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Abstract

The scientific study of human hookworm infection began at the dawn of the twentieth century. In
recent years, there have been dramatic improvements in our understanding of many aspects of this
globally widespread parasite. This article reviews recent advances in our understanding in the
biology, immunology, epidemiology, public health significance and control of hookworm, and to
look forward to the study of this important parasite in the 215! century. Advances in molecular
biology has lead to the identification of a variety of new molecules from hookworms, which have
importance either in the molecular pathogenesis of hookworm infection or in the host-parasite
relationship; some are also promising vaccine targets. At present, relatively little is known about
the immune responses to hookworm infection, although it has recently been speculated that
hookworm and other helminths may modulate specific immune responses to other pathogens and
vaccines. Our epidemiological understanding of hookworm has improved through the
development of mathematical models of transmission dynamics, which coupled with decades of
field research across mutliple epidemiological settings, have shown that certain population
characteristics can now be recognised as common to the epidemiology, population biology and
control of hookworm and other helminth species. Recent recognition of the subtle, but significant,
impact of hookworm on health and education, together with the simplicity, safety, low cost, and
efficacy of chemotherapy has spurred international efforts to control the morbidity due to
infection. Large-scale treatment programmes are currently underway, supported by health
education and integrated with the provision of improved water and sanitation. There are also
efforts underway to develop novel anthelmintic drugs and anti-hookworm vaccines.

1. INTRODUCTION

The pathophysiology and epidemiology of human hookworm infection has been the subject
of intensive study for over one hundred years, beginning with the work of Theodore Bilharz
who linked intestinal helminths with tropical chlorosis in Egypt, and studies by Italian
pathologists who identified Ancylostoma duodenale as the cause of anaemia among
labourers constructing the Saint Gothard railway tunnel in the Swiss Alps (Peduzzi and
Piffaretti, 1983; Nawalinski and Schad, 1991). At the beginning of the 20t century, the life
cycle of A. duodenale was first elucidated by Looss (1901), and Necator americanus was
discovered in the Western Hemisphere (Stiles, 1902; Dock and Bass, 1910; Chandler, 1929).
In 1901, the public health importance of hookworm infection was revealed when it was
found to be hyperendemic on the island of Puerto Rico and linked to the death of almost
12,000 of its inhabitants annually (Ashford, 1934). Subsequently, the Rockefeller Sanitary
Commission was established to combat hookworm in the United States and the Internatonal
Health Commission was formed to control hookworm overseas. In 1916, the first
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Department of Helminthology in the United States was founded at the Johns Hopkins School
of Hygiene and Public Health in order to begin applying modern science and quantitative
methods to the study of hookworm (Fee & Acheson, 1987; Nawalinski and Schad, 1991).
These early investigations conducted in the first four decades of the twentieth century
provided an important framework for our current knowledge of the pathogenesis and
population biology of hookworm infection.

Over 25 years ago, Miller (1979) reviewed the current understanding of the biology,
pathology and morbidity of human hookworm infection in this series. At the time, the global
recognition of the public health importance of this and other soil-transmitted helminths
(STH) was not fully appreciated. Since then, numerous advances in several scientific fields
have greatly added to our fundamental knowledge of these parasites. For instance, they have
resulted in an improved understanding of the transmission dynamics of helminths within
human communities (Anderson and May, 1991). Such analytical approaches recognize the
dynamic interplay between parasites and their human hosts, and the role they have in
influencing observed epidemiological patterns and the consequences of control
interventions. It is also become increasingly clear that the effects of infection are worse than
they were assumed to be in the past, and that helminths exert subtle, yet significant, insults
on the growth, education and productivity of individuals, but that chemotherapy can cost-
effectively reverse most of these effects on morbidity. Finally, our understanding of
hookworm infection at the molecular, cellular and organismal level has also improved
considerably. Taken together, these scientific advances have prompted renewed interest in
the control of these infections, with a focus on providing regular population-based
chemotherapy (Savioli et al,, 2002). They also facilitate the development of first generation
anti-hookworm vaccines (Hotez et al., 2003).

On-going scientific efforts to study hookworm are vital since it remains one of the most
common chronic infections of humans, with an estimated 740 million cases in areas of rural
poverty in the tropics and subtropics (de Silva et al., 2003). Many individuals also harbour
multiple helminth infections, including Ascaris lumbricoides, Trichuris trichiuraand
schistosome species, which together with hookworm, infect a quarter of the world’s
population. When measured in terms of disability adjusted life years (DALY's), which
incorporates the effects of both morbidity and mortality, the burden of disease caused by
helminths exceeded the burden from a number of important tropical diseases including
African trypanosomiasis, dengue, and leprosy (WHO, 2002). Against this background, the
54t World Health Assembly, held in 2001, passed a resolution urging member states to
provide regular drug treatment of high-risk groups. In support of this important milestone in
helminth control, WHO has set the global target of treating on a regular basis at least 75% of
all school aged children. This goal has been given added impetus with the recent influx of
major new sources of funding, notably from the Bill and Melinda Gates Foundation and the
World Bank. Together with the recent scientific advances that have been made, such
political developments provide hope for the global control of morbidity due to hookworm
and other helminth species.

The aim of this review is to summarize the biology and molecular biology, immunology,
epidemiology, public health significance, and control of hookworm in light of advances in
understanding that have been made in recent years, and to look forward to the study of this
important parasite in the 215t century. In doing so, it provides complementary information in
our understanding of STH to recent excellent reviews of Trichurisand trichuriasis (Bundy
and Cooper, 1989) and Ascaris and ascariasis (Crompton, 2001).
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2. BIOLOGY

2.1. Systematics

Hookworms are nematodes belonging to the family Ancylostomatidae, a part of the
superfamily Strongyloidea. The two major genera that affect humans, Necatorand
Ancylostoma, are characterized by the presence of either teeth or cutting plates that line the
adult parasite buccal capsule (Hotez, 1995). Necator americanus is generally considered the
only member of its genus to infect humans. This species has also been recovered on
occasion from non-human primates (Orihel, 1971; Michaud et a/., 2003). It has been further
suggested that the pig may serve as a transport host for N. americanus (Steenhard et al.,
2000). Ancylostoma duodenale is the only signficiant human (anthrophilic) hookworm of
the genus Ancylostoma. Parasitic to cats and dogs, A. ceylanicum, is infective to humans as
a zoonosis in some regions of Asia, but it is not associated with host blood loss in humans
(Carroll and Grove, 1986), and therefore is not considered a major pathogen (Hotez, 1995).
In northeastern Australia, the dog hookworm A. caninum has been reported to cause both
eosinophilic enteritis and aphthous ileitis syndromes (Prociv and Croese, 1996; Landmann
and Prociv, 2003). The natural history of zoonotic A. caninum infection has been
extensively reviewed recently and will not be considered further (Prociv and Croese, 1996;
Prociv, 1997). Yet another canine and feline hookworm, A. braziliense is the major cause of
cutaneous larva migrans.

2.2. Life History and transmission

The life cycle of hookworms is direct (Hoagland and Schad, 1978; Schad and Banwell,
1984). Humans acquire hookworm when the infective larval stages (known as third-stage
larvae or L3) living in the soil either penetrate through the skin (both N. americanus and A.
auodenale) or when they are ingested (for A. duodenale). 1t has also been reported that .
americanus L3 will invade the buccal epithelium if they enter through the mouth (Nagahana
et al., 1963). The L3 stages, approximately 600 microns in length, developmentally arrested
and can live in the soil for weeks if there is appropriate warmth, shade, and moisture.
Following host entry, the L3 receive a signal present in mammalian serum and tissue that
causes them to resume development and secrete bioactive polypeptides (Hotez et al., 1993;
Hawdon and Hotez, 1996). Resumption of development is cGMP-dependent and involves a
muscurinic neuronal pathway, which is similar to the one used for Caenorhabditis elegans
dauer recovery (Hawdon and Datu, 2003). Among the major proteins secreted by host-
activated hookworm L3 is a zinc containing metalloprotease of the astacin class (Zhan et al,
2003), and two cysteine-rich secretory proteins known as ancylostoma secreted proteins
(ASPs), which belong to the pathogenesis related protein (PRP) superfamily (Hotez and
Hawdon, 1996; Hotez et al., 2003). The function of these molecules has not been
definitively established although it is believed that they have a role in tissue invasion and
host-immunomodulation (see section 2.3.3). The host-activated L3 then migrate through the
vasculature and are swept via the afferent circulation to the right side of the heart and then to
the pulmonary vasculature. The L3 break out of lung capillaries and into the lung
parenchyma where they ascend the alveoli, bronchioles, bronchi and trachea when they are
coughed and swallowed. L3 enter the gastrointestinal tract where they molt twice and
develop to the adult stage. Approximately 5-8 weeks pass from the time L3 first infect
humans until they reach sexual maturity and mate. Each female hookworm produces
thousands of eggs daily. Intestinal blood loss begins just prior to egg production and
deposition, and continues for the life of the hookworm. The molecules associated with
parasite-induced blood feeding have been extensively characterized (see section 2.3.1). The
eggs are transparent, thin-shelled and ovoid, with blunt, rounded ends, measuring
approximately 60 um x 40 um. Hookworms live in the human intestine on average from 1-3
years for A. duodenale and 3-10 years for N. americanus (Hoagland and Schad, 1978), with
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a maximum life-span of 18 years (Beaver, 1988). Hookworm eggs exit the body in faeces.
When deposited in soil with adequate warmth, shade and moisture, the eggs hatch within
24-48 h and give rise to first-stage larvae (L1) that feed on organic debris and bacteria in the
soil. These L1s molt twice to the L3 stages. The L3 live can live for several weeks in the soil
until they exhaust their lipid metabolic reserves.

There are significant biological differences between the two major human hookworms
(Hoagland and Schad, 1978; Hotez, 1995), which are summarized in Table 1. As noted
above, A. duodenale is transmitted both by skin penetration of L3 as well as oral ingestion,
whereas N. americanus usually infects only via the former route. . americanus is smaller
than A. duodenale and produces fewer eggs, and causes less blood loss (Albonico et al.,
1998). Therefore, some investigators believe that . americanus more adept at immune
invasion, produces less blood loss, and therefore, better adapted to human parasitism
(Hoagland and Schad, 1978; Pritchard and Brown, 2001). Generally speaking, A. duodenale
is associated with greater intestinal blood loss than any other hookworm. This accounts for
the observation, best documented in Tanzania, that the species of hookworm being
transmitted in a community strongly influences the burden of iron deficiency anaemia in the
community (Albonico et al., 1998). However, N. americanus is more widespread worldwide
and, therefore, more significant as a cause of disease burden.

Unlike N. americanus, A. duodenale also has the unique ability to undergo arrested
development in humans (Schad et al., 1973) and may, under certain conditions, enter human
mammary glands during pregnancy prior to lactogenic transmission (Hotez, 1989; Yu et al.,
1995). The occurrence of neonatal ancylostomiasis has been documented the best in Asia
and Africa (Yu et al., 1995).

2.3. Molecular biology and pathogenesis of hookworm

In recent years, a variety of new molecules have been discovered and cloned, and sometimes
expressed and isolated from Ancylostomaand Necator hookworms. Most of these molecules
can be grouped into three major categories: adult hookworm secreted molecules; molecules
that line the brush border membrane of the adult hookworm alimentary canal; and proteins
secreted by L3 (Table 2). Each of them has importance either in the molecular pathogenesis
of hookworm infection or in the host-parasite relationship; some are also promising vaccine
targets.

2.3.1. Adult hookworm molecules—Work over the past two decades has determined
that at their site of attachment in the gut mucosa and submucosa, adult hookworms secrete a
variety of molecules, which thwart several host processes. The parasite’s cephalic glands
and esophageal glands are the origin of most of these molecules. Studies conducted by Zhan
et al. (2002a) have revealed that the most abundant protein secreted by adult ancylostoma
hookworms resembles mammalian tissue inhibitor of metalloprotease (TIMP). Hookworm
TIMP is a 16 kDa protein that so far has not been shown to exhibit protease inhibitor
activity. However, work conducted over the last decade has determined that mammalian
TIMPs function in a number of biological processes that go beyond mere protease
inhibition. Of particular interest is the finding by Guedez et a/. (2001) that mammalian
TIMP regulates interleukin 10 production by B cells. Measured IL-10 levels in humans
infected with hookworm are extremely high (Bethony J., unpublished observation)
suggesting that hookworm TIMP could have a role in host immunomodulation. In this case,
hookworm TIMP would join a list of hookworm-derived molecules that have a role in either
modulating or down-regulating the host inflammatory response, including neutrophil
inhibitory factor (NIF), which serves as an integrin antagonist of host CD11b/CD18 (Moyle
et al., 1994; Muchowski et al., 1994); hookworm proteases, which cleave eotaxin (Culley et
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al., 2000); a calreticulin that interacts with host C1q (Kasper et a/., 2001); a retinol binding
protein (Basavaraju et al.,, 2003); a collagen-binding protein (Viaene et al., 2001); a C-type
lectin (Loukas et al., 2002); an acetylcholinesterase (Brown and Pritchard, 1993); a
glutathione S-transferase (Brophy et al., 1995); a Cu/Zn superoxide dismutase (Taiwo et al.,
1999); and molecules that induce host T cell apoptosis (Chow et al., 2000). In addition adult,
hookworms produce and release at least four different ASPs, which are similar in structure
to the two L3 ASPs (Zhan et al., 2003). Preliminary experiments in vitro indicate that the
ASPs also have immunomodulatory properties.

Adult hookworms secrete pharmacologically active peptides that facilitate blood feeding.
The most potent are novel serine protease inhibitors that anticoagulate blood by inhibition of
factor Xa (Harrison et al.,, 2002) and factor Vlla/tissue factor (Lee and Vlasuk, 2003). The
Vlla/tissue factor inhibitor is known as nematode anticoagulant protein c2 (NAPc2). Itis a
highly potent (Ki = 10 pm) inhibitor of the factor VIla/tissue factor complex that requires
the prerequisite binding of zymogen or activated factor X (Vlasuk et a/., 2003). This high
affinity interaction with circulating factor X is critical to its bioactivity. The factor Xa
inhibitor, known as NAP 5 is also potent (Stannsens et al,, 1996). Less potent is the
corresponding anticoagulant from A. ceylanicum (Harrison et al., 2002) a species generally
believed to be much less dependent on blood feeding than either A. duodenale or A.
caninum (Carroll and Grove, 1986). In addition to anticoagulants, ancylostoma hookworms
also release a platelet inhibitor that binds to the integrin receptors glycoprotein lib/llla and
GPla/lia (del Valle et al,, 2003).

To facilitate intestinal mucosal and submucosal tissue invasion adult hookworms release
several connective itissue hydrolases including a metalloprotease belonging to the astacin
class similar to L3 MTP-1 (see 2.3.3.), known as MTP-2 (Zhan, B., unpublished
observation), a cysteinyl protease known as CP-1, an aspartic protease known as APR-1
(Williamson et al., 2003a), and a hyaluronidase (Hotez et a/., 1994). Hookworms also
release protease inhibitors of the Kunitz-type of unknown function (Milstone et a/., 2000;
Hawdon et al., 2003).

2.3.2. Molecules lining the brush border membrane—Lining the hookworm
intestinal tract of adult hookworms are proteolytic enzymes of several different types
including MEP-1, a zinc metalloprotease of the neprilysin class (Jones and Hotez, 2002),
APR-2, an aspartic proteases (Williamson et a/., 2003a, b), and a cysteine protease
(Williamson et al., 2003b). Work conducted by Angela Williamson and Alex Loukas has
shown that these enzymes function to degrade haemoglobin in a carefully orchestrated
cascade, which resembles the haemoglobin-degrading pathways from schistosomes and
malaria parasites (Williamson et a/., 2003a, b). Inhibition of this pathway with antibody has
proven to be a successful vaccine strategy against hookworm infection in laboratory animals
(Hotez et al., 2002; Loukas et al., 2004), just as it has for vaccines against the sheep
nematode Haemonchus contortus (Hotez et al., 2002; Knox et al., 2003).

2.3.3. Third-stage infective larval (L3) hookworm proteins—Work over the last
decade has determined that hookworm L3 release several proteins upon stimulation with
host serum, glutathione, and incubation at 37 °C (Hawdon and Hotez, 1996). It is believed
that these molecules are produced upon host entry and in response to host-specific factors.
Therefore, they function in the transition from the external environment into a parasitc
milleau, and are linked to the developmental biology of the parasite (Hawdon and Hotez,
1996). The most abundant L3 secreted proteins are two unique ASPs (Hawdon et al., 1996;
Hawdon and Hotez, 1996; Hawdon ef a/., 1999). Host-stimulated L3 also produce a
metalloprotease of the astacin class known as MTP-1 (Zhan et al., 2002b). Studies
conducted in a variety of laboratory animals have determined that the ASPs and MTP-1 are
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promising vaccine candidates against hookworm infection (Hotez et af., 2003), and that
antibodies to these molecules inhibit larval invasion in vitro (A. Williamson, unpublished
observation). Of particular promise for purposes of vaccine development is the molecule
ASP-2, which is protective in laboratory hamsters and dogs (Goud et a/., 2003), and is
reactogenic with human sera (Bethony J. unpublished observations). The details of current
vaccination strategies are discussed later in this review.

2.3.4. The genome and genetics of hookworm—Whereas the study of other parasites
has benefited from the revolution in genomics and bioinformatics, limited hookworm
genome projects are underway. However, through the parasitic nematode expressed
sequence tag (EST) project, a collaboration between the University of Edinburgh and the
Wellcome Trust Sanger Institute in the UK and the Genome Sequencing Center, St. Louis,
MO, USA, over 400,000 nematode ESTs are now available (Blaxter, 2000; Parkinson et al.,
2003). To date, there are 7,328 ESTs available from A. caninum, 1,109 from A. ceylanicum,
800 from A. duodenale, and 961 from N. amerianus (www.nematode.net). Plans to sequence
additional ESTs are underway. Two phylogenetic analyses, one using 53 small subunit
ribosomal DNA sequences from a wide range of nematodes (Blaxter ef a/., 1998) and
another using mitochondrial genomes (Hu et al.,, 2002), have resulted in a molecular
evolutionary framework that demonstrates a close association between strongylids such as
hookworms and the free-living nematode Caenorhabditis elegans. This information suggests
that several modern approaches used to explore the molecular and cellular biology of C.
elegans could be applied to hookworms (Blaxter, 2000, 2003).

Data on mitochondrial DNA (mtDNA) diversity and structure are increasingly available for
several nematode species (Anderson et al., 1998), including hookworm. Complete
sequencing of mitochondrial genomes has now been conducted for both A. duodenale and
N. americanus (Hu et al., 2002), and are being used to investigate phylogeny and genetic
diversity (Blaxter, 2000). For example, characterization of internal transcribed space (ITS)
ribosomal DNA sequences of different hookworm species has recently been used to infer the
evolutionary relationships of members of Ancylostomatidae family (Chilton and Gasser,
1999). Recent studies of N. americanus indicate substantial genetic variation in parasite
populations (Hawdon et al., 2001; Hu et al., 2003), and a lack of correlation between
geographical and genetic structure (Hawdon et a/., 2001). Such genetic heterogeneity
indicates that it may be difficult to predict the development of anthelmintic resistance
(Section 7.2.) or identify where populations are likely to differ at genetic loci targeted by
specific recombinant vaccines (Section 7.3).

2.3.4. Molecular diagnosis—Several standard quantitative techniques, including the
Kato-Katz thick smear method, are available to estimate hookworm egg output, which are
valuable for epidemiological studies because they provide indirect measures of worm
burden. The observation that IgG4 antibodies against hookworm antigens may serve as a
serologic marker for the presence of active hookworm infection (Palmer ef al., 1996), has
not yet been translated into a clinically reliable diagnostic test.

The eggs of A. duodenale and N. americanus are morphologically almost identical. Where it
is desirable to differentiate the two species, however, a polymerase chain reaction (PCR)
using primers derived from different genetic markers a hookworm cAMP-dependent protein
kinase gene, followed by restriction fragment length polymorphism (RFLP) has recently
been successfully employed (Hawdon, 1996). Another PCR-based method is based on the
mitochrondrial cytochrome oxidase | gene (Zhan ef a/., 2001). PCR and RFLP analysis of
ITS rDNA has successfully been used to distinguish between A. caninum, A. braziliense and
A. ceylanicum in animals (Gasser et al., 1996; Traub ef a/., 2003). This molecular method
has additionally been used to distinguish human hookworm infection from infection with
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Oesophagostomum biurcum, whose eggs are morphologically indistinguishable from
hookworm, and whose prevalence exceeds 50% in northern Togo and Ghana, where it is co-
endemic with N. americanus (Verweij et al., 2001).

3. IMMUNE RESPONSES TO HOOKWORM

Immunological responses to hookworm infection in both human and experimental animal
hosts have extensively reviewed by Behnke (1991) and more recently by Loukas and Prociv
(2001). There is a notable absence of suitable animal models for hookworm infection, and
extrapolating from immunological models of an abnormal host is unreliable. For example,
N. americanus will mature in hamsters, but there is a wide variability on the number of L3
that develop to adult hamsters (Rose and Behnke, 1990; Xue et a/., 2003). Hasmsters
frequently acquire resistance and do not develop patent infections (Rajasekariah et afi, 1985;
Xue et al., 2003). Similarly, A. duodenale will develop in dogs only with the administration
of exogenous steroids (Leiby et al., 1987). This may be because the two species that account
for almost all human infections, A duodenale and N americanus, are highly host specific
(Beaver et al., 1984). As such, the focus here will be on recent contributions to hookworm
immunology that derive from immunoepidemiological findings in human populations,
referring to findings from animal models where they may provide useful insights into the
immune response against these parasites.

The most studied aspect of the human immune response to hookworm infection is antibody
levels to crude larval (L3E) and adult (AE) soluble extracts or adult excretory/secretory (ES)
products (Loukas and Prociv, 2001). The methods used to identify antibody responses range
from early observations by Sarles, Otto and colleagues of immuno-precipitates around oral
opening of larval and adult worms (Sarles, 1938; Otto et al., 1942; Sheldon and Groover,
1942) to more recent and detailed analysis of Ig subclasses by enzyme-linked
immunosorbent assays (ELISA) and Western Blot analysis. These analyses have shown that
extensive and vigorous antibody responses of all five of the human immunoglobulin (1g)
isotypes are mounted against crude antigen preparations in naturally infected individuals
(Carr and Pritchard, 1987; Behnke, 1991; Loukas and Prociv, 2001).

A consistent observation from infected individuals is the marked heterogeneity in the
quantity and composition of the antibody response among individuals of the same age,
gender, and level of infection (Bethony, J., unpublished results). This heterogeneity has been
shown in the (1) antigens recognized (Carr and Pritchard, 1987), (2) composition of the
isotype profile (Pritchard et ali, 1992), and (3) levels of total and specific isotypes (Pritchard
et al., 1992). As antibody isotypes also differ in their biological properties, including their
ability to mediate or block the killing of helminths (Shackelford et a/, 1988; Khalife et al.,
1989; Dunne et al., 1993), heterogeneity in antibody isotype response has been thought to
offer some clue as to the source of the marked variation in intensity of hookworm infection
observed in individuals from the same endemic area (see Section 4.2).

As with most helminths, the antibody response to hookworm consists predominantly of the
Th2 antibody isotypes, 1gG1, 1gG4, and IgE, with most attention on IgE. During hookworm
infection, serum levels of IgE increase 100-fold (Jarrett and Bazin, 1974). IgE participates in
an orchestrated IgE network (Sutton and Gould, 1993; Garraud et a/., 2003), with activation
of this system often leading to cellular (i.e. mast cell, basophil, eosinophil) degranulation
with subsequent toxic activity against helminths (Garraud et a/i, 2003). Interestingly, much
of the IgE elicited during hookworm infection is not directed against the parasite; in fact,
total levels of this isotype have been shown to correlate with a reduction in parasite weight
and fecundity (Pritchard et a/., 1995). This observation has led to the speculation that
helminth parasites secrete pro-allergic mediators that induce polyvalent, non-parasite
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specific IgE, thus saturating IgE receptors on effector cells (Pritchard, 1993). Another
interpretation for the high levels of non-specific IgE found in the serum if infected
individuals is a reduction in the risk of anaphylaxis (Hagan, 1993), even though the response
may still be sufficient to eliminate the parasite. The small proportion of the serum IgE that is
raised against Necator is highly specific (Pritchard and Walsh, 1995). Pritchard and
colleagues (Pritchard and Walsh, 1995) found that IgE antibodies were more specifically
directed against N. americanus epitopes than other Ig isotypes. Similarly, in human intestinal
infection with canine hookworm A. caninum, IgE responses proved to be more specific than
the 1gG responses to adult ES antigens, with selected patients generating detectable levels of
IgE but not 1gG to a diagnostic A. caninum ES antigen (Loukas ef al., 1994).

Levels of IgG1 and 1gG4 level are also elevated in hookworm infection, with 1gG4 against
L3E suggested to be a marker of active infection with N. americanus (Palmer et al., 1996),
and A. duodenale (Xue et al., 2000). The role of 1gG4 is poorly understood, although like
IgE it is upregulated in atopic conditions and helminth infections. It is thought to
downregulate the immune response by competitively inhibiting IgE mediated mechanisms;
e.g. blocking mast cell activation (Rihet ef a/., 1991). Adult hookworm also induce the
production of secretory IgE, 1gG and IgM but not IgA,and the levels of these Igs return to
normal after anthelminthic treatment. The absence of secretory IgA is intriguing and may
reflect the secretion of hookworm proteases that specifically cleave IgA (Loukas and Prociv,
2001).

Despite the extensive antibody response to infection, there is limited conclusive evidence
that these antibodies offer any protection (Pritchard et af., 1995), by either significantly
reducing larval or adult hookworm numbers, similar to that found for schistosome infections
(Hagan et al., 1991; Dunne et al., 1992). Mark Woolhouse has shown the theoretical
difficulty of detecting protective immunity from levels of antibodies from human cross-
sectional studies: in particular, the positive correlations often observed between usually
protective antibody responses (such IgG1 and IgE) and parasite burden because of the
numerous uncontrolled variables such as exposure, behavioral modifications, and
coinfection with other helminths (Woolhouse, 1992; Woolhouse, 1993). The clinical
manifestations of the small numbers of volunteers infected with Necator (Maxwell et al.,
1987) have varied from none to severe intestinal disturbance, further highlighting the
heterogeneity in the response to hookworm infection in humans.

Another hallmark feature of the immune response to helminth infection is peripheral blood
eosinophilia (Loukas and Prociv, 2001). Eosinophils predominate in the inflammatory
responses to hookworm L3 in tissues and, with sufficient larval dose, can be reflected in
peripheral blood eosinophilia (Behnke, 1991). Circulating eosinophils from human
volunteers infected with N. americanus were functional and secreted superoxide (White et
al., 1986). Peripheral eosinophil responses in experimental human infections with either \.
americanus (Maxwell et al., 1987) or A. doudenale (Nawalinski and Schad, 1974) were
boosted greatly by the arrival and development of worms in the gut, probably reflecting
accelerating antigenic output by feeding L4 and adult stages. In vitro, human eosinophils
binding to Mecator L3 increase in the presence of complement and antibodies, although it is
not known if this adherence is larvicidal (Desakorn et al, 1987). The contribution of
eosinophils to the in vivo destruction of helminths is unclear, but evidence suggests that
these cells can kill infected larval stages but not the adults of most helminths species
investigated (Meeusen and Balic, 2000).

Mast cell degranulation in response to IgE allergen interaction plays a critical role in local
mobilization and activation of eosinophils. While mast cell proteases degrade cuticular
collagens of adult . americanus (McKean and Pritchard, 1989) and are considered crucial
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to the host response to hookworms, they have attracted sparse research attention in humans.
Hamsters infected with host-adapted A. ceylanicum quickly developed to resistance to
infection with this species, characterized by increased antibody production and mucosal
mastocytosis. Hookworms appear to be more resistant to intestinal inflammation than are
most other intestinal nematodes, perhaps reflecting their attachment and feeding strategies.
Hamsters infected with 7richinella spiralis, A ceylanicum, or N. americanus produced more
intense mucosal response that cleared 7. spiralis, while sparing the hookworms (Behnke et
al., 1994). Indeed, depressed anti- 7. spiralis antibody levels indicate that hookworms might
protect other parasites by generally suppressing immune responses. This observation had
been shown in field studies of humans of mono-infected and co-infected with S. mansoni
and N. americanus in Brazil (Bottazzi, M.E., personal communication). Patients mono-
infected with S. mansoni showed a much higher proliferative capacity than patients
coinfected with N. americanus and S. mansoni. Furthermore, the level of IL-10 in co-
infected patients was 10 times higher than S. mansoni mono-infected patients, an indication
of the possible reasons for the general suppression of the immune system during Necator
infection.

Eosinophilia, mastocytosis, and IgE stimulation are the three main immune alterations
observed during a hookworm infection in humans. But the overall immune responses of
human hosts to hookworm infection are remarkably similar to infections with other
helminths: dominated by the production of T-helper-2 (Th2) cytokines interleukin (IL)-4,
IL-5, IL-9, IL-10, and IL-13, which is consistent with the development of strong IgE,
eosinophil, and mast cell responses mentioned above. Indeed, the inherent ability of
helminths to induced Th2 responses has led to interest in them from both the perspective of
the elucidation of the underlying mechanisms that lead to Th2 responses and in terms of
understanding Th2 response function (MacDonald et af., 2002). Few studies have been done
on the human cellular immune response to hookworm infection. In general, PBMCs from
chronically infected individuals reacted strongly to mitogen, but weekly to crude antigen
preparations. Recent studies show that the proliferative response of human PBMCs to L3E,
AE and adult ES products increases dramatically after treatment and before reinfection. A
concomitant observation was the high level of IL-10 compared to other cytokines (IL-4,
IL-5, and IL-13) that accompany chronic hookworm infection and the decline that
accompanies treatment. It is thought by many that IL-10 plays an important role in the
regulation of the proliferative response of human PBMCs to crude antigen extracts, such that
treatment of infection results in a decline in relative IL-10 levels and increase in
proliferative response, as seen in other helminth infections, notably infection with the
platyhelminth Schistosoma mansoni (MacDonald et al.,, 2002). These high levels of IL-10
observed in the sera and in vitro cultures with crude antigen extracts are thought to play a
principal role in minimizing what is effectively an immediate (type 1) hypersensitive
(allergic) responses (Pritchard and Brown, 2001).

Experimental systems have demonstrated that the host protection to nematode infection may
be a CD4 + T cell-dependent process, with the IL-4 secreted by these cells has an essential
or very important role in the process (Finkelman et al.,, 1997; Lawrence et al., 1998).
However, the steps from IL-4 secretion to worm elimination are still not clear. Multiple and
not mutually exclusive mechanisms might be involved in immune response against
nematode infections. Activated eosinophils plus immune serum has been able to kill
helminth larvae /in vitro and also in some experimental models, especially in parasites that
have a systemic migration in the life cycle (reviewed in Cara et al. (2000)). However, IL-5
knockout mice showed that the eosinophil mediated mechanism is not essential to the
protection (Cara et al., 2000). Similarly, mastocytosis reported at the intestinal site of
nematode infected animals would shown to be an important element to the protective
immunity against S. ratti but not against N, brasiliensis (Nawa et al., 1994).
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Much of the basic cellular immunology of hookworm in humans remains to be done,
especially the elucidation of the roles of cytokines, chemokines, and cell surface markers
during infection. While hookworm immunology has benefited greatly by the immunology of
other helminth infections in humans, notably schistosomiasis and filariasis, it cannot be
assumed that cellular immune response to this nematode infection will be the same.
Preliminary data (Botazzi, M.E., unpublished observation) already have established that the
cytokine profile for hookworm infection in individuals living in NMecatorendemic areas of
Brazil differs greatly in the composition and quantity of Th2 cytokine profile produced
during S. mansoni infections, e.g. higher levels of 1L-10 expressed. Furthermore, proteins
secreted during third stage infective larvae upon encountering host serum factors (the
Ancylostoma Secreted Proteins or ASPs) have recently shown to be potent Th2 adjuvants in
mice (Gause et al., 2003), suggesting that nematode ASPs may be one of the classes of
molecules that contribute to the strongly polarized Th2 response observed during chronic
helminth infections in humans. In addition, much work on the humoral immune response has
shown differences in the immune response to somatic and secreted antigens and a marked
difference in the immune response to different developmental stage of the parasite within the
host, as seen in filariasis (and cells Mahanty ef al,, 1996). This search will be aided by the
production of stage-specific recombinant antigens. Finally, available data suggests that
parasitic nematode ASPs bind to host proteins thereby interfering with various ligand-
receptor interactions (Loukas, A., unpublished observation).

3.1. Co-infection with other pathogens and immune modulation

The overlapping distribution of infection with hookworm and other pathogens results in a
high rate of co-infection (Petney & Andrews, 1998). In laboratory studies there is evidence
suggestive of both synergism and antagonism in nematode and other pathogens (Cox, 2001),
and this may have implications for the epidemiology of multiple species in humans. It has
been speculated recently that helminth infections, including hookworm, may adversely
influence host immune responses to other infections, especially to intracellular pathogens
such as Mycobacterium tuberculosis, and to viral infection, such as the Human
Immunodeficiency Virus (HIV) (Bentwhich et a/. 1995; Borkow and Bentwich, 2000). This
has lead to the suggestion that helminths may increase the suspectibility to, and quicken the
disease progression of, bacterial and viral diseases. This hypothesis is based on the
observation that helminth infections result in eosinophilia, elevated IgE and mast cell
activation, suggestive of the ascendance of a Th2 cytokine response and a concomitant
suppression of a Th1 type response, which is often involved in protection against
intracellular pathogens. Furthermore, the activation of eosinophils may also result in
upregulation of CD4+ molecule on the cell surface, adding yet another facilitator for
enhancement of HIV infection. This hypothesis remains at present to be fully supported by
available evidence and there dissent from this view (reviewed in Fincham ef a/. 2003). An
interesting recent study among HIV-1 infected individuals in Uganda provided evidence that
changes in viral load and CD4+ T cell counts did not differ between individuals infected
with Schistosoma mansoni and individuals uninfected (Elliott ez a/., 2003). However,
individuals treated for helminths, whether or not the helminth was still present, showed
sustained CD4+ T cell counts. Determing the influence of hookworm and other helminth
species and the effect of anthelmintic treatment on the development and disease progression
of HIV/AIDS is clearly an important area for future investigation.

It has also been suggested that helminths may adversely affect immune responses to vaccine
antigens. Ascariasis and onchocerciasis have been reported to reduce post-vaccination
immune responses tetanus and cholera vaccine, respectively (Cooper et al.,, 1999, 2001), and
it has been suggested that the relatively low effiacacy of bacille Calmette-Guerin (BCG)
vaccination in the tropics may result from infection with helminth species (Borkow and
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Bentwich, 2000). Recent studies that show that immune responses to mycobacterial antigen
purified protein derivative (PPD) are reduced in persons with concurrent helminth infection
(Malhotra et al., 1999; Elias et al., 2001; Quinnell et al., in press) lend support to this
hypothesis. The study conducted in Papua New Guinea (Quinnell et al, in press) provides
evidence for a suppressive effect of both hookworm and Plasmodium infection on responses
to PPD. Recent data from Brazil and Uganda suggest that BCG immunization may have a
long term influence on susceptibility to helminth as demonstrated by a negative association
of infection with hookworm and scar of BCG vaccination (Elliott ef a/., 1999; Barreto et al,
2000); although another study in Malawi found no evidence for an association (Randall et
al., 2002). 1t has also been suggested that maternal helminth infection may have an equally
converse effect, suppressing Th-1 immune responses in infancy (Malhotra et al., 1999).

Finally, helminths have recently been implicated in individual differences in suspectibility to
malaria. Results obtained recently in Thailand by Mathieu Nacher and colleagues provide
evidence that helminths are associated with protection against malaria-associated renal
failure and jaundice, and that helminth infected patients had reduced sequestration and
higher nitric oxides concentrations than individuals uninfected with helminths (reviewed in
Nacher, 2002). It is suggested that helminth-infected patients were protected from severe
malaria because differences of IgE concentrations. In another study on the western Thai
border, where malaria transmission is low, it was demonstrated that the incidence of ~.
falciparum was increased in helminth-infected individuals, possibly mediated through a bias
towards Th2 cytokines. The potential importance of these findings for the epidemiology of
multiple parasite species in humans and for future malaria vaccines highlighted for the need
for further investigation in well-characterised populations in other transmission settings.
Working in southwestern Uganda, where malaria transmission is low and epidemic-prone,
Sharpiro et al. (in press) investigated whether helminths increased susceptibility to clinical
malaria. They found no association between the risk of malaria and helminth species after
controlling for socio-economic status and household clustering of infections; this was true
for individual helminth species or helminths as a whole. Unfortunately, this study may have
been confounded by unobserved differences in nutritional status and further studies are
clearly warranted. Interestingly, Quinnell et a/. (in press) have shown that immune responses
to N. americanus were downregulated by concomitant infection with Plasmodium spp. or
Wuchereria bancrofti. In this study involving 81 individuals aged 5 years and over in village
in Papua New Guinea, IL-4 and IL-5 responses to hookworm antigen were significantly
lower in people coinfected with Plasmodium or filarial infeciton, and that total IgE levels
were lower in people infected with Plasmodium spp..

4. EPIDEMIOLOGY AND TRANSMISSION DYNAMICS

Observed epidemiological patterns of hookworm infection are generated by the relative
magnitudes of the many transmission, reproductive and mortality rates involved in the
parasites’s life cycle (see Section 2.2), as well as the dynamic interactions between
populations of parasites and hosts in human communities (reviewed in Anderson & May,
1991)). These various rates and interactions can be summarized into a single composite
measure of transmission, known as the basic reproductive number (Rg). For helminths,
which do not replicate within their hosts, this is defined as the average number of female
offspring produced by one adult female parasite that attain reproductive maturity, in the
absence of density dependent constraints. It implies that transmission cannot be maintained
unless Rg is greater than one. It also means that the basic unit of transmission is the
individual worm, and that understanding patterns of infection and disease is dependent on
understanding why worm burdens vary in communities (Bundy and Medley, 1992).
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Our knowledge of such transmission dynamics has been greatly aided by the development of
mathematical models, which have been described and expanded in the work over the last 25
years of Roy Anderson and Robert May (Anderson and May, 1991). Coupled with decades
of careful epidemiological investigation, this body of work has revealed that certain
population characteristics can now be recognised as common to the epidemiology of
hookworm and other helminth species: (1) age-intensity profiles are typically convex or
reach a plateau in adulthood; (2) the distribution of worm burdens per host is extremely
over-dispersed; (3); some individuals are predisposed to heavy (or light) infections; and (4)
after chemotherapy reinfection rapidly occurs (see Section 7.2). For a more detailed
description of the transmission dynamics of hookworm the reader is referred to reviews by
Anderson (1982), Anderson and May (1991), and Bundy (1990). Here, the current focus is
on summarizing epidemiological phenomenon and relating this to factors underlying
observed patterns, as well as highlighting recent evidence.

4.1. Epidemiological patterns by age and sex

Studies have shown that children can be infected with hookworm as young as 6 months (e.g.
Brooker et al,, 1999). Subsequently, infection prevalence typically rises monotonically with
increasing age to a plateau in adulthood (Figure 1.a). Interestingly, recent evidence from
studies of populations in China and Southeast Asia suggest that peak prevalence is observed
among the middle aged, or even individuals over the age of 60 years (Figure 1.b). Such age-
profiles of hookworm contrast to the rapid increase in prevalence seen for A. lumbricoides
and 7. trichiura where maximum prevalence attained in 5-10 year age classes, and
prevalence remains relatively stable during adulthood (Figure 1.a).

However, the well-described non-linear relationship between prevalence and intensity of
infection (Guyatt et a/,, 1990) means that observed age-prevalence profiles provide little
indication of the underlying profiles of age-intensity (Bundy, 1990). For A. lumbricoides
and 7. trichiura age-intensity profiles are strongly convex, with intensity rising to a peak
around 5-10 years old and declining in adults (Bundy, 1990). In contrast, there appears to be
considerable variation in age-intensity profiles seen for hookworm (Bundy and Keymer,
1991). In West Africa, for example, convex age-intensity profiles are observed (Udonsi,
1984; Behnke et al., 2000), while in China intensity increases continues to rise throughout
life and is highest among the elderly (Gandhi et a/,, 2001; Bethony et al.,, 2002a). However,
these studies rely on counts of hookworm eggs in faecal samples and thus provide only an
approximation of true hookworm burden (Anderson and Schad, 1985). To our knowledge,
there have only been five estimates of hookworm burden using anthelminthic expulsion in
age-stratified human populations (Figure 2). Generally, these limited data suggest that .
americanus worm burdens tend to increase in hosts up to age 15-25 years and remain
constant thereafter. An exception to this trend is the study in China, which shows that worm
burdens tend to continuously increase with age (Ye et al., 1994). The observation that the
elderly are at-risk for heavy hookworm burdens has potentially important implications for
the rapidly changing demographics in the developing world.

Given that observed age profiles of worm burdens are known to reflect the balance between
(1) the rate of exposure to infective stages, (2) the rate of successful establishment in the
face of host immune responses (see Section 3), and (3) the rate of adult parasite mortality,
and how these processes vary with host age (Anderson and May, 1991; Bundy and Medley,
1992), apparent geographical differences seen for hookworm age-intensity profiles
presumably reflect variation in some of these processes. One possible explaination could be
higher levels of exposure among the elderly in Asia. Though estimates of hookworm
exposure are notoriously difficult to obtain (Hominick et al., 1987), better assessment of
infection exposure may provide further.
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In accordance with other infectious diseases (Goble and Konopka, 1973), it has been
suggested that males are more commonly infected with hookworm than females (Bundy,
1988a). However this suggestion has yet to be comprehensively investigated. Recent studies
among non-human mammals, using meta-analysis techniques to synthesize published
parasitological data, have reported a consistent male-bias in helminth parasitism, which is
suggested to reflect differential susceptibility to infection arising from immunosuppression
associated with male hormones (Poulin, 1996; Moore and Wilson, 2002). To investigate sex-
differentials in helminth infections of humans a literature search was made of studies, which
reported infection prevalence according to sex. To reduce age bias only studies of school-
aged children were included. In the analysis of these published data prevalence of infection
with hookworm infection was significantly higher overall in males than females with more
negative (male-biased) than positive (female-biased) differences in prevalence (Figure 3).
By contrast, the prevalence of A. lumbricoidesand T. trichiura showed no significant
difference between males and females, with remarkably little variation between the studies.
This meta-analysis provides empirical support for an earlier assertion that males are more
commonly infected with hookworm infection than females (Bundy, 1988a).

It is suggested that the sex-difference in hookworm infection is largely a consequence of
sex-related differences in exposure rather than differences in susceptibility to infection. In
particular, because hookworm infection is more prevalent among adults occupational
exposure is likely to be important. In Mali, for example, males are more commonly infected
than females (Behnke ef a/., 2000) - an observation explained by the fact that males are
involved in constructing houses which frequently incorporate human faeces into materials to
strengthen household structure. In contrast, in South China (Gandhi ef a/., 2001; Bethony et
al., 2002a) and Vietnam (Needham et a/., 1998) females exhibit higher hookworm intensities
among specific age groups. In the case of Vietnam, elderly women were observed to be
responsible for most of the night-soil use and the higher infection levels could be explained,
in this instance on occupational exposure (Humphries ef al., 1997). Sex-based differences in
infection patterns may not always reflect occupational exposure, however. For example, in
Hainan, China women exhibit a higher prevalence and intensity of hookworm compared to
males despite the absence of night-soil use (Needham ef a/., 1998; Gandhi et al., 2001,
Bethony et al., 2002). Disentangling the relative contributions of exposure and susceptibility
to infection remains enigmatic, although careful consideration of sex differences in exposure
patterns may provide useful insights.

4.2. Heterogeneity in worm burdens

As well as differences in infection patterns by age and sex, a key feature of hookworm and
other parasites is heterogeneity in worm burdens per person (Anderson and May, 1991).
Specifically, frequency distributions of hookworms within human populations are highly
aggregated such that a minority of people will harbour many and most people will harbour
few. This well-described phenomenon has implications for both parasite population
dynamics and the planning of control programmes (reviewed in Anderson and May, 1991;
also see Section 7.2).

An increasing number of reinfection studies also provide evidence that individuals are
predisposed to heavy (or light) hookworm infection (Schad and Anderson, 1985; Haswell-
Elkins et al., 1987, 1988; Bradley and Chandiwana, 1990; Behnke et a/., 2000; Quinnell et
al., 1993, 2001). Evidence of significant predisposition to hookworm can be detected as long
as 6-8 years after a single round of treatment, as demonstrated by results obtained recently in
Papua New Guinea by Quinnell ef a/. (2001). In a reinfection study of N. americanus worm
burdens were collected at 6 years and 8 years after treatment. Interestingly, however, no
predisposition could be detected in individuals who had received repeated chemotherapy,
suggesting that differences in hosts, in either exposure or susceptibility, which contribute
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towards predisposition, are only consistent over the short-term. Other evidence shows that
certain families are predisposed to heavy infection with STH than would be expected by
chance (Forrester et al., 1988; Behnke et al., 2000). Interesting recent data from Brazil and
Uganda show that the statistical degree of household clustering of heavy infection is less for
hookworm than for either A. lumbricoides or T. trichiura (Sharpiro et al., in press; Brooker,
S and Bethony, J, unpublished observation). A final epidemiological feature of hookworm is
geographical variation between populations and regions in the level of infection. For
example, national school surveys in Cameroon and Uganda showed that marked variation in
the prevalence of infection between schools, ranging from 0-100% (Figure 4).

The underlying causation of these patterns of aggregation, predisposition, clustering and
geographical variation remains poorly understood. Heterogeneity in worm burdens may
arise from either differences in exposure to infection (due to household, social-economic,
climatic, environmental and occupational factors) or differences in susceptibility to infection
and the ability to mount effective immune responses (due to genetic and nutritional factors).
It is most likely that observed heterogeneities arise as a result of the combined effect of
differences in environmental exposure and in suspectibility to infection between individuals
(Bundy, 1988b; Anderson & May, 1991; Bundy and Medley, 1992). The next three sections
will review these factors, highlighting recent evidence; although it is evident that more
research is needed.

4.3. Household, socio-economic and occupational risk factors

Since the transmission of hookworm involves contamination of the environment by
hookworm eggs, it is expected that risk factors for infection may include poor personal
hygiene and household sanitation, which in turn are influenced by differences in socio-
economic status. Some studies have demonstrated that hookworm infection is associated
with the absence of a latrine (Olsen et a/., 2001; Chongsuvivatwong et al., 1996), and low
socio-economic status (Holland et a/., 1988). However the relationship between helminth
infection and socio-economic status is by no means clear: work in Madagascar shows that A.
lumbricoides is more influenced by age and sex than socio-economic status (Kightlinger et
al., 1998); a study in Kenya showed that variation in household income and education level
of the head of household were not associated with any helminth infection (Olsen et al.,
2001).

Because of the high rates of hookworm infection among adults, occupation also has an
important influence on hookworm epidemiology. In particular, engagement in agricultural
pursuits remains a common denominator for human hookworm infection. Heavy infections
in Sichuan Province, China and in Vietnam, for instance, are attributed to widespread use of
faeces as night-soil fertilizer (Humpbhries et a/, 1997). Hookworm has also been noted to be
more common in families who are involved with agricultural pursuits. The Chinese
nationwide survey of 1988-1992, for instance, found the highest prevalence among
vegetable growers and farmers (Hotez et al., 1997). Even when faeces are not used
deliberately, heavy faecal pollution of plantations occurs where few toilets are available
resulting in high levels of hookworm infection (Schad ef al.,, 1983). For instance, in India,
Bangladesh, and Sri Lanka, high rates of infection are observed among workers and their
families in the tea gardens (Gilgen et a/., 2001).

4.4. Climatic and environmental factors

Since hookworm larval stages have limited motility, their rate of development and survival
are dependent on the surrounding environmental humidity, temperature and ultra-violet
light, such that geographical differences in transmission will be influenced by these factors
and related factors such as rainfall, soil type and altitude. The influence of climate on
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hookworm transmission was reviewed by Chandler (1929) and much can profitably still be
gained by reading of this work. Chandler concluded that 20-30 °C was optimal for
transmission with larvae reaching maturity in five days, with the lower limit lying between
8-10 °C and the upper limit 40-45 °C. Available experimental data indicate that above
temperatures of 35-40 °C development of eggs arrests and death occurs (Nwosu, 1978;
Udonsi and Atata, 1987; Smith and Schad, 1990). For example, Udonsi and Atata (1987)
showed that at temperatures of 35 °C larvae of NMecator americanuswere all dead, with the
highest cumulative hatching rates obtained at 30 °C. The apparent difference between these
experimental findings and Chandler’s observation can be explained by the ability of
hookworm larvae to migrate downwards in the soil and to areas of shade. Thus, although the
ambient temperature may exceed 35 °C hookworm larvae can still find refuge in cooler
microhabitats.

Recent use of geographical information systems and satellite sensor data (remote sensing)
has lead to a better understanding of the thermal geography of helminths. In Cameroon,
Chad, Mali and Uganda, for example, A. lumbricoidesand T. trichiura do not occur in areas
where estimates of land surface temperature, derived from satellite sensors, exceed 37-40 °C
(Ratard et al,, 1991, 1992; Brooker et al.,, 2002a,b; Brooker et al., in press). Hookworm
however occurs throughout Cameroon and Uganda, most of Mali and the southern parts of
Chad, suggesting hookworm has greater thermal geographical limits than A. lumbricoides
and 7. trichiura, lying around 45 °C. The lower thermal limit of hookworm in the tropics is
often determined by altitude: altitudinal and coastal transects across KwaZulu-Natal
Province, South Africa show that hookworm transmission is confined to the coastal plain
below 150 m above sea level (Appleton and Gouws, 1996; Appleton et al,, 1999; Mabaso et
al., 2003). Above these altitudes low temperatures (<20 °C) limit the transmission of the
parasite. The negative association between hookworm prevalence and altitude is
corroborated by studies throughout Africa (see Brooker and Michael (2000)).

It has been noted, that A. duodenale will occur in some areas where N. americanus L3
cannot survive during the winter months. This includes Anhui Province of China where
temperatures will on occasion drop below freezing (Yu, 1995). It has been postulated that
the unique ability of A. duodenale L3 to undergo arrested development in the human host,
may allow this species to survive during the cold winter months (Schad et al., 1973).

Since hookworms are unable to survive desiccation, the amount of rainfall in an area is also
an important factor influencing hookworm transmission, both spatially and temporally. The
spatial relationship between rainfall (both total and distribution) and hookworm prevalence
is well-established (Brooker and Michael, 2000). In some endemic areas, hookworm
infection exhibits marked seasonality. For A. duodenale, which undergoes arrested
development following the transmission during the rainy season, new infections appear 8-10
months after (Schad et al, 1973). This pattern is believed to be an adaptation to a short
transmission season in dry or cool places. The seasonal transmission pattern of A.
americanus is generally considered to be longer in length and differs from that of A.
duodenale. Studies in West Africa show that populations of L3 larvae are highest during the
rainy season (Udonsi et al,, 1980) and faecal egg counts are highest 2-7 months after the
rainy season (Knight and Merrett, 1981; Nwosu, 1981). However, although seasonal
fluctutations in transmission occur, such fluctuations may be of little significance to the
overall persistence of hookworm populations (Anderson, 1982). This is because the adult
hookworm life-span is typically much longer (1-10 years) than the periods in the year during
which the basic reproductive rate (R) is less than unity, and Ry will on average will greater
than one, maintaining overall endemicity.
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A final environmental factor that may influence the transmission of hookworm is soil type.
It has long been believed that hookworm thrive in areas with sandy soils because of the
small particle size and well-aerated texture of sandy soil. So although infective larvae
quickly die on the surface of sandy soil in direct sunlight, they are able to rapidly migrate
into the soil and during the rains are able to migrate vertically as moisture permits. In
contrast, clay soils inhibit larval migration. Early evidence of an association between soil
type and hookworm was provided by studies in the southern American States (reviewed in
Brooker and Michael (2000)). Recent confirmation of this association has been provided by
two studies in South Africa: Mabaso et a/. (2003) found that high hookworm prevalence was
significantly associated with well-drained sandy soil types whereas low prevalence was
associated with clay soils; and Saathoff et a/. (2002) found that hookworm infection is
positively associated with sandy soils, while controlling for other environmental factors and
socio-economic and behavioural factors.

4.5. Genetics of susceptibility

A growing number of studies are pointing to genetic factors in influencing susceptibility to
helminth infections, including hookworm (Quinnell, 2003). Bethony and colleagues
(Bethony J., unpublished results) using multi-household extended pedigrees from N.
americanus endemic area in northeastern Brazil found that additive genetic factors play an
important role in regulating infection and the humoral immune response to Necator
infection. For example, additive genetic factors account for a significant proportion of the
variation in fecal egg count: 49% heritability when modeled without household effects and
26% heritability when modeled with household effects. The significantly better fit of a
model that included shared residence (household) and shared genes (genetics) indicate that
both play important roles in determining the variance in fecal egg counts in the study
population.

These data are consistent with quantitative genetic analyses of hookworm (Williams-
Blangero et al.,, 1997) and other helminth infections in humans, including Ascaris
lumbricoides (Williams-Blangero et al., 1999) and Schistosoma mansoni (Bethony et al.,
2001; Bethony et al., 2002b). For example, Williams-Blangero et al. (1997) quantified the
influence of genetic factors on patterns of hookworm infection intensity among 279
individuals of 62 families in a rural population in Zimbabwe. Using a variance
decomposition approach, they estimated the heritability of hookworm intensity to be 37%
(+/-9%), after correcting for possible confounding covariates. The relative importance of
additive genetic effects in the Brazil population can be seen when they are compared to the
role of the often studied covariate effects of age or sex, which accounted for only 4% of the
variation in fecal egg counts.

Further, quantitative genetic analysis on this same Brazilian multi-household extended
pedigree demonstrated that nearly half (~45%) of the variation in the 1gG1, 1gG4, and IgE
responses to third stage larval or adult somatic antigen preparations were explained by the
additive effect of genes. Bivariate genetic analyses showed strong genetic correlations
between these Necator-related traits, suggesting that a common set of genes coordinately
regulates the variation in the 1gG1, 1gG4, and IgE responses to larval and adult somatic
antigen preparations. Conversely, no additive genetic effects were observed for the antibody
responses to adult excretory secretory (ES) products. The study in Brazil by Bethony et a/.
(unpublished observations) also demonstrated strong genetic correlations between the 1gG1,
IgG4, and IgE responses to somatic antigen preparations and faecal egg counts. The
magnitudes of the heritabilities for these traits as well as the strong genetic correlations
indicate that antibody response to somatic antigen preparations and the intensity of the
infection are driven by shared genes. While these studies do not identify the specific loci
responsible for these observations, they quantify the large extent to which variation in the
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infection intensity and the committing antibody response is regulated by additive genetic
effects that may have an underlying set of common genes.

5. PUBLIC HEALTH CONSEQUENCES

The morbidity associated with hookworm infection is varied and ranges from mild, transient
clinical signs and symptoms to severe clinical disease, as well chronic and insidious effects
on the growth, learning and productivity of individuals. The precise form of morbidity is
closely related to the chronology of cutaneous infection, migration and development (for a
review of the older literature, see Miller, 1979), and, as mentioned above (Section 4), the
severity of morbidity depends on the intensity of hookworm burden. In overall public health
terms, the overall impact of hookworm infection will ultimately depend on the underlying
health status of certain populations, making them particularly vulnerable.

5.1. Acute infection

In areas of high transmission, repeated waves of N. americanus and A. duodenale L3 entry
through the skin can result in a cutaneous syndrome known as ground itch. This comprises a
pruritic erythematous papulovesicular rash. Ground itch appears most commonly on the
hands and feet. In contrast to infection by the anthropophilic hookworm, zoonotic infection
with A. braziliense L3 results in cutaneous larva migrans (CLM), which is characterized by
serpiginous burrows appearing most frequently on the feet, buttocks, and abdomen
(Blackwell and Vega-Lopez, 2001). It is not known whether other animal hookworms, such
as A. caninum and Uncinaria stenocephala are also significant causes of CLM; however, in
an experimental infection, the placement of 200 A. caninum L3 on the skin did not result in
the appearance of serpiginous cutaneous lesions (Landmann and Prociv, 2003). CLM has
been reported with increased frequency among travellers returning from the Caribbean
resorts and among residents along the Atlantic and Gulf coasts of the United States
(Yosipovitch et al., 2002). A second form of CLM associated with folliculitis has also been
reported (Caumes et al., 2002).

Following their entry, human hookworm L3 undergo larval pulmonary migration, which can
be accompanied by cough, sore throat and fever (Miller, 1979). Pulmonary hookworm
infection resembles Loeffler’s pneumonitis because of its association with lung eosinophils.
Hookworm pneumonitis is usually not severe although it may last for more than a month
until the L3 leave the lungs and enter into the gastrointestinal tract. Entry of hookworm L3
entry into the gastrointestinal tract and their development into adult hookworms frequently
results in epigastric pain (Anyaeze, 2003). Monitoring of the clinical responses of five
normal human volunteers exposed percutaneously 50 A. americanus L3 revealed that
abdominal pain, as well as other gastrointestinal symptoms (e.g., flatulence, and nausea)
peak between days 30 to 45 post-infection; abdominal pain precedes the appearance of eggs
in the faeces, which appear between days 48-58 post-infection (Maxwell et a/,, 1987). Blood
eosinophil counts peak beginning with the onset of gastrointestinal symptoms and continue
until egg patency (Maxwell et af., 1987).

When A. duodenale infection occurs via the oral route, the early L3 migrations sometimes
produce a syndrome known as Wakana disease, which is characterized by nausea, vomiting,
pharyngeal irritation, cough, dyspnea and hoarseness (Harada, 1962). It is not clear whether
the pulmonary manifestations of Wakana disease occur because of pulmonary migrations
following oral ingestion, or because of allergenic responses to orally ingested L3. In
contrast, oral ingestion of 100 A. caninum L3 was shown to produce only mild
gastrointestinal discomfort and no respiratory symptoms (Landmann and Prociv, 2003).
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5.2. Hookworm-induced protein loss

In their review of the nutritional consequences of hookworm infection, Albonico and Savioli
(1997) concluded that although hookworm may cause a loss of protein by plasma being
directly ingested by the adult worm, hookworm rarely contributes to malnutrition with the
important exception of iron deficiency anaemia (see section 5.3). Consquently, observed
improvements in appetite and food intake and subsequent weight gain following
anthelminthic treatment from studies in schoolchildren (Stephenson et a/. 1989; Hadju et al,
1996; Stoltzfus et al., 1997a) may reflect treatment-associated changes in iron-deficiency.
However, in some areas of high transmission with heavy worm burdens hookworm-induced
protein loss is substantial and may result in hypoproteinemia leading to edema, or even
anasarca. This phenomenon was well described in the older accounts of hookworm disease
in China and elsewhere (Hotez, 2002). In addition, hookworm-associated protein loss results
in weight loss among vulnerable populations. For example, data from a study among
hookworm-infected pregnant women in Sierra Leone show weight gain following treatment
(Torlesse, 1999).

5.3. Hookworm anaemia

Intestinal blood loss is the major clinical manifestation of human hookworm infection (for a
review of studies, see Roche and Layrisee (1966), Miller (1979), and Crompton and
Stephenson (1990)). Heavy hookworm infections or moderate infections in patients with
underlying iron and protein nutritional deficiencies results in hookworm disease, the clinical
entity that specifically refers to the resulting iron deficiency and microcytic, hypochromic
anaemia (Beaver et al., 1984). The attachment of hookworms’ cutting organs to the
intestinal mucosa and submucosa and the subsequent rupture of intestinal capillaries and
arterioles causes blood loss. The secretion of factor Xa and VIla/TF inhibitors, and anti-
platelet agents by the parasite helps to maintain continuous oozing of blood at the
hookworm attachment site and the free flow of blood through the parasite alimentary canal
(Stanssens et al., 1996; del Valle et al., 2003). The hookworm ingests some of the
extravasated blood. The extent of red blood cell lysis during passage through the parasite gut
is controversial. Although many cells pass out of the worm still intact, many others are also
lysed. The free haemoglobin is digested through the concerted action of aspartic-, cysteine-
and metallo-hemoglobinases (Jones and Hotez, 2002; Williamson et al., 2003a; 2003b).

Because of their underlying iron and nutritional status, women of child-bearing age,
pregnant women and children are frequently the ones most susceptible to developing
hookworm anaemia. Among school-aged children and adults in resource-poor countries,
where host iron stores are often depleted, there is a well-established intensity-related
relationship between hookworm infection and blood loss (Roche and Layrisee, 1966;
Crompton and Whithead, 1993; Stoltzfus et a/., 1996) and haemoglobin (Crompton and
Stephenson, 1990; Stoltzfus et a/., 1997b). Hookworm burdens of 40 to 160 worms are
usually sufficient to cause anemia, although this depends on host iron stores (Lwambo et af.,
1992), and the species of hookworm (Albonico et al., 1998).

With the increased physiological demands for iron during pregnancy, pregnant women are
particularly at risk from anaemia. In many developing countries, severe anaemia in
pregnancy is an important contributor to maternal mortality, especially around the time of
delivery. It also adversely affects women’s health, making women tired, breathless and less
able to work and care for their children (Shulman 1999). Severe anaemia is also associated
with reduced birthweight, which in turn is an important risk factor for infant mortality.
Studies conducted amongst pregnant women suggest that hookworm in pregnant women can
be prevalent and can contribute significantly to anaemia. Of the five studies located in the
literature, there was a strong association between intensity of infection and anaemia, with an

Adv Parasitol. Author manuscript; available in PMC 2008 March 18.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Brooker et al.

Page 19

increasing severity of anaemia at higher intensities of hookworm infection (Jackson and
Jackson, 1987; Sill et al. 1987; Shulman et al. 1996; Stoltzfus et al. 1997¢; Egwunyenga et
al., 2001). The study in Kenya also highlighted the importance of parity group, where
multigravidae were shown to have higher intensities of hookworm infection than
primigravidae (Shulman et al. 1996). Subsequent analysis of the data from the Kenyan coast
demonstrated that whereas malaria was only a significant predictor of haemoglobin levels in
primigravidae, hookworm was only a significant predictor in multigravidae (Geissler et al.
1998).

Hookworm has traditionally been considered relatively unimportant in contributing towards
the anaemia among pre-schoolchildren. More typically Plasmodium falciparum malaria is
the important aetiological factor. Two recent analyses of anaemia in pre-school populations
have challenged this perception however and shed new light on the aetiology of anaemia in
these populations. In coastal Kenya, Brooker ef a/. (1999) found that 28% of pre-
schoolchildren were infected with hookworm, that 76% were anaemic and that egg counts of
>200 epg were associated with anaemia and severe anaemia (Figure 5). In Zanzibar,
Tanzania, Stoltfuz ef al. (2000) found that low haemoglobin was associated with malaria
parasitaemia in children <30 months, and with hookworm intensity in children aged 30-71
months (Figure 5). The aetiological differences between the two age groups were suggested
to reflect the relatively light hookworm infection among younger children and the
development of partial immunity to malaria among older children. Importantly, this study
also assessed indicators of iron deficiency, serum ferritin and erythrocyte protoporphyrin,
and found a similar negative association between these indicators and hookworm intensity.

5.4. Perinatal hookworm

Hookworm anemia during pregnancy has also been linked to adverse maternal-fetal
consequences including prematurity, low birth weight, and impaired lactation (Miller, 1979).
Results of a prospective study in Sri Lanka showed that treatment mebendazole was
associated with a lower proportion of stillbirths, perinatal deaths and low-birthweight babies
(de Silva et al., 1999). A study of Nigerian pregnant women, found that mothers with
malaria infection but without helminths had neonates of higher mean birth-weights than
those infected with malaria and helminths and that this effect was more pronounced in
primigravids (Egwunyenga et al., 2001). Although the authors they did not differentiate
between separate helminth species, the effect is likely to be due to hookworm because of its
specific effect on anaemia. In China, hookworm infection during pregnancy has been
reported to result in lactogenic transmission to neonates (Yu et al., 1995). This occurs
because A. duodenale L3 can arrest their development in human tissues (Schad et al., 1973);
with parturition the L3 enter the mammary glands and milk. Neonatal infection resulting
from vertical transmission of hookworm results in severe disease associated with profound
anaemia (Yu et al., 1995).

5.5. School performance and productivity in adulthood

In addition to clinical effects, severe and chronic infection with hookworm and other STH
during children’s development also has consequences for their cognitive performance and
ultimately their educational achievement. As early as the first half of the twentieth century it
has been suggested that hookworm infection might impair educational performance (Waite
and Neilson, 1919; Smillie and Spencer, 1925), and recent studies conducted throughout the
developing world have provided evidence that schoolchildren infected with helminths
perform poorly in tests of cognitive function (Watkins and Pollitt, 1997; Drake et a/., 2000).
For example, Sakti et a/. (1999) studying 432 children from 42 primary schools in Indonesia
found that children infected with hookworm performed significantly worse in tests
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associated with working memory than children without hookworm infection, even after
controlling for nutritional status and socio-economic status.

The effect on cognitive function may occur as a result of one or a combination of symptoms
associated with infection, namely iron deficiency anaemia (IDA) and growth retardation. In
turn, there is much evidence that these conditions are associated with impaired cognitive
performance and educational achievement (Lozoff, 1990; Mendez and Adair, 1999;
Grantham-McGregor and Ani, 2001). The most persuasive evidence for a causal relationship
between helminth infection and cognitive function is provided by randomised controlled
trials. Trials conducted in school-age populations suggest that anthelmintic treatment
improves cognitive function for children with only the heaviest worm burdens or those
afflicted with nutritional deficiencies in addition to worm infections (Drake et a/., 2000).
Notwithstanding the general trend of these results, we still lack unequivocal evidence that
anthelmintic treatment improves cognitive function (Dickson et a/, 2000). It is likely that
for most children, treatment alone cannot eradicate the cumulative effects of lifelong
infection nor compensate for years of missed learning opportunities. Deworming does not
lead inevitably to improved cognitive development but it does provide children with the
potential to learn. A recent study conducted by the Partnership for Child Development in
Tanzania has shown that children who were given deworming treatment did not improve
their performance in various cognitive tests but did benefit more from a teaching session in
which they were shown how to perform the tests (Partnership for Child Development,
unpublished observation). This suggests that children are more ready to learn after treatment
for worm infections and that they may be able to catch up with uninfected peers if this
learning potential is exploited effectively in the classroom.

Because hookworm typically occurs in agricultural settings in which cash crops are
cultivated in plantation style (e.g., coffee, cocoa, sugar, tea, rubber), the older literature
contains numerous references to its effects on workers (Chandler, 1929). In her
comprehensive review, Guyatt (2000) highlights the ways in which infection can affect
productivity and wage-earning capacity in adults, either directly or indirectly through an
effect of early ill-health in childhood (Figure 6), but notes that there is little or no direct
evidence that helminth infections lower the productivity of adults, in part due to the lack of
well-designed studies. However, some of the health consequences of hookworm, especially
anaemia and undernutrition, are known to affect productivity: several field studies show a
strong impact of IDA on decreased aerobic work capacity and to a lesser extent on economic
productivity (reviewed in Haas and Brownlie (2001). A recent study among Bangladeshi tea
pluckers found a negative association between intensity of major nematode species (A.
lumbricoides, T. trichiuraand hookworm) and both haemoglobin and measures of labour
productivity, and that haemoglobin and productivity were positively associated (Gilgen et
al., 2001). However, in a four-way trial design both anthelminthic treatment and iron
supplementation increased haemoglobin but did not have a measurable effect on labour
productivity, although this was suggested to reflect seasonal nutritional stress which
occurred in the latter part of the trial (Gilgen and Mascie-Taylor, 2001). Even where IDA
does not result in reduced productivity, the higher energetic cost of undertaking work may
reduce non-economic activities such as childcare and leisure.

An area which remains inadequately investigated is the link between early childhood
infection and ill-health and subsequent productivity. An illustration of the potential
relationship is provided by the experience of hookworm control in southern United States.
At the dawn of the 20™ century, the prevalence of hookworm in the rural southern United
States was between estimated to be 44-59% among school-age children (McGuire and
Elman, 2003). By examining data from surveys of the Rockefeller Commission, Bleakley
(2002) has undertaken a non-experimental evaluation of the economic impact of hookworm

Adv Parasitol. Author manuscript; available in PMC 2008 March 18.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Brooker et al.

Page 21

control in the southern States. His study estimated that children cured of hookworm were
25% more likely to attend school than similar children who weren’t, and by 1940 a
hookworm-free childhood translated into 45% higher earnings. Little is known at present
about the economic impact of hookworm and its control in modern-day resource poor
countries, and longitudinal studies investigating the long-term effects of hookworm and the
benefits of anthelmintic treatment are needed to provide a clear understanding of the non-
health impact of hookworm.

6. GLOBAL DISTRIBUTION AND DISEASE BURDEN

6.1. Paleoparasitological evidence

Human intestinal parasites have found their ecological niche in humans for possibly
thousands of years. In studying parasites in archaeological material, paleoparasitiology
provides evidence on the historical occurrence of parasites. Summarizing the available
literature Gongalves et al. (2003), report finds of N. americanusand A. duodenale from sites
in both the New and Old World, including North and South America and Europe. No finds
have been made in Asia or Africa but this is a probable reflection of an absence of
investigation than an absence of occurrence.

An ongoing controversy in paleoparasitology is the occurrence of hookworm in the New
World prior to 1492. Gongalves et al. (2003) present several lines of evidence of hookworm
finds dating back before pre-Columbian times, with the oldest find in faecal material from
Brazil, dating to about 7230 + 80 years ago. Such finds had previously been disputed by
Fuller (1997) who argues that these finds represent mis-identification and that hookworm
was one of the many parasites brought to the New World after contact in 1492. The debate
crucially centres on how hookworm arrived in the New World. Given the precise climatic
requirements for the completion of the hookworm life cycle, and in contrast to the
robustness of the eggs of 7. trichiuraand A. lumbricoides (Bundy and Cooper, 1989), it is
unlikely that N. americanus was transported along a cold trans-Berengian route. However, it
has been postulated that through the process of arrested development in human tissues, A.
auodenale infections could survive this passage (Hawdon & Johnston, 1996). Other workers
suggest a trans-Pacific route (Goncalves et al,, 2003) - a claim yet to be substantiated.

6.2. Contemporary global distribution

The current global picture of hookworm prevalence is shown in Figure 7. This indicates that
hookworm is particularly prevalent throughout much of sub-Saharan Africa as well as in
South China, the Pacific and Southeast Asia. However, this picture may underestimate the
true global distribution. For example, very little information has been published in the
international literature on current levels of infection in the former Soviet Union and Eastern
Europe. However, a recent national survey of schoolchildren in Afghanistan found that
although A. Jumbricoides ranged from 12-69% and 7. trichiuraranged from 2-27%,
hookworm only occurred in selected schools in the eastern part of the country, at 6%
prevalence (WHO, unpublished observations). It is also worth emphasizing that country-
level estimates of prevalence are not meant to reflect accurately small-scale within country
variation in distributions, or necessarily be representative of a country as a whole.

Regarding species distribution, NMecator americanus is the predominant hookworm
worldwide, except in some defined locations where A. duodenale is focally endemic. The
major regions endemic for N. americanus include South and Southwest China, South India,
Southeast Asia, sub-Saharan Africa, and Central and South America. Coastal areas of these
regions are especially associated with high necator transmission (Lwambo et al., 1992). The
A. duodenale predominant regions include more northerly latitudes of South and West China
(e.g., Anhui, Sichuan Provinces) and India (e.g., Kanpur) where N. americanus may not

Adv Parasitol. Author manuscript; available in PMC 2008 March 18.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Brooker et al.

Page 22

survive the relatively harsh conditions. A. duodenale may survive in these harsher climates
because of its ability to undergo arrested development in host tissues during periods of
dryness or cold. A. auodenale infections also occur in Egypt, Northern Australia and in a
few localities in Latin America including Northern Argentina, Paraguay (Labiano-Abello ef
al., 1999), Peru, and in a region bordering El Salvador and Honduras (Kaminsky, R.,
unpublished results). Throughout the world, mixed infections with both major hookworm
species are common.

6.3. Disease burden

Updated 2003 numerical estimates suggest that hookworm infections remain exceedingly
common with over 740 million infections globally (de Silva et a/, 2003; Table 3). China and
sub-Saharan Africa have the largest number of cases of hookworm with about 200 million
infections each. Noteworthy, these figures differ from previous estimates, which, using older
data, estimated 1297 million infections (Chan et al,, 1994a). The decrease is most apparent
in Asia and Latin America, presumably due to improvements in socio-economic status and
water and sanitation, as well as control efforts. Somewhat disappointing from a public health
perspective, there appears to have been little change in prevalence rates in sub-Saharan
Africa.

In the absence of direct measurements, current estimations of potential morbidity due to
hookworm have followed the approach developed for A. lumbricoides by Guyatt et al.
(1990). This work determined the relationship between prevalence of A. Jumbricoides
infection and mean worm burden and showed that the relationship is non-linear and is
determined by the overdispersed frequency distribution of worms within human
communities. The approach assumes that people with higher intensity infections are at
greater risk of morbidity. A threshold worm burden is defined above which morbidity is
likely to occur (Guyatt and Bundy, 1991). This approach was subsequently employed by
Lwambo and colleagues (1992) to estimate the morbidity to hookworm in East Africa.
Investigation of the relationships between prevalence, worm burden and haemoglobin
allowed the authors to estimate hookworm burdens associated with hookworm anaemia.
These methods were expanded by Chan and colleagues (Chan et al., 1994a) who developed
a mathematical framework for estimating the global potential morbidity due to hookworm
and other intestinal nematodes based on the observed prevalence of infection. This approach
included age-dependent worm burden thresholds above which morbidity occurs, as well as
incorporating spatial heterogeneity in levels of infection. The estimates for hookworm
showed that between 1.5-2.4% of the exposed population suffered from morbidity due to
hookworm, and as expected, morbidity is much higher in adults.

This quantification has allowed comparisons with other diseases to be made. Recently, the
Global Burden of Disease (GBD) study has used a common method of assessment of disease
burden (Murray and Lopez, 1994). This provides a standardized evidence base for
comparing the impact on morbidity and mortality of the various packages of health care that
may be provided for specific diseases. The indicator used to quantify the global burden of
disease is termed the “disability-adjusted life year’ (DALY), and is a summary measure of
population health, which combines in a single indicator years of life lost from premature
death (YLL) and years of life lived with disability (Murray and Lopez, 1994). DALY
translate disabilities into years of healthy life lost by giving each disease state a disability
weight ranging from 0 (healthy) to 1 (death). Estimates are provided for each sex and five
different age groups, thus take into account changes in the distribution and severity of
disease over the life span by including age-specific incidences, discounting and age
disability weights, and are also provided for different regions of the world.
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According to the 2002 GBD study, hookworm caused the loss of 1.8 million DALY's
worldwide in 2001, of which 23% (0.41 million DALY's) were lost in sub-Saharan Africa
and 47% (0.86 million DALYSs) were lost in Southeast Asia (WHO, 2002). The range of
sequelae specified in these estimates included anaemia and cognitive impairment, which are
both assigned a disability weight of 0.024. Table 4 lists the estimated DALY and deaths
from the major communicable diseases included in the GBD study and indicates that nearly
24.5% of the total world disease burden (due to all causes) was contributed by
communicable diseases, including helminth infections. These data reveal that hookworm is
the most significant parasitic infections of humans with the exceptions of malaria,
leishmaniasis and lymphatic filariasis.

However, even these DALY measurements probably underestimate the true disease burden
due to hookworm. Iron-deficiency anaemia is one of the leading causes of morbidity in the
developing world, associated with more than 12 million DALYSs annually. Accurate
incorporation of the contribution of hookworm to anaemia together with anticipated progress
in the elimination of lymphatic filariasis, suggest that hookworm may soon emerge as the
second most important parasitic infection of humans, after malaria.

The most severe consequence of hookworm infection is severe iron-deficiency anaemia
(IDA), and this is suggested is responsible for 20% of maternal deaths worldwide
(Crompton, 2000). It is difficult however to identify the specific aetiology of anaemia-
related deaths. In terms of numerical estimates, widely differing rates have been reported for
the frequency with which hookworm-related anaemia causes death, ranging from 0.1 to 0.5
per 1000 infections per year (Miller, 1979; Pawlowski et a/,, 1991). In 1992, WHO
estimated that 65,000 deaths per year are due to hookworm (WHO, 1992), and more
recently, the Global Burden of Disease study has attributed 3,000 deaths due to hookworm
(WHO, 2002). However the data sources and methods by which these different estimates are
derived are not described, and it remains unclear why such wildly different estimates of
mortality exist.

6.4. Impact of economic development and poverty

In common with most parasitic diseases, hookworm is intimately linked to poverty and
economic underdevelopment. While is it widely assumed that the Rockefeller Hookworm
Eradication Campaigns were responsible for eradicating hookworm among the southern
states of the United States in the first half of the twentieth century, almost certainly it was
the overall economic development of the new South that finally halted hookworm
transmission. Similar economic reforms that transformed South Korea and Japan during the
1960s and 1970s combined with specific control programmes, helped eradicate STH from
these countries (Hara, 2001).

Because the 1990s has been one of the most productive periods in China’s modern economic
history, it is of interest to determine how China’s development has affected hookworm
prevalence (Hotez, 2002). China’s eastern province of Jiangsu illustrates the possible impact
of economic development in the reduction of hookworm prevalence (Sun et al, 1998). As
part of China’s nationwide survey of human parasites conducted in 1990, the overall
prevalence of hookworm infection in Jiangsu was 32%. However, in the village of
Yaojiakon (Wujian County) the prevalence was determined to be 55%. In 1990, this
southern Jiangsu village was heavily dependent on agriculture, with the major crops being
rice, wheat, rapeseed, and mulberry leaf cultivation (for the silkworm industry). When the
residents of Yaojiakon were examined seven years later, there was a dramatic reduction of
their hookworm prevalence to 12%. The dramatic reduction is believed to have resulted
from its economic prosperity (Sun et al., 1998). Because of its southern Jiangsu location
with close proximity to greater metropolitan Shanghai, Yaojiakon and surrounding areas

Adv Parasitol. Author manuscript; available in PMC 2008 March 18.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Brooker et al.

Page 24

underwent dramatic economic development between 1990 and 1997. The impact was
particularly great for young adults between the ages of 20 and 40 years who left agricultural
pursuits in favor of commercial enterprises; the heaviest hookworm infections were in
residents over the age of 50 (Sun et a/., 1998). The economic reforms in southern Jiangsu
starkly contrast with the situation in many rural parts of Sichuan, Yunnan, and Hainan
Provinces where both the economy as well as the prevalence and intensity of hookworm
infection have remained stagnant between the early 1990s when first surveyed and later in
the decade when these regions were re-examined (Hotez, 2002).

Globally, a negative correlation between hookworm infections and income level is clearly
demonstrated in cross-country comparisons (de Silva ef al., 2003). However, causality
cannot be inferred from this established relationship, since lower incomes and higher
poverty promote higher infection levels, and there remain few well-documented studies of
the impact of economic well-being and poverty on hookworm, or vice versa.

7. STRATEGIES FOR CONTROL

In the past, the objective of hookworm control was to eradicate the infection. However,
hookworm and other helminths are extremely difficult to eradicate in communities where
poverty and inadequate water and sanitation prevail, due to the high transmission potential
of these parasites (Anderson and May, 1991). As a consequence, the current control
strategies for hookworm and other STH have shifted from eradication to controlling
morbidity, using chemotherapy, supported by health education and improved water and
sanitation. The design and implementation of chemotherapy programmes has greatly
benefited from an improved understanding of the transmission dynamics of helminths, and
mathematical models have been used to explore the consequences of control (Anderson and
May, 1991). Furthermore, recent positive experiences of large-scale control programmes
have shown that morbidity caused by hookworm can be significantly reduced through
regular chemotherapy, and has now resulted in major global initiatives being launched.
There are also now research efforts to develop anti-hookworm vaccines.

7.1. Sanitation and footwear

Undoubtedly improved sanitation and hygiene are essential for the long-term control of
parasitic diseases. However, although the availability of latrine facilities is associated with
lower hookworm intensities (Chongsuvivatwong et af., 1996), the impact of introducing
sanitation on infection levels may only be evident after decades however (Esrey et al., 1991)
and may not be completely effective. For example, in one study hookworm prevalence
declined only 4% after the introduction of latrines (Huttly, 1990). Despite associations
between hookworm infection and use of footwear to protect from exposure to infective
larvae, there is debate as to whether promotion of footwear is an effective control strategy
(Albonico et al., 1999). Furthermore, the impact of footwear on interrupting hookworm
transmission has probably been overestimated, given that N. americanus infective larvae
penetrate all aspects of the skin and A. duodenale larvae are orally infective. The long time
required for improved sanitation and behaviour change to occur necessitates a need for a
quick-acting, medium-term measure to control helminth infections, namely chemotherapy
(Albonico et al., 1999).

7.2. Chemotherapy

Their broad spectrum of activity, low cost, high efficacy and ease of administration mean
benzimidazole anthleminthics are the current cornerstone of helminth control (Savioli et al.,
2002). This is particularly true for resource-poor nations that cannot afford expensive
sanitation measures. The range of recommended drugs and their mode of action,
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pharmacokinetics, efficacy and side-effects is well summarized by Albonico et al. (1999)
and Utzinger and Keiser (2004). Four anthleminthics are available for the treatment of
hookworm: albendazole, levamisole, mebendazole and pyrantel pamoate. Previously, the use
of benzimidazole drugs was contraindicated in pregnancy because of uncertainty over
possible teratogenicity. However, a recent WHO consulatation have reviewed the evidence
and concluded that pregnant and lactating women should be considered a high-risk group
and included in treatment campaigns (Allen et al., 2002).

Because albendazole and mebendazole are provided as a single-dose tablet and patients do
not need to be weighed, most control programmes are based on the use of these drugs. Two
recent comprehensive reviews have assessed the efficacy of albendazole and mebendazole
against hookworm and other STH (Bennett and Guyatt, 2000; Horton, 2000). In their review
Bennett and Guyatt (2000) assessed relative efficacy of 400mg single-dose albendazole,
500mg single-dose mebendazole and multiple-dose mebendazole. Whereas all drug
regimens were highly effective against A. Jumbricoides, the patterns for 7. trichiuraand
hookworm were more variable. New studies conducted in Zanzibar, Tanzania indicate that
the efficacy of mebendazole decreases with frequent and repeated use (Albonico et al.,
2003). Reviewing albendazole alone, Horton (2000) found a wide variation in cure rates
(33.3-100%) but remarked that substantial reduction in egg count was observed. He noted
that very heavy infection with N. americanus may require more than one dose to achieve
complete cure.

Varying cure and egg reducation rates have also been reported for levamisole and pyrantel
pamoate (Utzinger and Keiser, 2004). Interestingly, results from recent trials conducted
among Zanziabri schoolchildren show that pyrantel-oxantel (Albonico et al., 2002) and
levamisole (Albonico et al.,, 2003) have poor efficacy rates in curing hookworm (9-12%) and
only moderate efficacy in reducing hookworm egg count rates (66-67%). Studies show that
ivermectin, best known for treating filariasis, is also effective against A. lumbricoides but it
less efficacious against 7. trichiura and hookworm (Utzinger and Keiser, 2004).
Diethylcarbamazine (DEC), another anti-filariasis treatment, has negligible effect on
hookworm egg counts (Meyrowitsch and Simonsen, 2001; Mani et a/., 2001). An interesting
study from Cote d’Ivoire has suggested that praziquantel, the drug of choice for the
treatment of schistosomiasis, may also reduce hookworm intensity (Utzinger et al., 2002).
Finally, a new anthelmintic, tribendimidine resulted in cure and egg reduction rates of
66-99% (Sun et al. 1999); findings which clearly warrant further investigated. There is also
a need for research and development of novel anthelmintics, as well as further studies on the
comparative efficacies of different drug combindations versus single drug treatments
(Utzinger and Keiser, 2004).

The current and planned widespread use of benzimidazoles for treating hookworm and other
STH in human populations has raised concerns of the potential of drug resistance (Albonico,
2003). Although there have been recent reports of mebendazole drug failures in A.
americanus in Mali (De Clerq et al.,, 1997), and pyrantel pamoate failure against A.
auodenale in Western Australia (Reynoldson et al., 1997), as well as diminished efficacy
with repeated targeted treatments in Zanziibar (Albonico et al., 2003), conclusive evidence
of drug resistance in humans has yet to be provided (Geerts and Gryseels, 2001). By
contrast, benzimidazole drug resistance as a consequence of mutations in nematode tubulin
alleles is now a well-described phenomenon among parasitic nematodes of sheep and cattle
(Conder and Campbell, 1995). Although findings of drug resistance in veterinary helminths
cannot to extrapolated directly to human studies, they can provide important lessons on
measures to offset the development of drug resistance, including treatment frequency,
population targeting of treatment, underdosing and switching the drug used (Geerts and
Gryseels, 2001).
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As mentioned above, how best to use available anthelminthics to control disease within
human communities has benefited from an improved understanding of helminth
transmission dynamics (Anderson and May, 1982; Anderson and Medley, 1985; Anderson
and May, 1991; Chan et al., 1994b). Theoretical studies have shown that the precise impact
of drug treatment will depend on the proportion of the population treated and the efficacy of
the anthleminthic. Because distributions of helminths are highly aggregated within human
communities, targeted treatment of the heavily infected groups will have the greatest impact.
Experience over the last two decades across a range of epidemiological settings has shown
that the simplest and most practical form of targeting involving school-based treatment
(Partnership for Child Development, 1997; Savioli et a/,, 2002). Based on this principle, at
the World Health Assembly in 2001 a resolution was put forward (Resolution 54.19) urging
member states to provide regular treatment to high-risk groups. The global target is to
regularly treat at least 75 percent of all school-aged children and other high-risk groups with
either albendazole or mebendazole alone or together with praziquantel by 2010. A practical
rationale for focusing on school-age children is that this population has the highest intensity
of overall helminth infections of any single age group, and that schools provide a cost-
effective way to deliver anthelminthics (Warren et al., 1993). Recent analysis has
demonstrated that the cost of school-based treatment, including delivery costs, where both
STH and schistosomiasis are treated is less than $1 per child treated per year, and that STH
treatment alone can cost as little as $0.10 per child treated per child per year (Partnership for
Child Development, 1999). For further details of the costs and cost-effectiveness of control,
the reader is referred to the reviews by Guyatt (2001) and Bundy et a/. (2002).
Notwithstanding, the low costs of treatment, fulfilling the mandate of Resoution 54.19
would still be an expensive venture, and would become the largest and most ambitious
human health program ever undertaken (Horton, 2003).

In contrast to other STH, hookworm is more common in adults such that school-based
treatment programmes may be less effective in the control of morbidity due to hookworm.
Modelling work by Chan et al. (1997a) of hookworm transmission dynamics with varying
mixing patterns and rates of contamination and infection between children and adults has
explored the consequences of different age-targeting treatment strategies. Analysis of field
data from Zimbabwe found that that some degree of mixing between age groups does occur,
which will reduce the impact of either schoolchild or adult targeted treatment since an
untreated reservoir of infection remains. Targeting only adults had a bigger impact on
schoolchildren than the other way round and a school-based strategy may be unlikely to
limit morbidity due to hookworm among adults. The practical implication of this work is
that in areas of high hookworm prevalence school-based treatments may be insufficient and
community treatment, although logistically more difficult, is preferred.

In public health terms, several treatment trials have clearly shown that regular chemotherapy
can reduce the morbidity associated with hookworm infection. This impact is most clearly
demonstrated for anaemia. In Kenya, anthelminthic treatment reduced intensities of
hookworm and other helminth infections and improved haemoglobin among schoolchildren
(Stephenson et al., 1989). In Zanzibar thrice-yearly treatment yielded a 55% reduction in
severe anaemia among schoolchildren relative to controls and significant improvements in
serum ferritin (Stoltzfus et al, 1998). This improvement compared to a 23% reduction
among children who received twice-yearly treatment. Treatment additionally led to small
improvements in growth (Stoltzfus et a/, 1997a). Not only children can benefit from
treatment. In a recent study among pregnant women in Sierra Leone anthelmintic treatment
increased haemoglobin concentration by 6.6 g/L, relative to controls (Torlesse and Hodges,
2000). In Sri Lanka treatment improved both the health of mothers and their birth outcomes
(de Silva et al., 1999).
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As well as evidence from trials, several operational programmes demonstrate the impact on
anaemia of regular treatment, delivered through school health programmes or community-
based programmes: in Tanzania, a school-based treatment programme caused a 26%
reduction in anaemia and 47% reduction in severe anaemia 15 months post-treatment
(Guyatt et al., 2001); in Western Australia, a six and half year community-based treatment
programme resulted in a 38% reduction in anaemia over six and half years (Garrow etal.,
2001).

A more immediate insight into the potential benefits of treatment in other settings can be
ascertained from attributable-fraction methods (Booth, 1998). This approach requires cross-
sectional data on infection and disease status and provides some measure of the disease
cases (e.g. anaemia) due to a given infection (e.g. hookworm). Table 5 presents estimates of
attributable-fraction for selected school-aged populations in East Africa. Although the
estimates will clearly vary with other factors such as dietary intake and other parasitic
infections, they provide an approximation of the potential maximum reduction in anaemia
cases if infection was removed. Estimates among pregnant women in Kenya suggest that
hookworm may be causing 10% of anaemia cases (<110 g/L), 30% of moderate anaemia
cases (<90 g/L) and 17% of severe anaemia cases (<70 g/L) in women of all parities (Guyatt
et al., 2000). Importantly these effects varied with parity group, with hookworm being a
more important contributor to moderate and severe anaemia in multigravidae than in
primigravidae. A further study of pregnant women in Nepal found that 41% of moderate-to-
severe anaemia (haemoglobin < 90 g/L) was due to this infection (Stoltzfus e al. 1997c).

The major limitation of chemotherapy is that it provides only a short-term measure since
rapid reinfection after chemotherapy is a common feature of helminth transmission,
including hookworm (Figure 8). For instance, a study in a highly endemic area of Tanzanian
found that reinfection with hookworm among schoolchildren to pre-treatment levels
occurred within 4-12 months (Albonico et al., 1995), whereas another study, conducted in
Papua New Guinea, showed that reinfection following treatment occurred more slowly
(Quinnell et al,, 1993). The varying re-infeciton rates can be explained by population
dynamic models of transmission which show that the rate of re-infection depends on
treatment efficacy and coverage, and the intrinsic transmission potential of the parasite in
the population (Anderson and Medley, 1985). The rate of re-infection is inversely correlated
with the magnitudes of each of these factors. Thus, the high rates of re-infection observed in
Tanzania are due, in part, to the high transmission potential and low population coverage of
treatment.

7.3. Vaccination

The benefits of an anti-hookworm vaccine used either in place of, or alongside
anthelminthic drugs has been reviewed elsewhere (Hotez et al.,, 2003). Proof-of-principle for
the feasibility of developing anti-hookworm vaccines is based on the success of employing
live or irradiation-attenuated Ancylostoma L3 as vaccines in laboratory animals (Miller,
1971, 1978; Hotez et al,, 1999). Critical to the protection of these vaccines were the antigens
secreted by living L3 after their inoculation into animals (Hotez er a/,, 1999). Because living
L3 cannot be produced under Good Manufacturing Practice (GMP) for use in humans, an
effort was initiated to reproduce its effect by substituting recombinant antigens
corresponding to the major L3 secreted products (Hotez et al., 2003), as well as an L3
surface antigen (Zhan et al,, in press). As indicated above, the most abundant L3 secreted
antigens are the ASPs. Evidence that ASP-2, a 21-22 kDa antigen produced by all members
of the genus Ancylostomaand Necator is an attractive vaccine candidate was based on
multiple lines of converging evidence including 1) human correlates of hookworm immunity
in China and Brazil; 2) animal protection data; and 3) supporting data from a parallel
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veterinary trichostrongyle nematode (Haemonchus contortus) vaccine development program
based in Europe (Knox et af., 2003).

7.3.1. Human correlates of hookworm immunity—In immuno-epidemiology studies
in two geographically diverse hookworm endemic regions, Minas Gerais, Brazil and Hainan
Province China, an important association between the Th2 humoral immune response to
ASP-2 and lower faecal egg excretion rates was identified. Over the course of two years
individuals with high IgE levels against ASP-2 do not become reinfected. This contrasts
with 60% reinfection rate in the remainder of the study sample (Bethony, J., unpublished
observations).

The presence of a Th2 humoral immune response against ASP-2 in individuals with lower
egg counts means three things: 1) individuals in endemic areas, where natural infection
occurs, “see” the quantities large enough quantities of the ASP-2 molecule to develop a
strong antibody response among a variety of isotypes; i.e., ASP-2 is secreted in large enough
amounts to be a target of attack; 2) a small group of individuals in endemic areas develop a
Th2 humoral immune response to ASP-2 that results in lower intensity of infection; and 3)
after treatment, individuals with a high level of Th2 humoral immune response become
“putatively immune” to further infection.

7.3.2. Animal protection data—Recombinant ASP-2 from different hookworm species
was cloned and expressed either in the methanol utilizing yeast Pichia pastoris (A.
ceylanicum) or Sf9 insect cells (A. caninum). Pichia-derived A. ceylanicum ASP-2
formulated with Quil A adjuvant was successfully used to vaccinate hamsters, and resulted
in antibody titers that exceeded 1:100,000 dilution. Following oral challenge with A.
ceylanicum L3, the vaccinated hamsters demonstrated statistically significant reductions in
adult hookworm burden, hookworm size, and hookworm-induced blood loss relative to
hamsters vaccinated with adjuvant alone (Goud et a/, 2004). Similarly insect-cell derived A.
caninum ASP-2 formulated with the Glaxo SmithKline adjuvant system 3 (ASO3), resulted
in high antibody titers when employed as a canine vaccine. Following skin challenge with
A. caninum L3, the vaccinated dogs exhibited statistically significant reductions in
hookworm burdens.

7.3.3. Parallel veterinary vaccine development studies—Work by Schallig et a/.
(1997) and Kooyman et a/. (2001) in the Netherlands has shown that vaccination of sheep
with an ASP-2 homologue from Haemonchus contortus (Hc24) elicits high levels (>80%)
worm burden reduction relative to adjuvant injected control sheep.

7.3.4. Future plans for combination vaccine development—~Process development
on ASP-2 from Necator americanus using the yeast expression vector Pichia pastoris is
underway, with GMP manufacture of the molecule scheduled for early 2004 and the first
(Phase 1) human trials by 2005.

It is ultimately anticipated that ASP-2 will comprise a “cocktail vaccine” comprised of this
L3 antigen in addition to one of the proteases used by adult hookworms in blood feeding.
Therefore, major cysteine-, aspartic-, and metalloproteases inovled required for host
hemoglobin degradation (hemoglobinases) are under evaluation (Hotez et al., 2003). As
noted above, vaccination of dogs with CP-2 and other adult hookworm proteases results in
the production of antibody that localizes to the hookworm gut (Loukas ef a/., 2004). By so
doing, the anti-protease antibody diminishes parasite size, fecundity, and blood-feeding
ability (Williamson et al., 2003a). These experiments provide proof-of-principle of Asa
Chandler’s early prediction that anti-enzyme antibodies could be employed as a means to
embark on anti-hookworm immunotherapies (Hotez et al., 2003; Loukas et al., 2004).
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A critical component of testing a first-generation anthelminthic vaccine will be to determine
baseline infection rates in endemic areas. It is anticipated that anti-hookworm vaccines will
result in reduced worm burdens and hookworm-associated blood loss. They would also
diminish the reliance on anthelminthic drugs for STH infection control and possibly delay
the emergence of anthelminthic drug resistance. Therefore a vaccine would complement
existing approaches to helminth control that use anthelminthics.

Notwithstanding the progress towards developing a hookworm vaccine, there remain
uncertainties as to the design of optimal vaccination programmes (Woolhouse, 1995; Chan
et al. 1997b) and cost-effectiveness of vaccination relative to chemotherapy (Tanner and
Evans, 1994; Bundy et al., 1995). The development of a vaccine for an infection such as
hookworm for which naturally acquired immunity does not frequently occur and where
reinfection is a common occurrence (Maxwell ef af., 1987; Olatunde and Onyemelukwe,
1994), also raises new challenges, not least of which is the rigorous evaluation of vaccine
efficacy. This will not be easy and will require innovative evaluative approaches. In
particular, planned Phase 1 and 2 trials will need to consider those heterogeneities that
influence age and sex specific rates of infection and reinfection, and the distribution of
worm burden within human communities. There is also a need to identify appropriate
outcome measures for vaccine efficacy; one generally accepted measure of efficacy for
helminth vaccines is the recovery rate of infection intensity after treatment, comparing
reinfection between vaccinated and non-vaccinated populations (Gryseels, 2000).

8. FUTURE DIRECTIONS

Although tremendous progress has been made in the study of hookworm in recent decades,
several important issues remain to be investigated, and require detailed and integrated study.

Host immune responses

In contrast to other helminth species, little is still known about the host immune response to
hookworm. Better understanding is needed on the cellular immune response in general and
the cellular and humoral immune response to stage specific hookworm antigens. There is
also a need to investigate the effect of host genetics, parasite genetics, aging, and co-
infections on the immune response during hookworm infection. Finally, the evidence that
hookworm influence susceptibility to other pathogens and immune response to vaccines
remains speculative, and detailed studies that separate the effect of hookworm versus other
helminths are required.

Hookworm and host genetics

Although there is evidence for diminishing efficacy of benzimidazole anthelminthic
chemotherapy with repeated and frequent use (Albonico et al., 2003), there is still no direct
evidence for benzimidazole drug resistance among the human hookworms. Better
monitoring and evaluation during mass chemotherapy programs, which includes analyses of
novel genetic markers, such as hookworm tubulin alleles (Albonico et al., 2004), are needed.
Further, a better understanding of the genetic basis of resistance and susceptibility to
hookworm is required in order to explain the basis for hookworm predisposition in humans.

Estimation of disease burden

There is a need to revise estimation of DALY that incorporate the impact of infection on
anemia and iron deficiency during pregnancy and pre-schools years is required. If
hookworm is shown to influence the susceptibility to other pathogens, this may also require
including. There is also a need for well-designed studies on the economic impact of
hookworm.
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Hookworm control

The long-term nutritional and educational benefits of treatment have yet to be fully
established and this will require careful longitudinal study over several years. The goal of
54 World Health Assembly to provide anthelminthic drugs to 75% of schoolchildren in
endemic areas is laudable, yet highly ambitious. Because this would be the largest health
program ever attempted (Horton, 2003), serious attention must be given to monitoring,
especially for diminished anthelminthic efficacy because of drug resistance (Albonico et af.,
2003), as well as adult and pre-school populations that will not benefit from school-based
programs. Rather than relying on existing anthelminthic alone, there is a need to develop a
new generation of broad-spectrum agents and further assess the efficacy of combination
therapy. Alternatively, and complementary to treatment, the development of an anti-
hookworm vaccine could be a major breakthrough, and diminish our current reliance on
frequent and periodic deworming with drugs.

After decades of neglect, hookworm is beginning to once again be the subject of scientific
study. A new era of scientific activity on hookworm, similar to that of the early 20t century,
would likely to reveal a number of new insights on the complicated nature of host-parasite
relationships, and establish new paradigms for helminth control.
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Figure 1.

(a) Typical age-prevalence profiles of hookworm and other STH. Data from Bundy (1988a)
and Behnke et a/. (2000) (females only). (b) Recent age-prevalence data from China (Lili et
al., 2000; Gandi et al., 2001; Bethony et al., 2002a)
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Figure 2.

The relationship between host age and mean N. americanus worm burden obtained by
anthelmintic expulsion: India (Haswell-Elkins et a/., 1988), Papua New Guinea (Pritchard et
al., 1990), Zimbabwe (Bradley et al., 1991), Puerto Rico (Hill, 1926) and China (Ye et al.,
1994). No comparable data are currently available for A. duodenale (Bundy & Keymer,
1991).
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Figure 3.

Frequency distribution of differences in the prevalence of infection between male and
female school-aged children for (a) A. lumbricoides, (b) T. trichiura, and (c) hookworm.
Analysis follows that used by Poulin (1996) who employed a fixed effects meta-analysis. In
brief, differences in prevalence were calculated using the following formula:

3
4(Np+Np —2) - 1

(s = ) (1), where  J=1 -

which is the difference between prevalence in females (/) and that in males (#y,) weighted
by a correction for small sample sizes (J). If there is no sex bias in levels of infection,
differences in prevalence expected to be normally distributed around a mean of zero.
Frequency distributions of differences were compared with x 2 test. Values to the left of the
line represent indicate higher prevalence in males, and values to the right indicate higher
prevalence in females. Data sources available from authors.
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Figure 4.

The geographical distribution of hookworm in Cameroon (18,260 schoolchildren in 402
schools) and Uganda (13,378 children in 235 schools). Data source: Ratard et al., (1992);
Brooker et al., in press).
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Page 51
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Proportion of Zanzibari (aged 30 months or greater) and Kenyan (aged 6-76 months) pre-
schoolchildren with severe anaemia (Hb<80 g/L) by hookworm egg counts. Taken from
Brooker et al. (1999) and Stoltfuz et al. (2000) Chi-square test for trends of association were
p=0.007 and p=0.0002, respectively.
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Figure®6.

The ways which intestinal nematodes may affect either (a) current productivity through
causing anaemia and undernutrition or (b) future potential productivity mediated anaemia
and undernutrition and their effect on cognitive function and school performance. The link
between cognitive function and productivity is less clear (as indicated by dashed line).
Taken from Guyatt (2000).
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Figure7.

Map showing the global distribution of hookworm. Taken from a global WHO update by de
Silva et al. (2003), which included 494 publications from 1990 onward reporting
community-based studies incorporating data from 112 countries.
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Figure8.
Intensity of hookworm infection at multiple sampling rounds following initial treatment.
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Biological characteristics of N. americanus and A. duodenale in the human host (adapted from Hoagland and

Schad (1978); Schad and Banwell (1984); Bundy (1990); Anderson and May (1991); Crompton (2000))

Characteristic N. americanus | A.duodenale
Male adult size (mm) 7-9 8-11

Female adult size (mm) 9-11 10-13

Rate of egg production 3000-6000 10,000-20,000
Maturation delay in humans (days) 40-50 28-50

Life expectancy of infective larvae (days) | 3-5 1

Life expectancy of adult worm (years) 3-10 1-3

Blood loss (ml). worm/day, mean (range)

0.03 (0.01-0.04)

0.15 (0.14-0.30)

Lactogenic transmission No Yes
Oral transmission No Yes
Avrrested development No Yes
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Macromolecules from Hookworms of Presumed Importance in the Host Parasite Relationship?

Molecule & Description

MTP-1
Metalloprotease (astacin-type)

ASP-1& 2
Ancylostoma secreted protein

ASP-3,45, & 6
Ancylostoma secreted protein

NAP c2
Nematode anticoagulant protein

NAP5 &6
Nematode anticoagulant protein

HPI
Platelet inhibitor

Kl and KPI

Kunitz-type serine protease inhibitor

NIF
Neutrophil inhibitory factor

FAR-1
Fatty acid Retinol binding protein

CBP
Collagen-binding protein

CTL-2
C-type lectin

TMP
Tissue inhibitor of metalloprotease

Calreticulin
Calreticulin

SOD
Cu/Zn superoxide dismutase

GST
Glutathione S transferase

ACHe
Acetylcholinesterase

APR-1
Aspartic protease (Cathepsin D)

APR-2
nemepsin

CP-land 2
Cysteine protease (Cathepsin B)

MEP-1

Metalloendopeptidase (neprilysin-type)

Function

Larval invasion

Immunomodulation”
Larval invasion

Immunomodulation”
VIla/Tissue factor inhibitor
Anticoagulant

Factor Xa inhibitor
Anticoagulant

Platelet inhibitor
Protease inhibition
Immunomodulation

Retinol scavenging
Immunomodulation”

Unknown

Immunomodulation”

Immunomodulation”
Protease inhibitor?

Complement-binder
Immunomodulation”

Antioxidant

Immune defense?
Heme detoxification?

Unknown

Hemoglobinase
Tissue degradation

Hemoglobinase
Tissue degradation

Hemoglobinase
Tissue degradation

Eotaxin-degradation?
Tissue degradation

A+N

A+N

A+N

L3

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Adult

Both

Adult

Adult

Adult

Reference
Zhan et al. (2002a) Hotez et al. (2003)

Hawdon et al. (1996, 1999); Goud et al. (2004)

Zhan et al. (2003)

Lee and Vlasuk (2003)

Stannssens et al. (1996)

Del Valle et al. (2003)

Milstone et al. (2000) Hawdon et a/. (2003)

Muchowski ef al. (1994); Moyle et al. (1994)

Basavaraju et al. (2003)

Viaene et al. (2001)

Loukas et al. (2002)

Zhan et al. (2002b)

Kasper et al. (2001)

Taiwo et al. (1999)

Brophy et al. (1995)

Brown and Pritchard (1993)

Williamson et al. (2003c)

Williamson et al. (2003b)

Harrop et al. (1995)

Jones and Hotez (2002) Culley et al. (2000)

Only molecules for which the protein has been isolated and characterized or a cDNA cloned are included. Molecules identified exclusively from
EST databases are not included. Emphasis on molecules either secreted by the parasite or attached to the adult hookworm alimentary canal.

#

These molecules have been found to be immunomodulatory in other mammal systems and yet to be defined as such in hookworm.
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The World’s Tropical Communicable Disease Burdens (WHO, 2002)

Disease DALYs(000) | % total
World’s total DALY 1,467, 257 100
Infectious diseases 359, 377 24.5
HIV/AIDS 88,429 6.0
Malaria 42,280 2.9
Tuberculosis 36,040 2.6
Measles 26,495 1.8
Lymphatic filariasis 5,644 0.4
Trachoma 3,997 0.3
Leishmaniasis 2,357 0.2
Hookworm disease 1,825 0.1
Schistosomiasis 1,760 0.1
Trichuriasis 1,649 0.1
African typanosomiasis | 1,598 0.1
Ascariasis 1,181 0.1
Onchoceriasis 987 0.1
Japanese encephalitis 767 0.1
Dengue 653 <0.1
Chagas disease 649 <0.1
Leprosy 177 <0.1

Adv Parasitol. Author manuscript; available in PMC 2008 March 18.

Table 4

Page 58



Page 59

Brooker et al.

/6 0TT> UONEAUSIUOD UIGo|BowseH

N
(0266T) 1219 snyz)o3s | (se-ST) G2 | L°€6 06 | 8zve | €T-L Zeluezue| ‘seqizuez
(g867T) 7219 uosuaydars | (99-0) £'ST | 6°€6 169 | 265 | LT-9 | ceAuDY ‘1o1usI dem
(T002) 1219 MEANS | (2LT-0)¥'9 | 219 TS | 997 | 21-8 | ewezue] ‘uoifiay ebue]
(0002) 729 oquem | (9°5-0)2T | 028 2T€ | 1689 | 02-9 | eiuezue] ousiq nbe
(866T) 7219 elereL 0| o€t 0€T | Lz, | vT-9 | ®ewezuel 101IsIQ 1pul

4v % %

82.nog wiomyooH | pelueeuy N | 8bvy eIy

(pauodai ataym ‘sisayiualed ul SjeAIa1Ul 93UBPIJUOD

956 YlM salewnss payblamun) eoliyy 1se3 ul suolejndod pabe-jooyas ul WIOMYMO00Y YIIM PajeIdosse elwseUR JO SUONJRIY ajgeIngLie uonejndod

® Europe PMC Funders Author Manuscripts

G 9lgel

® Europe PMC Funders Author Manuscripts

Adv Parasitol. Author manuscript; available in PMC 2008 March 18.



