dedicated to type 2 cytokine produc-

tion, the ILC2 subset secretes high levels of IL-5 and IL-

13, even before the adaptive immune response has devel-

oped.46–48 Although IL-5 primarily acts on haematopoi-

etic cells, IL-13 regulates non-haematopoietic cells

through the type 2 IL-4R (comprised of IL-4Ra and IL-

13Ra subunits). Hence, while IL-5 regulates eosinophil

and mast cell activity, IL-13 specifically drives goblet cell

metaplasia, mucus hyper-secretion, smooth muscle con-

traction, and presumably enteric nerve stimulation. ILC2

also produce large quantities of IL-9, a cytokine that con-

tributes to hookworm immunity through promotion of

mast cell, eosinophil and goblet cell responses.49 In fact,

IL-9-producing ILC2 help to curtail lung damage and

promote tissue repair following hookworm migration

through the pulmonary tract.50 The formal recognition of

ILC2 as a biologically important lymphocyte population

has led to a re-evaluation of the notion that Th2 cells are

solely responsible for long-term host protection against

hookworms. Recent demonstration by McKenzie and col-

leagues demonstrates that even in the presence of Th2

cells, the sole absence of ILC2 impairs anamnestic immu-

nity to hookworm infection due to defects in IL-13-

induced priming of a critical dendritic cell subset neces-

sary for chemokine production.51 Indeed, ILC2 present

within the lung parenchyma poised to release canonical

cytokines that drive eosinophilopoiesis (IL-5), mastocyto-

sis and basophil activation. Despite this recent report,

due to the historical evidence showing lack of memory in

the absence of canonical Th2 cells, the question remains

as to whether long-term host immunity Th2 cells and/or

ILC2 work in concert or not.

Perhaps the recent work from McKenzie and colleagues

showing how Th2 promote ILC2 function through an

MHC II dialogue sheds light on this area.52 In this study,

McKenzie and colleagues used two separate transgenic

mouse models to delete ILC2 while leaving CD4+ T-cell

function intact, by targeting ILC expression of ICOS for

diphtheria toxin-induced deletion, or by taking advantage

of the essential requirement for RORa for ILC2 survival.

During N. brasiliensis infection, they showed that deletion

of ILC2 led to a significant decrease in CD4+ T-cell-

derived IL-5 and IL-13, culminating in defective parasite

expulsion. These data suggested that ILC2 are important

in initiating or amplifying the adaptive CD4 Th2

response. Next, they delineated the mechanism by which
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ILC2 instructed T cells. They showed that ILC2 could

take up, process and present antigen via MHC class II to

T cells, which in turn provided IL-2 that promoted ILC2

production of IL-13 leading to a positive feedback loop

for the production of Th2 cytokines. This newly discov-

ered function for CD4+ T cells in providing survival sig-

nals to ILC2 may shed light on the unanswered

conundrum of why CD4+ T cells are important for

protective immunity when other innate cells are the pre-

dominant sources of Th2 cytokines. Le Gros and col-

leagues recently showed cooperative action of ILC2 and T

cells in promoting macrophage-mediated immunity to

N. brasiliensis re-infection in the lung.53 This latter study

provides evidence for the likely scenario that ILC2 and

M2 macrophages are coordinately regulated to limit

hookworm survival and limit tissue damage caused by

infection, both during primary and anamnestic immune

responses to hookworms.

M2 macrophages

Over two decades ago, Siamon Gordon conceived the idea

that IL-4-dependent Th2-driven responses elicit alterna-

tively activated macrophages (i.e. M2 macrophage) as a

direct counterpart to Th1-elicited classically activated

macrophages.54,55 Interleukin-4 and IL-13 promote M2

development through IL-4Ra signalling, presumably to

eliminate worm pathogens and/or repair the tissue dam-

age; however, there is emerging evidence that there are

also IL-4Ra-independent pathways for M2 development,

primarily due to helminth-derived antigens.56 Mice solely

lacking IL-4Ra on tissue macrophages and neutrophils

(LysMCre IL4Raflox) experience lethality during Schisto-

soma mansoni infection due to microbial flora-driven

inflammatory responses.57 Since then, a considerable

amount of published literature has consolidated the M1

versus M2 paradigm as an important governing feature of

mechanisms controlling inflammation and tissue repair.58–61

However, to date the issue of whether M2 cells are needed

for promoting repair through regenerative capabilities or

whether their role is primarily to thwart the pro-inflam-

matory effects of M1 polarization is one that has not been

sufficiently addressed. It is likely that there are several, as

yet unidentified, effector molecules released from M2 cells

that directly promote host protection (Fig. 2b). It is well

established that pathogen-associated molecular patterns

(PAMP), outer membrane proteins, lipopolysaccharide

(LPS) and interferon-c elicit M1 polarization to effect

anti-microbial and tumoricidal activity.62 Even so, M1

cells have immunosuppressive capabilities through inter-

feron-c-induced indoleamine 2,3-dioxygenase (IDO) pro-

duction via tryptophan catabolism,63 much like IL-4/IL-

13-induced arginase I catabolizes arginine.64 This may be

viewed as a nutrient deprivation strategy for inflammation

control. Immunosuppression via either M1 or M2 subsets

can be afforded by receptor-mediated pathways such as

interferon-c-induced PD-1 ligand (PD-L1) versus IL-4-

induced PD-L2, both of which can lead to lymphocyte

suppression by engaging PD-1.65,66 Hence, we are left to

speculate whether in the context of hookworm

immunopathogenesis, the purported host protective role

of M2 cells is due to their ability to promote anti-inflam-

matory and/or helminthicidal effector functions. Clearly,

M2 cells need to be investigated more thoroughly in the

context of helminth infection, chronic protozoan infection

and allergic airway inflammation and other biologically

relevant contexts.37.

Delineating the function of macrophages in the

immune response to hookworms has been challenging

due to difficulties in specifically depleting macrophages at

the tissue sites. Two studies using CD11b-diphtheria-

toxin-receptor-specific mice,67,68 which significantly

reduced macrophage frequencies in the lung and peri-

toneal cavity, showed that CD11b+ macrophages were

essential for protecting against N. brasiliensis-induced

acute inflammation in the lung and also promoted effec-

tor Th2 cell responses in the intestine for optimal parasite

expulsion. Although protective in experimental hook-

worm infection, CD11b+ macrophages promoted detri-

mental IL-13-driven chronic inflammation and fibrosis in

the lung in response two allergic airway inflammation

models with house dust mite antigen or Schistosoma man-

soni eggs, raising the unanswered question of whether

chronic macrophage responses in the lung following

hookworm infection reduce or promote secondary aller-

gies.67 Nonetheless, these data suggest that a balanced tis-

sue macrophage response may be necessary for optimal

protection against hookworm while alleviating excessive

acute inflammation during parasite colonization of the

lung. In addition to balancing Th1 and Th2 inflamma-

tion, M2 macrophages in the lung also contribute a criti-

cal function in protective immunity to secondary

N. brasiliensis infection, by binding to and killing the

infiltrating larvae.69 In the intestine during primary

N. brasiliensis infection M2 macrophages are also effector

cells that promote smooth muscle contractility for worm

expulsion70 (Fig. 2b). M2 cells require fatty acid oxida-

tion for development71 and recent work demonstrated

that CD36-mediated uptake of triacylglycerol promoted

cell survival and M2-gene expression, all of which

required lipolysis via lysosomal acid lipase.72 Aside from

classical immune functions in influencing inflammation

and immunity to hookworms, a new line of studies

implicate hookworm-induced M2 macrophages in altering

host metabolism. In mice fed a high-fat diet, hookworm

infection led to improved glucose homeostasis and

reduced obesity through a mechanism that was dependent

on M2 macrophages.73 The proposed mechanisms by

which M2 macrophages protect from metabolic disorders

are potentially numerous and partially involve the
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production of anti-inflammatory cytokines.37 In hook-

worm infection, a more direct mechanism has recently

been proposed, in which M2 macrophages directly reduce

intestinal epithelial cell glucose uptake leading to a ‘lean’

epithelial cell type.73.

It is clear that M2 macrophages participate in several

important immune and non-immune functions following

hookworm infection; however, the specific contribution

of M2-specific molecules responsible for these functions

is less well understood. Epigenetic modification through

the histone demethylase Jumonji domain containing 3

(Jmjd3) selectively promotes M2 activation and helminth

immunity through interaction with the transcription fac-

tor interferon regulatory factor 4 (IRF4).74 Gene expres-

sion profiling studies and macrophage-specific knockout

mice have shed light on some of the important M2 ‘sig-

nature’ molecules, which include Arginase1, RELMa and

Ym1. Anthony et al. demonstrated that Arginase 1 neu-

tralization in Heligmosomoides polygyrus bakeri-infected

mice impaired Th2-driven worm clearance.75 Arginase1

can play an effector role in N. brasiliensis infection both

by affecting larvae trapped in granulomas,75,76 and by

promoting expulsion from the intestine through mediat-

ing smooth muscle contraction.70 Arginase also con-

tributes to limiting hookworm-induced Th2 cytokines, as

demonstrated by studies employing macrophage-specific

Arginase1-deficient mice.64 In contrast to its homologue

RELMb, RELMa does not seem to have any anti-parasitic

effector role, but instead suppresses Th2 cytokine effector

responses including parasite expulsion.77 Interestingly, the

human RELM protein resistin exhibits similar properties

to RELMa, including expression by macrophages follow-

ing hookworm infection, where it acts to delay parasite

expulsion.78 Among the M2-specific molecules, Ym1, a

chitinase-like protein, is the most highly expressed.

Although no Ym1 knockout mice have been generated

to-date, in vivo antibody-mediated depletion of Ym1

demonstrated that Ym1 contributed to IL-17-mediated

neutrophil recruitment in the lungs of hookworm-

infected mice. During this early stage of infection, this

Ym1-mediated neutrophil recruitment contributed not

only to exacerbating lung inflammation, but also to larval

killing.79 Neutrophils themselves were recently shown to

express cytokine transcripts for molecules such as IL-33,

which correlated with their ability to promote M2 activa-

tion and anamnestic immunity against N. brasiliensis.69

Altogether, these studies highlight the complexity in

function of M2-derived molecules with some regulating

infection-induced inflammation whereas others have anti-

parasitic effector function. It is therefore likely that the

functional outcome of M2 macrophages in hookworm

infection depends on the expression levels of these pro-

teins, as well as the tissue site and time-point of infection.

Additionally, for the purpose of therapies to improve

immunity to hookworms or alleviate immunopathology,

it may be important to specifically target individual M2-

derived molecules.

Hookworm therapies

Several epidemiological studies report a correlation

between helminth infection and protection against allergy,

leading to the attractive concept of helminth therapy to

cure inflammatory diseases.80 Although the idea of hel-

minth therapy has existed for several decades, it has only

recently been substantiated in controlled studies. Here,

we will discuss the epidemiological evidence and recent

human experimental hookworm infections that support

the therapeutic potential of hookworm infection to treat

inflammatory diseases. In contrast to treatment with Tri-

churis ova, human hookworm therapy stands to provide

the additional benefit of establishing a chronic infection

and purportedly long-lasting immunomodulatory effects.

In a meta-analysis of 33 epidemiological studies with

data on intestinal parasite burden and asthma or wheeze,

it was found that hookworm infection was the only para-

site significantly associated with reduced risk of asthma.81

Anthelminthic drug treatment studies in hookworm-

endemic areas have shown that following hookworm

clearance, there is increased skin-test reactivity to envi-

ronmental allergens, but not clinical allergy, associated

with reduced hookworm-specific IL-10.82 It is somewhat

counterintuitive that a parasite, which infects and drives

inflammation in the skin, lung and intestine, could allevi-

ate allergic symptoms in these organs. Indeed, human

hookworm infections are associated with high Th2

responses, characterized by eosinophilia and serum IgE,

which are considered to drive pathology in certain allergic

diseases. Indeed, in clinical trials conducted in hook-

worm-endemic areas aimed at vaccination against

re-infection using a recombinant Necator protein

(Ancylostoma-secreted protein-2) paradoxically caused

significant urticaria (hives) in several volunteers with pre-

existing elevations of Necator-specific IgE. Hence, on the

one hand hookworms suppress prototypical type 2-driven

disease, but on the other they promote those exact types

of immune responses. What is the difference between hel-

minth-driven and allergen-driven type 2 inflammation?

Perhaps the key difference that allows hookworms to

ameliorate inflammation is that they drive concomitant

regulatory mechanisms such as immune tolerance/

suppressive pathways (i.e. Foxp3, PD-1, LAG-3 CTLA-4,

IL-10, PD-1) that could thwart inflammation against sub-

sequent excessive inflammatory pathologies.

Experimental human hookworm infection studies have

been conducted to determine the hookworm doses that

can be tolerated without these adverse reactions.83

Although infectious doses of over 50 infective larvae led

to skin eruptions, gastrointestinal disturbances and pul-

monary symptoms in some volunteers, in contrast, infec-
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tious doses of < 50 L3 were well tolerated with minimal

discomfort.84,85 In recent years, controlled trial studies

have tested the benefits of experimental hookworm inoc-

ulation as therapy against allergic disease. A study of 32

asthmatic volunteers infected with 10 Necator L3 or pla-

cebo control, revealed a modest, non-significant improve-

ment in airway responsiveness.86 In a more promising

clinical trial reported this year, Loukas and colleagues

showed that infection with 20 Necator larvae could pro-

mote tolerance to gluten challenge in patients with coeliac

disease.87 This improvement was correlated with reduced

Th1 cells and increased regulatory T cells. Along with

other experimental hookworm studies, these findings sup-

port the therapeutic potential of controlled hookworm

doses to alleviate a variety of allergic diseases; however,

the continued assessment of the Necator-induced inflam-

matory effects will be critical so that the benefits of infec-

tion outweigh the potential risk of infection-induced

immunopathology.

Conclusions and future directions

The skin is the primary portal of entry for soil-trans-

mitted parasitic helminths, but understanding the cuta-

neous immune response mounted against these organisms

remains largely unexplored. Karasuyama and colleagues

reveal that anamnestic immunity relies upon IgE-armed

basophils, but whether skin is a critical immune organ

for recognition and initiation of prototypical type 2

responses characterized by specific dendritic cell and ILC2

populations remains unclear. Once in the intestine, a cul-

mination of effector mechanisms that include smooth

muscle contraction, epithelial-cell-derived effector pro-

teins, and M2-derived arginase have all been described to

drive immunity (Fig. 2b). Collectively, the work of many

laboratories has revealed an established cadre of leuco-

cytes, cytokines and effector mechanisms that promote

clearance of worm infection (Fig. 2). Paradoxically, clini-

cal observations of hookworm-infected individuals living

in endemic regions clearly show that humans rarely,

develop secondary immunity. Perhaps further investiga-

tion of the molecular and biochemical differences

between human and mouse hookworm species will shed

light upon this area. Studies aimed to characterize the

constellation of neuropeptides released by sensory neu-

rons at the site of hookworm infection may lead to

unique insight(s). Could the itch response modulate the

development of primary or secondary immunity against

migratory larvae? Similar mechanisms of immunoregula-

tion have been described in the context of Staphylococcus

aureus infections.88 Upon entry into the pulmonary tract,

the coordinated actions of Th2, ILC2 and M2 are thought

to limit parasite growth and curtail the injury caused by

migratory larvae in this organ system (Fig. 1). Are regula-

tory macrophage populations responsible for regeneration

of damaged lung tissue along with ILC2? Perhaps M2

cells are able to release catecholamines89 to induce

smooth muscle contraction in a mechanism that some-

how aids repair. Are there any molecules specific for M2

cells that drive regeneration? Finally, once adult hook-

worms have developed and begun to feed upon the

intestinal epithelia, what are the comprehensive mecha-

nisms that function along with goblet cell-derived mucins

and epithelial derived proteins like RELMb (Fig. 2b)? Are

there Th2-like resident memory T cells that develop in

the mouse, but not in the human for some unknown rea-

son? Are B regulatory cells key constituents of generalized

immunosuppression, which through aiding the suppres-

sion of immunopathology via IL-10, inadvertently sup-

press immunity against re-infection? Taken together, even

though we have gained considerable insight through dec-

ades of research on murine hookworms, in order for us

to eventually eradicate these organisms from humans,

there remains much more to be accomplished in the years

to come.
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