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REVIEW

Hookworm vaccines: current and future directions
Eti R. Sarkar a,b, Suchandan Sikder a, Paul Giacomin a and Alex Loukas a

aAustralian Institute of Tropical Health and Medicine, James Cook University, Cairns, Queensland, Australia; bCollege of Public Health, Medical and 
Veterinary Sciences, James Cook University, Cairns, Queensland, Australia

ABSTRACT
Introduction: Hookworms infect about half a billion people worldwide and are responsible for the loss 
of more than two billion disability-adjusted life years. Mass drug administration (MDA) is the most 
popular preventive approach, but it does not prevent reinfection. An effective vaccine would be a major 
public health tool in hookworm-endemic areas.
Areas covered: We highlight recent human studies where vaccination with irradiated larvae and 
repeated rounds of infection-treatment have induced partial protection. These studies have emphasized 
the importance of targeting the infective larvae to generate immunity to prevent adult worms from 
maturing in the gut. We summarize the current status of human and animal model vaccine trials.
Expert opinion: Hookworm infection is endemic in resource-poor developing regions where polypar
asitism is common, and vaccine cold chain logistics are complex. Humans do not develop sterile immunity 
to hookworms, and the elderly are frequently overlooked in MDA campaigns. For all these reasons, a 
vaccine is essential to create long-lasting protection. The lack of a robust animal model to mimic human 
hookworm infections is a barrier to the discovery and development of a vaccine, however, there have 
been major recent advances in human challenge studies which will accelerate the process.
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1. Introduction

Hookworms are one of the world’s most common soil-trans
mitted helminth (STH) parasites and are prevalent in low-socio
economic settings. Although the prevalence of hookworm 
disease has significantly reduced in developed countries after 
World War II, it is still a major problem in economically disadvan
taged rural and regional settings where people experience poor 
hygiene [1,2]. Currently, about 406–480 million people are living 
with hookworm infection [3], which accounts for approximately 
2.1 million disability-adjusted life-years (DALYs) lost [4].

Hookworm infection of humans is caused by Necator amer
icanus, Ancylostoma duodenale and Ancylostoma ceylanicum, 
each of which the adult stage resides in the small intestine. In 
endemic areas, hookworm infection is a potential threat to 
maternal and child health, and is responsible for 24 million 
cases of severe anemia each year, maternal morbidity and 
mortality, and the risk of fetal loss or premature birth due to 
high demand of iron [5–7]. The current therapeutic procedure 
involves individual or mass medication with albendazole or 
mebendazole for 1–3 days [3]. Unfortunately, no anthelmintic 
drugs account for 100% efficacy, and due to rapid re-infection 
and emerging benzimidazole resistance, anthelmintic drugs 
frequently fail to control hookworm infection, further contri
buting to the DALYs lost [7,8]. Alternative means of control, 
such as vaccines, can provide long-lasting immunity and pro
tection against hookworm infection [5,9–11].

It should be noted from the outset that hookworm infec
tions are rapidly cleared in many rodent models through a 
robust cellular and humoral immune response. In human 
hookworm infections however, a similar immune phenotype 
is observed, but rapid clearance of infection does not occur, 
and indeed adults often harbor heavy intensity hookworm 
infections through to old age. Hookworm infection induces a 
modified type 2 immune response, characterized by distinct 
cytokines, such as interleukins (IL) −4, −5, −13, −25, −33, and 
thymic stromal lymphopoietin (TSLP), leukocytes (e.g. eosino
phils, mast cells, basophils, type 2 macrophages, type 2 den
dritic cells (DC2) and type 2 innate lymphoid cells (ILC2)) and 
soluble factors (e.g. matrix metallo-proteinases and immuno
globulins G and E) (Figure 1) [14]. While features of a type 2 
response are prominent in hookworm (and indeed most 
human helminth infections), type 1 cytokines are also evident 
in both experimental and naturally acquired hookworm infec
tions, mediated by tumor necrosis factor TNF and type-1 
helper T (Th1) cells producing interferon gamma (IFNγ) and 
IL-2 [15]. In terms of the type 2 response, IL-4 interacts with 
germinal center B cells, resulting in production of low-affinity 
IgE by plasma cells. IL-5 and IgE trigger histamine release by 
degranulating eosinophils and basophils/mast cells respec
tively to rapidly destroy and expel worms in experimental 
infections in animals. Interestingly, there is less evidence that 
this happens in humans, and instead only a very small 
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proportion of the serum IgE that is raised against N. amer
icanus is highly antigen-specific [16]. IgE-armed basophils also 
contribute to trapping of larvae in the skin and limit larval 
migration through the lungs [17]. IL-13 accelerates worm 
expulsion by triggering a ‘weep and sweep response’ 
mediated by goblet cell hyperplasia and mucus secretion 
[18]. Furthermore, regulatory T cells (Tregs) inhibit the func
tion of Th2 cells by secreting IL-10 and IL-6. Together these 
two cytokines along with IL-4, IL-5 and IL-13 contribute to 
ameliorate Th1- and Th17-mediated diseases [19].

While no effective vaccine against hookworm infection is 
available, a recent clinical study with UV-attenuated N. amer
icanus larvae effectively protected human volunteers against a 
challenge infection with healthy unattenuated infective larvae 
[20]. Moreover, another recent clinical study assessed the 
vaccine efficacy of multiple rounds of short-term exposure to 
N. americanus third-stage infective larvae (L3) followed by 
successful chemotherapeutic intervention with anthelmintics, 

and while significant protection against challenge infection 
was not observed, a trend toward reduced egg burdens in 
subjects who mounted a strong skin response to percuta
neous infection was demonstrated [21]. These latest clinical 
studies prove that efficacious human responses to hookworm 
vaccines is possible and prove the utility of the human experi
mental challenge model in rapidly and efficiently assessing the 
efficacy of hookworm vaccines. However, additional trials with 
larger numbers of participants are required to confirm the 
efficacy of live/attenuated larval vaccines.

2. Current therapies and infection control

The best preventive measure to prevent hookworm infection 
is to avoid direct contact with contaminated soil, for example 
by wearing shoes and gloves when working with contami
nated soil and sand. Furthermore, drinking safe water, suffi
cient water for hygiene, use of safe and clean sanitation 
facilities, such as toilets and sewage systems and handwashing 
(WASH) and school-based health education learning package 
(HELP) programs effectively reduced STH infections [22–24]. 
With an intensive WASH program, Japan is the first country to 
report a complete absence of positive stool samples for STH 
including Ascaris lumbricoides, N. americanus, A. duodenale and 
Trichuris trichiura, however, socioeconomically disadvantaged 
countries are still at high risk [25]. Moreover, routine veterinary 
management of dogs and cats, including proper disposal of 
feces, and regular deworming will reduce soil contamination 
and prevent zoonotic hookworm transmission with species 
including A. ceylanicum and A. caninum, both of which are 
transmitted from dogs (Figure 2) [26].

Article highlights

● Hookworms are a major cause of disease burden in adolescents and 
pregnant women in low resource-settings.

● Hookworms are large eukaryotic pathogens with a complex lifecycle, 
and rodent animal models are far from ideal for assessing vaccine 
efficacy.

● Two subunit vaccine candidates have entered clinical development, 
but there is no pipeline of back-up antigens and a complete dearth of 
targets from the infective larval stage.

● Recent clinical trials with irradiated larvae and repeated infection- 
treatment cycles have shed light on the protective role of larval 
killing in the skin.

Figure 1. Organ specific immune response to hookworm infections. Hookworms damage a) intestinal and b) skin epithelia to secrete IL-33, TSLP and IL-25 alarmins 
that induce a local ILC2 response. Dendritic cells take up hookworm excretory/secretory products and induce differentiation of Th2 cells. IL-4 and IL-13 secreted by 
Th2 cells further induce activation and differentiation of B cells to IgE secreting plasma cells. IgE interacts with basophils or mast cells to stimulate degranulation. IL- 
13 also activates intestinal goblet cells to increase mucus secretion. Eosinophils are activated by the action of IL-5 to secrete histamine. IL-4 and IL-13 also polarize 
macrophages to the alternatively activated M2 type. c) The migratory L3 larval stage molts in the lung to L4, which can cause pulmonary damage. Distinct 
eosinophilia, M2 polarization, ILC2 and Th2 cell response is evident in the pulmonary stage of hookworm infection. Image adopted from [12,13] and created using 
Biorender.
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2.1. Benzimidazoles

Major anthelmintics used for the treatment of hookworm 
infections are the benzimidazole group of compounds, such 
as mebendazole and albendazole. A single dose of 400 mg of 
albendazole or 500 mg of mebendazole is commonly used in 
Mass Drug Administration (MDA) campaigns. However, a 3-day 
treatment regimen with either drug, administered once daily 
with same dose, has been reported to offer better cure rates 
and reduced egg counts, although it is less practical for MDA 
programs. For uncomplicated cases, a 3-day regimen of 
mebendazole, with 100 mg taken twice daily 12 hours apart, 
is effective. Additionally, pyrantel pamoate, dosed at 11 mg/kg 
(up to a maximum of 1 g) daily for three days is also effective 
in treating hookworm infections [27].

2.2. Emodepside

Due to low efficacy of current therapies, emodepside was 
recently shown to be efficacious for human STH infections, 
including for the treatment of hookworm disease in areas 
where resistance to benzimidazoles, levamisole and ivermectin 
were documented [28]. It is a widely used veterinary drug but 
has been used in humans for the treatment of onchocerciasis.

2.3. Limitations of anthelmintic treatment and emerging 
drug resistance

Although MDA campaigns are ongoing in many hookworm- 
endemic countries with particular focus on school children, 
reinfection within six months in communities with high worm 
burdens occurs. Furthermore, MDA with mebendazole does 
not reduce the prevalence of anemia caused by hookworm 
infections [29]. In fact, there are inconsistencies (single dose 
and multiple doses) of MDA with albendazole in children 
[30,31]. Additionally, the Global Burden of Disease (GBD) 
Study 2013 reported that MDA has an insignificant effect in 
reducing the prevalence of hookworm infection [7]. Most 
importantly, MDA programs are focused on pre-school and 
school-aged children [32,33], leaving other high-burden 
groups untreated [4]. Mathematical disease modeling also 
suggests that these programs will only be successful upon 
extensive and regular treatment over an extended duration 
[34,35]. Moreover, people do not tend to develop sterilizing 
immunologic resistance to hookworm infection, and adults are 
a major reservoir for transmission [36], highlighting a weak 
point in school-aged MDA programs.

Another major concern for MDA programs is emerging 
benzimidazole resistance [8]. Several lines of evidence suggest 
that the probable mechanism of resistance of hookworms 

Figure 2. Lifecycle, mode of transmission and vaccine candidates of human hookworm infection. a) Human hookworms that complete lifecycle in human host; 
adults anchor to the small intestine and lay eggs that pass through the stool and hatch in the environment to L1 followed by L2 and L3. L3 penetrate skin, travel by 
blood to the lungs, then molt to L4. L4 crawl up the trachea whereupon they are coughed up and swallowed, thereby entering the gastrointestinal tract to finally 
take up residence as adult worms in the small intestine. A. ceylanicum L3 can infect by percutaneous or oral ingestion. b) Zoonotic hookworms usually undergo 
arrest in the skin following penetration. c) Candidates targeting the adult hookworm are mostly protein and peptide subunit vaccines. d) Infective L3 larvae are 
targeted using unattenuated/attenuated live helminths and protein subunit vaccines. Image created using Biorender.
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against benzimidazoles is due to a single nucleotide poly
morphism in the β-tubulin gene at codon 198 [37]. In this 
regard, a systematic meta-analysis demonstrated that the effi
cacy of single-dose oral albendazole, mebendazole, and pyr
antel pamoate against hookworm infections was 72%, 15%, 
and 31%, respectively [38]. A multi-drug resistant A. caninum 
(resistant to albendazole, moxidectin, or a combination of 
febantel-pyrantelmoxidectin) was reported in greyhound 
dogs in the USA and is due to the presence of the F167Y 
(TTC>TAC) resistance polymorphism in isotype 1 of the β- 
tubulin gene [39]. Advanced studies to explore horizontal or 
vertical transmission of resistance genes and newer drugs to 
inhibit expression of these genes are required to mitigate 
hookworm infections. Although resistance to emodepside in 
humans has not been reported, there remains a demand for 
new options to treat hookworm disease.

3. The need for a hookworm vaccine

An effective vaccine against hookworm is needed to prevent 
moderate to heavy infections, protect against re-infection and 
reduce the global burden of disease, especially with high-risk 
populations such as children and women of childbearing age. 
There are several vaccine candidates in clinical assessment 
and/or development, including irradiated parasites and sub
unit vaccines (Figure 2, Table 2) [5,20,40–42]. A challenge for 
human hookworm vaccine development is the absence of 
natural development of protective immunity over time [27]. 
Often the oldest individuals harbor the greatest worm bur
dens, and although a robust cellular and humoral immune 
response develops over time, it appears to have little impact 
on clearing the infection. The immune correlates of protection 
against human hookworm disease therefore remain poorly 
elucidated [10].

4. Antigen discovery and selection

Development of an effective hookworm vaccine is a complex 
process and requires selection of appropriate antigens so that 
an effective immune response against the parasite is gener
ated. Moreover, the selected antigens should elicit a robust 
protective immune response that can be sustained for long 
periods without causing any harmful side effects. Hookworms 
possess important molecules on their external surfaces and 
within their excretory/secretory (ES) products. ES products are 
secreted from the parasite’s buccal capsule primarily where 
they are exposed to the host’s immune system. ES products of 
hookworms consist of structurally and functionally distinct and 
diversified molecules such as proteins, lipids, metabolites, and 
carbohydrates. In terms of parasite survival, development and 
the intricacies of host-parasite interactions, these molecules 
play critical roles, including host tissue penetration and migra
tion, nutrient acquisition, reproduction, and evasion of host 
immune responses. The ES proteome is therefore of interest as 
a source of vaccine antigens [43–46].

To properly test subunit hookworm vaccines, a benchmark 
vaccine against which other vaccines can be compared is 
required. Inactivated or attenuated vaccines are often most 
effective in different bacterial and viral diseases [47,48]. 

Irradiated hookworm L3 retain skin-penetration capability 
but are non-viable in the host and cannot mature to adult
hood [49]. Indeed, a canine hookworm vaccine was marketed 
in the 1970s consisting of irradiated A. caninum L3 [50]. While 
efficacious, irradiated hookworm vaccines are sub-optimal in 
terms of manufacturing difficulty, short shelf life, and high 
cost. As a result, the emphasis has been on the discovery of 
ES products as subunit vaccine antigens [43,51], and more 
recently, proteins on the surface of extracellular vesicles (EVs) 
found in ES products have been highlighted as a potential 
pathway to target for vaccine development [52,53].

5. Hookworm vaccine experimental models

5.1. Human hookworm challenge models

Comprehensive understanding of the mechanisms of hook
worm-host interactions, especially how hookworms establish 
in their habitat and how the host’s immune system responds 
is essential to develop new vaccination strategies. Host speci
ficity of hookworms, for example, A. caninum in dogs and N. 
americanus in humans limits the use of animal models of 
human infections [54]. Moreover, mouse models (using the 
rodent hookworm, Nippostrongylus brasiliensis) and hamster 
models (N. americanus and A. ceylanicum) have been the 
primary choice to study human hookworm infections. 
However, each of these rodent models has its limitations 
(see below). Therefore, the human hookworm challenge 
model is becoming increasingly utilized [55] and is an impor
tant step in testing any new vaccine. Experimental infection of 
human volunteers with up to 150 N. americanus infective L3 is 
well tolerated in healthy uninfected subjects, and the safety 
profile is good (Tables 1 and 2). While obtaining adult worm 
burdens is a challenge in experimentally infected human sub
jects, worms in the intestine can be visualized using capsule 
endoscopy, and assessment of fecal egg counts is widely 
considered a suitable surrogate for adult worm burdens in 
the gut.

5.2. Marmoset model

Marmosets are tree-dwelling non-human primates. Infection of 
marmosets with laboratory-adapted strains of N. americanus 
was established successfully with characteristic immunological 
features of hookworm infection [62]. Major immune responses 
that mimic human infection were observed, including 
increased total IgE and IgG specific to adult worm ES products, 
IgE-induced basophil degranulation and histamine release. 
This model does however pose challenges, including cost 
and ethical considerations of using non-human primates for 
research purposes.

5.3. Hamster model

Infection of laboratory hamsters with N. americanus or A. 
ceylanicum represents a suitable rodent model of human 
hookworm infections [63,64]. Although N. americanus can 
infect hamsters, the percentage of challenge larvae that 
mature to adulthood in the gut is very low compared to that 
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seen in humans [27], and knowledge about the adaptation of 
N. americanus to this specific immune environment is not well 
understood [65]. Hamsters infected with A. ceylanicum 
develop anemia and weight loss, as in heavy human infections 
[66]. Hamsters effectively accelerate mucosal mastocytosis and 
generate high systemic IgG1 and IgE titers [67]. Infection also 
induces a strong modified Th2 response, represented by ele
vated IL-10, IL-4, IL-5, and IL-13 production [68]. These findings 
confirm that the A. ceylanicum hamster infection model could 
be useful in investigating host-parasite interactions during 
human hookworm infections. In fact, different hookworm vac
cine candidates have been investigated in the hamster model, 
with some showing significant efficacy [64,69]. Nonetheless, 
development of natural resistance and the lack of hamster 
specific reagents limits the utility of this model of hookworm 
infection.

5.4. Rat and mouse model

N. brasiliensis is a rodent strongyle nematode that establishes 
natural infections in rats and displays a permissive infection 
in laboratory rodents with a life cycle and pathophysiology 
similar to that of the human hookworms – N. americanus and 
A. duodenale [70]. Although more prevalent in rats, N. brasi
liensis can also infect mice [71]. Like human hookworms, N. 
brasiliensis infects rodents by the percutaneous route, travels 
through the circulation and lungs, then exits the circulation 
to creep up the trachea and is finally swallowed into the GI 
tract [72]. Systemic transit of the worm has enabled research
ers to conduct both mucosal and systemic immunological 
studies [73]. More importantly, the robust modified Th2 
immune response induced by N. brasiliensis has been exten
sively studied and provided insights about the cellular and 
effector cell mechanisms that underpin this immune 
response [74].

Although mice and rats can be infected with the human 
hookworms, they do not reach maturity and usually become 
arrested in the tissues following skin penetration in mice [45]. 
Apart from this, N. brasiliensis infection in rodents differs from 
human infections in numerous ways. After skin penetration, N. 
brasiliensis reaches the gut much more quickly (usually 7 days) 
than human hookworms (4–6 weeks) [70]. Moreover, Th2 cell- 
mediated protective immunity develops in mice after a self- 
cure process, and N. brasiliensis adult worms are expelled from 
the gut after 24 days [70]. Rodents develop robust and steriliz
ing resistance against reinfection over time, and this is not 
typically seen in human hookworm infections.

6. Current status and limitations of hookworm 
vaccines

6.1. Live hookworm vaccines

Initial studies on hookworm vaccine production revealed 
that live attenuated larvae provide more robust protection 
against infection than dead larvae [75,76]. Moreover, our 
research group recently performed a human phase 1 clinical 

trial with ultra-violet-C (UVC) attenuated N. americanus lar
vae and showed that vaccinated individuals were partially 
protected against challenge with non-attenuated infective 
stage larvae (Tables 1 and 2) [20]. A more recent study with 
live unattenuated N. americanus larvae showed a non-sig
nificant reduction of fecal egg output with repeated expo
sure, as well as a correlation between severe skin rash at the 
site of larval inoculation and reduced EPG after challenge 
infection [21]. Despite the promise they hold, the major 
limitations of live attenuated or unattenuated hookworm 
vaccines are their impracticalities for widespread use, lim
ited shelf-life of the vaccines, and high cost of manufacture. 
Where such studies are of greatest value (in our opinion) is 
in the provision of antigen discovery reagents. With the 
advent of immunomics, recombinant proteome arrays have 
been produced for hookworm antigens [77] and these 
arrays should be screened with sera from human subjects 
vaccinated with irradiated larvae or repeated rounds of 
infection-treatment. Therefore, most studies now are 
focused on development of an effective protein or peptide 
subunit vaccine that can prevent establishment of different 
developmental stages within the host.

6.2. Protein subunit vaccines

Instead of live parasites, the ultimate hookworm vaccine 
would consist of a specific immunogenic recombinant anti
gen, or a combination of multiple antigens, that induces an 
effective immune response to prevent infection [78,79]. 
Recombinant vaccine antigens can be produced in the lab 
by expressing them in a heterologous expression system 
such as Chinese Hamster Ovary (CHO) cells, Escherichia coli, 
yeast, insect cells, and even transgenic plants. Although, 
recombinant protein subunit vaccines can be challenging to 
produce and to generate the desired immune response, they 
are an ideal choice and have been investigated by many 
groups [10,80–82]. Major challenges of recombinant vaccines 
are the requirement for an adjuvant, multiple immunizations, 
and consideration of post-translational modifications (phos
phorylation and glycosylation), proteolytic activity, production 
yield, etc [79]. Of the most successful N. americanus recombi
nant vaccines, aspartic protease-1 (Na-APR-1) and glutathione- 
S-transferase-1 (Na-GST-1) have been most extensively studied 
as single antigens [9,83,84], and most recently as a co-admi
nistered vaccine [11]. The two most recent clinical trials with 
Na-APR-1 and Na-GST-1 co-administered in adult and school- 
aged children reported high levels of anti-Na-APR-1 IgG in 
adults and anti-Na-GST-1 IgG in children [10,11]. Co-adminis
tration of these two vaccines might therefore ensure robust 
antibody responses against at least one antigen through both 
childhood and adulthood. Despite being tested in multiple 
clinical trials and shown to be immunogenic, none of these 
hookworm subunit vaccines have yet been tested for efficacy 
via a challenge infection or natural exposure in a hookworm- 
endemic area. Table 2 and Supplementary Table 1 describe 
the current vaccine candidates tested in human clinical trials 
and in animal models.
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6.3. Peptide vaccines

With the great success of recombinant protein vaccines, sev
eral groups including ours are now investigating the develop
ment of a peptide subunit vaccine against hookworm 
infections [85,86]. The peptide vaccines are preferred over 
protein vaccines as the precise molecular composition of the 
peptide vaccine antigen is known, there is less risk of reversion 
or contamination with genomic material or infectious agents 
during purification, more stable and easily fit into delivery 
vehicles to delay antigen release in the host. However, a 
major risk of peptide vaccines is insufficient immunogenicity 
due to the small size of the immunogen. The peptide vaccine 
candidates studied to date are sourced from the Na-APR-1 
protein. Two major epitope vaccine candidates studied are 
the B-cell epitope A291Y-GCN4 and its extended version called 
p3 fused to the Th-cell epitope P25. A B-cell peptide epitope 
A291Y-GCN4 vaccine in association with an in-built LCP (lipid 
core peptide)-2 adjuvant was able to induce IgG in mice that 
could completely inhibit the enzymatic activity of Na-APR-1, 
however, the efficacy of the vaccine was not assessed using 
the challenge model [87]. Other recent studies with combined 
p3 and P25 peptide vaccine candidates was able to reduce up 
to 98% of the intestinal worm burden and 99% of egg burdens 
following challenge with N. brasiliensis [85,86]. The major pep
tide vaccine candidates with their immunization schedules, 
major findings and limitations are summarized in Tables 2, 3.

Abbreviations: Na: Necator americanus, Nb: Nippostrongylus 
brasiliensis, IP: intra-peritoneal, SC: subcutaneous, APR: aspartic 
protease, LCP: lipid core peptide, BL10: branched polyleucine, 
LL10: linear polyleuc

7. Challenges of hookworm vaccines

Developing an efficacious vaccine against STH infections faces 
more challenges than crafting vaccines against bacteria or 
viruses because of the size, complexity, heterogeneity and 
sophistication of these eukaryotic, multicellular pathogens. 
Major hurdles involved in hookworm vaccine development 
include safety concerns (because of potential IgE responses), 
defining an effective immunization schedule, lack of a suitable 
animal model for testing immunogenicity, and route of vac
cine administration to shape the immune response [90,91].

The complex lifecycles of hookworms limit our current 
understanding of immunological interactions between the 
host and parasite, as well as immune mechanisms involved 
in protection [90,91]. A good example is the Na-ASP-2 vaccine, 
which was considered as a promising subunit vaccine after 
efficacious animal studies and a successful (safe and immuno
genic) phase 1 trial in a non-endemic site. Development of this 
vaccine, however, was terminated due to urticarial hypersen
sitivity reactions in vaccinated hookworm endemic partici
pants with a preexisting IgE response from natural exposure 
to hookworms prior to vaccination [83]. Therefore, there is a 
risk of high-affinity IgE production to other hookworm vaccine 
candidates.

Other barriers to developing a hookworm vaccine include 
commercialization challenges, geopolitical barriers, and low 
industry interest. Moreover, the anti-vaccine movement in 
the US and around the world has had a significant effect on 
STH vaccine development [92]. Because hookworm infection is 
mostly found in low-income countries, there is little commer
cial potential for a hookworm vaccine as it would be used 

Table 3. Peptide subunit vaccine studies with their efficacy and limitations.

Vaccine antigen and 
formulation

Immunization 
schedule

Target 
species

Current 
stage of 

development Major findings Limitation References

30/60 µg Na-APR-1 B-cell 
peptide epitope A291Y- 
GCN4-LCP-2

IP at day 0, 21, 33, 43, 
culled on day 70

N. americanus Animal trial 
in BALB/c 
mice

High anti-Na-APR-1 IgG, completely 
inhibited the enzymatic activity of 
Na-APR-1

Efficacy of the vaccine 
was not assessed by 
challenge

[87]

0.5 mg Na-APR-1 peptide p3- 
LCP and P25-LCP

Oral on day 0, 7, 14, 
21, 28, 35, 
challenge at day 
49 with Nb-L3 
-500 SC, culled 
at day 56

N. brasiliensis Animal trial 
in BALB/c 
mice

Up to 98% and 99% reduction of 
intestinal worm and egg burdens, 
high serum anti-Na-APR-1 IgG 
and salivary anti-Na-APR-1 IgA 
titers

Multiple dose schedule 
is less practical

[85]

100 µg Na-APR-1 peptide p3 
and P25

Oral on day 0, 7, 14, 
21, 28, 35, 
challenge at day 
49 with Nb-L3 
-500 SC, culled 
at day 56

N. brasiliensis Animal trial 
in BALB/c 
mice

Significantly reduced worm and egg 
burdens, high anti-p3 and anti-Na 
-APR-1 IgG responses

Multiple dose schedule 
is impractical

[88]

100 µg Na-APR-1 p3 peptide- 
based vaccines: LCP, 
polymethylacrylate (PMA), 
branched polyleucine (BL10) 
and linear polyleucine 
(LL10) in PBS

Oral at day 0, 14, 
28, 42, challenge 
at day 56 with 
Nb-L3-750 SC, 
culled at day 63

N. brasiliensis Animal trial 
in BALB/c 
mice

BL10 and LL10 induced the highest 
serum anti-p3 and anti-APR-1 IgG 
titters and no anti-APR-IgE titers. 
Reduced intestinal worm burdens 
by 55-80% and fecal egg count 
by 55-85% with the highest 
reduction of worm burden by 
LL10

IgG titers were assessed 
from gut-associated 
lymphoid tissues and 
not in the blood

[89]

25 µg Na-APR-1 peptide p3- 
P25 in LCP, PMA, BL10, LL10 
or alum/CpG

IP at day 0, 14, 28, 
challenge at day 
42 with Nb-L3 
-750 SC, culled 
at day 49

N. brasiliensis Animal trial 
in BALB/c 
mice

Alum/CpG adjuvanted -p3-P25, BL10 
and LCP reduced worm burden 
by 75%, 77% and 59%. BL10 and 
LCP generated the highest serum 
anti-Na-APR-1 IgG and fecal anti- 
Na-APR-1 IgA titers

Duration of gut mucosal 
immune response not 
assessed; antibodies 
failed to neutralize 
activity of Na-APR-1

[86]
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exclusively for the benefit of residents of these areas [93]. 
Considering the above facts, the development of a new hook
worm vaccine becomes a complex and multidisciplinary task 
that requires an understanding of host-pathogen interactions, 
epidemiology, and meeting the manufacturing para
meters [94].

8. Conclusion

Despite many complexities and challenges, progress has been 
made in developing vaccines against hookworm infections. 
Notably, pre-clinical vaccine studies have progressed to iden
tifying vaccine candidates from either the dog hookworm A. 
caninum (tested in dogs), A. ceylanicum (tested in golden 
hamsters), or a laboratory strain of N. americanus adapted to 
golden hamsters. Current lead hookworm protein subunit 
vaccine candidates target the adult developmental stage of 
the hookworm, but recent clinical trials with irradiated and 
non-irradiated L3 have emphasized the importance of target
ing larvae in the skin, and discovery of the target L3 antigens 
that drive these protective responses in human subjects 
should be a priority. That said, such screens also need to 
exclude IgE-inducing antigens to ensure safety in hookworm 
endemic populations.

9. Expert opinion

The current preventive chemotherapeutics for hookworm 
infection are limited to adolescents mostly. Development of 
an effective hookworm vaccine will potentially reduce DALYs, 
especially in tropical developing regions where this infection is 
prevalent. Combined vaccination and MDA programs will be 
the best strategy to prevent hookworm infection. Live-attenu
ated hookworm vaccines as well as repeated rounds of infec
tion/treatment show promise, but are impractical for 
widespread use, therefore, an effective protein or peptide 
subunit vaccine will be a viable and economic solution.

The major limitations of developing a hookworm vaccine 
are lack of appropriate animal model, complex disease course 
and immune response, and lack of interest by the pharmaceu
tical industry in neglected tropical disease vaccines. 
Multiomics technologies such as proteomics and immunomics 
should be applied to identify protective proteins using sera 
from protected human subjects, such as those vaccinated with 
irradiated hookworm larvae. Although Na-APR-1 and Na-GST-1 
and their epitopes show great promise for inducing protective 
immunity, additional proteins, particularly those that are 
important for larval penetration, migration and immune eva
sion are required.

While there are clinical candidate vaccines in development, 
these all focus on adult stage antigens, and it is unclear 
whether they will prove to be efficacious in humans given 
that challenge studies in human volunteers have yet to be 
conducted. Further research on identifying the best protective 
proteins from the two key developmental stages – adults and 
infective larvae – is imperative. We emphasize two key biolo
gical process that are instrumental in host-parasite interac
tions: (i) proteins on the external surface of hookworm 
extracellular vesicles are viable targets of serum antibodies 

and can interrupt host-parasite molecular communication; (ii) 
proteins secreted by infective larvae that allow them to tra
verse the skin and migrate to the lungs are viable targets of 
serum antibodies that interrupt parasite migration to the gut. 
A protein or peptide vaccine (ideally for oral delivery) in 
freeze-dried form for easy transport and storage will be a 
cheaper option than one which requires cold chain processes.

With the tremendous success of COVID mRNA vaccines the 
question now begs, would mRNA vaccines for large eukaryotic 
pathogens, such as hookworms be sufficiently efficacious? 
Indeed, a combination of a hookworm mRNA vaccine with 
monovalent or polyvalent vaccines targeting other pathogens 
is worthy of consideration to reduce cost and human 
intervention.

The future of hookworm vaccine development lies within 
sustainable protection into adulthood. The meticulous devel
opment of proteomics and immunomics technologies have 
paved the way to identify immunogenic and protective pro
teins in a high-throughput fashion. Advanced molecular tools 
such as single cell RNA sequencing and bioinformatics will be 
of tremendous help to identify T cell and B cell epitopes of 
hookworm protein and peptide vaccine candidates. Perhaps 
most importantly, integration of the excellent human chal
lenge models that exist for hookworm infection will accelerate 
the up- and down-selection of vaccine candidates in a time- 
and co-effective manner.
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