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Abstract

As part of on-going efforts to control hookworm infection, the “human hookworm vaccine ini-
tiative” has recognised blood feeding as a feasible therapeutic target for inducing immunity
against hookworm infection. To this end, molecular approaches have been used to identify
candidate targets, such as Necator americanus (Na) haemoglobinase aspartic protease-1
(APR-1), with immunogenicity profiled in canine and hamster models. We sought to acceler-
ate the immune analysis of these identified therapeutic targets by developing an appropriate
mouse model. Here we demonstrate that Nippostrongylus brasiliensis (Nb), a phylogeneti-
cally distant strongylid nematode of rodents, begins blood feeding early in its development
and that immunisation with Na-APR-1 can block its growth and completion of its life cycle.
Furthermore, we identify a new haem detoxification pathway in Nb required for blood feed-
ing that can be blocked by drugs of the quinolone family, reducing both infection burden and
the associated anaemia in rodents. Collectively, our findings show that haem metabolism
has potential as a checkpoint for interrupting hookworm development in early stages of the
hookworm life cycle and that the Nippostrongylus brasiliensis rodent model is relevant for
identifying novel therapeutic targets against human hookworm.

Author summary

Hookworm infections (Necator americanus or Ancylostoma duodenale) represent a major
neglected tropical disease affecting approximately 450 million people worldwide and caus-
ing morbidity due to their need to feed on host blood resulting in severe anemia. New
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chemotherapy and vaccines are needed to combat hookworm infections. Using a rodent
parasite model, we describe a new haem detoxification pathway that is a metabolic check-
point for parasite development, survival and reproduction. This provides a starting point
for the development of novel therapies against such metazoan blood-feeders.

Introduction

Hookworms (Ancylostomatoidea) are agents of one of the major Neglected Tropical Diseases,
affecting 450 million people worldwide [1]. Human hookworm disease is caused principally by
Na and A. duodenale and manifests as anaemia through blood-loss, stunted development in
childhood and complications during pregnancy [2, 3]. Blood-loss is thought to be associated
with the feeding activity of the parasite in the gut throughout the L4 and adult stages, during
which the parasite attaches to the gut mucosa and ruptures capillaries. The blood-feeding
mechanisms have been partially characterised in these nematodes, and some proteins involved
in this pathway such as the Na hemoglobinase aspartic protease 1 (Na-APR-1) and the haem
transporter Na gluthatione-S-transferase-1 (Na-GST-1), that are essential to the digestion pro-
cess, are now the targets of vaccine development [4-7].

Haem, an essential prosthetic group, is one of the byproducts of the degradation of haemo-
globin. Most nematode parasites lack the de novo production of haem and are as such depen-
dent on haem scavenging from the host [8]. However, haem in its free form is highly toxic,
and its detoxification is essential to the survival of haematophagous parasites [8]. This process
has been partially studied in hookworms with the discovery of a haem catabolism pathway
involving the GST and GSH proteins, similar to that described for the malaria parasites Plas-
modium spp. and other haematophagous parasites [9-12]. In malaria, several pathways of
haem detoxification have been described. One of these pathways involves the crystallisation of
haem into a B-haematin complex called hemozoin [13, 14]. Hemozoin is a dark-brown non-
toxic pigment and has been characterised in both Plasmodium spp. and in the blood flukes
Schistosoma spp. [15]. Given the presence of hemozoin in such distantly related parasites, we
hypothesized its possible formation in hookworms.

As human hookworms do not develop in mice, we used a phylogenetically distant strongy-
lid nematode that is widely used to study the type 2 immune response, namely Nb (Trichos-
trongyloidea). This parasite has a similar life cycle to Na, migrating from the skin to the lungs
during the infective L3 stage (iL3), and maturing to adulthood in the gut from where it releases
eggs into the faeces. Larvae can be found in the lungs approximately 11 hours post-subcutane-
ous infection. There, they enter the 3" molt that differentiates them from the L3 to the L4
stage in around 48 hours. This ecdysis is rarely observed in the lungs, but all the larvae that
reach the gut by 72 hours are L4. The morphological changes associated with the 3™ molt are
considerable, and can be summarized as follows: significant growth of the larvae (increasing
more in width than in length), shortening and widening of the buccal cavity, increase in length
of the oesophagus, increase in number and widening of intestinal cells, and accumulation of a
dark-brown intestinal pigment [16].

We designed in vitro and in vivo assays to demonstrate that Nb is a haematophagous para-
site from the iL3 stage to the adult stage, causing anaemia in its host just as described in
human hookworm infection. We have shown that the uptake of RBC, or of haemoglobin,
induces growth of the parasite and the formation of a dark brown pigment that we character-
ized as hemozoin-like. Drugs of the quinolone family targeting hemozoin formation are able
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to arrest the development of the iL3 and the reproductive capacity of the adults both in vitro
and in vivo.

Results

N. brasiliensis is a blood-feeding nematode from its infective larval stage

Anaemia is the main pathology associated with hookworm infection and an important cause
of adverse pregnancy outcomes and developmental stunting in children in endemic areas [2,
3]. Here, we report that mice infected with Nb develop a mild anaemia, during both the lung
phase and the gut phase of the parasite life cycle (Fig 1A). As anaemia could be due to a combi-
nation of lung damage caused by the worm migration [17] and damage through feeding in the
gut, we sought direct evidence of parasite ingestion of blood by using fluorescently-labelled
whole blood or Ter-119-labelled red blood cells (RBC). In all stages tested (iL3 in lungs, L4 or
adults in the gut) we observed fluorescence in the intestine of the parasite, confirming that Nb
is ingesting blood in vivo (Fig 1B & 1C). We further confirmed that infection by gavage of L4,
which is not a migratory stage, also causes anaemia (Fig 1D).

The blood digestome of N. brasiliensis is conserved with human hookworms

In order to confirm the blood-feeding behaviour of Nb, we searched for homologues of Na-
APR-1, the first enzyme of the haemoglobin digestion cascade in Na [18] within the Nb secre-
tome and transcriptome [19]. Amongst the excretory-secretory products of Nb iL3 and adult
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Fig 1. Nb is a blood-feeding nematode and causes anaemia. (A) Haematocrit was measured at day 2 and day 6 on 30 pl blood from C57BL/6 mice
infected subcutaneously with Nb. One-way ANOVA (n = 6, pool of 2 independent experiments). (B) PKH26 was administered intravenously to C57BL/
6 mice, one day before collection of L3 (1 day post-infection), L4 (3 days post-infection) or adult Nb (6 days post-infection). One day later, parasites
were harvested and gut fluorescence assessed by fluorescent and DIC imaging. Images representative of 50 larvae harvested in 3 independent
experiments. Scale bar: 50 um. (C) 15 ug of Ter119-APC antibody was administered intravenously to C57BL/6 mice, daily, starting one day before
infection with 550 iL3 Nb. Larvae were harvested from the lung 1 day after infection, and female and male L4 from the gut at day 4. Fluorescence of the
larval intestine was assessed by fluorescent and DIC imaging. Representative of 30 larvae harvested in 2 independent experiments. Scale bar: 50 pm (D)
Haematocrit was measured at day 6 on 30 ul blood from C57BL/6 mice infected with L4 Nb per os. t-test.

https://doi.org/10.1371/journal.ppat.1006931.9001
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stages, we identified a potential homologue of Na-APR-1, hereafter Nb-APR-1, presenting
83% amino-acid identity over 91% of the protein length, notably including a conserved active
site (Fig 2A, S1 Text). A protein-based neighbour-joining phylogram of several homologues
from related organisms confirms the proximity of the Nb-APR-1 homologue to those of the
hookworm family (Fig 2A).

We next explored the pattern of expression of Nb-APR-1 throughout the Nb life cycle
by western blot using a monoclonal antibody raised against the Na-APR-1 protein, as its binding
site was fully conserved between both species [5](Fig 2B). We found that Nb-APR-1 is expressed
in both gut stages (L4 and adults) but also, surprisingly, in the iL3. In Necator, such expression
of APR-1 in the iL3 stage has not been reported, although APR-1 mRNA has been detected [20].

Next, we assessed whether anti-APR-1 antibody could bind to APR-1 in live parasites, the
expression of which is restricted to the nematode intestine [7]. By culturing serum-activated
Nb iL3 in vitro with an anti-APR-1 antibody in the presence or absence of murine blood, we
show that the antibody is naturally ingested by the parasite and binds to the intestinal brush
border (Fig 2C). Remarkably, we did not observe any binding of the antibody to the intestinal
border in unfed iL3, suggesting that Nb-APR-1 could be transported to the luminal surface
upon initiation of blood feeding (Fig 2C). As APR-1 is shared between the rodent hookworm
Nb and the human hookworm Na, we assessed whether there was an immune cross-reactivity
between these pathogens. Even though Na is unable to develop into L4 in an incompatible host
such as the mouse [21], intravenous injection of Na iL3 was sufficient to induce protection
against Nb both during the lung and the gut stages (Fig 2D & 2E). More strikingly, vaccination
with a wild-type Na-APR-1 recombinant protein formulation with alum was sufficient to elicit
protection against Nb, even as early as the lung phase of the infection (Fig 2D & 2E).

To further validate the relevance of Nb as a vaccine target discovery model for hookworms,
we assessed the cross-protection potential of Na-GST-1, the other lead vaccine candidate
against hookworms, thought to be involved in haem detoxification [22-25]. First, we identified
11 homologous sequences with a high identity (>55%) to Na-GST-1 in the Nb transcriptome
(S1 Fig)[19]. Two of those proteins are secreted by the adult stage but not the iL3 (m.154242
and m.83139), similar to the pattern of expression described in A. caninum [9, 26]. Impor-
tantly, intraperitoneal vaccination with recombinant Na-GST-1 with alum also conferred pro-
tection against the lung stage of Nb infection (Fig 2F).

Altogether, the blood-feeding-induced anaemia and conservation of the molecular blood-
feeding pathways in Nb show that this parasite can be used as a relevant tool for vaccine and
drug identification against hookworms.

N. brasiliensis infectious larvae ingest blood and develop a haem-derived
pigment

In hookworms, blood-feeding was thought to be restricted to the adult stage, with its main role
being to support the reproduction of the parasites [3]. However, APR-1 is expressed in the iL3
stage, raising the possibility that hookworms are blood-feeders throughout their parasitic life
cycle, and as such could be targeted by vaccination earlier than previously suggested [27]. This
prospect is supported by mRNA analysis of Na [20]. We thus investigated the potential impor-
tance of blood-feeding in the development of iL3.

First, we show that Nb iL3 can ingest blood and that this feeding is specific to RBC, as only
Ter119-labelled RBC and not CD45-labelled leukocytes are ingested by the parasite (Fig 3A).
Using intravital imaging of the parasite we additionally observed the movement of a RBC
bolus in the intestine of the worms (S1 Video). Within 24 hours of RBC-feeding in vitro, Nb
iL3 develop a dark brown pigmentation that clearly accumulates inside the gut epithelial cells
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Fig 2. The Nb haemoglobin digestion cascade is conserved with human hookworms. (A) Amino acid alignment of
Nb-APR-1 and the corresponding regions of other parasite and aspartic protease homologues. The active-site Asp284
is denoted by an arrow and the 13-mer A291Y epitope of Na-APR-1, and its corresponding peptide in homologous
proteases is shown in the grey box. GenBank accession numbers are as follows: N. americanus, CAC00543; A.
ceylanicum, AAO22152; A. duodenale, ACI104532; Ancylostoma caninum, AAB06575; Schistosoma mansoni, AAB63442;
Haemonchus contortus, CDJ87729 and Caenorhabditis elegans, NP510191. Nb sequence (m.418883) is available in S1
Text. (B) Western blot of Nb-APR-1 expression in crude extracts of Nb iL3, L4 or adults. rNa-APR-1 is included as a
reference. Representative of 4 pools of Nb. (C) iL3 were fed in vitro for 24 hr with RBC and treated with 10 pg of
11F3-APC monoclonal antibody against Na-APR-1 or with an isotype matched-RELM-APC control antibody. Larvae
were allowed to empty their digestive contents for 2 hours in fresh DMEM before internal labelling was evaluated by
confocal microscopy. Data representative of 50 larvae cultured in 3 independent experiments. Scale bar: 50 pm (D&E)
Mice were vaccinated subcutaneously with 25 pg of Na-APR-1 combined with Alu-Gel-S (25 ug: 200 pl), or infected
with 100 Nb or Na iL3 by intravenous administration. One month later, mice were challenged with 550 Nb iL3
subcutaneously and larvae were enumerated in the lung 2 days post-inoculation (D) or 6 days later in the gut (E). Data
representative of two independent experiments (n = 3-5), one-way ANOVA. (F) Mice were vaccinated with 25 ug of
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Na-GST-1 intraperitoneally or infected with 100 Nb or Na iL3 by intravenous administration. One month later, mice
were challenged with 550 Nb iL3 subcutaneously and larvae were enumerated in the lung 2 days post-inoculation. Data
representative of two independent experiments (n = 5), t-test.

https://doi.org/10.1371/journal.ppat.1006931.9002

(Fig 3B). This is reminiscent of the characteristic intestinal pigmentation that appears in the
lung molt 3 larvae both in Nb and Na [16, 28](S2A Fig). The percentage of iL3 presenting with
this pigmentation through time in vitro increased in a dose-dependent manner with RBC
number, and with haemoglobin concentration (Fig 3C & 3D). Interestingly, myoglobin but
not other iron-carrier proteins (hemin, hematin nor transferrin) caused development of pig-
mentation in the parasite, suggesting that the blood digestion cascade is very specific and simi-
lar to that of hookworms (Fig 3E, S2B Fig).

As the intestinal pigment appears specifically after RBC or haemoglobin feeding of Nb iL3,
we hypothesised that the pigment could be part of a haem detoxification pathway. Microscopic
examination of RBC-fed iL3 identified the black pigment within the digestive tract as birefrin-
gent, a feature consistent with crystals of haem [29]. The haem nature of the pigment was fur-
ther confirmed by its specific absorbance at 400 nm, and its presence only in RBC-fed larvae
(Fig 3F). Liquid chromatography mass spectrometry (LC-MS) analysis of the purified pigment
fraction (RBC+L3) identified a peak at 616.17 consistent with a haem B signature. LC-MS anal-
ysis of the isolated pigment fraction from unfed larvae (iL3) and medium-fed larvae (med.
+1iL3) did not present with this characteristic peak (Fig 3G). Taken together, these results sug-
gest that the intestinal pigment forming in the Nb intestine after blood-feeding is a detoxified
form of the haem released from haemoglobin digestion, similar to hemozoin described in
other blood-feeding parasites [30, 31].

Blood feeding is an important cue for development of N. brasiliensis

Hookworms cause extensive haemorrhage by damaging the lungs during their migration, and
are thus exposed to potentially harmful haemoglobin that requires detoxification. We sought
to establish if accumulation of the haem-derived pigment in iL3 Nb is an artefact of the haem-
orrhage caused by tissue damage or whether active blood-feeding is required for the develop-
ment of iL3 into more mature stages.

First, we show that in vitro feeding of iL3 with haemoglobin is sufficient for the larvae to
grow in size (Fig 4A). Using fluorescent staining of nuclei in whole mount Nb iL3, we further
show an increase in differentiation of the intestine with a proliferation of the intestinal epithe-
lial cells, from 8 to 12 cells (Fig 4B). We further addressed whether other signs of molt 3 in the
parasite were initiated after blood consumption. In accordance with the molt 3 specific mor-
phological criteria described for Nb [16], we observed (i) an increase of the overall size of the
larvae (Fig 4A), (ii) the elongation of the oesophagus, (iii) the increase in the length of the
intestinal cells, and finally (iv) the widening and shortening of the buccal capsule after RBC or
haemoglobin feeding (Fig 4C & 4D).

In summary, blood-feeding is essential for the early development of Nb larvae. We thus
considered whether haem metabolism could be a checkpoint in worm development that could
be leveraged to control infection.

The ingested haem is detoxified into a hemozoin-like pigment that can be
targeted by quinoline drugs
The pigment we identified in Nb presents very similar physiochemical characteristics to hemo-

zoin, a haem-detoxification crystal that has been described in other blood-feeding organisms,
such as the protozoan Plasmodium and the trematode S. mansoni [30, 31].
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Fig 3. Nb detoxify blood in an hemozoin-like pigment contained in intestinal cells. (A) RBC or spleen leukocytes
were isolated and stained with Ter119-APC or CD45-APC antibody respectively. Cells were then co-cultured at 1x10°
cells per 1500 iL3 for 24 hours after which larvae were assessed for internal fluorescence by confocal imaging. Data
representative of two independent experiments, with at least 50 larvae observed for each experiment. Scale bar: 50 um.
(B) DIC image of iL3 in vitro fed with RBC for 48 hours, showing the intracellular localisation of the pigment in the
epithelial cells of the parasite intestine. Data representative of three experiments, at least 50 larvae observed for each
experiment. Scale bar: 25 um. (C) 1500 iL3 are cultured in vitro in the presence of increasing doses of purified RBC.
The percentage of larvae harbouring intestinal pigmentation was observed on days 1-4. Data representative of three
independent experiments, two-way ANOV A significant for both time and dose effect, Bonferonni post-test significant
for all time points relative to 10° RBC. (D) 1500 iL3 are cultured in vitro in the presence of increasing doses of human
haemoglobin (Hb), at concentrations equivalent to the dose of haemoglobin per RBC reported in (C). The percentage
of larvae harbouring intestinal pigmentation was observed on days 1-4. Data representative of three independent
experiments, two-way ANOVA significant for both time and dose effect, Bonferonni post-test significant for all time
points relative to 150 ug/mL of haemoglobin. (E) 1500 iL3 are cultured in vitro for 48 hours in the presence of human
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haemoglobin (Hb), human myoglobin (Mb), transferrin (3.68 mg/mL) or ferric citrate (22.5 ug/mL), all at the same
relative proportion of iron. The percentage of larvae harbouring intestinal pigmentation was counted at 48 hours after
stimulation. n.d. = not detected. Data representative of three independent experiments. See S2B Fig. (F) The specific
absorbance spectrum of larvae dissolved in 0.1 M NaOH after 48 hours of feeding with 10° RBC. Differential
absorbance at 400 nm between RBC-fed iL3 and unfed iL3. Data representative of three independent experiments, t-
test. (G) LC-MS spectrum showing specific peak for haem at 616.17 g/mol in the pigment fraction extracted from in
vitro RBC fed larvae for 48 hours (RBC + L3). Control show inactivated larvae (iL3) and larvae culture in medium only
(med. +L3).

https://doi.org/10.1371/journal.ppat.1006931.9003

Hemozoin formation in S. mansoni is prevented by RNAi blockade of cathepsin D, the
homologue of APR-1 in this trematode [32]. Consistent with the possibility of a hemozoin-like
pigment in Nb, APR-1 blockade with a monoclonal antibody prevents pigment formation in
NbiL3 (Fig 5A). Furthermore, iL3 fed with RBC in vitro and fasted for 48 hours lose their pig-
mentation, suggesting that hemozoin could also be a form of iron storage as described in S.
japonicum [33](S3A Fig). Additionally, anti-APR-1 (mAb 11F3) blocks larval growth after
feeding with haemoglobin, in a dose-dependent manner (Fig 5B). Together, these results sug-
gest that Nb possesses an alternate haem detoxification pathway to GST that could lead to new
drug/vaccine targeting in hookworm infection.

To further evaluate whether the hemozoin-like pigment in Nb iL3 is the product of a haem
detoxification pathway, we carried out pigment formation inhibition experiments using quin-
olines, compounds that have been described as specifically able to target the formation of
hemozoin in both malaria and Schistosoma [34, 35] [36]. Consistent with our hypothesis, chlo-
roquine (CLQ), quinine (QN) and quinidine (QND) were all able to block pigment formation
in NbiL3 in a dose-dependent manner (Fig 5C). Associated with the reduction in the propor-
tion of worms that develop the intestinal pigmentation, we observed a diminution of pigment
intensity per worm (Fig 5D) and a decrease in worm viability as measured by ATP levels (Fig
5E). Notably, none of the drugs caused toxicity to the parasite in the absence of blood-feeding
(S3B Fig).

As the intestinal pigment was also identified in adult stages (S3C Fig), we next assessed the
effect of blocking the haem detoxification in sexually mature adults. In line with our observa-
tions with iL3, we noticed a diminution in worm pigmentation and fecundity after quinine
treatment in a dose-dependent manner (Fig 5F, S3D Fig). To confirm that the hemozoin-like
pigment could be a useful target against hookworms, we assessed the effect of blocking the
haem detoxification pathway in hookworms in vivo in mice. We administered QND intraperi-
toneally at 25 mg/kg daily, and assessed Nb worm burden 2 days post-infection in the lungs
and 6 days post-infection in the gut, thus investigating both the developing larvae and the sex-
ually mature parasite. As expected, QND treatment caused a significant reduction in worm
burden at both 2 and 6 days post-infection, as well as a significant reduction in numbers of
eggs released by the adults (Fig 5G-5I). More strikingly, the mild anaemia caused by Nb com-
pared to uninfected control mice, was also countered by QND treatment (Fig 5]). Altogether,
these results show haem metabolism to be a promising target for both vaccine-based and che-
motherapeutic hookworm interventions.

Discussion

Hookworms are considered to cause one of the major neglected tropical diseases, and infect
around 450 million people worldwide [1]. The human disease is caused principally by either
N. americanus or A. duodenale infection, and is characterized clinically by anaemia, malnutri-
tion in pregnant women, and an impairment of cognitive development in children [2, 37, 38].
While the host immune response to hookworm infection is robust and comprehensive in
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Fig 4. Blood feeding is required for optimal development of Nb L3. (A) Larval length (um) was measured 4 days
after the beginning of in vitro culture with 15 mg/mL of haemoglobin. Data pooled from three independent
experiments, t-test. (B) Enumeration of nuclei in the intestine of Nb iL3 fed for 48 hours with RBCs in vitro or unfed
(medium) iL3. After 48 hours of feeding, the larvae were fixed in 2% formalin for 72 hours and stained with DAPI
overnight with gentle agitation. DAPI nuclear staining (blue) and the autofluorescence from the cuticle and from the
intestinal lumen (orange) were assessed by confocal imaging, by focusing on the central plane of the transparent larvae
to observe the intestine. Nuclei from one side of the intestine were counted. Data pooled from 2 independent
experiments (n = 18), t-test. Scale bar: 50 um. (C) Pseudo colouring of an unfed exsheathed iL3 cultured in vitro for 4
days. The buccal capsule is represented in red, the oesophagus in yellow and the intestine in blue. The dimensions of
these three distinct morphological compartments were measured in unfed or RBC fed larvae. Data representative of
two independent experiments (n = 3-7 worms), t-test. Scale bar: 100 pm. (D) DIC images of the buccal capsule of in
vitro RBC-fed or unfed larvae after 4 days of culture. Dotted line represents where the buccal capsule width was
measured. Scale bar: 10 pm.

https://doi.org/10.1371/journal.ppat.1006931.9004
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Fig 5. Hemozoin detoxification in hookworms can be targeted by quinolones. (A) 1500 iL3 were fed in vitro with RBC and treated
with increasing doses of 11F3 monoclonal antibody against Na-APR-1, a polyclonal antibody against Na-APR-1, an isotype-matched
control antibody or left untreated. The percentage of larvae with internal pigmentation was evaluated 4 days later. Data representative of
three independent experiments, one-way ANOVA. (B) 1500 iL3 were fed in vitro with 15 mg/mL haemoglobin and treated with
increasing doses of 11F3 monoclonal antibody against Na-APR-1, an isotype-matched control antibody or left untreated. The length of
larvae was measured after 5 days in culture. Data representative of two independent experiments with 50 larvae per treatment measured,
t-test. (C) iL3 were fed in vitro with RBC with increasing doses of quinine (QN), chloroquine (CLQ) and quinidine (QND), and the
percentage of larvae with an internal pigmentation was evaluated 4 days later. Data representative of three independent experiments
(with triplicates of 1500 iL3 for each experiment), one-way ANOVA, Bonferonni post-test compared to untreated. (D) Absorbance at
400 nm of iL3 fed in vitro with RBC for 4 days with or without CLQ. Data representative of three independent experiments (with
triplicates of 1500 iL3 for each experiment), one-way ANOVA, Bonferonni post-test compared to untreated (E) ATP measurement of
iL3 fed in vitro with RBC for 4 days with or without CLQ. Boiled iL3 were used as a negative control. Data representative of two
independent experiments (with triplicates of 100 iL3 for each experiment), one-way ANOVA, Bonferonni post-test compared to
untreated. (F) Adults were isolated from rat intestines 10-12 days post subcutaneous infection with Nb. 100 males and 100 females were
co-cultured with 10° RBC in the presence of QN or QND for a week, in triplicate wells. The number of eggs released during that time
was counted by salt flotation. Data representative of three pooled experiments, two-way ANOVA, Bonferonni post-test compared to
untreated. See S3D Fig. (G)&(H) Worm burden in the lung at 2 days (G) and the gut at 6 days (H) post-infection after daily
intraperitoneal injections with 25 mg/kg QND, or vehicle alone. Data representative of three independent experiments, t-test (n = 5-6)
(I) Fecundity of female Nb treated in vivo for 6 days with QND, assessed by number of eggs released in vitro for 48 hours post recovery
from the intestine. Data representative of two independent experiments, t-test (n = 5-6). (J) Haematocrit was measured at day 6 on 30 pl
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blood from C57BL/6 mice infected subcutaneously with Nb and treated daily with 25 mg/kg QND intraperitoneally. Data representative
of two independent experiments, t-test (n = 5-6).

https://doi.org/10.1371/journal.ppat.1006931.9005

scope, activating both strong humoral and cellular responses, it fails to elicit protection against
subsequent infection, highlighting the need for design of an efficient vaccine [27, 39].

In this work we re-describe a well-known murine model of hookworm infection in light of
new insights into its life cycle. Nb, which belongs to the Strongylida order and yet is phyloge-
netically distant from human hookworms, has so far been used only as a surrogate for under-
standing the immune response against hookworms, given that the parasite was believed to be
non-blood-feeding [40]. Here we demonstrate that, contrary to those beliefs, Nb is indeed a
blood-feeding nematode and that its haemoglobin digestion cascade is conserved with Na and
A. duodenale.

Notably, we report that Nb is blood-feeding early in its lifecycle with the APR-1 protein
being expressed in the iL3 stage. Due to the difficulty of accessing human hookworm material
the proteomes of Na and Ancylostoma spp. are still presently unavailable, but APR-1 RNA
expression has been identified in the iL3 stage of both Na and the zoonotic hookworm A. cani-
num [20]. While it is currently accepted that hookworms are blood-feeding only from their
intestinal stage (L4 onwards), other proteins involved in the blood-feeding cascade, such as the
saposin-like protein of A. caninum that allows the lysis of RBC in the parasite intestine, have
been reported to be expressed in the iL3 stage [41]. Furthermore, it has been described that Na
and NbiL3 cultivated in vitro in chicken embryo extract develop a similar intestinal pigmenta-
tion to the one we report here after feeding Nb iL3 with haemoglobin [28, 42]. Altogether this
raises the possibility that hookworms may, in fact, be blood-feeding as early as the infective lar-
val stage. Interestingly, the amino acid sequence for Nb-APR-1 shows homology to sequences
for aspartic proteases found in other helminth species, including those known to be non-
blood-feeding, such as the free-living nematode C. elegans and the gut-dwelling rodent hel-
minth Heligmosomoides polygyrus, suggesting that these molecules have a general role in pro-
tein turnover regardless of the food source. Further experiments to assess the effects, if any, of
anti-APR-1 on H. polygyruslarval development in vivo could elucidate its role in this helminth
which is thought to graze on epithelial cells, and not use RBC as its primary food source [43].

The rationale for the design of an efficient vaccine against helminths includes combining
antigens from both the infectious stage (to limit establishment of the parasite) and the adult
stage (to alleviate the pathology and create a reproductive bottleneck). Previous attempts at
vaccination with ASP-2, the lead antigen targeting hookworm iL3 stages, did not live up to
expectations when clinically tested in humans [44, 45], thus highlighting the need for novel
targets against this stage. We believe that vaccination with APR-1 or other proteins of the
blood digestome could ensure the blockade of hookworm development at not only the repro-
ductive stage, but also the establishment stage. Indeed, targeting blood-feeding is now the
major strategy of the human hookworm vaccine initiative, with two blood-feeding antigens
(Na-APR-1 and Na-GST-1) now in human clinical trials [46-48]. Our study highlights the
importance of further dissection of the molecular pathways in the blood-feeding cascade,
using high-throughput approaches such as RNA-seq and proteomics, to discover new blood-
feeding-targeting drugs or vaccines of therapeutic potential.

One important extrapolation from our data is that quinolones, well-known for their anti-
malarial activity, could also target the hemozoin-like pigment arising from the blood-feeding
behaviour of human hookworm parasites. While chemotherapy is currently the treatment of
choice to control helminth infection, of the four available treatments against soil-transmitted
helminths, only albendazole produces satisfying protection [49]. More worryingly, such drugs
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have well-known limitations: single dose regimens are inefficient, re-infection occurs rapidly
after treatment, and drug resistance can arise (as shown in veterinary medicine) [50-52]. Con-
sequently, research to develop and maintain a pipeline of new anthelmintic drugs in addition
to specific anti-hookworm vaccines to prevent/limit infection is indispensable. While quino-
lones cannot be candidates for direct use against helminths (due to widespread multi-resis-
tances developed by Plasmodium spp.)[53, 54], their efficiency against the hookworm rodent
model, N. brasiliensis, pinpoints a vulnerability in the parasite’s metabolism. Interestingly, a
cross-epidemiological study of the effect of chloroquine treatment for malaria in hookworm-
endemic areas previously established that treated patients presented a reduced egg burden and
pathology [55], confirming in situ the relevance of targeting the haem detoxification pathway
in hookworm infection. Furthermore, co-infections with hookworms and schistosomes are
common, and there are at least a dozen countries (within both Africa, South America and
Asia) with more than five million infection cases by each [56]. Due to both the important over-
lap of endemic regions of these parasites and the synergistic effect of their blood-feeding on
anemia, a multivalent vaccine targeting both parasites would be a solution of choice [56]. The
remarkable convergence of the blood digestome and haem detoxification via a hemozoin-like
pigment in distant species such as P. falciparum, S. japonicum and Nb in particular, points to
new avenues of research for the identification of multivalent vaccine antigens. It also raises the
possibility that a drug targeting the hemozoin-like formation could be used to treat three of
the most widespread and debilitating human infections at once.

In conclusion, our study describes the requirement for blood-feeding for the early develop-
ment of gastrointestinal nematode larvae, which opens an opportunity to target the establish-
ment of haematophagous helminths in the host through vaccination against the blood-feeding
digestome, or chemotherapy such as drug administration of quinolones. This could potentially
reduce the global impact of human blood-feeding nematodes such as hookworms and Schisto-
soma spp. Notably, such discoveries could also be transferred to veterinary medicine, helping
to alleviate the economic and ecological burden of species such as Haemonchus contortus [57].

Methods
Mice
C57BL/6] mice used in these experiments were bred by the Biomedical Research Unit, Mala-

ghan Institute of Medical Research, Wellington, New Zealand. Mice were used at 6-10-weeks
old, and age- and sex-matched.

Maintenance, isolation, use of iL3, L4 & adult stages of N. brasiliensis

Nb was originally sourced from Lindsay Dent (University of Adelaide) and has been main-
tained by monthly passage through Lewis rats for 20 years. iL3 larvae were prepared from
2-week rat fecal cultures and viable larvae were recovered from lung or gut tissue, all as previ-
ously described [58]. Briefly, tissue was diced, placed on cheese-cloth, and suspended in a 50
mL centrifuge tube containing PBS at 37°C for at least 2 h. Viable worms migrated out and
accumulated at the bottom of the tube before being counted on a gridded counting plate. Day
0 always refers to the day of infection with Nb. Subcutaneous infections were performed by
inoculating mice in the scruff of the neck with 550-600 live iL3 worms in a volume of 200 pl.
L4 were harvested at day 3 in the gut; adults at day 6. For cross-protection experiments 100 iL3
of Na or Nb were administered intravenously 30 days before the subcutaneous challenge with
600 iL3 of Nb. Larvae were killed for some experiments by boiling them in the microwave for 5
minutes.
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In vivo treatments

For in vivo whole-blood labelling, mice were intravenously injected with 10 ul PKH26 cell
membrane dye (Sigma) in 100 pl of diluent C (as per manufacturer’s recommendation), two
days before parasite harvest. For in vivo labelling of RBC, 10 ug of anti-Ter-119-APC antibody
(eBioscience) in PBS was intravenously administered to mice two days before parasite harvest.

For QND treatment, mice were injected intraperitoneally daily with either 25 mg/kg QND
(Sigma) in 200 pl PBS containing 4% Tween 80 (Sigma) or vehicle alone, starting the day
before infection with Nb. QND was made up fresh every two days. Haematocrit measurements
were obtained by collecting blood directly into heparinised glass haematocrit capillary tubes
(Vitrex Medical, Denmark) and centrifuging for 15 min at 1500 g. Packed cell volume was
measured with a ruler to the nearest millimetre. Haematocrit was calculated as the percentage
of packed red blood cells to the total length occupied by the packed red blood cells, the white
blood cells and the plasma together.

For vaccination with wild-type rNa-APR-1 protein [4] or rNa-GST-1 protein [22]
(both produced in a yeast expression platform, respectively lot A141112CJK-1 and lot
G090513EMH-01, from the Sabin Vaccine Institute, TX), 25 ug of protein combined with
alum (Alu-Gel-S, Serva, Germany) was administered subcutaneously (APR-1) or intraperito-
neally (GST-1), each week for 3 weeks. Mice were allowed to rest for 15 days, before subcuta-
neous challenge with 600 iL3 of Nb.

Protein purification and western blot

Whole worms were crushed in PBS and the homogenates centrifuged at 12,000 g at 4 °C for 30
minutes. The supernatants were taken, and protein concentration was quantified using a
bicinchoninic acid assay. 20 pug of worm lysate and 0.1 pg of recombinant Na-APR1 protein
were run on a 4-12% Bis-Tris gel. After transfer, membranes were probed with a polyclonal
rabbit antibody generated against the recombinant Na-APRI protein [5] overnight at 4 °C.
For visualization, membranes were probed with a goat anti-rabbit HRP secondary antibody
and visualized under luminescence with a Gel Logic 4000 Pro.

Larvae in vitro culture

iL3 were washed several times in PBS and incubated for 1 hr at 37°C in an antibiotic solution
(Penicillin/Streptomycin 10X (Gibco), Gentamicin 3X (Sigma) in PBS). 1500 larvae were then
cultured overnight in complete DMEM (DMEM (Gibco) plus 10% FBS (Gibco), 1% L-gluta-
mine (Gibco), 1% Penicillin/Streptomycin, 1% Gentamicin) in 12 or 24 well plates. Supple-
ments (haemoglobin, myoglobin, transferrin, ferric citrate or haemocyanin (all Sigma)) were
prepared in complete DMEM and added to the culture medium at concentrations according
to the experiment. Quinolines were made fresh for every experiment (CLQ, QN, QND (all
Sigma)) at 100 mM in complete DMEM.

RBC were collected by cardiac puncture or cheek vein bleeding the day of culture into Als-
evers solution. They were then washed 3 times in RBC washing buffer [59], which resulted in
98% purity (as identified by Ter119 staining by flow cytometry). RBC were co-cultured in
complete DMEM with 1500 iL3 at 1x10*/mL unless otherwise specified.

For in vitro blocking of larval pigmentation with the antibody to Na-APR-1, Nb iL3 were co-
cultured in complete DMEM with or without RBCs for 48 hours in the presence of increasing
doses of monoclonal antibody to Na-APR-1 (clone 11F3), an isotype matched control antibody
or polyclonal antibodies to Na-APR-1 [5]. For blocking of growth, larvae were cultured in
cDMEM alone or with 15 mg/mL haemoglobin (Sigma), with increasing doses of 11F3 for 5
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days. Larvae were then washed, individual larvae imaged and measured to the nearest 0.001 um
using Image]. 50 larvae per treatment were measured.

Adult Nb were obtained from the guts of rats 10-12 days after infection, washed several
times with PBS, then incubated for at least 1 hour at 37 °C in an antibiotic solution (Penicillin/
Streptomycin 10X (Gibco), Gentamicin 3X, Neomycin 3X (Sigma) in PBS). 100 males and 100
females per well were cultured in 6 well plates for 7 days in DMEM, 10% FBS, 1% Neomycin,
1% Penicillin/Streptomycin and 1% Gentamicin with or without quinolines. Egg output was
then quantified following the salt flotation technique using a McMaster egg slide chamber.

Microscopy

The monoclonal anti-Na-APR-1 antibody (11F3) was coupled to APC, using APC-Lightning
Link (Innovabiosciences) according to the manufacturer’s instructions. An isotype-matched
antibody was similarly coupled to APC. Prior to imaging, worms were transferred into com-
plete DMEM for 1 hour to allow intestinal contents to be expelled. The fluorescence was evalu-
ated by confocal microscopy.

For RBC staining, aliquots of 1 million cells were stained with Ter119-APC or PKH26
(Sigma) according to manufacturer recommendations. White blood cells were obtained by
passing mouse spleens through a 70 um cell filter (BD Falcon). After RBC lysis, the cells were
extensively washed in PBS with 1% FBS to limit haemoglobin contamination. Aliquots of 1
million cells were then stained with CD45-APC (BD Pharmingen) and co-cultured with 1500
iL3 at 1x10°/mL for 24 hours. Fluorescence in the gut of the larvae was evaluated by confocal
microscopy 24 hours after the initiation of feeding.

Fluorescence was recorded with an FV1200 confocal microscope (Olympus, Japan). Sam-
ples were imaged through a 10x or 20x objective. For detection of fluorophores, samples were
exposed to diode laser light at a wavelength of 559 nm for the excitation of PKH26, and 633
nm for the excitation of APC. The fluorescence was detected through 540/100 and 680/100 fil-
ters respectively. DAPI was excited by a 405 nm laser and was detected through a 445/15 filter.
The larval gut autofluorescence can be detected after 635 nm excitation through a 705/50 filter.
The intracellular localisation of the pigment was observed by differential interference contrast
(DIC) imaging on a confocal using 633 nm excitation. Images were analyzed and color chan-
nels were merged with Image] [60].

Larval morphology and viability

The following parasite features were analysed by DIC microscopy (larvae were fixed in toto
with 2% formaldehyde (Sigma) in cold PBS to avoid body shrinkage): i) size of the larvae, ii)
size of the oesophagus, iii) the length and width of the buccal capsule, iv) the length of the
intestinal cells. For pigment quantification larvae were observed live, as fixation destroys the
pigment. For larval viability measurements, 20 larvae were homogenized using 1.1 mm tung-
sten carbide beads (BioSpec Products, Inc.) in 100 pl PBS. ATP levels in larval homogenates
were analyzed by CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI) as
reported previously [61].

Pigment isolation

Pigment was extracted as described previously [62], with the exclusion of the urea treatment
step. Briefly, worms were homogenised for 2 minutes using 1.1 mm beads, ultrasonicated for
5 minutes and spun down to collect supernatant. This was spun at 12,000g for 10 minutes
and the supernatant aspirated out. The pellet was washed in 2.5% SDS and 0.1 M NaCO; and
incubated with proteinase K at 20 mg/mL at 37 °C overnight. The next day, the pellet was
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washed 3 times in SDS and 3-6 times in MilliQ water. Finally, the sample was lyophilised
overnight.

Pigment characterisation

Spectrophotometric absorbance of the pigment at 400 nm was evaluated on a pool of 100 iL3
dissolved for 24 hours in 0.1 M NaOH. All measurements were carried out in duplicate or in
triplicate. Absorbance was read on a Tecan Infinite M1000 Pro plate reader.

Extracted peptides were subjected to mass spectrometry analysis as subsequently described.
Eluted peptides were injected onto a 300 pm x 5 mm Agilent Zorbax SB-C18 trapping column
and peptides were subsequently resolved on a 1.8 um, 2.1 x 50 mm column containing Silica
C18 packing.

Homologue identification and phylogram analysis

BlastP (v2.2.28, https://www.ncbi.nlm.nih.gov/pubmed/18440982) was used to identify Nb
protein sequences obtained from the L3 & “L5” adult secretomes [19] presenting high similar-
ity to groups of selected target proteins of interest. BlastX (v2.2.28, https://www.ncbi.nlm.nih.
gov/pubmed/18440982) was used to do the same for proteins translated from transcripts
assembled from the iL3 transcriptome [19]. Top-scoring hits with alignments covering at least
95% of the Nb proteins were considered for further analysis. Two groups of target proteins of
interest were defined: one including homologs of the Na-APR1 protein (see list below), and
one including homologs of Na-GST1 protein (see list below). With these targets, 1 and 11
putative Nb protein homologs were manually identified from the Blast results, respectively.
Proteins from each group were then aligned using Clustal Omega (v1.2.3, http://msb.
embopress.org/content/7/1/539) with default settings for protein alignment. Multiple
sequence alignments were visualised using the JalView 2 Desktop application (http://
bioinformatics.oxfordjournals.org/content/25/9/1189). For the GST1 group, amino acids were
visually coloured based on the ClustalX scheme. Molecular phylogenies were generated using
Clustal Omega’s Phylogeny program using UPGMA clustering with distance correction
(http://bioinformatics.oxfordjournals.org/content/23/21/2947 full), and were used to order
sequences in the alignments. Finally, sequence features of interest were manually highlighted
in the alignments.

Statistical analysis

The choice of statistical tests was based on sample size and on Bartlett’s test when normal dis-
tributions of the errors were expected. Data from separate experiments were pooled when pos-
sible. Total lung or gut worm numbers were analyzed by ANOVA (one- or two-way) or by t-
test when only two groups were compared. Morphology parameters were analyzed using t-
tests. Data were excluded only based on error of manipulation (incomplete worm injection).
Representation and data analysis were performed with GraphPad Prism 5. Statistically signifi-
cant values are indicated as follows: NS, P>0.05; * = P<0.05; ** = P<0.01; *** = P<0.001;
= P<0.0001

Ethics statement

All experimental procedures described in this study were approved under Protocol 2015R15
by the Victoria University Animal Ethics Committee in accordance with the the Code of Ethi-
cal Conduct for the use of Live Animals for Teaching and Research, Animal Welfare Act 1999
approved by the Ministry of Primary Industries, New Zealand.
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Supporting information

S1 Fig. Protein-based neighbour-joining phylogram of Nb-GST-1 homologues. Amino acid
alignment of Nb-GST-1 and the corresponding regions of other parasite and gluthatione trans-
ferase homologues. GenBank accession numbers are as follows: N. americanus, ACX53261.1;
A. duodenale, LOEMQO_9BILA; Haemonchus contortus, AAF81283.1. The sequence of N.
brasiliensis putative GST-1 homologues (m.111632, m.154242, m.83139, m.28108, m.42690,
m.161994, m.272028, m.428360, m.81737, m.135356, m.363040) were identified from the L3
transcriptome and are available elsewhere [19]. A protein-based neighbour-joining phylogram
of several homologues from related organisms confirms the proximity of the Nb-GST-1 homo-
logue to those of the hookworm family.

(TIF)

S2 Fig. Nb hemozoin-like pigment is specific to haemoglobin consumption. (A) DIC image
of Nb larvae harvested from the lung one day after infection, showing the characteristic intesti-
nal pigmentation that appears in the molt 3 larvae. Data representative of three experiments,
at least 50 larvae observed for each experiment. Scale bar: 50 pum. (B) 1500 iL3 are cultured

in vitro for up to 4 days in the presence of 10° mouse RBCs alone, or with varying doses of
human transferrin, ferric citrate, human hemoglobin (Hb) or hemocyanin (Hc). The percent-
age of larvae harbouring intestinal pigmentation was counted daily for 4 days of stimulation.
Data representative of three independent experiments, two-way ANOV A significant for both
time and dose effect, Bonferonni post-test significant for all time points (but 0) relative to 10
RBC.

(TTF)

$3 Fig. Quinoline targeting of hemozoin in Nb. A) iL3 were either left unfed or fed in vitro
with RBC:s for 4 days (fed), or fed for one day followed by withdrawal (arrow) of the RBCs
(fasted). The percentage of larvae with internal pigmentation was evaluated daily for 4 days.
Data representative of three independent experiments (with triplicates of 1500 iL3 for each
experiment), one-way ANOVA. (B) ATP measurement of iL3 treated in vitro for 4 days

with or without CLQ and without RBC. iL3 boiled were used as a negative control, one-way
ANOVA, Bonferonni post-test compared to untreated. (C) DIC image of an adult male har-
vested 6 days post-infection. The arrow indicates the intestinal pigment of the worm. Scale
bar: 50 um. (D) Absorbance at 400 nm of male or female adult Nb harvested from mice treated
intraperitoneally for 6 days with QND (25 mg/kg) or vehicle alone. Data representative of two
independent experiments (n = 5), one-way ANOVA.

(TIF)

S1 Video. Red blood cell bolus movement in Nb intestine. RBC were isolated and stained
with PKH26. Cells were then co-cultured at 1x10® cells per 1500 iL3 for 24 hours after which
larvae were assessed for internal fluorescence by wide-field imaging. Data representative of
two independent experiments, with at least 50 larvae observed for each experiment.

(MOV)

S1 Text. Sequence of Nb-APR-1 homologue.
(DOCX)

Acknowledgments
We thank the Malaghan BRU for animal husbandry.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006931 March 22,2018 16/20


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006931.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006931.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006931.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006931.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006931.s005
https://doi.org/10.1371/journal.ppat.1006931

@’PLOS | PATHOGENS

Hookworms detoxify blood feeding by forming an hemozoin-like pigment

Author Contributions

Conceptualization: Tiffany Bouchery, Paul Giacomin, Alex Loukas, Peter Hotez, Graham
LeGros.

Formal analysis: Adam A. T. Smith.

Investigation: Tiffany Bouchery, Kara Filbey, Amy Shepherd, Jodie Chandler, Deepa Patel,
Alfonso Schmidt, Mali Camberis, Adeline Peignier, Adam A. T. Smith, Karen Johnston,
Gavin Painter, Mark Pearson.

Validation: Mali Camberis.

Writing - original draft: Tiffany Bouchery, Amy Shepherd, Mali Camberis, Adam A. T.
Smith, Alex Loukas, Maria-Elena Bottazzi, Peter Hotez, Graham LeGros.

Writing - review & editing: Tiffany Bouchery, Kara Filbey, Alex Loukas, Maria-Elena Bot-
tazzi, Peter Hotez, Graham LeGros.

References

1. Vos T, Abajobir AA, Abate KH, Abbafati C, Abbas KM, Abd-Allah F, et al. Global, regional, and national
incidence, prevalence, and years lived with disability for 328 diseases and injuries for 195 countries,
1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet. 2017; 390
(10100):1211-59. https://doi.org/10.1016/S0140-6736(17)32154-2 PMID: 28919117

2. Brooker S, Hotez PJ, Bundy DA. Hookworm-related anaemia among pregnant women: a systematic
review. PLoS neglected tropical diseases. 2008; 2(9):e291. https://doi.org/10.1371/journal.pntd.
0000291 PMID: 18820740

3. Periago MV, Bethony JM. Hookworm virulence factors: making the most of the host. Microbes Infect.
2012; 14(15):1451-64. https://doi.org/10.1016/j.micinf.2012.09.002 PMID: 23006854

4. Pearson MS, Bethony JM, Pickering DA, de Oliveira LM, Jariwala A, Santiago H, et al. An enzymatically
inactivated hemoglobinase from Necator americanus induces neutralizing antibodies against multiple
hookworm species and protects dogs against heterologous hookworm infection. Faseb J. 2009; 23
(9):3007-19. https://doi.org/10.1096/1j.09-131433 PMID: 19380510

5. Pearson MS, Pickering DA, Tribolet L, Cooper L, Mulvenna J, Oliveira LM, et al. Neutralizing antibodies
to the hookworm hemoglobinase Na-APR-1: implications for a multivalent vaccine against hookworm
infection and schistosomiasis. J Infect Dis. 2010; 201(10):1561-9. https://doi.org/10.1086/651953
PMID: 20367477

6. Hotez PJ, Diemert D, Bacon KM, Beaumier C, Bethony JM, Bottazzi ME, et al. The Human Hookworm
Vaccine. Vaccine. 2013; 31 Suppl 2:B227-32.

7. Williamson AL, Brindley PJ, Knox DP, Hotez PJ, Loukas A. Digestive proteases of blood-feeding nema-
todes. Trends Parasitol. 2003; 19(9):417-23. PMID: 12957519

8. Toh SQ, Glanfield A, Gobert GN, Jones MK. Heme and blood-feeding parasites: friends or foes? Parasit
Vectors. 2010; 3:108. https://doi.org/10.1186/1756-3305-3-108 PMID: 21087517

9. Brophy PM, Patterson LH, Brown A, Pritchard DI. Glutathione S-transferase (GST) expression in the
human hookworm Necator americanus: potential roles for excretory-secretory forms of GST. Acta Trop.
1995; 59(3):259-63. PMID: 7572433

10. Perally S, Lacourse EJ, Campbell AM, Brophy PM. Heme transport and detoxification in nematodes:
subproteomics evidence of differential role of glutathione transferases. J Proteome Res. 2008; 7
(10):4557-65. https://doi.org/10.1021/pr800395x PMID: 18720983

11. Bourke CD, Nausch N, Rujeni N, Appleby LJ, Trottein F, Midzi N, et al. Cytokine responses to the anti-
schistosome vaccine candidate antigen glutathione-S-transferase vary with host age and are boosted
by praziquantel treatment. PLoS Negl Trop Dis. 2014; 8(5):€2846. https://doi.org/10.1371/journal.pntd.
0002846 PMID: 24810615

12. Harwaldt P, Rahlfs S, Becker K. Glutathione S-transferase of the malarial parasite Plasmodium falcipa-
rum: characterization of a potential drug target. Biol Chem. 2002; 383(5):821-30. https://doi.org/10.
1515/BC.2002.086 PMID: 12108547

13. Coronado LM, Nadovich CT, Spadafora C. Malarial hemozoin: from target to tool. Biochim Biophys
Acta. 2014; 1840(6):2032—41. https://doi.org/10.1016/j.bbagen.2014.02.009 PMID: 24556123

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006931 March 22,2018 17/20


https://doi.org/10.1016/S0140-6736(17)32154-2
http://www.ncbi.nlm.nih.gov/pubmed/28919117
https://doi.org/10.1371/journal.pntd.0000291
https://doi.org/10.1371/journal.pntd.0000291
http://www.ncbi.nlm.nih.gov/pubmed/18820740
https://doi.org/10.1016/j.micinf.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/23006854
https://doi.org/10.1096/fj.09-131433
http://www.ncbi.nlm.nih.gov/pubmed/19380510
https://doi.org/10.1086/651953
http://www.ncbi.nlm.nih.gov/pubmed/20367477
http://www.ncbi.nlm.nih.gov/pubmed/12957519
https://doi.org/10.1186/1756-3305-3-108
http://www.ncbi.nlm.nih.gov/pubmed/21087517
http://www.ncbi.nlm.nih.gov/pubmed/7572433
https://doi.org/10.1021/pr800395x
http://www.ncbi.nlm.nih.gov/pubmed/18720983
https://doi.org/10.1371/journal.pntd.0002846
https://doi.org/10.1371/journal.pntd.0002846
http://www.ncbi.nlm.nih.gov/pubmed/24810615
https://doi.org/10.1515/BC.2002.086
https://doi.org/10.1515/BC.2002.086
http://www.ncbi.nlm.nih.gov/pubmed/12108547
https://doi.org/10.1016/j.bbagen.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24556123
https://doi.org/10.1371/journal.ppat.1006931

@’PLOS | PATHOGENS

Hookworms detoxify blood feeding by forming an hemozoin-like pigment

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Chugh M, Sundararaman V, Kumar S, Reddy VS, Siddiqui WA, Stuart KD, et al. Protein complex directs
hemoglobin-to-hemozoin formation in Plasmodium falciparum. Proc Natl Acad SciU S A. 2013; 110
(14):5392—7. https://doi.org/10.1073/pnas. 1218412110 PMID: 23471987

de Villiers KA, Egan TJ. Recent advances in the discovery of haem-targeting drugs for malaria and
schistosomiasis. Molecules. 2009; 14(8):2868-87. https://doi.org/10.3390/molecules 14082868 PMID:
19701131

Yokogawa S. The Development of Heligmosomum muris Yokogawa, a Nematode from the Intestine of
the Wild Rat. Parasitology. 1922; 14(02):127—66.

Chen F, Liu Z, Wu W, Rozo C, Bowdridge S, Millman A, et al. An essential role for TH2-type responses
in limiting acute tissue damage during experimental helminth infection. Nat Med. 2012; 18(2):260-6.
https://doi.org/10.1038/nm.2628 PMID: 22245779

Ranjit N, Zhan B, Hamilton B, Stenzel D, Lowther J, Pearson M, et al. Proteolytic degradation of hemo-
globin in the intestine of the human hookworm Necator americanus. J Infect Dis. 2009; 199(6):904—12.
PMID: 19434933

Sotillo J, Sanchez-Flores A, Cantacessi C, Harcus Y, Pickering D, Bouchery T, et al. Secreted prote-
omes of different developmental stages of the gastrointestinal nematode Nippostrongylus brasiliensis.
Molecular & cellular proteomics: MCP. 2014; 13(10):2736-51. https://doi.org/10.1074/mcp.M114.
038950 PMID: 24994561

Williamson AL, Brindley PJ, Loukas A. Hookworm cathepsin D aspartic proteases: contributing roles in
the host-specific degradation of serum proteins and skin macromolecules. Parasitology. 2003; 126(Pt
2):179-85. PMID: 12636356

Wells C, Behnke JM. The course of primary infection with Necator americanus in syngeneic mice. IntJ
Parasitol. 1988; 18(1):47-51. PMID: 3366536

Curti E, Seid CA, Hudspeth E, Center L, Rezende W, Pollet J, et al. Optimization and revision of the pro-
duction process of the Necator americanus glutathione S-transferase 1 (Na-GST-1), the lead hookworm
vaccine recombinant protein candidate. Hum Vaccin Immunother. 2014; 10(7):1914-25. https://doi.org/
10.4161/hv.28872 PMID: 25424799

Zhan B, Perally S, Brophy PM, Xue J, Goud G, Liu S, et al. Molecular cloning, biochemical characteriza-
tion, and partial protective immunity of the heme-binding glutathione S-transferases from the human
hookworm Necator americanus. Infect Immun. 2010; 78(4):1552—63. https://doi.org/10.1128/IA1.00848-
09 PMID: 20145100

Asojo OA, Homma K, Sedlacek M, Ngamelue M, Goud GN, Zhan B, et al. X-ray structures of Na-GST-1
and Na-GST-2 two glutathione S-transferase from the human hookworm Necator americanus. BMC
Struct Biol. 2007; 7:42. https://doi.org/10.1186/1472-6807-7-42 PMID: 17594497

Goud GN, Deumic V, Gupta R, Brelsford J, Zhan B, Gillespie P, et al. Expression, purification, and
molecular analysis of the Necator americanus glutathione S-transferase 1 (Na-GST-1): a production
process developed for a lead candidate recombinant hookworm vaccine antigen. Protein Expr Purif.
2012; 83(2):145-51. https://doi.org/10.1016/j.pep.2012.03.013 PMID: 22503665

Zhan B, Liu S, Perally S, Xue J, Fujiwara R, Brophy P, et al. Biochemical characterization and vaccine
potential of a heme-binding glutathione transferase from the adult hookworm Ancylostoma caninum.
Infect Immun. 2005; 73(10):6903—-11. https://doi.org/10.1128/IAl.73.10.6903-6911.2005 PMID:
16177370

Bottazzi ME. The human hookworm vaccine: recent updates and prospects for success. J Helminthol.
2015; 89(5):540-4. https://doi.org/10.1017/S0022149X15000206 PMID: 25850789

Weinstein PP, Jones MF. The in vitro cultivation of Nippostrongylus muris to the adult stage. J Parasitol.
1956; 42(3):215-36. PMID: 13332490

Sullivan DJ. Hemozoin: a Biocrystal synthesized during the Degradation of Hemoglobin. 2005. In: Bio-
polymers Online [Internet]. Wiley-VCH Verlag GmbH & Co. KGaA.

Ihekwereme CP, Esimone CO, Nwanegbo EC. Hemozoin inhibition and control of clinical malaria. Adv
Pharmacol Sci. 2014; 2014:984150. https://doi.org/10.1155/2014/984150 PMID: 24669217

Oliveira MF, Kycia SW, Gomez A, Kosar AJ, Bohle DS, Hempelmann E, et al. Structural and morpho-
logical characterization of hemozoin produced by Schistosoma mansoni and Rhodnius prolixus. FEBS
Lett. 2005; 579(27):6010-6. https://doi.org/10.1016/j.febslet.2005.09.035 PMID: 16229843

Morales ME, Rinaldi G, Gobert GN, Kines KJ, Tort JF, Brindley PJ. RNA interference of Schistosoma
mansoni cathepsin D, the apical enzyme of the hemoglobin proteolysis cascade. Mol Biochem Parasi-
tol. 2008; 157(2):160-8. https://doi.org/10.1016/j.molbiopara.2007.10.009 PMID: 18067980

Sun J, Hu W, Li C. Beyond heme detoxification: a role for hemozoin in iron transport in S. japonicum.
Parasitol Res. 2013; 112(8):2983-90. https://doi.org/10.1007/s00436-013-3470-8 PMID: 23733233

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006931 March 22,2018 18/20


https://doi.org/10.1073/pnas.1218412110
http://www.ncbi.nlm.nih.gov/pubmed/23471987
https://doi.org/10.3390/molecules14082868
http://www.ncbi.nlm.nih.gov/pubmed/19701131
https://doi.org/10.1038/nm.2628
http://www.ncbi.nlm.nih.gov/pubmed/22245779
http://www.ncbi.nlm.nih.gov/pubmed/19434933
https://doi.org/10.1074/mcp.M114.038950
https://doi.org/10.1074/mcp.M114.038950
http://www.ncbi.nlm.nih.gov/pubmed/24994561
http://www.ncbi.nlm.nih.gov/pubmed/12636356
http://www.ncbi.nlm.nih.gov/pubmed/3366536
https://doi.org/10.4161/hv.28872
https://doi.org/10.4161/hv.28872
http://www.ncbi.nlm.nih.gov/pubmed/25424799
https://doi.org/10.1128/IAI.00848-09
https://doi.org/10.1128/IAI.00848-09
http://www.ncbi.nlm.nih.gov/pubmed/20145100
https://doi.org/10.1186/1472-6807-7-42
http://www.ncbi.nlm.nih.gov/pubmed/17594497
https://doi.org/10.1016/j.pep.2012.03.013
http://www.ncbi.nlm.nih.gov/pubmed/22503665
https://doi.org/10.1128/IAI.73.10.6903-6911.2005
http://www.ncbi.nlm.nih.gov/pubmed/16177370
https://doi.org/10.1017/S0022149X15000206
http://www.ncbi.nlm.nih.gov/pubmed/25850789
http://www.ncbi.nlm.nih.gov/pubmed/13332490
https://doi.org/10.1155/2014/984150
http://www.ncbi.nlm.nih.gov/pubmed/24669217
https://doi.org/10.1016/j.febslet.2005.09.035
http://www.ncbi.nlm.nih.gov/pubmed/16229843
https://doi.org/10.1016/j.molbiopara.2007.10.009
http://www.ncbi.nlm.nih.gov/pubmed/18067980
https://doi.org/10.1007/s00436-013-3470-8
http://www.ncbi.nlm.nih.gov/pubmed/23733233
https://doi.org/10.1371/journal.ppat.1006931

@’PLOS | PATHOGENS

Hookworms detoxify blood feeding by forming an hemozoin-like pigment

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Nakatani K, Ishikawa H, Aono S, Mizutani Y. Identification of essential histidine residues involved in
heme binding and Hemozoin formation in heme detoxification protein from Plasmodium falciparum. Sci
Rep. 2014; 4:6137. https://doi.org/10.1038/srep06137 PMID: 25138161

Oliveira MF, d’Avila JC, Tempone AJ, Soares JB, Rumjanek FD, Ferreira-Pereira A, et al. Inhibition of
heme aggregation by chloroquine reduces Schistosoma mansoni infection. J Infect Dis. 2004; 190
(4):843-52. https://doi.org/10.1086/422759 PMID: 15272414

Correa Soares JB, Menezes D, Vannier-Santos MA, Ferreira-Pereira A, Aimeida GT, Venancio TM,
et al. Interference with hemozoin formation represents an important mechanism of schistosomicidal
action of antimalarial quinoline methanols. PLoS Negl Trop Dis. 2009; 3(7):e477. https://doi.org/10.
1371/journal.pntd.0000477 PMID: 19597543

Loukas A, Hotez PJ, Diemert D, Yazdanbakhsh M, McCarthy JS, Correa-Oliveira R, et al. Hookworm
infection. Nat Rev Dis Primers. 2016; 2:16088. https://doi.org/10.1038/nrdp.2016.88 PMID: 27929101

Bartsch SM, Hotez PJ, Asti L, Zapf KM, Bottazzi ME, Diemert DJ, et al. The global economic and health
burden of human hookworm infection. PLoS Negl Trop Dis. 2016; 10(9):e0004922. https://doi.org/10.
1371/journal.pntd.0004922 PMID: 27607360

Hotez PJ, Beaumier CM, Gillespie PM, Strych U, Hayward T, Bottazzi ME. Advancing a vaccine to pre-
vent hookworm disease and anemia. Vaccine. 2016; 34(26):3001-5. https://doi.org/10.1016/j.vaccine.
2016.03.078 PMID: 27040400

Neilson JT. Radio isotope studies on the blood loss associated with Nippostrongylus brasiliensis infec-
tion in rats. Parasitology. 1969; 59(1):123-7. PMID: 5305427

Don TA, Jones MK, Smyth D, O’Donoghue P, Hotez P, Loukas A. A pore-forming haemolysin from the
hookworm, Ancylostoma caninum. Int J Parasitol. 2004; 34(9):1029-35. https://doi.org/10.1016/j.ijpara.
2004.04.013 PMID: 15313129

Weinstein Pad M. development in vitro of some parasitic nematodes of vertebrates. Ann N Y Acad Sci.
1959; 77:137-62.

Bansemir AD, Sukhdeo MV. The food resource of adult Heligmosomoides polygyrus in the small intes-
tine. J Parasitol. 1994; 80(1):24-8. PMID: 8308654

Asojo OA, Goud G, Dhar K, Loukas A, Zhan B, Deumic V, et al. X-ray structure of Na-ASP-2, a patho-
genesis-related-1 protein from the nematode parasite, Necator americanus, and a vaccine antigen for
human hookworm infection. J Mol Biol. 2005; 346(3):801—14. https://doi.org/10.1016/j.jmb.2004.12.023
PMID: 15713464

Bethony JM, Simon G, Diemert DJ, Parenti D, Desrosiers A, Schuck S, et al. Randomized, placebo-
controlled, double-blind trial of the Na-ASP-2 hookworm vaccine in unexposed adults. Vaccine. 2008;
26(19):2408-17. https://doi.org/10.1016/j.vaccine.2008.02.049 PMID: 18396361

Bartsch SM, Hotez PJ, Hertenstein DL, Diemert DJ, Zapf KM, Bottazzi ME, et al. Modeling the eco-
nomic and epidemiologic impact of hookworm vaccine and mass drug administration (MDA) in Brazil, a
high transmission setting. Vaccine. 2016; 34(19):2197-206. https://doi.org/10.1016/j.vaccine.2016.03.
018 PMID: 27002501

Diemert DJ, Freire J, Valente V, Fraga CG, Talles F, Grahek S, et al. Safety and immunogenicity of the
Na-GST-1 hookworm vaccine in Brazilian and American adults. PLoS Negl Trop Dis. 2017; 11(5):
e€0005574. https://doi.org/10.1371/journal.pntd.0005574 PMID: 28464026

Hotez PJ, Strych U, Lustigman S, Bottazzi ME. Human anthelminthic vaccines: Rationale and chal-
lenges. Vaccine. 2016; 34(30):3549-55. https://doi.org/10.1016/j.vaccine.2016.03.112 PMID:
27171753

Keiser J, Utzinger J. Efficacy of current drugs against soil-transmitted helminth infections: systematic
review and meta-analysis. JAMA. 2008; 299(16):1937—48. https://doi.org/10.1001/jama.299.16.1937
PMID: 18430913

Bethony J, Brooker S, Albonico M, Geiger SM, Loukas A, Diemert D, et al. Soil-transmitted helminth
infections: ascariasis, trichuriasis, and hookworm. Lancet. 2006; 367(9521):1521-32. https://doi.org/
10.1016/S0140-6736(06)68653-4 PMID: 16679166

Geerts S, Gryseels B. Drug resistance in human helminths: current situation and lessons from livestock.
Clin Microbiol Rev. 2000; 13(2):207—22. PMID: 10755998

Bungiro R, Cappello M. Twenty-first century progress toward the global control of human hookworm
infection. Curr Infect Dis Rep. 2011; 13(3):210-7. https://doi.org/10.1007/s11908-011-0182-z PMID:
21462001

Thu AM, Phyo AP, Landier J, Parker DM, Nosten FH. Combating multidrug-resistant Plasmodium
falciparum malaria. FEBS J. 2017; 284(16):2569-78. https://doi.org/10.1111/febs.14127 PMID:
28580606

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006931 March 22,2018 19/20


https://doi.org/10.1038/srep06137
http://www.ncbi.nlm.nih.gov/pubmed/25138161
https://doi.org/10.1086/422759
http://www.ncbi.nlm.nih.gov/pubmed/15272414
https://doi.org/10.1371/journal.pntd.0000477
https://doi.org/10.1371/journal.pntd.0000477
http://www.ncbi.nlm.nih.gov/pubmed/19597543
https://doi.org/10.1038/nrdp.2016.88
http://www.ncbi.nlm.nih.gov/pubmed/27929101
https://doi.org/10.1371/journal.pntd.0004922
https://doi.org/10.1371/journal.pntd.0004922
http://www.ncbi.nlm.nih.gov/pubmed/27607360
https://doi.org/10.1016/j.vaccine.2016.03.078
https://doi.org/10.1016/j.vaccine.2016.03.078
http://www.ncbi.nlm.nih.gov/pubmed/27040400
http://www.ncbi.nlm.nih.gov/pubmed/5305427
https://doi.org/10.1016/j.ijpara.2004.04.013
https://doi.org/10.1016/j.ijpara.2004.04.013
http://www.ncbi.nlm.nih.gov/pubmed/15313129
http://www.ncbi.nlm.nih.gov/pubmed/8308654
https://doi.org/10.1016/j.jmb.2004.12.023
http://www.ncbi.nlm.nih.gov/pubmed/15713464
https://doi.org/10.1016/j.vaccine.2008.02.049
http://www.ncbi.nlm.nih.gov/pubmed/18396361
https://doi.org/10.1016/j.vaccine.2016.03.018
https://doi.org/10.1016/j.vaccine.2016.03.018
http://www.ncbi.nlm.nih.gov/pubmed/27002501
https://doi.org/10.1371/journal.pntd.0005574
http://www.ncbi.nlm.nih.gov/pubmed/28464026
https://doi.org/10.1016/j.vaccine.2016.03.112
http://www.ncbi.nlm.nih.gov/pubmed/27171753
https://doi.org/10.1001/jama.299.16.1937
http://www.ncbi.nlm.nih.gov/pubmed/18430913
https://doi.org/10.1016/S0140-6736(06)68653-4
https://doi.org/10.1016/S0140-6736(06)68653-4
http://www.ncbi.nlm.nih.gov/pubmed/16679166
http://www.ncbi.nlm.nih.gov/pubmed/10755998
https://doi.org/10.1007/s11908-011-0182-z
http://www.ncbi.nlm.nih.gov/pubmed/21462001
https://doi.org/10.1111/febs.14127
http://www.ncbi.nlm.nih.gov/pubmed/28580606
https://doi.org/10.1371/journal.ppat.1006931

@’PLOS | PATHOGENS

Hookworms detoxify blood feeding by forming an hemozoin-like pigment

54.

55.

56.

57.

58.

59.

60.

61.

62.

Menard D, Dondorp A. Antimalarial Drug Resistance: A Threat to Malaria Elimination. Cold Spring Harb
Perspect Med. 2017; 7(7).

Fryauff DJ, Prodjodipuro P, Basri H, Jones TR, Mouzin E, Widjaja H, et al. Intestinal parasite infections
after extended use of chloroquine or primaquine for malaria prevention. J Parasitol. 1998; 84(3):626-9.
PMID: 9645872

Hotez PJ, Bethony JM, Oliveira SC, Brindley PJ, Loukas A. Multivalent anthelminthic vaccine to prevent
hookworm and schistosomiasis. Expert Rev Vaccines. 2008; 7(6):745-52. https://doi.org/10.1586/
14760584.7.6.745 PMID: 18665774

Emery DL, Hunt PW, Le Jambre LF. Haemonchus contortus: the then and now, and where to from
here? Int J Parasitol. 2016; 46(12):755-69. https://doi.org/10.1016/j.ijpara.2016.07.001 PMID:
27620133

Camberis M, Le Gros G, Urban J Jr. Animal model of Nippostrongylus brasiliensis and Heligmoso-
moides polygyrus. Curr Protoc Immunol. 2003; Chapter 19:Unit 19 2.

Hanson MS, Stephenson AH, Bowles EA, Sridharan M, Adderley S, Sprague RS. Phosphodiesterase 3
is present in rabbit and human erythrocytes and its inhibition potentiates iloprost-induced increases in
cAMP. Am J Physiol Heart Circ Physiol. 2008; 295(2):H786—-93. https://doi.org/10.1152/ajpheart.
00349.2008 PMID: 18586889

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagedJ: 25 years of image analysis. Nat Meth-
ods. 2012; 9(7):671-5. PMID: 22930834

Esser-von Bieren J, Mosconi |, Guiet R, Piersgilli A, Volpe B, Chen F, et al. Antibodies trap tissue
migrating helminth larvae and prevent tissue damage by driving IL-4Ralpha-independent alternative dif-
ferentiation of macrophages. PLoS Pathog. 2013; 9(11):e1003771. https://doi.org/10.1371/journal.
ppat.1003771 PMID: 24244174

Slater AF, Swiggard WJ, Orton BR, Flitter WD, Goldberg DE, Cerami A, et al. An iron-carboxylate bond
links the heme units of malaria pigment. Proc Natl Acad Sci U S A. 1991; 88(2):325-9. PMID: 1988933

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006931 March 22,2018 20/20


http://www.ncbi.nlm.nih.gov/pubmed/9645872
https://doi.org/10.1586/14760584.7.6.745
https://doi.org/10.1586/14760584.7.6.745
http://www.ncbi.nlm.nih.gov/pubmed/18665774
https://doi.org/10.1016/j.ijpara.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27620133
https://doi.org/10.1152/ajpheart.00349.2008
https://doi.org/10.1152/ajpheart.00349.2008
http://www.ncbi.nlm.nih.gov/pubmed/18586889
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1371/journal.ppat.1003771
https://doi.org/10.1371/journal.ppat.1003771
http://www.ncbi.nlm.nih.gov/pubmed/24244174
http://www.ncbi.nlm.nih.gov/pubmed/1988933
https://doi.org/10.1371/journal.ppat.1006931

