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Abstract

Helminths are among the most common chronic infections in the tropics and Plasmodium
infections the most deadly. These two groups of parasites have similar geographical distribution
and co-infection is commonplace. It has increasingly been speculated that helminth infections may
alter susceptibility to clinical malaria and there is now increasing interest in investigating the
consequences of co-infection, with studies yielding contrasting results. The immunological
interactions between the two parasites are unclear though several hypotheses have been proposed.
This review provides an epidemiologic overview of the possible interactions between the two
parasites in relation to geographical distribution and disease patterns, and provides a critical
review of epidemiological studies that have so far been conducted to investigate possible
associations. We also highlight possible studies that might be considered in order to address the
gaps in knowledge.

Introduction

Throughout evolutionary history humans have been infected with parasites. Today, it is
estimated that over a third of the world's population, mainly those individuals living in the
tropics and sub-tropics, are infected by parasitic helminths (worms) or one or more of the
species of Plasmodium(de Silva et al., 2003; Snow et al., 2005). The ubiquity of these
parasites results in high rates of co-infection (Petney and Andrews, 1998). It has
increasingly been speculated that helminth infections may alter susceptibility to clinical
malaria (Nacher, 2001; Druilhe et al., 2005) and there is now increasing interest in
investigating the consequences of co-infection (Nacher et al., 2000; Sokhna et al. 2004; Le
Hesran et al., 2004; Braind et al., 2005; Lyke et al., 2005; Shapiro et al., 2005). This is
however not a new research topic. Nearly thirty years ago it was suggested that infection
with the intestinal nematode Ascaris lumbricoides was associated with the suppression of
malaria symptoms and that anthelmintic treatment led to a recrudescence of malaria (Murray
etal., 1977, 1978). The mechanisms underlying this finding, and those of more recent
studies, are based on the assumption that helminth infections induce a potent and highly
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polarized immune response (Maizels et al., 2004) which has been proposed to modify the
acquisition of immunity to malaria. In animal models, there is evidence suggestive of both
synergism and antagonism in plasmodia and helminth co-infections (Helmby et al., 1998;
Yoshida et al., 2000; Cox, 2001; Sue et al., 2005). The argument and evidence is plausible,
but not conclusive, and there remains a need to conduct longitudinal studies to conclusively
substantiate and to investigate the associations further. Resolving these issues will be vital to
helping inform the implementation of parasite-specific and integrated control strategies,
including vaccination.

Adopting an epidemiological perspective, this review seeks to critically evaluate the
evidence used to support the claim that helminth infections affect the clinical consequences
of malaria and to interpret the plausibility of these interactions. Possible future studies are
also highlighted.

Geographical patterns of co-incidental risk

In absolute numbers, most infections with plasmodia and helminth species occur in Asia (de
Silva et al., 2003; Snow et al. 2005). However, the largest clinical disease burden due to
infections with both P. falcijpraum and helminth species is carried by populations living in
sub-Saharan Africa (SSA) (de Silva et al., 2003; van der Werf et al., 2003; Snow et al.
2005). An obvious question therefore is how much geographic congruence of helminth
infections and malaria is there? Recent analysis using geographical information systems
suggests that of the three main soil-transmitted helminth (STH) species, hookworm is more
geographically widespread, occurring throughout much of SSA compared to A.
lumbricoides and T. trichiura which are typically restricted to equatorial regions (Brooker et
al., 2006a). Schistosomiasis, on the other hand, is characterised by a focal distribution
throughout the continent. Consequently, the congruence of P. falciparum and helminth
infections is greatest for hookworm (Figure 3, Brooker et al., 2006b). Outside SSA, co-
distribution data remains inadequate but in South East Asia and China, both P. falciparum
and P. vivax appear to overlap equally with all three STH. Better quantification of the
geographic extent of co-infection is an area that needs and deserves more critical
investigation.

Age patterns of co-infection

Age patterns of helminth infections and malaria are likely to be affected by exposure to
infection and acquisition of immunity or a combination of both. Co-infection and co-
morbidity may however not occur within the same individuals. Much of the morbidity due to
malaria is generally concentrated among young children (Figure 1a). However, age patterns
of malaria morbidity are dependant on the level of transmission within a community, which
affects the age at which adequate immunity is acquired (Figure 2, Snow et al., 1997). In
areas of high malaria transmission, severe malaria is restricted to children under two years of
age, whereas in areas of moderate transmission, it is restricted to those <5 years of age. At
such young ages, helminth infections are generally infrequent and of relatively light
intensity (Brooker et al., 1999).

Helminth infections are most prevalent and intense among school-aged children (Figure 1b,
Bundy & Medley, 1992). Maximum prevalence and intensities for A./umbricoides and
T.trichiura are achieved in children aged 5-15years of age while hookworm and schistosome
infections are at their peak in late childhood to early adulthood. Among school-aged
children in malaria endemic areas, severe malaria is rare whatever the level of malaria
transmission. However, mild malaria episodes do occur although incidence is lower in areas
of high malaria transmission while in areas of low malaria transmission, mild clinical
malaria episodes occur among school-going children at a time when helminth infections are
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most prevalent and intense (Trape & Rogier, 1996; Mwangi et al., 2005). Asymptomatic
Plasmodium infections are however highest in school-going children (Kimbi et al., 2005).

Malaria and hookworm are also prevalent among pregnant women especially so in
primigravidae (Shulman et al., 1999). Thus, it is among school-aged children and pregnant
women that helminths most likely affect the clinical consequences of malaria infections.

Common risk factors

To interpret the plausibility of epidemiological studies of helminth-malaria interactions, it is
important to consider the risk factors associated with both types of infections. Although they
have distinct means of transmission, a variety of environmental and host-specific factors
have been identified for each that influence epidemiological and geographic patterns of
infection and disease. Identifying common risk factors of malaria and helminth infection is
important since apparent associations between the two infections may be due to common
social or environmental factors rather than a true biological interaction.

The large-scale geographical distributions of malaria and helminths are determined largely
by climate, which determines mosquito and helminth free-living stage survival (Hay et al.,
2000; Brooker and Michael, 2000). Thus, it is probable that the geographic congruence of
malaria and STH, especially hookworm, reflect common climatic drivers of parasite
geographic ranges. Among the STH species, hookworms appear to have a wider thermal
tolerance than A. lumbricoides or T. trichiura occurring throughout most of SSA,
congruently with malaria.

Factors that are thought to be involved in determining smaller-scale distributions include
socio-economic status (SES) and human behaviour. The extent to which SES is associated
with malaria and helminth infection is not clear, with studies yielding contrasting results
(Carme et al., 1994; Koram et al., 1995; Luckner et al., 1998; Brooker et al., 2004). Such
apparent contradiction can be reconciled by the fact that malaria and helminths occurs in the
poor regions of SSA and variations in SES that are wide enough for significant associations
to occur within individual populations are not common. In practical terms, poorer
homesteads are less likely to invest funds in buying bednets, mosquito repellents and more
likely to live in poorly constructed houses allowing mosquitoes easy access (Worral et al.,
2003) and have inadequate water and sanitation. Several studies indicate that low education
levels are associated with poor malaria prevention and access to effective anti-malarials
(Carme et al., 1994; Varandas et al., 2000; Safeukui-Noubissi et al., 2004), and may also
determine hygienic and water contact behaviour, thereby influencing exposure to helminth
infective stages in the external environment (Asaolu & Ofoezie, 2003). Such household-
related risk factors may partially explain the empirical observation that malaria as well as
helminth infections tend to cluster within certain households (Forrester et al., 1988; Carter et
al., 2000).

These common risk factors emphasize the need for adequately measuring socio-economic,
behavioural and environmental variables as well as household clustering in studies
investigating malaria-helminth interactions, and in particular the need to take appropriate
account of potentially confounding factors in analysis.

Epidemiological studies of helminths and malaria interactions

An interaction between helminths and malaria could work in either direction. Helminth
infection may alter susceptibility to clinical malaria or malaria may influence the clinical
consequences of helminth infection. Most studies have investigated the effect of helminth
infections on clinical malaria; fewer studies have investigated the effect of malaria in
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exacerbating helminth-related morbidity. This latter issue will be discussed in a later section;
for now, we focus on the effect of helminths on malaria. The various possible study designs
available to investigate potential interactions between different pathogens have previously
been reviewed by Smith et al. (1988) and much can still be profitably gained by reading
their work. They list five study designs: monitoring disease trends, cross-sectional surveys,
case-control, longitudinal and intervention studies. The disadvantages and advantages of
each design are outlined in Tablel and provide a useful evaluative framework.

The key features of studies that have investigated the effect of helminths on clinical malaria
are summarised in tables 2 and 3. It is noteworthy that most of the studies have been
conducted by two groups: Pierre Druilhe of Pasteur Institute and his Senegalese
collaborators and Mathieu Nacher and his Thai collaborators at the Mahidol University.

An early ecological study of school-children in the Comoro Islands reported an inverse
relationship between the prevalence of A. lumbricoides and P. falciparum among children
2-14 years of age from two islands (Murray et al., 1977). The island with the highest A.
lumbricoides prevalence (93%) had the lowest malaria prevalence (1.7%) compared to the
island with low levels of A. Jumbricoides (24%) that had high malaria prevalence (23%). A
subsequent placebo-controlled randomised intervention study showed that anthelmintic
treatment of individuals with severe ascariasis led to an increase in clinical malaria cases
(Murray et al., 1978). Although these papers are often quoted in literature as providing
evidence that A. Jumbricoides infection in general is protective against clinical malaria, the
studies compared children with severe ascariasis and those with so-called ‘minimal’
ascariasis, the comparison group was never those children without infection due presumably
to the high prevalence of infection. Further limitations of the study include a small sample
size, short follow-up (20 days) and the fact that the study was conducted among
malnourished individuals who are unlikely to be immunologically comparable to well-
nourished individuals.

There was a lapse of interest in helminth-malaria interactions until reports of a study
conducted in 1998 by Jambou et al. in Madagascar (quoted from Spiegel et al., 2003). In this
study, children aged 2-15 years received either Levamisole or Vitamin C placebo and were
folwlowed up for two years. In the first year, the incidence of malaria attacks was equivalent
in both groups but in the second year, there was a three-fold reduction in malaria attacks
among those who received Levamisole. Unfortunately, this study has not been published and
data can only be gleaned from papers that have quoted a conference presentation, however,
the drawbacks of the study are the small sample size and the use of a drug (Levamisole)
which is an immune response regulator, necessitating the study to be repeated with a
different anthelmintic.

More recently, a series of observational studies among children of different age groups have
investigated associations between helminth infection and clinical malaria or P.falciparum
infections in Senegal. A case-control study showed that children infected with soil-
transmitted helminth (STH) infections had an increased risk of clinical malaria compared to
those uninfected (Spiegel et al., 2003). Although the study had the advantage of a thorough
follow-up which meant that all cases of malaria in these children were identified in the
course of a year, the numbers with STH were few (n=13). Probably due to the small sample
size, the study was unable to investigate the role of intensity of helminth infection, a central
determinant of the helminth-related morbidity and possibly immune response. A study of
severe malaria in rural Senegal showed that children infected with A./umbricoides had an
increased risk of severe malaria (Le Hesran et al., 2004).
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Two further studies in Senegal comparing the relationship between schistosome and
falciparum infections Sokhna et al. (2004) reported that the incidence of clinical malaria was
significantly higher in children infected with Schistosoma mansoni than those uninfected.
However, the incidence was highest in those children harbouring the highest worm burdens
(>1,000 eggs/gm) although there was no apparent trend between risk and intensity of
infection. Braind et al. (2005), found that, after adjusting for age, sex and season, children
lightly infected with S. haematobium had lower P. falciparum densities, and there was a
negative association between the two infections, though not statistically significant.
However, this study reported a lack of association between STH and P. falcjparum infection.
Recent data has also reported that S. haematobium was protective against clinical malaria
(Lyke et al., 2005); thus results from these three studies provide conflicting associations
between schistosome infections and risk of clinical malaria.

In south-west Uganda, where malaria transmission is low and marked by acute within and
between year variations, Shapiro et al., (2005) found no association between STH infection
and clinical malaria even when the analysis was restricted to those with high intensity of
infection. However, precisely because malaria transmission is low and unstable, it is
possible that although the helminths are highly prevalent, individuals have little immune
protection against malaria for helminths to negatively influence. Thus, the conflicting
findings of epidemiological association between clinical malaria and helminth infection may
be explained by differences in malaria endemicity (Druilhe et al., 2005). This hypothesis
needs to be assessed by investigating associations between clinical malaria and helminth
infection in a range of malaria transmission settings.

Table 4 critically evaluates the epidemiological robustness of studies conducted to date.
With the exception of the study in Comoros Islands and Madagascar, all the above studies
have been retrospective analyses of data previously collected for other purposes. As a result,
they were not statistically powered to investigate the interactions between helminth
infections and malaria; the sample sizes were often too small to provide meaningful results
and may have been subject to bias and confounding. Rarely was the sample size determined
a priori and very few controlled for social-economic status or household clustering of
infection. Another important omission in many of the above studies is the assessment of host
nutrition, an important determinant of an individual's immune response capacity (Chandra,
2002).

As well as these community-based studies, the associations between helminths and malaria
have also been investigated in a series of studies among adults admitted to the Hospital of
Tropical Diseases in Bangkok, Thailand (Table 3). On the basis of these studies, it has been
suggested that helminths protect against severe P. falciparum malaria among adult
populations. The first evidence for this observation was obtained through a retrospective
case-control study of individuals with and without cerebral malaria (Nacher et al., 2000).
Infection with A. lumbricoides was associated with a protective, dose-dependant effect
against cerebral malaria and was found to hold for all helminths in a subsequent study even
after controlling for nutritional status and personal protection measures against mosquito
biting (Nacher et al., 2002b). They also found that people with helminths (without
specifying the species) were protected against renal failure and jaundice caused by severe
malaria (Nacher et al., 2001a). This led to the suggestion that the treatment of helminth
infections could, theoretically, increase the risk of cerebral malaria or (at least) complicate
the interpretation of the vaccine effects on malaria (Nacher, 2001). In contrast, the risk of
non-severe malaria and mixed plasmodia infections has been suggested to be increased
among individuals infected with helminths compared to uninfected individuals (Nacher et
al., 2001d, 2002e). Thus, in Thai adults, infection with helminths appears to lead to an
increased risk of non-severe malaria but protect against severe malaria.
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Because of differences in study population and design, it is difficult to compare the findings
from the studies in Thailand and those in Africa. In particular: Plasmodium species (mixed
P. falciparumand P. vivaxin Thailand vs predominantly P. falciparumin SSA); age group
(adults in Thailand and children in SSA); study population (hospital-based in Thailand and
community-based in SSA) and the choice of controls (individuals hospitalised with malaria
and high parasite biomass or circulating schizonts but no clinical signs of severe malaria in
Thailand and children without clinical malaria in SSA) also differed.

However, looking at the data all together, it appears that in its relationship to non-severe
malaria, helminths are most likely to lead to an increased risk of disease while for severe
malaria, the available data suggests a reduction of risk among individuals infected with
helminths. However, observational studies are subject to unmeasured bias and intervention
studies are needed to provide more robust epidemiological evidence of the interactions
between helminth infections and malaria. Possible future studies are discussed later.

Mechanisms of interaction

Several hypotheses have been set forth to explain the observed (and potential) interactions
between malaria and helminths. Most of the evidence points towards helminth infection as
having a negative effect on the acquisition of immunity to malaria, but data from Asia
suggest that, due to possible modulation of pro-inflammatory and anti-inflammatory
cytokines responses, helminth infection might protect against cerebral malaria.

These conflicting observations have resulted in two broad categories of “immune
interaction” hypothesis being advanced: (1) helminth infection creates a cytokine milieu
favourable to the production of non-cytophilic antibodies and hence makes individuals more
susceptible to clinical malaria, or that (2) helminth infection modulates the inflammatory
factors associated with malaria and offers protection against cerebral malaria. However, as
with the epidemiology of co-infection between these two pathogens, the immunological
effect of helminth infection on either malaria infection or disease is unclear, with conflicting
results from various studies.

Helminths are thought to have greater generalized immunoregulatory consequences than
their co-pathogens such as malaria, tuberculosis, or even HIV. During their life span (up to
seven years in a human host), helminths do not simply ward off immune attack, but regulate
the host immune response to create niches that optimize successful feeding and reproduction
(Maizels et al., 2004). Over the last decade, the immuno-epidemiological picture of helminth
infection has made it clear that they induce a potent and highly polarized immune response.
Typically, individuals with heavy helminth infections have compromised antigen-specific T-
cell responses in peripheral blood populations, an effect most evident in a lack of in vitro
proliferation and diminished IL-2 and interferon-y (IFN-y) responses to antigen challenge
in animal models (Graham et al., 2001; Maizels et al., 2004). The potency of cytokine
induction and its associated antibody and cellular response during helminth infection are
also firmly established, involving the production of the cytokines interleukin-4 (I1L-4), IL-5,
IL-10, and IL-13, as well as immunoglobulin E (IgE) and the expansion and mobilization of
specific effector cells, such as mast cells, eosinophils, and basophils (Maizels et al., 1993).
Collectively, this group of responses is known as the T-helper 2 (Th2) immune response
(Mosmann and Coffman, 1989). There is a long-running debate in helminth immunology as
to whether or not the Th2 arm of immunity is responsible for the elimination or the
maintenance of helminth parasites. A recent and interesting possibility is that the presence of
T regulatory cells is amplified during helminth infection, and if present in sufficient
numbers, could induce a suppression that is non-specific in scope (Yazdanbakhsh et al.,
2001), spreading suppression to immune responses to other pathogens such as malaria.
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It has been suggested that the helminth induced Th2 shift may have complex consequences
on malaria, decreasing anti-sporozite immunity but protecting against severe malaria.
Bouharoun-Tayoun & Druilhe (1992) interpreted the slow acquisition of resistance to ~.
falciparum as the inability to develop antibodies of the proper isotype (the cytophilic
antibodies 19gG3 and 1gG1) and reduction of the proportion of non-cytophylic isotypes (1gG2
and 1gG4). These suggestions are strikingly similar to the reported protective immune
mechanisms for schistosomes, where 1gG2 and 1gG4 are thought to compete with IgG1 and
IgG3 for the induction of antibody dependent cell-mediate cytotoxicity (ADCC) (Capron et
al., 1987; Dunne et al., 1988). Hagan and colleagues (Hagan et al., 1991; Hagan, 1993)
observed that increased levels of 1gG4 blocked the protective effects of IgE in S.
haematobium. In this context, the Th2 cytokine milieu induced by helminth infection is
thought to drive the antibody response of malaria co-infected individuals towards the
production of non-cytophilic subclasses (1gG2, 1gG4, and IgM), whereas protection against
malaria is associated with the presence of the 1gG1 and 1gG3 cytophilic subclasses (Druilhe
et al., 2005). In short, through a Th2 response, worms trigger the production of non-
cytophilic, clinically ineffective antibodies. While this hypothesis remains to be confirmed
by actual data, evidence has been obtained in rodents about the influence of worms on the
immune response to malaria. A significant decrease in tumor necrosis factor alpha (TNF-a.)
has been observed in mice in relation to increased P. chabaudi parasitemia after infection
with S. mansoni (Helmby et al., 1998).

The intrinsic features of the immune system changing with the presence of schistosome
infection could also affect the production of cytokines which influence the balance between
the proand anti- inflammatory reactions during malaria infection. This influence appears to
be dependent of the age and intensity of malaria infection. This is illustrated by comparing
how cytokine production differed among Senegalese children and adults co-infected with S.
haematobium and P.falciparum (Diallo et al., 2004). Children co-infected with both parasites
had higher levels of IFN-y and TNF-a than children with malaria parasites alone whereas
the adults had higher levels of both these cytokines as well as IL-10 and TGF-B. The later
cytokines are known to down-modulate the effects of the former cytokines therefore likely
to lead to reduced pathology in co-infected adults compared to adults with malaria parasites
alone.

Other mechanisms focus on the still debatable effect of nitric oxide (NO) and its protection
against cerebral malaria (Anstey et al., 1996). Nacher and colleagues (Nacher, 2001; Nacher
et al., 2002a) have postulated a pivotal role of the IgE cellular receptor, CD23. This
receptor, found on a variety of blood cells, triggers a diverse intracellular response including
elevated endogenous NO levels (Dugas et al., 1995). Helminths are known to induce strong
IgE response which activates binding CD23, with subsequent reductions in the soluble form
of CD23 (sCD23) and elevated NO production. Increased NO levels are suggested to be
associated with reduced parasite sequestration and protection from severe malaria (Hobbs et
al., 2002).

Many of the above mechanisms have apparent biological plausibility and raise a series of
testable hypothesis. It is surprising, therefore, that few immunological studies have been
undertaken in relation to epidemiological observations in investigating these interactions.

Clinical consequences of co-infection

So far, the emphasis has been on how helminths may affect the epidemiological and clinical
patterns of malaria. However, malaria may also exacerbate the consequences of helminth
infection. An important consequence of both malaria and helminth infection is anaemia, an
important public health problem in the tropics. It is well recognised that malaria is a
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significant contributor to anaemia both among young children and pregnhant mothers,
operating through a number of mechanisms, including hemolysis and phagocytosis, while
hookworm infection is an acknowledged significant cause of anaemia as a result of intestinal
blood loss (Hotez et al., 2004). Since the mechanisms by which malaria and hookworm
infections cause anaemia differ, it is possible that their impact on haemoglobin levels are
additive. It has recently been demonstrated that hookworm and malaria are additive in their
effect in reducing haemoglobin concentrations among East African schoolchildren (Brooker
et al., 2006b). An illustration of the broader health impact of anaemia arising from co-
infections is provided by a hospital-based study in Nigeria which reported lower
birthweights of babies from women co-infected with P. falciparum and helminths than those
infected with P. falciparum only (Egwunyenga et al., 2001). Clinical studies of the
concomitant impact of 2. falciparum and hookworm on anaemia among different age groups
are clearly necessary.

Co-infections with plasmodia and schistosome species may also have synergistic effects on
the organ pathology due to infection, including hepatomegaly and splenomegaly. For
example, malaria may exacerbate hepatosplenic morbidity associated with schistosome
infection (Fulford et al., 1991; Booth et al., 2004). Schistosome infection can also contribute
to anaemia (Freidman et al., 2005) potentially exacerbating anaemia arising from malaria.

Implications of disease control strategies

Current strategies for malaria control focus on accurate diagnosis and prompt treatment,
intermittent preventative treatment (IPT) for infants and pregnant women as well as vector
control (Greenwood et al., 2005). Mass chemotherapy with anthelmintics, typically
delivered through the existing school system, is the cornerstone of helminth control.
Recommended drugs to treat STH infection are the benzimidazole anthelmintics,
albendazole or mebendazole. Older drugs include pyrantel pamoate and levamisole, which
are also occasionally used in some countries (Utzinger & Keiser, 2004). Praziquantel is the
major drug used for the treatment of schistosomiasis. Because of demonstratable health and
educational benefits of school-based deworming coupled with its safety, simplicity and low
cost, helminth control is widely promoted and it is estimated that at least 200 million
African school children are regularly receiving anthelmintics (Brooker et al., 2006a).
Consequently, as highlighted by Bundy et al (2000) in discussing helminths and HIV, even
with the most minimal benefits of deworming in reducing susceptibility to clinical malaria,
the public health benefit of deworming would be greatly enhanced. There is now an
admittedly technically challenging opportunity to assess whether mass deworming affects
the incidence of clinical malaria.

There are also important implications of proposed helminth-malaria interactions for vaccines
against both malaria and helminths. Several malaria vaccines are currently under
development or undergoing field testing (Ballou et al., 2004), it has however been suggested
that helminths may affect outcome leading to erroneous conclusions on vaccine efficacy.
The bias towards a Th2 cytokine milieu induced by helminth infection, especially the
depressing of other cytokines, notably INF-y, has been compared to an *“anti-adjuvant”
which is pivotal in cellular immune responses (Schijns 2000; Nacher 2001). Cooper et al.
(2000) have shown that the presence of helminths may alter the host's response to by-stander
antigens like vaccines probably due to polarization of the immune response to a Th-2 like
response or the production of immunomodulating cytokines like 1L-10 that dampen both
Th-1 and Th-2 responses. For example, schistosomes inhibit IFN-y release from peripheral
mononuclear cells following exposure to tetanus toxin (TT) in subjects vaccinated against
tetanus (Sabin et al., 1996). Similarly, A. lumbricoides reduces the response to the oral
cholera vaccine, which can be restored by albendazole treatment (Cooper et al. 2001). There
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was also evidence that the filarial worm, Onchocerca volvulus diminishes the immune
response to TT vaccination (Cooper et al., 1998) although this effect was only present with
high O. volvulus infections (Cooper et al., 1999). Based on these observations, it has been
suggested that the helminth induced Th2 shift may have complex consequences for future
malaria vaccines (Nacher, 2001). This discussion remains, however, speculative since no
appropriate studies have been undertaken.

In addition, currently a schistosome vaccine is undergoing field trials and a hookworm
vaccine is under development but the implication of their use in malaria endemic areas has
not been considered (Capron et al., 2005; Hotez et al., 2005). Again, it is vital to
conclusively resolve the issue of helminth-malaria interactions before the widespread use of
either malaria or helminth vaccines.

Future studies

From the above discussion, it is clear that further detailed and integrated studies are required
to substantiate and to investigate helminth-malaria interactions. Well-designed, randomized
placebo-controlled clinical trials provide the most robust study design to investigate the
association between malaria and helminth infections. Crucially, future studies could address
the following questions: (1) does anthelmintic treatment reduce the incidence of malaria;
and (2) what is the effect of age and malaria transmission intensity on the interactions
between malaria and helminths? As well as the investigating the effect of helminths on
susceptibility to clinical malaria, further studies on the haematological, nutritional and organ
pathological impact of co-infection are warranted.

To date, the basis for much of the interaction between worms and malaria is thought to be
immunological, with the worms altering the immune response in a manner that profoundly
affects the subsequent immune response to malaria infection. Yet, given the ubiquity of
studies which cite the immunological milieu created by helminth infections, very few studies
(except for schistosomiasis (Mwatha et al., 2003)) have actually analyzed the immune
response to worm infection in individuals living in malaria endemic areas. This includes
very basic types of immunoepidemiological studies, where the humoral and cellular immune
response to crude and defined antigens from different helminths are characterized and then
compared to different levels of malaria parasitemia and the progression to different levels of
clinical malaria. Future immunoepidemiological studies of the interaction between worms
and malaria would: (1) focus on the humoral and cellular immune response between a
specific helminth and malaria infection and disease, (2) utilize crude antigen extracts from
different stages of the helminth life cycle; (3) utilize different types of helminth and malaria
antigens, including helminth specific crude somatic and excretory/secretory products and
malaria-specific responses; and (4) separate out the effects of praziquantel (for Schistosoma
spp. infection) and benzimidoles (for STH infection) on immune responses.. It is hoped that
immunoepidemiological studies would take place in age- and intensity-stratified groups, as
both age and intensity of infection are known to play crucial roles in the development of the
immune response to helminths and malaria.

Additionally, if the analysis on the interactions between worms and malaria is to progress
beyond speculation, these studies must focus on the immune response of the human host to
an individual helminth species and not helminth infections in general. There is a temptation
to group all helminths together since the human host response to these infections is
consistent and even “stereotypic” in manner (Th2). However, it is becoming increasingly
clear from field studies that simultaneous Th1 and Th2 responses are characteristic of
chronic helminth infection (Pit et al. 2000, 2001; Geiger et al. 2002, 2004; Quinnell et al.,
2004).
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Conclusion

The issue of whether helminths affect the epidemiological and clinical outcomes of malaria
has been a renewed research area, but, at present, no clear conclusions can be reached.
Despite tremendous advances in our immunological understanding of helminths and malaria
in recent years, it would appear that, as epidemiologists, we know little more than we did
since the studies conducted by Murray and colleagues nearly 30 years ago. Researchers must
grasp the opportunity and undertake well-conducted longitudinal studies to resolve this
important issue. The potential public health implications of potential interactions are too
great not to do so.
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Figurel.

Age—prevalence curves for (a) P.falciparum infection prevalence, severe and non-severe
malaria rates from an area of high transmission (Chonyi) in Kilifi District, coastal Kenya
(data from Snow et al., 1997, Mwangi et al., 2005) (b) helminth infections (taken from
Bundy and Medley (1992)). For non-severe malaria, these are the proportion of children that
had at least one episode of malaria in two years of follow-up while for severe malaria it is
the number of malaria admissions/1,000 children/annum. For the malaria graph, the black
circles represent parasite prevalence, the clear squares, mild malaria and the black triangles
severe malaria while for the helminth graph, black circles represent A./umbricoides, clear
squares 7. Trichuira, clear triangles Hookworm and black triangles Schistosome infections.
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Age in years

Figure2.

Age specific patterns of severe malaria admissions at five sites in Kenya and The Gambia
(Snow et al., 1997). The cross-sectional P.falciparum parasite prevalence (given in brackets)
in childhood populations from different areas are represented with clear circles for Siaya
(83%) Kenya, black squares Kilifi South (74%), Kenya, black triangles Kilifi north (49%)
Kenya, clear squares Sukuta (37%), The Gambia and clear triangles Bakau (2%) in The
Gambia.
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Figure 3.

Distribution of coincidental distribution of Plasmodium falciparum and hookworm in sub-
Saharan Africa (adapted from Brooker et al., 2006b). Dark green represents high hookworm
and malaria infections, light blue represents high malaria, yellow represents high hookworm,
grey represents no data and white, no infections.
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Advantages and disadvantages of study designs to investigate interactions between helminth infections and

malaria (modified from Smith et al., (1988).

Study type

M ethodology

Advantages

Disadvantages

Ecological

Cross-sectional

syduosnuelA Joyiny sispun4 DA @doing ¢

Case-control

Longitudinal or cohort

Intervention

Association between helminth and malaria
infection/disease investigated in different
communities

Association between helminth and malaria
infection/disease investigated at a single
time point in randomly selected
individuals

Individuals with helminths or malaria
(cases) compared to uninfected individuals
(controls)

Follow-up for individuals with none or one
of the infections for a period of time

Intervene against one infection (easier for
helminths) and investigate the effect on
other infection (malaria)

Uses existing data

Cheap and easy to perform

Avoids measurement and design
limitations of individual-level
studies

-Simple to perform

-ldeal for common conditions

Ideal for rare conditions

Can be hospital-based and
therefore low cost

Clear associations between
conditions

Temporal sequence clear

Direct means of determining effect
of one condition over the other

Can show small/moderate effects

Individual level associations lost
in some studies

Failure of ecological effects
estimated to reflect biological
effects (Ecologic bias)

Collinearity in analysis
Migration may occur across
groups over time

Cannot determine temporal
associations

For rare conditions, large sample
size are required

Re-call bias for confounders

Current information may not be
aetiologically relevant.

Selection of controls problematic

Temporal sequence of events
difficult to elucidate

Expensive

Time-consuming
Drop-outs if long-term follow-up

Repeated samplings (especially
of blood) problematic

Expensive
Time-consuming

Ethical issues in untreated group

syduasnue| Joyiny sispund JIAd adoin3 ¢
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Table 4

How well were the studies designed?.

Page 23

Reference Randomisation  Control for SES? or nutritional Control for location  Sample size determined a priori
status

Murray et al. (1977) No No No No
Murray et al. (1978) Yes No No No
Tshikuka et al. (1996) ¢  No Yes Yes No
Spiegel et al. (2003) No No No No
Le Hesran etal. (2004)  No No No No
Sokhna et al. (2004) No No No No
Shapiro et al. (2005) No Yes Yes ™ No
Briand et al. (2005) No No Yes™ No
Lyke et al. (2005) No No Yes Yes
Nacher et al. (2000) No No No No
Nacher et al. (2001a) No No No No
Nacher et al. (2002b) No Yes No No
Nacher et al. (2002a) No Yes No No
Nacher et al. (2002e) No No No No

Key:

*
- Household clustering taken account of in the analysis but not in the study planning

SES®- Socio-economic status

- Socio-economic status and location were associated in the study and comparisons were made between two areas of low SES with one area of

high SES.
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