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Abstract Trichuriasis and Ascariasis are neglected tropical diseases caused by the 51 

gastrointestinal dwelling nematodes Trichuris trichiura and Ascaris lumbricoides respectively. 52 

In both cases, infection is initiated by ingestion of infective eggs, with eggs hatching in the 53 

intestine. Thereafter however the similarity ends: Trichuris sp. larvae go through a 54 

succession of moults within intestinal epithelial cells, with adult worms subsequently taking 55 

up a partially intracellular residency in the large intestine. By contrast, Ascaris sp. larvae 56 

leave the gut, penetrating the mucosa, and migrate round the body passing through the liver 57 

and lungs before finally arriving back in the intestine to become a luminal dwelling small 58 

intestinal adult. Both parasites are staggeringly prevalent and are associated with significant 59 

morbidity, with type 2 anti-parasite immunity evidenced in both humans and animal models. 60 

Whilst diagnosis, screening and prevention strategies for Trichuris sp. and Ascaris sp. share 61 

many commonalities, the effectiveness of drug treatment is strikingly different. Thus, whilst 62 

all current drugs recommended by the WHO achieve cure rates for Ascaris sp. approaching 63 

100%, Trichuris sp. is curiously difficult to treat with cure rates as low as 23% reported. 64 

Novel anthelmintic drug discovery therefore needs expediting in conjunction with vaccine 65 

development, with advances in the control of both parasites also requiring improved water, 66 

hygiene, education, and tools for diagnosis and assessment of parasite control in the field. 67 

[H1] Introduction 68 

Whipworms are large-intestinal nematode parasites of mammals. The generic name for 69 

whipworm is Trichuris meaning “hair tail”; a name applied by Johann Georg Roederer in 70 

1761, mistaking the thin front end as the tail. Over 70 species of Trichuris are recognised, 71 

including the medically important human species T. trichiura and the pig whipworm T. suis. 72 

Whipworms have been associated with man for over eight thousand years, as evidenced by 73 

the presence of Trichuris eggs in coprolites found in both Old and New World archaeological 74 

sites1-3. Ascaris lumbricoides (first described by Carl Linnaeus in 1758), commonly known as 75 

the human roundworm, is also an intestinal nematode and is the causative agent of the 76 

disease ascariasis. In contrast to whipworms, roundworms dwell in the small intestine. 77 

Ascaris also differs from Trichuris in that only one other species of Ascaris has been 78 

described, Ascaris suum, a ubiquitous infection of pigs. After considerable debate as to 79 

whether these two ascarids are in fact distinct species, current opinion is that the two 80 

species are closely related at the phylogenetic level but reproductively isolated4. Like 81 

Trichuris, Ascaris has had a long association with its human host with infections detected in 82 

embalming material from over 7000 years ago5 (Figure 1).  83 

 84 



 

 

Both T. trichiura and A. lumbricoides are highly prevalent infections6,7. The infections occur 85 

by ingestion of embryonated eggs through contaminated soil and food. Both parasites 86 

contribute to chronic, long-term nutritional morbidity and less well supported impacts on 87 

cognitive development. Acute complications such as intestinal obstruction and biliary 88 

ascariasis are associated with heavy Ascaris infection, whereas for Trichuris these include 89 

dysenteric syndrome and rectal prolapse. The main approach to control is large-scale 90 

provision of anthelmintic treatment to children, and girls and women of reproductive age with 91 

accompanying improvements in access to clean water and sanitation with an aim to reduce 92 

worm burden-associated morbidity8. Whilst largely effective against Ascaris, mass drug 93 

administration programmes have been significantly less impressive against Trichuris 94 

particularly in Sub-Saharan Africa9. 95 

 96 

This Primer provides a current view of both Ascaris and Trichuris epidemiology, disease 97 

mechanisms, diagnosis, screening and prevention. We also review current management 98 

strategies and consider key research areas, which, in the future may move us towards 99 

improved control of these two important neglected tropical diseases. Further, we take the 100 

opportunity to compare and contrast Ascaris and Trichuris infections, which despite sharing 101 

several parasitic traits, differ in important areas, with important consequences for control 102 

strategies. 103 

 104 

[H1] Epidemiology  105 

T. trichiura and A. lumbricoides infections are highly prevalent worldwide, infecting an 106 

estimated 465 and 819 million humans, respectively6,10. Both infections often occur together 107 

in children and are generally overlooked being associated with non-specific gastrointestinal 108 

symptoms. Morbidity is most likely to occur among children with moderate to heavy infection 109 

intensities and is attributed to chronic effects on nutrition and growth. Heavily infected 110 

children with T. trichiura may present to health facilities with failure to thrive and diarrhoea, 111 

which may be bloody, and occasionally with rectal prolapse. Adults with heavy infestations 112 

may present with chronic iron-deficiency anaemia and colitis. Heavy infections with 113 

ascariasis are a common cause of surgical emergencies in endemic regions causing 114 

intestinal obstruction in children and biliary and pancreatic disease in adults. There are 115 

limited data to quantify the frequency of these complications but current estimates for deaths 116 

attributable to ascariasis were 3,205 worldwide in 2017 while no deaths were considered 117 

attributable to trichuriasis11.   118 

 119 

 120 

[H2] Trichuris trichiura  121 



 

 

 122 

T. trichiura infects humans most frequently in warm and moist conditions in tropical and sub-123 

tropical regions. Although zoonotic infections in humans have been reported with other 124 

species of Trichiura such as T. suis (from pigs) and T. vulpis (from dogs) these generally 125 

cause attenuated infections and rarely develop to sexual maturity in humans. The 126 

geographical distribution of T. trichiura - estimated using geographical information systems 127 

tools that allow predictions of regions permissive for transmission based on spatial 128 

information for temperature, humidity, and population density - overlaps largely with that of 129 

A. lumbricoides with which it shares similar epidemiological characteristics (Figure 2). 130 

Human trichuriasis is a classic infection of poverty, where a lack of education and access to 131 

sanitation and clean water within an ecologically permissive environment, determines 132 

opportunities for transmission. In such environments, community prevalence of infections 133 

can be in excess of 90%, particularly affecting children aged 5 to 15 years among whom 134 

parasite burdens are greatest12. Age-prevalence profiles are concave with peak prevalence 135 

occurring at an earlier age in areas of more intense transmission and likely relates to 136 

exposure risk of ingestion of eggs from a faecally-contaminated environment. An age-137 

dependent decline in prevalence is often seen in older children and adults relating to 138 

reduced exposure and possible age-acquired immunity. Transmission requires embryonation 139 

of T. trichiura eggs in the environment, and whilst eggs will survive temperatures below 140 

freezing, they will not embryonate in freezing conditions or where temperatures exceed 141 

37°C13,14.  142 

 143 

The risk of T. trichiura infection is not uniform within endemic populations: A small proportion 144 

of infected individuals (typically less than 10% in high prevalence populations), generally 145 

small children, harbour most adult worms while the remaining infected children and adults 146 

harbour few adult worms15. Such aggregated distributions of adult worms (which may survive 147 

for 1-8 years in the human intestine16) within endemic communities are typical of soil-148 

transmitted helminths (STHs). There is evidence from some but not all epidemiological 149 

studies for an increased susceptibility to T. trichiura infection among some groups of 150 

individuals – infected individuals are more likely become re-infected after chemotherapy17. 151 

Individual susceptibility may be determined by one or more of behavioural, environmental, or 152 

genetic factors and immunological factors17. Further, heavily infected individuals tend to be 153 

those who reacquire the heaviest parasite burdens following treatment14,17,18. T. trichiura has 154 

been shown to cluster within families in rural China19 and linkage analysis in Nepal identified 155 

two quantitative trait loci on chromosomes 9 and 18, respectively, associated with 156 

susceptibility to infection20 although the contributing genes at these loci remain unknown. 157 



 

 

Further, a recent study in Brazil showed susceptibility to T. trichiura infection to be 158 

associated with polymorphisms in the TGF-B1 gene21  159 

 160 

Treatment of school age children is considered a cost-effective strategy for the control of T. 161 

trichiura in endemic communities by cutting infections in the primary infection reservoir15, 162 

thus reducing transmission within communities. Temporal increases in economic and 163 

environmental conditions coupled with increased access to periodic chemotherapy of school-164 

age children have led to substantial declines in prevalence and intensity of infection in Asia 165 

over the last decade, particularly in China, Korea, and Indonesia6.Similar declines have not 166 

been seen in Latin American and Sub-Saharan African regions 6,22. However, declines in the 167 

numbers of children with moderate to heavy infection intensities, the group most at risk of 168 

severe disease, have been observed in almost all populations where school-children have 169 

received repeated preventive chemotherapy23. Overall, prevalence of ascariasis was 170 

estimated to decline by 10% between 2005 and 2015 while trichuriasis declined by only 171 

2%10. 172 

 173 

Under experimental conditions, humans can become infected with the pig whipworm 174 

T. suis13  but these infections appear at least in some cases to only establish 175 

temporarily24; equally T. trichiura can be established in pigs but they do not persist 176 

(Beer 1976). Futher, Ghai et al present data indicating that the taxonomic, population 177 

and phylogenetic structure of T. trichiura is complex25. Thus these data suggest that 178 

T. trichiura is not a single multi-host species but a series of lineages some of which 179 

are able to infect multiple host species within the Order primates. 180 

 181 

 182 

[H2] Ascaris lumbricoides 183 

Globally, A. lumbricoides is estimated to infect 819 million humans6,26 following the same 184 

geographical distribution in tropical and subtropical areas as observed in trichuriasis (Figure 185 

2). While the route of infection (oral-fecal transmission) is the same for both parasites, the 186 

geographical distribution of the parasitism does not perfectly overlap although no evidences 187 

were described to explain specific areas for each disease. However, in the endemic areas 188 

with overlap of geographical distribution of both parasites, the coinfection might occur and it 189 

results in exacerbation of morbidity and high intensity infections27-31. Ascariasis is also 190 

associated with poverty and hence the lack of proper sanitary infrastructure and poor socio-191 

economic conditions favours the transmission of the parasite32,33. An over-dispersed 192 

frequency distribution34 is overall observed, with most individuals harbouring a low to 193 

moderate parasite infection and few heavily infected hosts, possibly due to the chronic 194 



 

 

exposure to the parasite that might lead to protection despite the morbidity, as evidenced in 195 

experimental infection35 .  196 

 197 

Predisposition (reinfection with similar or higher worm burdens to those before treatment) is 198 

also an epidemiological phenomenon observed for ascariasis in mice36 in a similar way 199 

observed for T. trichiura infection. While the mechanisms that determine predisposition are 200 

not fully elucidated, exposure to infection and host susceptibility are likely to be important. 201 

Socio-economic circumstances such as poor housing infrastructure37 and deficiency in 202 

hygiene practices38 are factors that influence the intensity of infection. The difference of 203 

worm burden in adults (which often present lower intensity of infection than children)36 might 204 

suggest a behavioral-mediated reduction of exposure or acquired immunity after continuous 205 

exposure to the parasite. While experimental data in mice demonstrate the reduction of 206 

parasite burden after repeated exposure to Ascaris sp. infection35, the over-dispersed worm 207 

frequency distribution in humans is recorded in all age classes, indicating that neither age 208 

nor immunity are the primary determinants of variability in infection intensity. Environmental 209 

and behavioural features39, as well as hosts genetics and immunity40-44, are important 210 

determinants of infection status45. 211 

 212 

Experimental and molecular evidence of possible cross-transmission indicated that humans 213 

can be infected by A. suum46-48 and, similarly, swines can harbor A. lumbricoides48 . These 214 

data suggest that pigs might act as a potential reservoir of infection for humans and, more 215 

importantly, might point out a possible role of zoonotic infection by A. suum in humans49. 216 

The zoonotic potential of both A. suum, and T. suis, has been reviewed Nejsum et al50.  217 

 218 

[H1] Mechanisms/pathophysiology  219 

 220 

Studies on immunity to, and the pathology of, human whipworm and roundworm infections 221 

have generated interesting correlates with resistance to reinfection, however it is through the 222 

use of animal models, and particularly the laboratory mouse, that mechanistic insights have 223 

been gained. The information below is divided up into current knowledge for the human 224 

infection, followed by insights from animal models, and includes, where possible, reflections 225 

on how findings in animal models fit with the human disease. 226 

 227 

[H2] Trichuris species 228 

Whilst different species of Trichuris are very host-specific, they all follow a similar life cycle 229 

pattern (Figure 3). After the ingestion of embryonated eggs on contaminated food or in 230 

water, eggs from the soil hatch in the large intestine (caecum/proximal colon); in the mouse, 231 



 

 

hatching is triggered by the presence of bacteria and it is likely that similar bacterial cues are 232 

applicable to egg-hatching in other Trichuris species51. First stage (L1) larvae are released 233 

and these penetrate the epithelial cells at the crypt base, taking up an intracellular niche 234 

within a multicellular epithelial “tunnel” the biology of which is unknown52. There they grow 235 

and moult through the L2 to L4 and adult stages with timings of these moults defined in the 236 

mouse model53. The pre-patent period, the time from infection to egg production - is defined 237 

in mice at around 33-35 days. However the equivalent timings in humans are unclear. By the 238 

L3 stage the parasite is no longer fully intracellular with its posterior end loose in the gut 239 

lumen whilst its long thin anterior end, containing the stichosome, a modified oesophagus 240 

comprised of multiple cells called stichocytes that duct into the oesophageal lumen, remains 241 

embedded within a syncytial tunnel of modified host epithelial cells, without significantly 242 

compromising gut barrier integrity. Adult male and female stages of T. muris emerge around 243 

32 days after infection, with fertilized adult females releasing 2,000 to 8,000 eggs per day54. 244 

Eggs of Trichuris spp pass out with host faeces in an uninfective state, taking two weeks to 245 

one month, according to environmental conditions to become infective13 by which time the 246 

L1 larva has developed within the egg and the egg is now described as “embryonated”. The 247 

life cycle of T. trichiura is similar to that of T. muris, although the timings of moults may differ. 248 

Thus, in humans, patent infections from ingestion of eggs to the development of mature 249 

adult females takes 2-3 months and adults, measuring 3 to 5 cm, may survive for 1-8 years 250 

in the human intestine16. Novel imaging tools are beginning to provide unique insights into 251 

both host pathology and parasite behaviour55,56. Throughout the life cycle in both the murine, 252 

porcine and human host, whipworms are known to excrete and secrete a variety of parasite 253 

derived molecules that interact with their environment and host. Some are known to be 254 

antigenic and some have been shown to be immunomodulatory57-59, but the functions of 255 

most are still to be determined. A better understanding of the host-parasite relationship will 256 

likely support the development to new therapeutics (see Outlook).  257 

 258 

[H3] Human trichuriasis: the evidence for Type 2 acquired immunity to infection 259 

The concept of T helper cell subsets which emerged in the late 1980s from laboratory mouse 260 

models60, revolutionised our understanding of resistance and susceptibility to infection. 261 

Whilst the original T helper 1 and T helper 2 framework has been superseded by a much 262 

more complex model embracing other T cell subsets (for example T regulatory cells, Th17 263 

cells) and cell subsets within the innate immune system, the original paradigm remains 264 

sound. Studying immunity to human trichuriasis is fraught with difficulty, with challenges 265 

including genetic heterogeneity, undefined infection history and exposure, and 266 

polyparasitism. Nevertheless, comprehensive cross-sectional serological field studies point 267 

clearly to a positive correlation between anti-Trichuris IgE levels and decreasing infection 268 



 

 

levels61, with IgE representing an antibody isotype controlled by Type 2 responses. Analyses 269 

of Type 1 and Type 2 cytokines in supernatants from re-stimulated peripheral blood 270 

leukocytes from humans infected solely with T. trichiura are lacking, given that 271 

polyparasitism is usual in endemic populations. However, important data sets from 272 

polyparasitised populations infected with gastro-intestinal nematodes including T. trichiura 273 

strongly support the view that these infections induce Type 2 and regulatory responses62 and 274 

that acquired immunity requires Type 2 protective immune responses that develop slowly 275 

after years, if not decades, of exposure63. More recently single-subject self-infection studies 276 

have contributed to our understanding of how Trichuris modulates human immunity: a 277 

longitudinal analysis of T cell subsets in mucosal biopsy samples and peripheral blood 278 

revealed a mixed local T cell response (T helper Type 1, 2, 17 and T regulatory) whilst 279 

circulating mononuclear cells became predominantly Type 2 (Ref64). A second such study 280 

revealed an amelioration of the symptoms of colitis following T. trichuria infection likely 281 

through improved Th2 and IL-22 mediated barrier function65. 282 

 283 

[H3] Insights from animal models  284 

Preclinical models have been able to delve more deeply into both the underlying cellular 285 

regulatory mechanisms that control resistance and susceptibility to infection and the effector 286 

mechanisms that eliminate the parasite. Although we focus on the T. muris mouse model of 287 

human trichuriasis in the following section, T. suis in pigs has also generated important data 288 

which  reveal commonalities between mouse, human and pig in Type 2 immunity66. 289 

 290 

Trichuris muris is the natural whipworm of mice, and is genetically and antigenically similar 291 

to T. trichiura, with muris and trichiura also showing similar epidemiological patterns in their 292 

respective hosts. The importance of Type 2 immunity in resistance to infection has been 293 

unequivocally demonstrated by many different research laboratories67-70 and research now 294 

focuses on untangling the contributions of other cellular subsets68,71,72. An emerging concept 295 

from these studies is that the relevance of different cell types in promoting Type 2 immunity 296 

is context dependent; thus, essential cellular contributions in one strain of mouse become 297 

redundant in a different strain of mouse or when the cytokine balance is artificially 298 

manipulated73,74 with important implications for translation to man. One of the burning 299 

questions is how do protective Type 2 responses develop; with answers to this question 300 

likely to inform smart vaccine development in the future. For a summary of our current 301 

knowledge in this context see Box 1.  302 

 303 

[H3] Type 2 controlled effector mechanism: how are whipworms expelled? 304 

In addition to the wealth of evidence supporting the importance of Type 2 immune responses 305 

in protective immunity to trichuriasis, mouse models continue to provide data addressing 306 

exactly how CD4+ Type 2 cells bring about worm expulsion. Arguably the most persuasive 307 



 

 

effector mechanism described is the role established for goblet cells and mucus. Through 308 

the use of mucin deficient mouse strains, muc 2 and muc5ac75,76 have been shown to be 309 

important in resistance to T. muris, likely via direct interactions with the parasite in the gut. 310 

The presence of muc 2-degrading enzymes in the Trichuris genome also supports an anti-311 

helminth role77. Complementing a mucus-based effectore mechanism, Type 2 cyokines have 312 

also been shown to stimulate intestinal muscle contraction in the context of T.muris, and this 313 

enhanced contractility is associated with an acceleration of worm clearance78.  While 314 

increases in mucus production and changes in the contraction of gut muscles may be 315 

common host responses to most gastro-intestinal helminths, regulation of epithelial cell 316 

turnover may be an effector mechanism specific for Trichuris through effects on its 317 

intracellular habitat. Here the Type 2 cytokine IL-13 has been shown to increase the rate of 318 

epithelial turnover thus displacing the parasite from its niche79. Though likely, whether these 319 

effector mechanisms also apply to human trichuriasis is difficult to establish. Gastro-320 

intestinal helminth infections of mouse and man drive strong IgE responses, much of which 321 

is non-specific80. As mentioned above, human Trichuris-specific IgE antibody levels 322 

negatively correlate with worm burden. Thus, the older age cohorts which harbour lower 323 

Trichuris infection burdens have significantly higher Trichuris-specific IgE. A direct role for 324 

IgE in host protection has been difficult to establish and instead of having a functional role, 325 

parasite-specific IgE levels in man may represent a useful biomarker of a Type 2 immune 326 

response. Animal models have certainly revealed B cells to be important, though not 327 

essential, in resistance to T. muris infection.73,81 However, exactly how the B cell contributes 328 

to the protective immune response is unclear and may not be related to its role in antibody 329 

production. Thus, the B cell can also act as an antigen presenting cell82 and a cytokine-330 

producing regulatory cell83,84, making it well placed to influence the development of either 331 

Type1 or Type 2 immune responses and thus worm expulsion.  332 

 333 

In chronic trichuriasis, as seen in humans, and mice infected with low numbers of eggs, 334 

regulation of gut pathology in the context of a large burrowing parasitic nematode is critical in 335 

the maintenance of gut barrier function and prevention of sepsis. Regulation of pathology 336 

has been dissected in some detail in the mouse model, and a considerable literature places 337 

IL-10 centre stage as the regulatory cytokine vital in regulating IFN-g mediated intestinal 338 

pathology and host protection85,86. Interestingly, in human trichuriasis, one of the QTLs on 339 

chromosome 9, mentioned above, contains genes that can influence IL-10 levels20. The 340 

cellular source of IL-10 is still debated with FoxP3+ T regulatory cells and other CD4+ T cell 341 

populations likely contributing68.  342 

 343 

[H3] Trichuris and its relationship with the microbiota 344 



 

 

The close relationship of whipworms with the microbiota in the intestinal niche, extends 345 

beyond the trigger for egg hatching51 and provides a fascinating and evolving story. It is clear 346 

that the presence of Trichuris infection alters the microbiome in terms of both numbers and 347 

composition, and this has been reported for T. muris in the mouse87,88, T. suis in pigs89,90 and 348 

in some, but not all, human studies91,92 . Studies using T. muris in the mouse have revealed 349 

that parasite fitness requires that the parasite acquires its own distinct microbiota from the 350 

host. The parasite microbiome of T. muris is dominated by Bacteroidetes and Firmicutes, 351 

with a significant rise in the proportion of Proteobacteria that is not seen in the infected host 352 

microbiota93. Further, successful infections require the presence of host microbiota, and, 353 

remarkably, the T. muris-induced changes in the host microbiota may limit the success of 354 

subsequent infections. In the case of the latter, parasite numbers are controlled, thus 355 

providing a mechanism to limit host pathology and support chronicity of infection93. 356 

 357 

Moving forward, further dissection of mechanisms of resistance and pathophysiology in 358 

animal models must embrace more physiologically relevant dosing regimens (low-dose 359 

infection, repeated low-dose (trickle) infections94). It is also vital that the sorts of mechanistic 360 

studies that mouse models enable embrace the importance of context in order to better 361 

model human trichuriasis. This should include a consideration of the array of intrinsic and 362 

extrinsic factors such as genetics, age, gender, microbiome (to include viruses, fungi and gut 363 

protozoa), coinfections, nutrition and reproductive state. Complex environmental factors will 364 

combine to impact on immune variation and this can be modelled for example, using wild 365 

mouse populations95 and semi-wild systems96 both of which embrace environmental 366 

variation.  367 

 368 

[H2] Ascaris species 369 

Ascaris eggs are very robust due to their outer corticated coat and can survive in the 370 

environment for long periods of time. Estimates include up to 6 years in Germany and 14 371 

years in Russia; although it is likely that the majority of eggs die on shedding97  Indeed, in 372 

the context of tropical soils, evidence exists that Ascaris eggs, and those of other 373 

geohelminths including Trichuris, may be depleted within two months if no further 374 

contamination occurs98. The life cycle of Ascaris has proved difficult to precisely define.  375 

An early and extensive study in pigs99 described how after egg hatching, larvae within the 376 

sheath of the first molt, are released in the small intestine and such L2 larvae migrate to the 377 

caecum and proximal colon and then penetrate the mucosa. However, more recently 378 

Fagerholme et al100 reported that both the first and second ecdysis occur in the egg, such 379 

retention of two moults being a feature favourable to parasite development. (Figure 3). The 380 

larvae then undergo what is known as a hepato-tracheal migration, a phenomenon that 381 

distinguishes Ascaris from Trichuris infection. Larvae migrate via the portal blood vessels to 382 

the liver. In the liver, the L2 cuticle is shed and some larval growth occurs. Subsequently, L3 383 

larvae leave the liver and advance to the lungs, via the bloodstream to the heart and then 384 



 

 

the pulmonary vasculature97, penetrate the alveolar spaces and then migrate up the airway 385 

tree to the pharynx where they are coughed up and swallowed. On their return to the small 386 

intestine, L4 larvae undergo a final moult (L5) and then develop to adulthood and sexually 387 

mature male and female worms , within the small intestine101. Male and female adult worms 388 

measure 15 to 25 cm and 20 to 35 cm respectively. The life expectancy of an adult worm 389 

has been estimated to be 1-2 years102. Adult worms produce unembryonated eggs that are 390 

shed in the faeces where they develop to infectivity under appropriate conditions of 391 

temperature and moisture. The speed with which eggs embryonate varies considerably 392 

according to the environmental conditions. For example at 30 degrees centigrade 393 

embryonation takes around 10-14 days; however at 17 degrees centigrade embryonation 394 

can take 45-55 days103. Eggs that fail to embryonate are uninfective and cannot lead to 395 

infection. The explanation for this undoubtedly arduous and risky migration is unclear 396 

although some authors have argued that migration confers fitness benefits on the parasite 397 

including enhanced growth104. What is undoubtedly clear is that larval migration of Ascaris 398 

contributes to both liver and lung-associated pathology105,106. Furthermore, the role of the 399 

liver in resistance to ascariasis is important but significantly understudied.  400 

 401 

[H3] Human ascariasis – pathophysiology/immunology 402 

Ascaris is an excellent example of a chronic infection that contributes to chronic morbidity, 403 

particularly impacts upon child growth via anorexia, malabsorption of nutrients and jejunal 404 

mucosal abnormalities, and less well established impacts upon cognitive development. The 405 

mechanisms underlying cognitive defects are not well understood but are most likely 406 

nutrionally mediated, although the impact of inflammation should not be disregarded. Due to 407 

its large size, A. lumbricoides can also cause acute effects including intestinal and biliary 408 

tract obstruction with related complications. 409 

 410 

The relationship between humoral immune responses and Ascaris infection in humans has 411 

been explored in a variety of different contexts107,108. Several studies have established a 412 

clear association between parasite-specific IgE and Ascaris infection. For example, a study 413 

of Nigerian children predisposed to heavy or light Ascaris infection and utilising a defined 414 

protein allergen, Ascaris-ABA-1, provided evidence for a significant relationship between 415 

raised levels of parasite-specific IgE to this antigen and putative immunity in children109. 416 

Thus, children with higher IgE titres are less predisposed to heavy infection, in keeping with 417 

the association seen in trichuriasis between elevated levels of parasite specific IgE and 418 

reduced worm burdens in adults. Furthermore, higher levels of inflammatory markers such 419 

as C-reactive protein were also detected in the same group of children109 . By contrast, a 420 

study by King et. al found no relationship between humoral immune responses and current 421 

or re-infection with Ascaris110. Ascaris infection was also found to be associated with a highly 422 

polarised Th2 response with IL-4 and IL-5 responses predominating111. Two important 423 

studies in Cameroonian children and adults provided further evidence for the role of Th2 424 



 

 

cytokines during  Ascaris infection including IL-5, IL-9, IL-10, IL-13 (Refs63,112). However, the 425 

authors did report differential responses with age and speculated that these age and related 426 

differences in host responses might have implications for treatment success112. Thus, the 427 

authors suggested that heterogeneity in cytokine responses may operate differently 428 

depending upon the geographical location of the study. This may be due to differences in 429 

transmission patterns or even historical differences in parasite dynamics. Cooper and 430 

colleagues reported enhanced Th2 cytokine production among children who had been 431 

repeatedly treated for A. lumbricoides infection providing evidence that long-term treatment 432 

may enhance Th2 anti-parasite immunity113.  433 

 434 

[H3] Insights from animal models 435 

The immunology of ascariasis is much less well understood than that of trichuriasis. One 436 

reason for this relates to the fact that there is no rodent model of ascariasis that allows for 437 

the completion of the entire life-cycle114. However, mouse models do provide insights into the 438 

factors that influence early infection and larval migration114. 439 

The rodent model enables an assessment of pathophysiological alterations under different 440 

parasitic burdens115,116, genetic backgrounds116-119, host ages120, egg infectivities120, and 441 

repeated parasite exposure35. The acute, early stages of infection are well established114,120 442 

and demonstrate the physiological changes elicited by larval migration in the host, especially 443 

in the liver and lung tissues. During larval migration in the liver, an intense inflammatory 444 

response is observed, particularly in resistant strains of mice 118. Of note, proteomic analysis 445 

of hepatic tissues from resistant (CBA/Ca) and susceptible (C57BL/6J) mice strains infected 446 

with A. suum demonstrates intrinsic differences between the two strains, suggesting that 447 

resistance might be associated with oxidative phosphorylation pathway and reactive oxygen 448 

species (ROS) production119 and differential expression of components of the complement 449 

system116. 450 

In primary infections with Ascaris spp, larval migration in the lungs promotes a local Type 2 451 

inflammatory response, marked by early production of IL-5, followed by increased levels of 452 

IL-4, IL-5, IL-6, IL-33, CCL-11 (eotaxin), CCL-2 (MCP-1), CXCL-10 (IP-10), and an 453 

eosinophilia120-122. Interestingly, this elevated Type 2 immune response associates with a 454 

marked increase in IL-13 production by both Type 2 and innate lymphoid cell subset, ILC2 455 

and this response was able to bestow protection against the rodent hookworm 456 

Nippostrongylus brasiliensis123.This robust Type 2 inflammatory response is associated with 457 

lung pathology, characterized by persistent airway hyper-responsiveness resembling an 458 

extreme form of allergic airway disease121. The severe impairment in respiratory function is 459 

aggravated during multiple exposures to the parasite despite the significant reduction of 460 



 

 

parasitic burden35, which presents as a reduction in larval migration in the liver and lungs. 461 

The inflammatory influx of cells in both the lung parenchyma and bronchoalveolar fluid is 462 

initially dominated by neutrophils, correlating with IL-6 production in lung tissue35,120,122. As 463 

the infection progresses, mononuclear cells accumulate at the inflammatory site, associated 464 

with TNF-alpha production induced by larval migration35,120, ultimately differentiating into M2 465 

macrophages in the Type 2 environment122. Interestingly, parasite antigens can modulate 466 

macrophage differentiation and dendritic cell maturation124-126 with further evidence of 467 

parasite-induced immunomodulation observed in experimental models of LPS-induced 468 

inflammation127, autoimmune hepatitis128 and heterologous immune response129 and viral 469 

coinfection130. 470 

The protective inflammatory response observed in the rodent model of ascariasis may not be 471 

parasite-specific given that pre-sensitization with unrelated allergens (house dust mite) 472 

induces protection to a subsequent A. suum infection122. Conversely, pre-sensitization with 473 

Ascaris antigens accelerates mite-specific IgE response upon mite antigen inhalation131. 474 

These data indicate the possible cross-reactivity between the Ascaris and arthropod 475 

antigens.    476 

Anther important animal model for ascariasis is the A. suum pig model. Pigs are costly to 477 

maintain and inbred and knockout porcine strains are currently unavailable. Nevertheless, 478 

given the economic impact of Ascaris infection on the food industry and the fact that pigs are 479 

natural hosts for Ascaris infection, understanding the pathophysiology of Ascaris infection in 480 

the swine model, particularly in the gastrointestinal phase of infection, is highly significant. Of 481 

note, the use of the pig model enabled an understanding of both parasite-host interactions 482 

during establishment, and the mechanisms of intestinal expulsion 132,133. Although the 483 

mechanisms by which Ascaris parasites are expelled from the gut are less well defined than 484 

for Trichuris, evidence suggests that elimination from the gut involves the “weep and sweep” 485 

mechanism, embracing an increase in muscle contractility and fluid secretion133, 486 

mechanisms also likely to contribute to elimination of Trichuris. Further, there is some 487 

evidence in pigs naturally exposed to A. suum infection, that continual exposure to infective 488 

larvae emerging from the egg may inhibit larval migration from the intestine134. Profound 489 

changes in the gut microbiome during Ascaris infection occurs, especially in the proximity of 490 

the initial site of larval infection were demonstrated using the pig model135. Thus, Ascaris 491 

infection leads to a significant reduction in the gut microbial diversity, which is not related to 492 

worm burden. Moreover, the infection impacts the abundance of specific microbial genera, 493 

particularly in the proximal colon. The relevance of microbial composition alterations due to 494 

Ascaris infection remains unknown.    495 



 

 

The initial phase of A. suum infection in pigs is very similar to the parasite migration seen in 496 

humans, and induces both liver and lung pathology136-138. As observed in Ascaris infections 497 

of humans and mice, production of IL-5, IL-13, eotaxin, and an intense eosinophilia are 498 

observed133,139. Blood basophilia and intestinal mastocytosis are also common139-141 and may 499 

contribute to Type 2 immunity induced by infection.  500 

Pathophysiological changes similar to those described to humans, mice and pigs have also 501 

been observed in other animal models including calves142, guinea pigs143, rabbits144, 502 

gerbils145 and non-human primates146-148. 503 

 504 

[H1] Diagnosis, screening and prevention 505 

 506 

[H2] Clinical presentation  507 

[H3] Trichuriasis. 508 

Clinical disease is caused largely by inflammation of the caecum and large intestine due to 509 

the presence of adult worms inducing a local inflammatory response and blood loss from 510 

bleeding and oozing of ‘insertion’ sites caused by adults as they forage across the mucosa 511 

(Figure 4a). Clinical disease in T. trichiura infection is related to parasite burden. Most 512 

inhabitants (children and adults) of endemic areas are infected with relatively few worms (i.e. 513 

<15 adults worms149) and such infections are often free of significant symptoms. 514 

Eosinophilia, if present, tends to be mild. T. trichiura is an infection of poverty and those 515 

infected are likely to be infected with other enteric parasites and exposed to a range of 516 

environmental hazards. Non-specific symptoms of urticaria, anorexia, abdominal pain, and 517 

other gastrointestinal symptoms are difficult to attribute to any single cause although have 518 

been associated with T. trichiura150. However, heavy infections with several hundred or even 519 

thousands of worms151,152 are often associated with significant illness that may present as 520 

chronic iron-deficiency anaemia in adults151 while children may present with short stature 521 

with or without symptoms of colitis or a severe illness. Trichuris dysentery syndrome (TDS), 522 

also known as massive infantile trichuriasis, is a severe illness associated with iron-523 

deficiency anaemia, chronic mucoid diarrhea, rectal bleeding, rectal prolapse, and finger 524 

clubbing149,153. The exact pathogenesis of clubbing, a non-specific manifestation of many 525 

chronic diseases, is unknown but may relate to increased platelet derived growth factor in 526 

the nail beds154. The triad of finger clubbing, rectal prolapse, and chronic diarrhoea in 527 

children used to be pathognomic of trichuriasis in endemic areas: 3-5% of children aged 6 528 

months to 6 years were estimated to have recurrent rectal prolapse in a region of the 529 

Carribean155. However, with improvements in environmental hygiene and access to 530 



 

 

anthelmintics, TDS and rectal prolapse, the latter a consequence of increased straining and 531 

or peristalsis, are now seen infrequently. TDS has more recently been recognised as a 532 

problem in adults presenting with severe iron deficiency anaemia151 and likely reflects poor 533 

clinical recognition of trichuriasis in adults living in conditions of severe poverty and who are 534 

not included in anthelmintic treatment programmes. Heavy infections may be associated with 535 

increases in intestinal permeability and the induction of a chronic inflammatory response, 536 

reflected in elevated circulating levels of the pro-inflammatory cytokine TNF-156  537 

T. trichiura may be a chance finding in individuals undergoing colonoscopy for abdominal 538 

pain and altered bowel habits157,158. During heavy infections, colonoscopy shows numerous 539 

motile worms tethered in the intestinal mucosa by their anterior ends151,158. Histopathology of 540 

the large intestine in patients with trichuriasis often shows only mild changes with increased 541 

inflammatory cells in the lamina propria, particularly in adults151,159, while children may show 542 

a range of histological changes from mild inflammation to localized cryptitis at infection sites 543 

to a highly inflamed intestinal mucosa that is oedematous, eroded, and friable64,152. In heavy 544 

infections, adult worms may be found from the caecum to the rectum and the mucosa is 545 

studded with bleeding points representing previous mucosal entry points of foraging 546 

adults151,159. Blood loss in trichuriasis has been estimated at of 0.005 ml per worm per day160. 547 

Risk of anaemia is significant among those with heavy infections (defined as 800 or more 548 

worms160 or >5,000 eggs per gram of stool161) or those co-infected with hookworm162,163.  549 

Mucosal bleeding and inflammation occurring over prolonged periods affect the nutritional 550 

state of children, particularly those on marginal diets (i.e. low in iron and other essential 551 

nutrients)161. Further, the presence of adult worms may also affect nutrient absorption 552 

through mucosal damage or disruption of intestinal microbiota although evidence for the 553 

latter effect is limited92,164. Damaged mucosa may be more susceptible to infections with 554 

other intestinal pathogens with which trichuriasis has been associated such as Entamoeba 555 

histolytica165. Indeed, T. trichiura infection has been shown to correlate with both the 556 

presence of A. lumbricoides and Campylobacter spp. Whether multiple intestinal infections 557 

are simply coincidental or whether they influence each other’s pathogenicity in humans is 558 

unclear166 although exacerbated disease and pathology has been reported in pigs coinfected 559 

with T. suis and Campylobacter jejuni167. Even mild trichuriasis may be accompanied by 560 

growth retardation in children14 while TDS may be associated with severe malnutrition and 561 

growth stunting14,159. Curative chemotherapy and treatment with iron in children with TDS 562 

can have dramatic effects on linear growth velocities149 . The benefits of deworming 563 

programmes for children has generated considerable controversy given negative findings of 564 

meta-analyses168. However, these studies were done using data that include uninfected 565 

children, thus diluting likely benefits among the sub-group of children with significant parasite 566 



 

 

burdens. T. trichiura infection may impair developmental and cognitive abilities in children, 567 

although the benefits of treatment in reversing such deficits is hotly debated152,168-170. 568 

 569 

The potential immune regulatory effects of Trichuris on inflammation in the large intestine65 570 

has formed the basis of clinical trials using the pig whipworm T. suis that causes an infection 571 

that generally does not persist beyond 6 weeks in the human intestine, to treat inflammatory 572 

diseases such as inflammatory bowel disease (IBD). To date, trials in which humans have 573 

ingested orally T. suis ova have shown no statistical benefits in IBD patients171-173. Therapy 574 

with T. suis ova have also been evaluated in clinical trials for a number of other inflammatory 575 

diseases including rheumatoid arthritis, multiple sclerosis, psoriasis and food allergy but 576 

none have shown clear clinical benefit174,175.  577 

 578 

[H3] Ascariasis. 579 

In endemic areas, the majority of Ascaris sp. infections are asymptomatic or produce mild 580 

symptoms. Clinical disease is restricted to a small percentage of individuals who present 581 

heavy parasite burden as most individuals harbour only a few worms176,177, although there 582 

are no up to date figures on the actual percentage of clinical cases. The clinical features of 583 

the disease are directly related to the parasite life cycle (due to larval migration during the 584 

initial phases of infection or establishment of adult parasites in the final habitat) and are 585 

dependent on the infection intensity. During the larvae migration (10-14 days after infection), 586 

classical respiratory alterations including lung infiltration in the chest X ray, intense 587 

eosinophilia, cough and wheeze are observed, reported as the Loeffler’s syndrome178. 588 

Urticaria, cough, dyspnoea, and haemoptysis, and abnormal auscultatory breath sounds are 589 

also non pathognomonic signs associated with larval migration through pulmonary tissue. 590 

After the establishment of adult parasites, according to the burden of infection, the presence 591 

of the parasites may lead to gastrointestinal outcomes including upper gastrointestinal 592 

bleeding, small bowel obstruction (Figure 3b and 3c), volvulus, intussusception, peritonitis, 593 

hemorrhagic infarction of the bowel, and perforation179,180. Following the dispersion of the 594 

adult worm to extra intestinal sites, hepatobiliary and pancreatic ascariasis may occur and 595 

lead to biliary colic, acute cholecystitis, acute pancreatitis, acute cholangitis, and hepatic 596 

abscess181. Peritoneal (patients with fatal peritonitis)182 and appendicular ascariasis183 are 597 

clinical diseases observed in severe infections in endemic areas.  598 

Asthenia, lack of appetite, abdominal pain, distention, nausea, diarrhoea and weight loss are 599 

common in children with severe intestinal ascariasis in endemic areas181. Moderate to heavy 600 

infections in children has been extensively associated to impairment in physical and mental 601 

development184 and also contribute to the malnutrition185 and vitamin A and C deficiency186.  602 

 603 



 

 

[H2] Diagnosis of Ascariasis and Trichuriasis 604 

 605 

The laboratory diagnosis of ascariasis and trichuriasis, as for any other soil transmitted 606 

helminths, relies on the examination of a limited sample of stool to determine the presence 607 

and, whenever it is possible, the amount of parasite eggs. Currently, the WHO recommends 608 

the use of the Kato-Katz method187, assessing two slides per sample188. Other 609 

parasitological methods include direct microscopy, formol-ether concentration, McMaster, 610 

FLOTAC, and Mini-FLOTAC, which present variable sensitivity according to the intensity of 611 

infection189. New parasitological methods, such as mobile phone microscopy190 and 612 

FECPAKG2 (Ref191) have been developed but require extensive evaluation.  613 

Considering the reduced sensitivity of parasitological methods, molecular assays have been 614 

developed to diagnose ascariasis and trichuriasis, aiming to improve sensitivity and 615 

specificity when compared to microscopic techniques. The development of molecular 616 

diagnosis for helminthic infection is hampered due to the relative higher cost and 617 

requirement for specific equipment, and the lengthy DNA extraction procedure of the stool 618 

samples, both of which may limit the application of molecular diagnostic assays. However, 619 

the reported sensitivities of molecular methods are significant and higher than observed for 620 

conventional microscopy for the diagnosis of both ascariasis192-195 and trichuriasis194,195, 621 

despite the lack of an adequate gold standard196. Of note, mostly molecular assays have 622 

been developed as multiplexed197-199 or multi-parallel assays193,200,201 for simultaneous 623 

detection of different parasites. A colorimetric isothermal assay, embracing a one-step DNA 624 

amplification method, was also developed for the diagnosis of ascariasis and trichuriasis, 625 

combining high sensitivity and high tolerance to inhibitors present in fecal samples202, such 626 

as complex polysaccharides, salts, lipids, urate, among others203, which might be a 627 

promising tool for diagnosis in the field. 628 

The fecal examination by conventional (microscopy) or molecular methods are important 629 

tools for determination of infection but are only effective after infections have become patent 630 

(i.e. adult females have been fertilized and start producing eggs). Microscopic methods  631 

present very limited sensitivity for of low intensity189 withintensity of Ascaris and Trichuris 632 

infection estimated as EPG (eggs per gram of feces) and classified into light (1–4999 EPG 633 

and 1-1000 EPG, respectively), moderate (5000–49,999 EPG and 1001-9999 EPG, 634 

respectively) and heavy (≥50,000 EPG and ≥10,000 EPG, respectively), according to WHO 635 

classification204. Under such circumstances, molecular-based assays, although more 636 

expensive and of limited field-applicability offer potential advantages, for example, to detect 637 

low intensity infections where anthelmintic control programmes have reduced prevalence 638 

and intensity to very low levels and where local or regional elimination strategies are being 639 

considered. Mothers living in endemic communities attribute considerable illness in their 640 



 

 

children to the presence of parasites so the demand for clinical diagnosis in poor 641 

communities should not be under-estimated. Further, the demand for community diagnosis 642 

using approaches such as qPCR, which offer greater sensitivity, is growing, particularly 643 

under scenarios where elimination of transmission might be considered (i.e. very low 644 

prevalence levels and the need to detect low-level infections among the few who remain 645 

infected). The use of more sensitive assays such as qPCR at central laboratories might be 646 

justified under such circumstances despite the extra cost and need for sophisticated 647 

equipment and trained personnel. Low cost field applicable assays are presently not 648 

available such as lateral flow assays to detect specific antigen in stool but would enhance 649 

considerably the effectiveness of control programmes where decisions have to be made 650 

about the frequency of anthelmintic treatment and population groups to be targeted for 651 

treatment. The use of more sensitive assays such as qPCR at central laboratories might be 652 

justified under such circumstances despite the extra cost and need for sophisticated 653 

equipment and trained personnel. Low cost field applicable assays are presently not 654 

available such as lateral flow assays to detect specific antigen in stool but would enhance 655 

considerably the effectiveness of control programmes where decisions have to be made 656 

about the frequency of anthelmintic treatment and population groups to be targeted for 657 

treatment. The development of serological tools to improve the detection of pre-patent 658 

infections – such as during earlier phases of infection (for example, hepatic or pulmonary 659 

burden during Ascaris sp. larval migration) – could improve the effectiveness of surveillance 660 

during elimination programmes.  The high-throughput assessment expected for serological 661 

assays indicates the suitability of these tools in epidemiological surveillance. However the 662 

development of serological assays is largely hampered by the lack of specificity due to 663 

cross-reactivity observed among helminth infections205-208, and even with arthropods such as 664 

mosquitoes and ticks209,210, and the inability to discriminate between past and current 665 

infections. While serological assays are available for the diagnosis of animal infection211-214, 666 

the development of serological assays are still very limited for the detection of human 667 

infection and restricted to detection of A. suum215 in humans. Of note, the development of 668 

anti-Ascaris suum IgY antibodies in the immunodiagnosis of human ascariasis allowed the 669 

detection of immune complexes during human infection and showed diagnostic values of 670 

80% sensitivity and 90% specificity216. While the cross-reactivity would reduce the 671 

discrimination among helminth infections, the use of cross-reactive or conserved epitopes 672 

among different helminth parasites would be useful for the control of helminth infections, 673 

particularly in the application and assessment of parasite control achieved using mass drug 674 

administration (MDA) (see Outlook). 675 

 676 



 

 

[H2] Prevention of Ascariasis and Trichuriasis. The prevention of ascariasis and 677 

trichuriasis, as in any other STH infections, relies on the combination of several conventional 678 

approaches that reduce prevalence. Among them, the WHO guidelines on so called 679 

preventive chemotherapy based on MDA in endemic areas aim to reduce the morbidity in 680 

pre-school-aged and school-aged children by lowering the prevalence of moderate- to 681 

heavy-intensity infections217. Preventive chemotherapy has been proved as an important tool 682 

for reduction of prevalence and morbidity of both ascariasis and trichuriasis, with a reduction 683 

of up to 80% in the overall parasite burden and prevalence in endemic areas218-220. There is 684 

consensus that the drugs applied in preventive chemotherapy programs are safe and 685 

effective. However, there has been a public debate (“worm wars”) on the impacts on health, 686 

including short-run impacts on weight and long term educational and economic impacts. 687 

While no benefit was identified in randomized clinical trials, contradictory findings were 688 

observed in the clinical literature221. For example, a meta-analysis estimated that the 689 

average weight gain per dollar expenditure from twice annual preventive chemotherapy is 690 

more than 35 times than that from school feeding programs222. Moreover, males who 691 

received deworming drugs a decade ago in Kenya worked 17% more hours per week and 692 

had higher living standards and girls were one quarter more likely to have attended 693 

secondary school223. Based on this debate, in 2017 a WHO Guideline Review Committee 694 

revisited the earlier preventive chemotherapy guidelines providing updated global, evidence-695 

informed  recommendations  on  preventive  chemotherapy224 in areas endemic for STH but 696 

it represents a short-term strategy for control of helminth infection as reinfection often occurs 697 

in endemic areas in the absence of clean water, sanitation and hygiene225. A comprehensive 698 

programme consisting of improved water, sanitation, and hygiene (WASH) includes 699 

improvements in water access (water quality, water quantity, and distance to water), 700 

sanitation access (as access to latrines and their proper maintenance, as well as faecal 701 

sludge management), and finally, the use of hygiene practices and changes in behaviour 702 

related to environment and family hygiene226,227. Lower odds of A. lumbricoides and T. 703 

trichiura infection are associated with treated water, access to sanitation and hygiene 704 

procedures (handwashing before eating and after defaecation and use of soap)228, however 705 

there is an urgent need to gather stronger evidence to support the role that WASH 706 

programmes play in the control of STHs229.  707 

An additional measure for control of ascariasis and trichuriasis would be the use of vaccines, 708 

which might reduce the parasite burden and, consequently, the morbidity and transmission 709 

of infection (see Outlook). Evidence from experimental murine models indicated that 710 

continuous exposure to A. suum eggs, (three subsequent infections with 2,500 eggs), led to 711 

up to 98% of protection, determined by larval reduction in the host tissues35,230. For T. muris, 712 

the immunization with adult worm extract or excreted-secreted proteins induced a high 713 



 

 

degree of protection (up to 100% of larval reduction)231,232. Over the past years, the 714 

development of vaccines using defined antigens against ascariasis and trichuriasis has been 715 

pursued, but it is still restricted to experimental models and no vaccines against Ascaris sp. 716 

or T. trichiura are currently being assessed in clinical trials. The selection of new vaccine 717 

candidates and the understanding of protective mechanisms induced by immunization might 718 

open new perspectives for the control of these infections in endemic areas, as individual or 719 

combined (‘pan-helminth’) vaccines233.  720 

 721 

[H1] Management  722 

As described above for the prevention of these diseases, the control and treatment of 723 

ascariasis and trichuriasis, like other STHs, can be achieved through a number of strategies 724 

which include environmental sanitation and hygiene, health education and the use of 725 

anthelmintic drugs. Environmental sanitation and hygiene (by provision of safe and adequate 726 

potable water and safe disposal of human excreta) are effective but take very long to bring 727 

about appreciable reduction in prevalence and intensity. Indeed, it is difficult to evidence the 728 

effects of Water, Sanitation and Hygiene Interventions (WASH) in control programmes229, 729 

with a better understanding of how we assess levels of environmental exposure to STHs and 730 

how we measure WASH uptake and usage important in understanding the role of WASH as 731 

an adjunct to deworming programmes. The use of effective and safe anthelminthic drugs on 732 

the other hand, has been shown to be more effective and rapid in reducing prevalence, 733 

intensity and morbidity. Treatment of ascariasis and trichuriasis includes management of 734 

diagnosed patients, aiming for cure of patients as well as large-scale administration of 735 

anthelminthic drugs to populations in endemic areas to reduce the burden of disease 736 

(preventive chemotherapy). In contrast to most regimens for individual patient management, 737 

preventive chemotherapy programs, advocated since 2001 by the WHO rely on single dose 738 

treatment (Table 2). Preventive chemotherapy involves periodic administration of a single 739 

dose of oral albendazole or mebendazole to pre-school-aged children, school-aged children, 740 

women of reproductive age (including pregnant women in the second and third trimesters 741 

and lactating mothers) and adult groups particularly exposed to STH infections, such as for 742 

example tea pickers. The recommended treatment schedule of once or twice annual 743 

administration is determined by the initial prevalence of STH infection234,235. The goal wasto 744 

achieve a minimum coverage of 75% of the most affected groups by 2020. In 2017, over 598 745 

million children were treated in endemic countries corresponding to 69% of all children at 746 

risk229. Given the achievement of the 2020 targets, recently new targets and indicators were 747 

set by WHO236 namely i) to achieve and maintain elimination of STH morbidity in pre-748 

schoolers and school-aged children by 2030 (defined as prevalence of moderate and heavy 749 

infections below 2%) ii) to reduce the number of tablets needed in PC for STH iii.) to 750 



 

 

increase domestic financial support to PC for STHs iv) to establish an efficient STH control 751 

programme in adolescent, pregnant and lactating women, v.) to establish an efficient 752 

strongyloidiasis control programme in SAC and vi) to ensure universal access to at least 753 

basic sanitation and hygiene by 2030 in STH-endemic areas. 754 

The current drugs recommended by the WHO for the treatment of STH Infections are 755 

albendazole, mebendazole, levamisole and pyrantel pamoate234,237. Albendazole and 756 

mebendazole are the two benzimidazoles that have been used most widely for decades 757 

against STHs in the treatment of individual patients and in MDA programmes. For MDA 758 

programmes, millions of tablets are donated each year. Albendazole, a benzimidazole 759 

carbamate, is supplied in tablets and as suspension. It is administered orally to both adults 760 

and children above 2 years of age. Mebendazole, same as albendazole, kills the worms in 761 

the intestine leading to their expulsion within 24 hours of drug administration. Mebendazole 762 

is available in oral tablets and in suspension. 763 

 764 

[H2] Treatment of Trichuriasis 765 

When used at single oral doses, the treatment schedule compatible with preventive 766 

chemotherapy programmes, none of the recommended monotherapies shows acceptable 767 

efficacy (egg reduction rates above 90% based on the target product profile for drugs used 768 

for STHs)238 against T. trichiura infections (Table 2). The efficacy is higher when the drugs 769 

are used in the recommended dosing schedules. For example, a double-blind clinical study 770 

on Pemba island showed that mebendazole given to school-aged children twice a day for 771 

three days achieved considerable higher cure and egg reduction rates against T. trichiura 772 

infections when compared to single dose treatment (cure rate of 6.8% versus 42.9% and egg 773 

reduction rate of 71.7% versus 98.1% 239. Why T. trichiura infections are less affected by  the 774 

drugs is not known but the location of the parasite (as discussed in the Outlook section) 775 

might have a role. To date evidence of resistance against benzimidazoles in human 776 

medicine has not yet been established 240. However, drug selection pressure that led to 777 

widespread anthelminthic resistance in veterinary helminths is now similar for human STHs 778 

given the large scale use of preventive chemotherapy. The reasons for the little knowledge 779 

on human anthelmintic resistance include the variable drug efficacy, lacking validated 780 

phenotypic or genotypic tests for resistance as well as working with difficult samples 781 

matrices (i.e. stool). Efforts are ongoing to develop molecular and genomic screens of 782 

human STH populations for mutations likely to be associated with benzimidazole resistance 783 

based on the understanding on resistance in veterinary helminths. It is important to monitor 784 

the presence of resistance-associated single nucleotide polymorphism (SNPs) in human 785 

soil-transmitted helminthiasis before resistance becomes clinically established.  786 



 

 

Given the low efficacy of the standard treatments at monotherapy against T. trichiura 787 

infections, monodose combination chemotherapy has been widely advocated in the past 788 

years, embracing the advantages of a single administration with drug combination therapy. 789 

Albendazole combined with ivermectin is since 2017 on the essential medicine list of the 790 

WHO for the treatment of soil-transmitted helminthiasis and strongyloidiasis 241. This drug 791 

combination was classified as high priority combination given that the treatment is already 792 

widely used for lymphatic filariasis 242. Despite its large scale use the available efficacy data 793 

for soil-transmitted helminthiasis is limited 239 and a multi-country randomized controlled 794 

double-blind trial has therefore been launched to provide strong results on the efficacy and 795 

safety of co-administration of ivermectin and albendazole 243.  796 

Given the recent registration of moxidectin for onchocerciasis at the Food and Drug 797 

Administration (US FDA) 244 albendazole-moxidectin might serve as an alternative drug 798 

combination to albendazole-ivermectin. Moxidectin combined with albendazole, used at the 799 

recommended dosages, was shown safe and effective against T. trichiura infections245. The 800 

use of higher dosages showed no benefit. Large scale trials to establish the effectiveness 801 

are necessary for moxidectin-albendazole as currently under way for ivermectin-albendazole 802 

245.  803 

In contrast to the recommended treatments (Table 2), ivermectin 246 or moxidectin 245, 804 

oxantel pamoate has excellent trichuricidal properties 247. To compensate for its lack of 805 

efficacy against A. lumbricoides and hookworm, it was combined with pyrantel pamoate (e.g. 806 

Quantrel®). In the past years, several clinical trials have successfully demonstrated that a 807 

combination of albendazole-oxantel pamoate is safe and efficacious 248. Moser and 808 

colleagues calculated a cure rate of 88.7% and an egg reduction rate of 96.7% by means of 809 

network meta-analysis for this combination using a single dose 242. Efforts are ongoing to 810 

determine if any existing data on oxantel pamoate (from veterinary medicine, where the drug 811 

is widely available or the countries where it is registered as human drug, e.g. the Philippines) 812 

can be utilized to support EMA/FDA registration with the ultimate goal that oxantel pamoate 813 

could be used as partner drug in treatment campaigns.  814 

Emodepside, a veterinary anthelmintic licensed under the name of Profender® and Procox® 815 

is the only advanced drug in the depleted drug development pipeline. Emodepside is a 816 

cyclooctadepsipeptide, targeting the evolutionary conserved calcium-activated potassium 817 

channel slowpoke 1 (SLO-1) and the latrophilin receptors LAT-1/LAT-2 (Ref249) targeting 818 

nematode neuromuscular function. The drug is currently undergoing clinical testing against 819 

onchocerciasis. In laboratory models of soil-transmitted helminthiases emodepside showed 820 

a broad spectrum of activity against the major soil-transmitted helminths 250. Emodepside 821 

should therefore also be considered for the development of soil-transmitted helminth 822 

infections. Its disadvantage is its high production costs since it is a semi-synthetic compound 823 



 

 

whose precursor is a metabolite of the fungus Mycelia sterilia. Testing of SLO-1 inhibitors is 824 

therefore currently ongoing.  825 

 826 

[H2] Treatment of Ascariasis 827 

Clinical disease resulting from ascariasis in children and adults includes intestinal 828 

obstruction, a common occurrence in children in endemic areas; peritoneal ascariasis due to 829 

the migration of Ascaris larvae into the peritoneum and appendicular ascariasis due to 830 

worms entering the appendix lumen. Other complications due to ascariasis include 831 

hepatobiliary and pancreatic ascariasis (HPA) which commonly occurs in adults. 832 

A number of anthelminthics have been developed to effectively manage ascariasis including 833 

albendazole, mebendazole, levamisole, pyrantel pamoate and ivermectin, although their 834 

long term effectiveness remains a concern and new approaches such as crystal toxins from.  835 

Bacillus thuringiensis are being explored ((Hu et 836 

al., https://www.ncbi.nlm.nih.gov/pubmed/29772478 ). In HPA, endotherapy is recommended 837 

to remove worms from the ductal systems if the worms fail to move out of the ductal lumen 838 

by 3 weeks post anthelmintic treatment. Conservative treatment is the mainstay of treating 839 

hepatobiliary and pancreatic ascariasis. This involves appropriate treatment for clinical 840 

syndromes such as bowel rest, intravenous fluids, analgesic-antispasmodics and antibiotics 841 

followed by mebendazole once acute symptoms subside251. However, if this treatment option 842 

fails, Endoscopic Retrograde Cholangio-Pancreatograph (ECRP), involving endoscopic 843 

examination of bile and pancreatic ducts and the extraction of worms without sphincterotomy 844 

(enlargement of the bile duct opening) or surgery are used252. Intestinal obstruction, which 845 

rarely occurs in children, is treated through surgery. However, when perforation of the 846 

intestine occurs, the type of surgery depends on the findings during laparotomy and is 847 

tailored to individual needs253.  848 

Albendazole, mebendazole, levamisole and pyrantel pamoate have high efficacy against A. 849 

lumbricoides both in terms of cure rates and egg reduction rates (Table 2) following a single 850 

dose254. Several other marketed anthelminthics, such as ivermectin (Table 2), moxidectin or 851 

tribendimidine have also been shown to be highly effective against A. lumbricoides254. 852 

 853 

[H1] Quality of life 854 

[H2] Trichuriasis 855 

Estimates of the effects of trichuriasis on quality of life in populations where the parasite is 856 

endemic is complicated by unsure estimates of prevalence and parasite burdens and 857 

imprecision in estimates of impact on quality of life indices. Quality of life is most likely to be 858 

affected during chronic and/or high-burden infections. Death is thought to be an unusual 859 

https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpubmed%2F29772478&data=02%7C01%7C%7Ca0ea02697b644c5bf08008d7b3c05d7b%7C1faf88fea9984c5b93c9210a11d9a5c2%7C0%7C0%7C637175511096194249&sdata=r7kJ61Slsl3N4J9K9kGNgKZMetVpp2u3tiCMU%2F%2FUEek%3D&reserved=0


 

 

outcome of infection although no reliable estimates of mortality exist255. Measures used to 860 

determine quality-of-life effects include those of economic, educational, social, health, 861 

environmental and other aspects of the well-being of individuals. Trichuriasis likely has direct 862 

effects on a number of these domains such as economic productivity, educational 863 

performance, and ill-health although there are limited data measuring such effects. 864 

Trichuriasis has been shown to affect cognition256, school performance257, and school 865 

absenteeism rates258 and thus likely has direct effects on educational achievement and 866 

economic potential of individuals. Health effects such as those associated with anaemia and 867 

poor growth will likely affect physical fitness259 and economic productivity260, as well as 868 

having effects on the quality of social interactions and well-being. Anaemia can be severe in 869 

vulnerable groups such as pregnant women whose iron reserves are most depleted, 870 

although not as pronounced as for hookworm151,163. The various health consequences of 871 

infection can be summarized crudely using a widely-used metric, disability-adjusted life 872 

years (DALYs), that estimates the number of years of ‘healthy life’ lost attributable to a 873 

specific infection using both morbidity and mortality data. For trichuriasis, estimated DALYs 874 

are highly variable between studies but were estimated at 0.213 million in 2017 (Ref261) with 875 

the greatest burden in the populous countries of Asia (~60% of DALYs). This represents a 876 

decline of 23% since 2007 largely due to reductions in poverty and improved access to 877 

anthelmintic drugs among high risk groups. These estimates were based on disability 878 

weights for ‘symptomatic infection’, ‘wasting, and ‘mild abdominopelvic problems’ with no 879 

attributed mortality. Recently, girls and women of reproductive age have been included as a 880 

high-risk group for anthelmintic treatment programmes, based partly on the epidemiological 881 

links between T. trichiura infection and risk of anaemia in this group262. T. trichiura is an 882 

infection of poverty, most common among those living in tropical regions in conditions of 883 

extreme poverty (i.e. on less than US$1.90/day). Many of the factors that feed extreme 884 

poverty are linked to risk of T. trichiura infection (i.e. poor sanitation, education, etc.) which 885 

itself contributes to the underlying causes of poverty. The effective control of T. trichiura 886 

would be expected to reduce poverty through the improvements in health, educational 887 

achievement, and economic productivity. 888 

 889 

[H2] Ascariasis 890 

In keeping with trichuriasis, the burden of ascariasis is associated with the chronic and 891 

insidious impact this disease has on the health and quality of life of infected individuals. 892 

Ascaris, like Trichuris, has been shown to have a significant role in childhood protein energy 893 

malnutrition and reduced food intake leading to growth retardation, poor cognitive 894 

development, school-absenteeism and poor academic performance. Collectively these 895 



 

 

impacts combine to affect an individual’s productivity thus limiting the economic prospects of 896 

countries where Ascaris is endemic263-265.  897 

 The unique hepatic migration of Ascaris can contribute to liver inflammation. An 898 

extensive prospective study of Indian hospital patients revealed that 14.5% of patients with 899 

liver abscess had biliary Ascaris as the cause and eleven patients had intact Ascaris larvae 900 

within the liver abscess105. In the early stages of Ascaris infection, individuals may suffer 901 

cough and high fever266. Loeffler267 described a transient or seasonal syndrome of 902 

pulmonary infiltrates, mild to marked respiratory symptoms and peripheral eosinophilia that 903 

he subsequently attributed to Ascaris in the lungs and termed “Loeffler’s syndrome”178. Later 904 

in infection, and in contrast to trichuriasis, high adult worm burdens can be life-threatening 905 

for both adults and children where intestinal obstruction and biliary complication 906 

predominate268. In children, intestinal obstruction due to Ascaris lumbricoides infection 907 

accounted for 1.8% of the 902 cases of acute abdominal surgery, as reviewed at the 908 

University of Benin Teaching Hospital, Nigeria over a five-year period269 and may be caused 909 

by heavy worm burden in the range of 60 or more parasites270. Airway obstruction, a 910 

potential life-threatening event arising from Ascaris infection has also been reported271,272,273 911 

however, this condition rarely occurs and there is no available data regarding its prevalence. 912 

The global disability-adjusted life year estimates for ascariasis are 0.861 million in 2017 913 

(Ref261). In comparison to 2007, ascariasis presented the largest decrease in DALYs among 914 

all intestinal nematode infections, possibly due to deworming and socioeconomic 915 

development, although it could also be accounted for by follow-up studies in areas where 916 

control programmes have been previously conducted7. Further, a recent co-morbidity study 917 

has indicated that patients with chronic pancreatitis with concomitant ascariasis have a 918 

significantly lower level of quality of life score than individuals with chronic pancreatitis not 919 

associated with ascariasis 274. Ascariasis can also cause allergy and immunopathology in 920 

infected people, and non-infected people who have inhaled antigens from Ascaris life cycle 921 

stages. Such allergic immune responses can present as cough, bronchial asthma, 922 

eosinophilia, gastrointestinal disorders and urticaria275. 923 

 924 

Nutritional and cognitive impacts of soil-transmitted helminth infections. Cross-925 

sectional and prospective observational studies from 20 or more years ago have indicated 926 

significant long-term impacts of soil-transmitted helminth infections on a number of nutritional 927 

induces such as stunting and also on childhood cognitive development276. Randomized 928 

controlled trials have been more equivocal in showing effects of STH infections on nutritional 929 

and cognitive indices and more recent systematic reviews of intervention studies have been 930 



 

 

able to demonstrate only negligible effects on growth and nutritional parameters, cognition, 931 

and mortality168,277,278. A meta-analysis of observational and randomized treatment studies 932 

showed no overall effect on cognitive parameters in children in treatment trials but infection-933 

related deficits in some parameters for observational studies, although the latter effects were 934 

considered to be highly vulnerable to bias170. A systematic review of nutritional 935 

supplementation (e.g. Iron) as a benefit in addition to anthelmintic treatment, highlighted the 936 

fact that the evidence base was so weak that no recommendation nutritional 937 

supplementation could be recommended279. Criticisms of systematic reviews have focused 938 

largely around the dilutional effects on impact measures by including uninfected children or 939 

children with low parasite burdens, the fact that study populations may be infected with a 940 

variety of different helminth species making it impossible to attribute species-specific effects, 941 

and that school absenteeism related to the most affected children could bias results towards 942 

no effect. A recent critical appraisal noted the need for new studies designed and powered to 943 

overcome these limitations in order to measure morbid effects of STH276 . Certainly, 944 

observational studies of heavily infected children have shown dramatic effects of treatment 945 

on catch-up growth post-treatment, particularly for severe triuchuriasis151,280,281, but the 946 

frequencies of children at risk has declined markedly in line with worldwide reductions in 947 

poverty rates282,283.  948 

 949 

 950 

[H1] Outlook 951 

[H2] The development of new drugs   952 

The long-term effectiveness of the drugs currently available to treat Ascaris and Trichuris 953 

(levamisole, pyrantel pamoate, albendazole and mebendazole) is a major concern and 954 

underpins the need for novel drug discovery. . Encouragingly however, new mechanism of 955 

action drugs are being discovered, for example, the pore-forming protein Cry5B produced by 956 

the soil bacterium Bacillus thuringiensis (Bt) is effective against hookworm in preclinical 957 

models284. Further, access to the genomes of these77,285 and many other parasites286 offers 958 

the prospect of enhanced target-based screening for new anthelmintics. A chemo-genomics 959 

approach (which takes the most promising of druggable targets in parasite genomes and 960 



 

 

exploring their drug repurposing prospects using the ChEMBL database) is underway 961 

searching for compounds targeting the most druggable of whipworm candidate targets. For 962 

whipworm, 40 priority targets were associated with 720 drug-like compounds (181 of which 963 

reached phase III/IV clinical trials286). For Ascaris, new targets with their variety of inhibitors 964 

may also offer new routes to drug discovery285.  965 

 966 

Phenotypic screening, using live, ex vivo nematodes, has resulted in the discovery of most 967 

currently available anthelmintics 287 and this is likely to remain an important approach in the 968 

future. New platforms encompassing automated phenotyping that are suited to high-969 

throughput chemical screening for motility and growth impairment in C. elegans and parasitic 970 

nematodes are available288. Such platforms facilitate putative drugs to be tested across 971 

different parasite species with the aspiration of discovering moieties with activity against 972 

trematodes and nematodes. Access to the wealth of behavioural data on mutants of C. 973 

elegans is also a resource in the search for new candidate drug targets289. Chemistries 974 

active on parasites and C. elegans will facilitate genetic approaches to target identification. 975 

By this means new classes of chemistry with anthelmintic properties are emerging290 976 

including some with activity against both adult and egg stages, which may enable a break in 977 

the life cycle291. This could be important as both whipworm and Ascaris eggs can remain 978 

viable in soil for extended periods 292.  979 

 980 

The use of advanced imaging technologies may enhance our understanding of parasite-host 981 

biology and facilitate the development of novel drugs against soil transmitted helminths in 982 

general (Figure 5). One such example is X-ray computer tomography, which provides re-983 

constructed 3D images of parasites in situ and over time55. This can highlight in detail 984 

parasite interactions with host tissue. For example, the attachment site of Trichuris, the 985 

epithelial tunnel, remains poorly understood. To date the tunnel has only been viewed by 986 

scanning electron microscopy293, looking down on to the surface from the gut lumen, and by 987 

conventional histology, which provides a 2D view294. 3D imaging offers the potential to view 988 

the attachment site in a more holistic way and has already begun to show the complexity of 989 

whipworm interactions with intestinal cells, which may present particular challenges for worm 990 

clearance55. Further, acknowledging and addressing important differences in the biology of 991 

Ascaris and Trichuris will facilitate the development of bespoke strategies to reduce 992 

prevalence and control morbidity. Anthelmintic drug resistance mechanisms can involve 993 

pharmacokinetics, detoxification and target-site modifications, which can shorten the life of 994 

valuable chemistry, so discovering ways to circumvent this will be important in the future. 995 

Arguably the few compounds currently in use may increase the chances of resistance 996 

developing295. Enhancing the pipeline of new chemistry will be important, as will rotating or 997 



 

 

combining drug treatments. Resistance may be under-reported if we only score known 998 

resistance-associated polymorphisms. Improved molecular markers296 are needed to better 999 

understand resistance, especially when planning large-scale deworming programmes 1000 

worldwide. 1001 

 1002 

[H2] Targeting liver immunity    1003 

Stimulating host immunity may offer a therapeutic avenue. There is emerging evidence for 1004 

the role of the liver in immunity to ascariasis114,297. A mouse model of ascariasis has been 1005 

used to explore the liver proteome in two inbred mouse strains, susceptible and resistant to 1006 

Ascaris infection117. Higher levels of mitochondrial proteins involved in oxidative 1007 

phosphorylation were observed in the resistant strain (both intrinsically and under infection), 1008 

when compared to the susceptible strain. Thus an intrinsic difference in reactive oxygen 1009 

species (ROS) in the liver could give the resistant strain an advantage in contending with the 1010 

parasite119. In another study, a lower larval burden of Ascaris was observed in the lungs of 1011 

reinfected mice, and lesions caused by hepatocyte necrosis and infiltration of eosinophils 1012 

and neutrophils were more pronounced in the reinfected group. The more pronounced 1013 

hepatic immune response in the reinfected group results in a lower lung larval burden35. 1014 

Novel therapies targeting the liver could conceivably stop larval migration in its tracks, 1015 

reducing tissue damage and impairing development of adult worms.  1016 

 1017 

[H2] Drug treatment and parasitological monitoring  1018 

Significant challenges remain if soil-transmitted helminths such as Ascaris and Trichuris are 1019 

to be eliminated. These challenges are complex and multifaceted and include the 1020 

sustainability of preventative chemotherapy, the choice of at risk groups (for example at 1021 

present adult males are currently excluded from MDA), the possible emergence of 1022 

anthelmintic resistance and the fact that a pan STH vaccine233 is an ambitious endeavour. 1023 

Furthermore, the data emerging on the impact of WASH229 suggests that while STH infection 1024 

remains high, MDA will still be required and the impact of WASH will be longer term.  1025 

Certainly the funding of such initiatives as the deWorm3 project298 represents a welcome 1026 

endeavor that will test the feasibility of interrupting STH transmission using biannual mass 1027 

drug administration targeting all age groups coupled with large scale application of PCR for 1028 

monitoring drug- treatment. We urgently require well designed, long-term quantitative 1029 

epidemiological data in order to plan the future for elimination including the provision of data 1030 

for appropriate mathematical modelling. In this context, parasitological  1031 

monitoring301 is a key component required to enhance our understanding of the efficacy of 1032 

control strategies, in tandem with the development of appropriate mathematical modelling 1033 

approaches. This paper suggests that methodology needs to be developed to enable the 1034 



 

 

measurement of prevalence of soil-transmitted helminth infection in Preschool children 1035 

(PSAC), school-age children (SAC) and women of reproductive age (WRA) and other risk 1036 

groups, providing a more complete picture of the burden of soil-transmitted helminthiasis in 1037 

the entire community. In this context, the most urgent need is for better estimates of key 1038 

parameters can be fitted to mathematical models in order to assess the impact of treatment 1039 

to key at risk groups such as density dependence in fecundity, observed as a reduction in 1040 

egg production with increasing worm burdens, parasite life expectancy, egg survival and 1041 

age-specific force of infection, which describes the per capita rate at which susceptible 1042 

individuals acquire infection 302.   1043 

 1044 

Part of the WHO strategy to control soil-transmitted helminths is the periodic administration 1045 

of benzimidazoles such as Albendazole and Mebendazole. However, such extensive use 1046 

could foster the emergence of anthelmintic resistance. Presently, large scale monitoring for  1047 

resistance is absent and detection has relied on microscopic methods such as the 1048 

insensitive egg reduction rate303. In a recent viewpoint304, the authors highlighted a number 1049 

of initiatives including the STOP, deWorm3 and the Starworms projects that are focusing on 1050 

the assessment of drug efficacy and the development of molecular methods for the detection 1051 

of anthelmintic resistance. 1052 

 1053 

One argument that is gaining momentum is the need to move away from an emphasis on the 1054 

treatment of school-age children only to a community-wide approach especially in the 1055 

context of high transmission areas299. A recent, large-scale randomised trial in Kenya that 1056 

compared 3 treatment strategies (including the current focus on children aged 2-14 years) 1057 

concluded that annual or bi-annual community treatment was more effective against the 1058 

prevalence and intensity of hookworm than school-based treatment of children only but also 1059 

raised the argument that this approach needed to be explored in the context of Ascaris and 1060 

Trichuris300. A recent study in Myanmar identified adult males (who are not the focus of the 1061 

current WHO strategy) with significant burdens of both hookworm and Trichuris305. 1062 

 1063 

[H2] The development of vaccines 1064 

However, concern remains that MDA alone will not be sufficient to eliminate soil-transmitted 1065 

helminths such as Ascaris and Trichuris. Explanations include rapid-reinfection in 1066 

environments where long-lived and resistant eggs survive, the lack of drug efficacy 1067 

particularly for Trichuris, the possibility of drug resistance and a lack of access to clean water 1068 

and adequate sanitation. Thus, vaccination will be a continued focus for the future. However, 1069 

in contrast to the efforts made to develop an anti-hookworm vaccine, progress with respect 1070 



 

 

to Ascaris and Trichuris has been slow. Pigs, exposed to UV-irradiated eggs of A. suum, 1071 

demonstrated reduced numbers of migrating larvae and adult worms in the intestine306 in 1072 

response to both humoral and cellular acquired immunity139. However, crude antigen 1073 

sources carry a risk of inducing allergic responses due to their allergenic properties. Several 1074 

chemically defined antigens have been expressed and 6 antigens have been targeted for 1075 

further investigation233 including As14, an antigen found in both larval and adult Ascaris 1076 

worms that has a 64% level of protective immunity in mice307 and As16 (Ref308). In contrast 1077 

to A. suum, T. muris has not been studied as extensively with respect to the development of 1078 

recombinant antigens233. Antigens derived from the stichosome have induced significant 1079 

reductions in worm burdens in a mouse model232. More recently, however, the T. muris whey 1080 

acidic protein (rTm-WAP49), secreted from the parasite’s stichosome and tentatively 1081 

ascribed pore-forming activity, has been proposed as a promising vaccine candidate309, 1082 

suggesting that the evaluation of T. muris recombinant proteins as immunogenic entities is 1083 

gathering pace. Thus rTm-WAP49 achieved a 48% reduction in worm burden in mice and 1084 

showed high sequence conservation with the T. trichiura WAP proteins309. 1085 

 1086 

[H2] Final words 1087 

Soil transmitted helminths are complex pathogens and their control presents complex 1088 

challenges. Further, these challenges differ according to context making it impossible to be 1089 

prescriptive. Never the less, it is clear that a holistic approach embracing MDA, education 1090 

and sanitation is critical, working hand in hand with basic biological research. Enabling 1091 

countries to take ownership of control programmes, thus moving towards self-sustainability 1092 

in both drug administration and drug procurement is a key goal. In this context, exciting new 1093 

targets and indicators have been set by WHO236. For example, countries deworming by 1094 

domestic funds is scheduled to increase from 5 in 2023 to 25 in 2030 and improved 1095 

sanitation is a major goal with targets to decrease to open defaecation to 0 by 2030. Just as 1096 

enabling countries to take ownership of control programmes is important, so is building 1097 

critical mass in basic biological research in countries where helminth infections are endemic. 1098 

Multiple unmet needs exist in the area of basic biology of infection, including the need to 1099 

develop affordable, sensitive tools to monitor parasite prevalence, and innovation in vaccine 1100 

research. Despite these unmet needs, the current pace of technological advances in 1101 

biological research combined with the growth of multi-disciplinary approaches gives 1102 

optimism that living with helminth infections will one day not be the norm. 1103 

 1104 

  1105 

 1106 

  1107 



 

 

Table 1: Diagnostic methods for whipworm and roundworm infections. 1108 

 1109 

 1110 

Test Procedur

e 

Output Sensitivity Specificity Advantag

es 

Limitation

s Ascari

s 

Trichur

is 

Ascari

s 

Trichur

is 

Microscopy 

based 

techniques 

(Kato-Katz, 

Direct 

microscopy, 

formol-ether 

concentration, 

FLOTAC, Mini-

FLOTAC, 

McMaster)189,310

,311 

Identificati

on of 

parasite 

eggs in 

fecal 

samples 

by 

microscop

y 

Egg 

detection 

or egg 

quantificati

on 

56.9-

79.7 

62.8-

91.0 

99.6 97.5 Relative 

low cost. 

Possible 

to 

determine 

burden of 

infection. 

Overall low 

sensitivity 

(especially 

at low 

infection 

intensities)

. Need of 

qualified 

microscopi

st. 

Molecular 

diagnostic 

techniques 

(qPCR, LAMP 

assay, 

conventional 

PCR)312,196  

Amplificati

on and 

identificati

on of 

specific 

parasite 

sequences 

Identificatio

n or 

quantificati

on of DNA 

from 

roundworm 

or 

whipworm 

85.7-

100 

100 100 100 Possible 

to detect 

multiple 

infections 

by 

multiplexe

d assays. 

High 

specificity. 

Risk of low 

sensitivity 

due the 

presence 

of 

inhibitors 

in the fecal 

sample. 

Decreased 

sensitivity 

if formalin 

fixation of 

samples. 

Requires 

specialized 

equipment 

and has 

restricted 

used in the 

field. 
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Table 2: recommended treatment regimens and efficacy of anti-helminth drugs 1114 

  1115 

Recommende
d treatment 

Mechanism 
of action 

T. trichiuria infections A. lumbricoides infection 

Indivi
dual 
patien
t 
mana
geme
nta  

Prevent
ive 
chemot
herapyb 

Cur
e 
rate
d 

Egg 
reductio
n rated 

Individual 
patient 
managemen
ta  

Preventive 
chemotherap
yb 

Cur
e 
rate
d 

Egg 
reductio
n rated 

Albendazole Β-tubulin 
binding 

once a 
day 
for 
three 
days 

once 32.1 64.3 once once 96.5 99.7 

Mebendazole Β-tubulin 
binding 

twice 
daily 
for 
three 
days 

once  44.4 80.7 twice daily 
for three 
days or once 
(depending 
on the 
strength of 
the available 
formulation)   

once  96.8 99.5 

Levamisole L-subtype 
nAChR 
agonist 

NA Once  23.4 41.8 NA  Once 93.0 97.0 

Pyrantel 
pamoate   

L-subtype 
nAChR 
agonist 

NA Once  28.5 62.3 Once  Once  97.5 91.7 

Ivermectin GABA- 
gated 
chloride 
and 
potassium 
channel 
agonist 

Once 
daily 
for 
three 
days 

( once) 32.1 78.9 once once 97.3 >99.9 

Albendazole-
ivermectin 

NA NA once 60.0 95.5 NA once 96.7 99.9 

Based on References a313 and b 237. Treatments in brackets indicate drugs that are not 1116 

recommended for treatment but that have a (suboptimal) effect against the disease 1117 

NA not applicable, c: available for this indication in several countries (e.g. Cobantril®) but 1118 

not listed in Reference a; d: after single dose administration, based on Reference 242.  1119 
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FIGURE LEGENDS 1122 

 1123 

Figure 1. Soil-transmitted helminth infections 1124 

Panel A shows the two major Phyla, the Nematoda and the Platyhelminthes within which the 1125 

human multicellular endoparasites fall. A third Phyla also exists, the Acanthocephala 1126 

however humans are very rarely infected, serving only, on rare occasions, as accidental 1127 

hosts. The Trematoda and Cestoda are Classes of Platyhelminth, with the term Helminth an 1128 

umbrella term covering the Nematoda and the Platyhelminths. Examples of genera found 1129 

within each Phylum are included. The so-called Soil Transmitted Helminths are found within 1130 

the Nematoda.  1131 

Panel B summarizes the main similarities and differences of Trichuris and Ascaris parasites 1132 

Figure 2: Prevalence of Trichuris trichiura and Ascaris lumbricoides infections in 1133 

2010.  (A)  Trichuris trichiura infection and (B) Ascaris lumbricoides infection; based on 1134 

geostatistical models for sub-Saharan Africa and available empirical information for all other 1135 

regions. T. trichiura infections may also occur in populations in high-income countries living 1136 

in conditions of poverty such as in aboriginal populations in Australia314 or among migrants7. 1137 

In the case of the latter, most infections are acquired elsewhere given the limited 1138 

opportunities for transmission because of adequate hygiene and sanitation in most high 1139 

income country settings. Adapted with permission from Pullan et al Parasit Vectors. 2014: 7, 1140 

37 1141 

 1142 

Figure 3: Life cycles of Ascaris and Trichuris species.  1143 

Trichuris: infection with Trichuris is  initiated by the oral ingestion of infective embryonated 1144 

eggs. Eggs hatch in the large intestine after receiving signals to do so from bacteria. The first 1145 

stage L1 larvae burrow in to epithelial cells lining the crypts and in this intracellular niche 1146 

grow and moult through to the adult stage. Thus unlike Ascaris, Trichuris is an entirely 1147 

enteric parasites and does not undergo any migratory phase. From the L3 onwards not all of 1148 

the nematode body is found inside the gut epithelial cells, with the posterior end protruding in 1149 

to the gut lumen. Sexually mature adult parasites are found in the large intestine, contrasting 1150 

with Ascaris, and here they mate, and the females release unembryonated eggs which pass 1151 

out with the faeces, becoming embryonated and thus infective after a period of time in the 1152 

external environment. 1153 

Ascaris: after ingestion of embryonated eggs, eggs hatch and release L3 larvae, covered by 1154 

the L2 cuticle. Although the site of egg hatching has been a topic of some discussion, the 1155 

current evidence points to the larvae hatching in the large intestine. L3 larvae penetrate the 1156 

caecal and proximal colon mucosa and undergo what is known as a hepato-trachael 1157 

migration, a phenomenon that sets Ascaris apart from the other soil-transmitted helminths, 1158 

including Trichuris. Larvae migrate via the portal blood vessels to the liver. In the liver, the L2 1159 

cuticle is shed and some larval growth occurs. Subsequently, larvae advance to the lungs, 1160 

penetrate the alveolar spaces, move to the pharynx where they are coughed up and 1161 

swallowed. On their return to the small intestine, the now L4 larvae undergo a final moult 1162 

(L5) and develop to adulthood with sexually mature male and female worms within the lumen 1163 



 

 

of the small intestine. Adult worms produce unembryonated eggs that are shed in the faeces 1164 

where they develop to infectivity under appropriate conditions of temperature and moisture. 1165 

Images of Trichuris eggs and adult stage parasite courtesy of Ruth Forman; images of 1166 

Ascaris larvae and larvae in lung courtesy of Celia Holland; Ascaris larva in liver reproduced 1167 

with permission from  PLOS Neglected Diseases when this paper was published -  Deslyper, 1168 

G., Colgan, T., Cooper, A., Holland, C.V. and Carolan, J. (2016). A proteomic investigation 1169 

of hepatic resistance to Ascaris in a murine model. PLOS Neglected Diseases 10(8): 1170 

e0004837. and at http://www.bpod.mrc.ac.uk/archive/2016/9/13 Image by Dr Christina Dold 1171 

and Professor Celia Holland; Ascaris egg courtesy of Gwendoline Deslyper 1172 

 1173 

Figure 4: The anti-parasite effector mechanisms operating in the protective immune 1174 

response to Ascaris and Trichuris 1175 

a) In mice resistant to Ascaris elimination of parasites from the gut involves the “weep 1176 

and sweep” mechanism, embracing an increase in muscle contractility and fluid 1177 

secretion133. Lung stage immunity lack mechanistic clarity, but likely involve Type 2 1178 

controlled effector mechanisms. Both neutrophils and eosinophils feature in the lung 1179 

infiltrating cells. Even less is understood about liver stage immunity although reactive 1180 

oxygen species have been implicated in the mechanism of resistance. 1181 

b) In strains of mice resistant to T. muris, the Type 2 cytokine IL-13 has been shown to 1182 

increase the rate of epithelial turnover thus displacing the parasite from its niche79. 1183 

Resistance to infection also correlates with and expansion of goblet cells. Through 1184 

the use of mucin deficient mouse strains, muc 2 and muc5ac75,76 have been shown to 1185 

be important in resistance to T. muris, likely via direct interactions with the parasite in 1186 

the gut. Changes to gut physiology, increased muscle contractility and fluid secretion 1187 

are also thought to contribute to parasite expulsion  1188 

Although likely, it is not known if similar effector mechanisms also operate in man. 1189 

 1190 

Figure 5: Clinical complications of trichuriasis and ascariasis 1191 

 1192 

a) Colonoscopic image of Trichuris dysentry syndrome (TDS). Note petechial lesions 1193 

and mucosal haemorrhages (taken from Khuroo et al (2010) Gastrointestinal endoscopy, 71 1194 

(1), 200-204) 1195 

b) Abdominal X-ray demonstrating “tramline” appearance caused by a heavy intestinal 1196 

infestation by Ascaris lumbricoides. The duodenum is packed with worms, presenting as a 1197 

tangled mass of black within the white of the contrast medium (reproduced from 1198 

https://en.wikipedia.org/wiki/Ascariasis#/media/File:Ascaris_infection_in_X-ray_image-1199 

_Duedenal_worms_in_the_first_portion_of_the_bowel_after_the_stomach_(South_Africa)_(1200 

16238958958).jpg) 1201 

c) Small bowel obstruction by Ascaris lumbricoides. The image shows a piece of 1202 

intestine, blocked by Ascaris lumbricoides which has been surgically removed from a 3-year-1203 

old boy in South Africa. Reproduced from SuSanA Secretariat 1204 

https://www.flickr.com/photos/gtzecosan/16424898321/, CC BY 2.0, 1205 

https://commons.wikimedia.org/w/index.php?curid=38219947 1206 

 1207 

Figure 6: Outlook for development of novel drugs for STH infections.  1208 

http://www.bpod.mrc.ac.uk/archive/2016/9/13
http://www.bpod.mrc.ac.uk/archive/2016/9/13
https://en.wikipedia.org/wiki/Ascariasis#/media/File:Ascaris_infection_in_X-ray_image-_Duedenal_worms_in_the_first_portion_of_the_bowel_after_the_stomach_(South_Africa)_(16238958958).jpg)
https://en.wikipedia.org/wiki/Ascariasis#/media/File:Ascaris_infection_in_X-ray_image-_Duedenal_worms_in_the_first_portion_of_the_bowel_after_the_stomach_(South_Africa)_(16238958958).jpg)
https://en.wikipedia.org/wiki/Ascariasis#/media/File:Ascaris_infection_in_X-ray_image-_Duedenal_worms_in_the_first_portion_of_the_bowel_after_the_stomach_(South_Africa)_(16238958958).jpg)


 

 

(a) Chemogenomics approaches will help identify new candidate anthelmintic drugs 1209 

targeting Ascaris spp. and Trichuris spp. Targets common to all soil transmitted helminths  1210 

will be of particular interest. A greater understanding of the worm life cycle, host-parasite 1211 

interactions and host immunity to infection (b) may assist in adding context to omics-based 1212 

discoveries, and this too may highlight additional candidate targets as well as challenges in 1213 

developing new therapies. (c) Advanced, automated phenotypic screening platforms will 1214 

emerge. Images courtesy of James O’Sullivan and Hannah Smith.  1215 

 1216 

 1217 

  1218 



 

 

Box 1: How do Type 2 immune responses develop? 1219 

Although several cell types (e.g. Innate Lymphoid Cells, B cells, macrophages) possess 1220 

MHC II and so can present antigen to CD4+ T cells, their in vivo contribution in the context of 1221 

murine trichuriasis is not fully defined. In contrast, the dendritic cell represents a potent 1222 

antigen presenting cell known to play a key role in Trichuris infections in the mouse. Different 1223 

subsets of dendritic cells (DCs) exist with the IRF4+ CD11c+ CD11b+ DC being the potent 1224 

driver of Type 2 immunity post Trichuris infection and IRF8+ CD103+ DC associated with 1225 

Type 1 immunity and thus chronic infection. Exactly how these subsets have 1226 

compartmentalised roles is unclear but mechanisms are likely to embrace both cell intrinsic 1227 

factors and external signals. For example, if the cellular phosphatase SHIP-1 is deleted 1228 

specifically from DCs, T.muris expulsion is impaired. Further, different DC subsets may 1229 

express different levels of cytokine receptors and so be educated differently towards a Type 1230 

2 promoting phenotype by the family of alarmin cytokines (IL-25, IL-33, TSLP). Indeed 1231 

raising IL-25 or IL-33 levels in normally susceptible mice promotes resistance to Trichuris315 1232 

and blocking TSLP signalling in normally resistant mice delays worm expulsion316. Other 1233 

evidence implicating the dendritic cell as a key player in the development of Type 2 immunity 1234 

comes from circadian studies. Here, the effect of time-of-day on the outcome of Trichuris 1235 

infection was shown to be, at least in part, dependent upon the dendritic cell clock317. Thus, 1236 

mice infected in the morning are more resistant to infection than mice infected at night. 1237 

Transgenic mice created such that dendritic cells lack a core clock gene lose this time-of –1238 

day dependency in resistance to infection, with the mechanism hypothesised to be due to 1239 

circadian regulation of levels of Type 1 promoting cytokines.  1240 

  1241 



 

 

Box 2. An Economic Perspective 1242 

Potential cost-effectiveness of treating soil-transmitted helminths has been reviewed but relatively 1243 

few studies have provided data for individual STH parasites318. In the case of ascariasis, such studies 1244 

have indicated that with school-targeted control of high prevalence communities, that a DALY can be 1245 

averted at a cost of US$8319, that enhancing coverage is more cost-effective than increasing the 1246 

frequency of treatments320, and that MDA is more cost-effective in high-transmission areas with 1247 

longer rather than shorter intervals between treatments321. Studies estimating productivity loss of 1248 

working adults measured significant losses among STH-infected compared to uninfected agricultural 1249 

workers, generally attributed to the effects of anaemia, although attribution to specific STH 1250 

parasites is problematic260.    1251 

 1252 

References 1253 

1 Araujo, A., Reinhard, K. J., Ferreira, L. F. & Gardner, S. L. Parasites as probes for prehistoric 1254 

human migrations? Trends in parasitology 24, 112-115, doi:10.1016/j.pt.2007.11.007 (2008). 1255 

2 Hawash, M. B. et al. Whipworms in humans and pigs: origins and demography. Parasites & 1256 

vectors 9, 37, doi:10.1186/s13071-016-1325-8 (2016). 1257 

3 Ledger, M., Anastasioiu E, Shillito L, Mackay H, Bull ID, Haddow SD, Knusel C, Mitchell PD. 1258 

Parasite infection at the early farming community of Catalhoyuk. Antiquity (2019). 1259 

4 Soe, M. J., Kapel, C. M. & Nejsum, P. Ascaris from Humans and Pigs Appear to Be 1260 

Reproductively Isolated Species. PLoS Negl Trop Dis 10, e0004855, 1261 

doi:10.1371/journal.pntd.0004855 (2016). 1262 

5 Mitchell, P. D. The origins of human parasites: Exploring the evidence for endoparasitism 1263 

throughout human evolution. International journal of paleopathology 3, 191-198, 1264 

doi:10.1016/j.ijpp.2013.08.003 (2013). 1265 

6 Pullan, R. L., Smith, J. L., Jasrasaria, R. & Brooker, S. J. Global numbers of infection and 1266 

disease burden of soil transmitted helminth infections in 2010. Parasites & vectors 7, 37, 1267 

doi:10.1186/1756-3305-7-37 (2014). 1268 

7 Hotez, P. J. et al. The global burden of disease study 2010: interpretation and implications 1269 

for the neglected tropical diseases. PLoS Negl Trop Dis 8, e2865, 1270 

doi:10.1371/journal.pntd.0002865 (2014). 1271 

8 WHO. Preventive chemotherapy to control soil-transmitted helminths in at-risk population 1272 

groups. Guideline. World Health Organisation, 1273 

<https://www.who.int/nutrition/publications/guidelines/deworming/en/> ( 1274 

9 Hotez, P. J. Global deworming: moving past albendazole and mebendazole. The Lancet. 1275 

Infectious diseases 17, 1101-1102, doi:10.1016/s1473-3099(17)30484-x (2017). 1276 

10 Global, regional, and national disability-adjusted life-years (DALYs) for 315 diseases and 1277 

injuries and healthy life expectancy (HALE), 1990-2015: a systematic analysis for the Global 1278 

Burden of Disease Study 2015. Lancet (London, England) 388, 1603-1658, 1279 

doi:10.1016/s0140-6736(16)31460-x (2016). 1280 

11 Exchange, G. H. D. <http://ghdx.healthdata.org/gbd-results-tool> ( 1281 

12 Bundy, D. A., Cooper, E. S., Thompson, D. E., Didier, J. M. & Simmons, I. Epidemiology and 1282 

population dynamics of Ascaris lumbricoides and Trichuris trichiura infection in the same 1283 

community. Transactions of the Royal Society of Tropical Medicine and Hygiene 81, 987-993, 1284 

doi:10.1016/0035-9203(87)90372-5 (1987). 1285 

13 Beer, R. J. The relationship between Trichuris trichiura (Linnaeus 1758) of man and Trichuris 1286 

suis (Schrank 1788) of the pig. Research in veterinary science 20, 47-54 (1976). 1287 

https://www.who.int/nutrition/publications/guidelines/deworming/en/
http://ghdx.healthdata.org/gbd-results-tool


 

 

14 Bundy, D. A. & Cooper, E. S. Trichuris and trichuriasis in humans. Advances in parasitology 1288 

28, 107-173 (1989). 1289 

15 Bundy, D. A., Cooper, E. S., Thompson, D. E., Anderson, R. M. & Didier, J. M. Age-related 1290 

prevalence and intensity of Trichuris trichiura infection in a St. Lucian community. 1291 

Transactions of the Royal Society of Tropical Medicine and Hygiene 81, 85-94, 1292 

doi:10.1016/0035-9203(87)90293-8 (1987). 1293 

16 DE, E. in Sleisenger and Fordtran's gastrintestinal and liver disease: 1294 

pathophysiology/diagnosis/management   (ed Friedman LS Feldman M, Brandt LJ) 2435-1295 

2457 (Elsevier, Philadelphia, 2006). 1296 

17 Wright, J. E., Werkman, M., Dunn, J. C. & Anderson, R. M. Current epidemiological evidence 1297 

for predisposition to high or low intensity human helminth infection: a systematic review. 1298 

Parasites & vectors 11, 65, doi:10.1186/s13071-018-2656-4 (2018). 1299 

18 Bundy, D. A. et al. Predisposition to Trichuris trichiura infection in humans. Epidemiology and 1300 

infection 98, 65-71, doi:10.1017/s0950268800061719 (1987). 1301 

19 Ellis, M. K. et al. Familial aggregation of human susceptibility to co- and multiple helminth 1302 

infections in a population from the Poyang Lake region, China. International journal for 1303 

parasitology 37, 1153-1161, doi:10.1016/j.ijpara.2007.02.008 (2007). 1304 

20 Williams-Blangero, S. et al. Two quantitative trait loci influence whipworm (Trichuris 1305 

trichiura) infection in a Nepalese population. The Journal of infectious diseases 197, 1198-1306 

1203, doi:10.1086/533493 (2008). 1307 

21 Costa, R. D. et al. Effect of polymorphisms on TGFB1 on allergic asthma and helminth 1308 

infection in an African admixed population. Annals of allergy, asthma & immunology : official 1309 

publication of the American College of Allergy, Asthma, & Immunology 118, 483-488.e481, 1310 

doi:10.1016/j.anai.2017.01.028 (2017). 1311 

22 de Silva, N. R. et al. Soil-transmitted helminth infections: updating the global picture. Trends 1312 

in parasitology 19, 547-551 (2003). 1313 

23 Schulz, J. D., Moser, W., Hurlimann, E. & Keiser, J. Preventive Chemotherapy in the Fight 1314 

against Soil-Transmitted Helminthiasis: Achievements and Limitations. Trends in parasitology 1315 

34, 590-602, doi:10.1016/j.pt.2018.04.008 (2018). 1316 

24 Summers, R. W., Elliott, D. E., Urban, J. F., Jr., Thompson, R. A. & Weinstock, J. V. Trichuris 1317 

suis therapy for active ulcerative colitis: a randomized controlled trial. Gastroenterology 128, 1318 

825-832, doi:10.1053/j.gastro.2005.01.005 (2005). 1319 

25 Ghai, R. R. et al. Hidden population structure and cross-species transmission of whipworms 1320 

(Trichuris sp.) in humans and non-human primates in Uganda. PLoS Negl Trop Dis 8, e3256, 1321 

doi:10.1371/journal.pntd.0003256 (2014). 1322 

26 Global, regional, and national incidence, prevalence, and years lived with disability for 301 1323 

acute and chronic diseases and injuries in 188 countries, 1990-2013: a systematic analysis 1324 

for the Global Burden of Disease Study 2013. Lancet (London, England) 386, 743-800, 1325 

doi:10.1016/s0140-6736(15)60692-4 (2015). 1326 

27 WHO. Eliminating STH as a public health problem in children, 2012). 1327 

28 Yakob, L. et al. Slaving and release in co-infection control. Parasites & vectors 6, 157, 1328 

doi:10.1186/1756-3305-6-157 (2013). 1329 

29 Pullan, R. & Brooker, S. The health impact of polyparasitism in humans: are we under-1330 

estimating the burden of parasitic diseases? Parasitology 135, 783-794, 1331 

doi:10.1017/s0031182008000346 (2008). 1332 

30 Brooker, S., Clements, A. C. & Bundy, D. A. Global epidemiology, ecology and control of soil-1333 

transmitted helminth infections. Advances in parasitology 62, 221-261, doi:10.1016/s0065-1334 

308x(05)62007-6 (2006). 1335 

31 Owada, K. et al. Spatial distribution and populations at risk of A. lumbricoides and T. 1336 

trichiura co-infections and infection intensity classes: an ecological study. Parasites & vectors 1337 

11, 535, doi:10.1186/s13071-018-3107-y (2018). 1338 



 

 

32 Benjamin-Chung, J. et al. The Interaction of Deworming, Improved Sanitation, and 1339 

Household Flooring with Soil-Transmitted Helminth Infection in Rural Bangladesh. PLoS Negl 1340 

Trop Dis 9, e0004256, doi:10.1371/journal.pntd.0004256 (2015). 1341 

33 Kightlinger, L. K., Seed, J. R. & Kightlinger, M. B. Ascaris lumbricoides intensity in relation to 1342 

environmental, socioeconomic, and behavioral determinants of exposure to infection in 1343 

children from southeast Madagascar. The Journal of parasitology 84, 480-484 (1998). 1344 

34 Croll, N. A. & Ghadirian, E. Wormy persons: contributions to the nature and patterns of 1345 

overdispersion with Ascaris lumbricoides, Ancylosotma duodenale, Necator americanus and 1346 

Trichuris trichiura. Tropical and geographical medicine 33, 241-248 (1981). 1347 

35 Nogueira, D. S. et al. Multiple Exposures to Ascaris suum Induce Tissue Injury and Mixed 1348 

Th2/Th17 Immune Response in Mice. PLoS Negl Trop Dis 10, e0004382, 1349 

doi:10.1371/journal.pntd.0004382 (2016). 1350 

36 Holland, C. V. et al. The epidemiology of Ascaris lumbricoides and other soil-transmitted 1351 

helminths in primary school children from Ile-Ife, Nigeria. Parasitology 99 Pt 2, 275-285 1352 

(1989). 1353 

37 Holland, C. V. et al. Intestinal helminthiases in relation to the socioeconomic environment of 1354 

Panamanian children. Social science & medicine (1982) 26, 209-213, doi:10.1016/0277-1355 

9536(88)90241-9 (1988). 1356 

38 Haswell-Elkins, M., Elkins, D. & Anderson, R. M. The influence of individual, social group and 1357 

household factors on the distribution of Ascaris lumbricoides within a community and 1358 

implications for control strategies. Parasitology 98 ( Pt 1), 125-134 (1989). 1359 

39 Chan, L., Bundy, D. A. & Kan, S. P. Genetic relatedness as a determinant of predisposition to 1360 

Ascaris lumbricoides and Trichuris trichiura infection. Parasitology 108 ( Pt 1), 77-80 (1994). 1361 

40 Williams-Blangero, S. et al. Genetic analysis of susceptibility to infection with Ascaris 1362 

lumbricoides. The American journal of tropical medicine and hygiene 60, 921-926, 1363 

doi:10.4269/ajtmh.1999.60.921 (1999). 1364 

41 Williams-Blangero, S. et al. Genes on chromosomes 1 and 13 have significant effects on 1365 

Ascaris infection. Proceedings of the National Academy of Sciences of the United States of 1366 

America 99, 5533-5538, doi:10.1073/pnas.082115999 (2002). 1367 

42 Peisong, G. et al. An asthma-associated genetic variant of STAT6 predicts low burden of 1368 

ascaris worm infestation. Genes and immunity 5, 58-62, doi:10.1038/sj.gene.6364030 1369 

(2004). 1370 

43 Williams-Blangero, S. et al. Localization of multiple quantitative trait loci influencing 1371 

susceptibility to infection with Ascaris lumbricoides. The Journal of infectious diseases 197, 1372 

66-71, doi:10.1086/524060 (2008). 1373 

44 Acevedo, N. et al. Association between total immunoglobulin E and antibody responses to 1374 

naturally acquired Ascaris lumbricoides infection and polymorphisms of immune system-1375 

related LIG4, TNFSF13B and IRS2 genes. Clinical and experimental immunology 157, 282-290, 1376 

doi:10.1111/j.1365-2249.2009.03948.x (2009). 1377 

45 Dold, C. & Holland, C. V. Investigating the underlying mechanism of resistance to Ascaris 1378 

infection. Microbes and infection 13, 624-631, doi:10.1016/j.micinf.2010.09.013 (2011). 1379 

46 Avery, R. H., Wall, L. A., Verhoeve, V. I., Gipson, K. S. & Malone, J. B. Molecular Confirmation 1380 

of Ascaris suum: Further Investigation into the Zoonotic Origin of Infection in an 8-Year-Old 1381 

Boy with Loeffler Syndrome. Vector borne and zoonotic diseases (Larchmont, N.Y.) 18, 638-1382 

640, doi:10.1089/vbz.2018.2306 (2018). 1383 

47 Sadaow, L. et al. Molecular identification of Ascaris lumbricoides and Ascaris suum 1384 

recovered from humans and pigs in Thailand, Lao PDR, and Myanmar. Parasitology research 1385 

117, 2427-2436, doi:10.1007/s00436-018-5931-6 (2018). 1386 

48 Monteiro, K. J. L. et al. Genetic diversity of Ascaris spp. infecting humans and pigs in distinct 1387 

Brazilian regions, as revealed by mitochondrial DNA. PLoS One 14, e0218867, 1388 

doi:10.1371/journal.pone.0218867 (2019). 1389 



 

 

49 Betson, M., Nejsum, P., Bendall, R. P., Deb, R. M. & Stothard, J. R. Molecular epidemiology of 1390 

ascariasis: a global perspective on the transmission dynamics of Ascaris in people and pigs. 1391 

The Journal of infectious diseases 210, 932-941, doi:10.1093/infdis/jiu193 (2014). 1392 

50 Nejsum, P., Betson, M., Bendall, R. P., Thamsborg, S. M. & Stothard, J. R. Assessing the 1393 

zoonotic potential of Ascaris suum and Trichuris suis: looking to the future from an analysis 1394 

of the past. Journal of helminthology 86, 148-155, doi:10.1017/s0022149x12000193 (2012). 1395 

51 Hayes, K. S. et al. Exploitation of the intestinal microflora by the parasitic nematode Trichuris 1396 

muris. Science 328, 1391-1394, doi:10.1126/science.1187703 (2010). 1397 

52 Cliffe, L. J. & Grencis, R. K. The Trichuris muris system: a paradigm of resistance and 1398 

susceptibility to intestinal nematode infection. Advances in parasitology 57, 255-307, 1399 

doi:10.1016/s0065-308x(04)57004-5 (2004). 1400 

53 Hurst, R. J. & Else, K. J. Trichuris muris research revisited: a journey through time. 1401 

Parasitology 140, 1325-1339, doi:10.1017/S0031182013001054 (2013). 1402 

54 Pike, E. H. Egg Output of Trichuris muris (Schrank, 1788). The Journal of parasitology 55, 1403 

1046-1049, doi:10.2307/3277172 (1969). 1404 

55 O'Sullivan, J. D. B. et al. X-ray micro-computed tomography (muCT): an emerging 1405 

opportunity in parasite imaging. Parasitology 145, 848-854, 1406 

doi:10.1017/S0031182017002074 (2018). 1407 

56 Starborg, T. et al. Experimental steering of electron microscopy studies using prior X-ray 1408 

computed tomography. Ultramicroscopy 201, 58-67, doi:10.1016/j.ultramic.2019.03.002 1409 

(2019). 1410 

57 Eichenberger, R. M. et al. Characterization of Trichuris muris secreted proteins and 1411 

extracellular vesicles provides new insights into host-parasite communication. Journal of 1412 

extracellular vesicles 7, 1428004, doi:10.1080/20013078.2018.1428004 (2018). 1413 

58 Bancroft, A. J. et al. The major secreted protein of the whipworm parasite tethers to matrix 1414 

and inhibits interleukin-13 function. Nat Commun 10, 2344, doi:10.1038/s41467-019-09996-1415 

z (2019). 1416 

59 Leroux, L. P. et al. Analysis of the Trichuris suis excretory/secretory proteins as a function of 1417 

life cycle stage and their immunomodulatory properties. Sci Rep 8, 15921, 1418 

doi:10.1038/s41598-018-34174-4 (2018). 1419 

60 Mosmann, T. R. & Coffman, R. L. Heterogeneity of cytokine secretion patterns and functions 1420 

of helper T cells. Advances in immunology 46, 111-147 (1989). 1421 

61 Faulkner, H. et al. Age- and infection intensity-dependent cytokine and antibody production 1422 

in human trichuriasis: the importance of IgE. The Journal of infectious diseases 185, 665-672, 1423 

doi:10.1086/339005 (2002). 1424 

62 de Ruiter, K. et al. Helminth infections drive heterogeneity in human type 2 and regulatory 1425 

cells. Science translational medicine 12, doi:10.1126/scitranslmed.aaw3703 (2020). 1426 

63 Turner, J. D. et al. Th2 cytokines are associated with reduced worm burdens in a human 1427 

intestinal helminth infection. The Journal of infectious diseases 188, 1768-1775, 1428 

doi:10.1086/379370 (2003). 1429 

64 Dige, A. et al. Mucosal and systemic immune modulation by Trichuris trichiura in a self-1430 

infected individual. Parasite immunology 39, doi:10.1111/pim.12394 (2017). 1431 

65 Broadhurst, M. J. et al. IL-22+ CD4+ T cells are associated with therapeutic trichuris trichiura 1432 

infection in an ulcerative colitis patient. Science translational medicine 2, 60ra88, 1433 

doi:10.1126/scitranslmed.3001500 (2010). 1434 

66 Kringel, H., Iburg, T., Dawson, H., Aasted, B. & Roepstorff, A. A time course study of 1435 

immunological responses in Trichuris suis infected pigs demonstrates induction of a local 1436 

type 2 response associated with worm burden. International journal for parasitology 36, 1437 

915-924, doi:10.1016/j.ijpara.2006.04.008 (2006). 1438 

67 Else, K. J., Finkelman, F. D., Maliszewski, C. R. & Grencis, R. K. Cytokine-mediated regulation 1439 

of chronic intestinal helminth infection. J Exp Med 179, 347-351 (1994). 1440 



 

 

68 Grencis, R. K. Immunity to helminths: resistance, regulation, and susceptibility to 1441 

gastrointestinal nematodes. Annual review of immunology 33, 201-225, 1442 

doi:10.1146/annurev-immunol-032713-120218 (2015). 1443 

69 Hadidi, S. et al. Myeloid cell-specific expression of Ship1 regulates IL-12 production and 1444 

immunity to helminth infection. Mucosal Immunol 5, 535-543, doi:10.1038/mi.2012.29 1445 

(2012). 1446 

70 Artis, D. New weapons in the war on worms: identification of putative mechanisms of 1447 

immune-mediated expulsion of gastrointestinal nematodes. International journal for 1448 

parasitology 36, 723-733, doi:10.1016/j.ijpara.2006.02.011 (2006). 1449 

71 Klementowicz, J. E., Travis, M. A. & Grencis, R. K. Trichuris muris: a model of gastrointestinal 1450 

parasite infection. Seminars in immunopathology 34, 815-828, doi:10.1007/s00281-012-1451 

0348-2 (2012). 1452 

72 Sorobetea, D., Svensson-Frej, M. & Grencis, R. Immunity to gastrointestinal nematode 1453 

infections. Mucosal Immunol 11, 304-315, doi:10.1038/mi.2017.113 (2018). 1454 

73 Blackwell, N. M. & Else, K. J. B cells and antibodies are required for resistance to the parasitic 1455 

gastrointestinal nematode Trichuris muris. Infect Immun 69, 3860-3868, 1456 

doi:10.1128/IAI.69.6.3860-3868.2001 (2001). 1457 

74 Perrigoue, J. G. et al. MHC class II-dependent basophil-CD4+ T cell interactions promote 1458 

T(H)2 cytokine-dependent immunity. Nat Immunol 10, 697-705, doi:10.1038/ni.1740 (2009). 1459 

75 Hasnain, S. Z. et al. Muc5ac: a critical component mediating the rejection of enteric 1460 

nematodes. J Exp Med 208, 893-900, doi:10.1084/jem.20102057 (2011). 1461 

76 Hasnain, S. Z. et al. Mucin gene deficiency in mice impairs host resistance to an enteric 1462 

parasitic infection. Gastroenterology 138, 1763-1771, doi:10.1053/j.gastro.2010.01.045 1463 

(2010). 1464 

77 Foth, B. J. et al. Whipworm genome and dual-species transcriptome analyses provide 1465 

molecular insights into an intimate host-parasite interaction. Nature genetics 46, 693-700, 1466 

doi:10.1038/ng.3010 (2014). 1467 

78 Khan, W. I. et al. Modulation of intestinal muscle contraction by interleukin-9 (IL-9) or IL-9 1468 

neutralization: correlation with worm expulsion in murine nematode infections. Infect 1469 

Immun 71, 2430-2438, doi:10.1128/iai.71.5.2430-2438.2003 (2003). 1470 

79 Cliffe, L. J. et al. Accelerated intestinal epithelial cell turnover: a new mechanism of parasite 1471 

expulsion. Science 308, 1463-1465, doi:10.1126/science.1108661 (2005). 1472 

80 Jarrett, E. E. & Miller, H. R. Production and activities of IgE in helminth infection. Progress in 1473 

allergy 31, 178-233 (1982). 1474 

81 Else, K. J. & Grencis, R. K. Antibody-independent effector mechanisms in resistance to the 1475 

intestinal nematode parasite Trichuris muris. Infect Immun 64, 2950-2954 (1996). 1476 

82 Constant, S., Schweitzer, N., West, J., Ranney, P. & Bottomly, K. B lymphocytes can be 1477 

competent antigen-presenting cells for priming CD4+ T cells to protein antigens in vivo. J 1478 

Immunol 155, 3734-3741 (1995). 1479 

83 Lund, F. E., Garvy, B. A., Randall, T. D. & Harris, D. P. Regulatory roles for cytokine-producing 1480 

B cells in infection and autoimmune disease. Current directions in autoimmunity 8, 25-54, 1481 

doi:10.1159/000082086 (2005). 1482 

84 Wojciechowski, W. et al. Cytokine-producing effector B cells regulate type 2 immunity to H. 1483 

polygyrus. Immunity 30, 421-433, doi:10.1016/j.immuni.2009.01.006 (2009). 1484 

85 Schopf, L. R., Hoffmann, K. F., Cheever, A. W., Urban, J. F., Jr. & Wynn, T. A. IL-10 is critical 1485 

for host resistance and survival during gastrointestinal helminth infection. J Immunol 168, 1486 

2383-2392 (2002). 1487 

86 Duque-Correa, M. A. et al. Exclusive dependence of IL-10Ralpha signalling on intestinal 1488 

microbiota homeostasis and control of whipworm infection. PLoS Pathog 15, e1007265, 1489 

doi:10.1371/journal.ppat.1007265 (2019). 1490 



 

 

87 Houlden, A. et al. Chronic Trichuris muris Infection in C57BL/6 Mice Causes Significant 1491 

Changes in Host Microbiota and Metabolome: Effects Reversed by Pathogen Clearance. PLoS 1492 

One 10, e0125945, doi:10.1371/journal.pone.0125945 (2015). 1493 

88 Holm, J. B. et al. Chronic Trichuris muris Infection Decreases Diversity of the Intestinal 1494 

Microbiota and Concomitantly Increases the Abundance of Lactobacilli. PLoS One 10, 1495 

e0125495, doi:10.1371/journal.pone.0125495 (2015). 1496 

89 Li, R. W. et al. Alterations in the porcine colon microbiota induced by the gastrointestinal 1497 

nematode Trichuris suis. Infect Immun 80, 2150-2157, doi:10.1128/iai.00141-12 (2012). 1498 

90 Wu, S. et al. Worm burden-dependent disruption of the porcine colon microbiota by 1499 

Trichuris suis infection. PLoS One 7, e35470, doi:10.1371/journal.pone.0035470 (2012). 1500 

91 Lee, S. C. et al. Helminth colonization is associated with increased diversity of the gut 1501 

microbiota. PLoS Negl Trop Dis 8, e2880, doi:10.1371/journal.pntd.0002880 (2014). 1502 

92 Cooper, P. et al. Patent human infections with the whipworm, Trichuris trichiura, are not 1503 

associated with alterations in the faecal microbiota. PLoS One 8, e76573, 1504 

doi:10.1371/journal.pone.0076573 (2013). 1505 

93 White, E. C. et al. Manipulation of host and parasite microbiotas: Survival strategies during 1506 

chronic nematode infection. Science advances 4, eaap7399, doi:10.1126/sciadv.aap7399 1507 

(2018). 1508 

94 Glover, M., Colombo, S. A. P., Thornton, D. J. & Grencis, R. K. Trickle infection and immunity 1509 

to Trichuris muris. PLoS Pathog 15, e1007926, doi:10.1371/journal.ppat.1007926 (2019). 1510 

95 Abolins, S. et al. The comparative immunology of wild and laboratory mice, Mus musculus 1511 

domesticus. Nat Commun 8, 14811, doi:10.1038/ncomms14811 (2017). 1512 

96 Leung, J. M. et al. Rapid environmental effects on gut nematode susceptibility in rewilded 1513 

mice. PLoS biology 16, e2004108, doi:10.1371/journal.pbio.2004108 (2018). 1514 

97 Stephenson, L. S. The impact of helminth infections on human nutrition.,  93 (Taylor and 1515 

Francis, 1987). 1516 

98 Wong, M. S. & Bundy, D. A. Quantitative assessment of contamination of soil by the eggs of 1517 

Ascaris lumbricoides and Trichuris trichiura. Transactions of the Royal Society of Tropical 1518 

Medicine and Hygiene 84, 567-570, doi:10.1016/0035-9203(90)90043-e (1990). 1519 

99 Douvres, F. W. & Urban, J. F., Jr. Factors contributing to the in vitro development of Ascaris 1520 

suum from second-stage larvae to mature adults. The Journal of parasitology 69, 549-558 1521 

(1983). 1522 

100 Fagerholm, H. P., Nansen, P., Roepstorff, A., Frandsen, F. & Eriksen, L. Differentiation of 1523 

cuticular structures during the growth of the third-stage larva of Ascaris suum (Nematoda, 1524 

Ascaridoidea) after emerging from the egg. The Journal of parasitology 86, 421-427, 1525 

doi:10.1645/0022-3395(2000)086[0421:DOCSDT]2.0.CO;2 (2000). 1526 

101 P.A. Pilitt, J. R. L., F.G. Tromba, P.A. Madden Differentiation of late fourth and early fifth 1527 

stages of Ascaris suum Goeze, 1782 (Nematoda: 1528 

Ascaridoidea) in swine. Proc. Helminthol. Soc. 48, 1e7 (1981). 1529 

102 R.M., A. The population dynamics and control of hookworm and roundworm infections.  67-1530 

108 (Chapman and Hall, 1982). 1531 

103 Pawlowski, Z. S. a. A., F. Ascariasis 347-358 (McGraw-Hill, New York, 1984). 1532 

104 Read, A. F. & Skorping, A. The evolution of tissue migration by parasitic nematode larvae. 1533 

Parasitology 111 ( Pt 3), 359-371, doi:10.1017/s0031182000081919 (1995). 1534 

105 Javid, G. et al. Ascaris-induced liver abscess. World journal of surgery 23, 1191-1194, 1535 

doi:10.1007/s002689900645 (1999). 1536 

106 Ribeiro JD, F. G. Eosinophilic lung diseases. Paediatric Respiratory Reviews. 3, 278-284 1537 

(2002). 1538 

107 Hagel, I. et al. Ascaris reinfection of slum children: relation with the IgE response. Clinical 1539 

and experimental immunology 94, 80-83, doi:10.1111/j.1365-2249.1993.tb05981.x (1993). 1540 



 

 

108 Palmer, D. R., Hall, A., Haque, R. & Anwar, K. S. Antibody isotype responses to antigens of 1541 

Ascaris lumbricoides in a case-control study of persistently heavily infected Bangladeshi 1542 

children. Parasitology 111 ( Pt 3), 385-393 (1995). 1543 

109 McSharry, C., Xia, Y., Holland, C. V. & Kennedy, M. W. Natural immunity to Ascaris 1544 

lumbricoides associated with immunoglobulin E antibody to ABA-1 allergen and 1545 

inflammation indicators in children. Infect Immun 67, 484-489 (1999). 1546 

110 King, E. M. et al. Immuno-epidemiology of Ascaris lumbricoides infection in a high 1547 

transmission community: antibody responses and their impact on current and future 1548 

infection intensity. Parasite immunology 27, 89-96, doi:10.1111/j.1365-3024.2005.00753.x 1549 

(2005). 1550 

111 Cooper, P. J. et al. Human infection with Ascaris lumbricoides is associated with a polarized 1551 

cytokine response. The Journal of infectious diseases 182, 1207-1213, doi:10.1086/315830 1552 

(2000). 1553 

112 Jackson, J. A. et al. T helper cell type 2 responsiveness predicts future susceptibility to 1554 

gastrointestinal nematodes in humans. The Journal of infectious diseases 190, 1804-1811, 1555 

doi:10.1086/425014 (2004). 1556 

113 Cooper, P. J. et al. Repeated treatments with albendazole enhance Th2 responses to Ascaris 1557 

Lumbricoides, but not to aeroallergens, in children from rural communities in the Tropics. 1558 

The Journal of infectious diseases 198, 1237-1242, doi:10.1086/591945 (2008). 1559 

114 Holland, C. V., Behnke, J.M. and Dold, C. . Larval ascariasis: Impact, significance and model 1560 

organisms. . Ascaris: the Neglected parasite (Ed. Celia Holland), 108-125 (2013). 1561 

115 Lewis, R., Behnke, J. M., Stafford, P. & Holland, C. V. Dose-dependent impact of larval Ascaris 1562 

suum on host body weight in the mouse model. Journal of helminthology 83, 1-5, 1563 

doi:10.1017/s0022149x08912402 (2009). 1564 

116 Deslyper, G., Holland, C. V., Colgan, T. J. & Carolan, J. C. The liver proteome in a mouse 1565 

model for Ascaris suum resistance and susceptibility: evidence for an altered innate immune 1566 

response. Parasites & vectors 12, 402, doi:10.1186/s13071-019-3655-9 (2019). 1567 

117 Lewis, R., Behnke, J. M., Stafford, P. & Holland, C. V. The development of a mouse model to 1568 

explore resistance and susceptibility to early Ascaris suum infection. Parasitology 132, 289-1569 

300, doi:10.1017/s0031182005008978 (2006). 1570 

118 Dold, C., Cassidy, J. P., Stafford, P., Behnke, J. M. & Holland, C. V. Genetic influence on the 1571 

kinetics and associated pathology of the early stage (intestinal-hepatic) migration of Ascaris 1572 

suum in mice. Parasitology 137, 173-185, doi:10.1017/s0031182009990850 (2010). 1573 

119 Deslyper, G., Colgan, T. J., Cooper, A. J., Holland, C. V. & Carolan, J. C. A Proteomic 1574 

Investigation of Hepatic Resistance to Ascaris in a Murine Model. PLoS Negl Trop Dis 10, 1575 

e0004837, doi:10.1371/journal.pntd.0004837 (2016). 1576 

120 Gazzinelli-Guimaraes, P. H. et al. Parasitological and immunological aspects of early Ascaris 1577 

spp. infection in mice. International journal for parasitology 43, 697-706, 1578 

doi:10.1016/j.ijpara.2013.02.009 (2013). 1579 

121 Weatherhead, J. E. et al. Ascaris Larval Infection and Lung Invasion Directly Induce Severe 1580 

Allergic Airway Disease in Mice. Infect Immun 86, doi:10.1128/iai.00533-18 (2018). 1581 

122 Gazzinelli-Guimaraes, P. H. et al. Allergen presensitization drives an eosinophil-dependent 1582 

arrest in lung-specific helminth development. The Journal of clinical investigation 130, 3686-1583 

3701, doi:10.1172/jci127963 (2019). 1584 

123 Guo, L. et al. Innate immunological function of TH2 cells in vivo. Nature immunology 16, 1585 

1051-1059, doi:10.1038/ni.3244 (2015). 1586 

124 Dowling, D. J. et al. Ascaris lumbricoides pseudocoelomic body fluid induces a partially 1587 

activated dendritic cell phenotype with Th2 promoting ability in vivo. International journal 1588 

for parasitology 41, 255-261, doi:10.1016/j.ijpara.2010.09.007 (2011). 1589 



 

 

125 Favoretto, B. C. et al. High molecular weight components containing N-linked 1590 

oligosaccharides of Ascaris suum extract inhibit the dendritic cells activation through DC-1591 

SIGN and MR. Molecular immunology 87, 33-46, doi:10.1016/j.molimm.2017.03.015 (2017). 1592 

126 Almeida, S., Nejsum, P. & Williams, A. R. Modulation of human macrophage activity by 1593 

Ascaris antigens is dependent on macrophage polarization state. Immunobiology 223, 405-1594 

412, doi:10.1016/j.imbio.2017.11.003 (2018). 1595 

127 Titz, T. O. et al. Ascaris suum infection modulates inflammation: Implication of CD4(+) 1596 

CD25(high) Foxp3(+) T cells and IL-10. Parasite immunology 39, doi:10.1111/pim.12453 1597 

(2017). 1598 

128 Nascimento, W. C. et al. Immunomodulation of liver injury by Ascaris suum extract in an 1599 

experimental model of autoimmune hepatitis. Parasitology research 113, 3309-3317, 1600 

doi:10.1007/s00436-014-3994-6 (2014). 1601 

129 Paterson, J. C., Garside, P., Kennedy, M. W. & Lawrence, C. E. Modulation of a heterologous 1602 

immune response by the products of Ascaris suum. Infect Immun 70, 6058-6067, 1603 

doi:10.1128/iai.70.11.6058-6067.2002 (2002). 1604 

130 Gazzinelli-Guimaraes, P. H. et al. Concomitant helminth infection downmodulates the 1605 

Vaccinia virus-specific immune response and potentiates virus-associated pathology. 1606 

International journal for parasitology 47, 1-10, doi:10.1016/j.ijpara.2016.08.007 (2017). 1607 

131 Suzuki, M. et al. Presensitization to Ascaris antigens promotes induction of mite-specific IgE 1608 

upon mite antigen inhalation in mice. Allergology international : official journal of the 1609 

Japanese Society of Allergology 65, 44-51, doi:10.1016/j.alit.2015.07.003 (2016). 1610 

132 Jungersen, G., Fagerholm, H. P., Nansen, P. & Eriksen, L. Development of patent Ascaris 1611 

suum infections in pigs following intravenous administration of larvae hatched in vitro. 1612 

Parasitology 119 ( Pt 5), 503-508, doi:10.1017/s0031182099004928 (1999). 1613 

133 Masure, D. et al. the intestinal expulsion of the roundworm Ascaris suum is associated with 1614 

eosinophils, intra-epithelial T cells and decreased intestinal transit time. PLoS Negl Trop Dis 1615 

7, e2588, doi:10.1371/journal.pntd.0002588 (2013). 1616 

134 Urban, J. F., Jr., Alizadeh, H. & Romanowski, R. D. Ascaris suum: development of intestinal 1617 

immunity to infective second-stage larvae in swine. Exp Parasitol 66, 66-77, 1618 

doi:10.1016/0014-4894(88)90051-3 (1988). 1619 

135 Wang, Y. et al. Ascaris suum infection was associated with a worm-independent reduction in 1620 

microbial diversity and altered metabolic potential in the porcine gut microbiome. 1621 

International journal for parasitology 49, 247-256, doi:10.1016/j.ijpara.2018.10.007 (2019). 1622 

136 Schwartz B, A. J. Ascaris larvae as a cause of liver and lung lesions in swine. J. Parasitol 19, 1623 

17-24 (1932). 1624 

137 Copeman, D. B. & Gaafar, S. M. Sequential development of hepatic lesions of ascaridosis in 1625 

colostrum-deprived pigs. Australian veterinary journal 48, 263-268, doi:10.1111/j.1751-1626 

0813.1972.tb05154.x (1972). 1627 

138 Perez, J., Garcia, P. M., Mozos, E., Bautista, M. J. & Carrasco, L. Immunohistochemical 1628 

characterization of hepatic lesions associated with migrating larvae of Ascaris suum in pigs. 1629 

Journal of comparative pathology 124, 200-206, doi:10.1053/jcpa.2000.0455 (2001). 1630 

139 Masure, D. et al. A role for eosinophils in the intestinal immunity against infective Ascaris 1631 

suum larvae. PLoS Negl Trop Dis 7, e2138, doi:10.1371/journal.pntd.0002138 (2013). 1632 

140 Ashraf, M., Urban, J. F., Jr., Lee, T. D. & Lee, C. M. Characterization of isolated porcine 1633 

intestinal mucosal mast cells following infection with Ascaris suum. Veterinary parasitology 1634 

29, 143-158, doi:10.1016/0304-4017(88)90122-7 (1988). 1635 

141 Uston, P. I., Urban, J. F., Jr., Ashraf, M., Lee, C. M. & Ampy, F. R. L3L4ES antigen and 1636 

secretagogues induce histamine release from porcine peripheral blood basophils after 1637 

Ascaris suum infection. Parasitology research 100, 603-611, doi:10.1007/s00436-006-0362-1 1638 

(2007). 1639 



 

 

142 McCraw, B. M. & Greenway, J. A. Ascaris suum infection in calves. 3. Pathology. Canadian 1640 

journal of comparative medicine : Revue canadienne de medecine comparee 34, 247-255 1641 

(1970). 1642 

143 Fallis, A. M. Ascaris lumbricoides infection in guinea pigs with special reference to 1643 

eosinophilia and resistance. Canadian journal of research 26, 307-327 (1948). 1644 

144 Arean, V. M. & Crandall, C. A. The effect of immunization on the fate of injected second 1645 

stage Ascaris lumbricoides larvae in the rabbit. The American journal of tropical medicine 1646 

and hygiene 11, 369-379, doi:10.4269/ajtmh.1962.11.369 (1962). 1647 

145 Cho, S. et al. Migration behaviour and pathogenesis of five ascarid nematode species in the 1648 

Mongolian gerbil Meriones unguiculatus. Journal of helminthology 81, 43-47, 1649 

doi:10.1017/s0022149x07212118 (2007). 1650 

146 Weiszer, I., Patterson, R. & Pruzansky, J. J. Ascaris hypersensitivity in the rhesus monkey. I. A 1651 

model for the study of immediate type thypersensitity in the primate. The Journal of allergy 1652 

41, 14-22, doi:10.1016/0021-8707(68)90004-x (1968). 1653 

147 Pritchard, D. I. et al. Laboratory infection of primates with Ascaris suum to provide a model 1654 

of allergic bronchoconstriction. Clinical and experimental immunology 54, 469-476 (1983). 1655 

148 Patterson, R., Harris, K. E. & Pruzansky, J. J. Induction of IgE-mediated cutaneous, cellular, 1656 

and airway reactivity in rhesus monkeys by Ascaris suum infection. The Journal of laboratory 1657 

and clinical medicine 101, 864-872 (1983). 1658 

149 Cooper, E. S. & Bundy, D. A. Trichuris is not trivial. Parasitology today (Personal ed.) 4, 301-1659 

306 (1988). 1660 

150 Wolfe, M. S. Oxyuris, trichostrongylus and trichuris. Clinics in gastroenterology 7, 201-217 1661 

(1978). 1662 

151 Khuroo, M. S., Khuroo, M. S. & Khuroo, N. S. Trichuris dysentery syndrome: a common cause 1663 

of chronic iron deficiency anemia in adults in an endemic area (with videos). Gastrointestinal 1664 

endoscopy 71, 200-204, doi:10.1016/j.gie.2009.08.002 (2010). 1665 

152 Stephenson, L. S., Holland, C. V. & Cooper, E. S. The public health significance of Trichuris 1666 

trichiura. Parasitology 121 Suppl, S73-95 (2000). 1667 

153 Al-Mekhlafi, M. H. et al. Anaemia and iron deficiency anaemia among aboriginal 1668 

schoolchildren in rural Peninsular Malaysia: an update on a continuing problem. 1669 

Transactions of the Royal Society of Tropical Medicine and Hygiene 102, 1046-1052, 1670 

doi:10.1016/j.trstmh.2008.05.012 (2008). 1671 

154 Sarkar, M., Mahesh, D. M. & Madabhavi, I. Digital clubbing. Lung India 29, 354-362, 1672 

doi:10.4103/0970-2113.102824 (2012). 1673 

155 Cooper, E. S., Bundy, D. A. & Henry, F. J. Chronic dysentery, stunting, and whipworm 1674 

infestation. Lancet (London, England) 2, 280-281, doi:10.1016/s0140-6736(86)92093-3 1675 

(1986). 1676 

156 MacDonald, T. T. et al. Immunoepidemiology of intestinal helminthic infections. 3. Mucosal 1677 

macrophages and cytokine production in the colon of children with Trichuris trichiura 1678 

dysentery. Transactions of the Royal Society of Tropical Medicine and Hygiene 88, 265-268, 1679 

doi:10.1016/0035-9203(94)90072-8 (1994). 1680 

157 Ok, K. S. et al. Trichuris trichiura infection diagnosed by colonoscopy: case reports and 1681 

review of literature. The Korean journal of parasitology 47, 275-280, 1682 

doi:10.3347/kjp.2009.47.3.275 (2009). 1683 

158 Jha, A. K., Goenka, M. K. & Suchismita, A. Clinical correlates of trichuriasis diagnosed at 1684 

colonoscopy. Indian journal of gastroenterology : official journal of the Indian Society of 1685 

Gastroenterology 36, 420-423, doi:10.1007/s12664-017-0795-8 (2017). 1686 

159 Kaminsky RG, C. R., Flores CA. Growth retardation and severe anemia in children with 1687 

Trichuris dysenteric syndrome. . Asian Pac J Trop Biomed 5, 591-597 (2015). 1688 



 

 

160 Layrisse, M., Aparcedo, L., Martinez-Torres, C. & Roche, M. Blood loss due to infection with 1689 

Trichuris trichiura. The American journal of tropical medicine and hygiene 16, 613-619, 1690 

doi:10.4269/ajtmh.1967.16.613 (1967). 1691 

161 Ramdath, D. D., Simeon, D. T., Wong, M. S. & Grantham-McGregor, S. M. Iron status of 1692 

schoolchildren with varying intensities of Trichuris trichiura infection. Parasitology 110 ( Pt 1693 

3), 347-351, doi:10.1017/s0031182000080938 (1995). 1694 

162 Robertson, L. J., Crompton, D. W., Sanjur, D. & Nesheim, M. C. Haemoglobin concentrations 1695 

and concomitant infections of hookworm and Trichuris trichiura in Panamanian primary 1696 

schoolchildren. Transactions of the Royal Society of Tropical Medicine and Hygiene 86, 654-1697 

656, doi:10.1016/0035-9203(92)90176-d (1992). 1698 

163 Gyorkos, T. W., Gilbert, N. L., Larocque, R. & Casapia, M. Trichuris and hookworm infections 1699 

associated with anaemia during pregnancy. Tropical medicine & international health : TM & 1700 

IH 16, 531-537, doi:10.1111/j.1365-3156.2011.02727.x (2011). 1701 

164 Martin, I. et al. Dynamic changes in human-gut microbiome in relation to a placebo-1702 

controlled anthelminthic trial in Indonesia. PLoS Negl Trop Dis 12, e0006620, 1703 

doi:10.1371/journal.pntd.0006620 (2018). 1704 

165 Gilman, R. H. et al. The adverse consequences of heavy Trichuris infection. Transactions of 1705 

the Royal Society of Tropical Medicine and Hygiene 77, 432-438, doi:10.1016/0035-1706 

9203(83)90103-7 (1983). 1707 

166 Jensen, L. A., Marlin, J. W., Dyck, D. D. & Laubach, H. E. Prevalence of multi-gastrointestinal 1708 

infections with helminth, protozoan and Campylobacter spp. in Guatemalan children. J Infect 1709 

Dev Ctries 3, 229-234, doi:10.3855/jidc.41 (2009). 1710 

167 Mansfield, L. S. et al. Enhancement of disease and pathology by synergy of Trichuris suis and 1711 

Campylobacter jejuni in the colon of immunologically naive swine. The American journal of 1712 

tropical medicine and hygiene 68, 70-80 (2003). 1713 

168 Welch, V. A. et al. Mass deworming to improve developmental health and wellbeing of 1714 

children in low-income and middle-income countries: a systematic review and network 1715 

meta-analysis. The Lancet. Global health 5, e40-e50, doi:10.1016/s2214-109x(16)30242-x 1716 

(2017). 1717 

169 Callender, J., Grantham-McGregor, S., Walker, S. & Cooper, E. Developmental levels and 1718 

nutritional status of children with the Trichuris dysentery syndrome. Transactions of the 1719 

Royal Society of Tropical Medicine and Hygiene 87, 528-529, doi:10.1016/0035-1720 

9203(93)90074-z (1993). 1721 

170 Pabalan, N. et al. Soil-transmitted helminth infection, loss of education and cognitive 1722 

impairment in school-aged children: A systematic review and meta-analysis. PLoS Negl Trop 1723 

Dis 12, e0005523, doi:10.1371/journal.pntd.0005523 (2018). 1724 

171 Huang, X., Zeng, L. R., Chen, F. S., Zhu, J. P. & Zhu, M. H. Trichuris suis ova therapy in 1725 

inflammatory bowel disease: A meta-analysis. Medicine 97, e12087, 1726 

doi:10.1097/md.0000000000012087 (2018). 1727 

172 Bager, P. Use of Trichuris suis ova (TSO) therapy for the treatment of allergy. Arbeiten aus 1728 

dem Paul-Ehrlich-Institut (Bundesinstitut fur Impfstoffe und biomedizinische Arzneimittel) 1729 

Langen/Hessen 97, 128-129 (2013). 1730 

173 Schölmerich, J. et al. A Randomised, Double-blind, Placebo-controlled Trial of Trichuris suis 1731 

ova in Active Crohn's Disease. J Crohns Colitis 11, 390-399, doi:10.1093/ecco-jcc/jjw184 1732 

(2017). 1733 

174 Sobotkova, K. et al. Helminth Therapy - From the Parasite Perspective. Trends in parasitology 1734 

35, 501-515, doi:10.1016/j.pt.2019.04.009 (2019). 1735 

175 Bager, P. et al. Trichuris suis ova therapy for allergic rhinitis: a randomized, double-blind, 1736 

placebo-controlled clinical trial. The Journal of allergy and clinical immunology 125, 123-1737 

130.e303, doi:10.1016/j.jaci.2009.08.006 (2010). 1738 



 

 

176 Croll, N. A., Anderson, R. M., Gyorkos, T. W. & Ghadirian, E. The population biology and 1739 

control of Ascaris lumbricoides in a rural community in Iran. Transactions of the Royal 1740 

Society of Tropical Medicine and Hygiene 76, 187-197, doi:10.1016/0035-9203(82)90272-3 1741 

(1982). 1742 

177 Thein, H., Than, S., Htay Htay, A., Myint, L. & Thein Maung, M. Epidemiology and 1743 

transmission dynamics of Ascaris lumbricoides in Okpo village, rural Burma. Transactions of 1744 

the Royal Society of Tropical Medicine and Hygiene 78, 497-504, doi:10.1016/0035-1745 

9203(84)90071-3 (1984). 1746 

178 Loffler, W. Transient lung infiltrations with blood eosinophilia. International archives of 1747 

allergy and applied immunology 8, 54-59 (1956). 1748 

179 Khuroo, N. S., Khuroo, M. S. & Khuroo, M. S. Gastric ascariasis presenting as unique 1749 

dyspeptic symptoms in an endemic area. The American journal of gastroenterology 105, 1750 

1675-1677, doi:10.1038/ajg.2010.112 (2010). 1751 

180 Das, A. K. Hepatic and biliary ascariasis. Journal of global infectious diseases 6, 65-72, 1752 

doi:10.4103/0974-777x.132042 (2014). 1753 

181 Khuroo, M. S. Ascariasis. Gastroenterology clinics of North America 25, 553-577 (1996). 1754 

182 Efem, S. E. Ascaris lumbricoides and intestinal perforation. The British journal of surgery 74, 1755 

643-644, doi:10.1002/bjs.1800740738 (1987). 1756 

183 Paul, M. The movements of the adult Ascaris lumbricoides. The British journal of surgery 59, 1757 

437-442, doi:10.1002/bjs.1800590608 (1972). 1758 

184 Nokes, C. & Bundy, D. A. Does helminth infection affect mental processing and educational 1759 

achievement? Parasitology today (Personal ed.) 10, 14-18 (1994). 1760 

185 Symons, L. E. Anorexia: occurrence, pathophysiology, and possible causes in parasitic 1761 

infections. Advances in parasitology 24, 103-133 (1985). 1762 

186 Stephenson, L. S. The contribution of Ascaris limbricoides to malnutrition in children. 1763 

Parasitology 81, 221-233, doi:10.1017/s0031182000055177 (1980). 1764 

187 Katz, N., Chaves, A. & Pellegrino, J. A simple device for quantitative stool thick-smear 1765 

technique in Schistosomiasis mansoni. Revista do Instituto de Medicina Tropical de Sao Paulo 1766 

14, 397-400 (1972). 1767 

188 WHO Expert Committee on the Control of Schistosomiasis (2001 : Geneva, S. W. H. O. 1768 

Prevention and control of schistosomiasis and soil-transmitted helminthiasis : report of a 1769 

WHO expert committee., (2002). 1770 

189 Nikolay, B., Brooker, S. J. & Pullan, R. L. Sensitivity of diagnostic tests for human soil-1771 

transmitted helminth infections: a meta-analysis in the absence of a true gold standard. 1772 

International journal for parasitology 44, 765-774, doi:10.1016/j.ijpara.2014.05.009 (2014). 1773 

190 Bogoch, II et al. Mobile phone microscopy for the diagnosis of soil-transmitted helminth 1774 

infections: a proof-of-concept study. The American journal of tropical medicine and hygiene 1775 

88, 626-629, doi:10.4269/ajtmh.12-0742 (2013). 1776 

191 Moser, W. et al. Diagnostic comparison between FECPAKG2 and the Kato-Katz method for 1777 

analyzing soil-transmitted helminth eggs in stool. PLOS Neglected Tropical Diseases 12, 1778 

e0006562, doi:10.1371/journal.pntd.0006562 (2018). 1779 

192 Arndt, M. B. et al. Impact of helminth diagnostic test performance on estimation of risk 1780 

factors and outcomes in HIV-positive adults. PLoS One 8, e81915, 1781 

doi:10.1371/journal.pone.0081915 (2013). 1782 

193 Easton, A. V. et al. Multi-parallel qPCR provides increased sensitivity and diagnostic breadth 1783 

for gastrointestinal parasites of humans: field-based inferences on the impact of mass 1784 

deworming. Parasites & vectors 9, 38, doi:10.1186/s13071-016-1314-y (2016). 1785 

194 Liu, J. et al. A laboratory-developed TaqMan Array Card for simultaneous detection of 19 1786 

enteropathogens. Journal of clinical microbiology 51, 472-480, doi:10.1128/jcm.02658-12 1787 

(2013). 1788 



 

 

195 Mationg, M. L. S. et al. Status of soil-transmitted helminth infections in schoolchildren in 1789 

Laguna Province, the Philippines: Determined by parasitological and molecular diagnostic 1790 

techniques. PLoS Negl Trop Dis 11, e0006022, doi:10.1371/journal.pntd.0006022 (2017). 1791 

196 O'Connell, E. M. & Nutman, T. B. Molecular Diagnostics for Soil-Transmitted Helminths. The 1792 

American journal of tropical medicine and hygiene 95, 508-513, doi:10.4269/ajtmh.16-0266 1793 

(2016). 1794 

197 Phuphisut, O. et al. Triplex polymerase chain reaction assay for detection of major soil-1795 

transmitted helminths, Ascaris lumbricoides, Trichuris trichiura, Necator americanus, in fecal 1796 

samples. The Southeast Asian journal of tropical medicine and public health 45, 267-275 1797 

(2014). 1798 

198 Llewellyn, S. et al. Application of a Multiplex Quantitative PCR to Assess Prevalence and 1799 

Intensity Of Intestinal Parasite Infections in a Controlled Clinical Trial. PLoS Negl Trop Dis 10, 1800 

e0004380, doi:10.1371/journal.pntd.0004380 (2016). 1801 

199 Cunningham, L. J. et al. Developing a real-time PCR assay based on multiplex high-resolution 1802 

melt-curve analysis: a pilot study in detection and discrimination of soil-transmitted 1803 

helminth and schistosome species. Parasitology 145, 1733-1738, 1804 

doi:10.1017/s0031182018001361 (2018). 1805 

200 Mejia, R. et al. A novel, multi-parallel, real-time polymerase chain reaction approach for 1806 

eight gastrointestinal parasites provides improved diagnostic capabilities to resource-limited 1807 

at-risk populations. The American journal of tropical medicine and hygiene 88, 1041-1047, 1808 

doi:10.4269/ajtmh.12-0726 (2013). 1809 

201 Pilotte, N. et al. Improved PCR-Based Detection of Soil Transmitted Helminth Infections 1810 

Using a Next-Generation Sequencing Approach to Assay Design. PLoS Negl Trop Dis 10, 1811 

e0004578, doi:10.1371/journal.pntd.0004578 (2016). 1812 

202 Rashwan, N., Diawara, A., Scott, M. E. & Prichard, R. K. Isothermal diagnostic assays for the 1813 

detection of soil-transmitted helminths based on the SmartAmp2 method. Parasites & 1814 

vectors 10, 496, doi:10.1186/s13071-017-2420-1 (2017). 1815 

203 Schrader, C., Schielke, A., Ellerbroek, L. & Johne, R. PCR inhibitors - occurrence, properties 1816 

and removal. Journal of applied microbiology 113, 1014-1026, doi:10.1111/j.1365-1817 

2672.2012.05384.x (2012). 1818 

204 Organisation, W. H. Prevention and control of intestinal parasitic infections: WHO Technical 1819 

Report Series N° 749. Report No. WHO_TRS_N°74, (1987). 1820 

205 Turner, K. J., Fisher, E. H. & McWilliam, A. S. Homology between roundworm (Ascaris) and 1821 

hookworm (N. americanus) antigens detected by human IgE antibodies. The Australian 1822 

journal of experimental biology and medical science 58, 249-257, doi:10.1038/icb.1980.25 1823 

(1980). 1824 

206 Correa-Oliveira, R. et al. Human antibody responses against schistosomal antigens. I. 1825 

Antibodies from patients with Ancylostoma, Ascaris lumbricoides or Schistosoma mansoni 1826 

infections react with schistosome antigens. The American journal of tropical medicine and 1827 

hygiene 38, 348-355 (1988). 1828 

207 Betschart, B., Marti, S. & Glaser, M. Antibodies against the cuticlin of Ascaris suum cross-1829 

react with epicuticular structures of filarial parasites. Acta tropica 47, 331-338 (1990). 1830 

208 Cuellar, C., Fenoy, S. & Guillen, J. L. Cross-reactions of sera from Toxascaris leonina and 1831 

Ascaris suum infected mice with Toxocara canis, Toxascaris leonina and Ascaris suum 1832 

antigens. International journal for parasitology 25, 731-739, doi:10.1016/0020-1833 

7519(94)00187-s (1995). 1834 

209 Santos, A. B. et al. Cross-reactive IgE antibody responses to tropomyosins from Ascaris 1835 

lumbricoides and cockroach. The Journal of allergy and clinical immunology 121, 1040-1836 

1046.e1041, doi:10.1016/j.jaci.2007.12.1147 (2008). 1837 

210 Caraballo, L. & Acevedo, N. Allergy in the tropics: the impact of cross-reactivity between 1838 

mites and ascaris. Frontiers in bioscience (Elite edition) 3, 51-64 (2011). 1839 



 

 

211 Elsemore, D. A. et al. Enzyme-linked immunosorbent assay for coproantigen detection of 1840 

Trichuris vulpis in dogs. Journal of veterinary diagnostic investigation : official publication of 1841 

the American Association of Veterinary Laboratory Diagnosticians, Inc 26, 404-411, 1842 

doi:10.1177/1040638714528500 (2014). 1843 

212 Martinez-Perez, J. M., Vandekerckhove, E., Vlaminck, J., Geldhof, P. & Martinez-Valladares, 1844 

M. Serological detection of Ascaris suum at fattening pig farms is linked with performance 1845 

and management indices. Veterinary parasitology 248, 33-38, 1846 

doi:10.1016/j.vetpar.2017.10.009 (2017). 1847 

213 Geng, J., Elsemore, D. A., Oudin, N. & Ketzis, J. K. Diagnosis of feline whipworm infection 1848 

using a coproantigen ELISA and the prevalence in feral cats in southern Florida. Veterinary 1849 

parasitology, regional studies and reports 14, 181-186, doi:10.1016/j.vprsr.2018.11.002 1850 

(2018). 1851 

214 Lassen, B. et al. Anti-Ascaris suum IgG antibodies in fattening pigs with different respiratory 1852 

conditions. Veterinary parasitology 265, 85-90, doi:10.1016/j.vetpar.2018.12.005 (2019). 1853 

215 Yoshida, A., Kikuchi, T., Nakagaki, S. & Maruyama, H. Optimal ELISA antigen for the diagnosis 1854 

of Ascaris suum infection in humans. Parasitology research 115, 4701-4705, 1855 

doi:10.1007/s00436-016-5239-3 (2016). 1856 

216 Lopes, C. A. et al. Anti-Ascaris suum immunoglobulin Y as a novel biotechnological tool for 1857 

the diagnosis of human ascariasis. Journal of helminthology, 1-10, 1858 

doi:10.1017/s0022149x19000701 (2019). 1859 

217 Organisation, W. H. Soil-transmitted helminthiases: eliminating soil-transmitted 1860 

helminthiases as a public health problem in children: progress report 2001–2010 and 1861 

strategic plan 2011–2020. . (2012). 1862 

218 Marocco, C., Bangert, M., Joseph, S. A., Fitzpatrick, C. & Montresor, A. Preventive 1863 

chemotherapy in one year reduces by over 80% the number of individuals with soil-1864 

transmitted helminthiases causing morbidity: results from meta-analysis. Transactions of the 1865 

Royal Society of Tropical Medicine and Hygiene 111, 12-17, doi:10.1093/trstmh/trx011 1866 

(2017). 1867 

219 Bah, Y. M. et al. Soil-transmitted helminth infection in school age children in Sierra Leone 1868 

after a decade of preventive chemotherapy interventions. Infectious diseases of poverty 8, 1869 

41, doi:10.1186/s40249-019-0553-5 (2019). 1870 

220 Shumbej, T. et al. Impact of annual preventive mass chemotherapy for soil-transmitted 1871 

helminths among primary school children in an endemic area of Gurage zone: a prospective 1872 

cross-sectional study. Research and reports in tropical medicine 10, 109-118, 1873 

doi:10.2147/rrtm.s208473 (2019). 1874 

221 Bundy, D. A. P. et al. in Child and Adolescent Health and Development   (eds rd et al.)  (The 1875 

International Bank for Reconstruction and Development / The World Bank 1876 

(c) 2017 International Bank for Reconstruction and Development / The World Bank., 2017). 1877 

222 Croke K, H. J., Hsu E, Kremer M, Miguel E. . Does Mass Deworming Affect Child Nutrition? 1878 

Meta-analysis, Cost-effectiveness, and Statistical Power., (2016). 1879 

223 Baird, S., Hicks, J. H., Kremer, M. & Miguel, E. Worms at Work: Long-run Impacts of a Child 1880 

Health Investment. The quarterly journal of economics 131, 1637-1680, 1881 

doi:10.1093/qje/qjw022 (2016). 1882 

224 Organization, W. H. Guideline: preventive chemotherapy to control soil-transmitted 1883 

helminth infections in at-risk 1884 

population groups. (2017). 1885 

225 Bartram, J. & Cairncross, S. Hygiene, sanitation, and water: forgotten foundations of health. 1886 

PLoS medicine 7, e1000367, doi:10.1371/journal.pmed.1000367 (2010). 1887 



 

 

226 Fewtrell, L. et al. Water, sanitation, and hygiene interventions to reduce diarrhoea in less 1888 

developed countries: a systematic review and meta-analysis. The Lancet. Infectious diseases 1889 

5, 42-52, doi:10.1016/s1473-3099(04)01253-8 (2005). 1890 

227 Cairncross, S. et al. Water, sanitation and hygiene for the prevention of diarrhoea. 1891 

International journal of epidemiology 39 Suppl 1, i193-205, doi:10.1093/ije/dyq035 (2010). 1892 

228 Strunz, E. C. et al. Water, sanitation, hygiene, and soil-transmitted helminth infection: a 1893 

systematic review and meta-analysis. PLoS medicine 11, e1001620, 1894 

doi:10.1371/journal.pmed.1001620 (2014). 1895 

229 Vaz Nery, S. et al. The role of water, sanitation and hygiene interventions in reducing soil-1896 

transmitted helminths: interpreting the evidence and identifying next steps. Parasites & 1897 

vectors 12, 273, doi:10.1186/s13071-019-3532-6 (2019). 1898 

230 Gazzinelli-Guimaraes, A. C. et al. IgG Induced by Vaccination With Ascaris suum Extracts Is 1899 

Protective Against Infection. Frontiers in immunology 9, 2535, 1900 

doi:10.3389/fimmu.2018.02535 (2018). 1901 

231 Robinson, K., Bellaby, T. & Wakelin, D. Efficacy of oral vaccination against the murine 1902 

intestinal parasite Trichuris muris is dependent upon host genetics. Infect Immun 63, 1762-1903 

1766 (1995). 1904 

232 Dixon, H., Little, M. C. & Else, K. J. Characterisation of the protective immune response 1905 

following subcutaneous vaccination of susceptible mice against Trichuris muris. International 1906 

journal for parasitology 40, 683-693, doi:10.1016/j.ijpara.2009.11.008 (2010). 1907 

233 Zhan, B. et al. Advancing a multivalent 'Pan-anthelmintic' vaccine against soil-transmitted 1908 

nematode infections. Expert review of vaccines 13, 321-331, 1909 

doi:10.1586/14760584.2014.872035 (2014). 1910 

234 WHO. Soil Transmitted Helminths. Eliminating soil-transmitted helminthiases as a public 1911 

health problem in children. Progress report 2001-201 and stratgeic plan 2011-2020. 1-74 1912 

(2012). 1913 

235 Freeman, M. C. et al. Challenges and opportunities for control and elimination of soil-1914 

transmitted helminth infection beyond 2020. PLoS Negl Trop Dis 13, e0007201, 1915 

doi:10.1371/journal.pntd.0007201 (2019). 1916 

236 WHO. 2030 targets for soil-transmitted helminthiases control programmes. . (Geneva: World 1917 

Health Organisation, 2019). 1918 

237 WHO. Preventive chemotherapy in human helminthiasis: coordinated use of anthelminthic 1919 

drugs in control interventions: a manual for health professionals and programme managers. 1920 

(World Health Organization, Geneva, 2006). 1921 

238 Olliaro, P. et al. Potential drug development candidates for human soil-transmitted 1922 

helminthiases. PLoS Negl Trop Dis 5, e1138, doi:10.1371/journal.pntd.0001138 (2011). 1923 

239 Palmeirim, M. S., Ame, S. M., Ali, S. M., Hattendorf, J. & Keiser, J. Efficacy and Safety of a 1924 

Single Dose versus a Multiple Dose Regimen of Mebendazole against Hookworm Infections 1925 

in Children: A Randomised, Double-blind Trial. EClinicalMedicine 1, 7-13, 1926 

doi:10.1016/j.eclinm.2018.06.004 (2018). 1927 

240 Matamoros, G. et al. High Endemicity of Soil-Transmitted Helminths in a Population 1928 

Frequently Exposed to Albendazole but No Evidence of Antiparasitic Resistance. Tropical 1929 

medicine and infectious disease 4, doi:10.3390/tropicalmed4020073 (2019). 1930 

241 WHO. WHO model list on essential medicines. (World Health Organization, Geneva, 2017). 1931 

242 Moser, W., Schindler, C. & Keiser, J. in Advances in parasitology     (Academic Press, 2018). 1932 

243 Patel, C. et al. Efficacy and safety of ivermectin and albendazole co-administration in school-1933 

aged children and adults infected with Trichuris trichiura: study protocol for a multi-country 1934 

randomized controlled double-blind trial. BMC infectious diseases 19, 262, 1935 

doi:10.1186/s12879-019-3882-x (2019). 1936 

244 Opoku, N. O. et al. Single dose moxidectin versus ivermectin for Onchocerca volvulus 1937 

infection in Ghana, Liberia, and the Democratic Republic of the Congo: a randomised, 1938 



 

 

controlled, double-blind phase 3 trial. Lancet (London, England) 392, 1207-1216, 1939 

doi:10.1016/s0140-6736(17)32844-1 (2018). 1940 

245 Keller, L. et al. Efficacy and safety of ascending dosages of moxidectin and moxidectin-1941 

albendazole against Trichuristrichiura in adolescents: a randomized controlled trial. Clinical 1942 

infectious diseases : an official publication of the Infectious Diseases Society of America, 1943 

doi:10.1093/cid/ciz326 (2019). 1944 

246 Wimmersberger, D. et al. Efficacy and Safety of Ivermectin Against Trichuris trichiura in 1945 

Preschool- and School-Aged Children: A Randomized Controlled Dose-Finding Trial. Clinical 1946 

infectious diseases : an official publication of the Infectious Diseases Society of America, 1947 

doi:10.1093/cid/ciy246 (2018). 1948 

247 Kopp, S. & Keiser, J. in Kucers the use of antibiotics: a clinical review of antibacterial, 1949 

antifungal, antiparasitic, and antiviral drugs, seventh edition     3381-3384 (CRC Press, 2017). 1950 

248 Moser, W. et al. Efficacy and safety of oxantel pamoate in school-aged children infected with 1951 

Trichuris trichiura on Pemba Island, Tanzania: a parallel, randomised, controlled, dose-1952 

ranging study. The Lancet. Infectious diseases 16, 53-60, doi:10.1016/s1473-3099(15)00271-1953 

6 (2016). 1954 

249 Krucken, J. et al. Anthelmintic cyclcooctadepsipeptides: complex in structure and mode of 1955 

action. Trends in parasitology 28, 385-394, doi:10.1016/j.pt.2012.06.005 (2012). 1956 

250 Karpstein, T. et al. Evaluation of emodepside in laboratory models of human intestinal 1957 

nematode and schistosome infections. Parasites & vectors 12, 226, doi:10.1186/s13071-019-1958 

3476-x (2019). 1959 

251 Khuroo, M. S., Rather, A. A., Khuroo, N. S. & Khuroo, M. S. Hepatobiliary and pancreatic 1960 

ascariasis. World J Gastroenterol 22, 7507-7517, doi:10.3748/wjg.v22.i33.7507 (2016). 1961 

252 Alhamid, A. et al. Successful Elimination of Gallbladder Ascariasis by Conservative Therapy, 1962 

Followed by Cholecystectomy due to Developing Cholecystitis. Case reports in 1963 

gastrointestinal medicine 2018, 5831257, doi:10.1155/2018/5831257 (2018). 1964 

253 Gupta, S. et al. Ascaris lumbricoides: an unusual aetiology of gastric perforation. J Surg Case 1965 

Rep 2012, rjs008, doi:10.1093/jscr/rjs008 (2012). 1966 

254 Moser, W., Schindler, C. & Keiser, J. Efficacy of recommended drugs against soil transmitted 1967 

helminths: systematic review and network meta-analysis. BMJ (Clinical research ed.) 358, 1968 

j4307, doi:10.1136/bmj.j4307 (2017). 1969 

255 Brooker, S. Estimating the global distribution and disease burden of intestinal nematode 1970 

infections: adding up the numbers--a review. International journal for parasitology 40, 1137-1971 

1144, doi:10.1016/j.ijpara.2010.04.004 (2010). 1972 

256 Gardner, J. M., Grantham-McGregor, S. & Baddeley, A. Trichuris trichiura infection and 1973 

cognitive function in Jamaican school children. Annals of tropical medicine and parasitology 1974 

90, 55-63, doi:10.1080/00034983.1996.11813026 (1996). 1975 

257 Simeon, D. T., Grantham-McGregor, S. M., Callender, J. E. & Wong, M. S. Treatment of 1976 

Trichuris trichiura infections improves growth, spelling scores and school attendance in 1977 

some children. The Journal of nutrition 125, 1875-1883, doi:10.1093/jn/125.7.1875 (1995). 1978 

258 Ahmed, A. et al. Soil-transmitted helminthiasis: a critical but neglected factor influencing 1979 

school participation of Aboriginal children in rural Malaysia. Parasitology 139, 802-808, 1980 

doi:10.1017/s003118201100237x (2012). 1981 

259 Stephenson, L. S., Latham, M. C., Adams, E. J., Kinoti, S. N. & Pertet, A. Physical fitness, 1982 

growth and appetite of Kenyan school boys with hookworm, Trichuris trichiura and Ascaris 1983 

lumbricoides infections are improved four months after a single dose of albendazole. The 1984 

Journal of nutrition 123, 1036-1046, doi:10.1093/jn/123.6.1036 (1993). 1985 

260 Lenk, E. J., Redekop, W. K., Luyendijk, M., Rijnsburger, A. J. & Severens, J. L. Productivity Loss 1986 

Related to Neglected Tropical Diseases Eligible for Preventive Chemotherapy: A Systematic 1987 

Literature Review. PLoS Negl Trop Dis 10, e0004397, doi:10.1371/journal.pntd.0004397 1988 

(2016). 1989 



 

 

261 Kyu, H. H. et al. Global, regional, and national disability-adjusted life-years (DALYs) for 359 1990 

diseases and injuries and healthy life expectancy (HALE) for 195 countries and territories, 1991 

1990&#x2013;2017: a systematic analysis for the Global Burden of Disease Study 2017. The 1992 

Lancet 392, 1859-1922, doi:10.1016/S0140-6736(18)32335-3 (2018). 1993 

262 Gyorkos, T. W. et al. The right to deworming: The case for girls and women of reproductive 1994 

age. PLoS Negl Trop Dis 12, e0006740, doi:10.1371/journal.pntd.0006740 (2018). 1995 

263 Galgamuwa, L. S., Iddawela, D. & Dharmaratne, S. D. Prevalence and intensity of Ascaris 1996 

lumbricoides infections in relation to undernutrition among children in a tea plantation 1997 

community, Sri Lanka: a cross-sectional study. BMC pediatrics 18, 13, doi:10.1186/s12887-1998 

018-0984-3 (2018). 1999 

264 Drake, L., Jukes, M., Sternberg, R. & A. P. Bundy, D. Geohelminth infections (Ascariasis, 2000 

Trichuriasis and Hookworm): cognitive and developmental impacts. Seminars in Pediatric 2001 

Infectious Diseases 11, 245-251, doi:10.1053/spid.2000.9638 (2000). 2002 

265 Dickson, R., Awasthi, S., Williamson, P., Demellweek, C. & Garner, P. Effects of treatment for 2003 

intestinal helminth infection on growth and cognitive performance in children: systematic 2004 

review of randomised trials. BMJ (Clinical research ed.) 320, 1697, 2005 

doi:10.1136/bmj.320.7251.1697 (2000). 2006 

266 Asaolu, S. O., Ofoezie, I. E. and Onyeji, O. C. . in Ascaris lumbricoides (Ascariasis)   (ed V. L. 2007 

Yu; R. Weber and D. Raoult) 1447-1454 (New York Apple Trees Productions, LLC, 2002). 2008 

267 W., L. Zur Differentialdiagnose der Lungen-infiltrierungen. II Ueber Fluchtige 2009 

Succedanininfiltrate (mit Eosinophilie). . Beitrage zur Klinik der Tuberkulose 79, 368e382. (1932). 2010 

268 O'Lorcain, P. & Holland, C. V. The public health importance of Ascaris lumbricoides. 2011 

Parasitology 121 Suppl, S51-71, doi:10.1017/s0031182000006442 (2000). 2012 

269 Aboh, I. F. O. in Soil-transmitted helminthiases in Nigeria, Proceedings of an international 2013 

workshop on Strategies for the control of soil-transmitted helminthiases in Nigeria   (ed S.O. 2014 

Asaolu, Crompton, D.W.T. and Kale,O.O.)  177 (1990). 2015 

270 de Silva, N. R., Guyatt, H. L. & Bundy, D. A. Morbidity and mortality due to Ascaris-induced 2016 

intestinal obstruction. Transactions of the Royal Society of Tropical Medicine and Hygiene 91, 2017 

31-36, doi:10.1016/s0035-9203(97)90384-9 (1997). 2018 

271 Roy, K., Kundra, P. & Ravishankar, M. Unusual foreign body airway obstruction after 2019 

laryngeal mask airway insertion. Anesthesia and analgesia 101, 294-295, table of contents, 2020 

doi:10.1213/01.ane.0000156220.26900.b8 (2005). 2021 

272 Husain, S. J., Zubairi, A. B., Sultan, N., Beg, M. A. & Mehraj, V. Recurrent episodes of upper 2022 

airway blockage associated with Ascaris lumbricoides causing cardiopulmonary arrest in a 2023 

young patient. BMJ case reports 2009, doi:10.1136/bcr.01.2009.1415 (2009). 2024 

273 Prakash, S., Sitalakshmi, N., Singh, J., Dayal, M. & Gogia, A. R. Ascaris: An unusual cause of 2025 

airway obstruction during general anesthesia with ProSeal laryngeal mask airway. Journal of 2026 

anaesthesiology, clinical pharmacology 30, 298-300, doi:10.4103/0970-9185.130129 (2014). 2027 

274 Babinets, L. S., Dronyak, Y. V. & capital Em, C. i. C. N. A. Concomitant ascariasis as a factor in 2028 

reducing the quality of life of patients with chronic pancreatitis. Wiadomosci lekarskie 2029 

(Warsaw, Poland : 1960) 71, 1250-1253 (2018). 2030 

275 Arfaa, F. Selective primary health care: strategies for control of disease in the developing 2031 

world. XII. Ascariasis and trichuriasis. Reviews of infectious diseases 6, 364-373, 2032 

doi:10.1093/clinids/6.3.364 (1984). 2033 

276 Campbell, S. J. et al. Complexities and Perplexities: A Critical Appraisal of the Evidence for 2034 

Soil-Transmitted Helminth Infection-Related Morbidity. PLoS Negl Trop Dis 10, e0004566, 2035 

doi:10.1371/journal.pntd.0004566 (2016). 2036 

277 Taylor-Robinson, D. C., Maayan, N., Donegan, S., Chaplin, M. & Garner, P. Public health 2037 

deworming programmes for soil-transmitted helminths in children living in endemic areas. 2038 

The Cochrane database of systematic reviews 9, Cd000371, 2039 

doi:10.1002/14651858.CD000371.pub7 (2019). 2040 



 

 

278 Taylor-Robinson, D. C., Maayan, N., Soares-Weiser, K., Donegan, S. & Garner, P. Deworming 2041 

drugs for soil-transmitted intestinal worms in children: effects on nutritional indicators, 2042 

haemoglobin, and school performance. The Cochrane database of systematic reviews, 2043 

Cd000371, doi:10.1002/14651858.CD000371.pub6 (2015). 2044 

279 Yap, P., Utzinger, J., Hattendorf, J. & Steinmann, P. Influence of nutrition on infection and re-2045 

infection with soil-transmitted helminths: a systematic review. Parasites & vectors 7, 229, 2046 

doi:10.1186/1756-3305-7-229 (2014). 2047 

280 Cooper, E. S., Duff, E. M., Howell, S. & Bundy, D. A. 'Catch-up' growth velocities after 2048 

treatment for Trichuris dysentery syndrome. Transactions of the Royal Society of Tropical 2049 

Medicine and Hygiene 89, 653, doi:10.1016/0035-9203(95)90430-1 (1995). 2050 

281 Cooper, E. S., Bundy, D. A., MacDonald, T. T. & Golden, M. H. Growth suppression in the 2051 

Trichuris dysentery syndrome. European journal of clinical nutrition 44, 285-291 (1990). 2052 

282 Global, regional, and national incidence, prevalence, and years lived with disability for 354 2053 

diseases and injuries for 195 countries and territories, 1990-2017: a systematic analysis for 2054 

the Global Burden of Disease Study 2017. Lancet (London, England) 392, 1789-1858, 2055 

doi:10.1016/s0140-6736(18)32279-7 (2018). 2056 

283 Bank, W.     (2018). 2057 

284 Hu, Y. et al. Bacillus thuringiensis Cry5B protein as a new pan-hookworm cure. International 2058 

journal for parasitology. Drugs and drug resistance 8, 287-294, 2059 

doi:10.1016/j.ijpddr.2018.05.001 (2018). 2060 

285 Jex, A. R. et al. Ascaris suum draft genome. Nature 479, 529-533, doi:10.1038/nature10553 2061 

(2011). 2062 

286 Coghlan, A. et al. Comparative genomics of the major parasitic worms. Nature genetics 51, 2063 

163-174, doi:10.1038/s41588-018-0262-1 (2019). 2064 

287 Kaminsky, R. et al. A new class of anthelmintics effective against drug-resistant nematodes. 2065 

Nature 452, 176-180, doi:10.1038/nature06722 (2008). 2066 

288 Partridge, F. A. et al. An automated high-throughput system for phenotypic screening of 2067 

chemical libraries on C. elegans and parasitic nematodes. International journal for 2068 

parasitology. Drugs and drug resistance 8, 8-21, doi:10.1016/j.ijpddr.2017.11.004 (2018). 2069 

289 Yemini, E., Jucikas, T., Grundy, L. J., Brown, A. E. & Schafer, W. R. A database of 2070 

Caenorhabditis elegans behavioral phenotypes. Nature methods 10, 877-879, 2071 

doi:10.1038/nmeth.2560 (2013). 2072 

290 Partridge, F. A. et al. Dihydrobenz[e][1,4]oxazepin-2(3H)-ones, a new anthelmintic 2073 

chemotype immobilising whipworm and reducing infectivity in vivo. PLoS Negl Trop Dis 11, 2074 

e0005359, doi:10.1371/journal.pntd.0005359 (2017). 2075 

291 Partridge, F. A. et al. 2,4-Diaminothieno[3,2-d]pyrimidines, a new class of anthelmintic with 2076 

activity against adult and egg stages of whipworm. PLoS Negl Trop Dis 12, e0006487, 2077 

doi:10.1371/journal.pntd.0006487 (2018). 2078 

292 Mejer, H. a. R., A Long-term survival of Ascaris suum and Trichuris suis eggs in relation to 2079 

pasture management. Proceedings of the 23rd International Conference of the World 2080 

Association for the Advancement of Veterinary Parasitology, 113 (2011). 2081 

293 Tilney, L. G., Connelly, P. S., Guild, G. M., Vranich, K. A. & Artis, D. Adaptation of a nematode 2082 

parasite to living within the mammalian epithelium. Journal of experimental zoology. Part A, 2083 

Comparative experimental biology 303, 927-945, doi:10.1002/jez.a.214 (2005). 2084 

294 Lee, T. D. & Wright, K. A. The morphology of the attachment and probable feeding site of the 2085 

nematode Trichuris muris (Schrank, 1788) Hall, 1916. Canadian journal of zoology 56, 1889-2086 

1905, doi:10.1139/z78-258 (1978). 2087 

295 Vercruysse, J. et al. Is anthelmintic resistance a concern for the control of human soil-2088 

transmitted helminths? International journal for parasitology. Drugs and drug resistance 1, 2089 

14-27, doi:10.1016/j.ijpddr.2011.09.002 (2011). 2090 



 

 

296 Diawara, A. et al. Association between response to albendazole treatment and beta-tubulin 2091 

genotype frequencies in soil-transmitted helminths. PLoS Negl Trop Dis 7, e2247, 2092 

doi:10.1371/journal.pntd.0002247 (2013). 2093 

297 Roneus, O. Studies on the aetiology and pathogenesis of white spots in the liver of pigs. Acta 2094 

veterinaria Scandinavica 7, Suppl 16:11-112 (1966). 2095 

298 Asbjornsdottir, K. H. et al. Assessing the feasibility of interrupting the transmission of soil-2096 

transmitted helminths through mass drug administration: The DeWorm3 cluster randomized 2097 

trial protocol. PLoS Negl Trop Dis 12, e0006166, doi:10.1371/journal.pntd.0006166 (2018). 2098 

299 Anderson, R. M., Turner, H. C., Truscott, J. E., Hollingsworth, T. D. & Brooker, S. J. Should the 2099 

Goal for the Treatment of Soil Transmitted Helminth (STH) Infections Be Changed from 2100 

Morbidity Control in Children to Community-Wide Transmission Elimination? PLoS Negl Trop 2101 

Dis 9, e0003897, doi:10.1371/journal.pntd.0003897 (2015). 2102 

300 Pullan, R. L. et al. Effects, equity, and cost of school-based and community-wide treatment 2103 

strategies for soil-transmitted helminths in Kenya: a cluster-randomised controlled trial. 2104 

Lancet (London, England) 393, 2039-2050, doi:10.1016/s0140-6736(18)32591-1 (2019). 2105 

301 Becker, S. L. et al. Toward the 2020 goal of soil-transmitted helminthiasis control and 2106 

elimination. PLoS Negl Trop Dis 12, e0006606, doi:10.1371/journal.pntd.0006606 (2018). 2107 

302 Hollingsworth, T. D., Truscott, J.E. and Anderson, R.M. Transmission dynamics of Ascaris 2108 

lumbricoides – Theory and observation. . Ascaris :the neglected parasite, pp231-262 (2013). 2109 

303 Vercruysse, J. et al. Assessment of the anthelmintic efficacy of albendazole in school children 2110 

in seven countries where soil-transmitted helminths are endemic. PLoS Negl Trop Dis 5, 2111 

e948, doi:10.1371/journal.pntd.0000948 (2011). 2112 

304 Gandasegui, J. et al. Role of DNA-detection-based tools for monitoring the soil-transmitted 2113 

helminth treatment response in drug-efficacy trials. PLoS Negl Trop Dis 14, e0007931, 2114 

doi:10.1371/journal.pntd.0007931 (2020). 2115 

305 Dunn, J. C. et al. A cross-sectional survey of soil-transmitted helminthiases in two Myanmar 2116 

villages receiving mass drug administration: epidemiology of infection with a focus on adults. 2117 

Parasites & vectors 10, 374, doi:10.1186/s13071-017-2306-2 (2017). 2118 

306 Urban, J. F., Jr. & Tromba, F. G. An ultraviolet-attenuated egg vaccine for swine ascariasis: 2119 

parameters affecting the development of protective immunity. American journal of 2120 

veterinary research 45, 2104-2108 (1984). 2121 

307 Tsuji, N. et al. Intranasal immunization with recombinant Ascaris suum 14-kilodalton antigen 2122 

coupled with cholera toxin B subunit induces protective immunity to A. suum infection in 2123 

mice. Infect Immun 69, 7285-7292, doi:10.1128/iai.69.12.7285-7292.2001 (2001). 2124 

308 Wei, J. et al. Yeast-expressed recombinant As16 protects mice against Ascaris suum infection 2125 

through induction of a Th2-skewed immune response. PLoS Negl Trop Dis 11, e0005769, 2126 

doi:10.1371/journal.pntd.0005769 (2017). 2127 

309 Briggs, N. et al. Trichuris muris whey acidic protein induces type 2 protective immunity 2128 

against whipworm. PLoS Pathog 14, e1007273, doi:10.1371/journal.ppat.1007273 (2018). 2129 

310 Lamberton, P. H. & Jourdan, P. M. Human Ascariasis: Diagnostics Update. Current tropical 2130 

medicine reports 2, 189-200, doi:10.1007/s40475-015-0064-9 (2015). 2131 

311 Khurana, S. & Sethi, S. Laboratory diagnosis of soil transmitted helminthiasis. Tropical 2132 

parasitology 7, 86-91, doi:10.4103/tp.TP_29_17 (2017). 2133 

312 Verweij, J. J. & Stensvold, C. R. Molecular testing for clinical diagnosis and epidemiological 2134 

investigations of intestinal parasitic infections. Clinical microbiology reviews 27, 371-418, 2135 

doi:10.1128/cmr.00122-13 (2014). 2136 

313 Drugs for parasitic infections. The Medical letter on drugs and therapeutics 3rd edition, 1-90 2137 

(2013). 2138 

314 Holt, D. C. et al. Soil-Transmitted Helminths in Children in a Remote Aboriginal Community in 2139 

the Northern Territory: Hookworm is Rare but Strongyloides stercoralis and Trichuris 2140 



 

 

trichiura Persist. Tropical medicine and infectious disease 2, 2141 

doi:10.3390/tropicalmed2040051 (2017). 2142 

315 Owyang, A. M. et al. Interleukin 25 regulates type 2 cytokine-dependent immunity and limits 2143 

chronic inflammation in the gastrointestinal tract. J Exp Med 203, 843-849, 2144 

doi:10.1084/jem.20051496 (2006). 2145 

316 Taylor, B. C. et al. TSLP regulates intestinal immunity and inflammation in mouse models of 2146 

helminth infection and colitis. J Exp Med 206, 655-667, doi:10.1084/jem.20081499 (2009). 2147 

317 Hopwood, T. W. et al. The circadian regulator BMAL1 programmes responses to parasitic 2148 

worm infection via a dendritic cell clock. Sci Rep 8, 3782, doi:10.1038/s41598-018-22021-5 2149 

(2018). 2150 

318 Turner, H. C. et al. Cost and cost-effectiveness of soil-transmitted helminth treatment 2151 

programmes: systematic review and research needs. Parasites & vectors 8, 355, 2152 

doi:10.1186/s13071-015-0885-3 (2015). 2153 

319 Chan, M. S. The global burden of intestinal nematode infections--fifty years on. Parasitology 2154 

today (Personal ed.) 13, 438-443, doi:10.1016/s0169-4758(97)01144-7 (1997). 2155 

320 Guyatt, H. L., Chan, M. S., Medley, G. F. & Bundy, D. A. Control of Ascaris infection by 2156 

chemotherapy: which is the most cost-effective option? Transactions of the Royal Society of 2157 

Tropical Medicine and Hygiene 89, 16-20, doi:10.1016/0035-9203(95)90638-x (1995). 2158 

321 Guyatt, H. L., Bundy, D. A. & Evans, D. A population dynamic approach to the cost-2159 

effectiveness analysis of mass anthelmintic treatment: effects of treatment frequency on 2160 

Ascaris infection. Transactions of the Royal Society of Tropical Medicine and Hygiene 87, 570-2161 

575, doi:10.1016/0035-9203(93)90094-7 (1993). 2162 

 2163 

 2164 


