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1 | INTRODUCTION

As the most abundant myeloid cell in the body, neutrophils play a cru-
cial role in innate immune responses to infectious disease. Neutrophils
account for more than half of circulating immune cells and largely
outnumber other granulocytes such as eosinophils (2%-5%) and ba-
sophils (1%) in circulation.® These granulocytes display a diverse set
of effector functions including phagocytosis and degranulation in re-
sponse to small pathogens, and the release of DNA to form extracel-
lular traps (ETs or neutrophil extracellular traps [NETs]) to fight larger
pathogens such as fungal hyphae and multicellular parasites.?

The process of NET formation, NETosis, was first described after
phorbol 12-myristate 13-acetate (PMA) stimulation.® Brinkmann and
colleagues then discovered the bactericidal activity of NETs,? her-
alding the intensive study of the NETosis mechanism and its role in
pathogen control and disease development. The molecular pathways
involved in NET formation still lack consensus, although chromatin
decondensation is considered the endpoint.* This decondensation

ultimately precipitates nuclear membrane rupture, whereupon the

In Hookworm infection, neutrophils have long had the image of the villain, being re-
cruited to the site of larval migration because of damage but participating themselves
in tissue injury. With recent developments in neutrophil biology, there is an increasing
body of evidence for the role of neutrophils as effector cells in hookworm immu-
nity. In particular, their ability to release extracellular traps, or neutrophil extracellular
traps (NETs), confer neutrophils a larvicidal activity. Here, we review recent evidence

in this nascent field and discuss the avenue for future research on NETs/hookworm

helminth, hookworms, NETosis, neutrophils, neutrophil extracellular traps

DNA mixes with cytoplasmic and granular proteins.* This “deco-
rated” DNA is released into the environment, trapping pathogens
and creating a micro-environment rich in enzymes and other toxic
molecules for pathogens, and simultaneously protecting neighbor-
ing tissue from immunopathology. DNA decondensation can either
occur due to (i) the release of neutrophil elastase (NE) from granules,
which then degrades histones in the nucleus; and/or (ii) the citrullina-
tion of histones by peptidyl arginine deiminase 4 (PAD4). In the first
case, termed suicidal NETosis (with a loss of cell membrane), NADPH
oxidase 2 (NOX2) leads to the formation of reactive oxygen species
(ROS). H,0,, formed by superoxide dismutase (SOD) then becomes
the substrate of myeloperoxidase (MPQ), resulting in the release of
NE.* In the second case, also termed, vital NETosis (without loss of
membrane integrity), the mechanisms are less understood, but ROS
are produced by mitochondria in a NOX-independent manner. Of
note, PAD4 can also be required for suicidal NETosis.

While neutrophils were not conventionally considered to be pro-
tective against helminth infection, here we review recent clinical and

experimental evidence challenging this dogma, and suggest these
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neutrophils might have exerted a selective pressure on co-evolved

nematode parasites due to the larvicidal potential of NETSs.

2 | HOOKWORMS AND NEUTROPHILS:
A CLINICAL PERSPECTIVE

Hookworms are clade V nematodes infecting a vast variety of mam-
mals such as canids, felids and humans.® They are considered the most
prevalent of the soil-transmitted helminths (STH) and infect about 0.5
billion people worldwide principally in low- and middle-income countries,
where poverty and lack of adequate sanitation contribute to high infec-
tion rates.® Necator americanus, Ancylostoma ceylanicum and Ancylostoma
duodenale are the three main species responsible for human infections.®
Hookworms have a free-living stage in humid soil, where eggs develop
into infective larvae. Depending on the species, the infectious third-stage
larvae (L3) either are ingested or infect the host via skin penetration.
From the skin, the larvae enter the blood circulation to reach the lungs.
There, they further mature and are coughed up and swallowed, ultimately
reaching the intestine. For all species, the adults reside in the intestine
and reproduce, laying eggs that are passed on in the feces. Adult para-
sites can maintain themselves in their host for years, and individuals in
endemic areas usually harbor increasing numbers of parasites with age.

To date, the hookworm research community is still unsure whether
natural immunity is raised against hookworms, distinguishing these
parasites from other STHs. This is attributed to the extensive immuno-
modulatory abilities of hookworms.”® Researchers now propose that
hookworms could be “Old Friends”: part of a natural human micro-
biome with a near-symbiotic relationship.” Like other STH parasites,
they are typically associated with raised levels of eosinophils in cir-
culation and a modified Type 2 immune response. However, in-depth
characterization of the immune response triggered by hookworms is
lacking, due in part to the absence of species that naturally infect ro-
dents used in immunology research. Helminth infection is commonly
associated with elevated granulocyte counts. Most reports focus on
eosinophil levels, which can increase from 2% to 5% in a healthy indi-
vidual to 40% in a helminth-infected patient.! But are eosinophils the
only granulocytes recruited in the context of helminth infection? Or
are neutrophils also a common feature of hookworm infection?

To date, clinical evidence for neutrophil recruitment after hook-
worm infection is relatively poorly documented. Despite their role as
“early responders,” they appear to have been overlooked because of
their reputation as “professional phagocytes” unlikely to participate
in the control of large pathogens.

Hookworms of cats and dogs can often cause zoonotic infections in
human hosts, leading to a pathology called “cutaneous larvae migrans” in
humans. As humans are not the natural host of these animal parasites,
the hookworm larvae are unable to migrate from the skin where they
entered the host. The impeded parasite causes local inflammation, where
serpiginous tracks are often observed. Histological examination reveals
eosinophil and neutrophil recruitment in close proximity to larvae.10-12

While such reports suggest neutrophils might be recruited in
the context of clinical hookworm infection, interestingly, a recent

analysis of a cohort of 300 individuals living in a STH endemic area
(Trichuris, hookworms and Ascaris) observed no increase in circu-
latory neutrophils due to these infections.® The authors further
investigated whether the activation phenotype of the neutrophils
might have been altered by infection, but once again no associ-
ation with any of the STHs was found.®® This absence of neutro-
phil response has previously been reported in smaller cohorts of
hookworm-infected individuals. For example, volunteers infected
with N. americanus had increased levels of circulating eosinophils,
but not neutrophils, 3 weeks post-infection.*

So why is there an apparent discrepancy between these reports?
Could it be that only the skin/infective stages of the parasite are
likely to cause neutrophil recruitment? The neutrophilia in cutane-
ous larvae migrans results from an acute encounter with the infective
stage of hookworm. In contrast, in the STH studies, individuals had
chronic, established infections with adults at the time of analysis.
Hookworms, particularly the adult stage, have evolved a large ar-
senal of immunomodulation and evasion mechanisms, which we are
just beginning to harness to treat systemic anti-inflammatory dis-
eases.” Where albendazole treatment reduces neutrophilia in cuta-
neous larvae migrans from zoonotic sources,12 treatment of chronic
infections results in an increase of circulatory neutrophils,13 sugges-
tive of active anti-neutrophil modulation.

While we could not find clinical studies reporting neutrophil mi-
gration to the site of hookworm infection, there is indirect evidence
that this recruitment might occur. Indeed, total products or secreted
products of several STH have been shown to cause neutrophil che-
motaxis.>*¢ One such protein is N. americanus Ancylostoma secreted
protein 2 (Na-ASP-2), a protein involved in L3 invasion and specifi-
cally secreted at this infective stage. In an air-pouch mouse model of
localized in vivo inflammation (where the dermal skin is inflated with
sterile air creating a bubble in which stimuli are introduced), recombi-
nant Na-ASP-2 was shown to cause an influx of lymphocytes to the
site of injection, predominantly neutrophils.'®> The crystal structure
of Na-ASP-2 revealed a similar structure to CC-chemokines, which
are generally chemotactic for neutrophils and monocytes. Beyond
hookworms, infective stages of similar nematodes induce neutrophil
responses, for example, Strongyloides spp. Like hookworm, this Clade
IV parasite enters its host by skin penetration. Rajamanickam et al.
reported that Strongyloides stercoralis infected people from South India
(presenting no other STH or filariae infection) had an increased num-
ber of circulating neutrophils.t’ Interestingly, the authors also found
an increase in granular protein concentration, such as NE and MPO, in
plasma suggesting that neutrophils were activated. Both neutrophils
and their circulating proteins were reduced by anthelmintic treatment
(ivermectin + albendazole, 6 months follow-up), as with larvae migrans.

Similarly, the veterinary-relevant hematophagous parasite
Haemonchus contortus causes neutrophil recruitment to the sheep
abomasum for the first 7 days of infection.*® Interestingly, the differ-
ential neutrophil response to STH observed between stages might not
only occur due to immune evasion but also be intrinsic to the parasite
antigen. Indeed, H. contortus antigens from L3 but not from the adult
stage were shown to induce IL-4 release from neutrophils in vitro.?
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3 | HOOKWORMS AND NEUTROPHILS:
WHAT LABORATORY MODELS CAN TELL US

Neutrophil recruitment to STH could thus be associated with the infec-
tive stage, however, the literature is too limited to reach any significant
conclusion. Nevertheless, laboratory investigations have uncovered
more detailed associations between neutrophils and hookworm.

Nippostrongylus brasiliensis is a rodent nematode model with a
life cycle that closely resembles that of the hookworm N. americanus.
This nematode has been shown to cause neutrophil recruitment
early on after infection in both the skin and the lungs.2°2* In labo-
ratory mice, secondary infection confers sterilizing immunity unlike
in natural infection settings. In this context, neutrophils have also
been shown to be recruited in granuloma-like formations around
the larvae of both N. brasiliensis and the strictly intestinal parasite
Heligmosmoides polygyrus.?>2® As with clinical studies, injection of
Strongyloides spp. using a diffusion chamber model in mice caused
neutrophil accumulation 1 day post-infection.?’

More nuanced results were observed for hookworm canine
laboratory infections. Ancylostoma caninum, but not Ancylostoma
brasiliense, was shown to cause an increase in circulating neutrophils
between the early days of infection to the patent phase.30 These
results point out that not all hookworms are made equal regarding
neutrophil recruitment and activation, and it would certainly be in-
teresting to characterize these differences. Altogether, such studies
illustrate that the infective stages of STH parasites often cause neu-

trophil recruitment to the site of infection.

4 | NEUTROPHILS AND HOOKWORM'S
EXCRETORY/SECRETORY PRODUCTS: A
SELECTIVE PRESSURE?

Given the long evolutionary history hookworms share with their spe-
cific host, parasitic helminths are experts in modulating the immune
system to prevent their expulsion. In the last 30 years, research has
turned its attention towards studying how the excretory/secretory (ES)
products of hookworms contribute to immunomodulation, with pro-
teins, lipids, microvesicles, miRNA, and various metabolites found at
this host-parasite interface.”®! To date, only proteins have been well-
studied, and these are the subject of a recent and extensive review.”
Hookworms express a plethora of putative or fully demonstrated neu-

trophil evasion mechanisms. Here, we discuss key examples (Table 1).

4.1 | Hookworm ES products block neutrophil
recruitment

Several studies report that hookworm ES reduces or abolishes neu-
trophil responses and immunopathology. For example, whole ES
isolated from N. brasiliensis abrogates Lipopolysaccharides (LPS)-

induced lung neutrophilia.32'33 Similarly, H. polygyrus also reduces
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the level of neutrophil-specific chemokines in mice in a model of

contact hypersensitivity.34

While hookworm ES proteins have now been studied for several
decades, only a few functions are fully characterized. A platelet acti-
vating factor (PAF) hydrolase (Table 1) was identified in adult stages
of N. brasiliensis and found to inhibit PAF, a potent chemoattractant of
eosinophils and neutrophils.®> Another notable hookworm ES product
is neutrophil inhibitory factor (NIF), identified while studying A. cani-
num extracts.3 This glycoprotein binds to the Mac-1 integrin (CD11b/
CD18) on leukocytes, preventing the adhesion and transmigration of
neutrophils. By transfecting the NIF gene into human endothelial cell
cultures and murine lungs, it was demonstrated that this molecule ef-
fectively blocks the recruitment and migration of neutrophils both in
vitro and in vivo.®”38 NIF has since been shown to be produced by a
wide variety of hookworms and related helminths. Notably, however,
despite being predicted in its genome, no protein has been found in
N. americanus.®>° In H. contortus, gp55, a NIF homologue, was further
shown to reduce neutrophil effector functions by blocking H,O, re-
lease by binding to Cd11b/Cd18.4°

As neutrophils are typically implicated in tissue damage,?*?* it

i
has long been assumed that the anti-neutrophil activity of ES was
to dampen immunopathology that would ultimately damage host
and helminth alike. More recent advances in our understanding of
neutrophil biology41 and functions have pressed the research com-
munity to focus on neutrophils as also being effector cells against
hookworms. Interestingly, hookworms do also express secreted

molecules that could potentially block neutrophil effector functions.

4.2 | Hookworm ES products may block neutrophil
effector functions

Most of the evasion molecules that could inhibit neutrophil effec-
tor functions have been studied before neutrophils were considered
as potential anti-helminth effector cells. As such, the function of
some ES products discussed in this section is putative or predicted
(Table 1).

Indirect evidence that neutrophils might contribute to parasite
control comes from approaches where hookworm ES have been
blocked. For example, Ali and collaborators demonstrate that vac-
cination with NIF reduces A. ceylanicum fecundity in hamsters, as
measured by a reduction in eggs per gram of feces.?® This mimics
clinical observations from Papua New Guinea that N. americanus-
infected patients with IgE responses to ES products have lower lev-
els of egg production.42’43

Both N. americanus and the ruminant nematode H. contortus se-
crete a calreticulin-like molecule (NaCalr). NaCalr was shown in vitro
to block Clg-induced haemolysis via the complement pathway and
therefore has a putative role in preventing opsonization and activa-
tion of leukocytes such as neutrophils.**° Like for NIF, immunization
with NaCalr conferred some protection against challenge infection,

with a reduction of 43%-49% worms in the lungs of mice.*
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TABLE 1 Immunomodulatory hookworm excretory/secretory proteins display documented or putative neutrophil-specific functions

Neutrophil-related functions Other immunomodulatory functions

L3 hookworm immuno-evasion

DNase Il ? Could degrade ETs from other cells e.g.
N.br, N.am, A.ce monocytes
ASP-2 v Chemoattractant for monocytes induces
A.ce, N.am antibody responses
KI-1 v Inhibits trypsin and other elastases
A.ce,A.ca
HpARI* v Inhibits release of IL-33 alarmin®
H.po
HpBARI* 4 Binds and blocks ST2 (IL-33 receptor)®®
H.po
MIF* ? Binds the pro-inflammatory MIF receptor (CD74) ? Binds the pro-inflammatory MIF receptor
A.ce which increases MPO expression (CD74) on monocytes86
MTP-2 v Induces TNFa and IFNy release from
A.ce macrophages®”
PAF inhibitor
N.br
Adult hookworm immuno-evasion
TIL-1
A.ce, A.du
APs 4 Various anti-coagulant peptides®®
A.ca
NIF, Gp55 (H.co)
A.ca, A.ce
Calreticulin(-like) ? Prevents complement-mediated neutrophil v Prevents C1q deposition (from L4 to adult
N.am activation®’ stage)
SODs ? Protects against oxidation?®~"?
N.am, A.ce, N.br
PRXs ? Protects against oxidation?®
A.ce
TMP-1 v De-activates DCs, induces T
A.ca regulatory cells, and inhibits matrix
metalloproteases’?>
TMP-2 v Matrix metalloprotease inhibitor”*
A.ca
Acetylcholinesterase ? Could prevent the release of neutrophil
N.am chemotactic factors from epithelial cells?®

Note: v/, demonstrated function;?, putative or predicted function; *, also expressed in adults.

The third-stage larvae (L3) and adult stages of hookworms and related STH express a number of excretory/secretory (ES) proteins,” some with known
or putative anti-neutrophil activity.

Of the 8 characterized proteins secreted by hookworm infective larvae or their laboratory model counterparts, 5 have confirmed or putative activity
associated with neutrophils. Two are related to chemotaxis (ASP-2 as attractant® and PAF inhibitor as blocker35). The three others could impair NETs
formation (DNase-112°, KI-1°* and MIF”8%). Two ES not associated with neutrophils have been discovered in Heligmosmoides polygyrus and inhibit
IL-33/ST2 pathway (HpARI and HpBARI®*#%). Finally, MTP-2 is an astacin-like metalloprotease that enhances the expression of TNFa and IFNy in
classically activated (LPS-stimulated) macrophages.®”

In the adult stage, more proteins with immunomodulatory properties have been characterized. Of 12 notable proteins we could find described in the
literature, 7 had potential anti-neutrophil activity. NIF,%” and its homologue gp554° in H. contortus, block neutrophil chemotaxis. Acetylcholinesterase
could also decrease neutrophil recruitment indirectly by blocking epithelial cells chemokine secretions.”® Once again, several ES protein activities
were consistent with anti-NET activity (TIL-1, MIF, SODs, PRXs). Similar to KI-1, TIL-1 has been shown to inhibit NE.*2 Both SODs”°~? and

PRXs?® could affect NETosis by decreasing oxidative stress. Finally, a calreticulin-like protein, identified in Necator americanus could contribute to
complement evasion,?’ and thus indirectly decrease neutrophil trapping and NETosis. Non-neutrophil-related proteins include metalloprotease
inhibitors (TMP-1 and 2), which have been shown to affect dendritic cell polarization and inhibit host matrix metalloproteases (MMP)-2, -7, and
-13.74%5 APs have been shown to have anticoagulant activity.%®

Checkmark indicates function described in vivo or in vitro, interrogation mark indicates putative function from known activity of protein or predicted
function of sequence.

Abbreviations: A.ca, A. caninum; A.ce, A. ceylanicum; Ac-TMP-2, tissue inhibitor of metalloprotease 2; A.du, A. duodenale; APs, anticoagulant proteins;
ASP-2, ancylostoma-secreted proteins; H.co, H. contortus; KlI-1, Kunitz-type inhibitor 1 from Ancylostoma ceylanicum; MIF homologue of macrophage
migration inhibitory factor; MTP-2, metalloprotease 2; N.am, N. americanus; N.br, N. brasiliensis; TIL-1 trypsin-inhibtor like serine protease inhibitor.
The color is to help the reader assess if the evasion products has been linked to neutrophil quickly. Dark blue is used for when Neutro association is
demonstrated, light blue, when it is hypothetical and grey for a mechanism unrelated to neutrophil.
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NETosis has recently been shown to be triggered in response
to various nematodes.*” We reported that extracellular traps were
released early on after both natural skin penetration and intrader-
mal infection with N. brasiliensis.?° Previously, in mice infected with
N. brasiliensis no NETs were found surrounding lung L3, but NETs
were reported in the skin around dead L3.2%2* This apparent dis-
crepancy can be explained by an active anti-NETosis evasion mecha-
nism (Figure 1). Indeed, we demonstrated that while NETs could not
be observed at late time points around living larvae both in vivo and
in vitro, they were present around dead larvae. Using live imaging,
we proved that in all cases NETs were released, but that they were
quickly destroyed in the presence of ES products expressed by liv-
ing parasites. We further identified a DNase-Il highly conserved in
Clade V nematodes (including N. americanus, A. ceylanicum), which is
secreted and able to degrade NETs in vivo and in vitro.?°

Neutrophil elastase, a key molecule in NETs formation, has been
shown in vitro to be directly toxic to the flukes Fasciola hepatica and
Schistosomes by damaging their tegument.*®4? NE has also been sug-
gested to damage the much harder nematode cuticle of Trichinella.>°
Adult worms of A. ceylanicum and A. caninum have been shown to
produce a Kunitz-type inhibitor-1 (AceKl-1 or AceK1), which is a
tight-binding inhibitor of trypsin, chymotrypsin, pancreatic elastase,
and NE.> Ancylostoma duodenale also expresses a serine protease
inhibitor with two trypsin inhibitor-like domains (AduTIL-1).>? This
likely reflects the reproductive niche of hookworms in the digestive
tract, but might also be an evasion strategy from neutrophil attack
(Figure 1). Unfortunately, the impact of NE inhibition via AceKl1 on
NETosis has not been studied so far.

Hookworms express several antioxidant enzymes, such as SODs,

which could interfere with the process of NET formation (Figure 1).

NON-ACTIVATED NecatorL3
NETs trapping and killing

Cuticle
damage

NETs
trapping

degraded
DNA traps

v Ly

DI10( ‘

Interestingly, extracts of the tapeworm Mesocestoides corti were
shown to block the formation of stress-induced NETs.> In this study,
parasite products were co-cultured with neutrophils in the presence
of H,0,, and a reduction in NETs was observed. The authors then
further determined that ES products block the Transient Receptor
Potential Cation Channel Subfamily M Member 2 (TRPM2) as well
as downstream autophagy pathways. While the authors did not de-
fine which specific parasite molecule(s) is (are) responsible for this
activity, other studies have investigated the role of cestode ES in
protecting against H,O,-induced cell death. One such study treated
Echinococcus granulosus with H,O, to establish a list of parasite
proteins secreted in response to reactive oxygen species.>® At the
top of this list are gluthatione-S-transferases, a well-characterized
family of enzymes involved in detoxification. In hookworms, three
GSTs have been identified, with GST-1 being a lead human vaccine
candidate due to its heme detoxification function. It might thus be
interesting to investigate the role of GSTs in NETosis evasion.

In this section, we have shown that hookworms have evolved
a considerable defense arsenal against neutrophil activity, both
blocking recruitment as well as neutrophil effector functions. We
therefore argue that this reflects a selective pressure exerted by
neutrophils on parasite fitness. In the next section, we discuss the
proven and potential larvicidal activity of neutrophils.

5 | NEUTROPHIL-MEDIATED KILLING OF
HOOKWORMS

We have established in the previous sections that neutrophil recruit-

ment is a feature of hookworm infections and that hookworms have

TEMPERATURE-ACTIVATED Necator L3
NETSs evasion

Activated intact
neutrophils ?
)
ES
products

NE inhibitor? DNAse-Il

TRPM2 blocker?

FIGURE 1 Hookworms actively evade NETosis. The non-activated infectious larvae of hookworm are trapped by neutrophil extracellular
traps (NETs) released by neutrophils isolated from human blood. During the transition to parasitism, heat-activation causes hookworms

to secrete anti-NETs evasion molecules. Three mechanisms of evasion are illustrated: (i) a DNase-Il capable of degrading NETs to evade
trapping and cuticle damage, demonstrated in Necator brasiliensis and N. americanus and (ii) a Kunitz-type Inhibitor (Ace-KI1) identified in
Ancylostoma ceylanicum is proposed to block the formation of NETs by inhibiting NE activity, (iii) an unidentified blocker of TRMP-2 inhibits
oxidative stress-induced NETs formation. This mechanism has been demonstrated in the cestode Mesocestoides corti. Fluorescent images
were obtained by co-culture of circulatory human neutrophils with N. americanus L3 for 3 h. Activated larvae were placed at 37°C for one
night before co-culture to stimulate ES release. NETs are stained using sytox green and are represented with the LUT fire in Fiji. The figure

has been made using Biorender
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evolved various strategies of evading the neutrophil attack. This
suggests that hookworm fitness can be affected by neutrophils. But
can these granulocytes kill a helminth, and by which mechanism(s),
given the large size of hookworms?

Interestingly, the toxic activity of neutrophils was assessed against
various nematodes in vitro in the early days of immunoparasitology.50
However, knowledge of neutrophil effector functions was incomplete
at the time, and their role in anti-helminth immunity has only been
studied in detail more recently. Two types of neutrophil-mediated
killing have emerged from recent studies: (i) direct killing, associated
with neutrophil trapping, NETosis and granule toxicity and (ii) indirect
killing, associated with enhanced type 2 immunity.

5.1 | Direct toxicity of neutrophil to hookworm
parasites: netosis killing

The web-like DNA that forms NETSs is decorated with antimicrobial
molecules such as histones, MPO, and NE, which have been dem-
onstrated to kill bacterial and fungal pathogens.*! Here, we discuss
the pathways invoking NETosis, and the mechanisms by which NETs
reduce parasite infectivity and viability (Figure 2).

5.1.1 | Neutrophil extracellular traps
larvicidal activity

Neutrophils that are recruited towards larvae or their products have
been shown to bind and trap larvae?® which can be enhanced by
antibody-dependent binding as shown during secondary infection
with H. polygyrus.”® To bypass macrophage-mediated killing of the par-
asite, mice were challenged with L3 only 4 days after primary infection
and passively immunized with serum from primed mice to artificially
increase antibody titers. Following this transfer, worm burdens were
significantly reduced. They further demonstrated in vitro that “altered”
neutrophils from immunized mice swarmed and killed the larvae - al-
though this now four-decade-old paper did not further describe this
alteration, it was perhaps an early report of trained immunity. Similarly,
in mice vaccinated with A. caninum, inoculation of L3 intraperitoneally
caused neutrophils to bind to the larvae in an antibody-dependent
manner. The authors then conducted SEM on the larvae and observed
damage to the cuticle, including what they described as a swelling,
focal collapse of cuticle, and deformation.>®

We have recently observed similar damage to the cuticle of
N. brasiliensis exposed in vitro to neutrophils, as shown by increased
permeability of the L3 cuticle to the impermeant DNA binding dye
Sytox-Green.?° In this study, we further characterized the neutrophil
toxicity to the larvae resulting from the release of NETs, formed around
larvae after skin penetration or intradermal injection. Neutrophil de-
pletion or NETosis blockade (PAD-4-KO, NE inhibitor, and DNAse
treatment) all increased parasite survival, measured by the number
of adults in the intestine. We also confirmed that N. americanus-
induced NETosis in vitro. As mentioned previously, N. brasiliensis and

N. americanus secrete a DNAse-Il that cleaves extracellular traps in
response to this attack. In a co-culture assay of L3 with neutrophils,
neutralizing the DNAse-Il evasion activity with anti-serum increased
the percentage of dead larvae, proving that NETs can directly impair
larval survival. Altogether, this illustrates that NETs can have larvicidal
activity against hookworms and that those parasites have evolved an
evasion strategy against this attack (Figure 2).

NETosis appears to be initiated against various helminths, both
STH and vector-borne. Notably it has been observed in vitro against
Strongyloides stercolaris,®” H. contortus,”®? Strongyloides ratti,®® the
ruminant parasite Ostertagia ostertagi,®* as well as several filariae.*’
What is most intriguing is that this response is not just limited to par-
asite nematodes; even if quite artificial, the free-living clade V nema-
tode Caenorhabditis elegans is also able to trigger NETs in vitro, proving
the triggers of NETosis are well-conserved amongst nematodes.®!

To date, no consensus has emerged regarding the importance
of NETs in STH larvicidal activity. Key differences between studies
are as follows: (i) So far, immuno-evasion has only been observed
in hookworm, with the live larvae of other species becoming du-

rably entrapped in NETs?%>”>%: (ii) Cuticle damage was only re-

ported in N. americanus, N. brasiliensis and A. caninum20'56; (iii) While
neutrophil-induced killing was found in all models, NETs degrada-
tion was not always sufficient to reverse killing.>>82 Whether this
means that NETs can damage some helminths and not others is not
clear. Indeed, some of these results might be inherent to the assay,
and not reflective of NETs larvicidal potential in vivo. For example, in
the S. stercolaris in vitro system, incubating the larvae with a mouse
or human neutrophils gave diverging results.’” In both cases, NETs
were released and contributed to larval trapping. However, with
human cells, DNase-| treatment reduced the killing of the larvae
from 90% to 20%, while with murine neutrophils no reduction in the
killing was observed. Further work, using in vivo studies, is required
to confirm the larvicidal activity of NETs in other STH.

A potential explanation as to why some helminth larvae are killed
by NETs and not others may lie in a difference in neutrophil activation,
rather than in the worms themselves. Indeed, different stimuli have
been shown to cause changes in the “NETome,” that is,the molecules
decorating the released DNA in NETs.®*%* This raises the question
of whether there are helminth-specific NET decorations. The protein
composition of helminth-induced NETs has not been studied to date,
and the only information known is that MPO, NE and histones are
present.?>>7%1 However, Ehrens et al.%° report the release of MMP-9
in the supernatant of S. ratti stimulated neutrophils but did not con-
firm its association to the released DNA. Given that NE is suggested
to damage Trichinella sp.so, it would be an interesting avenue of future
research to determine whether NE or other NET-associated proteins
are responsible for NETs-induced damage to the hookworm cuticle.

5.1.2 | Neutrophil extracellular traps induction

Neutrophil extracellular traps can be invoked via several differ-
ent pathways and signaling events, as discussed above.®>®¢ In all
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FIGURE 2 Neutrophil extracellular traps kill larvae via a variety of mechanisms. Neutrophil extracellular traps (NETs) are induced in
response to hookworm and related helminth larvae. (A) The mechanism of NETs induction is not yet characterized. The current hypothesis
include parasite-specific products such as glycans and excretory/secretory (ES) products, the multicellular size of larvae, recognition of
microbiome/soil-derived microbial signatures via toll-like receptors (TLR), or indirect activation from as-yet-unknown immune or non-
immune cells. (B) Following hookworm detection, NETosis induction requires NADPH oxidase (Nox), myeloperoxidase (MPQ), neutrophil
elastase (NE), and peptidylarginine deiminase 4 (PAD4). While neutrophils have been the primary study of hookworm-induced NETosis,
emerging evidence suggests other cells may form extracellular traps such as eosinophils (EETs) and monocytes/macrophages (METs). (C) In
the absence of immuno-evasion, NETs can participate in larval killing by direct or indirect mechanisms not mutually exclusive: (i) Larvae are
mechanically trapped by NETs. L3 are potentially exposed to a high concentration of “decorating” enzymes (NE, citrullinated histone H3
(H3Cit), MPO, and matrix metalloprotease 9 [MMP-9]) or killed by other immune cells recruited to the traps and (ii) the cuticle of larvae is
damaged by neutrophil enzymes such as NE, causing increased permeability to sytox green. (iii) NETs directly activate other immune cells,
such as macrophage to potentiate their larvicidal activity. Immunofluorescence microscopy of Necator brasiliensis L3: (i) intravital imaging
of larvae in the skin (CFSE stained, green) trapped by NETs stained with the DNA binding dye sytox blue (red). (ii) Larvae killed by NETs in
vitro and stained with sytox green for 3 h. The damaged cuticle lets the otherwise impermeant dye through to stain the internal structures
of the worm. Fluorescence intensity represented with the fire LUT in Fiji. (iii) Intravital imaging of neutrophils (Ly6G-PE red) adhered to
larvae (CFSE-stained, green) surrounded by monocytes (Ly6C-BV421, blue) 6 h post intradermal inoculation. For more details about the

methodology, please see.?° The figure has been made using Biorender

reported models of STH-induced NETosis, neutrophil elastase
blockade was found to prevent NET formation.?%>?%! Blockade
of MPO and NOX activity was also reported to block NETosis in
vitro.”?6! Interestingly, NETosis in response to Dirofilariae immitis
(a Clade Il nematode) was shown to be independent of NOX ac-
tivity,®? suggesting that several types of NETs could be induced
by different helminths. In NOX-independent NETosis, PADs were
shown to be required to decondensate DNA by hypercitrullina-
tion.” PAD4 was shown to be required for NET killing in vivo after
N. brasiliensis infection, and NETs were heavily decorated with cit-
rullinated Histone 3,2°
gate the role of NOX.

though unfortunately, we did not investi-

Interestingly, NOX-independent NETosis has been reported to
be a much faster event than NOX-dependent NETosis. Rapid in-
duction of NETosis was reported in vitro after stimulation with

5759 which might sug-

S. stercolaris and H. contortus, respectively,
gest NOX-independent NETosis does occur after STH stimulation.
Notably, both species induced NETs more rapidly than with highly
potent artificial stimuli PMA. However, with both N. brasiliensis and
O. ostertagi, NETs induction has been shown to be slower than with
PMA.2%%! This slow NETosis has been shown to be associated with
some neutrophils remaining NETosis-free several hours after cul-
ture within Candida albicans and Group B streptococcus,®® while PMA

induced NETosis in virtually all neutrophils. Similar to those slow
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inducers, a large majority of neutrophils free from NETosis were re-
ported for both N. brasiliensis and S. ratti.?%%® Why such a low num-
ber of neutrophils enter NETosis in response to helminth infection
is an interesting question, currently without an answer. It may be
that a specific polarization of neutrophil is required (as described in
Chen, 2016) or that neutrophil requires a signal above a threshold
to undergo NETosis, that PMA and other “potent inducers” reliably
cross, while helminth does not, maybe to prevent “NETosis storms.”

Further work is required to understand the mechanisms of NETs
formation against helminths and to decipher if all NET induction
mechanisms impair parasite viability.

5.2 | Indirect toxicity of neutrophils: a role for
netosis in type 2 protective immunity?

The role of neutrophils in type 2 immune responses, particularly in
helminth infection, is increasingly appreciated.® Here, we focus on
the indirect role of NETs in driving type 2 protective immunity to
hookworm.

5.2.1 | Priming of type 2 immunity

As with many infections or injuries, neutrophils are quickly recruited
to, and swarm, hookworm larvae after their entry into the host.?°
Neutrophils and inflammatory monocytes have been shown to be
the main cells taking up fluorescently labelled N. brasiliensis L3 an-
tigens in the skin.?? Given that NETs have been shown to interact
with dendritic cells (DCs) and alter their polarization.®”’° Pellefigues
and collaborators explored the role of NETs in the priming of type
2 inducing DCs after dead L3 injection. The IFN-I signature of DCs
(required for Th2 induction in helminth models) was not found to
be dependent on NETosis, as this signature was not abrogated by
exogenous DNase treatment or neutrophil depletion.?? This how-
ever does not exclude the role of NETs in shaping type 2 responses
entirely. Indeed, in type 2 respiratory virus model, NETs have been
recently shown to sustain the intensity and priming of the type 2
response by controlling recruitment of monocyte-derived DCs,’?
proving that NETs can be involved in Type 2 immune priming/tuning.
Further studies of NETosis in the initiation of Type 2 immunity are
thus needed.

5.2.2 | Activation of effector cells

IL-4 activated macrophages are a hallmark of anti-helminth immu-
nity, and many forms of neutrophil-macrophage communication
have been reported.”? In Strongyloides infection, NETs were shown
to be required for killing larvae but could do so only in the presence
of macrophages.57 Similarly, in an N. brasiliensis re-infection model,
primed macrophages from neutrophil-depleted mice, transferred to
naive animals, could no longer protect against infection,?” suggesting

an important role for neutrophils in priming macrophage larvicidal
activity. Nippostrongylus brasiliensis or LPS-treated neutrophils had
a distinct transcriptome from one another, including prototypical
M2 markers (il-13, chi3I3, retnla, arg-1). Whether this transcriptomic
profile is associated with NETosis has not been investigated in this
study.?”

Recent research, outside the field of helminthology, has begun
to explore the potential for NETs to contribute to macrophage ac-
tivation. Notably, NETs have been shown to activate macrophages
via NLRP3 leading to increased activation of CD86+ macrophages
and increased expression of IL-1b, IL-6 and TNFa (Qiongyi et al.
Increased neutrophil extracellular traps activate NLRP3 and inflam-
matory macrophages in adult-onset Still's disease, PMID: 30616678).
Furthermore, IL-8 has been shown to cause the release of NETs and
further activate macrophage activation and release of IL-8 in the
context of atherosclerosis (An, 2019). Future research could thus
investigate how NETs or their clearance changes macrophage polar-
ization and function in the context of hookworm infection.

6 | HOOKWORMS AND NETOSIS:
OUTSTANDING QUESTIONS REMAIN

While NETosis is an increasingly documented response against STH
infection, there remain several key questions surrounding the mech-
anisms and requirements of this effector response. First, what are
the molecular triggers of helminth-induced NETosis? Second, what
other cells contribute to killing during NETosis, and could eosinophil
and monocyte ETs contribute to helminth control?

6.1 | Triggers for nets
Size has been proposed as a trigger for NETosis. Indeed, Bransk and
collaborators proposed that neutrophils selectively release NETs
in response to fungal hyphae or bacterial aggregates, but not small
yeasts or non-aggregated bacteria.”® The absence of phagosomes
that form when neutrophils encounter large pathogens allows for
NE to be slowly released into the cytosol. This in turn promotes
the decondensation of chromatin, leading to the release of NETSs.
These molecular events could certainly occur when a neutrophil
encounters a helminth, although it is yet to be explored. However,
in this size-dependent model, NETosis is slow and can take up to
4 hours.”® Hookworms and helminths on the other hand have been
shown to trigger NETs within 30 minutes to 1 hour post-encounter.
Thus, it is likely that other triggers are involved in the induction of
NETosis, 26575961

In filarial parasites, it is well documented that NET formation
is driven by the presence of the bacterial symbiont Wolbachia.*’
Indeed, treatment of Brugia malayi with doxycycline prior to in-
fection abolishes NETosis. This raises the possibility that it is not
hookworms per se that are recognized by the immune system,
but associated microbial pathogens. While hookworms do not
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have known endosymbionts, the infective larvae are likely to be
covered with soil-derived bacteria. It stands to reason that host
immunity could evolve responses to this hookworm-associated
microbial signature.

While hookworm NETosis induction could be bacterial depen-
dent, it is however independent of TLR-2 and TLR-4, as NETs were
still observed around dead N. brasiliensis L3 in TLR-2-KO and TLR-
4-KO.%2 Similar results were obtained with TLR-4 inhibitor treatment
in O. ostertagi assays,(’1 proving that TLR-2 and TLR-4 ligands are not
required for hookworm-induced NETosis. While specific helminth
PAMPs have still not been characterized, several hookworm mole-
cules could be triggering NETosis. The glycan-rich cuticle of hook-
worms could be recognized by neutrophils, as lipophosphoglycans
of Trypanasoma spp. have been shown to induce NETs.”* Another
potential PAMP could be aspartic protease-1 (APR-1), the lead vac-
cine candidate against hookworms, as fungal aspartic proteases of C.
albicans were shown to trigger NETosis.”

Finally, NETosis could happen in response to environmental cues
such as danger signals or cytokine alarmins. Indeed, cytokine (IL-8)
and chemokine binding (to IFN-R and CXCR1) has been shown to be
capable of triggering NETs formation.”® To date, such a role for the
cytokine milieu has not been addressed in STH. Instead, a recent
study reports that IL-4, a hallmark of anti-helminth response, limits
NETs formation.””

6.2 | Extracellular traps from other cells

Since the discovery of NETs, DNA traps have been shown to be a
general feature of leukocytes, including eosinophils (EETs), mac-
rophage (METs), mast cells, and basophils (BETs).”®7? Literature
is even more limited for these cells than neutrophils, but a few
reports are pointing towards their involvement in hookworm
infection.

As mentioned previously, Strongyloides infection has been shown
to trigger egress of both neutrophils and eosinophils to the site of in-
fection.®® Interestingly, Ehrens and collaborators, reported recently
that S. ratti infection triggers both NETosis and EETosis with larvi-
cidal activity. EETosis was also demonstrated against filarial para-
sites Litomosoides sigmodontis and D. immitis, suggesting a conserved
mechanism of helminth defense.®°

Strongyloides larvae were shown to cause the release of METs
from human cells in vitro.”” The subsequent killing of larvae then
required a combination of neutrophils and macrophages, and was
reversed by DNase treatment. Interestingly, the authors report that
in co-cultures of mouse neutrophils, macrophages and larvae, NETs
but not METs are released. The killing was then still present but not
reversed by DNAse treatment.”’ This suggests that METs might
be involved in Strongyloides killing but that redundant mechanisms
exist.

Basophils are known to be important for early priming of the
immune response against N. brasiliensis, notably releasing IL-4 and
priming macrophages in secondary responses.®%%? Nothing is yet
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known regarding their DNA release during helminth infection, but it

would be interesting to investigate the contribution of BETs to anti-

helminth immunity.

7 | CONCLUSION

Hookworms appear to have evolved complex mmune-evasion mecha-
nisms specifically tailored towards neutrophil effector functions, with
many mechanisms still remaining to be elucidated. It also appears that
neutrophils, and in particular their NETs, can have larvicidal activity di-
rected against at least the infective stage of hookworm. Thus, we argue
that neutrophils are an important player in anti-hookworm immunity
and that their role in clinical infection should be explored further.

Clinical investigations of the immune response to hookworm in-
fections are scarce, as local tissues are hard to access in humans. Quite
recently, controlled challenge infections with hookworms have been
designed to test the efficacy of hookworm vaccine candidates during
clinical trials.2% This approach has created an interesting opportunity
for researchers to study the immune response to hookworm infections
in otherwise hookworm-naive individuals, notably the early events
after infection, which may be associated with neutrophil responses
and potential larvicidal activity.

Attempts to develop anti-hookworm vaccines have highlighted
the need to exploit early immune responses to the infective stage,
rather than established adult worms. Given neutrophils role as first
responders, deciphering the neutrophil/hookworm interplay might
pave the way towards new vaccine targets and uncover neutrophil
evasion mechanisms that could be harnessed to combat neutrophil-
mediated diseases.
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