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Whipworm and roundworm infections

Whipworms are large-intestinal nematode parasites
of mammals. The scientific name for whipworms is
Trichuris (which means ‘hair tail’), a name applied by
Johann Georg Roederer in 1761, who mistook the thin
front end for the tail. Over 70 Trichuris spp. are recog-
nized, including the medically important human parasite
Trichuris trichiura (the aetiological agent of trichuriasis)
and the pig whipworm Trichuris suis. Whipworms have
been associated with humans for over 8,000 years, as evi-
denced by the presence of T. trichiura eggs in coprolites
(fossilized faeces) found in both Old World and New
World archaeological sites' . Roundworms (Ascaris spp.)
are also intestinal nematodes, but, unlike whipworms,
they dwell in the small intestine. Ascaris lumbricoides
(first described by Carl Linnaeus in 1758) is the caus-
ative agent of the human disease ascariasis. In contrast
to whipworms, the genus Ascaris differs from the genus
Trichuris in that only one other Ascaris species has been
described — Ascaris suum, a ubiquitous pathogen of
pigs. After considerable debate as to whether these two
ascarids are in fact distinct species, the current opinion
is that they are two species, closely related at the phy-
logenetic level but reproductively isolated (that is, they
are unable to interbreed successfully)®. Like T. trichiura,
A. lumbricoides has a long association with its human
host, with eggs detected in embalming material from
over 7,000 years ago’ (FIG. 1).
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Abstract | Trichuriasis and ascariasis are neglected tropical diseases caused by the gastrointestinal
dwelling nematodes Trichuris trichiura (a whipworm) and Ascaris lumbricoides (a roundworm),
respectively. Both parasites are staggeringly prevalent, particularly in tropical and subtropical
areas, and are associated with substantial morbidity. Infection is initiated by ingestion of infective
eggs, which hatch in the intestine. Thereafter, T. trichiura larvae moult within intestinal epithelial
cells, with adult worms embedded in a partially intracellular niche in the large intestine, whereas
A. lumbricoides larvae penetrate the gut mucosa and migrate through the liver and lungs before
returning to the lumen of the smallintestine, where adult worms dwell. Both species elicit type 2
anti-parasite immunity. Diagnosis is typically based on clinical presentation (gastrointestinal
symptoms and inflammation) and the detection of eggs or parasite DNA in the faeces. Prevention
and treatment strategies rely on periodic mass drug administration (generally with albendazole
or mebendazole) to at-risk populations and improvements in water, sanitation and hygiene.
The effectiveness of drug treatment is very high for A. lumbricoides infections, whereas cure rates
for T. trichiura infections are low. Novel anthelminthic drugs are needed, together with vaccine
development and tools for diagnosis and assessment of parasite controlin the field.

Both T. trichiura and A. lumbricoides are highly prev-
alent helminths (common name for parasitic worms)®’.
The infections occur by ingestion of embryonated
(containing an embryo) eggs through contaminated
soil or food. Both parasites contribute to chronic, long-
term nutritional morbidity and affect cognitive devel-
opment, although there is less evidence supporting
this latter effect. Acute complications associated with
A. lumbricoides infections of heavy intensity (that is,
with a high worm burden) are intestinal obstruction and
biliary ascariasis, whereas complications of T. trichiura
infections include Trichuris dysentery syndrome (TDS)
and rectal prolapse. The main approach to infection con-
trol is large-scale provision of anthelminthic treatment to
children and girls and women of reproductive age, with
accompanying improvements in access to clean water
and sanitation, to reduce worm burden-associated mor-
bidity®. Whilst largely effective against ascariasis, mass
drug administration (MDA) programmes have been
substantially less so against trichuriasis, particularly in
sub-Saharan Africa’.

In this Primer, we provide a current view of both
T. trichiura and A. lumbricoides infections epidemiology,
disease mechanisms, diagnosis, screening and preven-
tion. We also review current management strategies and
consider key research areas that may lead to improved
control of these two important neglected tropical
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diseases. Further, we compare and contrast Trichuris spp.
and Ascaris spp. infections, which, despite the parasites
sharing several traits, differ in important areas, with
relevant consequences for control strategies.

Epidemiology

T. trichiura and A. lumbricoides infections are highly
prevalent worldwide, with estimates of 465 and 819 mil-
lion affected humans, respectively, in 2010 (REFS®').
Owing to infection control efforts, the overall prevalence
of ascariasis was estimated to decline by 10% between
2005 and 2015, whereas trichuriasis prevalence declined
by only 2%'°. Although the oral-faecal route of infec-
tion is the same for both parasites, their geographical
distributions do not perfectly overlap (FIC. 2), perhaps
owing to spatial factors such as temperature, humidity
and soil type; however, it is not known why the distribu-
tions diverge in some specific areas. In the endemic areas
where the distributions overlap, co-infections frequently
occur and probably result in exacerbation of morbidity
and heavy infection intensities''~*. Co-infections often
affect children and are generally underdiagnosed, as they
are associated with non-specific gastrointestinal symp-
toms. Morbidity is most likely to occur among children
with moderate to heavy infection intensities and is
attributed to chronic effects on nutrition and growth.
There are limited data to quantify the frequency of com-
plications of trichuriasis and ascariasis, but, in 2017, the
estimated number of deaths worldwide attributable to
ascariasis was 3,205, whereas no deaths were considered
attributable to trichuriasis'®.

Trichuris trichiura

T. trichiura infections are most frequent in warm and
moist conditions in tropical and sub-tropical regions.
Although zoonotic infections with other Trichiura spp.
such as T. suis (from pigs) and Trichiura vulpis (from
dogs) have been reported in humans, these parasites
generally cause attenuated infections and rarely develop
to sexual maturity in humans. Geographical informa-
tion system tools that enable prediction of regions that
are permissive for transmission, on the basis of spatial
information on temperature, humidity and population
density, have been used to estimate the geographical dis-
tribution of T. trichiura (FIC. 2). Transmission requires
embryonation of T. trichiura eggs in the environment,

and whilst eggs can survive temperatures below freez-
ing, they will not embryonate in freezing conditions or
if temperatures exceed 37 °C (REFS'”'9).

Under experimental conditions, humans can become
infected with the pig whipworm T. suis””. These infections
seem to only establish temporarily', although one study”
found the maturation of T. suis to fecund, fully grown
adult worms in a volunteer. Similarly, T. trichiura can be
established in pigs, but the parasites do not persist in this
host". Further, data indicate that the taxonomic, popu-
lation and phylogenetic structure of T. trichiura is com-
plex”'. Altogether, these data suggest that T. trichiura is not
a single multi-host species but a series of lineages, some
of which can infect multiple mammalian host species.

Prevalence. Human trichuriasis is a classic disease
of poverty, in which a lack of education and access to
sanitation and clean water within an ecologically per-
missive environment favours infection transmission.
In such environments, community prevalence of infec-
tions can be >90%, and infections can particularly affect
children of 5-15 years of age, who have the greatest
parasite burdens®. Age-prevalence profiles are concave;
prevalence peaks at an earlier age in areas of more-
intense transmission than in areas where transmission
is not as intense and probably relates to exposure risk
(ingestion of eggs from a faecally contaminated envi-
ronment). An age-dependent decline in prevalence is
often observed in children of >15 years of age and in
adults, probably owing to reduced exposure and possible
age-acquired immunity.

Treatment of school-age children is considered a
cost-effective strategy for the control of T. trichiura
infection in communities in endemic areas: by cutting
the number of infections in the primary parasite res-
ervoir”, transmission within communities is reduced.
Temporal improvements in economic and environ-
mental conditions, coupled with increased access to
periodic chemotherapy for school-age children, have
led to substantial declines in prevalence and intensity
of infection in Asia since the year 2000, particularly in
China and Indonesia®. Although similar declines have
not been observed in Latin American and sub-Saharan
African regions®*, declines in the numbers of children
with moderate to heavy infection intensities (the popu-
lation most at risk of severe disease) have been observed
in almost all settings in which school-age children have
received repeated preventive chemotherapy”.

Risk factors. The risk of T. trichiura infection is not
uniform within populations in endemic areas: a small
proportion of infected individuals (typically <10% in
high-prevalence populations), generally children of
2-15 years of age, harbour most adult worms, whereas
the remaining infected children and adults harbour few
adult worms®. Such aggregated distributions of adult
worms (which may survive for 1-8 years in the human
intestine?®) within communities in endemic areas are
typical of soil-transmitted helminths (STHs). There is
evidence from some, but not all, epidemiological stud-
ies of an increased susceptibility to T. trichiura infec-
tion among some groups of individuals — for example,
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Fig. 1| Soil-transmitted helminth infections. a| Helminth is an umbrella term for human multicellular endoparasites;
most of these worms belong to the Nematoda and the Platyhelminthes phyla. A third phylum of parasitic worms exists:
the Acanthocephala phylum; however, these worms very rarely infect humans, who are occasional accidental hosts. The
Trematoda and Cestoda are classes of platyhelminths, whereas the so-called soil-transmitted helminths are found within
the Nematoda. Examples of genera found within each phylum are included. b | Main similarities and differences between
Trichuris trichiura and Ascaris lumbricoides parasites.

previously infected individuals are more likely to become  of exposure or the development of acquired immunity
reinfected after chemotherapy than uninfected individ-  with chronic exposure to the parasite. However, whereas
uals”. Individual susceptibility may be determined by  experimental data in mice demonstrate a reduction in
one or more behavioural, environmental, genetic and  parasite burden after repeated exposure to A. suum®,
immunological factors”. Further, individuals with heavy  the over-dispersed frequency distribution in humans is
infection intensities tend to be those who re-acquire recorded in all age groups, indicating that neither age nor
the highest parasite burdens following treatment'®**.  immunity are the primary determinants of variability
T. trichiura clustered within families in rural China®, in infection intensity.

and a linkage analysis in Nepal identified two quanti- Environmental and behavioural features®’, as well
tative trait loci on chromosomes 9 and 18, respectively, as a host’s genetics and immunity**~’, are important
that were associated with susceptibility to infection™, determinants of infection status®'. Predisposition (that
although the contributing genes at these loci remain s, reinfection with similar or higher worm burdens
unknown. Finally, a study in Brazil showed that sus-  than pretreatment burdens) is also an epidemiological
ceptibility to T. trichiura infection was associated with ~ phenomenon observed in human ascariasis®, as well as

polymorphisms in TGFBI (REF.). in trichuriasis. In a systematic review”, children were
found to show greater predisposition to A. lumbricoides
Ascaris lumbricoides infection than adults, and girls were more predisposed

Globally, A. lumbricoides was estimated to infect than boys. Although the mechanisms that determine pre-
819 million people in 2010 (REFS**), with a similar geo-  disposition are not fully elucidated, exposure to infection
graphical distribution in tropical and subtropical areas  and host susceptibility are likely to be important.
to that observed for trichuriasis (FIG. 2). Experimental
and molecular evidence of possible cross-transmission ~Mechanisms/pathophysiology
indicates that humans can be infected by A. suum™,  Studies on immunity to human whipworm and round-
and pigs can harbour A. lumbricoides™. These data sug- worm infections have generated interesting immune
gest that pigs might act as a potential reservoir of infec- ~ correlates with resistance to reinfection; however, it is
tion for humans and, more importantly, might point  through the use of animal models, and particularly the
out a possible role of zoonotic infection by A. suum in  laboratory mouse, that understanding of pathological
humans®. The zoonotic potential of both A. suum and mechanisms has been gained. Novel imaging tools are
T. suis has been reviewed”. beginning to provide unique insights into both host
pathology and parasite behaviour’>*. Current knowledge
Prevalence and risk factors. Ascariasis is also associated ~ on human infection, followed by insights from animal
with poverty, and hence the lack of proper sanitary infra-  models, are discussed below, including, where possible,
structure and poor socio-economic conditions favour  reflections on how findings in animal models fit with the
the transmission of the parasite’*. Overall, an over- human disease.
dispersed frequency distribution® is observed, with most
individuals harbouring a low to moderate parasite bur- ~ Trichuris spp.
den and few hosts with heavy infection intensities. Socio- ~ The life cycles of all Trichuris spp. are similar (FIG. 3).
economic factors, such as poor housing"' and deficiency =~ After the ingestion of food or water contaminated
in hygiene practices®, influence the intensity of infection. ~ with soil containing embryonated eggs, the eggs hatch
The infection intensities observed in adults are often  in the large intestine (caecum and/or proximal colon);
lighter than those found in children®, and this obser-  in the mouse, hatching of Trichuris muris eggs is trig-
vation might suggest a behaviour-mediated reduction  gered by the presence of bacteria, and probably similar
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Fig. 2 | Prevalence of Trichuris trichiura and Ascaris lumbricoides infections in 2010. Distribution of Trichuris trichiura
infection (part a) and Ascaris lumbricoides infection (part b), estimated on the basis of geostatistical models for sub-Saharan
Africa and available empirical information for all other regions. T. trichiura infection may also occur in high-income regions,
in populations living in conditions of poverty (such as aboriginal populations in Australia®**’) or among migrants’. In migrants,
most infections are acquired elsewhere, as adequate hygiene and sanitation in most high-income regions provide limited
opportunities for transmission. Adapted from REF.°, CC BY 2.0 (https://creativecommons.org/licenses/by/2.0/).

bacterial cues are applicable to egg hatching in other
Trichuris spp.*. First stage (L1) larvae are released and
penetrate the epithelial cells at the crypt base, where
they create and inhabit an intracellular niche formed by
a multicellular epithelial ‘tunnel, the biology of which
is unknown™. In this niche, L1 larvae grow and moult
through the larval (L2, L3 and L4) and adult stages; tim-
ings of these moults are defined in the mouse model*’,
but the equivalent timings in humans are unclear. By the
L3 stage, the parasite is no longer fully intracellular.
Thus, its posterior end protrudes into the gut lumen,
whilst its long thin anterior end, which contains the
stichosome (a modified oesophagus comprising multiple

cells (stichocytes) that duct into the oesophageal lumen),
remains embedded within a syncytial tunnel of modified
host epithelial cells, without substantially compromising
the integrity of the gut barrier. The pre-patent period
(that is, the time from infection to egg production) is
~33-35 days in mice: adult male and female T. muris
worms emerge around 32 days after infection, with fer-
tilized adult females releasing 2,000 to 8,000 eggs per
day”’. Eggs of Trichuris spp. are expelled with host faeces
unembryonated and, therefore, in a non-infective state.
Embryonation takes 2-4 weeks, depending on environ-
mental conditions'’; by then, the L1 larva has developed
within the egg and the egg is now infective.
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Thelife cycle of T. trichiura is similar to that of T. muris,
although the timings of moults may differ. Thus, in
humans, patent infections develop in 2-3 months, and
adult worms, measuring 3-5 cm, may survive for 1-8 years
in the human intestine®®. Throughout their life cycle in the
murine, porcine and human hosts, Trichuris spp. excrete
and secrete a variety of parasite-derived molecules that
interact with the host environment. Some molecules
are antigenic and some are immunomodulatory®**,
but the functions of most are still to be determined.
A better understanding of the host-parasite relationship
is likely to support the development of new therapeutics
(see Outlook).

Human trichuriasis: the evidence for type 2 acquired
immunity to infection. Studying immunity to human
trichuriasis is fraught with difficulty, with challenges
including genetic heterogeneity, undefined infection
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history and exposure, and polyparasitism. Nevertheless,
comprehensive cross-sectional serological field studies
point clearly to a positive correlation between high anti-
T trichiura IgE levels and decreasing infection intensity®,
with IgE representing an antibody isotype controlled
by type 2 immunity responses. There are no analyses
of type 1 and type 2 cytokines released by peripheral
blood leukocytes isolated from humans infected solely
with T. trichiura and re-stimulated in vitro, as polypara-
sitism is usual in populations in endemic areas. However,
data from populations infected with more than one spe-
cies of gastrointestinal nematodes including T. trichiura
strongly support the hypothesis that these infections
induce type 2 immunity and regulatory responses®
and that acquired immunity requires type 2 protective
immune responses that develop slowly after years, if
not decades, of exposure®. Single-subject self-infection
studies have contributed to our understanding of how
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Fig. 3 | Life cycles of Trichuris trichiura and Ascaris lumbricoides. Both
Trichuris trichiura and Ascaris lumbricoides infections are initiated by the oral
ingestion of embryonated (infective) eggs. T. trichiura eggs hatch in the large
intestine in response to molecular signals from bacteria. The first stage L1
larvae burrow into epithelial cells lining the crypts, and in this intracellular
niche they grow and moult through to the adult stage. Thus, unlike
A.lumbricoides, T. trichiura is an entirely enteric parasite. A. lumbricoides eggs
hatch and release L3 larvae, covered by the L2 cuticle. Although the site of
egg hatching has been a topic of some discussion, the current evidence points
to the large intestine. L3 larvae penetrate the caecal and proximal colon
mucosa and undergo a hepato-tracheal migration. L3 larvae first migrate to
the liver, where the L2 cuticle is shed and further larval growth occurs.

Subsequently, larvae advance to the lungs, penetrate the alveolar spaces and
move to the pharynx, from where they are coughed up and swallowed. In the
smallintestine, the now L4 larvae undergo a final moult (L5) and develop to
adulthood. Sexually mature male and female T. trichiura and A. lumbricoides
worms mate, and female worms produce unembryonated eggs that are shed
in the faeces, where they develop to infectivity under appropriate conditions
of temperature and moisture. Images of Ascaris suum larvae and larvae in lung
(steps 2 and 4) courtesy of C. Holland. A. suum larva in liver (step 3) is adapted
from REF.*'%, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
Images of adult T. muris (step 6) and T. muris eggs (steps 7 and 8) courtesy of
R. Forman, University of Manchester, UK. Images of A. lumbricoides eggs
(steps 7 and 8) courtesy of G. Deslyper, Trinity College Dublin, Ireland.
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T. trichiura modulates human immunity: a longitudi-
nal analysis of T cell subsets in mucosal biopsy sam-
ples and peripheral blood revealed a mixed mucosal
T cell response (type 1 T helper (T,1), T;;2, T;17 and
regulatory T (T,,) cells), whilst circulating T helper
cells became predominantly T2 cells*’. A second such
study revealed an amelioration of the symptoms of coli-
tis following T. trichiura infection, probably through
improved T2 cell-mediated and IL-22-mediated
barrier function®.

Insights from animal models — type 2 immunity.
Preclinical models have enabled us to delve more deeply
into both the underlying cellular regulatory mechanisms
that control resistance and susceptibility to infection
and the effector mechanisms that eliminate the para-
site. Although we focus on the T. muris mouse model
of human trichuriasis, T. suis in pigs has also generated
important data that reveal commonalities in type 2
immunity between mouse, human and pig®.

T. muris is the natural whipworm of mice and is
genetically and antigenically similar to T. trichiura;
these two species also show similar epidemiological
patterns in their respective hosts. The importance of
type 2 immunity in resistance to infection has been
unequivocally demonstrated by many different research
laboratories®”~”’, and research now focuses on untangling
the contributions of cellular subsets®*”"’2. An emerging
concept is that the relevance of different cell types in
promoting type 2 immunity is context dependent; thus,
cellular contributions that are essential in one strain of
mouse become redundant in a different strain or when
the cytokine balance is artificially manipulated™”, with
important implications for translation of these findings
to humans. One burning question is how protective
type 2 responses develop (BOX 1); answers to this question
might inform smart vaccine development in the future.

Box 1| How do type 2 immune responses develop?

Although several cell types (for example, innate lymphoid cells, B cells and macrophages)
possess MHC Il and can present antigens to CD4* T cells (that is, naive T helper (T,,) cells
that have not yet differentiated into a T, cell subtype), their in vivo contribution in
murine trichuriasis is not fully defined. By contrast, dendritic cells (DCs) are potent
antigen-presenting cells that play a key part in Trichuris muris infections in the mouse.
Different subsets of DCs exist, with the IRF4*CD11c*CD11b* DCs being the potent
drivers of type 2 immunity after T. muris infection and IRF8*CD103* DCs being associated
with type 1 immunity and, therefore, chronic infection’*****. How these subsets have
compartmentalized roles is unclear, but mechanisms are probably mediated by both
cell-intrinsic factors and external signals. For example, if the cellular phosphatidylinositol
3,4,5-trisphosphate 5-phosphatase 1 (also known as SHIP1) is deleted specifically from
DCs, T. muris expulsion is impaired*'®. Further, different DC subsets may express different
levels of cytokine receptors and, therefore, respond differently to stimulation by the
family of alarmin cytokines (for example, IL-25, IL-33 and thymic stromal lymphopoietin
(TSLP)) towards a type 2-promoting phenotype. Raising IL-25 or IL-33 levels in normally
susceptible mice promotes resistance to T. muris infection’"’, and blocking TSLP
signalling in normally resistant mice delays worm expulsion®*®. Other evidence
implicating DCs as key players in the development of type 2 immunity comes from
circadian studies, in which the DC circadian clock affected, at least in part, the outcome
of T. muris infection’””. Mice infected in the morning were more resistant to infection than
mice infected at night. This time-of-day dependency in resistance to infection does not
occur in transgenic mice in which DCs lack a core clock gene; the hypothesized
mechanism is a circadian regulation of levels of type 1 immunity-promoting cytokines.

The potential immune regulatory effects of
Trichuris spp. on inflammation in the large intestine®
have formed the basis of clinical trials using the pig
whipworm T. suis (which causes an infection that gen-
erally does not persist beyond 6 weeks in the human
intestine) to treat inflammatory diseases such as inflam-
matory bowel disease (IBD). To date, trials in which
humans have orally ingested T. suis ova have shown no
statistically significant benefits to patients with IBD"*7".
Therapy with T. suis ova has also been evaluated in clin-
ical trials in patients with several other inflammatory
diseases, including rheumatoid arthritis, multiple sclero-
sis, psoriasis and food allergy, but none has shown clear
clinical benefit””.

Insights from animal models — type 2 immunity-controlled
effector mechanism. Mouse models also provide data
on how T2 cells stimulate worm expulsion (FIC. 4).
Arguably, the effector mechanism supported by the
largest amount of evidence is the role of goblet cells and
mucus. Studies in mucin-deficient mouse strains®>*’
have shown that mucin 2 and mucin 5, subtypes A and
C are important in resistance to T. muris, probably via
direct interactions with the parasite in the gut. The pres-
ence of mucin 2-degrading enzymes in the Trichuris spp.
genome also supports an anthelminthic role for mucin®.
Complementing a mucus-based effector mechanism,
type 2 immunity cytokines can stimulate intestinal mus-
cle contraction in the context of T. muris infection, and
this increased contractility is associated with an acceler-
ation of worm clearance®. Whereas increases in mucus
production and contraction of gut muscles may be com-
mon host responses to most gastrointestinal helminths,
regulation of epithelial cell turnover may be an effector
mechanism specific to Trichuris spp. For example, the
type 2 immunity cytokine IL-13 can increase the rate of
epithelial turnover, thereby displacing the parasite from
its intracellular niche®. Whether these effector mech-
anisms also apply to human trichuriasis is difficult to
establish, although it is probable. Murine and human
gastrointestinal helminth infections drive strong IgE
responses, mostly non-specific*. As mentioned above,
the levels of IgE antibodies specific to T. trichiura neg-
atively correlate with worm burden in humans. Thus,
individuals with light infection intensities have signif-
icantly higher anti-T. trichiura-specific IgE levels than
those observed in individuals with heavy infection inten-
sities®’. A direct role for IgE in host protection has been
difficult to establish, and, instead of having a functional
role, parasite-specific IgE levels in humans may repre-
sent a useful biomarker of a type 2 immune response.
Animal models have revealed that B cells are important,
although not essential, in resistance to T. muris infec-
tion”**. However, how B cells contribute to the protec-
tive immune response is unclear, and their contribution
may not be related to their role in antibody production.
Thus, B cells can also act as antigen-presenting cells”
and cytokine-producing regulatory cells** and, there-
fore, could influence the development of either type 1 or
type 2 immune responses and worm expulsion.

In humans with chronic trichuriasis and in mice
infected with low numbers of eggs, regulation of the gut
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Fig. 4| The anti-parasite effector mechanisms induced by the protective immune response. It is not known whether
effector mechanisms similar to those observed in animal models also operate in humans, although it is a plausible
hypothesis. a | In strains of mice resistant to Trichuris muris infection, the type 2 immunity cytokine IL-13 increases the
rate of epithelial turnover, thereby displacing the parasite from its intracellular niche®. Resistance to infection also
correlates with an increase in goblet cell numbers®’. Through the use of mucin-deficient mouse strains, mucin 2 and
mucin 5, subtypes A and C*#! have been shown to be important in resistance to T. muris, probably via direct interactions
with the parasite in the gut. Changes to gut physiology, including increased muscle contractility, are also thought to
contribute to parasite expulsion. b | In mice resistant to Ascaris spp. infection, elimination of parasites from the gut
involves the ‘weep and sweep’ mechanism (increased fluid secretion and muscle contractility)'**. The mechanisms of
lung immunity are unclear but probably involve type 2 immunity-controlled effector mechanisms. Both neutrophils and
eosinophils infiltrate the lungs. Even less understood is liver immunity, although reactive oxygen species (ROS) have
been implicated in the mechanism of resistance. T2 cell, type 2 T helper cell.

pathology induced by a large burrowing parasitic nem-
atode is crucial in the maintenance of gut barrier func-
tion and prevention of sepsis. Regulation of pathology
has been examined in some detail in the mouse model,
and considerable evidence supports IL-10 as the regula-
tory cytokine vital in regulating IFNy-mediated intes-
tinal pathology and host protection®’’. Interestingly,
in human trichuriasis, the quantitative trait locus on
chromosome 9, mentioned above, contains genes that
can influence IL-10 levels®. The cellular source of IL-10
is still debated, with FOXP3* T, cells and other CD4*

T cell populations as probable contributors®.

Insights from animal models — Trichuris spp. and their
relationship with the microbiota. The close relationship
between whipworms and the microbiota in the intestinal
niche extends beyond the trigger for egg hatching™. The
presence of Trichuris spp. infection alters both the num-
bers and the composition of the microbiota, and this
alteration has been reported for T. muris in mice’>* and
T suis in pigs””* and in some, but not all, human stud-
ies’”. Studies of T. muris in mice have revealed that for
fitness the parasite has to acquire its own distinct micro-
biota from the host. The microbiota of T. muris is domi-
nated by the Bacteroidetes and Firmicutes phyla, with a
statistically significant rise in the proportion of bacteria
of the Proteobacteria phylum that is not observed in the
infected host microbiota’. Further, successful infections
require the presence of host microbiota, and, remarkably,
the T. muris-induced changes in the host microbiota may

limit the success of subsequent infections™. In case of
subsequent infections, parasite numbers are lower than
the numbers from first-time infections, thereby provid-
ing a mechanism to limit host pathology and support
chronicity of infection.

Ascaris spp.

Ascaris spp. eggs are very robust owing to their outer
corticated coat (a layer of mammillated (with round
protuberances) albuminous material) and can survive
in the environment for long periods of time (estimates
include up to 6 years in Germany and 14 years in
Russia), although the majority of eggs probably die on
shedding”. Evidence exists that tropical soils may be
depleted of Ascaris spp. eggs and those of other STHs,
including Trichuris spp., within 2 months, if no further
contamination occurs'®.

The life cycle of Ascaris spp. and the timing of each
step have proved difficult to precisely define (FIG. 3). An
early and extensive study in pigs'”' described how; after
hatching, larvae are released in the small intestine while
still in the sheath of the first moult, and such L2 larvae
migrate to the caecum and proximal colon, where they
penetrate the mucosa. However, a more-recent study'”
found that both the first and second ecdysis (moult)
occur in the egg, before eggs hatch in the large intestine,
and such retention of two moult sheaths is thought to be
a feature favourable to parasite development. The L3 lar-
vae then undergo a hepato-tracheal migration, a pheno-
menon that distinguishes the life cycle of Ascaris spp.
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from that of Trichuris spp. L3 larvae migrate via the
portal blood vessels to the liver, where the L2 cuticle is
shed and some larval growth occurs. Subsequently, L3
larvae leave the liver and advance to the lungs via the
bloodstream, reaching first the heart and then the pul-
monary vasculature”. In the lungs, the larvae penetrate
the alveolar spaces and then migrate up the airway tree
to the pharynx, where they are coughed up and swal-
lowed. On their return to the small intestine, L3 moult
to the fourth larval stage (L4 larvae) then undergo a final
moult (L5) and develop to adult and sexually mature
male and female worms'*’. Male and female adult worms
measure 15-25cm and 20-35 cm, respectively, and their
life expectancy has been estimated at 1-2 years'". Adult
worms produce unembryonated eggs that are shed in the
faeces, where they develop to infectivity under appropri-
ate conditions of temperature and moisture. The speed
of the embryonation varies considerably according to
the environmental conditions. For example, at 30°C
embryonation takes ~10-14 days, whereas at 17 °C it can
take 45-55 days'®. As it is the case with Trichuris spp.
eggs, Ascaris spp. eggs that fail to embryonate are
non-infective.

The reason why the life cycle of Ascaris spp. includes
a difficult and risky hepato-tracheal migration is unclear,
although some authors have argued that this migra-
tion confers fitness benefits to the parasite including
increased size of adult worms'*. What is clear is that lar-
val migration contributes to both liver and lung pathol-
ogy'?”1%. Furthermore, the role of the liver in resistance
to ascariasis is important but remarkably under-studied.

Human ascariasis — pathophysiology and immunol-
ogy. Ascariasis is an excellent example of an infection
that contributes to chronic morbidity; it particularly
affects child growth via anorexia, malabsorption of
nutrients and jejunal mucosal abnormalities, and it also
has effects on cognitive development. The mechanisms
underlying cognitive defects are not well understood
but are probably nutritionally mediated, although the
effect of systemic low-grade inflammation should not
be disregarded. Owing to its large size, A. lumbricoides
can also cause acute manifestations, including intestinal
and biliary tract obstruction with related complications.

The relationship between humoral immune
responses and A. lumbricoides infection in humans has
been explored in various contexts'*''’. Several studies
have established a clear negative association between
parasite-specific IgE levels and infection intensity. For
example, a study of Nigerian children showed evidence
of a statistically significant relationship between raised
levels of parasite-specific IgE against the A. lumbri-
coides protein antigen ABA-1 and putative immunity
in children'". Children with high IgE titres were less
predisposed to heavy infection intensity than children
with low titres, consistent with the association between
elevated levels of parasite-specific IgE and reduced
worm burdens observed in adults with trichuriasis.
Furthermore, increased levels of inflammatory mark-
ers, such as C-reactive protein, were also detected in
the putatively immune children compared with the
infected children'''. By contrast, another study found

no relationship between humoral immune responses
and current or future worm burdens''?. The reason for
these conflicting results is not clear. A. lumbricoides
infection was also associated with a highly polarized T ;2
cell-mediated response, with IL-4 and IL-5 responses
predominating'”’. Two studies in Cameroonian chil-
dren and adults provided further evidence of the role
of cytokines produced by T,;2 cells during ascariasis,
including IL-5, IL-9, IL-10 and IL-13 (REFS®>''%. In
contrast to the earlier of the two studies®, in the later
study, the effects of cytokine production were more pro-
nounced in children'". This finding led the authors to
suggest that heterogeneity in cytokine responses may
differ depending upon geographical location, owing
to differences in transmission patterns or even his-
torical differences in parasite dynamics. The authors
concluded that these age-related and location-related
differences may have implications for the differential
effect of deworming programmes on immune responses.
Finally, a study showed increased cytokine production
by T2 cells in children who had been repeatedly treated
for A. lumbricoides infection, providing evidence that
long-term treatment may increase T2 cell-mediated

anti-parasite immunity'".

Insights from animal models — the mouse model.
Our understanding of the immunology of ascariasis
is much more modest than that of the immunology of
trichuriasis. One reason is the fact that there is no rodent
model of ascariasis that demonstrates the entire life cycle
of Ascaris spp.'"*. However, mouse models do provide
insights into the factors that influence early stages of
infection and larval migration'".

The mouse model enables an assessment of patho-
physiological alterations under different parasitic bur-
dens''”!"%, genetic backgrounds''*-'*!, host ages'** and
egg infectivities'”?, and under repeated parasite expo-
sure*. The acute, early stages of infection are well estab-
lished''*'** and demonstrate the physiological changes
elicited by larval migration in the host, especially in the
liver and lung. During larval migration in the liver, an
intense inflammatory response is observed, particularly
in resistant strains of mice'”” (FIG. 4). Of note, proteomic
analysis of hepatic tissues from resistant (CBA/Ca)
and susceptible (C57BL/6]) mice strains infected with
A. suum demonstrated intrinsic differences between the
two strains, suggesting that resistance might be associ-
ated with the oxidative phosphorylation pathway and
reactive oxygen species production'”' and differential
expression of components of the complement system'**.

In primary infections with Ascaris spp., larval migra-
tion to the lungs promotes a local type 2 inflammatory
response, marked by early production of IL-5 followed
by increased levels of IL-4, IL-5, IL-6, IL-33, CCL11
(also known as eotaxin), CCL2 (also known as MCP1)
and CXCL10 (also known as IP10) and eosinophilia
(excessive numbers of eosinophils in the blood)'**-'*.
Interestingly, this elevated type 2 immune response
was associated with a marked increase in IL-13 pro-
duction by type 2 innate lymphoid cells and other
type 2 immune cells, and it provided protection against
the rodent hookworm Nippostrongylus brasiliensis'>.
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This robust type 2 inflammatory response is associated
with lung pathology, characterized by persistent airway
hyper-responsiveness resembling an extreme form of
allergic airway disease'*’. The severe impairment in res-
piratory function is aggravated by multiple exposures
to the parasite despite the statistically significant reduc-
tion of parasitic burden*!, which results in a reduction
in larval migration to the liver and lungs. The inflam-
matory influx of cells in both the lung parenchyma
and the bronchoalveolar fluid is initially dominated by
neutrophils and correlates with IL-6 production in lung
tissue'>'*>'*!, As the infection progresses, mononuclear
cells accumulate at the inflammatory site in response
to larval migration, produce TNF**'*> and ultimately
differentiate into M2 macrophages in the type 2 immu-
nity environment'**. Interestingly, parasite antigens can
modulate macrophage differentiation, dendritic cell
maturation'”*"'* (with further evidence of the ability of
the parasite to modulate the immune response observed
in experimental models of lipopolysaccharide-induced
inflammation'” and autoimmune hepatitis'*’) and the
immune response to heterologous (that is, other than
from the parasite) antigens'”' and viral co-infection'*.

The protective inflammatory response observed in the
mouse model of ascariasis may not be parasite-specific,
given that pre-sensitization with heterologous allergens
(from house dust mite) protects from a subsequent
A. suum infection'*. Conversely, pre-sensitization with
Ascaris spp. antigens accelerates the mite-specific IgE
response upon mite antigen inhalation'*’. These findings
indicate the possible cross-reactivity between Ascaris spp.
and arthropod antigens.

Insights from animal models — the pig model. Another
important animal model for ascariasis is the A. suum
pig model. Pigs are costly to maintain, and inbred and
knockout porcine strains are currently unavailable.
Nevertheless, given the economic burden of Ascaris spp.
infection on the food industry and the fact that pigs
are natural hosts for A. suum infection, understanding
the pathophysiology of ascariasis in the swine model,
particularly in the gastrointestinal phase of infection,
is highly relevant. Of note, the use of the pig model
enabled an understanding of both parasite-host inter-
actions during establishment of the infection and the
mechanisms of intestinal worm expulsion’**'*. The ini-
tial phase of A. suum infection in pigs is very similar to
the parasite migration observed in humans and induces
both liver and lung pathology'**"*. As observed in
Ascaris spp. infections in humans and mice, production
of IL-5, IL-13 and eotaxin and an intense eosinophilia
are observed'*>'**. Blood basophilia (excessive numbers of
basophils) and intestinal mastocytosis (accumulation
of mast cells) are also common'*~""' and may contrib-
ute to type 2 immunity induced by infection. Although
the mechanisms by which Ascaris spp. parasites are
expelled from the gut are less well defined than those of
Trichuris spp., evidence suggests that elimination from
the gut involves the ‘weep and sweep’ mechanism, an
increase in fluid secretion and muscle contractility'*.
Further, there is some evidence in pigs naturally exposed
to A. suum infection that continual exposure to infective
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larvae emerging from the eggs may inhibit larval migra-
tion from the intestine'*”. In the pig model, profound
changes in the gut microbiota occur during A. suum
infection, especially in the proximity of the initial site
of egg hatching'**. Thus, Ascaris spp. infection leads to
a remarkable reduction in the gut microbial diversity, a
reduction that is not related to worm burden. Moreover,
the infection affects the abundance of specific micro-
bial genera, particularly in the proximal colon'*. The
relevance of microbial composition alterations due
to Ascaris spp. infection remains unknown. Finally,
pathophysiological changes similar to those described
in humans, mice and pigs have also been observed in
other animal models including calves'*, guinea pigs'*,
rabbits'*, gerbils'” and non-human primates'*-'>°.

Diagnosis, screening and prevention

Clinical presentation

Trichuriasis. Clinical disease is caused largely by inflam-
mation of the caecum and large intestine, due to the
presence of adult worms inducing a local inflamma-
tory response and blood loss (from bleeding and ooz-
ing at the mucosal entry sites of worms) as they forage
across the mucosa (FIC. 5a). Blood loss in trichuriasis has
been estimated to be 0.005 ml per worm per day''. Risk
of anaemia is substantial among those with heavy infec-
tion intensities (defined as 2800 worms'* or >5,000 eggs
per gram of stool (EPG)'*?) or those co-infected with
hookworm'**'**. Clinical disease in individuals with
T. trichiura infection is related to parasite burden. Most
inhabitants (both children and adults) of endemic areas
are infected with relatively few worms (that is, <15 adult
worms'*®), and such infection intensities are associated
with mild symptoms. Eosinophilia, if present, tends to be
mild. However, in these regions, individuals are at risk of
infection by other enteric parasites and are exposed to a
range of environmental hazards. Non-specific symptoms
of urticaria (itchy skin rashes), anorexia, abdominal
pain and other gastrointestinal symptoms are difficult
to attribute to any single cause, although they have been
associated with T. trichiura infection"*. By contrast,
heavy infection intensities with several hundreds or
even thousands of worms'*”'** are often associated with
colitis and substantial illness that may present as chronic
iron deficiency anaemia in adults'”’, whereas children
may present with failure to thrive, diarrhoea, which
may be bloody, and short stature for their age, with or
without symptoms of colitis or a severe illness. Even
mild trichuriasis may be accompanied by growth retar-
dation in children'®, whereas TDS may be associated
with severe malnutrition and growth stunting'®'**. TDS,
also known as massive infantile trichuriasis, is a severe
illness associated with iron deficiency anaemia, chronic
mucoid diarrhoea, rectal bleeding, rectal prolapse (a
consequence of increased straining and/or peristalsis)
and finger clubbing'*>'®". The pathogenesis of clubbing,
a non-specific manifestation of many chronic diseases,
is unknown but may relate to increased platelet-derived
growth factor in the nail beds'®". The triad of finger club-
bing, rectal prolapse and chronic diarrhoea in children
used to be pathognomonic of trichuriasis in endemic
areas: 3-5% of children of 6 months to 6 years of age
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Fig. 5| Clinical complications of trichuriasis and ascariasis. a | Colonoscopic image from a 15-year-old girl with
Trichuris dysentery syndrome (TDS). The colonic mucosa is covered with parasites (seen are posterior ends tethered to
the mucosa). Note petechial (black arrow) lesions and blotchy mucosal haemorrhages (white arrow). b | Abdominal plain
radiograph demonstrating ‘tramline’ appearance caused by a heavy intestinal infestation by Ascaris lumbricoides.
The duodenum is packed with worms, resulting in a whorled (spiral) appearance of black radiolucent worms outlined

by gas. ¢ | Small-bowel obstruction by A. lumbricoides. The image shows a mass of A. lumbricoides worms collected from
a section of obstructed small intestine following enterotomy in a 3-year-old boy in South Africa. Part a is adapted with
permission from REF.**/, Elsevier. Part b is adapted from REF.*'!, Springer Nature Limited. Part c is adapted from REF.*%,

CCBY 3.0 (https://creativecommons.org/licenses/by/3.0/).

were estimated to have recurrent rectal prolapse in a
region of the Carribean'*’. However, with improvements
in environmental hygiene and access to anthelminthics,
TDS and rectal prolapse are now infrequent. TDS has
more recently been recognized as a problem in adults
presenting with severe iron deficiency anaemia'”’, and
this observation probably reflects poor clinical recog-
nition of trichuriasis in adults living in conditions of
severe poverty and who are not included in anthelmin-
thic treatment programmes. Heavy infection intensities
may be associated with increased intestinal permeabil-
ity and a chronic inflammatory response, as indicated
by elevated circulating levels of the pro-inflammatory
cytokine TNF'®,

T. trichiura may be a chance finding in individuals
undergoing colonoscopy for abdominal pain and altered
bowel habits'**'**. In individuals with heavy infec-
tion intensities, colonoscopy shows numerous motile
worms tethered to the intestinal mucosa by their ante-
rior ends'””'®*. Histopathology of the large intestine in
patients with trichuriasis often shows only mild changes,
with increased numbers of inflammatory cells in the
lamina propria, particularly in adults'*”'*, whereas in
children histological changes range from mild inflam-
mation to localized cryptitis at worm attachment sites
to a highly inflamed intestinal mucosa that is oedema-
tous, eroded and friable®*'**. In individuals with heavy
infection intensities, adult worms may be found from the
caecum to the rectum, and the mucosa is studded with
bleeding points representing previous mucosal entry
points of foraging adult worms'”'>.

Prolonged mucosal bleeding and inflammation affect
the nutritional status of children, particularly those on
marginal diets (that is, low in iron and other essential
nutrients)'*?. Further, the presence of adult worms
may also affect nutrient absorption through mucosal
damage or disruption of the intestinal microbiota,
although evidence for an effect of disrupted microbiota
is limited””'*°. Damaged mucosa may have increased

susceptibility to infections with other intestinal patho-
gens with which T. trichiura has been associated, such as
Entamoeba histolytica'”. T. trichiura infection has been
shown to correlate with the presence of both A. lumbric-
oides and Campylobacter spp.””'**. Whether multiple
intestinal infections are simply coincidental or whether
they influence each other’s pathogenicity in humans is
unclear'®, although exacerbated disease and pathology
have been reported in pigs co-infected with T. suis and
Campylobacter jejuni'’®.

Ascariasis. In endemic areas, the majority of A. lumbri-
coides infections cause mild or no symptoms. Clinical
disease is restricted to a small percentage of individuals
with a high parasite burden, as most individuals har-
bour only a few worms'”"'”%, although there are no up-
to-date figures on the percentage of clinical cases. The
clinical manifestations are directly related to the parasite
life cycle and depend on the infection intensity. During
larval migration through the airways (10-14 days after
infection), classic respiratory alterations, including lung
infiltration (visible on the chest radiograph), intense
eosinophilia, cough and wheeze are observed and are
known as Loffler syndromes'”. Urticaria, cough, dyspnoea,
haemoptysis (coughing up blood) and abnormal breath
sounds on auscultation are also non-pathognomonic
signs associated with larval migration through pulmo-
nary tissue. Adult parasites dwelling in the small intes-
tine can induce, depending on their numbers, various
gastrointestinal outcomes, including upper gastroin-
testinal bleeding, small-bowel obstruction (FIC. 5b,c),
volvulus (twisting of an intestinal tract that results in
obstruction and/or bowel ischaemia), intussusception
(folding of the intestinal tract into the section of intestine
that is immediately ahead), peritonitis, haemorrhagic
infarction of the bowel and perforation'*'”. Adult
worms may also migrate to extra-intestinal sites, and
hepatobiliary and pancreatic ascariasis (HPA) may then
occur, leading to biliary colic, acute cholecystitis, acute
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pancreatitis, acute cholangitis (inflammation and/or
infection of the biliary tree) and hepatic abscess'”.
Intestinal perforation and peritonitis'”’, often following
appendicular ascariasis'’®, is a rare but severe and often
fatal surgical emergency caused by ascariasis in endemic
areas. Heavy infection intensities with ascariasis are a
common cause of surgical emergencies in endemic
regions, and these emergencies are primarily caused by
obstruction of the narrow intestinal lumen of a young
child with a bolus of A. lumbricoides worms'”.

Asthenia (physical weakness), lack of appetite, abdo-
minal pain and/or distension, nausea, diarrhoea and
weight loss are common in children with severe intestinal
ascariasis in endemic areas'”®. Moderate to heavy infec-
tion intensities in children have been associated with
impairment in physical and mental development'® and
may also contribute to malnutrition'® and deficiency
of vitamins A and C'**.

Diagnosis of trichuriasis and ascariasis

As with other STH infections, the laboratory diagnosis
of ascariasis and trichuriasis relies on the examination of
a stool sample to determine the presence and, whenever
possible, the quantity of parasite eggs. Currently, the
WHO recommends the use of the Kato-Katz method
to examine stool samples for STH infections by direct
microscopy'® and to assess two slides per sample'’.
Other parasitological methods include formol-ether
concentration, McMaster, FLOTAC and Mini-FLOTAC,
and the sensitivity of all these methods varies accord-
ing to the infection intensity'® (TABLE 1). Direct obser-
vation of saline smears, although of low sensitivity, is
the most widely used microscopic method to examine
stools. New parasitological methods, such as mobile
phone microscopy'*® and FECPAKG?2 (a sedimentation
method coupled with imaging and remote identification
and quantification of STHs)"*” have been developed but
require extensive evaluation.

Considering the reduced sensitivity of microscopy-
based parasitological methods, molecular-based diag-
nostic assays have been developed, aiming to improve
sensitivity and specificity. The reported sensitivi-
ties of molecular methods are superior to those of
microscopy-based methods for the diagnosis of both
ascariasis'®"*! and trichuriasis'*>'"', despite the lack of
an adequate gold standard for comparison'”. Of note,
most molecular-based assays have been developed as
multiplexed'*~'* or multi-parallel assays'®'**"*” for
detection of different parasites. However, the develop-
ment of these methods is hampered by the requirement
for specific, more-expensive equipment and the lengthy
procedure of DNA extraction from the stool samples,
both of which may limit the application of molecular
diagnostic assays in field settings. A colorimetric iso-
thermal assay, consisting of a one-step DNA amplifica-
tion method, has also been developed for the diagnosis
of ascariasis and trichuriasis, combining high sensitiv-
ity and high tolerance to substances present in faecal
samples that might interfere with the assay'* (such as
complex polysaccharides, salts, lipids and urate, among
others'”), and might be a promising tool for diagnosis
in the field. Nevertheless, at present, molecular-based
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assays remain restricted to research groups working
in specialized laboratories, and none of them has been
rolled out for routine use in endemic regions. Thus, for
the moment, microscopy-based analysis remains the
mainstay for the diagnosis of ascariasis and trichuriasis
— there is still considerable demand for such diagnostics
from physicians in local hospitals and clinics and the
mothers of children living in communities in endemic
areas, who often attribute a large amount of illness in
their children to the presence of these parasites.

Advantages and limitations of diagnostic methods.
Microscopy-based and molecular-based diagnostic
methods are only effective after infections have become
patent. Microscopy-based methods have very limited
sensitivity for infections of light intensity'®, with the
intensity of T. trichiura and A. lumbricoides infections
estimated and classified as light (1-4,999 EPG and
1-1,000 EPG, respectively), moderate (5,000-49,999
EPG and 1,001-9,999 EPG, respectively) or heavy
(250,000 EPG and 210,000 EPG, respectively), accord-
ing to the WHO classification®”. By contrast, molecular-
based assays, although more-expensive and of limited
field applicability, enable detection of infections of
low intensity in areas where anthelminthic control
programmes have reduced prevalence and infection
intensity to very low levels and where local or regional
elimination strategies are being considered. The use
of more-sensitive assays, such as quantitative PCR,
at central laboratories might be justified under such
circumstances, despite the need for sophisticated and
costly equipment and trained personnel. Low-cost,
field-applicable assays (such as lateral flow assays to
detect specific parasite antigens in stool samples) are
presently not available but would increase considerably
the effectiveness of control programmes, by assisting
in making decisions about the frequency of anthel-
minthic treatment and what population groups should
receive treatment.

Prevention of trichuriasis and ascariasis

The prevention of trichuriasis and ascariasis, as well
as any other STH infections, relies on the combination
of several approaches that reduce prevalence. Among
them, the WHO guidelines on preventive chemother-
apy based on MDA in endemic areas aim to reduce the
morbidity in preschool and school-age children by low-
ering the prevalence of infections of moderate and heavy
intensity''. Preventive chemotherapy is an important
tool for reduction of prevalence and morbidity of both
diseases, with a reduction of up to 80% in the overall
parasite burden and prevalence in endemic areas?' .
In 2017, a WHO Guideline Review Committee revis-
ited the previous guidelines and provided updated
global, evidence-informed recommendations on pre-
ventive chemotherapy® in areas endemic for STHs;
however, this approach represents a short-term strat-
egy for control of helminth infections, as reinfection
often occurs in endemic areas in the absence of clean
water, sanitation and hygiene””*. The water, sanitation
and hygiene (WASH) programme advocates improve-
ments in access to water (in terms of water quality and
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Table 1| Diagnostic methods for Trichuris trichiura and Ascaris lumbricoides infections

Test

Direct
microscopy

Kato_Katzlﬁrx,SO?—?O’)

185,303

Formol-ether'®

FLOTAC*®

Mini-FLOTAC*®

FECPAK*

McMaster?%*3%7

LAMP

assaylgz,lg&ﬂ)&

qPCR™

Output Sensitivity (%) Specificity (%)
T.trichiura A.lumbricoides T.trichiura A.lumbricoides

Egg detection 62.8 52.1 97.5 99.6

Eggdetection 62.8-91.0  56.9-88.1 97.5 99.6

and egg

quantification

Eggdetection 81.2 56.9 97.5 99.6

Egg 88.7-100 79.7-100 97.5 99.6

quantification

Egg 76.2-91.5 63.3-75.5 97.5 99.6

quantification

Egg 59.8-65.8 58.9-75.6 97.5 99.6

quantification

Egg 61.1-81.8  75.6-80.3 97.5 99.6

quantification

Identification 100 96.3-100 100 100

of DNA from

Ascaris spp. or

Trichuris spp.

Quantification  72.3-100 85-100 100 100

of DNA from

Ascaris spp. or

Trichuris spp.

Advantages

Low cost

Relatively low
cost; possible to
determine the
burden of infection

Relatively low cost

Detection of
different STHs
simultaneously

Detection of
different STHs
simultaneously

Detection of
different STHs
simultaneously;
simple procedure
with results within
an hour

Relative low cost;
enables quick
counting of eggs;
may be applicable
for monitoring
large-scale
treatment
programmes

Possible to detect
multiple infections
by multiplexed
assays; high
specificity

Limitations

Positive results only at
high parasitic burden

Overall low sensitivity
(especially at light
infection intensities);
need for a qualified
microscopist

Does not detect
unembryonated eggs of
Ascaris spp.

Requires centrifugation
steps with two different
rotors; relatively high cost

Limited sensitivity
(sensitivity comparable
to that of the Kato—-Katz
method but lower than
that of FLOTAC)

Requires internet
connection

Need for a special
counting chamber

Risk of low sensitivity
due to the presence of
inhibitors in the faecal
sample; decreased
sensitivity if formalin

is used for fixation

of samples; requires
specialized equipment
and has restricted use
in the field

A. lumbricoides, Ascaris lumbricoides; LAMP, loop-mediated isothermal amplification; gPCR, quantitative PCR; STHs, soil-transmitted helminths; T. trichiura,

Trichuris trichiura.

quantity and distance to water) and sanitation (in terms
of access to latrines, their proper maintenance and faecal
waste management), the use of hygiene practices and
changes in behaviour related to environmental and per-
sonal hygiene’>**. Reduced odds of A. lumbricoides and
T. trichiura infections are associated with treated water,
access to sanitation and hygiene procedures (such as
hand washing before eating and after defaecation and
the use of soap)””’. However, there is an urgent need to
gather stronger evidence to support the role of WASH
programmes in the control of STH infections**.

Preventive chemotherapy. In contrast to most regimens
for individual patient management, preventive chemo-
therapy programmes, advocated since 2001 by the
WHO, rely on single-dose treatment (TABLE 2). Preventive
chemotherapy involves periodic administration of

recommended anthelminthics, usually a single dose
of oral albendazole or mebendazole to preschool and
school-age children, women of reproductive age (as well
as pregnant women in the second and third trimesters
and lactating mothers) and adult groups with high risk
of exposure to STH infections (for example, tea pick-
ers). The recommended treatment schedule (once or
twice per year) is determined by the initial prevalence
of STHs'*”. The goal of preventive chemotherapy pro-
grammes was to achieve a minimum coverage of 75% of
the most affected groups by 2020. In 2017, >598 million
children were treated in endemic regions, correspond-
ing to 69% of all children at risk*”, indicating that the
2020 targets are nearly met. Thus, the WHO set new
targets and indicators®"’: to achieve and maintain elim-
ination of STH morbidity (defined as the prevalence of
moderate and heavy infection intensities below 2%) in
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preschool and school-age children by 2030; to reduce the
number of drug tablets needed in preventive chemother-
apy for STH infections; to increase domestic financial
support for preventive chemotherapy for STH infections;
to establish an efficient STH infections control pro-
gramme in adolescent, pregnant and lactating women; to
establish an efficient strongyloidiasis (an STH infection
caused by Strongyloides spp. nematodes) control pro-
gramme in school-age children; and to ensure universal
access to at least basic sanitation and hygiene by 2030 in
STH-endemic areas.

Epidemiological surveillance. The high-throughput per-
formance of serological assays indicates the suitability of
these tools in epidemiological surveillance. The develop-
ment of serological tools to improve the detection of pre-
patent infections could improve the effectiveness of
surveillance during elimination programmes. However,
the development of such assays is largely hampered by
the lack of antigen specificity — owing to cross-reactivity
between helminth antigens*'' ', and even between hel-
minth and arthropod (such as mosquito and tick) anti-
gens’'>?'° — and the inability to discriminate between
past and current infections. Although serological assays
are available for the diagnosis of animal infections*"”-*,
serological assays of human infections are restricted to
detection of A. suum**' in humans. Of note, anti-A. suum
IgY formed immune complexes with A. lumbricoides
antigens in serum from patients with ascariasis, with
diagnostic sensitivity and specificity values of 80% and
90%, repectively’”?, and, therefore, showed potential for
immune-based diagnosis of ascariasis. Although on the
one hand antigen cross-reactivity reduces the ability to
discriminate among helminth infections, on the other
hand serological assays using cross-reactive or conserved
epitopes among different helminths would be useful for
the control of STH infections, particularly in the appli-
cation and assessment of parasite control achieved using
MDA (see Outlook).

Vaccines. Vaccines might reduce the parasite burden
and, consequently, the morbidity and transmission of
infection (see Outlook). Evidence from experimental
murine models indicated that continuous exposure to
A. suum eggs (three successive infections with 2,500 eggs
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each) led to up to 98% protection, measured as larval
reduction in the host tissues****’. In mice, immuniza-
tion with extract of adult T. muris worms or excreted—
secreted proteins induced a high degree of protection
(up to 100% larval reduction)*****. The development of
vaccines using defined antigens against A. lumbricoides
and T. trichiura has been pursued, but it is still restricted
to experimental models, and no vaccines against A. lum-
bricoides or T. trichiura are currently being assessed in
clinical trials. The selection of new vaccine candidates
and the understanding of protective mechanisms indu-
ced by immunization might open new perspectives
for the control of these infections in endemic areas, as
individual or combined (‘pan-helminth’) vaccines**.

Management

As well as their prevention, the control and treatment
of ascariasis and trichuriasis, like other STH infections,
can be achieved through various strategies that include
environmental sanitation and hygiene, health educa-
tion and the use of anthelminthic drugs. Environmental
sanitation and hygiene are effective, but appreciable
reductions in prevalence and infection intensity take
time. Indeed, it is difficult to distinguish the effects of
WASH initiatives from those of anthelminthic drugs
in control programmes””. Improved methods to assess
levels of environmental exposure to STHs and of uptake
and usage of WASH directives will contribute to under-
standing the role of WASH programmes as adjuncts to
deworming programmes. By contrast, the use of effec-
tive and safe anthelminthic drugs has been shown to
be effective and rapid in reducing prevalence, intensity
and morbidity of these infections. Treatment of ascaria-
sis and trichuriasis includes management of diagnosed
patients with the aim of cure and MDA of anthelmin-
thic drugs to populations in endemic areas to reduce the
burden of disease (preventive chemotherapy).

The current drugs recommended by the WHO
for the treatment of STH infections are albendazole,
mebendazole, levamisole and pyrantel pamoate'"*>".
Albendazole and mebendazole are the two benzimid-
azoles that have been used most widely for decades
against STHs in the treatment of individual patients and
in MDA programmes. For MDA programmes, millions
of tablets are donated each year.

Table 2 | Recommended preventive chemotherapy regimens and efficacy of anthelminthic drugs

Treatment Mechanism of T. trichiura infection A. lumbricoides infection
action Preventive Curerate [Eggreduction Preventive Curerate Egg reduction
chemotherapy® (%)° rate (%)®° chemotherapy® (%)° rate (%)®
Albendazole B-Tubulinbinding ~ Once 321 64.3 Once 96.5 99.7
Mebendazole B-Tubulinbinding ~ Once 444 80.7 Once 96.8 99.5
Albendazole— NA Once 60.0 95.5 Once 96.7 99.9
ivermectin
Levamisole L-subtype nAChR  Once 23.4 41.8 Once 93.0 97.0
agonist
Pyrantel pamoate  L-subtype nAChR  Once 28.5 62.3 Once 97.5 91.7
agonist

A. lumbricoides, Ascaris lumbricoides; NA not applicable; nAChR, nicotinic acetylcholine receptor; T. trichiura, Trichuris trichiura. 2Based on REF.?". "After single

dose administration, based on REF.7*".

NATURE REVIEWS | DISEASE PRIMERS | Article citation ID: (2020) 6:44

13




PRIMER

Treatment of trichuriasis

Although the recommended monotherapies are effective
when used at single oral doses for preventive chemo-
therapy, none of them shows acceptable efficacy (egg
reduction rates >90% based on the target product pro-
file, which describes the desired drug characteristics, for
drugs used for STHs)*** against T. trichiura infections at
single doses (TABLE 2). However, the efficacy increases
when the drugs are used in the recommended dosing
schedules. A double-blind clinical study on Pemba
Island, Tanzania, showed that mebendazole treatment
(twice a day for 3 days) achieved considerably higher
cure and egg reduction rates against T. trichiura infec-
tions than single-dose treatment (cure rate 42.9% ver-
sus 6.8% and egg reduction rate 98.1% versus 71.7%)
in school-age children?”. Why anthelminthic drugs are
less effective against T. trichiura infections than against
other STH infections is not known, but the location of
the parasite (as discussed in the Outlook section) might
have a role.

Treatments under investigation. Owing to this low effi-
cacy of standard monotherapy, monodose combina-
tion chemotherapy has been widely advocated, which
includes the advantages of a single administration and
drug combination therapy. Since 2017, albendazole-
ivermectin is on the WHO essential medicine list for
the treatment of STH infections including strongyloidi-
asis”’. This drug combination was classified as high pri-
ority combination®”, as this treatment is already widely
used for lymphatic filariasis (an infection caused by the
bite of a mosquito carrying nematodes of the Filarioidea
family). Despite the large scale use of this drug com-
bination, the available efficacy data for STH infections
are limited””, and a multi-country randomized con-
trolled double-blind trial has been launched to pro-
vide more robust evidence on the efficacy and safety of
co-administration of ivermectin and albendazole*.

As moxidectin has been approved for the treatment
of onchocerciasis (also known as river blindness, an
infection caused by the bite of blackflies carrying the
nematode Onchocerca volvulus) by the FDA**, alben-
dazole-moxidectin might serve as an alternative drug
combination to albendazole-ivermectin. Albendazole-
moxidectin, used at the recommended dosages, was safe
and effective against T. trichiura infections**. As for
albendazole-ivermectin, large-scale trials to establish the
effectiveness of albendazole-moxidectin are necessary””.

In contrast to the recommended treatments, iver-
mectin®* or moxidectin®”, oxantel pamoate is more
effective, having excellent trichuricidal properties®”.
To compensate for lack of efficacy of oxantel against
A. lumbricoides and hookworm, oxantel has been com-
bined with pyrantel pamoate (for example, Quantrel
(Johnson & Johnson)). Several clinical trials have suc-
cessfully demonstrated that a combination of albenda-
zole and oxantel pamoate is safe and efficacious**.
A network meta-analysis found that a single dose of this
combination was associated with an estimated cure
rate of 88.7% and an egg reduction rate of 96.7%%"'.
Efforts are ongoing to determine whether any existing
data on oxantel pamoate (from veterinary medicine,

in which the drug is widely available, or from regions
where it is registered for use in humans, for example,
the Philippines) can be utilized to support registration of
oxantel pamoate with the European Medicines Agency
and/or the FDA, with the ultimate goal of using it as
combination drug in treatment campaigns.

Emodepside, a veterinary anthelminthic licensed
under the names Profender (Bayer) and Procox (Bayer),
is the only drug in the late stages of clinical development,
in the depleted drug development pipeline for STH
infections. Emodepside is a cyclo-octadepsipeptide that
targets the evolutionarily conserved calcium-activated
potassium channel slowpoke 1 (SLO-1) and the latro-
philin receptors LAT-1 and LAT-2 (REF**), which are
involved in nematode neuromuscular function. The
drug is currently undergoing clinical testing against
onchocerciasis. In laboratory models of STH infections,
emodepside showed a broad spectrum of activity against
the major STHs**’. Thus, emodepside should also be
considered for development as an anthelminthic drug,
although it has the disadvantage of high production
costs, as it is a semi-synthetic compound whose precur-
sor is a metabolite of the fungus Mycelia sterilia. Testing
of other SLO-1 inhibitors is currently ongoing.

Anthelminthic drug resistance. To date, there is no evi-
dence of resistance to benzimidazoles in humans**'.
However, the drug selection pressure that led to wide-
spread anthelminthic drug resistance in veterinary hel-
minths is now similar for human STHs, owing to the
large-scale use of preventive chemotherapy. The reasons
why it is difficult to assess the presence of anthelminthic
drug resistance in humans include the variable drug effi-
cacy, the lack of validated phenotypic or genotypic tests
to detect resistance and working with difficult sample
matrices (that is, stool). Efforts are ongoing to develop
molecular and genomic screening tests of human STHs
to identify mutations that are likely to be associated with
benzimidazole resistance, on the basis of our under-
standing of resistance in veterinary helminths. Several
initiatives are ongoing, including the STOP, DeWorm3
and Starworms (stop anthelmintic resistant worms) proj-
ects, that focus on the assessment of drug efficacy and
the development of molecular methods for the detec-
tion of anthelminthic drug resistance™. It is important
to monitor the presence of resistance-associated single-
nucleotide polymorphisms in human STHs before
resistance becomes clinically established.

Treatment of ascariasis
Several anthelminthics have been developed to effec-
tively manage ascariasis, although their long-term
effectiveness remains a concern. Albendazole, mebenda-
zole, levamisole and pyrantel pamoate have high efficacy
against A. lumbricoides in terms of both cure rates and
egg reduction rates even with a single dose*** (TABLE 2).
Several other marketed anthelminthics, such as ivermec-
tin (TABLE 2), moxidectin and tribendimidine, are also
highly effective against A. lumbricoides™’.

Clinical disease resulting from ascariasis in children
and adults includes intestinal obstruction (a common
occurrence in children in endemic areas), peritoneal
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ascariasis (due to the migration of A. lumbricoides larvae
into the peritoneum through damaged intestine (such
as an ulcer from typhoid fever, an inflamed appendix or,
occasionally, an apparently healthy bowel)) and HPA,
which commonly occurs in adults.

Conservative treatment is the mainstay in the man-
agement of patients with HPA and involves managing
clinical signs and symptoms with appropriate treatment,
such as bowel rest (that is, refraining from eating any-
thing by mouth for a few days as required), intravenous
fluids, analgesic antispasmodics and antibiotics followed
by albendazole*”. If adult worms are not expelled from
the ductal lumen by 3 weeks after anthelminthic treat-
ment, worms may be extracted by endoscopic retrograde
cholangio-pancreatography (with endoscopic explora-
tion of the bile and pancreatic ducts and extraction of
worms), sphincterotomy (enlargement of the bile duct
opening) or, occasionally, laparotomy”*. Intestinal obs-
truction can often be managed conservatively, although
those with signs of peritoneal inflammation generally
require surgery to relieve the obstruction or to resect
damaged bowel**.

Quality of life

Estimating the burden of STH infections
Cross-sectional and prospective observational studies
from the 1990s or earlier indicated substantial adverse
long-term effects of STH infections on several nutri-
tional indices, such as stunting, and also on childhood
cognitive development**. However, randomized con-
trolled trials have been more equivocal in showing
effects of STH infections on nutritional and cognitive
indices, as these trials have shown conflicting results or
results that did not reach statistical significance; more
recent systematic reviews of intervention studies have
been able to demonstrate only negligible effects on
growth and nutritional parameters, cognition and mor-
tality?*’-**. A meta-analysis of observational and ran-
domized treatment studies showed no overall effect on
cognitive parameters in children in treatment trials but
infection-related deficits in some parameters in observa-
tional studies, although these deficits were considered to
be highly vulnerable to bias because of the poor method-
ological quality of many studies®”. A systematic review of
the benefits of nutritional supplementation (for example,
iron) in addition to anthelminthic treatment highlighted
that the evidence base was so weak that no nutritional
supplementation could be recommended®'. Criticisms
of these systematic reviews have focused largely on the
following considerations: that including uninfected chil-
dren or children with low parasite burdens in the analy-
ses might have ‘diluted’ the effects of STH infections on
the parameters measured; that the study populations
may have been infected with a variety of different hel-
minth species and, therefore, it would have been impos-
sible to attribute species-specific effects; and that school
absenteeism by the most affected children could have
biased the results towards no effect, as these children
would not have been examined as they did not attend
school. A critical appraisal of systematic reviews noted
the need for new studies designed and powered to over-
come these limitations to enable morbidity from STH
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infections to be measured more accurately**®. Certainly,

observational studies in children with heavy infection
intensities have shown remarkable effects of treatment
on ‘catch-up’ growth (compensatory accelerated growth
after a period of slow development) after treatment, par-
ticularly in those with severe triuchuriasis'*”*>**, but
the frequencies of children at risk of severe disease have
declined markedly in line with worldwide reductions in
poverty rates**>.

Trichuriasis

In keeping with the challenges in quantifying the effects
of living with STH infections outlined above, estimating
the effects of trichuriasis on quality of life in popula-
tions in endemic areas is complicated by uncertainty
in the estimates of prevalence and parasite burdens
and imprecision in those effects on quality of life indi-
ces. Quality of life is most likely to be affected during
chronic infections and/or infections of heavy intensity.
Death is thought to be an unusual outcome, although
no reliable estimates of mortality exist”°. Nevertheless,
trichuriasis probably has direct effects on several quality
of life domains, such as economic productivity, educa-
tional performance and health, although there are lim-
ited data measuring such effects. Trichuriasis can affect
cognition*”, school performance®® and school absen-
teeism rates”’ and, therefore, probably has direct effects
on educational achievement and economic potential of
individuals. Curative chemotherapy and treatment with
iron in children with TDS can have dramatic effects on
linear growth velocities'*. The benefits of deworming
programmes in children has generated considerable
controversy given negative findings of meta-analyses,
as discussed above. However, T. trichiura infection may
impair developmental and cognitive abilities in children,
although the benefits of treatment in reversing such
deficits is hotly debated!>%>4$0:2,

Health effects such as those associated with anae-
mia and poor growth will probably affect physical
fitness*' and economic productivity’?, as well as the
quality of social interactions and well-being. Anaemia
can be severe in vulnerable groups (such as pregnant
women, whose iron reserves may be severely depleted),
although it is usually not as pronounced as in those
with hookworm infection'**'*". The various health con-
sequences of infection can be summarized crudely in
disability-adjusted life years (DALYs), an estimate of
the number of years of ‘healthy life’ that are lost and
are attributable to a specific infection, on the basis of
morbidity and mortality data. For trichuriasis, esti-
mated DALY are highly variable between studies but
were estimated at 0.213 million in 2017 (REF>), with the
greatest burden in the populous regions of Asia (~60%
of DALYs). This figure represents a decline of 23% since
2007, largely due to reductions in poverty and improved
access to anthelminthic drugs among high-risk groups.
These estimates were calculated using disability weights
(factors that quantify the magnitude of health loss asso-
ciated with specific health outcomes) based on symp-
tomatic infection, wasting and mild abdominopelvic
problems, with no attributed mortality. Recently, girls
and women of reproductive age have been included
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as a high-risk group for anthelminthic treatment pro-
grammes, on the basis in part of the epidemiological
links between T. trichiura infection and risk of anaemia
in this group®®. Trichuriasis is most common among
those living in tropical regions in conditions of extreme
poverty (that is, on less than US$1.90 per day). Many of
the factors that feed extreme poverty are linked to the
risk of T. trichiura infection, which in turn contributes to
the underlying causes of poverty. Thus, effective control
of T. trichiura infection should contribute to reductions
in poverty through improvements in health, educational
achievement and economic productivity.

Ascariasis

As for trichuriasis, the burden of ascariasis is associated
with the chronic and insidious effects that this disease
has on the health and quality of life of infected individu-
als. A. lumbricoides, like T. trichiura, has a substantial role
in childhood protein energy malnutrition and reduced
food intake, leading to growth retardation, poor cog-
nitive development, school absenteeism and poor aca-
demic performance. Collectively, these effects reduce
an individual’s productivity, thereby limiting the eco-
nomic prospects of regions where A. lumbricoides is
endemic™%.

The unique hepatic migration of Ascaris spp. can
contribute to liver inflammation. An extensive prospec-
tive study in hospital patients in India revealed that in
14.5% of patients with liver abscess the cause was biliary
ascariasis, and 11 patients had intact Ascaris spp. larvae
within the liver abscess'””. High burdens of adult worms
are associated with life-threatening complications in
children and adults, generally caused by intestinal and
biliary obstruction®*® among those with worm bur-
dens of >60 parasites”™. Airway obstruction, a poten-
tial life-threatening event arising from A. lumbricoides
infection, has also been reported?’’-*’%; however, this
condition is rare, and there are no available data on its
prevalence. The global DALY estimate for ascariasis was
0.861 million in 2017 (REF**). Compared with data pub-
lished in 2007, ascariasis was associated with the lar-
gest decrease in DALY's among all intestinal nematode
infections, possibly owing to deworming programmes
and socio-economic development. Ascariasis has been
associated with more-severe asthma symptoms among
children living in urban areas of the tropics, an effect
attributed to strong pro-allergic effects of low levels of
exposure to the parasite?”>**.

Outlook

Drug treatment and parasitological monitoring
Complex and multifaceted challenges remain in the
elimination of Ascaris spp. and Trichuris spp. infec-
tions. These challenges include the sustainability of
preventive chemotherapy; the choice of at-risk groups
(for example, at present, adult men are excluded from
MDA programmes, and a study in Myanmar identified
that this group has substantial burdens of both hook-
worm and T. trichiura infections””); the possible emer-
gence of anthelminthic drug resistance; and the fact
that a pan-STH vaccine® is an ambitious endeavour.
Furthermore, the emerging data on the effect of WASH

programmes”” suggest that while the prevalence of STH

infection remains high, MDA will still be required, and
the benefits of WASH programmes will only be realized
in the longer term. Certainly, the funding of initiatives
such as the DeWorm3 project”® is a welcome endeavour
that will test the feasibility of interrupting transmission
of STH infections using biannual MDA targeting all age
groups, coupled with large-scale application of PCR
assays for monitoring the efficacy of drug treatment.
An argument that is gaining momentum is the need
to move away from focusing on the treatment of only
school-age children to a community-wide approach,
especially in high transmission areas®”’. A large-scale
randomized trial in Kenya that compared three treat-
ment strategies (the annual treatment of the whole com-
munity, the biannual treatment of the whole community
and the current focus of annually treating only children
of 2-14 years of age) concluded that annual or biannual
community treatment was more effective in reducing the
prevalence and intensity of hookworm infections than
treatment of school-age children only, but this approach
needs to be explored in the context of infections with
Ascaris spp. and T. trichiura™®.

We urgently require well-designed, long-term epide-
miological studies providing quantitative data, including
data for appropriate mathematical modelling, to plan
future elimination strategies. In this context, parasito-
logical monitoring®”, combined with the development
of appropriate mathematical modelling approaches, is
a key component required to improve our understand-
ing of the efficacy of control strategies. New methods
need to be developed to enable rapid measurement of
the prevalence of STH infections in preschool children,
school-age children, women of reproductive age and
other at-risk groups, providing a more complete picture
of the burden of STH infections in the entire commu-
nity. In this context, the most urgent need is for accurate
estimates of key parameters that can be fitted to math-
ematical models to assess the effect of treatment in key
at-risk groups; such parameters include density depen-
dence in worm fecundity (which is observed as a reduc-
tion in egg production with increasing worm burdens),
parasite life expectancy, egg survival in the environment
and age-specific force of infection, which describes the
per capita rate at which susceptible individuals acquire
infection*.

The development of new drugs

The long-term effectiveness of the drugs currently avail-
able to treat Ascaris spp. and Trichuris spp. infections is
a major concern and underpins the need for novel drug
discovery. Encouragingly, drugs with new mechanisms
of action and new drug candidates from natural products
are being discovered. Further, access to the genomes of
these®**' and many other parasites® offers the prospect
of enhanced target-based screening for new anthelmin-
thics. A chemogenomics approach (which takes the most
promising drug targets in parasite genomes and explores
their potential) is underway. For Trichuris spp., 40 prior-
ity targets were associated with 720 drug-like compounds
(181 of which reached phase III/IV clinical trials for other
human therapeutic applications and, therefore, would
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informed by imaging techniques
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Fig. 6 | Outlook for the development of novel drugs for soil-transmitted helminth infections. Chemogenomics
approaches will help to identify new candidate anthelminthic drugs targeting Ascaris spp. and Trichuris spp. Targets
common to all soil-transmitted helminths (STHs) will be of particular interest. Advanced, automated phenotypic
screening platforms of putative new drugs will emerge. An improved understanding of the worm life cycle, host-parasite
interactions and host immunity to infection, informed by imaging techniques, may assist in adding context to omics-based
discoveries, and, as a result, additional candidate targets might be identified, as well as challenges in developing new
therapies. The live imaging photo shows the front end of an adult Trichuris muris worm. The scanning electron microscopy
image shows the front end of an adult T. muris worm, highlighting structures called cuticular inflations®**. The immunohis-

tochemistry image shows neutrophils (red) in the lamina propria of the colon around an adult T. muris worm (arrows).
The X-ray micro-CT images show 3D rendering of the host intestinal mucosa (pink). The positioning of adult T. muris
within the epithelial cell layer (black arrows) is made clear by altering transparency of the rendering. Images courtesy of
J. O’Sullivan and H. Smith, University of Manchester, Manchester, UK.

probably have good host tolerance*). For Ascaris spp.,
new targets with their variety of inhibitors may also
offer new routes to drug discovery*'.

Phenotypic screening, using live, ex vivo nematodes,
has resulted in the discovery of most currently available
anthelminthics® and is likely to remain an impor-
tant approach in the future. New platforms encom-
passing automated phenotyping that are suited to
high-throughput chemical screening for motility and
growth impairment in C. elegans and parasitic nema-
todes are available’. Such platforms facilitate the testing
of putative drugs across different parasite species, with
the goal of discovering moieties with activity against
trematodes and nematodes. The wealth of behavioural
data on mutants of C. elegans is also an accessible
resource in the search for new candidate drug targets’.
Compounds active against parasites and C. elegans will
facilitate genetic approaches to target identification.
By this means, new classes of compounds with anthel-
minthic properties are emerging*, including some with
activity against both adult and egg stages, which may
interrupt transmission®”. This feature could be impor-
tant, as both Trichuris spp. and Ascaris spp. eggs can
remain viable in soil for extended periods**.

The use of advanced imaging technologies may
improve our understanding of parasite-host biology
and facilitate the development of novel drugs against
STHs in general (FIC. 6). One such example is X-ray CT,
which provides re-constructed 3D images of parasites
in situ and over time*”. This technique can highlight in
detail parasite interactions with host tissue. For example,

the attachment site of T. trichiura, the epithelial tunnel,
remains poorly understood. To date the tunnel has only
been viewed by scanning electron microscopy*” of the
surface of the epithelial cells that line the gut lumen and
by conventional histology, which provides a 2D view””.
3D imaging offers the potential to view the attachment
site in a more-holistic way and has already begun to
show the complexity of T. muris interactions with intes-
tinal cells. This complex interplay may present particular
challenges for worm clearance™. Further, acknowledging
and addressing important differences in the biology of
Ascaris spp. and Trichuris spp. will facilitate the devel-
opment of bespoke strategies to reduce prevalence and
control morbidity. Future investigations of mechanisms
of resistance and pathophysiology in animal models
must focus on more physiologically relevant dosing
regimens (low-dose infection and repeated low-dose
(‘trickle’) infections)?”'. Mechanistic studies in mouse
models must take into account the importance of con-
text if we are to better model human trichuriasis and
ascariasis. Such adjustments should include a consider-
ation of the array of intrinsic and extrinsic host factors,
such as genetics, age, sex, microbiota (which includes
viruses, fungi and gut protozoa), co-infections, nutrition
and reproductive state. Complex environmental factors
affect individual variation in the immune status, and this
interaction can be modelled, for example, in wild mouse
populations®” and semi-wild systems*”.
Anthelminthic drug resistance mechanisms may
involve pharmacokinetics, drug detoxification and
target-site modifications, all of which can shorten the
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useful lifespan of valuable compounds. Hence, discov-
ering ways to circumvent resistance will be important
in the future. Arguably the few compounds in repeated
current use may increase the chances of resistance devel-
oping”’. Increasing the pipeline of new compounds will
be important, as well as rotating or combining drug
treatments. Resistance may be under-reported if we
only screen for known resistance-associated polymor-
phisms. Improved molecular markers*” are needed to
better understand resistance, especially when planning
large-scale deworming programmes worldwide.

Targeting liver immunity

Stimulating host immunity may offer a therapeutic ave-
nue, and there is emerging evidence for the role of the
liver in immunity to ascariasis''*°. The liver proteome
has been investigated in two inbred mouse strains, sus-
ceptible and resistant to Ascaris spp. infection'””. Higher
levels of mitochondrial proteins involved in oxidative
phosphorylation were observed in the resistant strain
(both at baseline and during infection) than in the sus-
ceptible strain. Thus, an intrinsic difference in the levels
of reactive oxygen species in the liver could provide an
advantage against the parasite in the resistant strain'’'.
In another study, a lower burden of Ascaris spp. larvae
was observed in the lungs of reinfected mice than in the
lungs of mice infected for the first time. Further, lesions
caused by hepatocyte necrosis and infiltration of eosin-
ophils and neutrophils were more pronounced in the
reinfected group; thus, the more pronounced hepatic
immune response in the reinfected group resulted in
a reduced lung larval burden*’. Novel therapies target-
ing the liver could conceivably stop larval migration,
reducing tissue damage and impairing development of
adult worms.

The development of vaccines

Concerns remain that MDA alone will not be sufficient
to eliminate STH infections, owing to rapid reinfection
in environments where long-lived eggs survive, poor
drug efficacy particularly against T. trichiura, the pos-
sibility of drug resistance and a lack of access to clean
water and adequate sanitation. Thus, vaccination will be
a continued focus for the future. However, in contrast to
the efforts made to develop an anti-hookworm vaccine,
progress in anti-Ascaris spp. and anti- Trichuris spp. vac-
cines has been slow. Pigs exposed to a vaccine composed
of UV-irradiated, and thereby attenuated, A. suum eggs
demonstrated enhanced immunity to a challenge with
infective eggs, evidenced by reduced numbers of migrat-
ing larvae and adult worms in the intestine*”’. However,
exposure to a mixture of antigens carries the risk of
inducing allergic responses due to the allergenic proper-
ties of these antigens. The genes encoding several chemi-
cally defined antigens have been cloned, the recombinant

proteins have been expressed, and six antigens have been
targeted for further investigation®*, including As14 (an
antigen found in both larval and adult Ascaris spp. worms
that induces a 64% reduction in the number of larvae
after vaccination in mice®®), As16 (REF*”) and As37
(REF™). T. muris has not been studied as extensively as
A. suum with respect to the development of recombinant
antigens™. Antigens derived from the stichosome have
induced substantial reductions in worm burdens in a
mouse model*”. Further, the T. muris whey acidic pro-
tein (rTm-WAP49), secreted from the parasite’s sticho-
some and with tentatively ascribed pore-forming activity,
has been proposed as a promising vaccine candidate®”’,
suggesting that the evaluation of T. muris recombinant
proteins as immunogenic entities is gathering pace.
rTm-WAP49 achieved a 48% reduction in worm burden
in mice and showed high sequence conservation with
the T. trichiura WAP proteins™'. More recently, a novel
CD4" T cell epitope-based vaccine has also been shown
to promote protective immunity in the mouse model®”.

Final words

STHs are complex pathogens, and their control presents
complex challenges, which differ according to context.
Thus, formulating control guidelines and approaches
that are universally applicable is a non-trivial task.
A comprehensive approach including MDA, education
and sanitation is crucial, in parallel with basic biological
research. Enabling regions to take ownership of control
programmes, thereby moving towards self-sustainability
in both drug administration and drug procurement, is
a key goal. In this context, new targets and indicators
have been set by the WHO. For example, the number
of regions supporting deworming programmes with
domestic funds is scheduled to increase from 5 in 2023
to 25 in 2030. Further, improved sanitation is a major
goal, with the ambitious target of decreasing open
defaecation to 0% in STH-endemic areas by 2030, with
progress towards this goal monitored from national sur-
veys and census data. In addition to enabling regions
to take ownership of control programmes, building a
critical mass of scientists conducting infectious disease
research in their home regions, where STH infections
are endemic, is equally important. Multiple unmet needs
exist in the field of basic biology of infection, including
the need to develop affordable, sensitive diagnostic tools
to monitor parasite prevalence and infection intensity
and innovation in vaccine research. Nevertheless, the
current pace of technological advances in biological
research combined with the growth of multidisciplinary
approaches suggests that living with STH infections will
one day be the exception rather than the rule in regions
where STHs are now endemic.
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